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icles embedded fungal chitosan as
a rational and sustainable bionanozymewith robust
laccase activity for catalytic oxidation of phenolic
pollutants†

Efrata Getachew Mekonnen,a Kassie Nigus Shitaw,b Bing-Joe Hwang,bc

Yitayal Admassu Workie,df Ebrahim M. Abda*ae and Menbere Leul Mekonnen *df

Despite their potential for oxidation of persistent environmental pollutants, the development of rational and

sustainable laccase nanozymes with efficient catalytic performance remains a challenge. Herein, fungal-

produced chitosan–copper (CsCu) is proposed as a rational and sustainable bionanozyme with intrinsic

laccase activity. The CsCu nanozyme was prepared by in situ reduction of copper on chitosan extracted

from Irpex sp. isolate AWK2 a native fungus, from traditional fermented foods, yielding a low molecular

weight chitosan with a 70% degree of deacetylation. Characterizations of the nanozyme using SEM-EDX,

XRD, and XPS confirmed the presence of a multi-oxidation state copper on the chitosan matrix which is

consistent with the composition of natural laccase. The laccase memetic activity was investigated using

2,4-DP as a substrate which oxidized to form a reddish-pink color with 4-AP (lmax = 510 nm). The CsCu

nanozyme showed 38% higher laccase activity than the pristine Cu NPs at pH 9, indicating enhanced

activity in the presence of chitosan structure. Further, CsCu showed significant stability in harsh

conditions and exhibited a lower Km (0.26 mM) which is competitive with that reported for natural

laccase. Notably, the nanozyme converted 92% of different phenolic substrates in 5 h, signifying a robust

performance for environmental remediation purposes.
1 Introduction

Phenolic compounds are persistent environmental pollutants
that cause a public health concern. These compounds emerge
from industrial and municipal sources as well as from the
decomposition of organic matter and oen end up in the
aquatic system exerting a toxic effect.1 Hence, it's of high
signicance to nd suitable remediation for such persistent
environmental pollutants. Although laccase enzymes have
potential in the remediation of phenolic compounds, their
intrinsic limitations such as low stability, high purication cost,
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tion (ESI) available. See DOI:

2136
etc. have greatly hindered their application in real industrial
settings.2,3

Laccase is a multi-copper oxidase capable of oxidizing a wide
range of phenolic substrates. In a typical laccase-catalyzed
reaction, the substrates are oxidized at the T1 Cu site, and
electrons are transferred to the T2/T3 trinuclear Cu cluster
where molecular oxygen is converted into the water through
a cysteine–histidine (Cys–His) pathways.4 Hence, the reaction
product being water qualies laccase as a green catalyst.
However, laccase shares the intrinsic limitations associated
with natural enzymes and hence could not be effectively used
under extreme operational conditions for environmental
remediation purposes. In this regard, articial enzymes such as
nanozymes could be considered as suitable alternatives.4,5 For
instance, various nanomaterials such as copper oxide,6 cerium
oxide,7 etc. have shown laccase mimicking properties for
degradation of different phenolic compounds.

Nanozymes are enzyme-mimetic nanomaterials that
emerged as robust catalysts that could be alternatives for
natural enzymes in various application areas. The progress in
nanotechnology allows synthetic protocols to be tailored so that
nanomaterials can be easily designed to mimic the required
enzyme structures at a lower cost. This could also avoid the
lengthy purication steps required to produce natural
© 2023 The Author(s). Published by the Royal Society of Chemistry
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enzymes.8,9 Aer the rst report on the peroxidase mimetic
ability of Fe3O4 nanoparticles by Gao and co-workers in 2007,
the utility of nanozymes has progressed much in terms of both
type and mechanistic understanding.10,11 Among these, copper
and other transition metal-based nanozymes have been re-
ported as laccase mimics for sensing and environmental
remediation purposes.4,7,12 However, most of these laccase
nanozymes oen lack either rational design or sustainability
which in turn affects their intrinsic enzyme activity. Hence the
development of sustainable and robust nanozymes mimicking
both the structure and function of natural enzymes could be
benecial.13

Given that the active site of laccase lies on copper–cysteine–
histidine, various laccase nanozymes are reported by coordi-
nating copper with oligonucleotides and dipeptides.5,14–16

However, such protein/amino acid structures are expensive and
would not serve at extreme operational conditions for environ-
mental remediation purposes. Recently, copper–tannic acid has
been presented as a more tolerant laccase nanozymes for
phenolic compound oxidation.17 Hence, it's critical to look for
more robust and cheaper rational designs of nanozymes
mimicking the natural laccase with its activity as well as
structure.18

In this study, a rational design of laccase bionanozyme is
demonstrated by using fungal-produced chitosan as a scaffold
for the copper active center to form Chitosan–Copper (CsCu)
laccase nanozyme. The hydroxyl and amino groups in chitosan
could endow the nanozyme similar reductive microenviron-
ment for Cu2+/Cu+ as the amino acids in laccase. Such a micro-
environment enhances the electron transfer similar to the
cysteine–histidine pathway in the natural laccase.12,14 Chitosan
is a biodegradable and abundant biopolymer which is an
important factor for sustainable industrial-scale production of
nanozymes. Current extraction of chitosan depends on marine
sources which oen suffer from the seasonal nature of the
feedstock and non-uniform chitosan product.19 To counter this,
chitosan is extracted from a fungus isolated from traditional
fermented food. This demonstrates cheaper and sustainable
feedstock for chitosan and laccase nanozymes construction.
The prepared nanozyme was optimized for its laccase memetic
activity and showed promising degradation of various phenolic
compound substrates.

2 Experimental
2.1 Materials

All chemicals and reagents used were analytical grades. 2,4-
Dichlophenol, 4-aminoantipyrine, copper chloride, hydroqui-
none, phenol, and chloroform were purchased from Alpha
Chemika, India. Hydrazine Isopropanol, magnesium sulfate
heptahydrate, ammonium sulfate, and calcium chloride, were
obtained from Loba Chemie, India. Ethanol, sodium carbonate,
carbonic acid, Britton's buffer, and trisbuffer were obtained
from Research-LAB Fine Chemical Industries India. Boric acid
and dipotassium phosphate were purchased from HiMedia
Laboratories India. Sodium hydroxide was purchased at Central
Drug House India. Acetic acid, lactophenol blue, acetone,
© 2023 The Author(s). Published by the Royal Society of Chemistry
peptone, glucose, yeast extract, potato dextrose broth, and
potato dextrose agar were purchased from Sisco Research
Laboratories, India.

2.2 Isolation of fungi

The isolation of native fungal species from Kocho, a traditional
fermented food, was done following standard procedures.20

Briey, about 250 grams of Kocho were collected from
a farmer's homestead plot in Aleta Wendo, located in the
Sidama region, Ethiopia. The Kocho had been buried in the
earthen pits and covered with layers of leaf sheets for three
months before sampling. Then, ten grams of the Kocho sample
was homogenized in 90 mL of sterile saline water. An aliquot of
serially diluted samples was inoculated onto Petri plates con-
taining potato dextrose agar (PDA) medium and incubated at
28 °C for 2 to 5 days. The obtained fungal isolates were then re-
streaked on the same media to obtain a pure culture with
a uniform morphological appearance in size, shape, spore
color, and mycelium color.

2.3 Screening for chitosan-producing fungi

Fungal isolates were refreshed on PDA agar plates at 28 °C for 8
days. Once the culture reached the late exponential phase,
which can be determined by spore germination, a spore
suspension was obtained by adding sterile distilled water and
then gently scraping the surface of the agar plates with
a spatula. Subsequently, spore suspensions of each isolate were
plated on fresh PDA and allowed to germinate at 28 °C. Aer the
incubation period, plugs from fungal cultures were taken using
sterile pipette tips and inoculated in 100 mL of the ask con-
taining potato dextrose broth (PDB) and incubated at 28 °C.
Fungal biomass was harvested by ltration from late exponen-
tial phase cultures, washed using sterile distilled water, and
freeze-dried to extract chitosan.21

2.4 Chitosan production in submerged fermentation

Spore suspension that was obtained from pre-cultures was
observed under a light microscope with a hematocytometer,
and its concentration was adjusted to 108 spores per mL.
Aerward, the spore suspension was inoculated into 2000 mL
Erlenmeyer asks containing 1500 mL of the sterile production
media made up of glucose (2%), peptone (1%), yeast extract
(0.1%), (NH4)2SO4 (0.5%), K2HPO4 (0.1%), NaCl (0.1%), CaCl2-
$H2O (0.01%), and MgSO4$7H2O (0.05%). Fungal biomass was
harvested from late exponential-phase cultures to extract chi-
tosan. Additional methods for extracting and characterizing
chitosan from fungi are available in the ESI.†

2.5 DNA extraction, PCR amplication and sequencing

Fungal DNA was extracted by following the procedures
described elsewhere22 with a slight modication. Briey, 200 mg
of fresh fungal mycelium was dissolved in 800 mL of extraction
buffer (0.1 M Tris–HCl pH 8, 10 mM EDTA pH 8, 2.5 M NaCl,
3.5% CTAB, and 150 mL of 20 mg mL−1 proteinase K). The
mixture was vortexed at high speed for ve minutes before
RSC Adv., 2023, 13, 32126–32136 | 32127
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incubation for 30 minutes in a water bath at 65 °C. It was then
centrifuged at room temperature for 10 minutes at 10 000 rpm.
The supernatant was mixed with an equal volume of phenol–
chloroform–isoamyl alcohol (25 : 24 : 1) and centrifuged at room
temperature for 10 minutes at 10 000 rpm. The supernatant was
collected once more, and an equal volume of chloroform–iso-
amyl-alcohol (24 : 1) was added before centrifugation. The
supernatant was collected again, and an equivalent amount of
ice-cold isopropanol was added, and further incubated at 20 °C
for 2 hours. The suspension was centrifuged at 13 000 rpm for
15 minutes to pellet the DNA. Finally, the DNA pellet was
washed in 800mL of 70% ethanol, air-dried, and dissolved in 50
mL of TE buffer (10 mMTris–HCl pH 8, 1mM EDTA). The quality
of the extracted DNA was assessed aer electrophoresis on 0.8%
agarose gels.

Polymerase Chain Reaction (PCR) amplications of the
fungal internal transcribed spacer region of the ribosomal RNA
(ITS) were performed using a thermal cycler (Model: DW-B960)
by employing two sets of previously published primers
(synthesized by Eurons, India): ITS1 5′-TCCGTAGGT-
GAACCTGCGG-3′ and ITS4 5′-TCCTCCGCTTATTGATATGC3′.
The PCR reaction was prepared in 50 mL reaction mixtures,
which contained 25 mL PCR mix, 2.5 mL DNA sample, 2.25 mL of
each primer, and 17.5 mL of ddH2O. The PCR reaction was set as
follows: 3 minutes at 94 °C pre-denaturation, 35 cycles of 10
seconds at 94 °C denaturation, 10 seconds of annealing at 50 °C,
10 seconds at 72 °C extension, and 120 seconds at 72 °C for
a nal extension. The PCR products were evaluated by DNA
electrophoresis and visualized and documented using a UV
light gel documentation device. PCR primers were used to
sequence the puried PCR fragments under the recommended
conditions. Taxonomic identication of isolated fungi was
carried out by a homology search of the sequencing data using
the BLASTn program against the NCBI GenBank database.

2.6 Synthesis of chitosan–copper (CsCu) nanozyme

Chitosan was produced by the deacetylation of chitin obtained
from the mycelia of fungus isolated from Kocho samples. The
synthesis of chitosan–copper nanocomposite (CsCu) was
carried out according to some previously reportedmethods with
slight modications.23 Briey, 14 mL of 1% chitosan (w/v)
solution in acetic acid (2%, v/v) was added to 100 mL of CuCl2
solution (0.015 M) under stirring for 30 minutes. The pH of the
solution was then adjusted to 9 using an ammonia solution.
This was followed by the dropwise addition of 500 mL of
hydrazine as a reducing agent. The resulting reddish-brown
solution was ltered, washed, and vacuum-dried overnight at
60 °C. Similarly, optimization of the nanozyme composition
was performed by varying the copper-to-chitosan mass ratio.

2.7 Characterization of the nanozyme

The morphology of as-synthesized nanozyme was characterized
by a eld emission scanning electron microscope (FESEM JSM-
6500F). All absorbance measurements were conducted using
a double-beam UV-vis spectrophotometer (Jasco770). Func-
tional group identication was done by FTIR spectrometer
32128 | RSC Adv., 2023, 13, 32126–32136
(Nicolet Evolution-300). The crystallinity and phase composi-
tion of the prepared nanozyme were checked by an X-ray powder
diffractometer (D/MAX-2500 Bruker) with, CuKa source (l =

1.5406 Å), isolated with a Ni foil lter. The elemental states in
the nanocomposite were investigated by X-ray photoelectron
spectrometer using XPS, VG ESCA Scientic Theta Probe with
a monochromatic Al Ka X-ray source of 1486.6 eV.
2.8 Catalytic activity assay

The preliminary laccase-like activity of CsCu nanozymes was
investigated by using 2,4-D as the substrate and 4-AP as the
chromogenic agent which forms a reddish-pink adduct with the
oxidized phenolic compound. This colored reaction product
absorbs at 510 nm.5,12 In a typical test, 700 mL buffer solution was
rst added to a test tube followed by the addition of 100 mL of 2,4-
DP (1 mg mL−1), 4-AP (1 mg mL−1) and 1 mg CsCu respectively.
Aer incubating for 30 minutes, the absorbance of the superna-
tant wasmeasured at 510 nm. Controlled experiments containing
2,4-DP and 4-AP in the absence of nanozyme and only 2,4-DPwith
nanozyme were tested in parallel. Unless mentioned otherwise,
this protocol was used as a standard assay for the entire work.

Further to this, the unit activity of the nanozyme was
analyzed by varying the amount of nanozyme at xed substrate
concentration. Typically, 2,4-DP (1 mg mL−1, 100 mL) and 4-AP
(1 mg mL−1, 100 mL) were run for 1 h and the initial rates at
different nanozyme concentrations were used to calculate the
nanozyme activity as shown in eqn (1),

bnanozyme ¼ V

3l
� DA

Dt
(1)

where b – the unit activity of the nanozyme, V – volume, 3 –

absorptivity coefficient, l – path length, A – absorbance, and t –
time.
2.9 Steady-state kinetic analysis

Kinetic studies were performed by measuring the initial rates at
different concentrations of 2,4-DP (10–100 mg mL−1) and at
a xed nanozyme concentration. For all tests, the concentration
of 4-AP was in excess (0.15 mg mL−1). The initial rate was then
determined from a time course measurement of absorbance at
510 nm. Kinetic parameters such as Km and Vmax were then
determined using the Lineweaver–Burk plot (eqn (2)) which is
the linear form of the Michaelis–Menten (eqn (3))

1

V0

¼ Km

Vmax½S� þ
1

Vmax

(2)

V0 ¼ Vmax

km
þ ½S� (3)

where V0 is the apparent initial reaction velocity, Km is the
apparent Michaelis–Menten constant, Vmax is the maximum
reaction rate, and [S] is the initial substrate concentration.
2.10 Effect of different solution parameters

The effect of different parameters viz pH, amount of nanozyme,
ionic strength, on the catalytic activity of the CsCu nanozyme
© 2023 The Author(s). Published by the Royal Society of Chemistry
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was evaluated using one factor at a time approach. Accordingly,
the mass of the nanozyme required for catalyzing the chromo-
genic reaction was optimized by conducting the reactions at
various amounts of CsCu (1–2.5 mg) at constant pH and
substrate concentrations. The effect of pH on the laccase
mimetic activity was studied by varying the solution pH from 1–
10 using Britons–Robinson (BR) buffer. Further to this, the
effect of buffer species on the laccase activity was investigated
by using different buffer components (borates, carbonates, and
BR) at the optimum pH obtained in the previous experiment.
Similarly, the effect of ionic strength on the activity of CsCu
nanozymes was studied by adding different concentrations of
NaCl (0–500 mM).
2.11 Stability and recyclability of CsCu nanozyme

The thermal stability of the CsCu nanozyme was evaluated by
conducting the laccase activity test at different temperatures
ranging from 25–100 °C using a water bath system. Further, the
storage stability of CsCu nanozymes was tested by dispersing
1.5 mg of CsCu nanozyme in BR buffer. An aliquot of this
nanozyme dispersion was taken for a similar chromogenic
reaction at different time intervals. The recyclability of CsCu
was also examined by measuring the catalytic activity for three
consecutive reaction cycles. Briey, 100 mL of 1 mg mL−1 both
2,4-DP and 4-AP were added to 700 mL of borate buffer (pH = 9).
Next 1.5 mg of CsCu was added to the reaction mixture and
incubated for 30 min. The reaction mixture was then centri-
fuged (at 6000 rpm for 5 minutes) and was washed with distilled
water. The cleaned nanozyme was then used for the subsequent
cycle of the catalytic assay. The efficiency of the nanozyme at
each cycle was compared by measuring the absorbance at
510 nm.
2.12 Phenolic compounds oxidation test

The phenolic compound oxidation efficiency of the prepared
CsCu nanozyme was studied by using three phenolic compound
substrates namely phenol, 2,4-DP, and hydroquinone. Briey,
1 mg mL−1 of each phenolic compound was subjected to
catalysis by 1.5 mg of nanozyme in 700 mL of buffer (pH 9) in the
presence of 4-AP. While the reaction was allowed to proceed the
absorbance of the resulting solution was measured at different
time intervals. The phenolic degradation efficiency of the
nanozyme was also investigated using real wastewater taken
from the Akaki River in found Addis Ababa, Ethiopia. Briey,
a known amount of 2,4-DP was spiked into a semi-treated
wastewater sample (0.16% v/v). Next, the spiked sample was
similarly added to the nanozyme/4-AP system. The absorbance
of the resulting colored solution was measured at different
times to calculate the % oxidation efficiency using Beer's Law
(eqn (4))

oxidation% ¼ Ct

C0

� 100 (4)

where C0 is the initial concentration and Ct is the concentration
at time t.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3 Results and discussion
3.1 Isolation and screening of chitosan-producing fungi

Nine morphologically distinct fungal isolates were obtained
from an aliquot of serially diluted Kocho samples inoculated
onto Petri plates containing PDA media (Fig. S1†). The fungal
isolates could rapidly develop mycelia within a week of culti-
vation. Chitosan yield from fungal isolates labeled AWK8,
AWK9, AWK12, and AWK15 in the PDB medium ranged from
4 mg L−1 to 14 mg L−1, which was relatively low and insigni-
cant compared to their biomass (Table S1†). The other ve
isolates AWK1, AWK2, AWK3, AWK6, and AWK7 could produce
chitosan in the range of 21 mg L−1 to 61.2 mg L−1. Further, their
chitosan yields were improved when isolates were cultured in
a minimal salt medium under the same fermentation condi-
tions. AWK2 produced the highest amounts of mycelial chito-
san (135.58 mg L−1), followed by AWK7 (114.76 mg L−1), and
AWK1 produced the least (63.16 mg L−1) (Table S1†).

3.2 Molecular identication of chitosan-producing fungi

To molecularly identify three of the top chitosan-producing
fungi (AWK1, AWK2, and AWK7), a region that carries much
of the diversity information was PCR-amplied by employing
the universal ITS primers. Thus, sequence analysis of the ITS
rDNA showed that fungal isolates belong to the genera Irpex,
Diaporthe, and Schizophyllum. Furthermore, AWK2 was over
99% similar to GenBank Irpex sp. isolate FS16, with BLASTn
query coverage of 93–100%. The other isolate, AWK1, had
a 99.69% similarity with the Schizophyllum commune strain
C77P. Also, isolate AWK7 revealed the highest (97.67%)
sequence similarities with Diaporthe sp. isolate F255. Conse-
quently, the chitosan-producing fungi were identied as Irpex
sp. isolate AWK2, Schizophyllum commune strain AWK1 and
Diaporthe sp. isolate AWK7 (Table S2†).

3.3 Extraction and characterization of chitosan from Irpex
sp. isolate AWK2

Chitosan was successfully extracted by deacetylation of chitin
obtained from the mycelia of Irpex sp. isolate AWK2. The degree
of deacetylation (DDA) as determined from the FTIR spectrum
was 70%. The viscosimetric average molecular weight of the
extracted chitosan was 7.94 × 103 Da. The results are compa-
rable with low molecular weight commercial chitosan from
marine sources. Given the intrinsic advantage of the feedstock,
fungi could be a viable option for chitosan production.

The morphology of the extracted chitosan from the fungus
was characterized by SEM. As can be seen in the SEM micro-
graph (Fig. 1a), the extracted chitosan appeared as layered
akes with microbril structures. Fig. 1b shows the FTIR
spectrum of extracted chitosan. As seen in the spectrum, the
broad peak at 3269 cm−1 corresponds to the OH stretching
while the NH stretching at 3443 cm−1 is superimposed on the
OH absorption. The sharp medium peak at 2925 cm−1 is due to
C–H stretching. The sharp medium peaks at 1633, 1547 and
1368 cm−1 correspond to the C]O stretching of residual amide,
RSC Adv., 2023, 13, 32126–32136 | 32129
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Fig. 1 (a) SEM micrograph; (b) FTIR spectrum of chitosan extracted from Irpex sp. isolate AWK2.
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the NH bending, and C–N stretching respectively. The sharp
intense peak at 1022 cm−1 belongs to the C–O stretching.24,25

3.4 Synthesis and characterization of CsCu nanozymes

CsCu nanozyme was successfully synthesized using a facile wet
method involving in situ reduction of copper onto the chitosan
matrix. The morphologies of the CsCu nanocomposite were
investigated by SEM. As seen from the SEM micrographs
(Fig. 2a), the copper nanoparticles are successfully anchored on
the chitosan ake structures. Further, the EDS spectrum
(Fig. S2†) also conrms the presence of Cu, N, O, and C which
are all expected elemental compositions from the precursors.

The phase composition and crystallinity of the prepared
nanozyme were studied using powdered XRD. The XRD pattern
(Fig. 2b) of CsCu shows diffraction at 2q ca 14.7° and 22.8° from
crystalline chitosan akes.26 The peaks at 2q 29.63°, 32.72°,
58.2° and 74.3° belongs to diffractions from (110), (111), (220)
and (311) planes of Cu2O (JCPDS nO. 65–3288). While the peaks
at 43.6° and 50.7° are characteristics diffractions peaks from
(111) and (200) planes of face-centered cubic (fcc) Cu respec-
tively (JCPDS 04-0836). Also, the peak at 2q 46.7° represents
diffraction from (112) planes of CuO (JCPDS no. 04-0836).27,28

Further, XPS was used to elucidate the surface chemical
states of the nanozyme. The wide scan XPS spectrum (Fig. 3a)
shows peaks corresponding to Cu 2p, N 1s, O 1s, and C 1s where
the C, N, and O are from the chitosan. The high-resolution
spectrum of Cu 2p (Fig. 3b) shows peaks at 931.3 and
Fig. 2 (a) SEM images; (b) XRD pattern of CsCu nanozyme.

32130 | RSC Adv., 2023, 13, 32126–32136
951.06 eV corresponding to the Cu 2p3/2 and Cu 2p1/2 of a Cu0/
Cu+ moiety respectively. While the higher binding energy peaks
at 933.0 and 952.6 eV correspond to Cu2+ states accounting for
22.78% of the total copper. The shake-up satellite peak at
942.5 eV is also a characteristic of d9 conguration which
conrms the presence of Cu2+.12,29 The results indicate that the
nanozyme has the multi-oxidation forms of copper, consistent
with the T1/T2/T3 centers of the natural laccase enzyme.30,31

Deconvolution of the high-resolution spectrum N 1s spectrum
(Fig. 3c) resulted in two peaks at 399.6 and 398.4 eV corre-
sponding to copper-coordinated and free amino groups,
respectively. This shows that the copper atoms are involved in
coordination with the amino group of chitosan. In addition,
deconvolution of the narrow scan spectrum of O 1s (Fig. 3d)
revealed three peaks at binding energies of 531.2, 529.7, and
523.2 eV corresponding to C]O, Cu–O, and C–O bonds,
respectively. This further corroborates the interaction of copper
with the chitosan matrix.32

3.5 Laccase memetic activity of CsCu nanozyme

A preliminary test on the laccase memetic activity of the CsCu
nanozyme was done by using 2,4-DP as a model substrate and 4-
AP as a chromogenic agent in a standard buffer (pH 7). As seen
in Fig. 4a and the inset photograph, in the presence of CsCu the
reaction mixture turned reddish-pink with absorption maxima
at 510 nm. This indicates the catalytic oxidation of 2,4-DP into
a quinone intermediate which further reacted with 4-AP to form
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Wide scan XPS spectrum of CsCu; high-resolution XPS spectra of (b) Cu 2p; (c) N 1s; (d) O 1s.
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a colored adduct.12 The role of the CsCu nanozyme was further
evidenced by the absence of a colored product when the two
substrates are allowed to react in the absence of the nanozyme
(Fig. 4b). Interestingly, chitosan has no any laccase activity,
however, CsCu owes 38% higher catalytic activity than pristine
copper NPs (Fig. 4b–d), This evidences the role of the chitosan
scaffold to disperse the copper nanoparticles which otherwise is
prone to aggregation. In addition, the amino and hydroxyl
group of chitosan could enhance the electron transfer, similar
to the amino acid microenvironment in natural laccase, thereby
facilitating the oxidation of 2,4-DP.14

Similar to the laccase enzyme, the mechanism of phenolic
compound oxidation by CsCu can be proposed in three steps.33

The catalytic reaction starts with the binding of the substrate
with nanozyme where it is oxidized, resulting in the reduction of
Cu+ into Cu0. Subsequently, the transfer of electrons between
the copper species will be enhanced by the amino and hydroxyl
groups of the chitosan which is similar to the amino acid
microenvironment in laccase. Finally, the reduction of molec-
ular oxygen in water could take place by regenerating the
nanozyme.12,33,34

The catalytic activity of CsCu at different pH values was
measured to determine the optimal pH. As seen in Fig. 4b, the
catalytic activity of the CsCu nanozyme increased gradually and
reaches its maximum at pH 9. In general, the laccase memetic
activity of the nanozyme is inhibited in lower pH regions. This
could be due to the dissolution of the metals as well as the
chitosan in an acidic medium. Further, as shown in Fig. 4c, the
laccase memetic activity at the optimum pH depends on the
buffer species. Accordingly, the CsCu nanozyme has
© 2023 The Author(s). Published by the Royal Society of Chemistry
outstanding catalytic efficiency in borate buffer. This could be
ascribed to improved binding of substrates facilitated by the
electrostatic repulsion between CsCu and Borates.35

Similarly, the effect of the dose of the nanozymes was
studied at different doses of CsCu and xed substrate concen-
tration (1 mg L−1, 100 mL). As shown in Fig. 4d, the activity of the
nanozymes increases with increasing CsCu mass, peaking at
1.5 mg, followed by a decrease in activity with a further increase
inmass. This mass of nanozymes was then selected as optimum
for further experiments. The specic unit activity (SA) of the
nanozyme was then analyzed based on initial rates calculated
from the different masses used above. Accordingly, the specic
activity of nanozymes determined from the slope of a plot of
b vs.mass of nanozymes (Fig. S2†) was found to be 0.01 U mg−1.

3.6 Enzyme kinetics of CsCu nanozyme

Steady-state kinetic studies were done at various concentrations
of 2,4-DP at a xed concentration of CsCu nanozyme. As seen in
Fig. 5a and b, the rate of catalytic oxidation increased with
substrate concentration and followed a typical Michaelis–
Menten model. The kinetics parameters were then computed
from the Lineweaver–Burk plot. Accordingly, the Km and Vmax

were calculated to be 0.26 mM and 5.14 mMmin−1, respectively.
The lower Km oen indicates an enzyme's higher affinity
towards its substrate. Table 1 shows a survey of kinetic
parameters of recently reported natural laccase enzymes and
different nanozymes. As seen in Table 1, CsCu nanozyme shows
comparable and even superior Km. This could be attributed to
the rational design of our nanozyme which boosted the ease of
substrate binding.
RSC Adv., 2023, 13, 32126–32136 | 32131
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Fig. 4 (a) Preliminary laccase activity test result ((a) CsCu + DP + AP; (b) Cu + DP + AP; (c) DP + AP; (d) Cs + DP + AP); (b) effect of pH; (c) effect of
buffer species at the optimum pH; (d) effect of nanozyme mass.
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3.7 Catalytic stability and recyclability of CsCu nanozyme

The stability of nanozymes is critical as it is one of the factors
which rivals natural enzymes. Hence the thermal stability of
CsCu nanozyme was examined aer 30minutes of incubation at
Fig. 5 (a) Micheal–Menten plot; (b) Lineweaver–Burk plot of CsCu cata

32132 | RSC Adv., 2023, 13, 32126–32136
different temperatures (25 to 100 °C). As shown in Fig. 6a, the
catalytic activity of the CsCu nanozyme gradually increased
reaching its maxima at 50 °C. Further, the nanozyme main-
tained 73.98% of its original activity at 70 °C indicating the
lyzed reaction.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of kinetic parameters of recently reported lac-
case nanozymesa

Catalyst Substrate Km/(mM) Vmax/(mM min−1) References

Cu-Cys 2,4-DP 0.14 1.44 36
BSA-Cu Guaiacol 0.159 4 37
GNF Catechol 1.84 5.4 38
CH-Cu 2,4-DP 0.42 7.3 16
CMC-Pt 2,4-DP 0.22 — 39
Laccase 2,4-DP 0.24 4.3 7
Laccase 2,4-DP 0.40 3.5 40
CsCu 2,4-DP 0.26 5.14 This work

a NB: Cys:cysteine; GNF: Guanine copper phosphate; BSA: bovine serum
albumin; CH: cysteine–histidine; CMC: Carboxymethylcellulose.
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capacity of the nanozyme to withstand such high operational
temperature. Meanwhile, the nanozyme activity decreases aer
50 °C which could be due to the decomposition of the CsCu
structure. However, natural laccase could not effectively func-
tion at much higher temperatures due to the instability of the
protein scaffold. For instance, in a study conducted by Lou and
colleagues7 as well as Liu and coworkers,14 the laccase enzyme
lost half of its activity at 50 °C. Further, in a recent study12

natural laccase enzyme and CACu nanozyme retained 25% and
13% of their activity at 70 °C and 100 °C, respectively. Hence
compared with these nanozymes and natural laccase, the
rationally designed CsCu nanozyme in this study showed
a robust performance. Further, as seen in Fig. 6b, the CsCu
nanozyme retained 53% of its catalytic activity aer being
Fig. 6 (a) Thermal stability; (b) temporal stability; (c) recyclability; (d) eff

© 2023 The Author(s). Published by the Royal Society of Chemistry
stored in a buffer for 25 days. Recent studies showed laccase
enzyme can maintain only 12% of its activity aer 12 days of
storage.41 This demonstrates enhanced temporal stability of the
prepared CsCu nanozyme.

The reusability of nanozymes is also a critical factor for an
economically feasible application. Hence the recyclability of
CsCu nanozyme was studied by recovering the nanozyme
through centrifuging and washing aer each cycle. As shown in
Fig. 6c, the CsCu nanozyme maintained 37% of its activity aer
the third cycle. The decrease in activity aer repeated cycles
could be due to the leaching-out of copper from the polymer
matrix which in turn degrades the nanozyme performance.6

The degradation of phenolic compounds in real wastewater
is one of the applications for laccase enzymes. However, the
laccase instability due to extreme operational conditions such
as high salinity limits its application.6,12 Therefore, the stability
of the CsCu nanozyme in saline conditions was assessed under
different NaCl concentrations. As shown in Fig. 6d, the catalytic
activity gradually increased with NaCl concentrations with
98.3% higher activity at 500 mM NaCl. Further, as seen in
Fig. S3,† the CsCu showed improved activity in the presence of
different salts irrespective of the ionic species. This could be
attributed to the increased surface charges which could
enhance the catalytic activity.12 The result compliments the
lower activity of natural laccase enzyme in a saline environment
due to the salting-out effect.42 Added with abundant chitosan
used for its preparation CsCu represents a robust and sustain-
able nanozyme suitable for practical applications.
ect of salinity on the CsCu nanozyme activity.

RSC Adv., 2023, 13, 32126–32136 | 32133
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Fig. 7 (a) Catalytic oxidation of different phenolic compounds (DP: 2,4-dichlorophenol, HQ: hydroquinone); (b) % conversion of 2,4-DP spiked
wastewater at different time intervals using CsCu nanozyme.

Table 2 Summary of previously worked phenolic compound degradation using different catalysts

Catalyst Substrates
Percent of
degradation

Total time
used (h) Ref.

Fe-nano zeolite/activated carbon Phenol 62.3 4 43
Fe3O4-NH2-PEI-laccase Phenol 70 10 3
Cu-1-methyl imidazole 2,4-DP 91.8 10 44
Fe-N-C-single atom Phenol 83 10 45
CA-Cu 2,4-DP 90 10 12
Cu-adenosine monophosphate Phenol 65 5 46
Ce(IV) MOF 2,4-DP 42.88 12 7

BPA 76–86
CsCu Hydroquinone 92 5 This work

2,4-DP 92
Phenol
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3.8 Catalytic oxidation of phenolic compounds

The application of the CsCu nanozyme for the catalytic oxida-
tion of different phenolic substrates was tested in the presence
of the chromogenic agent 4-AP. The % oxidation was deter-
mined from the absorbance measured at different time inter-
vals using eqn (4). As seen in Fig. 7a, the nanozyme converts
more than 80% 2,4-DP and phenol, and 60% hydroquinone
(HQ) in one hour and over 92% of the three substrates in 5 h.
The conversion efficiency of 2,4-DP and phenol at three and six
hours is not statistically signicant, while the difference for HQ
is statistically signicant at p < 0.05. This suggests that 3 h could
be enough to effectively oxidize phenol and 2,4-DP, while HQ
needs more time to oxidize completely. This could be attributed
to the difference in the molecular structure of the substrates.
Hydroquinone with two hydroxyl groups could take longer to
completely oxidize than 2,4-DP which contains only one
hydroxyl group. As seen in Table 2, in this study higher oxida-
tion percentage (92%) is obtained even in a shorter time. This
could be ascribed to the chitosan matrix which facilitates
substrate binding and faster electron transfer. For instance, the
laccase nanozyme constructed from a dipeptide coordinated to
copper (Cys-Cu-Asp) required over 10 h to convert more than
90% of phenolic compounds which is double than required by
32134 | RSC Adv., 2023, 13, 32126–32136
the CsCu nanozyme.12 This result suggests that the prepared
nanozyme is effective in the catalytic degradation of diverse
phenolic pollutants.

Further, to study the feasibility of the nanozyme activity in
real wastewater treatment similar assay was conducted using
phenolic compounds spiked wastewater sample (0.16% v/v 2,4-
DP in wastewater). As shown in Fig. 7b, 62.5% 2,4-DP was
oxidized in 2 h. However, unlike the synthetic phenolic
compounds, the spiked sample percent conversion declined
aer 2 h. This could be ascribed to the presence of interfering
ions in the wastewater matrix which occupies catalytic sites of
the nanozyme.
4 Conclusions

In summary, fungal chitosan–copper nanocomposite (CsCu) is
demonstrated as a rational and sustainable laccase mimetic
bionanozyme. Low molecular weight chitosan (7.94 × 103 Da)
with a 70% average degree of deacetylation was obtained from
fungal isolate identied as Irpex sp. isolates AWK2. Chitosan
due to its polycationic nature boosted the laccase mimetic
activity of copper nanoparticles by enhancing the electron
transfer in the catalytic reactions. Further morphological and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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structural characterizations showed three species of copper
distributed on the chitosan matrix which is consistent with the
composition of natural laccase. The prepared nanozyme
showed improved laccase memetic activity for the oxidation of
different phenolic compounds both in synthetic and real
wastewater obeying the Michaelis–Menten model. The calcu-
lated Km value is lower when compared with previously reported
nanozymes as well as natural laccase indicating excellent
binding affinity. The nanozyme retained its room temperature
activity at higher temperatures up to 70 °C and under saline
conditions. Given the sustainable feedstock used for the
production, the rationally prepared CsCu bionanozyme repre-
sents a robust and sustainable nanozyme with promising utility
in environmental remediation.
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