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ARTICLE INFO ABSTRACT

Editor: Ludovic F. Dumée This study investigated the synthesis and characterization of laccase (LAC)-activated ZnONPs-CS-PVPP and Ag@

ZnONPs-CS-PVPP composite beads and their application in removal of tetracycline (TET) and ciprofloxacin (CIP).

Keywords: Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM) showed that the doped silver
‘éva“ewater treatment nanoparticles (AgNPs) were spherical globules on the ZnO nanoplates (ZnONPs) and d-spacings of 0.146 nm and
nzymes

0.148 nm were obtained for ZnONPs and Ag@ ZnONPs respectively. Characterization of composite beads using
Fourier transform infrared (FTIR) showed N—H, O—H and C—0O stretches responsible for amine, alcohol, car-
boxylic and amide groups which could be responsible for interaction with the antibiotics during adsorption.
Significant removal of antibiotics by enzyme-free and enzyme-enriched beads where 65 % and 72 % removal of
TET and 65 % and 60 % removal of CIP were achieved with enzyme free beads. Addition of laccase enzyme to the
beads increased the removal of CIP to 85 % for both ZnONPs-CS-PVPP and Ag@ ZnONPs-CS-PVPP beads. LC-MS
analysis showed that degradation of TET could be due to hydration of alkene groups followed by elimination of
amide, hydroxyl and amine functional groups or ring opening with subsequent hydrolysis or elimination of
amide groups. For CIP, decarboxylation and loss of cyclo-propane and diazinane rings as well as fluoride
elimination were proposed. Antibiotic activity demonstrated a decrease in activity for CIP through decreased
zones of inhibition over time while total loss of growth of P. aeruginosa was observed after 1 h degradation of
TET. Further mineralization of the degraded byproducts was achieved via phycoremediation using Aspergillus sp,
demonstrating the potential of this biocatalyst-fungal system for the effective removal of antibiotics from
wastewater.

Industrial effluents
Nanoparticles
Polymers

1. Introduction biodegradability and remain biologically active even at concentrations
of ng/L [11,12]. For instance, tetracycline has been detected in waste-

The extensive production and consumption of antibiotics have water up to 1.42 and 1.54 p/L in China [13] and Singapore [14]

resulted in the release of large volumes of antibiotic-containing water,
marking them as emerging contaminants [1,2]. Antibiotics serve a
diverse array of purposes, spanning from human and animal treatment
to their use as feed additives in livestock farming and as ripening agents
in agricultural practices [3,4]. Most antibiotics consumed remain un-
metabolized and are subsequently discharged into the environment via
municipal, agricultural, and industrial wastewater. Conventional
wastewater treatment systems are typically not equipped to effectively
eliminate these contaminants [5-7]. Antibiotics have been detected in
natural environments like river water, groundwater, surface water, and
drinking water [8-10].

Antibiotics are persistent in aquatic ecosystems due to their low

* Corresponding authors.

respectively, and 1.29 mg/L in river water in South Africa [15], while
ciprofloxacin has been reported in hospital effluent and wastewater
treatment plant effluents up to concentrations of 73 pg/L, 31 mg/L and
201 mg/L in Spain [16], India [17] and South Africa [18], respectively.
This situation poses various threats, including bioaccumulation in the
food chain, the depletion of beneficial bacteria, the emergence of
antibiotic-resistant genes (ARGs), which can lead to microbial resistance
in pathogenic organisms, and the potential for reactions with other
pollutants, resulting in the formation of more stable and toxic products
[19,20]. The bio-toxic pressure exerted on diverse aquatic organisms by
antibiotics leads to alterations in species distributions, posing harm to
the ecosystem as a whole [1,12]. For example, tetracycline inhibits
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protein synthesis [21], and chlortetracycline inhibits the growth of
green algae in freshwater systems [22]. Moreover, ciprofloxacin and
oxytetracycline form more intricate and toxic mixtures with heavy
metals on bacteria and algae than the individual antibiotics [23], and
antibiotic resistance to tetracycline increases in the presence of heavy
metals like mercury through the induced expression of antibiotic-
resistant genes in the presence of the heavy metals [24].

Tetracycline, one of the most widely used class of antibiotics, is
difficult to metabolize and up to 80 % gets excreted [25,26]. It is highly
soluble in water, difficult to oxidize, has low volatility and easily forms
stable compounds due to its binding potential to metal ions [25,27,28].
Similarly, ciprofloxacin is one of the most widely used fluoroquinolone
antibiotic in the world especially for the treatment of COVID-19 [29,30].
It has been reported to reduce the removal efficacy of other pollutants
such as nitrates and phosphorous [31], and cause body dysfunctions
such as blood leukaemia, neurological illnesses, and cardiac dysfunction
upon long-term exposure [32]. Therefore, dealing with these antibiotics
by either reducing antibiotic consumption or preventing their entry into
the environment is of utmost importance. Various techniques have been
employed for antibiotic remediation such as adsorption using activated
carbon, biochar, and clay [33], membrane processes like microfiltration
and ultrafiltration [34], advanced oxidation such as ozonation, photo-
catalytic, and Fenton process [35], and bioremediation using activated
sludge, microbes and enzymes [36]. Bioremediation involving enzymes
is promising due to the mild conditions required for enzymatic reactions,
minimal sludge production, cost-effective techniques, and these tech-
niques can be employed as tertiary treatments to degrade specific pol-
lutants [37-39].

Laccases are multicopper oxidase enzymes found in fungi, bacteria,
and plants and oxidize a wide range of organic substrates while pro-
ducing water as a by-product [40,41]. Laccases, immobilized on various
supports, have gained attention because they require only oxygen to
degrade a wide range of organic micropollutants [42,43]. In a bid to
obtain a sustainable approach towards the reduction of pollution due to
antibiotics, this study explored the use of a two-step elimination of TET
and CIP from deionized and wastewater. The first step involved removal
using laccase enzyme immobilized on ZnONPs-CS-PVPP and Ag@
ZnONPs-CS-PVPP composite beads to break down the antibiotics into
smaller by-products. The composites were made from chitosan, poly-
vinylpolypyrrolidone (PVPP) and zinc oxide or silver-doped zinc oxide
nanoparticles. The second step involved complete mineralization of the
degradation by-products through phycoremediation using a fungus
(Aspergillus sp). This process provides a cost-effective approach towards
the complete removal of antibiotics from wastewater systems.

2. Materials and methods

Chitosan (medium molecular weight), polyvinylpolypyrrolidone
(PVPP), zinc sulphate heptahydrate (ZnS04.7H20, 99 %), silver nitrate
(99.8 %), acetic acid (CH3COOH, 99.9 %), sodium hydroxide (NaOH, 98
%) were obtained from Sigma-Aldrich, South Africa and used without
any further purification. Laccase enzyme form Aspergillus sp., tetracy-
cline (Cy2H24N20g, 98 %) and Ciprofloxacin (C17H;8FN303, 98 %) were
obtained from Sigma-Aldrich, USA.

2.1. Synthesis and characterization of composite beads

The synthesis of ZnONPs and Ag@ZnONPs was reported in Kyomu-
himbo et al. [44] and the Lac/ZnONPs-CS/PVPP and Lac/Ag@ZnONPs-
CS/PVPP beads were synthesized as reported in [45]. Briefly, a mixture
solution of 2 % chitosan, PVPP, ZnONPs or Ag@ZnONPs and laccase was
prepared in 1.5 % v/v acetic acid while stirring at 400 rpm. The mixture
was then dropped in 2 % w/v sodium hydroxide solution using a syringe
pump at a distance of 10 cm from the solution. The beads were allowed
to cure for 4 h washed with deionized water and stored at 4 °C for further
use. Control beads without laccase were also prepared (ZnONPs-CS/
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PVPP and Ag@ZnONPs-CS/PVPP). The nanoparticles and composite
beads were characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM).

2.2. Fungal strain identification and characterization

The identification of the fungal species was achieved through the
analysis of their genetic material using the internal transcribed spacer
(ITS) region of ribosomal DNA (rDNA). The DNA from the cultures was
extracted using the Quick-DNA™ Fungal/Bacterial Miniprep Kit (Zymo
Research, Catalog No. D6005), and the specific ITS region was replicated
using forward ITS1 (5-TCCGTAGGTGAACCTGCGG-3') and reverse ITS4
(5-TCCTCCGCTTATTGATATGC-3') primers. The PCR process involved a
series of steps: an initial heating step of 5 min at 94 °C, followed by 35
cycles of 94 °C for 30 s, 50 °C for 30 s, and 68 °C for 1 min, and a final
extension at 68 °C for 10 min. The success of the PCR amplification was
confirmed by examining the resulting DNA fragments on a gel (CSL-
AG500, stained with EZ-vision Blue light DNA Dye) using the NEB Fast
Ladder (N3238) as a size standard. The purified DNA fragments were
then prepared for sequencing with the Zymo Research ZR-96 DNA
Sequencing Clean-up Kit and sequenced in both forward and reverse
directions using the ABI 3730x] Genetic Analyzer (Applied Biosystems,
Thermo Fisher Scientific).

To view the raw data from the chromatogram files (.abi), FinchTV
was utilized, and the CLC Bio Main Workbench was employed to piece
together the forward and reverse sequencing reads into a consensus
sequence for each sample. Following this, a BLASTn analysis (with
default settings) was conducted on the NCBI website to check if any
sequences in the database matched the query sequence above a certain
threshold (99 % query coverage; 99 % identity).

2.3. Degradation of antibiotics using beads

Batch degradation experiments were carried out in duplicate on
tetracycline and ciprofloxacin dissolved in 5 % v/v acetone and 0.075 %
v/v acetic acid respectively with the rest being deionized water (DIW). A
1000 mg/L stock solution of the antibiotics was prepared in acetone and
1.5 % v/v acetic acid for tetracycline and ciprofloxacin respectively and
diluted to required concentrations during degradation using DIW. The
experiments were carried out at room temperature by adding 1 g of one
of the beads (ZnONPs-CS/PVPP, Ag@ZnONPs-CS/PVPP, Lac/ZnONPs-
CS/PVPP, Lac/Ag@ZnONPs-CS/PVPP) to 15 mL of 50 mg/L antibiotic
solution in 250 mL Erlenmeyer flasks while shaking at 150 rpm. The
concentration of tetracycline over degradation time was measured using
UV-Vis spectroscopy at a wavelength of 378 nm [46] while that of
ciprofloxacin was measured using High-performance liquid chroma-
tography (HPLC). HPLC analysis was performed at 0.5 mL min ™' using
injection volumes of 10 pL and linear gradient elution of 50 % A
(acetonitrile) and 50 % B (DIW) mobile phase at 30 °C.

The adsorption kinetics were studied at room temperature by con-
tacting 1 g of beads with 2.5 mg/L, 5 mg/L, 10 mg/L, 20 mg/L, 50 mg/L
and 100 mg/L antibiotics solutions. The equilibrium concentration, Ce
(mg/L), was recorded after 24 h and the amount of antibiotics adsorbed
onto the beads at equilibrium, Q. (mg/g) was calculated using the
equation;

Q=(C-Cx &)

where, C, is the initial antibiotic concentration, V is the experimental
solution volume and m is the mass of the beads.

2.4. Antibiotic activity of degraded antibiotics

The antibacterial activity of the antibiotics before, during, and after
degradation was tested against Gram-positive Bacillus subtilis and Gram-
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Fig. 1. SEM images of A) ZnONPs, B) Ag@ZnONPs, C) ZnONPs/CS/PVPP, G) Ag@ZnoNPs/CS/PVPP, H) Lac-ZnONPs/CS/PVPP and I) Lac-Ag@ZnONPs/CS/PVPP
and EDS of D) ZnONPs, E) Ag@ZnONPs, F) ZnONPs/CS/PVPP, J) Ag@ZnoNPs/CS/PVPP, K) Lac-ZnONPs/CS/PVPP and L) Lac-Ag@ZnONPs/CS/PVPP.
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Fig. 2. TEM and SAED for ZnONPs (A) and Ag@ZnONPs (B).

39 MH614562 Aspergillus piperis
OR001952 Aspergillus luchuensis

96 PP213882 Aspergillus luchuensis

MK451187 Aspergillus piperis

ol

83 95

MK451035 Aspergillus piperis
MW?217674 Aspergillus costari
HK1

32 61 PP213867 Aspergillus tubingensis

98

OR394817 Aspergillus tubingensis
59

PP941123 Aspergillus tubingensis
KC796360 Aspergill lypticol
EU482435 Aspergill
PP112330 Aspergillus niger
LC820486 Aspergillus niger

90 MK450986 Aspergillus niger
100 MT415439.1 Aspergillus fumigatus
MT415453.1 Aspergillus fumigatus
MW217634.1 Aspergillus flavus
100 JN394555.1 Aspergillus flavus
LC745853.1 Fusarium oxysporum

100

100

ilih

61

1

Fig. 3. Molecular phylogenetic analysis of fungal strains.

negative Pseudomonas aeruginosa using agar well diffusion assay (for
zone of growth inhibition) [47] and (3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide) tetrazolium (MTT) assay (for cellular
metabolic activity) [47]. The agar well diffusion assay was carried out
by growing the bacteria on nutrient agar in presence of the antibiotics at
different stages of degradation. Zones of growth inhibition were
measured after 24 h.

The cell metabolic activity of the bacteria was studied using MTT
assay. Bacteria were grown in overnight cultures of nutrient broth at a
temperature of 37 °C while shaking at 150 rpm until an optical density of
ODgog = 0.4 was reached. The cultures were centrifuged, and the su-
pernatant was washed twice with deionized water. The supernatant was
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resuspended in distilled water and the optical density adjusted to
approximately ODggp = 1. A volume of 1 mL of bacteria was exposed to
2 mL of antibiotic (50 mg/L) in 24 mL broth for 4 h in an incubator at
37 °C while shaking at 200 rpm. A volume of 2.5 mL MTT dye solution
(5 mg/mL of MTT in 0.1 M PBS (pH 7.04)) was added to the medium and
further exposed for 4 h at 160 RPM in the dark. The absorbance was
measured at 570 nm using a VWR UV-1600PC spectrophotometer.

2.5. Mineralization of degraded antibiotic solutions using fungi

The degraded antibiotic solution samples were subjected to phytor-
emediation using a fungal strain that was accidentally found growing in
the degraded samples. The mineralization was carried out in a carbon-
limited medium adopted from Juarez-Hernandez et al., [48] consisting
of 3 g/L p-glucose, 0.66 g/L ammonium tartrate, 0.15 g/L magnesium
sulphate heptahydrate, 30 mg/L calcium chloride dihydrate, 5.55 mg/L
hydrated iron sulphate and 3.27 mL of 2 N phosphoric acid. Subse-
quently, 80 mL of culture medium was mixed with 20 mL of degraded
antibiotic solution followed by 2 mL of a solution containing 105 spores/
mL and incubated at room temperature for 30 days while shaking at 150
rpm. A sample was drawn every 8 days, centrifuged at 10000 rpm for 5
min and the TOC content analyzed. Undegraded antibiotics were used as
control samples.

2.6. Application of beads and fungi in wastewater treatment containing
antibiotics

To test the applicability of the beads in wastewater treatment, the
beads were used to treat sewage wastewater spiked with antibiotics. The
wastewater was collected from the Daspoort wastewater treatment fa-
cility in Pretoria, South Africa and progressively filtered using mem-
brane filters of 110, 0.45 and 0.22 pm pore sizes. It was spiked with 50
mg/L of TET and CIP and treated with enzyme-free and enzyme-loaded
beads and the rate of antibiotic removal was measured. Phytor-
emediation on the degraded products was also carried out using the
fungi on the treated wastewater.

3. Results and discussion
3.1. Characterization of composite beads and fungi

The morphological features of the NPs and nanocomposites were
determined using SEM. ZnONPs displayed different agglomerated
shapes and sizes (Fig. 1A). The doped NPs displayed globules of spher-
ical Ag particles onto the ZnONPs plates (Fig. 1B). A slight tendency
towards aggregation of the nanoparticles was observed which could be
due to densification as a result of weak Vander Waal’s forces of attrac-
tion [49]. The addition of the nanoparticles in the chitosan-PVPP
polymers shows agglomerated plates covered in amorphous polymeric
layers as shown in Fig. 1C, G-L.

The composition of the NPs and composites was determined using
energy-dispersive X-ray spectroscopy (EDS) analysis. The results
revealed that the compounds contained elemental Zn and O for ZnONPs
and ZnO-based composites and elemental Zn, O and Ag for Ag@ZnONPs
and their composites (Fig. 1D-F, J). With the addition of laccase enzyme,
other elements including Cl, P, K, Al, Ni and Ca were introduced in the
sample (Fig. 1K-L). This could be due to the secondary and tertiary
structures of the laccase protein and impurities form the bi-product
during laccase production [50]. Two major impurities (S and Na) were
identified in the pure NPs. The Na impurity could be due the Na from the
reducing agent (NaBH4) that was used during the NPs synthesis and S
could be due to the formation of zinc sulphate hydroxide trihydrate
intermediate during ZnONPs formation [51].

TEM was used to ascertain the surface morphology of the NPs and
determine the crystallinity and interplanar spacing of the NPs. Ring
patterns depicting the hexagonal wurtzite structure of crystalline
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ZnONPs were observed (Fig. 2A). Doping of ZnONPs with Ag increased
the tendency to form diffused rings of the sample which could be due to
the distribution of Ag particles in their amorphous nature [52] (Fig. 2B).
The d-spacing was calculated using Image J software and was obtained
as 0.146 nm and 0.148 nm for ZnONPs and Ag@ZnONPs respectively.
These interlayer spacings correlated with Braggs reflection angle (20 ~
70°) corresponding to the lattice plane (103) that was reported in the
XRD results of the same sample by Kyomuhimbo et al., [44].

3.1.1. Fungal characterization

The study identified two fungal strains from the Ascomycota phylum
and Aspergillus genus. Taxonomic classification was based on molecular
characterization and genetic marker analysis. A total of 3 fungal se-
quences were amplified, ranging from 556 to 602 base pairs (bp) in
length. BLASTn analysis confirmed the fungal strains as Aspergillus niger
(100 % identity) and Aspergillus tubingensis (100 % identity), based on
pairwise alignment with related GenBank sequences. A. niger had a 602
bp sequence length, while A. tubingensis had 556 and 602 bp sequences.
Phylogenetic analysis of the ITS region of rDNA further confirmed the
Aspergillus genus identification, as shown in Fig. 3.

3.2. Degradation of antibiotics

Tetracycline, ciprofloxacin, and the chitosan-PVPP polymer complex
are rich in amino, hydroxyl, carbonyl and epoxy groups making them
hydrophilic. This hydrophilic character in the adsorbent and adsorbate
leads to ionic interaction through hydrogen bonding between the hy-
droxyl and amino functional groups on the antibiotics with the amino,
hydroxyl, and carbonyl groups on chitosan and PVPP polymer com-
posite [53-55]. It could also be due to hydrophobic and n-r interactions
between the polymers and antibiotics [54,55]. As observed in Fig. 4A
and B, there is significant adsorption of the antibiotics on both the
enzyme-free and enzyme-enriched beads. For the case of tetracycline,
there is no appreciable difference between the removal efficiency for
both types of beads over a long time of exposure. At a shorter time,
addition of the enzyme to the beads increases the rate of tetracycline
removal but it decreases with increased exposure time and the reaction
becomes purely adsorption. This could be due to the deactivation of the
enzyme by acetone that was used to dissolve the tetracycline [56]. Also,
the high adsorption of tetracycline on the beads is attributed to its
zwitterionic character in neutral pH which favors the occurrence of
hydrogen interactions [57,58]. On the contrary, the addition of laccase
enzyme to the beads increases the rate of removal of ciprofloxacin by 20
% from 65 to 85 % (Fig. 4B). The rate of adsorption or degradation is
high in the first 12 h due to the abundance of active sites on the beads
but slows down in the last 12 h until equilibrium is reached since the
active sites are occupied by CIP [59]. For the case of enzyme-loaded
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beads, the rate of CIP degradation is higher in the first 6 h than in the
remaining 18 h.

Fourier transform infrared spectroscopy was carried out on the an-
tibiotics and beads before and after antibiotic degradation to understand
the interactions between the beads and antibiotics. Tetracycline
(Fig. 5A) displayed bands at 1568 cm ™! for N—H bending for amine and
C=C stretching for cyclic alkene, 1499 cm™! and 1442 cm™! for C—H
bending, 1226 cm™! for O—H bending phenol, 1032 cm™! for C—N
stretching amine and 859 cm™! and 744 cm™! for C=C bending alkene
[60-63]. On the other hand, CIP produced 2 small bands at 3028 em !
and 2836 cm! attributed to C—H stretching alkene and alkane
respectively, strong bands at 1588 for N—H bending amine and C=C
stretching cyclic alkene, 1497 cm™! and 1368 cm™! for C—H bending
alkane methylene and methyl groups respectively, 1281 cm ™! for C—N
stretching aromatic amine, 1150 cm ™! for C—F stretching, 1045 cm™!
for C—N stretching, 936 cm ™! for C=C bending and 820, 720 and 621
cm ! for C—H bending (Fig. 5B) [64-66].

The enzyme-free and enzyme-loaded composite beads (Fig. 5B-C)
displayed more functional groups with a broad double band in the range
of 3550-3200 cm ! with tips at 3363 cm ™! for N—H stretching due to
secondary amine and 3273 cm™! for O—H stretching due to alcohol
(intermolecular bonded). A shoulder band at 2890 em~! could be
attributed to O—H stretching of alcohol (intramolecular), the strong
band at 1637 cm™! to C=O stretching for amide, 1419 cm ! for O—H
bending due to carboxylic acid and/or C—H bending aromatic com-
pound, 1378 em™! for S—0 sulphate stretching, 1287 em ! for C—O
stretching due to aromatic ester, and 1067 cm™ ' and 1028 cm™! for
C—N stretching corresponding to amine [67-69]. After degradation/
adsorption of antibiotics on the beads, the bands identified with N—H,
O—H stretching at 3363, 3273 and 2890 cm ™! showed a slight shift and
reduced in intensity. Similarly, the bands corresponding to C—N for
amine, C—=0O for amide and O—H for carboxylic acid significantly
reduced their intensity as observed in Fig. 5B-C. The shift and decrease
in the intensity of the bands suggest that adsorption on the beads is due
to hydrogen bonding and intermolecular forces between amino groups
and oxygen-containing functional groups on the antibiotics and
adsorption sites [63,70,71]. Since all the bands with N atoms are
affected, it suggests that adsorption is due to the interaction between the
antibiotics and protonated amino groups in chitosan (beads) [72].

3.2.1. Possible degradation pathways for the antibiotics

To clarify the degradation pathway of the antibiotics using immo-
bilized laccase, LC-MS analysis was employed to identify intermediate
products in the process and the corresponding mass spectra shown in
Figs. 6 and 7. A m/z value 445 was observed at retention times of 2.94
and 3.25 min, corresponding to the tetracycline parent compound and
its isomer (Fig. 6). Other intermediate compounds with m/z values of
793, 480, 242, 203 and 157 were identified at retention times of 5.92,
6.73, 5.08, 0.83 and 2.63 min respectively. The m/z values and possible
molecular structures of intermediates of tetracycline indicate that in-
termediates were generated through removal of electrons from tetra-
cycline to generate free radicals that facilitated polymerization and
depolymerization reactions such as homocoupling to form m/z 793
[73,74], hydration of alkene groups into alcohol to form m/z 480
[75,76], followed by elimination of amide, hydroxyl and amine func-
tional groups to form m/z 242 [77]. A mechanism involving ring
opening with subsequent hydrolysis of the amide group and reduction of
the carbonyl to a hydroxyl has been suggested for the formation of m/z
203 while for m/z 157 [78], ring opening accompanied with elimination
of amide, amine groups is suggested [79,80].

A similar phenomenon is observed in the degradation of ciproflox-
acin where it underwent homocoupling to form m/z 661 followed by
substitution of the fluoride group and subsequent hydrolysis to car-
boxylic acid to form m/z 705 (Fig. 7) [81,82]. The formation of m/z 245
is attributed to decarboxylation and loss of cyclo-propane while m/z 247
is attributed to the loss of the diazinane ring [83,84]. m/z 203 and 229
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Fig. 8. Total organic carbon of degraded (A) tetracycline and (B) ciprofloxacin. The vertical dash-dotted line indicates the point at which the fungus was introduced.

were attributed to the decarboxylation of m/z 247 and fluoride elimi-
nation from m/z 247 respectively [85,86]. For both cases, the intensity
of the parent compound decreased with an increase in degradation time
while the intensities of the intermediates remained constant throughout
the various degradation times suggesting that complete mineralization
of the compounds did not occur.

3.2.2. Mineralization of degradation byproducts using fungi

To further assess the degree of mineralization, the total organic
carbon of the degraded antibiotics over time was measured using the
Photometric Spectroquant TOC cell test from Supelco (1.14878/9.001)
and the reduction in TOC with degradation time is presented in
Fig. 8A-B. It is worth noting that, although the percentage removal is
over 70 % and 85 % for tetracycline and ciprofloxacin respectively, only
60 % of the total organic carbon (TOC) is removed after 24 h for both
enzyme-free and enzyme-loaded beads. Moreover, there is no significant
difference between the TOC of the antibiotics adsorbed by the free beads
and those degraded by the enzyme. This suggests that there was
incomplete mineralization of the degradation bi-products as reported by
LC-MS analysis.

When fungi and culture media were added to the antibiotic solutions
and degradation byproducts, the fungi were observed to grow in the
media containing the byproducts. No fungal growth was observed in the
undegraded antibiotics over the 30 days, implying that the fungi were
feeding on the degradation byproducts rather than the original anti-
biotic compounds and significant antibiotic removal was observed with
the fungi.

TOC analysis conducted at weekly intervals showed further TOC
removal of up to 88 % in all the degraded byproduct solutions after 4
weeks. This suggests that the fungi were able to effectively mineralize
the degradation byproducts. The level of mineralization is known to
depend on the structure of the compound and the type of microorganism
involved [87]. Factors such as electron distribution, charge density and
type, and the number and position of functional groups in the pollutants
can greatly influence the level of removal, with higher molecular weight
compounds being harder to remove [88,89]. This could explain why the
fungi were able to feed on the degradation byproducts but not the
original antibiotic molecules.

LC-MS analysis was carried out on the mineralized samples to
confirm removal of the degradation biproducts. For the case of TET,



H.D. Kyomuhimbo et al.

Journal of Water Process Engineering 71 (2025) 107212

Table 1
Best fit values for single-site Langmuir, dual-site Langmuir and Freundlich isotherms for degradation of TET and CIP.
Isotherm model Zn Ag L/Zn L/Ag
TET CIP TET CIP TET CIP TET CIP
Langmuir
Qm 1.066 2.236 1.417 3.920 2.500 1.758 3.550 1.715
Ky, 0.04304 0.02205 0.02445 0.008558 0.02550 0.07831 0.01503 0.08365
Best fit
R2? 0.9306 0.9484 0.9886 0.9224 0.7514 0.9949 0.9132 0.9950
0.05727 0.06736 0.009805 0.09330 0.4804 0.009505 0.1485 0.009184
0.07568 0.08207 0.03131 0.09659 0.2090 0.03083 0.1162 0.03030
0.07215 0.07825 0.02986 0.09210 0.2090 0.02939 0.1162 0.02889
—55.14 —-53.19 —76.32 —49.28 —33.28 —76.69 —47.37 —-77.10
Freundlich
Kg 0.07281 0.09725 0.05023 0.08804 3.716e-014 0.1542 0.01177 0.1585
n 1.692 1.547 1.411 1.551 0.09500 1.558 0.7055 1.582
Best fit
R? 0.8887 0.9756 0.9701 0.9518 0.9366 0.9779 0.9728 0.9742
Sum of Squares 0.09191 0.03183 0.02566 0.05796 0.1225 0.04089 0.04652 0.04774
Sy.x 0.09587 0.05642 0.05065 0.07613 0.1055 0.06394 0.06820 0.06909
RMSE 0.09141 0.05379 0.04829 0.07259 0.1055 0.06097 0.06503 0.06588
AICc —49.46 —62.19 —64.77 —55.00 —49.68 —59.18 —57.63 —-57.32
BET
Qm 0.09254 0.2053
Ks 10.99 2.416
Ky 0.04797 0.03336
Best fit
R? 0.9757 0.9787
0.04704 0.03643
0.06261 0.06036
0.06540 0.05755
—64.10 —60.57
Table 2
Best fit values for pseudo-first-order (PFO) and pseudo-second-order (PSO) graphs for degradation of TET and CIP.
Kinetic model Zn Ag L/Zn L/Ag
Pseudo first order TET CIP TET CIP TET CIP TET CIP
Best-fit values
Qe 0.7475 0.5470 0.5767 0.4819 0.7092 0.6684 0.5711 0.6680
k1 0.04353 0.1412 0.04651 0.1680 0.05796 0.1177 0.09853 0.1347
Goodness of Fit
R squared 0.9913 0.9779 0.9455 0.9855 0.9541 0.9884 0.9829 0.9914
Sum of Squares 0.003105 0.01068 0.9455 0.005496 0.01992 0.007528 0.007208 0.005993
Sy.x 0.01609 0.02984 0.03004 0.02140 0.04075 0.02505 0.02451 0.02235
RMSE 0.01545 0.02867 0.04632 0.02056 0.03915 0.02406 0.02355 0.02147
AICc —109.4 —92.10 0.04475 —101.4 —83.37 —96.99 —97.60 —100.2
Pseudo second order
Best-fit values
Qe 1.216 0.7228 0.8561 0.6137 1.066 0.9047 0.7963 0.8901
k1 0.02269 0.1694 0.03820 0.2562 0.03886 0.1093 0.09895 0.1296
Goodness of Fit
R squared 0.9916 0.9704 0.9367 0.9817 0.9568 0.9913 0.9856 0.9903
Sum of Squares 0.002991 0.01430 0.03489 0.006925 0.01873 0.005607 0.006054 0.006751
Sy.x 0.01579 0.03452 0.04992 0.02402 0.03951 0.02162 0.02246 0.02372
RMSE 0.01517 0.03317 0.04823 0.02308 0.03796 0.02077 0.02158 0.02279
AICc —109.9 —88.01 —90.05 —98.16 —84.23 —101.1 —100.0 —98.52

traces of m/z 158 were still observed and a peak for m/z 445 corre-
sponding to the parent compound was also observed. For CIP, only the
peaks for the parent compound m/z 332 and the polymer m/z 661 were
observed after mineralization implying that all the smaller compounds
had been broken down by the fungi. In both samples two new peaks of
m/z 116 and m/z 124 at retention times 0.7 and 8 min have been
observed and they could be produced from the fungi.

3.2.3. Adsorption isotherms

Antibiotic solutions of varying concentrations (2.5 mg/L to 100 mg/
L) were contacted with 1 g of composite beads at room temperature for
24 h to obtain equilibrium. For the enzyme loaded beads, the beads were
autoclaved at 130 °C for 8 h to deactivate the enzyme. The amount of
antibiotics removed adsorbed at equilibrium, Q. (mg/g) was plotted as a

function of the equilibrium concentration, C. (mg/L). To analyze the
equilibrium data, three isotherm models namely, Langmuir to identify
the adsorptive capacity of the beads, Freundlich for surface heteroge-
neity and BET to determine surface area of the enzyme loaded beads in
multilayer adsorption, were used in their non-linear forms in Egs. (2),
(3) and (4) respectively.

QuKC
Y

Q. = K:C./m @)

Q- Qk:Ce )

(1 -K.C.)(1 —K.C. +KC,)
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Fig. 9. Antibacterial activity of degraded TET and CIP against (A) B. subtilis and
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where, Qp, is the monolayer adsorption capacity of the adsorption sites
(mg/g), Ky, is the Langmuir isotherm /affinity constant for the adsorp-
tion site (L/mg) and Kg ((mg/g) (L/mg)l/ ™) and n the adsorption po-
tential and strength constants of the Freundlich isotherm model. The
isotherm model parameters were obtained by non-linear regression and
the fitting parameters provided in Table 1.

To assess the quality of the model fits to the experimental data,
several goodness-of-fit parameters were employed, each providing
valuable insights into the model’s performance and aiding in the se-
lection of the most appropriate adsorption model. The coefficient of
determination (R%) measures the proportion of variance in the depen-
dent variable that can be explained by the independent variables. A
higher R? value, approaching 1, indicates a better fit; however, it does
not account for overfitting or the number of model parameters, making
it potentially misleading when non-linear relationships or outliers are
present. The root mean square error (RMSE), on the other hand, quan-
tifies the absolute fit error by representing the square root of the average
squared differences between observed and predicted values. Lower
RMSE values signify better fit accuracy, yet RMSE is sensitive to large
errors and does not provide insights into systematic biases in prediction.

The Akaike Information Criterion (AIC) was also utilized to evaluate
model fit while considering complexity, penalizing models with exces-
sive parameters to avoid overfitting. Lower AIC values indicate a better
balance between fit and complexity, although it should be used
comparatively rather than in isolation. Additionally, the sum of squares
(SS) was applied to capture the total variation explained by the model,
with the regression sum of squares representing the explained variation
and the residual sum of squares (RSS) indicating the unexplained
portion. A lower RSS suggests a better fit; however, SS does not account
for differences in sample sizes, which can hinder direct model compar-
isons across different datasets.

Lastly, the standard error of estimate (Sy.x) measures the standard
deviation of residuals, offering an estimate of the model’s predictive
accuracy. While a lower Sy.x implies better fit, it is sensitive to data
variability and sample size and is best interpreted alongside other fit
metrics. Collectively, a model with high R2, low RMSE, low AIC, and low
Sy.x values is generally considered the most robust. By utilizing multiple
goodness-of-fit parameters in combination, the study ensures a
comprehensive evaluation of model performance, reducing the risk of
misinterpretation and enhancing the reliability of the conclusions
drawn.

The Langmuir adsorption isotherm assumes that a monolayer of the
adsorbate adsorbs to a homogenous adsorbent surface with uniform
energy distribution and no interaction between adsorbed molecules
occurs [90-92]. The Freundlich isotherm model assumes multilayer
adsorption in which the amount of adsorbed solute per unit adsorbent
mass increases gradually [93]. Brunauer-Emmett-Teller (BET) isotherm
model assumes multilayer adsorption which occurs after formation of a
monolayer followed by layer-by-layer stacking of the next adsorbate
layers via adsorbate-adsorbate interaction [94,95].

The adsorption behavior of TET and CIP on enzyme-free and enzyme-
loaded beads was evaluated using three isotherm models—Langmuir,
Freundlich, and BET—each providing distinct insights into the adsorp-
tion mechanisms and surface interactions.

For TET adsorption, the Langmuir model, which assumes monolayer
adsorption on a homogenous surface, demonstrated the best fit for
enzyme-free beads with the highest R? value (0.9886) and the lowest
RMSE (0.03131), indicating that adsorption predominantly occurs as a
uniform monolayer. The addition of laccase enzyme to the beads led to
an increase in the maximum adsorption capacity (Qm), suggesting
enhanced adsorption potential. However, for enzyme-loaded beads, the
Freundlich model, which accounts for adsorption on heterogeneous
surfaces with variable site energies, provided a better fit (R? = 0.9728)
with a lower AIC (—57.63), highlighting the increased complexity of
adsorption behavior due to enzyme interactions. The application of the
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BET model to enzyme-loaded beads further confirmed multilayer
adsorption, as reflected by the high R? (0.9757) and low AIC (—64.10),
indicating a gradual increase in TET uptake and the presence of multi-
layer adsorption sites.

For CIP adsorption, a different trend was observed. The Freundlich
model provided a superior fit for enzyme-free beads (R? = 0.9756, AIC
= —62.19), suggesting adsorption on heterogeneous surfaces with
varying affinities. However, with the addition of laccase enzyme, the
Langmuir model exhibited the best fit (R? = 0.9950, AIC = —77.10),
indicating that enzyme loading resulted in a shift towards monolayer
adsorption, with a notable increase in the affinity constant (KL), signi-
fying stronger interactions between CIP and the bead surfaces. Inter-
estingly, despite the lower maximum adsorption capacity (Qm)
observed with enzyme addition, the higher affinity constants suggest
that the enzyme presence enhances adsorption strength rather than
capacity.

The BET model, applied to enzyme-loaded beads for both TET and
CIP adsorption, provided critical insights into the multilayer adsorption
mechanism. With R? values of 0.9757 and 0.9787 for TET and CIP,
respectively, and lower RMSE values, the BET model confirmed the
presence of multilayer adsorption phenomena, reinforcing the idea that
enzyme modification introduces complex adsorption interactions that
extend beyond simple monolayer coverage. The gradual increase in
adsorption per unit mass of beads, as depicted in Figs. S1 and S2, further
supports this interpretation [96].

10

The combined analysis of the Langmuir, Freundlich, and BET models
provides a comprehensive understanding of the adsorption mechanisms.
The results demonstrate that enzyme-free beads primarily follow
monolayer or heterogeneous adsorption depending on the adsorbate,
while enzyme-loaded beads exhibit a more complex multilayer adsorp-
tion pattern. The integration of multiple goodness-of-fit parameters,
including R2, RMSE, AIC, sum of squares, and Sy.x, ensures a robust
evaluation of model performance and adsorption behavior under
different conditions.

3.2.4. Adsorption kinetics

To predict the rate of antibiotic removal from the solution and the
mechanism of the adsorption process, Lagergren’s pseudo-first-order
(PFO) [97] and Ho and McKay’'s pseudo-second-order (PSO) [98]
(Egs. (5) and (6) respectively) were used to fit the kinetics data as shown
in Figs. S3-S4.

Q= Qe(l - eiklt) 5)
_ kaQt
Q= 1T+ kQt (6)

where k; (L/h) is the PFO rate constant and ks, (g/mg/h) is the PFO rate
constant. The kinetic parameters for PFO and PSO were obtained by non-
linear curve fitting and are summarized in Table 2.
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Based on the updated Table 2, the pseudo-first-order (PFO) and
pseudo-second-order (PSO) kinetic models were evaluated to under-
stand the adsorption mechanisms of TET and CIP onto enzyme-free and
enzyme-loaded beads. The PFO model, which assumes that adsorption
occurs through the attachment of a single antibiotic molecule to a single
active site on the bead surface, implies that the adsorption rate is
directly influenced by the number of vacant sites available. Conversely,
the PSO model suggests that adsorption involves a more complex
interaction where one antibiotic molecule occupies two adsorption sites
on the bead surface, implying a chemisorption process [99,100]. Both
kinetic models showed good agreement between the calculated and
experimental equilibrium adsorption capacities (Qe), as indicated by the
high R? values (>0.93), demonstrating that adsorption onto the beads
could follow either a pseudo-first or pseudo-second-order mechanism
(Figs. S3-S4).

Both kinetic models showed good agreement between the calculated
and experimental equilibrium adsorption capacities (Qe), as indicated
by the high R? values (>0.93), demonstrating that adsorption onto the
beads could follow either a pseudo-first or pseudo-second-order mech-
anism. For TET adsorption, the PSO model provided a slightly better fit
with higher R? values (up to 0.9916 for enzyme-free beads and 0.9856
for enzyme-loaded beads) compared to the PFO model (up to 0.9913 for
enzyme-free beads and 0.9829 for enzyme-loaded beads), suggesting
that chemisorption is more dominant in TET adsorption. On the other
hand, for CIP adsorption, the PFO model exhibited comparable R? values
(up to 0.9914), indicating that physical adsorption processes might also
contribute significantly.

Additional goodness-of-fit measures, including RMSE and AIC
values, were analyzed to validate model performance. Lower RMSE
values observed for the PSO model (e.g., 0.01517 for enzyme-free TET
adsorption and 0.02077 for enzyme-loaded TET adsorption) compared
to the PFO model (e.g., 0.01545 and 0.02355, respectively) further
support the suitability of the PSO model for describing the adsorption
process. Similarly, lower AIC values for the PSO model (e.g., —109.9 for
TET and —98.16 for CIP) compared to the PFO model (e.g., —109.4 and
—101.4, respectively) indicate that the PSO model provides a better
balance between model complexity and fit quality.

Both PFO and PSO models effectively describe the adsorption ki-
netics of TET and CIP, with the PSO model exhibiting a slightly better fit,
suggesting a chemisorption-dominated process. The inclusion of multi-
ple fit parameters, such as R2, RMSE, and AIC, ensures a comprehensive
evaluation of adsorption kinetics and provides deeper insights into the
underlying adsorption mechanisms.

The adsorption of solutes on adsorbents involves 4 major steps, that
is, bulk movement (mass transfer) as the adsorbent is dropped in the
solution, film diffusion where the solute particles slowly move from the
boundary layer to the adsorbent surface, intraparticle movement of so-
lute from larger pores to micropores and lastly, rapid attachment of
solute on the active site of the pores [101,102]. In most cases, the film
and intraparticle diffusion are the rate-determining steps and can be
influenced by stirring speed, size of adsorbent and concentration of so-
lute [102-104].

To describe the mechanism of adsorption of the antibiotics onto the
beads, the intra-particle diffusion model [105] and Boyd’s single resis-
tance model of film diffusion [106,107] were employed as given by Egs.
(7) and (8) respectively.

Q=kt+C

71Tl<1 7%) = kfdt

where k;, (mg/(g.ho's)) is the intra-particle diffusion (IPD) constant and
C is a constant (mg/g) that is proportional to the boundary layer
thickness and kgq is the adsorption rate constant.

A plot of Qt vs square root of time for all the antibiotics gave

)

(3
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multilinear or curvilinear graphs instead of straight lines as shown in
Figs. S3-S4. This indicated that the adsorption of the antibiotics onto the
beads involves two or more steps contributed by external adsorption
followed by gradual IPD. Extrapolation of all the line segments do not
pass through the origin implying that IPD is not the sole determinant of
the rate-limiting step but IPD and the boundary layer [101,108,109].

Since adsorbate ions move from the liquid phase to the solid adsor-
bent by crossing a liquid film around the adsorbent, the Boyd model was
used to investigate the role played by the liquid film around the beads in
the antibiotic adsorption process. A plot of -In (1-Q¢/Qe) Vs t in all case
gave graphs with intercepts implying that the IPD process contributed
the rate of adsorption as well [110]. This correlates with the multi-linear
IPD graphs indicating that the rate of adsorption is determined by IPD
and diffusion of adsorbate through liquid film surrounding the beads
[111,112]. The best-of-fit values obtained for TET are 0.987, 0.976,
0.955 and 0.979 while for CIP are 0.941, 0.972, 0.970 and 0.988 for
ZnONPs-CS-PVPP, Ag@ ZnONPs-CS-PVPP, Lac- ZnONPs-CS-PVPP and
Lac—Ag@ ZnONPs-CS-PVPP respectively. In all cases, the fitting lines
did not pass through the origin (Figs. S3-S4) implying that the adsorp-
tion of the antibiotics onto the beads involved both IPD and film diffu-
sion. Low intercept values (<1) were also obtained which was indicative
of the significance of IPD in the rate of adsorption [113].

3.3. Antibacterial activity of degraded TET and CIP

The antibacterial activity of the antibiotics before, during, and after
degradation was tested against Gram-positive Bacillus subtilis and Gram-
negative Pseudomonas aeruginosa using agar well diffusion assay (for
zone of growth inhibition) and (3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide) tetrazolium (MTT) assay (for cellular
metabolic activity). As observed in Fig. 9, there is a general drop in the
efficacy of the antibacterial activity of antibiotics with an increase in
degradation time evident in the smaller zones of inhibition for both
B. subtilis and P. aeruginosa. CIP traps gyrases on the DNA to form a CIP-
DNA-protein complex which acts as a roadblock to DNA unwinding and
replication, blocks DNA synthesis and causes DNA double-strand breaks.
As a result, the bacterial cell is poisoned and eventually leads to cell
death [114,115]. For the case of CIP, there is no significant difference
between the trend of inhibition zones for enzyme-free and enzyme-
loaded beads with the final degraded CIP product producing inhibi-
tion zone diameters above 20 mm for both bacteria. The large inhibition
zones in the enzyme-degraded products could be due to the generation
of bacteriostatic bi-products [116].

On the contrary, TET shows a significant decrease in inhibition zones
with increased degradation time for the case of B. subtilis and total loss of
growth inhibition for P. aeruginosa even after 1 h of degradation. No
zones of inhibition were recorded upon exposure of degraded TET with
P. aeruginosa. The antibacterial mechanism of TET depends on metal
coordination. TET coordinates with Mg2+ ions to form [Mg(TET)]"
complex which binds to the bacterial 30S ribosomal subunit thereby
blocking the attachment of aminoacyl-tRNA to the ribosome hence
inhibiting protein synthesis [117-119]. It also disturbs bacteria cell
membrane organization and localization of the peripheral membrane
proteins thus causing membrane deformations [120]. Therefore, the
drastic decrease of the antibacterial activity of TET upon adsorption
onto the enzyme-free beads and degradation with enzyme-loaded beads
could be due to the utilization of the active coordination sites on the TET
for hydrogen bonding and intermolecular interactions with the OH,
amino and C=O0 functional groups on the beads.

Degradation of the antibiotics with the beads reduces the effect of the
antibiotics on the metabolic activity of the bacteria as observed in
Fig. 10. Although TET did not inhibit the growth of P. aeruginosa, it is
evident that the degraded TET has an impact on the metabolic activity of
the bacteria meaning that the degradation process only stopped the
bacteriostatic and not the bactericidal properties of TET. The addition of
the enzyme to the beads causes a significant decrease in the cytotoxicity
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of the antibiotics during their degradation implying that laccase
immobilized on these composite beads can be used to remedy the anti-
bacterial activity of residual antibiotics in the environment.

3.4. Application of beads in wastewater

To determine the applicability of the beads in wastewater treatment,
wastewater was spiked with 50 mg/L of TET and CIP and tested against
antibiotic removal using the enzyme-free and enzyme-loaded beads. A
similar trend was observed in TET removal like in deionized water
where more TET was removed with an increase in time. On the other
hand, the removal of CIP occurred within the first hour of exposure to
the beads and a higher CIP removal was reported as compared to CIP in
deionized water. This could be attributed to the adsorption of other
pollutants that act as new adsorption sites, hence increased CIP removal
from wastewater [121,122].

A two-step antibiotic removal using the biocatalyst followed by
mineralization using the fungus Aspergillus sp was carried out on the
antibiotics spiked in wastewater (Fig. 11C-D). Further treatment of the
enzyme degradation byproducts with fungi gave up to 90 % and 80 %
TOC removal for TET and CIP respectively after 28 days.

4. Conclusions

The degradation of aqueous antibiotics, tetracycline (TET) and cip-
rofloxacin (CIP), using laccase (LAC)-activated ZnONPs-CS-PVPP and
Ag@ ZnONPs-CS-PVPP composite beads was investigated. Control ex-
periments with LAC-free beads (ZnONPs-CS-PVPP and Ag@ZnONPs-CS-
PVPP) demonstrated up to 65 % and 70 % removal of CIP and TET,
respectively, within 24 h. The addition of laccase to form the biocatalyst
displayed increased CIP removal efficiency up to 80 % after 24 h for 50
mg/L concentrations. Fourier transform infrared analysis indicated that
adsorption on enzyme-free beads occurred via hydrogen bonding and
intermolecular interactions between the amino and hydroxyl groups of
the beads and the antibiotics. Degradation pathways revealed incom-
plete mineralization, producing smaller, less toxic compounds and
larger polymers through homo- and hetero-coupling reactions. Extended
degradation time resulted in decreased antibiotic activity, as shown by
reduced zones of inhibition and increased bacterial metabolic activity.
Further mineralization was achieved through treatment of the degra-
dation byproducts with the fungus Aspergillus tubingensis. The applica-
bility of the beads in wastewater was observed by their high removal of
TET (70 %) and CIP (90 %) from sewage wastewater showing that the
biocatalyst can be utilized for the removal of antibiotics from
wastewater.
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