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ABSTRACT: Application of antioxidant enzymes in medical or
industrial processes is limited due to their high sensitivity to
environmental conditions. Incorporation of such enzymes in
nanostructures provides a promising route to obtain highly
efficient and robust biocatalytic system to scavenge reactive
oxygen species {ROS). Here, this question was addressed by
confinement of superoxide dismutase (SOD), horseradish
peroxidase (HRP), and catalase {(CAT) enzymes into nano-
structures containing polyelectrolyte building blocks (alginate
(Alg) and trimethyl chitosan (TMC)) and delaminated layered
double hydroxide (dLDH) nanoparticle support. The nano-
composite possessed excellent structural and colloidal stability,
while antioxidant tests revealed that the enzymes remained
active upon immobilization and the developed composite greatly reduced intracellular oxidative stress in two-dimensional cell
cultures. Moreover, it effectively prevented hydrogen peroxide-induced double stranded DNA breaks, which is a common
consequence of oxidative stress. The results provide important tools to design complex nanostructures with multienzymatic
antioxidant activities for ROS scavenging.

eactive oxygen species (ROS) such as superoxide lipid oxidation, and may affect the structure of enzymes,
Rradical anions (O,7), hydroxyl radical, or hydrogen resulting in a loss in their activity.”

peroxide (H,0,) play an important role in the Since elevated rates of ROS have been detected during
intracellular signaling processes. However, unbalanced pro- development of cancer and inflammatory diseases, many
duction of ROS, as seen in many diseases caused by toxic studies aimed to restore balance between RQS and
agents, or enhanced ROS generation by polymorphonuclear antioxidants by applying natural or synthetic ROS scavenging
neutrophils in inflammatory processes lead to mitochondrial agents.'"”"* However, the applicability of these methods is

damage and cell death.'™ In eukaryotic cells, ROS are

traditionally produced during mitochondrial respiration or as
the result of the activity of various enzymes (e.g, NADPH or
xanthine oxidase). External stimuli such as irradiation,
smoking, or the metabolism of different pharmaceutical agents
may also contribute to increases in the intracellular ROS
concentration. As chemically highly reactive molecules with
short lifetime, ROS can damage proteins and lipids leading to
oxidative stress."”> ROS are also mediators of DNA damages
such as double-stranded breaks (DSBs) or 8-oxo guanine Received: July 1, 2022
formation leading to G-T/G-A transversions.®” Beside Accepted:  January 12, 2023
oxidative stress, the overproduction of reactive nitrogen species Published: January 18, 2023
(RNS) leads to nitrosative stress.” For instance, the rapid

reaction between nitric oxide and O,  produces highly toxic

peroxynitrite anions, which can cause DNA fragmentation or

severely limited by their dose-dependent antioxidant capacity
and the fact that they target a single point in the cascade of
ROS generation.

Ideally, ROS are balanced with molecular and enzymatic
antioxidants,"* which prevent oxidative stress by stabilizing or
deactivating free radicals."”™"” The two most important
enzymatic antioxidants present in mammalian cells are
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superoxide dismutase (SOD) and catalase (CAT), which
neutralize O,~ and H,0, molecules, respectively.'® Since H,0,
is also produced during dismutation of O, by SOD, these
enzymes are involved in cascade reactions. In addition,
horseradish peroxidase (HRP) of similar function as CAT is
one of the most efficient antioxidant enzymes in plants."
Furthermore, molecular antioxidants have also important role
in the decomposition of ROS, both endogenous (e.g.,
glutathione) and exogenous (e.g,, vitamins, carotenoids, and
polyphenols) representatives exist.

Although enzymatic antioxidants show the greatest efficiency
against oxidative stress, their sensitivity to the environmental
conditions (e.g., temperature, ionic strength, and pH) prevents
their widespread application in antioxidant therapies.”’ To
address this challenge, immobilization of such enzymes
attracted widespread contemporary interest in the scientific
and technological communities.”*”** Apart from attachment of
a single enzyme to suitable supports, joint confinement of dual
enzyme cascades in hybrid materials was also the focus of
several research groups.zs_27 For example, SOD and HRP
were successfully immobilized on the surface of layered double
hydroxide (LDH) nanoparticles by the sequential adsorgtion
method involving polyelectrolytes as building blocks.” In
another work, SOD and chloroperoxidase were coanchored on
monodisperse iron oxide particles leading to successful
inhibition of tumor proliferation.*®

As described above, immobilization of antioxidant enzyme
cascades provides a promising way to develop efficient and
robust ROS scavenging agents for therapy or prevention of
oxidative stress, in which bare enzymes fail due to their high
sensitivity. It is also expected that confinement of different
enzymes in composites may lead to similar cascade systems
and cooperativity as in the intracellular environment. In the
present work, immobilization of three antioxidant enzymes
(SOD, CAT, and HRP) on 2-dimensional (2D) delaminated
LDH (dLDH) nanosheets using polyelectrolytes (alginate
(Alg) and trimethzfl chitosan (TMC)) in the sequential
adsorption method””*° is described. Note that this is the
first study that reports on the development of triple-enzyme-
involved antioxidant nanocomposites.

As per the nanoparticulate support, LDHs are known as
brucite-type anionic clays of positive structural charge, which is
compensated with interlayer anions.”"*” Beside the original
lamellar structure, single-layer LDHs have attracted the
attention of several researchers, since the anisotropy of such
unilamellar nanosheets allows basic investigations and
modeling of 2D quantum dots to be applied as building
blocks in hybrid materials as well as for delivery of various
biomolecules.>*™>° Besides, Alg and TMC were chosen to
optimize charge balance and enhance enzyme adsorption
during composite preparation, since these polyelectrolytes have
been proven previously as suitable compounds in preparation
of biocompatible nanohybrids.36_38 The structural, functional,
and colloidal stability of the system was fully characterized by
scattering, microscopy, and spectroscopy techniques, while the
antioxidant activity was assessed in biochemical tests and by
advanced microscopy techniques in cellular experiments.

The preparation of the 2D particles is detailed in the
Supporting Information (SI), and X-ray diffraction (XRD)
measurements were performed to prove their formation
(Figure S1A). As a result of the delaminated morphology, no
characteristic reflection bands could be detected in the 5°—50°
20 range, indicating that the material contains thin nanosheets
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instead of the lamellar LDH structure.”®> However, the
reflections at ~61° 20 (belonging to Miller indices (110)
and (113)) are proofs for the formation of 2D dLDH
particles.**'

Atomic force microscopy (AFM)-based height profile
assessment (a typical measurement is shown in Figure S1B
in the SI) further proved the delaminated structure of the
particles. The average thickness of the dLDH particles was
determined to be 1.75 + 0.25 nm meaning that one particle
consists of 1—2 layers. Transmission electron microscopy
(TEM) images (inset of Figure S1A in the SI) indicate disk-
like thin dLDH sheets, with an average thickness of (1.75 +
0.35) nm in excellent agreement with data from the AFM
experiments.

Small-angle X-ray scattering (SAXS) measurements were
performed in both dispersion (EMBL BioSAXS synchrotron)
and solid state (benchtop SAXS device) to unambiguously
show the difference between single layer nanosheets and the
classic lamellar LDH structure. Plotting the scattered
intensities (I(h)) as a function of the scattering vector (k) in
different representations ([h* I(h)] vs h®, or [h* I(h)] vs h*, for
line or point collimation, respectively), the differences in the
scattering curves unambiguously confirm the 2D morphology
for dLDH. Accordingly, in an ideal two-phase structure with
sharply defined phase boundaries (e.g, smooth surface of an
individual lamella), the scattering intensity has an asymptotic
feature (Figure S1C in the SI), while, due to electron density
fluctuation or stacked structure, positive deviation from the
asymptotic behavior can be observed (Figure SID in the
SI).”*~*" Interpreting the results with the Porod law (eq S6 in
the SI), a slope equal to 4 at higher scattering angles (h > 0.5
nm™') clearly indicates the flat interface (i.e., an individual
lamella with a smooth surface), while the deviation from the
power law h™> refers to a nondelaminated state, in which the
system appears as a quasi-surface fractal. More details on the
colloidal properties of the dLDH particles can be found
elsewhere."

The effect of polyelectrolyte adsorption on the charge of
dLDH particles was investigated in zeta potential measure-
ments (Figure 1).

In the first step, dLDH was functionalized with oppositely
charged Alg species. The particles possessed a zeta potential
value of approximately +20 mV at low Alg doses, while
increasing level of the polyelectrolyte led to charge
neutralization at the isoelectric point (IEP ~ 100 mg/g) and
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Figure 1. Effect of polyelectrolyte (Alg and TMC) and enzyme
(HRP, SOD, and CAT) adsorption on the zeta potentials (squares,
converted from the measured electrophoretic mobility data by eq
S1 in the SI) and on the stability ratios (circles, determined by
time-resolved DLS using eq S4 in the SI) of the particles. The mg/
g unit refers to mg polyelectrolyte or enzyme adsorbed on 1 g of
particles. The solid lines serve to guide the eyes.
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subsequently, charge reversal due to the strong adsorption of
Alg on the oppositely charged dLDH surface. A plateau
observed in the zeta potentials at high doses indicated that the
particles are fully covered with the polyelectrolytes at high
doses. The onset of this plateau was found at 200 mg/g Alg
concentration. Similar behavior was reported in other LDH-
polyelectrolyte system earlier.***”

Stability ratios (calculated via eq S4 were determined in
time-resolved dynamic light scattering (DLS) measurements in
the same Alg concentration range as in the mobility study to
assess the colloidal stability of the systems. At low
polyelectrolyte doses, the particles were stable due to the
significant positive charge and strong repulsion between the
electrical double layers. Around the IEP, the dispersions turned
to be unstable and rapid particle aggregation occurred
indicated by stability ratios close to unity. Above 200 mg/g,
where the dLDH particles were completely coated with Alg,
the dispersions were stable, as demonstrated by constant
hydrodynamic radii measured at different intervals (see Figure
S2 in the SI). Such a stability is due to the sufficiently high
magnitude of the surface charge and subsequent presence of
strong double layer interparticle repulsion. Accordingly, the
stability ratio data could be described with a characteristic U-
shaped curve, which was also reported in other oppositely
charged particle—polyelectrolyte systems.”®?”*%*75

The above charge—aggregation relation agrees well with the
prediction of the classical Derjaguin, Landau, Verwey, and
Overbeek (DLVO) theory, which describes the colloidal
stability of particle dispersions with the superposition between
repulsive double layer and attractive van der Waals forces.”">
Based on these results, 300 mg/g Alg dose (dLDH/Alg) was
used in further investigations, under which conditions the
particles are highly charged and form a stable dispersion.

Similar trend, but with the opposite charge balance was
observed for TMC adsorbing on the dLDH/Alg particles (see
Figure 1, as well as Figure S2 in the SI). Stable dispersions
were observed below and above the IEP, while unstable ones
were observed near this dose. Based on the results of
electrophoretic mobility and stability ratio measurements, a
TMC dosage of 400 mg/g was chosen (dLDH/Alg/TMC) for
further measurements.

Since biomedical and industrial applications of antioxidant
agents usually occur in the presence of electrolytes,'™*" the
resistance against salt-induced aggregation is a crucial issue.
Therefore, the charging and aggregation properties of the bare
and polyelectrolyte coated particles were compared in salt
solutions of different concentrations (see Figure S3 in the SI).
The magnitude of the zeta potentials progressively decreased
by increasing the ionic strength due to charge screening by the
salt constituent ions present in the solution. By fitting the zeta
potential data with the Gouy—Chapman model (eq S2 in the
SI),53 surface charge densities of +18, —25, and +8 mC/m?
were determined for dLDH, dLDH/Alg, and dLDH/Alg/
TMC, respectively.

The increase in the ionic strength led to a decrease in the
stability ratios giving rise to diffusion-controlled aggregation
above the critical coagulation concentration (CCC, deter-
mined from the stability ratio data using values obtained from
eq SS in the SI (see Figure S3). This tendency can be further
demonstrated by the time-resolved DLS data (Figure S4 in the
SI), in which the slopes of the hydrodynamic radii versus time
plots increase with the NaCl concentration. The CCCs were
21, 265, and 33 mM for dLDH, dLDH/Alg, and dLDH/Alg/

)48,49
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TMC, respectively. Comparing the surface charge and CCC
data, the high stability of dLDH/AIg can be explained by the
strong electrical double layer forces. However, the surface
charge densities predict lower CCC for dLDH/Alg/TMC than
for dLDH, while the tendency is the opposite. This deviation
from the DLVO theory is due to the presence of steric
repulsion,””*> which originates from the overlap of the
adsorbed polyelectrolyte chains and subsequent rise in the
osmotic pressure upon the approach of polyelectrolyte-covered
particles.

To achieve enzyme immobilization, positively charged
HRP'’ was adsorbed on the dLDH/Alg surface, while SOD
and CAT, as negatively charged enzymes under the conditions
applied,'® were immobilized after TMC coating. The chosen
enzyme loadings were 10, 10, and 100 mg/g for HRP, SOD
and CAT, respectively, since these doses did not affect the zeta
potential of the polyelectrolyte-coated dLDHs significantly
(Figure 1) and thus, high colloidal stability was maintained in
each step of the sequential adsorption process. Therefore, the
final dLDH/Alg/HRP/TMC/SOD/CAT composite (denoted
as dLDHaHtSC later) contained 300 mg/g Alg, 10 mg/g HRP,
400 mg/g TMC, 10 mg/g SOD, and 100 mg/g CAT, and this
hybrid material was used in the antioxidant tests discussed
later.

To reveal structural features of the composite, synchrotron
SAXS measurements’® were performed in dispersions (see
Figure 2A, as well as Figure SS in the SI).
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Figure 2. (A) Double-logarithmic plot of the scattering curves of
dLDH and dLDHaHtSC and (B) the box chart representation of
the slopes of the fitted lines at small angles (h < 0.1 nm™") for the
subsystems of dLDHaHtSC. The center lines represent the
median, the mean is marked by empty squares in the middle of
the boxes, the top and bottom “x” marks on the boxes indicate the
75% and 25%, while whiskers extend to a minimum and a
maximum value. The inset in panel (B) represent the
inhomogeneous distribution of the enzymes and polyelectrolytes
on the surface.

The morphological and surface properties of the samples
were characterized by the slope (S) fitted on the scattering
curves at small angles (h < 0.1 nm™") in fractal representation.
For the initial dLDH sample, the power law decay of the
scattering curve at small angles (S = 2) is characteristic for a
delaminated structure with a smooth surface (Figure 2B).">*’
Upon formation of layers of the macromolecules in the
individual steps of the sequential adsorption process, the value
of the exponent gradually increased to S = 2.3, which indicates
increasing electron density fluctuations at the interface, i.e., the
surface became more diffuse once the adsorption of enzymes
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and polyelectrolytes occurred. Such a diffuse structure implies
that the macromolecules did not adsorb in homogeneous and
compact layers, but rather in a random assembly (see inset of
Figure 2B) leading to a diffuse interfacial structure, which was
advantageous for the antioxidant capacity, as discussed later.

Transmission electron microscopy (TEM) micrographs did
not show any morphological changes after the functionaliza-
tion of the dLDH material (Figure S6), and the surface-
modified particles possessed shapes typical for single-layer
nanosheets.

To determine the HRP, SOD, and CAT activity,
biochemical test reactions were performed as follows. A
guaiacol assay was used to measure the HRP activity of the
bare enzyme and the dLDHaHtSC.>® By fitting data with the
Michaelis—Menten model (eq S8 in the SI),>’ maximum
reaction rate (v,,,,) and Michaelis constant (Ky;) values were
calculated. The activity of bare and immobilized HRP are
shown in Figure 3A, while the calculated Ky, and v, values
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Figure 3. (A) Guaiacol, (B) Fridovich, and (C) CAT assays
measured with the native enzymes (squares) and the dLDHaHtSC
composite (circles). The dotted lines are fits used to calculate the
parameters describing the enzyme-like activities reported in Table
S1. (D) Scheme illustrating the enzyme-catalyzed reactions.

are presented in Table S1 in the SI. It was found that both v,
and Ky, values decreased upon immobilization. The latter
result indicates that the enzyme has higher affinity to the
substrate after heterogenization on the particle surface than in
native form, which is rather surprising, compared to the
literature data (Table S2 in the SI), in which an increase was
often found in the Ky values after enzyme attachment to
surfaces.””**"®” This is due to the advantage of the
heterogenization of the enzyme, since guaiacol molecules are
attracted by the particle surface and, hence, are brought closer
to the attached HRP molecules.

The Fridovich assay®® was applied to estimate the activity of
native and immobilized SOD. Nitro blue tetrazolium was used
to detect the O, concentration generated by the reaction
between xanthine and xanthine oxidase. The inhibition (eq S7
in the SI) data, as a function of SOD concentration, is shown
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in Figure 3B. The maximal inhibition was ~80%, while 0.079
mg/L ICy, value (enzyme dose, at which half of the forming
0O,  molecules are decomposed) was observed for
dLDHaHtSC meaning that it possesses very comparable
activity to the native enzyme (see Table S1). This finding is
consistent with the trend found in previously published ICs,
data determined with native and immobilized SOD (Table
§2).242862,64-66

To estimate the effect of immobilization on the CAT
function, a simple spectrophotometric method based on the
reaction between H,0O, and ammonium molybdate was used
with slight modifications.”” In Figure 3C, the remaining
percentage of H,O, (i.e., the fraction of the nondecomposed
substrate molecules) are shown as a function of the CAT
concentration. As the level of the enzyme increased, the
amount of H,0, in the test solution decreased, indicating
significant CAT activity. The effective concentration (ECg)
value, the enzyme concentration that is necessary to
decompose half of the H,O, in the reaction mixture, was
significantly lower for dLDHaHtSC than for the native CAT
enzyme. This result contrasts with earlier reports on CAT
activity chan§es upon heterogenization of the enzyme (see
Table $2),"°® where lower enzymatic activities were
determined after immobilization.

The above results point out that (i) the obtained
dLDHaHtSC composite shows excellent antioxidant features
and (ii) the enzymes kept their function once adsorbed on the
surface, leading to the formation of a broad-spectrum ROS
scavenging hybrid material.

Potential cytocompatibility of dLDHaHtSC was investigated
by a microscopy-based apoptosis/necrosis detection assay,
frequently used for simultaneous quantification of viable,
apoptotic, and necrotic cells.”” Accordingly, HeLa cells were
treated with dLDHaHtSC at 20 mg/L concentration for 30
min at 37 °C. In this kit, apoptosis is detected by Apopxin
Green that binds to the phosphatidyl serin translocated to the
outer plasma membrane during apoptosis, whereas necrosis is
detected by 7-AAD, which stains the available DNA in the
necrotic cells. Neither apoptotic (green staining of the cell
membrane) nor late apoptotic/necrotic (red nuclear) staining
were detected after dLDHaHtSC treatment, only viable cells
with blue Cytocalcein Violet 450 staining were observed
(Figure 4A). This was also quantified by normalizing the
recorded fluorescent intensity values to the intensity of the live
cells (Figure 4A).

Thereafter, the super-resolution direct stochastic optical
reconstruction microscopy (dSTORM) technique was used for
size determination of the antibody-labeled dLDHaHtSC
particles. Because of the technical limitations caused by the
low number of commercially available antibodies, the spatial
extent of dLDHaHtSC was determined by dual labeling
(HRP/CAT or HRP/SOD), relative to HRP. First, the spatial
extent of dLDHaHtSC was quantified on a glass surface, which
revealed that the colocalizing clusters of fluorophores were
~150—180 nm (Figure 4B). In the next step, the measure-
ments were repeated in cellular context. Therefore, HeLa cells
were incubated with 20 mg/L dLDHaHtSC for 30 min at 37
°C and dSTORM images of the perinuclear/cytoplasmic areas
of the cells were captured in total internal reflection
fluorescence (TIRF) mode. In this focal plane, colocalizing
clusters of the two fluorophores were detected, which were
identical to the clusters found on the glass surfaces (Figure
4B). These results suggest that the dLDHaHtSC particle can
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Figure 4. (A) Incubation with dLDHaHtSC composite did not induce apoptosis or necrosis in HeLa cells. Confocal images and normalized
fluorescent intensity values demonstrate no sign of cytotoxicity of dLDHaHtSC in cell viability tests (scale bars = 50 ym). (B) Direct
stochastic optical reconstruction microscopy (dASTORM) images of the fluorescently labeled particles on glass surface (left panel) and in the
cytoplasm (right panel) after cellular uptake (scale bars = 50 nm). Blinking events of the fluorophores were plotted along the X and Y

nanometer axes.

penetrate living cells without triggering any detectable damage.
Moreover, the cellular uptake does not induce any distortion of
the nanoparticles. The experimental details of the cellular
experiments are described in the SI.

As discussed above, the proper balance between antioxidants
and ROS is a crucial aspect to avoid oxidative stress.'
Therefore, the question whether our composite is able to
restore this equilibrium in the presence of increased ROS
production or not was addressed. To assess ROS scavenging
activity, HeLa cells were loaded with 2’,7'-dichlorodihydro-
fluorescein diacetate (H,DCFDA) ROS indicator and treated
with menadione, a conventional oxidative stress inducing
molecule, in the presence or absence of dLDHaHtSC.”° As
expected after the addition of menadione, ROS production was
triggered rapidly in the control cells, leading to the oxidation of
H,DCFDA and to an increase in the fluorescent intensity
(Figure SA). In contrast, this maximal fluorescence intensity
change was significantly decreased (by 48.2%) in the
dLDHaHtSC pretreated HeLa cells, suggesting a global
intracellular ROS scavenging activity of the composite.
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Next, in a proof-of-concept experiment, it was demonstrated
that the developed hybrid compound is not only able to
prevent unbalanced ROS production, but that this effect is
sufficient to protect the cells from serious consequences of the
oxidative stress. As mentioned earlier, uncontrolled production
of ROS may lead to irreversible mitochondrial dysfunction or
compromising genome stability through DNA damages.”' The
H2AX histone plays a significant role in DNA damage sensing
process by its phosphorylation at serine 139, yH2AX resulted
in the recruitment of checkpoint factors to the DSB sites
(Figure 5B).”””® Therefore, the formation and quantification
of yH2AX foci is a potential method for comparable ROS-
induced DSB detection.”* Accordingly, the cells were treated
with 50 uM H,0, for 40 min (+) to induce DSB resulting in
increased fluorescent intensity of the antibody-labeled yH2AX
foci, compared to the control group (—/—) (Figure SC).
However, dLDHaHtSC pretreated cells (+/+) showed
significantly lower fluorescent foci intensity, compared to
H,0,-treated cells (48.4%), while the number of yH2AX foci
was not only reduced but roughly restored to the control level.
Therefore, our results suggest that the dLDHaHtSC is capable

https://doi.org/10.1021/acsmaterialslett.2c00580
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Figure S. (A) ROS scavenging activity and protective effect of
dLDHaHtSC against DNA damage. Significant difference in
relative normalized fluorescent intensity indicates ROS production
as a function of time in control and dLDHaHtSC pretreated cells.
(B) Schematic illustration of the presence of yH2AX in ROS-
induced DSBs. (C) DSB detection assay by yH2AX labeling were
carried out to reveal the effect of dLDHaHtSC treatment versus
control (scale bars = 10 ym). The absence (—) or presence (+) of
H,0, and the composite are indicated: —/— (none), + (H,0,) and
+/+ (H,0, and dLDHaHtSC).

of restoring intracellular ROS-antioxidant balance under
oxidative stress conditions and, thus, protects cells from global
ROS overproduction and oxidative damage, such as DSB.

In summary, three antioxidant enzymes (HRP, SOD, and
CAT) were successfully immobilized on single-layer dLDH
nanosheets to develop a highly active broad-spectrum
antioxidant composite against ROS. The polyelectrolyte dose
(Alg and TMC) was optimized in light scattering measure-
ments to tune colloidal stability and enhance enzyme
immobilization during the sequential adsorption procedure.
Synchrotron-based SAXS measurements revealed that poly-
electrolyte and enzyme adsorption on the dLDH surface gave
rise to a diffuse interface rather than compact layers. The
dLDHaHtSC hybrid showed remarkable activity in both
biochemical test reactions and in cellular ROS scavenging
experiments. Based on the results of enzymatic assays, one can
clearly conclude that the enzymes kept their biocatalytic
function upon confinement in the hybrid material, as affinity of
HRP to the substrate increased, SOD activity remained almost
unchanged, while CAT immobilized in dLDHaHtSC showed
higher H,0, decomposing ability than the native enzyme. The
presence of the enzymes in the composite was confirmed by
dSTORM images before and after cellular uptake. Cell viability
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tests proved that the obtained hybrid material did not have any
side effects on cells, since neither apoptotic nor necrotic cell
death were detected in considerable amount after incubation.
Pretreatment of cells with dLDHaHtSC decreased the
intracellular oxidative stress significantly and prevented DNA
DSBs in the presence of H,0,. The demonstrated ROS
scavenging ability of the composite particle and the results of
our physiological as well as live-cell experiments suggest the
potential applicability of the composite in the treatment of
inflammatory diseases characterized by oxidative stress.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialslett.2c00580.

Experimental details, procedures, SAXS, XRD, DLS data
as well as TEM and AFM images (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Jozsef Maléth — MTA-SZTE Lendilet Epithelial Cell
Signaling and Secretion Research Group, Interdisciplinary
Excellence Centre, University of Szeged, H-6720 Szeged,
Hungary; Email: maleth.jozsef@med.u-szeged.hu

Istvan Szilagyi — MTA-SZTE Lendiilet Biocolloids Research
Group, Interdisciplinary Excellence Centre, University of
Szeged, H-6720 Szeged, Hungary; © orcid.org/0000-0001-
7289-0979; Email: szistvan@chem.u-szeged.hu

Authors

Adel Szerlauth — MTA-SZTE Lendiilet Biocolloids Research
Group, Interdisciplinary Excellence Centre, University of
Szeged, H-6720 Szeged, Hungary; © orcid.org/0000-0001-

_ 5795-572X

Arpad Varga — MTA-SZTE Lendiilet Epithelial Cell Signaling
and Secretion Research Group, Interdisciplinary Excellence
Centre, University of Szeged, H-6720 Szeged, Hungary

Tamara Madécsy — MTA-SZTE Lendiilet Epithelial Cell
Signaling and Secretion Research Group, Interdisciplinary
Excellence Centre, University of Szeged, H-6720 Szeged,
Hungary

Déniel Sebok — Department of Applied and Environmental
Chemistry, University of Szeged, H-6720 Szeged, Hungary

Sahra Bashiri — School of Chemistry and Molecular
Biosciences, University of Queensland, QLD-4072 St. Lucia,
Australia

Mariusz Skwarczynski — School of Chemistry and Molecular
Biosciences, University of Queensland, QLD-4072 St. Lucia,
Australia; © orcid.org/0000-0001-7257-807X

Istvan Toth — School of Chemistry and Molecular Biosciences,
University of Queensland, QLD-4072 St. Lucia, Australia;

orcid.org/0000-0002-4572-397X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsmaterialslett.2c00580

Author Contributions

VThese authors contributed equally to the work. CRediT:
Adel Szerlauth data curation, investigation, project admin-
istration, software, writing-original draft; Arpad Varga method-
ology, visualization, writing-original draft; Tamara Madacsy
investigation, methodology, validation; Daniel Sebck data
curation, formal analysis, methodology; Sahra Bashiri

https://doi.org/10.1021/acsmaterialslett.2c00580
ACS Materials Lett. 2023, 5, 565—573



ACS Materials Letters

www.acsmaterialsletters.org

investigation, methodology, project administration; Mariusz
Skwarczynski conceptualization, validation, writing-review &
editing; Istvan Toth conceptualization, supervision, writing-
review & editing; Jozsef Maléth conceptualization, method-
ology, writing-review & editing; Istvan Szilagyi conceptualiza-
tion, funding acquisition, supervision, writing-original draft,
writing-review & editing.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The research was financially supported by the E6tvés Lordnd
Research Network/Hungarian Academy of Sciences through
the Lendiilet Program (Nos. LP2017-21/2017 (1.S.) and
LP2017-18/2017 (J.M.)) and by Project Nos. TKP2021-NVA-
19 and TKP2021-EGA-28, which have been implemented with
the support provided by the Ministry of Innovation and
Technology of Hungary from the National Research, Develop-
ment, and Innovation Fund. This work was also supported by
the National Excellence Program (No. UNKP-22-4-SZTE-317
(AV.)). The project has received funding from the EU’s
Horizon 2020 research and innovation program under Grant
Agreement No. 739593. The synchrotron SAXS data were
collected at beamline P12 operated by EMBL Hamburg at the
PETRA 1III storage ring (DESY, Hamburg, Germany).56 The
authors would like to thank Daniel Franke for the assistance in
using the beamline. The support from the University of Szeged
Open Access Fund (No. 5888) is gratefully acknowledged.

B REFERENCES

(1) Winterbourn, C. C. Reconciling the chemistry and biology of
reactive oxygen species. Nat. Chem. Biol. 2008, 4, 278—286.

(2) Lin, M. T.; Beal, M. F. Mitochondrial dysfunction and oxidative
stress in neurodegenerative diseases. Nature 2006, 443, 787—795.

(3) Schieber, M.; Chandel, N. S. ROS function in redox signaling
and oxidative stress. Curr. Biol. 2014, 24, R453—R462.

(4) Sies, H.; Jones, D. P. Reactive oxygen species (ROS) as
pleiotropic physiological signalling agents. Nat. Rev. Mol. Cell Biol.
2020, 21, 363—383.

(5) Jiang, Q. Y,; Fan, L;; Sun, J. L.; Huy, J. L.; He, M,; Hu, B.; Wang,
F. A; Liu, X. Q. Modulation of oxidative stress in cancer cells with a
biomineralized converter. ACS Mater. Lett. 2021, 3, 1778—1785.

(6) Sharma, V.; Collins, L. B.; Chen, T. H.; Herr, N.; Takeda, S;
Sun, W.; Swenberg, J. A.; Nakamura, J. Oxidative stress at low levels
can induce clustered DNA lesions leading to NHE] mediated
mutations. Oncotarget 2016, 7, 25377—25390.

(7) Salehi, F.; Behboudi, H.; Kavoosi, G.; Ardestani, S. K. Oxidative
DNA damage induced by ROS-modulating agents with the ability to
target DNA: A comparison of the biological characteristics of citrus
pectin and apple pectin. Sci. Rep 2018, 8, 16.

(8) Valko, M.; Rhodes, C. J.; Moncol, J.; Izakovic, M.; Mazur, M.
Free radicals, metals and antioxidants in oxidative stress-induced
cancer. Chem.-Biol. Interact. 2006, 160, 1—40.

(9) Nimse, S. B.; Pal, D. Free radicals, natural antioxidants, and their
reaction mechanisms. RSC Adv. 2015, S, 27986—28006.

(10) Poljsak, B.; Suput, D.; Milisav, I. Achieving the balance between
ROS and antioxidants: When to use the synthetic antioxidants.
Oxidative Med. Cell. Longev. 2013, 2013, 11.

(11) Yu, H; Jin, F. Y,; Liy, D.; Shuy, G. F; Wang, X. J,; Qi, J.; Sun,
M. C,; Yang, P,; Jiang, S. P.; Ying, X. Y.,; Du, Y. Z. ROS-responsive
nano-drug delivery system combining mitochondria-targeting ceria
nanoparticles with atorvastatin for acute kidney injury. Theranostics
2020, 10, 2342—2357.

(12) Soulere, L.; Bernard, J. Design, solid phase synthesis and
evaluation of cationic ferrocenoyl peptide bioconjugates as potential

571

antioxidant enzyme mimics. Bioorg. Med. Chem. Lett. 2009, 19, 1173—
1176.

(13) Larranaga, A.; Isa, I. L. M; Patil, V.; Thamboo, S.; Lomora, M.;
Fernandez-Yague, M. A,; Sarasua, J. R;; Palivan, C. G.; Pandit, A.
Antioxidant functionalized polymer capsules to prevent oxidative
stress. Acta Biomater. 2018, 67, 21—-31.

(14) Ruszczycky, M. W,; Liu, H. W. The surprising history of an
antioxidant. Nature 2017, 551, 37—38.

(15) Ames, B. N.; Shigenaga, M. K; Hagen, T. M. Oxidants,
antioxidants, and the degenerative diseases of aging. Proc. Natl. Acad.
Sci. U. S. A. 1993, 90, 7915—7922.

(16) Pisoschi, A. M.; Pop, A. The role of antioxidants in the
chemistry of oxidative stress: A review. Eur. J. Med. Chem. 2018, 97,
S55-74.

(17) Sohal, R. S.; Weindruch, R. Oxidative stress, caloric restriction,
and aging. Science 1996, 273, 59—63.

(18) Weydert, C. J; Cullen, J. J. Measurement of superoxide
dismutase, catalase and glutathione peroxidase in cultured cells and
tissue. Nat. Protoc. 2010, 5, 51—66.

(19) Gajhede, M.; Schuller, D. J.; Henriksen, A; Smith, A. T,;
Poulos, T. L. Crystal structure of horseradish peroxidase C at 2.15
angstrom resolution. Nat. Struct. Biol. 1997, 4, 1032—1038.

(20) Bouayed, J.; Bohn, T. Exogenous antioxidants-Double-edged
swords in cellular redox state. Oxidative Med. Cell. Longev. 2010, 3,
228-237.

(21) Wu, T.; Huang, S.; Yang, H; Ye, N.; Tong, L.; Chen, C.; Zhou,
Q.; Ouyang, G. Bimetal biomimetic engineering utilizing metal-
organic frameworks for superoxide dismutase mimic. ACS Mater. Lett.
2022, 4, 751-757.

(22) Lin, Y. H,; Chen, Y. P.; Liu, T. P,; Chien, F. C.; Chou, C. M,;
Chen, C. T.; Moy, C. Y. Approach to deliver two antioxidant enzymes
with mesoporous silica nanoparticles into cells. ACS Appl. Mater.
Interfaces 2016, 8, 17944—17954.

(23) Lang, X. Y.; Zhu, L. L; Gao, Y. N,; Wheeldon, I. Enhancing
enzyme activity and immobilization in nanostructured inorganic-
enzyme complexes. Langmuir 2017, 33, 9073—9080.

(24) Chang, F. P.; Chen, Y. P.; Moy, C. Y. Intracellular implantation
of enzymes in hollow silica nanospheres for protein therapy: Cascade
system of Superoxide Dismutase and Catalase. Small 2014, 10, 4785—
479S.

(25) Xu, K. L; Chen, X. X; Zheng, R. C; Zheng, Y. G.
Immobilization of multi-enzymes on support materials for efficient
biocatalysis. Front. Bioeng. Biotechnol. 2020, 8, 660.

(26) Wu, Q;; He, Z. G.; Wang, X.; Zhang, Q.; Wei, Q. C.; Ma, S. Q;
Ma, C,; Li, J.; Wang, Q. G. Cascade enzymes within self-assembled
hybrid nanogel mimicked neutrophil lysosomes for singlet oxygen
elevated cancer therapy. Nat. Commun. 2019, 10, 240.

(27) Chen, W. H.; Vazquez-Gonzalez, M.; Zoabi, A.; Abu-Reziq, R;;
Willner, I. Biocatalytic cascades driven by enzymes encapsulated in
metal-organic framework nanoparticles. Nat. Catal. 2018, 1, 689—695.

(28) Pavlovic, M.; Murath, S.; Katona, X,; Alsharif, N. B.; Rouster,
P.; Maleth, J.; Szilagyi, I. Nanocomposite-based dual enzyme system
for broad-spectrum scavenging of reactive oxygen species. Sci. Rep.
2021, 11, 4321.

(29) Decher, G. Fuzzy nanoassemblies: Toward layered polymeric
multicomposites. Science 1997, 277, 1232—1237.

(30) Fang, F.; Li, M.; Zhang, J. F.; Lee, C. S. Different strategies for
organic nanoparticle preparation in biomedicine. ACS Mater. Lett.
2020, 2, S31-549.

(31) Sideris, P. J.; Nielsen, U. G.; Gan, Z. H,; Grey, C. P. Mg/Al
ordering in layered double hydroxides revealed by multinuclear NMR
spectroscopy. Science 2008, 321, 113—117.

(32) Taviot-Gueho, C.; Prevot, V.; Forano, C.; Renaudin, G.;
Mousty, C.; Leroux, F. Tailoring hybrid layered double hydroxides for
the development of innovative applications. Adv. Funct. Mater. 2018,
28, 1703868.

(33) Wang, Q; O’Hare, D. Recent advances in the synthesis and
application of layered double hydroxide (LDH) nanosheets. Chem.
Rev. 2012, 112, 4124—4155.

https://doi.org/10.1021/acsmaterialslett.2c00580
ACS Materials Lett. 2023, 5, 565—573



ACS Materials Letters

www.acsmaterialsletters.org

(34) Yu, J. F; Wang, Q.; O'Hare, D.; Sun, L. Y. Preparation of two
dimensional layered double hydroxide nanosheets and their
applications. Chem. Soc. Rev. 2017, 46, 5950—5974.

(35) Zhang, L. X,; Hu, J,; Jia, Y. B,; Liu, R. T,; Cai, T.; Xu, Z. P.
Two-dimensional layered double hydroxide nanoadjuvant: recent
progress and future direction. Nanoscale 2021, 13, 7533—7549.

(36) Nevagi, R. J.; Dai, W.; Khalil, Z. G.; Hussein, W. M.; Capon, R.
J.; Skwarczynski, M.; Toth, I. Self-assembly of trimethyl chitosan and
poly(anionic amino acid)-peptide antigen conjugate to produce a
potent self-adjuvanting nanovaccine delivery system. Bioorg. Med.
Chem. 2019, 27, 3082—3088.

(37) Rouster, P.; Dondelinger, M.; Galleni, M.; Nysten, B.; Jonas, A.
M.,; Glinel, K. Layer-by-layer assembly of enzyme-loaded halloysite
nanotubes for the fabrication of highly active coatings. Colloid Surf. B
2019, 178, 508—514.

(38) Zhao, L.; Bashiri, S.; Toth, L; Skwarczynski, M. Preparation of
trimethyl chitosan-based polyelectrolyte complexes for peptide
subunit vaccine delivery. In Bacterial Vaccines: Methods and Protocols;
Bidmos, F., Bossé, J., Langford, P., Eds.; Springer: New York, 2022;
pp 141—-149.

(39) Rives, V. Layered Double Hydroxides: Present and Future; Nova
Science Publishers: New York, 2001.

(40) Wu, Q. L; Olafsen, A; Vistad, O. B,; Roots, J.; Norby, P.
Delamination and restacking of a layered double hydroxide with
nitrate as counter anion. J. Mater. Chem. 2005, 15, 4695—4700.

(41) Evans, D. G.; Slade, R. C. T. Structural aspects of layered
double hydroxides. In Layered Double Hydroxides; Duan, X., Evans, D.
G., Eds.; Structure and Bonding, Vol. 119; Springer, 2006; pp 1—87.

(42) Li, Z. H; Gong, Y. J; Wu, D.; Sun, Y. H; Wang, J; Liu, Y,;
Dong, B. Z. A negative deviation from Porod’s law in SAXS of organo-
MSU-X. Microporous Mesoporous Mater. 2001, 46, 75—80.

(43) Li, Z. H; Sun, J. H; Wu, D.; Sun, Y. H,; Liu, Y.; Sheng, W. ] ;
Dong, B. Z. Determination of specific surfaces of silica xerogels by
SAXS. Chin. Sci. Bull. 2000, 45, 1386—1390.

(44) Janovak, L.; Deak, A.; Tallosy, S. P.; Sebok, D.; Csapo, E.;
Bohinc, K; Abram, A.; Palinko, I; Dekany, I. Hydroxyapatite-
enhanced structural, photocatalytic and antibacterial properties of
photoreactive TiO,/HAp/polyacrylate hybrid thin films. Surf. Coat.
Technol. 2017, 326, 316—326.

(45) Szerlauth, A; Balog, E.; Takdcs, D.; Saringer, S.; Varga, G.;
Schuszter, G.; Szilagyi, I. Self-assembly of delaminated layered double
hydroxide nanosheets for the recovery of lamellar structure. Colloid
Interface Sci. Commun. 2022, 46, 100564.

(46) Pavlovic, M; Nafradi, M.; Rouster, P.; Murath, S.; Szilagyi, 1.
Highly stable enzyme-mimicking nanocomposite of antioxidant
activity. J. Colloid Interface Sci. 2019, 543, 174—182.

(47) Somosi, Z.; Pavlovic, M.; Palinko, I; Szilagyi, I. Effect of
polyelectrolyte mono- and bilayer formation on the colloidal stability
of layered double hydroxide nanoparticles. Nanomaterials 2018, 8,
986.

(48) Ehrl, L.; Jia, Z.; Wu, H.; Lattuada, M.; Soos, M.; Morbidelli, M.
Role of counterion association in colloidal stability. Langmuir 2009,
25, 2696—2702.

(49) Takeshita, C.; Masuda, K; Kobayashi, M. The effect of
monovalent anion species on the aggregation and charging of
allophane clay nanoparticles. Colloid Surf. A—Physicochem. Eng. Asp.
2019, 577, 103—109.

(50) Evans, D. F.; Wennerstrom, H. The Colloidal Domain; John
Wiley: New York, 1999.

(51) Verwey, E. J. W.,; Overbeek, J. T. G. Theory of Stability of
Lyophobic Colloids; Elsevier: Amsterdam, 1948; pp 135—185.

(52) Derjaguin, B.; Landau, L. D. Theory of the stability of strongly
charged lyophobic sols and of the adhesion of strongly charged
particles in solutions of electrolytes. Acta Phys. Chim. 1941, 14, 633—
662.

(53) Trefalt, G.; Szilagyi, L; Borkovec, M. Poisson-Boltzmann
description of interaction forces and aggregation rates involving
charged colloidal particles in asymmetric electrolytes. J. Colloid
Interface Sci. 2013, 406, 111—120.

572

(54) Einarson, M. B.; Berg, J. C. Electrosteric stabilization of
colloidal latex dispersions. J. Colloid Interface Sci. 1993, 155, 165—172.

(85) Fritz, G.; Schadler, V.; Willenbacher, N.; Wagner, N. J.
Electrosteric stabilization of colloidal dispersions. Langmuir 2002, 18,
6381—6390.

(56) Blanchet, C. E.; Spilotros, A.; Schwemmer, F.; Graewert, M. A,;
Kikhney, A.; Jeffries, C. M.; Franke, D.; Mark, D.; Zengerle, R;
Cipriani, F.; Fiedler, S.; Roessle, M.; Svergun, D. 1. Versatile sample
environments and automation for biological solution X-ray scattering
experiments at the P12 beamline (PETRA III, DESY). J. Appl
Crystallogr. 2015, 48, 431—443.

(57) Wu, Q. L,; Sjastad, A. O.; Vistad, O. B.; Knudsen, K. D.; Roots,
J.; Pedersen, J. S.; Norby, P. Characterization of exfoliated layered
double hydroxide (LDH, Mg/Al = 3) nanosheets at high
concentrations in formamide. J. Mater. Chem. 2007, 17, 965—971.

(58) Doerge, D. R; Divi, R. L.; Churchwell, M. L Identification of
the colored guaiacol oxidation product produced by peroxidases. Anal.
Biochem. 1997, 250, 10—17.

(59) Johnson, K. A.; Goody, R. S. The original Michaelis constant:
Translation of the 1913 Michaelis-Menten paper. Biochemistry 2011,
50, 8264—8269.

(60) Pavlovic, M.; Rouster, P.; Somosi, Z.; Szilagyi, I. Horseradish
peroxidase-nanoclay hybrid particles of high functional and colloidal
stability. J. Colloid Interface Sci. 2018, 524, 114—121.

(61) Rouster, P.; Pavlovic, M.; Saringer, S.; Szilagyi, I. Function-
alized titania nanosheet dispersions of peroxidase activity. J. Phys.
Chem. C 2018, 122, 11455—11463.

(62) Saringer, S.; Rouster, P.; Szilagyi, . Co-immobilization of
antioxidant enzymes on titania nanosheets for reduction of oxidative
stress in colloid systems. J. Colloid Interface Sci. 2021, 590, 28—37.

(63) Beauchamp, C.; Fridovich, 1. Superoxide dismutase - improved
assays and an assay applicable to acrylamide gels. Anal. Biochem. 1971,
44, 276-287.

(64) Pavlovic, M.; Rouster, P.; Szilagyi, I. Synthesis and formulation
of functional bionanomaterials with superoxide dismutase activity.
Nanoscale 2017, 9, 369—379.

(65) Rouster, P.; Pavlovic, M; Szilagyi, . Immobilization of
Superoxide Dismutase on polyelectrolyte functionalized titania
nanosheets. ChemBiochem 2018, 19, 404—410.

(66) Katana, B.; Rouster, P.; Varga, G.; Muriéth, S.; Glinel, K.; Jonas,
A. M,; Szilagyi, I. Self-assembly of protamine biomacromolecule on
halloysite nanotubes for immobilization of superoxide dismutase
enzyme. ACS Appl. Bio Mater. 2020, 3, 522—530.

(67) Hadwan, M. H.; Abed, H. N. Data supporting the
spectrophotometric method for the estimation of catalase activity.
Data Brief 2016, 6, 194—199.

(68) Zhang, S. H; Jiang, Z. Y.; Zhang, W. Y.; Wang, X. L.; Shi, J. F.
Polymer-inorganic microcapsules fabricated by combining biomimetic
adhesion and bioinspired mineralization and their use for catalase
immobilization. Biochem. Eng. J. 2018, 93, 281—288.

(69) Pallagi, P.; Gorog, M.; Papp, N.; Madacsy, T.; Varga, A,; Crul,
T.; Szabo, V.; Molnar, M.; Dudas, K.; Grassalkovich, A.; Szederkenyi,
E.; Lazar, G.; Venglovecz, V.; Hegyi, P.; Maleth, J. Bile acid- and
ethanol-mediated activation of Orail damages pancreatic ductal
secretion in acute pancreatitis. J. Physiol.—London 2022, 600, 1631—
1650.

(70) Loor, G.; Kondapalli, J.; Schriewer, J. M.; Chandel, N. S.;
Vanden Hoek, T. L.; Schumacker, P. T. Menadione triggers cell death
through ROS-dependent mechanisms involving PARP activation
without requiring apoptosis. Free Radic. Biol. Med. 2010, 49, 1925—
1936.

(71) Incalza, M. A.; D’Oria, R; Natalicchio, A.; Perrini, S.; Laviola,
L.; Giorgino, F. Oxidative stress and reactive oxygen species in
endothelial dysfunction associated with cardiovascular and metabolic
diseases. Vasc. Pharmacol. 2018, 100, 1—19.

(72) Georgoulis, A; Vorgias, C. E.; Chrousos, G. P.; Rogakou, E. P.
Genome instability and y-H2AX. Int. J. Mol. Sci. 2017, 18, 1979.

(73) Yuan, J. S.; Adamski, R.; Chen, J. J. Focus on histone variant
H2AX: To be or not to be. FEBS Lett. 2010, 584, 3717—3724.

https://doi.org/10.1021/acsmaterialslett.2c00580
ACS Materials Lett. 2023, 5, 565—573



ACS Materials Letters

www.acsmaterialsletters.org

(74) Noubissi, F. K; McBride, A. A;; Leppert, H. G.; Millet, L. J.;
Wang, X. F,; Davern, S. M. Detection and quantification of y-H2AX
using a dissociation enhanced lanthanide fluorescence immunoassay.
Sci. Rep 2021, 11, 8945.

573

[ Recommended by ACS

Matrix Metalloproteinase-2-Induced Morphologic
Transformation of Self-Assembled Peptide Nanocarriers
Inhibits Tumor Growth and Metastasis

Juanjuan Cao, Jingkun Bai, et al.

FEBRUARY 23,2023

ACS MATERIALS LETTERS READ &

Inhalable Biomineralized Liposomes for Cyclic Ca?*-Burst-
Centered Endoplasmic Reticulum Stress Enhanced Lung
Cancer Ferroptosis Therapy

Fangqin Fu, Xin Pan, et al.

MARCH 08, 2023

ACS NANO READ @'

Optical and Antibacterial Properties of Chiral Arginine-
Stabilized ZnO Nanoparticles

Yuan Fan, Junchao Wei, et al.

MARCH 07, 2023

LANGMUIR READ @

Supermolecular Nanoentities of Vitamin B,, Derivative as a
Link in the Evolution of the Parent Molecules During Self-
Assembly at the Air—Water Interface

Larissa A. Maiorova, Peng Yang, et al.

FEBRUARY 20, 2023

LANGMUIR READ

Get More Suggestions >

https://doi.org/10.1021/acsmaterialslett.2c00580
ACS Materials Lett. 2023, 5, 565—573



