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ABSTRACT: Industrial effluents containing phenolic compounds
are a major public health concern and thus require effective and
robust remediation technologies. Although laccase-like nanozymes
are generally recognized as being catalytically efficient in oxidizing
phenols, their support materials often lack resilience in harsh
environments. Herein, bacterial nanocellulose (BNC) was intro-
duced as a sustainable, strong, biocompatible, and environmentally
friendly biopolymer for the synthesis of a laccase-like nanozyme
(BNC/Cu). A native bacterial strain that produces nanocellulose
was isolated from black tea broth fermented for 1 month. The
isolate that produced BNC was identified as Bacillus sp. strain T15,
and it can metabolize hexoses, sucrose, and less expensive
substrates, such as molasses. Further, BNC/Cu nanozyme was
synthesized using the in situ reduction of copper on the BNC. Characterization of the nanozyme by scanning electron microscopy
(SEM) and X-ray diffraction (XRD) confirmed the presence of the copper nanoparticles dispersed in the layered sheets of BNC. The
laccase-mimetic activity was assessed using the chromogenic redox reaction between 2,4-dichlorophenol (2,4-DP) and 4-
aminoantipyrine (4-AP) with characteristic absorption at 510 nm. Remarkably, BNC/Cu has 50.69% higher catalytic activity than
the pristine Cu NPs, indicating that BNC served as an effective biomatrix to disperse Cu NPs. Also, the bionanozyme showed the
highest specificity toward 2,4-DP with a Km of 0.187 mM, which was lower than that of natural laccase. The bionanozyme retained
catalytic activity across a wider temperature range with optimum activity at 85 °C, maintaining 38% laccase activity after 11 days and
46.77% activity after the fourth cycle. The BNC/Cu bionanozyme could efficiently oxidize more than 70% of 1,4-dichlorophenol and
phenol in 5 h. Thereby, the BNC/Cu bionanozyme is described here as having an efficient ability to mimic laccase in the oxidation
of phenolic compounds that are commonly released into the environment by industry.

1. INTRODUCTION
To meet the ever-increasing demands of mankind, numerous
industries were established throughout the decade. These
include steel, chemical, pulp and paper, and other industries
that discharge significant amounts of industrial effluent
containing biodegradable and nonbiodegradable substances
such as polymers, heavy metals, and phenolic compounds.
Given that some phenolic compounds are extremely hazardous
and carcinogenic, the treatment of organic wastewater
containing phenolic compounds has a significant impact on
people’s lives. Therefore, mechanical, chemical, and biological
methods have been employed to minimize or completely
eliminate phenolic compounds. The biological approach
reduces, detoxifies, or mineralizes phenolic pollutants using
microorganisms and their enzymes, such as laccase, and is also
considered environmentally friendly.1,2

Laccases are versatile multicopper oxidases that catalyze
single-electron oxidation of a diverse array of substrates,
including phenolic compounds such as polyphenols, amino-

phenols, and polyamines.2,3 They are widely distributed in
nature and are mainly extracted from microorganisms, plants,
and animals. Microbial laccase has low thermal stability, a high
purification cost, and susceptibility to damage in actual
industrial environments, which limits its application for
environmental remediation under harsh conditions.3 Enzyme
mimics, as an affordable and more stable alternative, have been
proposed to circumvent these restrictions.

Nanozymes are nanomaterials with an intrinsic catalytic
activity. Laccase-mimicking nanozymes have drawn the interest
of scientists due to their effectiveness, high stability and
durability, cheap cost, tunable catalytic activity, and simple
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manufacturing methods.4 They were mainly synthesized by
mixing copper ions and organic molecules, which served as
scaffolds, and were used to detoxify phenolic pollutants.5−7

With this framework, Shams et al. synthesized laccase-
mimicking nanozyme by mixing copper ions and 1,3,5-benzene
tricarboxylic acid (1,3,5-H3BTC) and reported robust catalytic
activity for Amido black 10B (AB-10B) dye degradation.5

Additionally, significant progress has been made in developing
laccase-based nanozymes with tailored properties. By coordi-
nating copper with biomolecules such as oligonucleotides,
dipeptides, and single amino acids, researchers have developed
laccase nanozymes with specific temperature and pH optima,
making them suitable for various industrial applications.6−9

Thereby, a laccase-mimicking nanozyme was synthesized from
an organometallic framework of guanosine monophosphate
(GMP) and copper to degrade hydroquinone, naphthol,
catechol, and adrenaline, with catalytic performance superior
to microbial laccase.6 Xu et al. reported the development of a
laccase-mimicking nanozyme that uses the dipeptide cysteine
and aspartic acid to coordinate copper, resulting in a highly
active nanozyme with optimal activity at 50 °C.7

However, the practical application of laccase nanozymes is
limited by the stability of their ligands and biomolecules in
harsh environments. To overcome this restriction, more work
must be put into developing stable, robust laccase nanozymes
that can work well in challenging environments. Biopolymers
with more active sites and defined structural and functional
properties are more desirable as scaffolds for copper to regulate
particle formation and stabilize the resultant NPs.10 Addition-
ally, the shape, size, and stability of the NPs are influenced by
the structural and functional characteristics of the biopolymer
used as scaffolds.11,12 Therefore, the use of biopolymers with
tailored properties holds significant potential for the design of
efficient nanozymes.

Bacterial nanocellulose (BNC) is a remarkable biopolymer
that is produced by different types of bacteria. It is a complex
macromolecule composed of β-D-glucopyranose. One of the
most notable uses of BNC is as a catalyst carrier, thanks to its
exceptional properties. It has high purity, excellent biocompat-
ibility, and a remarkable crystallinity level of 70−80%.13,14

Additionally, BNC is highly strong, both mechanically and
thermally, making it a dependable choice for a wide range of
applications. Microorganisms in numerous genera have the
ability to produce bacterial nanocellulose, including Glucona-
cetobacter, Aerobacter, Rhizobium, Sarcina, Azotobacter, Agro-
bacterium, Pseudomonas, and Alcaligenes.15,16 As a result,
bacterial nanocellulose may be readily extracted from bacteria
and exploited as a renewable resource to improve copper
nanoparticles’ ability to mimic laccase activity by providing a
favorable milieu for copper.

The aim of this research was to explore the potential of BNC
extracted from Bacillus sp. strain T15 as a scaffold for
synthesizing a laccase-like nanozyme. The synthesized nano-
zyme was then used for the oxidation of model phenolic
pollutants, which are common environmental contaminants.
This research sheds valuable insights into the potential of BNC
as a scaffold material for the development of advanced
nanozymes with a variety of applications in environmental
remediation and other fields.

2. EXPERIMENTAL SECTION
2.1. Materials. All chemicals and reagents used for this

research were of analytical grade and used without further

purification. 2,4-dichlophenol, 4-aminoantipyrine, phenol,
calcium chloride (CaCl2), dipotassium phosphate (K2HPO4),
and magnesium sulfate (MgSO4·7H2O) were purchased from
Alpha Chemika Andheri, West Mumbai, (India). Manganese
chloride (MnCl2·4H2O), copper chloride (CuCl2), sodium
borohydride (NaBH4), sodium molybdate (Na2MoO4), boric
acid (H3BO4), acetic acid (CH3COOH, 99%), and sodium
hydroxide (NaOH) were purchased from Unichem Chemical
Reagents, Greenville County, South Carolina. TMB (3,3,5,5-
Tetramethylbenzidine) (C16H2ON2, 99%) was obtained from
Acros Organics.
2.2. Screening and Isolation of Nanocellulose-

Producing Bacteria. The isolation of bacteria from
fermented tea was done by enrichment and spread plate
methods. Briefly, three bags of black tea were infused in a
boiled solution of 10% (w/v) sucrose in deionized water for 5
min. The enrichment culture was fermented for 1 month at
room temperature while monitoring the development of a
white layer at the air−liquid interface. Cultures with a white
layer at the air−liquid interface were further selected to isolate
nanocellulose-producing bacteria. Then, aliquots of serially
diluted samples were spread onto a Hestrin and Schramm
(HS) agar medium composed of (g/L): D-glucose 20.0,
peptone 5.0, yeast extract 5.0, Na2HPO4 2.7, citric acid 1.15,
and agar 15 at pH 6.2 ± 0.2.17 Finally, the inoculated Petri
plates were incubated at 30 °C for 5−7 days. The colonies
were further streaked repeatedly until a single colony
morphology was observed. Bacterial isolates were further
screened for their ability to produce nanocellulose by culturing
each isolate in HS broth.18 Briefly, each isolate was inoculated
into 10 mL of HS fermentation medium (g/L: D-glucose 20.0,
peptone 5.0, yeast extract 5.0, Na2HPO4 2.7, citric acid 1.15,
and pH 6.0) in a test tube. The inoculated broths were
incubated at 30 °C under static conditions for 10 days. The
sample with pellicles in the air−liquid interface was an
indication of BNC production.18 The obtained single bacterial
isolates were stored in 25% (v/v) glycerol at −80 °C for future
use and subsequently subcultured for refreshment when
needed.
2.3. Biosynthesis and Purification of Bacterial Nano-

cellulose. After 14 days of incubation, the BNC was removed
from the culture, rinsed with distilled water to remove the
excess medium, and soaked in 0.1 M NaOH at 100 °C for 30
min to remove any bacteria present in the fiber. The resulting
BNC was washed several times until the pH of the filtrate
became neutral. Finally, the obtained BNC was dried at 60 °C
in a drying oven, and the weight of the BNC was recorded.
2.4. Characterization of Bacterial Nanocellulose. The

functional groups in the BNC produced by the potent isolate
were further characterized with Fourier transform infrared
(Nicolet Evolution-300) spectroscopy. Also, the morphology
of the BNC was analyzed by scanning electron microscopy
(FESEM JSM-6500F).
2.5. Molecular Identification of Nanocellulose-Pro-

ducing Bacteria. Bacterial DNA extraction and PCR
amplification were performed for the nanocellulose-producing
bacterium, as described in ref 19. Briefly, bacterial genomic
DNA was extracted using a DNA extraction kit (QIAGEN,
QIAamp DNA Mini Kit) according to the manufacturer’s
instructions and eluted in 100 μL of TE buffer. The eluted
DNA was used as template DNA in the polymerase chain
reaction (PCR) to amplify the 16S rRNA gene. The PCR mix
consisted of 10 μL of master mix (10× Taq buffer, 10 mM
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dNTPs, 25 mM MgCl2, 1 μL of Taq DNA polymerase), 1 μL
of each bacterial 16S universal rRNA primer [forward primer
27-F (5-ACAGTTTGATCCTGGCTCAG-3) and reverse
primer 1492-R (5-GGGTTACCTTGTTACGACTT-3)], 2
μL of genomic DNA, and 6 μL of PCR-grade water. PCR
amplifications were performed with a thermal cycler (model:
DW-B960). For this, the standard PCR reaction conditions
were maintained (initial denaturation at 94 °C for 5 min; 35
cycles consisting of template denaturation at 94 °C for 1 min,
primer annealing at 55 °C for 40 s, primer extension at 72 °C
for 1 min, and a final extension at 72 °C for 10 min). The PCR
products were visualized by the gel documentation system after
gel electrophoresis was done on a 1% agarose gel. The 16S
rRNA gene was sequenced using an automated sequencer in
Germany following the manufacturer’s protocol (Eurofins,
DE).

For phylogenetic analysis, the raw DNA sequences (DNA
chromatogram) were viewed, edited using the BioEdit
program, and converted into the FASTA format. Conse-
quently, poor-quality sequence products were removed from
the 3′ and 5′ sequence ends and assembled using MEGA X.
Then, using BLASTn, the sequence data were compared to
NCBI (http://www.ncbi.nlm.nih.gov) database and the
phylogenic analysis was performed. The phylogenetic tree
was built using MEGA X with bootstrap values of 1000
replications with the maximum likelihood method20 and the
Kimura 2 parameter model.21

2.6. Synthesis of Bacterial Nanocellulose-Copper
(BNC/Cu) Nanozyme. BNC/Cu nanocomposite was synthe-
sized using the in situ reduction method, as described in ref 22.
Briefly, 3.6 g of CuCl2 was dissolved in 20 mL of deionized
water and stirred for 30 min. After adjusting the pH to 8 with
ammonia, the BNC was added and stirred for 30 min. Then, 1
mL of sodium borohydride was added to the mixture until a
red-brown color formed. Finally, the red-brown product was
rinsed off and dried in a vacuum at 60 °C overnight for further
experiments.
2.7. Characterization of Bacterial Nanocelluloase-

Copper (BNC/Cu) Nanozyme. The surface morphology of
the synthesized BNC/Cu nanozyme was studied by using a
scanning electron microscope (FESEM JSM-6500F). The
crystallinity and phase composition of the prepared nanozyme
were checked by an X-ray powder diffractometer (D/MAX-
2500 Bruker) with a Cu Kα source (λ = 1.5406 Å), isolated
with a Ni foil filter. All absorbance measurements were
conducted using a double-beam UV−vis spectrophotometer
(Jasco770).
2.8. Laccase-like Catalytic Activity of BNC/Cu Nano-

zyme. The catalytic activity of BNC/Cu nanozyme was
studied using 2,4-DP as substrate and 4-AP as a chromogenic
agent, as described in ref 7. First, 100 μL of aqueous-dispersed
BNC/Cu nanozyme was added to a mixture containing 100 μL
of 4-AP (1 mg/mL) and 100 μL of 2,4-DP (1 mg/mL) in 700
μL of tris buffer (1 M, pH 6.5). The absorbance of the
supernatant was then measured by using a UV−Vis
spectrophotometer. Unless mentioned, this protocol was
used as a standard assay for the rest of the experiments. In
parallel, control experiments were performed by reacting 2,4-
DP and 4-AP in the absence of nanozyme and only 2,4-DP
with nanozyme.
2.9. Steady-State Kinetic Analysis. Kinetic studies of

BNC/Cu nanozyme were performed at a fixed nanozyme
concentration (1 mg/mL) by varying the concentration of 2,4-

DP (10−180 μg/L). In all of these reactions, the concentration
of 4-AP was in excess at 1 mg/mL. The initial rate of reaction
was then determined from the time course measurement of the
absorbance at 510 nm. Then, the obtained data were fitted to
the Michaelis−Menten equation (eq 2). The kinetic
parameters, such as Km and Vmax, were then calculated using
the Lineweaver−Burk plot (eq 1), which is the linear form of
the Michaelis−Menten equation.
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where V is the initial velocity, Km is the Michaelis constant,
which indicates the affinity between the enzyme and substrate,
Vmax is the maximum velocity of the reaction, and [S] is the
substrate concentration.
2.10. Effect of Reaction Parameters on the Catalytic

Activity of BNC/Cu Nanozyme. The effect of reaction
parameters such as pH and mass of nanozyme on the catalytic
activity of the BNC/Cu nanozyme was evaluated using a one-
factor-at-a-time approach. The effect of pH on the catalytic
activity of BNC/Cu nanozyme was studied by varying the
solution pH from 2 to 9. Likewise, the mass of the nanozyme
required for catalyzing the chromogenic reaction was
optimized by conducting the reactions at various amounts of
BNC/Cu (0.1−0.8 mg) at constant pH and substrate
concentrations. Further, the unit activity of the nanozyme
was analyzed using the initial rates measured at these masses of
the nanozyme using eq 3.
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where V is volume, ε is molar absorptivity coefficient, l is the
path length, A is absorbance, and Δt is the change time.
2.11. Stability and Recyclability of BNC/Cu Nano-

zyme. The thermal stability of BNC/Cu was studied by
conducting the standard laccase activity assay at different
temperatures ranging from 25 to 100 °C in a water bath
system. To study the storage stability of BNC/Cu, samples
were dispersed in a buffer and stored at room temperature.
Then, aliquots were taken on different days to measure their
catalytic activity. The recyclability of BNC/Cu was also
examined by measuring the catalytic activity at different cycles
by using the standard laccase activity assay. The reaction
mixture was centrifuged (at 6000 rpm for 5 min) and washed
with distilled water to obtain the cleaned nanozyme, which was
then used for the subsequent cycle of chromogenic reaction.
The efficiency of the nanozyme in each cycle was compared by
measuring the absorbance at 510 nm.
2.12. Catalytic Oxidation of Phenolic Pollutants. The

catalytic activity of the BNC/Cu nanozyme for the oxidation of
different phenolic substrates was tested by subjecting each
phenolic compound to a catalytic oxidation reaction in the
presence of 4-AP. Briefly, 100 μL of each phenolic compound
(1 mg/mL) was dissolved in tris buffer (1 M, pH 6.8, 700 μL)
and mixed with 100 μL of 4-AP (1 mg/mL) and BNC/Cu
nanozyme (1 mg/mL, 100 μL). While the reaction was allowed
to proceed, the absorbance of the resulting solution was
measured at various time intervals. Accordingly, the percentage
of the oxidized substrate was calculated using eq 4. The
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concentrations at different times were calculated from the
absorbance using Beer′s Law.

= ×C
C

%oxidation 100t

0 (4)

where C0 is the initial concentration and Ct is the
concentration at time t.

3. RESULTS AND DISCUSSION
3.1. Isolation and Screening of Nanocellulose-

Producing Bacteria. Forty-six pure bacterial isolates were
recovered from an enriched tea culture that formed white
pellicles at the air−liquid interface (Figure 1a). To further
study each isolate for nanocellulose production, 17 isolates
were selected based on their cultural characteristics (Figure
S1). Thereby, 29.4% of the isolates formed white pellicles at
the air−liquid interface after being cultured in HS broth for 14
days (Figure 1b). The most evident bacterial nanocellulose
production was exhibited by the bacterial isolates designated as

T11, T12, T13, T15, and T17 (Figure 1c). Further, bacterial
nanocellulose production by the five isolates varied as well;
T15 produced the highest amount (5.76 ± 0.18 g/L), followed
by T13 (4.42 ± 0.10 g/L), and T11 produced the least (3.85 ±
0.21) (Figure 1c). As a result, isolate T15 produced BNC that
was comparable to that of Gluconacetobacter xylinus
ZHCJ61823 and Komagataeibacter rhaeticus strain P 1463.23

As the carbon source is considered to be a factor limiting the
production and application of BNC, isolate T15 was further
evaluated for its ability to produce BNC from different carbon
sources such as galactose, sucrose, and molasses. Conse-
quently, BNC production of isolate T15 was 7.84 ± 19, 6.83 ±
0.20, and 3.83 ± 0.12 g/L in molasses, sucrose, and galactose
media, respectively (Figure 1d). When molasses was used as
the carbon source instead of glucose, the BNC yield of T15
was 36% higher (Figure 1d). Molasses is considered an
inexpensive and readily available substrate for bacterial strains
to produce nanocellulose.

Figure 1. Isolation and screening of nanocellulose-producing bacteria from an enriched culture. (a) Formation of white pellicles at the air−liquid
interface; (b) growth of bacterial isolate in HS medium; (c) BNC yield by the bacterial isolates in HS media; and (d) BNC production by bacterial
isolate T15 from different carbon sources.

Figure 2. Phylogenetic analysis of partial 16S rRNA gene of Bacillus isolate (bolded and coded with “T15”) forming cluster with Bacillus species.
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3.2. Molecular Identification of Nanocellulose-Pro-
ducing Bacterium. The macroscopic and microscopic
characteristics of the T15 isolate were examined using selected
biochemical assay and gram staining. Accordingly, T15 was
Gram-positive rod-shaped bacteria with a rough margin (Table
S1). Further, it was identified by PCR amplification of a region
that carries most of the diversity information. As a result, 16S
rRNA gene sequence analysis revealed that T15 belongs to the
genus Bacillus, showing 100% similarity to several species of
Bacillus. Thus, partial 16S rRNA gene sequences from
members of Bacillus sp. were used to construct the
phylogenetic tree by including additional isolates from the
NCBI database (Figure 2). The bacterial isolate T15 formed a
cluster with Bacillus species and was named Bacillus sp. strain
T15. However, many BNC producers are Gram-negative and
belong to the genus Komagataeibacter, including Komagataei-
bacter sucrofermentans H110 and Komagataeibacter hansenii
C110.24 Recently, many Gram-positive bacteria with the ability
to produce bacterial nanocellulose have been isolated from
different sources, including Lactiplantibacillus plantarum25 and
Bacillus licheniformis ZBT2.26 In particular, a thermophilic
strain of B. licheniformis ZBT2 secreted exopolysaccharides to
form pellicles at the air−liquid interface. Therefore, the Bacillus
sp. strain T15 isolated in this study could indicate that the
ability to produce BNC is widespread in the genus Bacillus.
3.3. Characterization of Bacterial Nanocellulose

Produced by T15. Initially, the functional groups of extracted
BNC from the bacterial isolate T15 were compared to those of
commercial bacterial nanocellulose (Cellobio Company). As
shown in Figure 3b, the FTIR spectral analysis confirmed the
similarity between the functional groups of the BNC and the

reference molecule (commercial cellulose). As seen in Figure
3b, the FTIR spectrum of T15 BNC showed broad absorption
peaks at 3334 and 3338 cm−1, which correspond to the OH
stretching of dried and wet BNC, respectively. This indicates
the presence of a hydroxyl group, which forms bonds with
different molecules such as metal nanoparticles and polymers,
and so on.27 The weak bands at 2898.962 and 2902 cm−1 for
the wet and dry BNC, respectively, represent C−H stretching
of the aliphatic group. The peak at 1641 cm−1 in the wet BNC
representing the O−H bending vibration diminished when the
BNC was dried. This could be due to loss of moisture during
the drying process.12 Further, the band at 1164 cm−1 showed
the C−O−C bond of the antisymmetric bridge stretching of β-
1,4-glycosidic bonds, indicating that the monomeric glucose
units of BNC are connected by glycosidic bonds.27 Taken
together, the FITR analyses indicated the characteristics of
vibrational bands expected from the bacterial nanocellulose
structure and were consistent with commercial BNC used as a
control. Further, the morphology of the bacterial nanocellulose
was observed by scanning electron microscopy. Figure 3a
shows the SEM image of BNC from isolate T15 in HS media
and dried in an oven at 50 °C. As observed in the micrographs,
the BNC appeared as thick-layered sheets, typically consistent
with bacterial isolates producing BNC in a similar type of
culture media.28,29

3.4. Synthesis and Characterization of BNC/Cu
Nanozyme. The BNC/Cu nanozyme was synthesized by
the in situ reduction of copper on the BNC and further
characterized by SEM/EDX and XRD. The morphology of the
prepared BNC/Cu nanozyme was examined using SEM. As
shown in Figure 4a, the bacterial nanocellulose appeared as

Figure 3. (a) SEM image of BNC recovered from isolate T15; (b) FTIR spectra of BNC.

Figure 4. (a) SEM image and (b) XRD pattern of BNC/Cu nanozyme.
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layered sheets on which the copper nanoparticles were
dispersed. Further, the EDX spectrum confirmed the presence
of Cu, C, and O, which are the expected elemental
compositions of the nanocomposite (Figure S2). The lower
composition of copper (0.74%) is consistent with the laccase
enzyme structure, in which the catalytic centers are in lower
proportions.30

The phase composition and crystallinity of the prepared
nanozyme were studied using powdered XRD. The XRD
pattern (Figure 4b) of BNC/Cu shows two peaks at 15.1 o and
25.9 o, which correspond to the diffraction from (100) and
(110) planes of 1α and 1β crystalline bacterial nanocellulose,
respectively.31 The peaks at 2θ 45.8 and 50.7° correspond to
diffraction from (111) and (200) planes of copper nano-
particles, while the peaks at 2θ 28.9, 32.1, and 43.6° are
characteristics of diffraction from (110), (111), and (200)
planes of cubic Cu2O. In addition, the peaks at 2θ 39.26, 47.8,
and 56.9° represent diffraction from (111), (−202), and (202)
planes of CuO, respectively (JCPDS #01-080-0076). The
results show the prepared nanozyme constitutes three phases
of copper, which is consistent with the oxidation states of
copper found in natural laccase. The average crystallite sizes of
copper nanoparticles and BNC calculated by the Sheerer
equation were found to be 33.22 and 28.03 nm, respectively.
3.5. Laccase-Mimicking Catalytic Activity of BNC/Cu.

The laccase mimicking ability of the BNC/Cu nanozyme was
studied using 2,4-DP as a model substrate and 4-AP as a
chromogenic agent in a buffer (pH 7). As shown in Figure 5a,
the oxidized product of 2,4-DP reacted with 4-AP in the
presence of the nanozyme to generate a red adduct with a
characteristic absorption peak at 510 nm. Meanwhile, reactions

containing the phenolic substrate without the nanozyme and
only 2,4-DP with the nanozyme remained colorless, indicating
the role of BNC/Cu as a mimetic laccase nanozyme (Figure
5a). Furthermore, as shown in Figure 5b, BNC/Cu has a
50.69% higher catalytic activity than the pristine copper
nanoparticles, pointing out the role of the bacterial nano-
cellulose as a scaffold for the distribution of the copper
nanoparticles, which would otherwise tend to aggregate and
subsequently lose activity.32 Hence, the addition of BNC
enhanced the laccase-mimetic activity of copper nanoparticles
by preventing aggregation.

To further optimize the catalytic conditions, the pH,
nanozyme mass, and composite mass were investigated. The
pH stability of enzymes is vital for the environmental
remediation of recalcitrant pollutants. Consequently, the
catalytic assay was carried out at various pH values ranging
from 2 to 9. Figure 5c shows that the catalytic activity of the
BNC/Cu nanozyme was low in acidic and basic media and
peaked at near-neutral pH. The nanozyme works best in a
wider pH range, often between 5 and 8, which is consistent
with previous reports.7 Furthermore, the effect of the precursor
ratio was optimized by varying the mass of CuCl2 and BNC. As
shown in Figure S3, a BNC/Cu ratio of 2:1.5 resulted in
optimal activity. As the copper mass increased above 1.5, the
laccase-mimetic activity decreased, possibly due to the
aggregation of Cu NPs at this BNC concentration. Similarly,
the effect of nanozyme amount on laccase-mimetic activity was
studied at various BNC/Cu concentrations at a fixed substrate
concentration (100 μL, 1 mg/L). The activity of the nanozyme
increased with increasing mass, as shown in Figure 5d, peaking

Figure 5. (a) Preliminary laccase activity test ((I) DP + AP; (II) BNC/Cu + DP; (III) BNC/Cu + DP + AP); (b) comparison of the laccase
activity of BNC/Cu, Cu NPs and BNC; effect of (c) pH; and (d) nanozyme mass on the laccase activity BNC/Cu.
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at 0.5 mg of BNC/Cu and then decreasing as the mass
continued to increase.
3.6. Steady-State Kinetics of BNC/Cu Nanozyme. The

steady-state kinetics for the catalytic oxidation reaction were
studied by varying the concentration of 2,4-DP at a fixed
BNC/Cu nanozyme concentration. As can be seen in Figure
6a, the rate of the chromogenic reaction followed a typical
Michaelis−Menten model. The kinetic parameters Km and Vmax
calculated from the Lineweaver−Burk plot were 0.187 mM and
2.881 μM/min, respectively (Figure 6b). A summary of the
kinetic parameters for recently published natural laccase and
other nanozymes is presented in Table 1. The BNC/Cu

nanozyme subsequently exhibited equivalent, if not greater,
catalytic activity for the oxidation of phenolic chemicals. The
Km value of the BNC/Cu nanozyme, which is used to assess
the affinity of nanozymes for substrates, was lower than that of
a natural laccase enzyme,33 indicating a stronger affinity for
2,4-DP.
3.7. Catalytic Stability and Recyclability of BNC/Cu.

Nanozymes are helpful in several applications, including
wastewater treatment and soil bioremediation, due to their
stability and recyclability. Natural laccases frequently lose their
catalytic activity upon exposure to high temperatures and
extended storage. With this framework, the thermal stability of
the BNC/Cu nanozyme was investigated by incubating the
enzymes at different temperatures ranging from 25 to 100 °C.
As shown in Figure 7a, BNC/Cu nanozyme activity increased
with increasing temperature, reaching its optimum at 85 °C.
However, above 85 °C, the laccase mimic ability decreased by
35.4 and 50% at 90 and 100 °C, respectively. Overall, the
BNC/Cu nanozyme had excellent catalytic ability over a wide
temperature range compared with natural laccase enzymes. For
instance, an entirely novel laccase enzyme produced by
cyanobacteria has a maximum activity at 30 °C and retains
10% of its activity at 80 °C.36 Additionally, the prepared

nanozyme showed enhanced thermal activity compared to a
cysteine-aspartic-copper nanozyme, which showed maximum
activity at 50 °C.7 Further, to examine the temporal stability,
the BNC/Cu nanozyme was dispersed in a buffer, and its
activity was measured at different times. As seen in Figure 7b,
the BNC/Cu nanozyme retained 38% laccase activity after 11
days. Hence, the thermal and temporal stability results suggest
the robustness of the prepared nanozyme for environmental
remediation.

Recyclability is another essential requirement for the
practical application of enzymes and often limits the use of
natural enzymes in wastewater treatment plants because they
often lose their activity in hostile environments.37 Therefore,
the recyclability of BNC/Cu was evaluated by performing a
laccase activity test with the recovered nanozyme after each
test cycle. Thereby, the BNC/Cu nanozyme maintained
46.77% of its activity after the fourth cycle (Figure 7c).
These results showed better recyclability than immobilized
laccase used for pharmaceutical waste degradation, with a
recyclability of 38.31%.38 The decrease in activity after the four
cycles could be due to leaching out of copper nanoparticles
from the nanocellulose matrix, which reduces the copper units
in the nanozyme.6,34

3.8. Oxidation of Phenolic Compounds. Due to their
widespread industrial applications, phenolic compounds are
often discharged with wastewater from paint, textile, and other
industries and persist in the environment. Hence, from the
viewpoint of environmental safety and public health, finding a
simple yet effective remediation tool for phenolic compounds
is critical. The ability of the BNC/Cu laccase nanozyme to
degrade phenolic compounds was investigated by using two
model phenolic compounds: phenol and 2,4-dichlorophenol.
The oxidation efficiencies at different time intervals were
calculated using eq 4. The concentration of the oxidized
product was calculated from the absorbance at 510 nm by
using Beer’s law. As seen in Figure 8, the nanozyme converted
almost 50% of both substrates in 3 h, whereas more than 70%
of the substrates were converted in 5 h. The results indicated a
comparable performance of the nanozyme, which reported
more than 90 and 70% conversion in 10 h, respectively.7

4. CONCLUSIONS
In summary, the BNC/Cu bionanozyme was demonstrated to
be an effective laccase mimic for the catalytic oxidation of
phenolic compounds. Using the BNC from Bacillus sp. strain
T15 as an effective biomatrix for dispersing Cu NPs, the
synthesized BNC/Cu bionanozyme demonstrated 50.69%
higher catalytic activity than virgin Cu NPs. This demonstrates

Figure 6. (a) Micheal−Menten plot; (b) Lineweaver−Burk plots of the nanozyme catalyzed reaction at different 2,4-DP concentrations.

Table 1. Survey of Kinetic Parameters for the Recently
Reported Natural Laccase and Laccase-Mimicking
Nanozymes

catalyst substrate Km (mM) Vmax (M min−1) reference

Cu/GMP 2,4-DP 0.59 1.3 × 10−5 6
CH/Cu 2,4-DP 0.42 1.22 × 10−4 7
Cu2 O3 2,4-DP 0.203 10−7 34
I−Cu 2,4-DP 0.17 4.1 × 10−7 35
natural laccase 2,4-DP 0.65 5.78 × 10−5 6
BNC/Cu 2,4-DP 0.18 4.8 × 10−8 this work
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that the use of BNC improves electron transport during
catalytic processes, which increases the memetic laccase
activity of copper nanoparticles. The bionanozyme showed
robust thermal and temporal stability as well as pH-dependent
catalytic activity for the oxidation of phenolic compounds.
Further, the bionanozyme showed the highest specificity
toward 2,4-DP with a Km of 0.187 mM, which is lower than
natural laccase. The bionanozyme efficiently oxidizes more
than 70% of 1,4-dichlorophenol and phenol in 5 h. Finally, the
use of low-cost substrates for BNC production is particularly
attractive for reducing production costs, thereby increasing its
applications. In this sense, BNC productivity by Bacillus sp.
strain T15 was improved by 36% when molasses was used as a
carbon substrate. Therefore, this strain can be used for BNC
production to synthesize a highly effective bionanozyme with
potential applications in environmental remediation.
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