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ARTICLE INFO ABSTRACT

Keywords: Hybrid nanostructures from synthetic and biological macromolecules emerged as a significant research topic as
Trametes versicolor laccase they can find applications in biomedicine, catalysis, and environmental remediation. Herein, innovative nano-
Chitosan

structures in the form of electrostatic complexes were prepared by the interaction of laccase with a hybrid graft
copolymer, CHI-g-PNIPAM, obtained by grafting poly(N-isopropylacrylamide) containing carboxylate end-
groups onto chitosan chains. The size, charge, morphology, and stability of the obtained nanostructures were
investigated through light scattering measurements and scanning transmission electron microscopy, demon-
strating the effect of the ratio between the components on the properties of the obtained co-assembled nano-
structures. Also, molecular dynamics simulations were performed to determine the interaction mechanism
between the copolymer and the enzyme. The use of the copolymer imparted the nanostructures with improved
stability in various conditions and thermo-responsive behaviour, while the incorporation of laccase into such
nanostructures enhanced the catalytic activity of the enzyme. The obtained hybrid nanostructures were suc-
cessfully employed as catalysts for the degradation of indigo carmine and Congo red from aqueous solutions,
demonstrating their potential as novel catalysts for cutting-edge applications.
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1. Introduction

The formation of polyelectrolyte complexes (PECs) represents an
important topic in scientific research, as such structures can be prepared
for various cutting-edge applications, including gene delivery,
controlled drug release, biosensors, hybrid catalysis or environmental
remediation [1,2]. The preparation of PECs is an easy method consisting
of the formation of non-covalent interactions, including electrostatic
and hydrophobic interactions and/or hydrogen bonds between oppo-
sitely charged components [3]. Their assembly has been exhaustively
studied, the influence of various parameters being assessed, including
the component ratio, charge density, ionic strength, polymer confor-
mation, molar mass, and rate of addition of the components [4-7].
Moreover, different building blocks have been utilized, including syn-
thetic polymers [8] or copolymers [9], polysaccharides [10,11] or pro-
teins/enzymes [12,13].

Between the tested polyelectrolytes, polysaccharides have emerged
as remarkable building blocks for the construction of PECs due to their
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natural origin and specific properties, including stability, biocompati-
bility, and biodegradability [14,15]. One of the most representative of
this class is chitosan (CHI), obtained by the deacetylation of chitin, a
natural polymer found in the exoskeleton of crustaceans. CHI has p-(1 —
4)-linked D-glucosamine and N-acetyl-D-glucosamine monomeric units,
its properties being strongly dependent on the chitin source and the
degree of deacetylation [16-18]. Additionally, the properties of CHI can
be tuned by employing chemical modification treatments of the hy-
droxyl and amino functional groups, including the grafting of pendant
chains to the CHI backbone [19,20]. Such tuning can impart CHI with
attractive properties such as enhanced solubility [21], temperature [22]
or pH responsiveness [23]. A special type of functionalities can be ob-
tained by the grafting of poly(N-isopropylacrylamide) (PNIPAM) on the
CHI backbone. PNIPAM is a renowned thermo-responsive compound,
which exhibits a reversible phase transition as the temperature increases
due to its characteristic structure consisting of hydrophilic amide groups
and hydrophobic isopropyl groups. At temperatures below the lower
critical solution temperature (LCST about 32 °C [24]), PNIPAM is in a
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hydrated soluble state due to the formation of hydrogen bonds between
the amide moieties and the solvent molecules. At temperatures above its
LCST, the polymer undergoes a phase transition generated by the
disruption of hydrogen bonds and the enhancement of hydrophobic
interactions between the isopropyl groups, which assemble in hydro-
phobic microdomains to reduce the interactions with the solvent
[25,26]. The collapse of the polymer chains to a more compact confor-
mation usually translates into an increased turbidity of the system. This
behaviour is usually conserved upon grafting of PNIPAM to various
polysaccharides and was previously confirmed by our group for the CHI-
g-PNIPAM copolymer [22].

Similar interest is raised by the use of proteins, particularly enzymes,
as building blocks for the fabrication of PECs. Enzymes are natural
catalysts that exhibit a remarkable specificity for various substrates and
an increased efficiency in the catalysis of multiple processes. Never-
theless, the capacity of enzymes to catalyse reactions in complex media
is rather limited by their reduced stability to environmental factors such
as variations in temperature, pH, or organic solvents [27,28]. The for-
mation of PECs between polysaccharides and enzymes is of particular
interest since the assembly of the two components can lead to the for-
mation of hybrid nanostructures (HNS) with enhanced stability. The
interaction of enzymes with polysaccharides can stabilise the structure
and conformation of the enzymes, modulating their catalytic activity
and enhancing their stability in various experimental conditions [29].
Moreover, the inclusion of enzymes in such nanostructures offers sig-
nificant benefits in terms of stability. By entrapping enzymes in HNS, a
better preservation of the catalytic activity can be obtained by protect-
ing the structural integrity of the enzyme and enhancing its stability
upon variation in the environmental conditions, including pH, temper-
ature or the presence of inhibitors in the media. Moreover, the embed-
ment of enzymes in HNS can prolong their stability upon storage,
protecting the enzymes from denaturation and enhancing their opera-
tional stability. These advantages recommend the use of HNS formation
as an efficient method of immobilising enzymes, as also suggested by the
examples of HNS based on enzymes reported in the literature, obtained
by employing lysozyme [30,31], a-amylase [32,33] or glucose-oxidase
[34]. Concerning the drawbacks of this method, it is important to note
that generally, the immobilisation of enzymes leads to a decrease in the
catalytic activity due to steric constraints in the interaction between
substrate and enzyme [35]. Additionally, the formation of soft matter
systems incorporating enzymes might pose difficulties in the recovery of
the biocatalyst from the reaction media.

Besides the improved stability of the embedded enzyme, such
nanostructures can possess attractive properties, including biocompati-
bility, stimuli-responsiveness, or biodegradability generated by the use
of polysaccharides, leading the path to new applications of enzyme/
polysaccharide HNS, such as for drug-delivery, antimicrobial surfaces,
catalysis or environmental remediation. Of increased interest is the use
of such catalysts for environmental remediation purposes, especially for
the decontamination of polluted water samples. The use of oxidore-
ductases such as laccase (LAC) and horseradish peroxidase is of partic-
ular importance in this context since the mentioned enzymes can
convert various organic pollutants to less toxic derivatives, either
directly or in the presence of redox mediators [36-38].

The current study investigates the formation of HNS based on the
interaction between a copolymer containing CHI grafted with PNIPAM
(CHI-g-PNIPAM) and LAC from Trametes versicolor fungus, providing a
novel perspective on the interaction between the two components
extensively investigated at different mixing ratios, by dynamic and
electrophoretic light scattering (DLS, ELS) and scanning transmission
electron microscopy (STEM). To the best of our knowledge, this is the
first study thoroughly discussing the interaction of LAC with a ther-
moresponsive polysaccharide, outlining the potential beneficial effects
of the PNIPAM side chains on the stabilisation of the enzyme. Further
information about the mode of interaction of LAC with CHI-g-PNIPAM
was obtained using molecular dynamics (MD) simulations, providing
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valuable information about the formation of the HNS and the effect of
CHI-g-PNIPAM on the structure and stability of the enzyme. Addition-
ally, the thermo-responsive behaviour of the HNS, imparted by the
PNIPAM side chains of the CHI-g-PNIPAM, was studied in the 25-45 °C
range, highlighting the fact that the formed HNS present thermo-
responsive behaviour. The stability of the formed nanostructures to
ionic strength variations, the preservation of the catalytic activity of the
embedded enzyme, and the possible conformational changes in the
structure of the enzyme were additionally investigated. Furthermore,
the study followed the applicative potential of the so-formed HNS, dis-
cussing the potential of the formed nanostructures to catalyse the
degradation of water pollutants by targeting indigo carmine (IC) and
Congo red (CR) as model pollutants, a subject that has been discussed so
far in the literature only briefly.

2. Materials and methods
2.1. Materials

High molar mass CHI grafted with poly(N-isopropylacrylamide)
(CHI-g-PNIPAM, M,, = 206,800 g/mol) was synthesised in our labora-
tory through a “grafting to” approach using a radical-mediated coupling
reaction between CHI and a PNIPAM obtained by RAFT-polymerisation
technique [22]. LAC produced by Trametes versicolor fungus, 2,2-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and CR were ac-
quired from Sigma Aldrich (Germany), whereas IC was purchased from
VWR Chemicals and syringaldehyde (SG) from Alfa Aesar.

2.2. HNS preparation

To obtain HNS, stock solutions of 0.5 mg/mL for LAC and 1 mg/mL
for CHI-g-PNIPAM in acetate buffer solution (100 mM, pH = 4.5) were
first prepared and left overnight to equilibrate at 4 °C. The nano-
structures were prepared by mixing corresponding volumes of LAC and
CHI-g-PNIPAM solutions at various mass ratios (MR), as presented in
Table 1. After 5 min of stirring, the mixtures were diluted with acetate
buffer at a final volume of 10 mL, the enzyme concentration being kept
constant at 0.2 mg/mL, while the variation of CHI-g-PNIPAM volume led
to increasing mass ratios between the two components.

2.3. DLS measurements

DLS measurements were performed using a Litesizer 500 instrument
from Anton Paar (Graz, Austria) equipped with a 40 mW single-
frequency laser diode operating at a 658 nm wavelength. The mea-
surements were performed at a 90° angle and 25 °C, if not otherwise
stated. The results were analysed with the Kalliope software (version
3.2.4). The measurements offered information about the scattered light
intensity (directly connected to the mass of the species in solution),
nanostructures sizes and distributions, and polydispersity indexes.

The stability of the formed HNS to ionic strength was analysed based
on DLS measurements, performed after the addition of increasing

Table 1
Concentrations and mass ratios (MR) of LAC and CHI-g-PNIPAM used for the
HNS preparation.

Sample LAC LAC CHI-g-PNIPAM CHI-g- MR
code concentration Volume concentration PNIPAM CHI/
(mg/mL) (mL) (mg/mL) Volume LAC
(mL)

HNS-2 0.20 4.00 0.40 4.00 2.00

HNS-1 0.20 2.00 1.00

HNS- 0.10 1.00 0.50
0.5

HNS- 0.05 0.50 0.25
0.25
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amounts of 1 M NaCl solution to the initially formed HNS solutions.
After the addition of exact volumes of saline solution, the samples were
thoroughly mixed and left to equilibrate for 10 min before the DLS
measurements.

The temperature behaviour of the CHI-g-PNIPAM and the HNS was
analysed by performing DLS measurements as a function of temperature,
in the interval 25-45 °C. The samples were heated with a 5 °C step, left
to equilibrate for 10 min, and analysed by DLS.

2.4. ELS measurements

Zeta potential values were obtained by electrophoretic light scat-
tering measurements performed using a Litesizer 500 equipment from
Anton Paar (Graz, Austria), at a 175° scattering angle and room
temperature.

2.5. STEM

The Verios G4 UC (Thermo Fisher Scientific, Waltham, MA, USA)
scanning electron microscope in high-vacuum mode using the retract-
able specific detector STEM 3+ working at 20 kV was employed to ev-
idence the morphology of the formed HNS. To prepare the samples for
analysis, small aliquots of the CHI-g-PNIPAM solution and the HNS were
deposited on 300 mesh copper grids coated with lacey carbon film and
left to dry. Representative images were analysed using the ImageJ
software (version 1.53 m). SEM analysis was conducted on similarly
prepared samples, using the same microscope, in High Vacuum mode,
using a detector for high-resolution images (Through Lens Detector,
TLD) at an accelerating voltage of 15 kV and a spot size of 0.4 nA, the
magnification being indicated on the micrographs.

2.6. Fluorescence spectroscopy

The structure of LAC was monitored through fluorescence spectros-
copy utilizing the intrinsic fluorescence properties of the tryptophan and
tyrosine amino acids of the enzyme. An excitation wavelength of A =
280 nm was used, and the emission spectra were recorded in the
300-450 nm region with the FLS980 photoluminescence spectrometer
(Edinburgh Instruments, Livingston, UK), at room temperature. From
the spectra of the HNS, the corresponding contribution of the CHI-g-
PNIPAM copolymer has been appropriately subtracted. Moreover, in an
attempt to gain further information on the contribution of different
tryptophan fluorophores, the spectra of the HNS were deconvoluted into
a sum of Gaussian functions using the Origin software (OriginPro,
Version 2019b, OriginLab Corporation, Northampton, MA, USA),
following the proposed classification of tryptophan residues by Hixon
and Reshetnyak [39]. Finally, the location of the individual tryptophan
residues of the LAC molecule were visualized by means of the PyMOL
software (PyMOL Molecular Graphics System, Version 3.0 Schrodinger,
LLC), based on the crystal structure of LAC [40].

2.7. LAC activity assay

The catalytic activity of the free (initial) LAC solution and the LAC
embedded in the HNS was assessed using ABTS as a model substrate. For
this, the ABTS solution prepared in acetate buffer solution (pH = 4.5,
100 mM) was brought into contact with a certain volume of LAC solution
or HNS dispersion. The enzymatic conversion of ABTS to ABTS™ was
followed at A = 420 nm, using the Spekol 1300 Plus UV-VIS Spectro-
photometer (Analytic Jena, Germany). One unit of activity was defined
as the amount of enzyme needed to oxidize 1 pmol ABTS in 1 min. All
experiments were performed in triplicate, and the average values cor-
rected with the standard deviation were used to calculate the relative
activity of the samples. The activity of the initial LAC solution was
defined as 100 %, and the rest of the values were calculated in relation to
that, using Eq. (1):
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RA (%) = Anns/Arac-100 (@)

where: RA - relative activity, Agns (U) — observed activity of the HNS
under assay conditions and Ajac (U) — observed activity of the LAC so-
lution under assay conditions. All the experiments were done in tripli-
cate, and the mean values corrected with the standard deviation are
presented.

The effect of pH on the catalytic activity of the free LAC and the HNS
was assessed using the same method described above, in the pH range of
3.5-6.5. All experiments were performed in triplicate, and the average
values, corrected for standard deviation, are presented.

The temperature influence on the activity of the free LAC and the
HNS was assessed after incubating the samples for 15 min at tempera-
tures varying between 25 °C and 60 °C, followed by cooling at room
temperature and assessment of the residual catalytic activity using the
same method as described above.

The kinetic parameters of LAC before and after the formation of HNS
were assessed under optimal reaction conditions, using ABTS as sub-
strate, in a concentration range of 0.1 to 1 mM. The kinetic parameters,
K and Vo were calculated from the Lineweaver-Burk plot, using a
linear regression fitting model. The turnover number (k) was calcu-
lated employing Eq. (2):

kcat = Vmax/[E] (2)

where: keye — the turnover number, Vi, — maximum reaction velocity,
[E] — enzyme concentration in the assay (pM). All the experiments were
done in triplicate, and the mean values corrected with the standard
deviation are presented.

The storage stability of LAC solution and the HNS was evaluated by
assessing the catalytic activity of each sample after storage for 50 days at
4 °C. The catalytic activity was determined using the method described
above, and the residual activity of each sample was calculated using Eq.

3):
ReA (%) = Aso/A;-100 (3)

where: ReA - residual activity, Asg (U) — observed activity of the HNS or
LAC solution after 50 days of storage and A; (U) — observed activity of
the HNS or LAC solution on the first day. All the experiments were done
in triplicate, and the mean values corrected with the standard deviation
are presented.

2.8. Dye degradation in the presence of LAC and HNS

To test the potential use of the HNS on water cleaning applications,
the enzymatic degradation of two dyes, IC and CR, was studied as
compared with that of free LAC. For this, stock solutions of IC and CR
(50 mg/L) were prepared in MilliQ water and brought into contact with
a volume of initial LAC solution or selected HNS, in the presence of SG as
a redox mediator. The samples were kept in the dark for various time
intervals, and then the degradation of the dye was assessed by regis-
tering the absorbance at A = 610 nm (for IC) and at A = 498 nm (for CR),
using the Spekol 1300 Plus UV-VIS Spectrophotometer (Analytic Jena,
Germany). The degradation efficiency (DE) was calculated using Eq. (4):

DE (%) = (Ai-A,)/A;-100 (%) 4

where: A; and A; are the initial dye absorbance and the absorbance of the
dye after t minutes, respectively. Additionally, the pseudo-first order
kinetic model (Eq. (3)) was employed to describe the dye degradation
process, and the degradation rate constant was calculated from the slope
of the In(C¢/Cyp) = f(t) plot, based on Eq. (5):

In(C,/Co) = — ket (5)

where: Cy (mg/L) and C; (mg/L) are the initial dye concentration and the
concentration of the dye at time t (min), and k is the rate constant.
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2.9. Molecular dynamics simulations

To better understand the interactions that govern the formation of
the HNS between LAC and CHI-g-PNIPAM, molecular dynamics simu-
lations were performed to assess the LAC behaviour in the presence of
CHI-g-PNIPAM. Considering the large size of the CHI-g-PNIPAM copol-
ymer, it is impractical to perform simulations of the full-length mole-
cule. Therefore, to focus on the key interactions between LAC and the
copolymer, a copolymer was built, consisting of 30 CHI monomers and
25 PNIPAM monomers. This approach allowed the capture of the
essential intermolecular interactions while reducing the computational
demands of the simulations. The simulations were performed employing
the AMBER GAFF2 forcefield for the polymers, and the FF19SB force-
field for the enzyme and the TIP3P water model. To obtain the structure
of the LAC enzyme 1KYA pdb, from RCSB was used [41]. The CHI-g-
PNIPAM was built and parametrised using AmberTools [42]. The sim-
ulations were performed using the GROMACS 2024.2 software [43] with
temperature set at 300 K, using V-rescale temperature coupling with a
time constant of 0.5 ps. The pressure was controlled by the Parri-
nello-Rahman barostat and isotropic pressure coupling, with a constant
time of 2.0 ps and compressibility of 4.5 x 10-5. The simulation was
performed for 200 ns with an integration timestep of 2 fs.

3. Results and discussions
3.1. Formation of the HNS

The capacity of the LAC/CHI-g-PNIPAM pair to form electrostatic
interactions, as complementary charged molecules, was studied by
means of ELS measurements for the initial LAC and CHI-g-PNIPAM so-
lutions prepared in acetate buffer, as depicted in Fig. 1.

Enzymes possess polyelectrolyte, or in better terms, polyampholyte
characteristics as their amino acid sequences are comprised of ionizable
residues. The net charge of an enzyme depends on its isoelectric point
(IEP), with enzymes being positively charged below the IEP and nega-
tively charged above it. Nonetheless, enzymes contain both positively
and negatively charged amino acids, the overall charge of an enzyme
depending strongly on the pH of the environment. The performed zeta
potential measurements (Fig. 1) highlight that LAC has an IEP at pH ~ 3,
correlated well with values reported in the literature [44,45]. At lower
pH values, the acidic residues and the amino groups are protonated,
leading to a net positive charge of the enzyme. At higher pH values, the
deprotonation of the carboxyl groups led to the net negative charge of
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Fig. 1. Zeta potential as a function of pH for LAC and CHI-g-PNIPAM solutions.
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the enzyme, which increases with the pH increase. Nevertheless, it can
be observed that the zeta potential values are rather low (up to —8 mV),
suggesting the partial compensation of the charged surface functional
groups of the enzyme due to the coexistence of negatively and positively
charged residues, a property often observed in the case of proteins
[46,47]. In the case of the grafted polysaccharide, CHI-g-PNIPAM, the
positive character of the molecule can be observed on a large pH interval
(Fig. 1), with IEP at pH ~ 7, generated especially by the ionization of the
CHI backbone functional amino groups. As previously reported, the
grafting of PNIPAM chains on the CHI backbone does not strongly in-
fluence the ionization degree of the copolymer, as there are approxi-
mately 14 PNIPAM chains grafted on each CHI chain and approximately
846 deacetylated monomeric units bearing chargeable amino groups
[22]. Moreover, LAC can potentially interact by either electrostatic,
hydrogen bonding or hydrophobic interactions with the functional
groups of CHI and PNIPAM side chains as well as with the residual
acetylated monomeric units of the CHI chain. Based on the variation of
the zeta potential as a function of pH, it can be assumed that the posi-
tively charged CHI-g-PNIPAM should be able to interact with LAC,
leading to the formation of electrostatic complexes in the pH range 3-7.
Nevertheless, to protect the enzyme from eventual denaturation and loss
of enzymatic activity, the studies were performed at pH = 4.5.

The successful formation of HNS by the interaction of LAC and CHI-g-
PNIPAM can be tracked via DLS measurements, by analysing the vari-
ation of the scattered intensity of the samples, as the increase in scat-
tered intensity can be correlated with an increase in the mass of the
nanostructures detected during measurements. Fig. 2a presents the
scattered intensity of the HNS solutions prepared at pH = 4.5.

The formation of the HNS at the selected pH is directly confirmed by
the augmented values in the scattered intensity, which increases with
the increase in the amount of CHI-g-PNIPAM utilized, suggesting the
formation of entities of greater mass. As concerns the size of the formed
HNS, the intensity-weighted size distribution profiles (Fig. 2b) reveal the
co-existence of two populations for both initial LAC and CHI-g-PNIPAM
solutions and the formed HNS. The corresponding polydispersity index
values are in the range of 0.2 to 0.3, indicating a rather large size
polydispersity in the samples, which is directly correlated to the pres-
ence of more than one scattering population in solution. In the case of
the initial LAC solution (Fig. 2b, purple), the nanostructures (6-7 nm)
can be considered individual LAC molecules, as also reported in other
studies [44,48], whereas the larger entities (about 200-300 nm) might
be generated by the formation of enzyme aggregates [49] or by the
presence of impurities or additives in the enzyme preparation. For the
CHI-g-PNIPAM solutions (Fig. 2b, red), a two-peaks distribution can also
be observed. The peaks could most probably be correlated with various
possible grafted copolymer chain conformations which can be adopted,
mainly given by the backbone semi-rigid conformation, interchains and/
or intrachain electrostatic binding/bridging between carboxylate end
group of the PNIPAM side chains and the amino groups of the chitosan
backbone, electrostatic repulsions between the protonated amino
groups, hydrophobic interactions stemming from the PNIPAM side
chains. Similarly, the HNS prepared at pH = 4.5 present two pop-
ulations, which can be attributed to the interaction between individual
constituents of the LAC and CHI-g-PNIPAM solutions, respectively, or
the formation of complexes comprising different numbers of individual
components. As expected, the increase in the amount of CHI-g-PNIPAM
is accompanied by an increase in the size of both populations of the
formed nanostructures.

Nevertheless, the formation of HNS does not lead to massive entities
as observed from the size distributions, where the populations of the
HNS are somewhat smaller in size compared to the corresponding
populations of CHI-g-PNIPAM, suggesting some degree of shrinking as a
result of the reduction of electrostatic repulsions due to charge neu-
tralisation upon complexation.

The MD simulation performed for the system containing LAC, CHI,
and PNIPAM corroborates these findings. The simulation of LAC in the



L.-M. Petrila et al.

160

150

140 4

130

120

Intensity (kHz)
| |

110 4 |

100

90

025 050 075 100 125 150 175 2.00
Mass ratio CHI-g-PNIPAM/LAC

International Journal of Biological Macromolecules 322 (2025) 146754

b)
;\:; CHI-g-PNIPAM
c
L
=
=]
2
=
0n ¥
5 HNS-0.5 N\ \
Q
N
(7]

LAC

1 10 100 1000

Diameter (nm)

Fig. 2. Scattered intensity (a) and size distributions (b) for the HNS.

presence of the copolymer, started with the random distribution of 4
CHI-g-PNIPAM molecules around the enzyme, is presented in Fig. 3a. By
the end of the simulation presented in Fig. 3b, it can be observed that the
formation of the HNS occurs based on the interaction between the
copolymer and the enzyme.

MD simulations revealed two key findings: (1) both CHI and PNIPAM
interact with the enzyme, and (2) these interactions occur at the en-
zyme’s surface, as evidenced in Fig. 4.

As with any protein, there is a strong correlation between LAC

suooe

Fig. 3. Snapshot depicting the starting conformation of the enzyme-copolymer
system (a) and snapshot depicting the LAC/CHI-g-PNIPAM complex obtained
after 200 ns of interaction (b). The enzyme is depicted in new-cartoon repre-
sentation, the CHI is coloured in red, and the PNIPAM is coloured in blue.

structure and its enzymatic activity. To test the influence of the inter-
action between CHI-g-PNIPAM and LAC on the structure of the enzyme,
a Root Mean Square Deviation analysis (RMSD) was performed, as
presented in Fig. 5. It can be seen that the RMSD increases slowly at the
beginning of the simulation, to a value of ~2.5 A, but this is to be ex-
pected as the enzyme adapts to the solvent environment. Once this
adaptation finishes, the RMSD remains constant. It can be concluded
that the surface interactions between the LAC and the copolymer do not
induce protein denaturation.

Additional information about the HNS prepared was obtained based
on zeta potential measurements, which reflect the effective charge of the
formed nanostructures and offers important information about the
possible electrostatic interactions between LAC and CHI-g-PNIPAM.
Notably, as shown in Fig. 6, HNS exhibit positive zeta potential values,
varying approximately between +16 and + 26 mV. The zeta potential of
the HNS slightly increases with the increase in the CHI-g-PNIPAM con-
tent, demonstrating that the positive charge of the CHI backbone, which
is in excess due to the high charge density of the polysaccharide, dictates
the overall surface charge of the formed nanostructures. This can also be
seen in Figs. 3 and 4 of the simulation, where it is clear that the CHI is
electrostatically linked at the surface of the enzyme, leading to a net
positive charge on its surface. Also, the effective charge of the HNS is
somewhat smaller than that of the graft copolymer, demonstrating
partial charge neutralisation due to the CHI-g-PNIPAM complexation
with the oppositely charged surface patches of the LAC molecules and
confirming the absorption of the polymer at the surface of the enzyme. A
similar effect was observed by Panganiban et al., who studied the
interaction of a random copolymer and horseradish peroxidase,
emphasising the role of the surface interaction with the polymer in the
preservation of the structural integrity of the enzyme as well as in the
maintenance of the catalytic activity after incubation in organic solvents
[50].

3.2. Morphology of the HNS

The morphology of the HNS-0.5 and HNS-2 was evidenced by STEM,
Fig. 7 revealing the formation of almost spherical shaped HNS. Also, the
HNS present a dense internal structure, a fact that serves as further proof
of the successful formation of the nanostructures by LAC embedment.
The STEM micrographs also highlight the presence of nanostructures of
different sizes, with larger nanostructures being more easily detected in
the STEM micrographs due to the better contrast, and consistent with
the size distribution profiles (Fig. 2b) and the polydispersity of the
samples observed by DLS. As concerns the nanostructures size, the STEM
micrographs reveal that the detected nanostructures are generally
smaller as compared to the populations observed in the DLS size
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Fig. 4. Detail depicting CHI interacting with LAC (a) and detail depicting PNIPAM interacting with LAC (b). The enzyme is depicted as a solid surface, and the
copolymer is depicted in liquorice style. The N atoms are coloured in blue, the O atoms are coloured in red, the C atoms are coloured in teal, and the H atoms are
coloured in white for the copolymer. The enzyme surface follows the same colouring scheme.
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distributions (Fig. 2b) and vary between 120 and 250 nm for the larger
HNS. This difference in sizes is attributed to the shrinkage of the
nanostructures during solvent evaporation, a common phenomenon in
such systems. The analysis of lower magnification STEM images of the
same samples with the aid of ImageJ software provides additional in-
formation regarding the size and shape distribution of the detected

nanostructures, as shown in Fig. S1, while the SEM micrographs pre-
sented in Fig. S2 emphasise the organisation of the nanostructures on
clusters upon drying. Both HNS samples exhibit increased size poly-
dispersity, with different populations being discerned. Specifically, for
the HNS-2, a small population with an average diameter of about 20 nm
and a larger one of about 80 nm can be separated, while in the case of the
HNS-0.5 sample, three populations with average diameters of about 10,
30, and 90 nm are detected. Nevertheless, in both cases, the spherical
shape of the nanostructures is rather uniform, corresponding to an
average circularity of about 0.9.

3.3. Thermo-responsive behaviour of the HNS

As previously confirmed by our team, the CHI-g-PNIPAM copolymer
possesses thermo-responsiveness due to the grafting of the PNIPAM side
chains on the CHI backbone [22]. Since the formation of electrostatic
complexes is not expected to affect the copolymer properties, it is
assumed that the HNS formed based on CHI-g-PNIPAM would also
possess a thermo-responsive behaviour, a property that can impart
additional applications to the formed HNS. This behaviour can easily be
evidenced by analysing the scattered intensity and sizes of the HNS upon
heating, as recorded from DLS measurements.

As presented in Fig. 8a, the increase in temperature above 30-32 °C
induces an important increase in the scattered intensity of both CHI-g-
PNIPAM and the HNS, confirming the transition of the PNIPAM side
chains on the copolymer from the hydrated to dehydrated state. This
transition subsequently leads to the formation of more dense/compact
structures of the graft copolymer molecules and of the HNS comprised of
LAC and CHI-g-PNIPAM, respectively. This observation confirms that
the HNS present thermoresponsive behaviour. The further increase of
temperature above 32.5 °C does not significantly affect the scattered
intensity of the HNS up to 45 °C, while upon cooling back to room
temperature, the intensity abruptly drops to the initial values (values
marked on the graph as 25 AH - after heating), confirming the fully
reversible thermal transition of the investigated systems.

The strengthening of hydrophobic interactions generated by the in-
crease in temperature, mostly stemming from the thermoresponsive
character of the PNIPAM side chains, induces the collapse of the
copolymer chains in the already formed nanostructures, with the for-
mation of secondary aggregates that are slightly larger. This phenome-
non occurs in both CHI-g-PNIPAM and HNS cases and is evidenced in the
size distributions of the HNS (Fig. 8b and c), where the transition of the
system from two populations to only one is observed. The size of the
temperature-induced secondary aggregates of the HNS is rather stable
upon further heating, suggesting the transition of the system from loose
structures to more dense aggregates. This transition to more compact/
dense structures upon heating could be proven beneficial for the pro-
tection of the enzyme against thermal unfolding/denaturation. Notably,
upon cooling, the initial sizes were partially restored, displaying the
reversible aggregation and solubilization behaviour of the HNS. The
reversibility of the observed transition is a good indication of the
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preservation of the grafted copolymer properties after the complexation
with LAC, suggesting that this property can potentially be used for the
design of novel applications of the prepared HNS, relevant to their
thermal stability.

3.4. Stability of the HNS against ionic strength

The stability of the HNS in various environmental conditions,

including variation in ionic strength, temperature or solvent, is an
important aspect to be considered for the potential applications of
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nanostructures obtained based on electrostatic interactions. An impor-
tant parameter to take into consideration is the ionic strength of the
environment as its increase generates a shielding effect on the charged
entities, thus reducing the potential interactions between oppositely
charged compounds, which can in turn lead to the disruption of the
formed interactions and the disassembly of the constructed HNS [51].
Additionally, the increase in ionic strength can potentially affect the
already formed electrostatic complexes, which might adopt a looser
conformation or can dissociate due to the electrostatic repulsions and
the electrostatic screening of the counterions, which weakens the
attraction between the components in the complexes [3,52]. In this
context, the stability of the formed HNS to the increase of ionic strength
was studied by titrating the systems with aliquots of saline solution,
followed by DLS measurements.

As presented in Fig. 9a, up to an added amount of salt corresponding
to 0.3 M, both CHI-g-PNIPAM and the HNS exhibit no significant
changes in the scattered intensity, which is a good indication of their
stability. Upon further increasing the ionic strength in the system, an
important increase in the scattered intensity can be observed, which is
correlated with an increase in the turbidity of the system, stemming
from the characteristic hydrophobic behaviour of the PNIPAM side
chains on the copolymer. The same behaviour is observed in the case of
the HNS, confirming that the properties of the copolymer are conserved
upon the complexation of LAC.

This behaviour is confirmed by the size distribution profiles of the
HNS (Fig. 9b and c), which show that for ionic strength values greater
than 0.4 M, a transition from two peaks to only one peak at high size
values occurs. This behaviour can be attributed to the collapse of the
LAC/CHI-g-PNIPAM aggregates with increasing ionic strength, which is
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a result of the increase in hydrophobic interactions between PNIPAM
side chains of the copolymer. A similar behaviour was observed in the
case of the copolymer, as seen in the size distribution profiles presented
in Fig. S3. Apparently, the occurring strengthening of the hydrophobic
interactions in the system imposed by the increase of ionic strength
hinders the dissociation of the formed HNS and thus contributes to their
stability.

3.5. Storage stability of the HNS

Regarding the stability of the prepared HNS, the solutions of the
samples seem stable, without any macroscopic sign of phase separation
or precipitation for several days, as also evidenced by the DLS and ELS
results of measurements obtained after 50 days of storage at 4 °C
(Fig. S4). As seen in Fig. S4a and c, there is a small decrease in the
scattered intensity accompanied by a similar reduction in the relative
contribution of the larger peak to the overall size distribution, which
could indicate a small degree of precipitation of the larger entities in
solution that are inevitably more prone to colloidal instability. Never-
theless, no significant changes in the respective sizes of the different
populations are observed, apart from a slight increase of the smaller
population in the case of the HNS-0.5 sample, which can be correlated to
some extent of secondary aggregation. Moreover, the positive effective
charge of the HNS is preserved, with only small alterations in the cor-
responding values of the zeta potential being detected (Fig. S4b). Like-
wise, the morphology of the formed nanostructures is similar to that of
the freshly prepared samples, as evidenced by the obtained STEM mi-
crographs presented in Fig. S4d and e. Altogether, the prolonged sta-
bility of the formed HNS can be attributed to the combination of
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electrostatic and hydrophobic (further enhanced in this case by the
presence of the PNIPAM copolymer side chains) interactions at play
between the enzyme and the graft copolymer.

3.6. Catalytic activity and conformational changes of LAC embedded in
the HSN

An important aspect that concerns the stabilisation of enzymes in
electrostatic complexes is the potential preservation of their catalytic
activity. Thus, the catalytic activity of the LAC embedded in complexes
with CHI-g-PNIPAM was studied using a model reaction consisting of the
enzymatic oxidation of ABTS. Fig. 10 presents the catalytic activity of
the initial LAC solution and that of the HNS prepared based on LAC and
CHI-g-PNIPAM.

As observed in Fig. 10, the enzymatic activity is slightly enhanced
upon the complexation of LAC with CHI-g-PNIPAM and is more pro-
nounced as the amount of CHI-g-PNIPAM in the HNS increases. This
result suggests that the presence of the grafted polysaccharide has a
positive effect on the enzyme activity. As already known, the complex-
ation of enzymes with oppositely charged compounds can enhance their
catalytic activity by enhancing the accessibility of the substrate towards
the active site or by stabilising the active site of the enzyme [29]. The
accessibility of the substrate can additionally be enhanced in the pres-
ence of enzyme-based complexes by creating an optimal environment
for the catalytic reaction, producing effects such as the modification of
the pH towards an optimal value, the reduction of electrostatic re-
pulsions between the enzyme and the substrate or the enhancement of
secondary interactions that facilitate the binding of the substrate to the
enzymatic catalytic center. While usually enzyme binding to solid sup-
ports or enzyme conjugation to macromolecules leads to a decrease in
the expressed catalytic activity [53-55], the formation of complexes can
generate enhanced catalytic activity due to the stabilisation of the
enzyme structure in a more accessible conformation. A similar effect was
observed by Waltmann and collaborators who studied the interaction
between PETase, a PET-degrading enzyme, and a random copolymer
containing oligo-ethyl glycol methacrylate, ethyl hexyl methacrylate
and sulfo-propyl methacrylate units [29]. Their study confirmed that the
interaction between the enzyme and the random copolymer leads to
increased stability of the catalytic center demonstrated by the increase
in the catalytic activity observed under various experimental conditions.
In another study, Wan et al. proposed the incorporation of uricase in
polyion complex vesicles formed by poly(ethyleneimine) and PSSgg-b-
PEOj;3 block copolymer, observing a 1.5-fold increase in the catalytic
activity compared with the free enzyme, accompanied by a slight
enhancement in the turnover number and a notable increase in
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Fig. 10. Relative enzymatic activity of the LAC solution and the HNS.
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temperature stability [56].

The Michaelis-Menten kinetic model was employed to assess the
substrate-binding affinity and the catalytic efficiency of the LAC/CHI-g-
PNIPAM HNS. The Michaelis-Menten constant (K;,) and the maximum
reaction rate (Vpax) were determined for the Lineweaver-Burk plot
(Fig. S5), and the turnover number was calculated based on the obtained
kinetic parameters (Table 2). We recall that the values of the kinetic
parameters depend on the experimental conditions, the enzyme struc-
ture and the substrate used.

As previously reported, Viax is the maximum reaction velocity ob-
tained when the enzyme is fully saturated with the substrate, and Ky, is
the substrate concentration corresponding to half of the maximum re-
action velocity [57]. Ky, offers important information about the binding
affinity between the enzyme and substrate, while ke, effectively in-
dicates the catalytic efficiency of the free or complexed enzyme. As
observed from the values in Table 2, the Michaelis-Menten constant
value is lower for the HNS compared with the free LAC. While generally,
the immobilisation of enzymes leads to increasing values of Ky, due to
steric constraints in the substrate-enzyme interaction, the lower values
of Ky, possibly indicate a higher binding affinity between the substrate
and the enzyme. Moreover, an increase in the V¢ and ke, for the HNS
can be observed, suggesting an increased catalytic efficiency of the HNS,
as also indicated by the catalytic activity assays in Fig. 10. It can be
noticed that the amount of CHI-g-PNIPAM used in the complex forma-
tion plays an important role in the preservation of the catalytic activity
of LAC. While higher amounts of CHI-g-PNIPAM determine a more
important increase in the observed catalytic efficiency, the use of lower
amounts of CHI-g-PNIPAM mostly preserves the catalytic activity of
LAC, as demonstrated by the constant values of keye and Viay for free
LAC and HNS-0.5. A similar trend in the variation of the kinetic pa-
rameters was reported by Veselova et al., who studied the formation of
electrostatic complexes between horseradish peroxidase and CHI,
assuming that the observed variations can be correlated with the acti-
vation of the enzyme in the presence of the polysaccharide [58].

The variation of pH can strongly influence the enzymatic activity as
it can affect the ionization state of both the enzyme and the substrate
and potentially affect the interaction between them. The effect of the pH
on the catalytic activity of LAC and the HNS was assessed in the 3.5-6.5
interval, using the oxidation of ABTS as a model catalytic reaction.

As evidenced in Fig. 11, the pH has a strong effect on both the free
LAC and the HNS. The enzymatic activity exhibits a clear dependence on
pH, with a consistent trend observed for both systems. The highest
enzymatic activity was registered at pH = 3.5, highlighting the impor-
tance of the acidic conditions in the preservation of the catalytic per-
formance. Moreover, the highest enzyme activity was registered at pH =
3.5 for both free LAC and LAC embedded in the HNS, demonstrating that
the complexation with CHI-g-PNIPAM does not strongly alter the prop-
erties of the enzyme. Further increase in the pH leads to a progressive
decrease in enzymatic activity, probably due to the decrease in binding
activity between the enzyme and the substrate. Additionally, the in-
crease in pH can determine structural changes in both free enzyme and
the HNS, leading to a significant loss in the enzymatic activity. Never-
theless, it can be observed that the catalytic activity of the HNS is higher
at all the pH values as compared to the free enzyme, suggesting that the
complexation with CHI-g-PNIPAM induced a positive effect on the
enzyme, protecting it from the variation in the environmental
conditions.

Table 2
Kinetic parameters for free LAC and HNS, assessed in optimum reaction
conditions.

System Km (M) Vimax (PM/sec) Keat (sec™h
Free LAC 41.83 0.109 0.038
HNS-2 35.86 0.123 0.043
HNS-0.5 17.18 0.109 0.038
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Fig. 11. Effect of the pH (a) and temperature incubation (b) on the catalytic activity of LAC solution and the HNS.

Temperature is a parameter that can potentially affect the enzymatic
activity of both free and immobilised enzymes. The increase in tem-
perature can lead to the disruption of secondary interactions that sta-
bilise the structure of the enzyme or promote the unfolding of the
enzyme molecule. The thermal stability of the LAC in solution and the
HNS was evaluated by assessing the enzymatic activity after incubating
the samples at various temperatures for 15 min. The residual enzymatic
activity after incubation is presented in Fig. 11b. The incubation of LAC
and the HNS at higher temperatures (i.e., 60 °C) leads to an important
decrease in the enzymatic activity. Most likely, the reduction in enzy-
matic activity is caused by the disruption of the tertiary structure of the
enzyme, with the parallel alteration of the active site under the effect of
temperature. This effect is expected considering that the enzyme was
exposed to higher temperatures, as well as the fact that the increase in
temperature determines a phase transition of the PNIPAM side chains,
which can generate rearrangements of the copolymer chains around the
enzyme, potentially hindering the accessibility of the catalytic center.
However, the catalytic activity of the HNS incubated at temperatures
<40 °Cis higher as compared to the catalytic activity of the LAC solution
incubated in similar conditions, highlighting the potential beneficial
effect of CHI-g-PNIPAM complexation and the thermal transition of the
PNIPAM side chains on the characteristics of the enzyme, as also
observed for the pH variation. A similar effect was also reported by Jia
et al., who immobilised LAC in polymeric nanogels, observing a better
stabilisation of the enzyme embedded in the nanogel compared with the
free enzyme at both pH and temperature variations [59].

Another important aspect to consider concerning biocatalysts is their
long-term storage stability. Generally, upon storage, enzymes lose their
catalytic activity due to a combination of factors, including the degra-
dation or unfolding of the amino acid sequence of the enzyme, with the
distortion of the catalytic center, negative effects generated by pH,
temperature or light exposure, aggregation or proteolysis, or interaction
with the storage media [60]. The negative impact of the storage con-
ditions can be partially mitigated by designing efficient methods to
protect enzymes, including, but not limited to, their immobilisation on
solid supports, encapsulation in soft matrices or coating with protective
layers such as polymers [53,61]. The stability of the HNS and LAC in
solution was assessed after storing the samples for 50 days at 4 °C. The
enzymatic activity was assessed based on the oxidation of ABTS, and the
residual activity of each sample is presented in Fig. 12, where the initial
activity of each sample was considered 100 %.

In the case of the LAC solution stored at 4 °C, approximately 65 % of
the catalytic activity was lost after 50 days of storage, demonstrating the
instability of the enzyme in solution during long-term storage. On the
other hand, in the case of the HNS, better stability can be observed, with
about 50 % of the catalytic activity being conserved upon storage. It can
be noted that the stability of the HNS increases with the increase in the
CHI-g-PNIPAM content, suggesting that the grafted polysaccharide has a
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Fig. 12. Residual activity of the free LAC and the LAC/CHI-g-PNIPAM HNS
after 50 days of storage at 4 °C.

protective effect on the enzyme, preventing its unfolding upon storage.
Upon complexation with LAC, CHI-g-PNIPAM copolymer can create a
protective barrier on the surface of the enzyme, stabilising its structure
and reducing its direct exposure to the solvent. The formation of this
barrier can potentially minimise the exposure of the enzyme to the
solvent or other compounds in the storage media, preserving the struc-
tural integrity of the enzyme, as also reported by Prancheva et al., who
obtained complexes of PDMAEMA;7-b-PCL;(-b-PDMAEMA;; with ser-
ratiopeptidase and hyaluronic acid-coated complexes of the same
mixture [62].

Additional insights into the preservation or modification of the
enzyme conformation upon complexation of LAC with CHI-g-PNIPAM
can be obtained from the fluorescence spectra of the native enzyme and
the corresponding HNS. LAC contains tryptophan (Trp), tyrosine and
phenylalanine residues that contribute to its fluorescence properties.
Especially Trp residues are valuable in evaluating potential conforma-
tional changes in the enzyme structure, since their fluorescence emission
is susceptible to changes due to environmental factors or the interaction
with oppositely charged compounds. In this context, the fluorescence
spectra registered for the initial LAC solution and the corresponding LAC
containing HNS can offer important information about potential
changes in the conformation of the complexed enzyme. The fluorescence
emission spectra were recorded in the range of 300-450 nm upon
excitation at 280 nm and are presented in Fig. 13.

The fluorescence spectra obtained for the HNS, in comparison to that
of the native LAC, indicate the presence of additional underlying peaks.
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Fig. 13. Fluorescence spectra of the native LAC solution (divided by a factor of
1.5) and of the HNS.

This modification in the emission spectra could be attributed to the
contribution of individual Trp residues, which experience different
changes in the polarity of their microenvironment [40,63-65]. LAC
contains seven Trp residues in total, located at different positions of the
enzyme molecule, with some of them being closer to the surface and the
rest being located inside the hydrophobic domains of the molecule, as
can be observed from the secondary structure of the protein shown in
Fig. S6. For this reason, the emission spectra of the HNS, the native LAC,
as well as LAC after thermal treatment (at 80 °C for 1 h) for comparison,
were deconvoluted into five individual peaks as presented in Fig. S7. The
difference in intensity observed for the HNS in comparison to free LAC is
the result of the lower concentration of enzyme in the so-formed
structures, which was 0.2 mg/mL, compared with the pure enzyme so-
lution that had a concentration of 0.5 mg/mL (note that the spectrum of
free LAC in Fig. 13 is divided by a factor of 1.5 for comparison reasons).
As far as the position of the peak is concerned, the native LAC emission
spectrum presents a maximum at about 332 nm. Upon complexation
with the CHI-g-PNIPAM, a small red shift (about 5 nm) of the overall
emission peak occurs, which suggests some degree of conformational
change that could be linked to the exposure of some of the Trp residues
to a different environment [66,67]. In particular, from the deconvolu-
tion of the spectra, it is evident that the individual peaks that are mostly
affected upon complexation with the grafted copolymer are the ones
corresponding to higher emissions (i.e., Fit Peaks 4 and 5 of Fig. S7),
which apparently correspond to more exposed Trp residues, both
showing a redshift of their maximum to a smaller or greater extent, as
well as changes of their relative amplitude (see Fig. S8). These obser-
vations could most probably mean that the Trp residues of the LAC
molecule that are closer to the surface are exposed to a more polar
environment after the interaction with the CHI-g-PNIPAM copolymer.
Another possible explanation is that the occurring electrostatic in-
teractions, as well as hydrogen bonding interactions, between specific
Trp and the graft copolymer could stabilise their excited state and lower
their energy, thus leading to longer emission wavelengths. Nevertheless,
the lower emission wavelength peaks corresponding to the Trp residues
located inside hydrophobic domains (i.e., Fit Peaks 1, 2, and 3 of Fig. S7)
seem rather unaffected upon complexation. Quite interestingly, the
spectrum of thermally treated LAC presents similar changes (Fig. S7b).
However, the denaturation of the enzyme is usually evidenced by a
parallel significant quenching of its fluorescence intensity [68]. There-
fore, we can assume that while there might be some degree of confor-
mational rearrangement of the enzyme’s tertiary structure, the enzyme
is not completely denatured upon complexation with CHI-g-PNIPAM.
This assumption is further supported by the observed preservation and
even slight enhancement of its enzymatic activity, as previously
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discussed, which could be a consequence of the partial unfolding of the
enzyme molecule, which facilitates the accessibility of the catalytic
center.

3.7. Dye degradation

LAC finds important applications in the development of emerging
water cleaning technologies due to its capability of degrading various
organic pollutants, including dyes, drugs or endocrine disruptors
[69,70]. The use of HNS as catalysts for water cleaning applications
could be a valuable method, as the embedment of the LAC molecules
into complex nanostructures could potentially prevent activity loss and
enzyme denaturation during the degradation process. As reported in
other studies, LAC can catalyse the degradation of various dyes in the
presence of redox mediators such as ABTS or SG [37,71]. In this context,
the capacity of the HNS to degrade two model dyes, IC and CR, was
studied in the presence of SG as mediator, and the pseudo-first order
kinetic model was used to investigate the degradation process (Fig. 14).

The degradation of IC in the presence of free LAC was achieved in
about 80 min, while the use of the HNS enhanced the degradation rate,
obtaining the complete discolouration of the IC sample in about 45 min
in the presence of the HNS-0.5 and 60 min in the presence of the HNS-2.
These results emphasise the increased efficiency of the embedded LAC,
as also observed during the activity assays. The higher degradation ef-
ficiency of the HNS compared with the free LAC can be the result of the
interaction between the CHI-g-PNIPAM and the IC, which apparently
facilitates the interaction between the dye and the enzyme-mediator
pair. The increased degradation efficiency of the prepared HNS was
also confirmed by the kinetic modelling performed, which evidenced
that the degradation rate constants increased 3 times in the case of the
HNS compared with the free LAC. Similar observations were reported by
Zhang and coauthors, who studied the enzymatic degradation of mala-
chite green and acid orange 7 in the presence of HNS prepared with LAC
and poly(ethyleneimine) [44]. The authors evidenced the increased ef-
ficiency of the HNS in the degradation of acid orange 7, with a 3-fold
increase in the degradation rate as compared to the free LAC. On the
other hand, the degradation rate of malachite green was lower, probably
due to the structural differences between the two dyes.

The increased efficiency of the HNS in the degradation of IC is
additionally supported by comparison with previously reported studies,
as presented in Table 3. However, it is important to note that such
comparisons are inherently limited by differences in the experimental
procedure employed. The degradation process is highly influenced by
multiple factors, including the amount of biocatalyst used, the nature
and effectiveness of the mediator, the initial dye concentration and the
experimental conditions employed. Because these parameters can vary
significantly between studies, any comparison should be considered
indicative rather than definitive.

As reported in Table 3, LAC-mediated degradation of IC can be
successfully employed for bioremediation purposes, various catalytic
systems being proposed, including both free and immobilised enzymes.
The degradation efficiency obtained is strongly influenced by the
accessibility of the catalytic center of the enzyme, a general trend of
decreasing efficiency (increasing degradation time) being observed
when using biocatalysts with LAC immobilised on solid supports. In this
context, the use of HNS, such as the ones proposed in this study, could be
a valuable method of mitigating the loss in enzymatic activity resulting
from diffusional constraints after immobilisation.

In the case of CR degradation, the efficiency was lower for both free
LAC and the HNS, potentially due to the lower affinity between the dye
and the enzyme because of the larger and more complex structure of the
dye, which makes it more stable to enzymatic degradation [80]. Such a
behaviour could also be promoted by electrostatic repulsions between
the dye and the polysaccharide coating of the enzyme or by diffusional
limitations. This observation is additionally supported by the values of
the degradation rate constants, which are lower compared with the
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Fig. 14. Discoloration efficiency of IC (a) and CR (c) and pseudo-first order kinetic modelling of IC (b) and CR (d) degradation in the presence of free LAC and of

HNS-2 and HNS-0.5, using SG as mediator.

Table 3

Comparison between previously reported studies in the enzymatic degradation
of IC.

System: Reported Reference:
efficiency:
HNS-0.5 with SG as mediator 100 % after 45 min  This study
(50 mg/L IC)
HNS-2 with SG as mediator 100 % after 60 min  This study
(50 mg/L IC)
LAC spores from HL3 strain and acetosyringone 100 % after 2h (47  [72]
as mediator mg/L IC)
LAC and ABTS-modified silica as a mediator 95 % after 5 min [73]
(20 mg/L IC)
LAC immobilised on CHI beads 100 % after 8 h (50 [74]
mg/L IC)
LAC immobilised on magnetic zeolitic 100 % after 15 min [75]
imidazolate framework—8 nanoparticles and (25 mg/mL)
acetosyringone as mediator
LAC immobilised on CHI beads 56 % after 96 h (50 [76]
mg/L IC)
LAC immobilised on EDTA-Cu (II) chelating 44 % after 4 h (5 [771
magnetic nanoparticles and methyl syringate ~ mM IC)
as mediator
LAC immobilised on lysine functionalized 99.06 % after 72 h [78]
cellulose (50 mg/L IC)
LAC co-immobilised with TiO, nanoparticles in ~70 % (25 mg/L [79]
alginate beads (®]

12

degradation rates obtained for IC. Moreover, the CR degradation rate
constant of free LAC was higher compared with the CR degradation rates
of the HNS, further confirming the decreased affinity between the dye
and the hybrid nanostructures. Nevertheless, the degradation efficiency
registered in the case of CR was higher than 50 %, suggesting the po-
tential of both free and complexed LAC to degrade CR.

4. Conclusions

This study investigated the formation of HNS based on electrostatic
interactions between the LAC from Trametes versicolor and a CHI-g-
PNIPAM copolymer. The characterization methodology employed in
this study, consisting of a combination of DLS, ELS, STEM, MD simula-
tions and fluorescence spectroscopy, demonstrated the successful for-
mation of the HNS, emphasising the role of the grafted polysaccharide in
the overall properties and the behaviour of the formed nanostructures.
In particular, the content of CHI-g-PNIPAM influences the size, charge,
structure and morphology of the formed HNS. Moreover, the LAC/CHI-g-
PNIPAM complexes preserved the thermoresponsive behaviour charac-
teristic of the copolymer due to the presence of the PNIPAM side chains
and exhibited satisfactory stability to ionic strength. Furthermore, the
study examined the preservation of the enzymatic activity upon binding
of LAC with CHI-g-PNIPAM, observing an enhancement of 3 % to 17 % of
the catalytic activity compared with the free LAC and a prolonged sta-
bility of the HNS at pH and temperature variations, together with an
extended storage stability. Yet, the proposed systems present limitations
in terms of reusability, as their separation from the reaction media needs
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further study. Additionally, the HNS with embedded LAC were tested in
the degradation of dyes in aqueous solutions. With 100 % efficiency in
the degradation of IC and roughly 50 % efficiency in CR degradation, the
HNS show enhanced capacity to act as catalysts for water cleaning
applications.
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