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1. Introduction

Reactive oxygen species (ROS) (e.g., hydrogen peroxide (H20.), hydroxyl radical
("OH), superoxide radical (O;")) play an important role in many vital physiological
processes in living organisms. They play a crucial role in cellular signaling, differentiation,
and regulation of cell death. However, when their concentration increases above normal
levels, oxidative stress occurs leading to lipid peroxidation, DNA damage, protein
denaturation, and many other severe consequences that are responsible for the development
of serious diseases such as cancer. To maintain optimal ROS levels, they are balanced with
antioxidants.

Antioxidants are molecules of various structures and sizes that can prevent or delay
ROS-induced harmful effects. Natural antioxidants have many different sources, they can be
extracted from plants such as fruits, vegetables, and herbs. Based on their structure, they are
divided into two main groups: enzymatic and molecular antioxidants. Enzymatic
antioxidants possess a well-defined protein structure, some with a catalytically active metal
ion in their active site, which is responsible for the antioxidant activity. The best-known
representatives are superoxide dismutase (SOD), glutathione peroxidase (GPx) and catalase
(CAT), which are responsible for the degradation of the superoxide radical anion and
hydrogen peroxide. Molecular antioxidants include, e.g., polyphenols, carotenoids and
vitamins which can react with ROS by electron transfer, H-atom transfer, or complexation.

Protection against ROS is required in many biomedical and industrial fields. Product
shelf life is important in industrial applications, such as paints, fuels, plastics, cosmetics, and
food, where antioxidants are important additives. For instance, they are applied in cosmetic
industry, endowing the products with anti-aging properties and extending their shelf life. In
addition to industry, there is a great potential for antioxidants to be used in some biomedical
treatments. Several research activities were devoted to the development of antioxidant
coatings for implants, or antioxidant treatments for various inflammatory conditions (e.g.,
inflammatory bowel disease). However, antioxidants have a major drawback; they are
sensitive to environmental conditions (e.g., pH, temperature, light) and mostly have limited
solubility, which makes their use difficult. To overcome such problems, many researchers
attempted to improve their stability and robustness by immobilizing molecular and
enzymatic antioxidants.

Layered double hydroxides (LDHs) served as potential host materials for the
immobilization of antioxidants. LDHs have a brucite-like (Mg(OH),) structure, with the
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difference that divalent cations are partially replaced by trivalent ones. This phenomenon,
the so-called isomorphous substitution make the layers positively charged, which is
compensated by hydrated interlayer anions. In addition to the original lamellar structure, the
delaminated form (dLDH) has also been extensively studied in the last decades. Nowadays,
many different synthesis strategies are known for the preparation of dLDHs, and their
structural modification has also been comprehensively studied. Due to the useful properties
of LDHs and dLDHs (e.g., remarkable anion exchange capacity, tunable structure,
biocompatibility) their applications have attracted great attention in many fields (e.g.,
catalysis, support materials, environmental remediation). Their tunable structure offers the
possibility of incorporating metal ions, originally located in the enzyme active centers, into
the layers. Furthermore, the anion exchange capacity enables the intercalation of
biomolecules among the LDH layers, while surface modification offers the possibility of
anchoring antioxidants, which is also a promising method to produce heterogeneous
antioxidant systems.

Development of artificial enzymes is also a possible solution to address the above
mentioned problems. Nowadays, several researchers work on the design of so-called
nanozymes, which can be defined as nanoparticles of enzyme-like potential. The first
nanomaterials with unexpected enzyme-like characteristics were metal-based nanoparticles
and since then, several different syntheses were developed to produce nanozymes with a
wide range of shape, size and composition. Eliminating natural enzymes from the industrial
processes can make the antioxidant treatments cost-effective, while nanoparticles also have
a lower sensitivity towards harsh environmental conditions compared to natural enzymes.

Heterogenization of antioxidants did not overcome all challenging problems.
Accordingly, nanoparticles should be well homogenized and form a stable colloidal
dispersion when used in a liquid phase. Therefore, studying and improving the colloidal
properties of such antioxidant dispersions is an important issue in the preparation of
heterogenized antioxidant systems. For instance, polyelectrolytes, i.e., highly charged
polymer chains, can be adsorbed on the nanozyme surfaces to stabilize their dispersion.
Functionalization with polyelectrolytes can prevent particle aggregation processes and thus,
produce fine, processable colloidal dispersions. The preparation of such a stable dispersion

is a critical issue in many applications, both in industrial and biomedical fields.
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2. Literature Review
2.1. Reactive oxygen species and antioxidants

ROS and reactive nitrogen species (RNS) are formed as free radicals and highly
reactive molecules by both endogenous and exogenous processes from molecular oxygen
and nitrogen species (Figure 1). Their production can be enhanced by exogenous sources,
like UV- or ionizing radiation, air pollution and cigarette smoke, but endogenous processes
such as the mitochondrial electron transport chain and inflammatory processes also
contribute to their formation.! The three main known ROS molecules are the hydrogen
peroxide (H20>), the superoxide radical anion (O>") and the hydroxyl radical (*OH). The
mitochondrial electron transport chain or the oxidation reaction of NADPH by enzymes are
responsible for the formation of O™, which is then converted to H.O2 by SOD. Under
normal conditions, they are present at a regulated level, but the increase of their
concentration can lead to molecular damage. The increased H>O» concentration can react
with transition metal ions forming *OH, which can easily cause lipid peroxidation.? It is
worth noting if ROS/RNS is present in normal concentrations in living organisms, they play
an important role in many physiological processes.® However, when there is an increase in
their concentration beyond their expected levels, oxidative stress can occur giving rise to

many serious problems, such as lipid peroxidation, DNA damage and protein denaturation.*
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Figure 1. Schematic representation of some endogenous and exogenous sources of
ROS/RNS and ROS/RNS-induced diseases.

To avoid the development of oxidative stress, living organisms have built an
antioxidant defense system to regulate the concentration of ROS and thus, the formation of
oxidative stress. Antioxidants are molecules that can delay or prevent the oxidation of

another substrate.! One way to classify antioxidants is by their solubility, e.g., water soluble
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and liposoluble antioxidants. Besides, they can also be grouped by their source. Some
antioxidants are external, while many are produced in the living organisms and hence they
are internal antioxidants. The most common distinction is based on their structure.
Enzymatic antioxidants have a well-defined protein structure, while molecular
representatives are organic molecules such as vitamins, carotenoids, and phenolic acids.> A
comprehensive interpretation of enzymatic and molecular antioxidants is presented in the

following subsections.
2.1.1. Molecular antioxidants

Molecular antioxidants can be divided into two main groups: natural and synthetic
antioxidants.® Synthetic antioxidants have been developed to mimic the activity of natural
antioxidant molecules. They are mainly used in the food industry to extend the shelf life of
various food products. The most known representatives are butylated hydroxyanisole
(BHA), butylated hydroxytoluene, tert-butylhydroquinone (TBHQ), propyl gallate and octyl
gallate. In commercial products, BHA is used to control fatty acid oxidation, while TBHQ
is present in many edible animal fats, vegetable oils and meat products. However, combined
use is also a popular method because of its synergistic effect. In recent decades, efforts were
made to replace them by natural antioxidants.’

8.9 vegetables,!? teas,!!

Natural antioxidants have many sources, such as fruits,
herbs'> 1* and seeds'* and they include vitamins, flavonoids, phenolic acids, carotenoids,
tannins and several other organic molecules.®’ The most known representatives of vitamins
are vitamin C and vitamin E, which are able to protect lipids from lipid peroxidation
processes by terminating the chain reactions of lipid peroxidation. After the reaction
occurred, vitamin C becomes a very stable radical. It can also neutralize the radical form of
vitamin E, which is produced during the reaction with lipid peroxyl radicals.!> Flavonoids
have many biological activities, such as anti-allergic, antiviral and also anti-inflammatory
effects. Moreover, they can act as antioxidants. Namely, they can interfere with the normal
operation of ROS producing enzymes (e.g., xanthine oxidase, protein kinase C), chelate
metal ions which are responsible for the formation of *OH radicals and reduce highly
reactive ROS molecules by hydrogen atom donation.'® Tannins are high molecular weight
phenolic compounds derived from plants.!” They are also known as antinutrients, because

they can precipitate proteins and inhibit enzymes and vitamins. However, they have several

beneficial biological properties, such as anticarcinogenic, antimicrobial and also antioxidant
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activity. Similar to the previously mentioned natural antioxidants, they can decompose the
ROS molecules by reducing them, chelate metal ions, and inhibit enzymes in a secondary
way.!8

In addition to the antioxidants already described, glutathione (GSH), a thiol
antioxidant, also has major impact in living organisms. It was found not only in plants, but
also in animal and human cells; it is present in high concentrations in the cytosol, nuclei, and
mitochondria. GSH can act as a cofactor for important intracellular enzymes (e.g., GPx), it
is able to reduce ROS molecules, involved in amino acid transport and can regenerate
vitamin C and vitamin E after their antioxidant action. GSH transforms into glutathione
disulfide (GSSG) upon operation and therefore, the GSH/GSSG ratio could serve as a

potential marker for oxidative stress.! !°

2.1.2. Antioxidant enzymes

Enzymes are catalytically active tertiary protein structures with molecular weight in
the range of 5 000 — 5 000 000 Da. Tertiary proteins are composed of 3-dimensionally
arranged polypeptides (a-helix, B-sheet, B-turn, random coil), derived from o-amino acids.
The catalyzed reaction takes place in the active site of the enzyme, called the active centre.?’
The structure of the active site defines the substrate that can bind to the enzyme, its shape
and charge allow high specificity for the substrate molecule. It is worth noting that although
most enzymes are composed only of proteins, many of them require cofactors for optimal
function. Both organic and inorganic molecules can act as cofactors, and in the case of the
former, the essential part can also be called a coenzyme (e.g., nicotinamide adenine
dinucleotide). Three theories are known for substrate binding, the “lock and key hypothesis”,
the “induced fit model” and the “conformational selection” theory. The first hypothesis
assumes a perfect fit of the substrate molecule, while the second assumes that the active site
is flexible enough to fit the substrate.?! The “conformational selection” claims that there is a
substrate-induced specific conformation change of the enzyme protein structure that enables
a highly selective interaction with the ligand.??> Many biological processes are catalyzed by
enzymes, and the main role of them is to reduce the activation energy and thus, accelerate
the reaction. The substrate molecule binds to the active center, and after the reaction
terminated, the product leaves the active site.?* >3
In addition to the molecular antioxidants already mentioned (Chapter 2.1.1.),

antioxidant enzymes are also involved in combating oxidative stress. The three main known
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antioxidant enzymes in living organisms are SOD, CAT and GPx.?*?° They operate with
cofactors such as copper(Il), zinc(II), iron(IIl) and selenium and are involved in scavenge of
ROS molecules. SOD was first described by Irwin Fridovich and Joe M. McCord in the
1960s.2® There are three types of SOD enzyme in the human body; Cu/Zn-SOD in the
cytosol, Mn-SOD in the mitochondria and extracellular SOD. The main function of SOD
enzyme is to convert the highly active O>" radical into Oz and H2O; (Figure 2). Mn-SOD is
essential for the normal operation of the human body, but Cu/Zn is not.?* The Cu/Zn type is
also present in other mammals, Gram-negative bacteria, and in plants, while Mn-SOD and

Fe-SOD are found in various types of bacteria.?’

2 HO 2 GSH\ .@ =
i s ol Glutathione = N
R 4] reductase
7 GPx | / HIO. 2 {HZOZ
- GSSG %
/N
/FS<:' P H2o7} HRe Hzo
s *"‘( ~ O i

Figure 2. The mechanism of SOD, CAT, GPx and HRP antioxidant enzymes.

CAT is composed of four subunits, each with the catalytically active protoporphyrin
(heme) moiety.?® It can enable the degradation of H2O to H,O and O, which occurs in a
two-step mechanism (Figure 2). Therefore, H>O> molecule reacts with the heme subunit to
form a porphyrin radical cation, which then reacts with a second H>O: molecule,
regenerating the original heme unit and producing H>O and 0,.%° Since the 1980s, the
existence of a non-heme containing CAT-type was also confirmed and obtained from many
types of bacteria. It is less sensitive to azide and cyanide inhibitors and also responsible for
the degradation of H>0,.?° GPx also reduces H,O> to water and oxygen and also responsible
for the degradation of other hydroperoxides (Figure 2). To maintain catalytic activity, each
noticed subunit contains selenocysteine residues, while GSH is an essential cofactor for the
normal function of GPx. During its operation, reaction with peroxide leads to the formation

of selenenic acid, which is then regenerated to its original form by GSH in several substeps.’
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In addition to CAT and GPx, a plant-based enzyme, namely horseradish peroxidase
(HRP), also possesses excellent peroxidase activity (Figure 2). Similar to CAT, HRP also
contains a heme residue supplemented by two calcium atoms connected by hydrogen bonds.
The presence of the calcium atoms significantly affects the normal operation of HRP, as the
loss of these atoms results in a loss of enzyme activity and thermal stability. As a peroxidase

enzyme, it converts H>O; into water in several substeps.>!

2.1.3. Application of antioxidants

There is an increased

~ Plastics

contemporary interest in  the

application of natural antioxidants in / Eool ’

various industrial and biomedical packaging

fields (Figure 3). The ROS

Potential
¢/ Application
Fields of
Antioxidants

scavenging effect of antioxidants can

be used in the food,**>¢ cosmetic,*”

39 40, 41 oi] 4244

polymer, and

industries, as well as in several
biomedical applications.***8
Nowadays, synthetic

antioxidants are still more favorable

in the food industry than their natural Figure 3. Schematic representation of the
counterparts because they are more  potential application areas of antioxidants.
stable, of higher performance, more cost-effective, and widely available. Despite the former
advantageous properties, safety concerns about synthetic antioxidants have been raised over
time, and several research focused on their replacement with natural antioxidants. However,
the strict safety regulations applied in the food industry do not facilitate their use.*
Antioxidants typically serve in the food industry as preservatives, to inhibit color changes
and extend shelf life,* or as additives in bioactive films®® and food packaging that protect
food from enzymatic browning and oxidative rancidity.!

Cosmetic products containing antioxidants have several beneficial effects on the skin.
These antioxidants are in the form of natural extracts such as cocoa, green tea, pomegranate

or grape extract, which contain various types of antioxidant molecules. These extracts are a

source of several dietary antioxidants such as catechins, galloyl residues and polyphenols,
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which may have antimicrobial, anti-inflammatory, and anticarcinogenic properties in
addition to their antioxidant effects.3* SOD is also a popular additive in cosmetics because it
can prevent hair greying, promote hair growth, reduce wrinkles and hyperpigmentation, and
also has an anti-aging effect.>

Natural antioxidants are also common additives in polymers to improve their
stability. Polymer oxidation occurs under the harsh conditions encountered during their
production, when free radicals are generated what can result in chain scission reactions,
crosslinking or autocatalysis of oxidation.*’ Based on polymer research data reported to date,
flavonoids are better stabilizers than the industrially applied hindered phenolic antioxidants.
However, several issues affect the effectiveness of antioxidants in industrial polymer
production nowadays. 44! In addition, the application of antioxidant enzymes is an essential
step in the commercial production of textiles. CAT is used in bleach cleaning processes,
while other peroxide enzymes are able to remove the excess dye in the appropriate
manufacturing steps.> >

Besides industrial processes, biomedical treatments are important applications of
antioxidants. For instance, ROS induced oxidative stress is significantly associated with
ischemic stroke. The brain is very sensitive to ROS-induced damage and thus, administration
of exogenous antioxidants may be a potential treatment for ischemia-related brain injury.
Several free radical scavengers (e.g., lipoic acid, N-acetylcysteine, edaravone, GSH
monoethyl ester) are in clinical or preclinical testing for the treatment of stroke; however,
the use of these compounds remains to be addressed (e.g., therapeutic time window, dose,

administration route).*

Many studies found that oxidative stress is an important
pathophysiological factor for inflammatory bowel disease in humans. Therefore, several
research efforts are focused on the antioxidant treatment of gastrointestinal inflammation.*¢-
* In clinical studies, supplementation of SOD also showed promising results in ROS-
induced processes. During the normal operation of SOD, H>O» is also formed. Therefore, in
some studies, the use of SOD was combined with CAT to eliminate the excess amount of
H>0,.%

Apart from the fact that antioxidants are promising additives in many applications,
their use has some limitations due to their disadvantageous properties (e.g. solubility
problems, sensitivity to environmental conditions). Their immobilization on host materials

can overcome these problems. One of the best known host materials are layered double

hydroxide (LDH) particles, which are presented in the followings.
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2.2. Layered double hydroxides

LDHs are usually presented as hydrotalcite-like materials or as anionic clays. Both
names refer to their structural properties, i.e., LDHs have a brucite-type [Mg(OH):] structure
with slight modification, and they also contain anions in the interlayer space. Since the
1960s, interest in LDH research has been growing. More and more scientists are studying
the structural aspects, structural modification, and potential applications of LDH particles.>®

The structure of LDH is

® M*/M* @ A™ ,
similar to brucite, however, divalent & H,O ¢ OH %8

metal cations are partially replaced by ~ Interlayer SP B
trivalent metal ions. The schematic Layer
representation of a typical LDH
particle is shown in Figure 4. The
metal ions are surrounded by an
octahedron formed by hydroxide ions,
while the octahedrons are connected
along their edges to form a sheet. The
metal hydroxide sheets stack on top of
each other to build up the lamellar
structure. The positive excess charge

of the layer forming sheets, which
Figure 4. Schematic representation of the

results from the isomorphous )
P structure of an LDH particle.

substitution, is compensated by the

interlayer hydrated anions. The general formula of an LDH is: [M%TXM,3(+(OH)2]"+[A“*]X/n X
y H,0, where M?* and M3" are di- and trivalent metal cations, respectively, while A" are the
interlayer anions.’® LDHs have several advantageous properties. Their structure is easily
tunable, the metal ion composition is widely variable, while the interlayer anions are also
exchangeable.

Several methods are known for the preparation of LDH particles. The most common
synthesis technique is the coprecipitation approach, in which a metal salt solution containing
di- and trivalent metal cations is mixed with an alkaline solution to form LDH particles in
the mixture. The urea hydrolysis method is another possible synthesis technique that uses
urea as an ammonia and carbonate source to precipitate metal ions as hydroxides.”> In

addition, the sol-gel method employs hydrolysis of alkoxide precursors and is particularly
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well suited for the preparation of nanoscale particles or LDH thin films.>” The structure of
LDHs is highly tunable, they can be synthesized in different M(II)/M(III) compositions,
moreover, the interlayer anions can also be changed. Several LDHs with various metal ion
compositions have been synthesized, the most common divalent metal cations are from Mg,
Mn, Fe, Co, Ni, Cu and Zn, and the most common trivalent ones are from Al, Mn, Fe, Co,
Ni, Cr and Ga. In addition, more specific compositions (e.g., Cd/Cr, Mg/In, Ba/Fe), LDHs
containing M(IV) metal ions (e.g., Ni/Ti, Fe/Ti), and ternary/multinary LDHs have already
been prepared in addition to binary systems.’® There are several ways to modify the LDH
structure after synthesis, e.g., anion-exchange, hydrothermal treatment, or the calcination-
rehydration process. Anion-exchange provides the opportunity to replace the intercalated
anions with other negatively charged ions or molecules. Hydrothermal treatment proposes a
better lateral size distribution, while rehydration also offers the possibility to intercalate
suitable negatively charged molecules among the layers. In addition, both methods can

control the surface area and the porosity of LDHs.>
2.2.1. 2D layered double hydroxide nanosheets

Beside the understanding of the fundamental properties, modification and potential
application of layered materials, their delamination and exfoliation became a new research
area in 2D materials science. The flagship in this field is graphene, the exfoliated form of
the layered graphite structure.®® In addition, clay minerals also consist of stacked layers that
form a lamellar structure. In recent decades, several methods have been worked out to
delaminate these structures and create nanosheets with large specific surface area, which is
a critical point in many applications.®!

Adachi-Pagano et al. was the pioneer in delamination of Zn,Al LDH particles using
dodecyl sulfate as an anionic surfactant and butanol as a solvent. After anion exchange, the
interlayer Cl” was replaced by dodecyl sulfate molecules leading to an expansion of the basal
spacing. The intercalation of organophilic anions, like fatty acid salts or anionic surfactants,
may give rise to the weakening of the van der Waals interactions between the layers and/or
hydrated anions and thus, to a stronger hydrophobicity of the interlamellar space enhancing
a more favored interaction with non-aqueous solvents. These properties can lead to the
exfoliation of LDH particles.®> ® Since the first described exfoliation process, several other
strategies have been published. The synthesis methods can be divided into two groups: top-

down and bottom-up methods. In the top-down method, the distance between the layers is
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first increased by the intercalation of a large anion, whereupon exfoliation takes place, while
the bottom-up technique is based on the direct synthesis of single layered nanosheets. The
delamination processes are usually based on the intercalation of surfactants, the application
of a polar solvent, the use of mechanical effects (e.g., ultrasound treatment) or a combination
of these methods.®* ® Formamide is a commonly used solvent for the preparation of
delaminated LDH particles. The synthesis is usually supported by ultrasonic treatment, but
the intercalation of amino acids could also support the delamination processes induced by
formamide.®®%® Other direct synthesis procedures are also used for the production of

 and lactate-

exfoliated LDH particles, like ammonium solution-induced preparation®
assisted exfoliation mechanisms.”®

Beside the comprehensive investigation of delamination processes, the restacking of
unilamellar LDH nanosheets in solid form has also been extensively studied. In most reports,
the original form of LDH was restored by evaporation or freeze-drying.®> !> However,
restacking can also be achieved by the addition of a polar solvent or multivalent anion in
colloidal dispersions of the nanosheets.®” 7 Notably, the restacking phenomenon and
mechanism were mostly studied in solid state. However, LDHs are often used in colloidal

dispersions, so it is necessary to investigate the restacking processes in colloidal systems in

more detail.
2.2.2. Application of layered double hydroxides

The aforementioned advantageous properties of LDHs (e.g., tunable structure, anion
exchange capacity, cost-effective preparation, biocompatibility) have led to their wide range
of applications in various fields. LDHs or their composites can be used in water remediation,
catalysis, polymer or sensor technology, ceramics, biomedical treatments and also in electro-
photoactive materials.5* 7>

Heavy metal pollution has become an increasing problem as they pose a threat to
animals and, via the food chain, to humans due to their bioaccumulation. Many scientists are
therefore focusing on the removal of such contaminants from wastewaters. In addition to
various nanomaterials studied, clay minerals have come to the forefront of interest in recent
decades (Figure 5). Due to their structural variability, high specific surface area and ion
exchange capacity, lamellar and exfoliated/delaminated LDHs have been proposed as

potential candidates for this purpose.’®”® MgAl LDH and its delaminated counterpart were
tested in Cr(VI) removal processes. The results showed that the MgAl LDH nanosheets are
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the most efficient ones to remove Cr(VI) due to their higher specific surface area caused by
delamination. The mechanism relied on adsorption and reconstruction of the original layered
structure, during which intercalation of Cr(VI) occurred due to the in-situ formation of
negatively charged Cr(VI)-containing complex anions.”® In another study, LDH particles
modified with cysteine (Cys) were used to improve the removal of Cu(II), Pb(IT) and Cd(II)
pollutants. Accordingly, —SH group in Cys is a soft base, capable of forming primary
chemical bonds with soft metals to form M — S bound. As a result, Cys-LDH showed a higher
affinity to metal ions and was therefore more effective in wastewater treatment than the
unmodified LDH particles.” In addition to the former systems discussed, several other types
8

of LDHs have been used for the removal of arsenic,”’ nitrate and dichromate ions,’® ionic

dyes,* but also for the removal of emerging contaminants, such as nanoplastics.?!-3

© toxic metal ions

OTHERS
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BIOMEDICAL APPLICATION

Fluo,
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q ent

Figure 5. Schematic representation of the possible applications of LDH nanoparticles.

Numerous studies have focused on the application of LDHs as catalysts in various
catalytic processes (Figure 5). One of the most common is epoxidation reaction, which
originally take place under harsh conditions. However, the use of LDH as a heterogeneous
catalyst could be a potential tool to facilitate this process. LDHs with different

84,85 and also with intercalated Mn-amino acid complex®® have already been

compositions
investigated and proved to be effective in epoxidation reactions. Nowadays, electrochemical
oxygen evolution reactions (OERs) are considered as a potential source of renewable energy.

The potential catalytic properties of NiFe and CoFe LDHs in OERs have been widely
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studied,’”®® but also Ru-doped CuCr LDHs” showed high catalytic activity in such
reactions. Beyond the two examples mentioned so far, different types of LDHs have been

91-93

shown to be potential catalysts also for various photocatalytic reactions and for other

organic reactions.”* %>

The most relevant application field to the present work is the potential use of LDHs
in biomedical processes (Figure 5). Due to their biocompatibility, bio-related applications
attract widespread contemporary attention.’®® The most common research areas related to
the biomedical application of LDHs concern bioimaging, drug delivery and tissue
engineering.”®!1% Despite their numerous advantageous properties, conventional materials
for bone tissue engineering (e.g., hydroxyapatite, polylactic acid, chitosan, collagen) do not
have osteoinductivity or the ability for drug delivery. Therefore, there is a need to develop
therapeutic bone scaffolds that possess these properties to improve bone regeneration. LDHs
could act as drug carriers in such scaffolds, in addition, the Mg(II) ions in the LDH structure
can also play an important role in bone metabolism. When incorporating LDH particles
intercalated with pifithrin-o. into a chitosan matrix, the obtained composite showed
promising performance in bone tissue regeneration increasing osteoinductivity.'®!
Magnesium could serve as a next-generation biomedical material; however, its clinical
application is hindered by corrosion. LDH provides a potential solution to this problem.
Coating Mg implants with LDHs makes the surface more resistant to corrosion, and
Mg/Zn/Al LDH also has an antibacterial effect due to the release of Zn.'> As mentioned
before, LDH can also serve as a drug carrier. Several types of drugs have been intercalated

among LDH layers or anchored on the LDH surface so far, to improve stability, and efficacy

of drugs or to control their distribution and release.!>!% LDHs could serve as carrier

103, 107 108, 109

particles for anti-inflammatory, antibiotic'% and anti-cancer agents. There are
numerous cases where antibiotics would be more effective if they were located directly at
the site of infection. Combining them with LDH particles and incorporating the composites
into polymeric matrices can therefore dictate their localization in living organisms and
control their release, thus improving the treatment of microbial diseases.!!’ In addition, the
combination of drugs/molecules for joint activity is a common tool in biomedical
applications. In cancer treatment, co-immobilization of anti-cancer drugs and biomarkers is
a common method to combine drug delivery with bioimaging, in which the active ingredient
and the fluorescent molecule is simultaneously anchored on the LDH particle.!!"> 11> The
immobilization of antioxidants in/on LDH particles is also an important area of LDH

research, which will be detailed in the next chapter.
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2.2.3. LDH-based antioxidant systems

As discussed earlier, considerable research activity has focused on the scavenge of
ROS molecules by antioxidants. However, several antioxidants are sensitive to
environmental conditions (e.g., pH, temperature, light), so it is necessary to increase their
stability and control their release, water solubility and efficacy. Among others, LDHs were
reported to be appropriate carriers for intercalation or adsorption of antioxidant substances

(Figure 6).'1?
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Figure 6. Schematic representation of the immobilization techniques on LDH host materials

LDHs served as protective carriers against environmental influences, like
temperature and light or improved limited water solubility of the antioxidant molecules by
encapsulating them. Ellagic acid is a phenolic compound that has excellent free radical
scavenging activity, but its applicability is hindered by its poor water solubility. LDH layers
allowed the host materials to mask its lipophilic character and offers the possibility of using
them at higher concentrations in aqueous media. However, its activity decreased after
intercalation, organic solvent treatment could improve the free radical scavenging activity,
thus it seemed to be a promising material for industrial and medical applications in aqueous
media.!'* Antioxidants are common additives in polymers to prevent polymer degradation.
However, their main disadvantages are sensitivity to light and heat as well as migration. By
intercalating Irganox 1425, a phenolic compound, into the LDH interlayer space and using
the composite as an additive in the polypropylene matrix, the thermal stability and the
antioxidant anti-migration ability were improved, extending the shelf life of the polymer.'"
The intercalation of 3-(3,5-di-tert-butyl-4-hydroxyphenyl) propionate into the LDH
interlayer gallery endowed polypropylene with similar properties, and was able to enhance
its thermal stability and extend its shelf-life.!'® 117 Gallic acid (GA) was also stabilized within

LDH layers. The GA was intercalated by the restacking mechanism of the delaminated LDH
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nanosheets. Upon intercalation, GA was released from the interlayer gallery in a controlled
manner. Moreover, it was also more resistant to UV irradiation, approximately twice as many
GA remained active after immobilization than in native form.!'® In addition to the formerly
mentioned antioxidant-LDH composites, vanillic acid, glutathione and ferulic acid were also
intercalated into the LDH interlamellar region to control their release and thus, localize their
antioxidant action.!!*12!

Another potential anchoring technique on LDH particles is the layer-by-layer (LbL)
technique (also known as sequential adsorption), which has become a widely investigated
area approach in the past few decades to prepare multicomponent materials and thin films.
The method is based on the adsorption of oppositely charged polyelectrolyte layers on the
surface of interest, building up a tunable characteristic. The immobilization of
polyelectrolytes can be based on electrostatic interactions, hydrogen bonding, coordination
bonding, charge transfer, hydrophobic interactions, or a combination of these. Nowadays,
the LbL technique is one of the most popular methods for functionalizing nanoparticles to
immobilize enzymes and proteins and to control and modify permeability and release.
Another unique feature of the LbL technique is the adsorption of different types of enzymes
and thus, the possibility to produce composites with multienzymatic activity.!??1?* SOD and

HRP have already been adsorbed on LDH surface individually!?> 126

and altogether by the
sequential adsorption method.'?” The adsorption of SOD on the LDH surface was based on
electrostatic interaction between the positively charged LDH surface and the negatively
charged enzyme. The adsorption was confirmed by Bradford test, indicating that no SOD
remained in the solution phase. The immobilized SOD maintained its radical scavenging
activity, moreover, the polyelectrolyte layer adsorbed on the outer surface of the composite
increased its stability.'** HRP was similarly anchored on LDH surface. However, since LDH
has a net positive charge, the charge of LDH was first tuned by heparin adsorption, resulting
in negatively charged particles. Thereafter, positively charged HRP (isoelectric point ~
8.8)!?% could be anchored on the heparin-coated particles and there was a negligible
difference in activity between native and immobilized enzyme. In addition, the composite
kept its influence over 6 days, which is important in many applications.'?*> To combine their
effect, SOD and HRP were adsorbed simultaneously on the LDH surface separated by
polyelectrolyte layers. Both enzymes remained active and the cascade showed remarkable
ROS scavenging ability in cellular measurements.'?” HRP was also immobilized on the LDH

surface parallel with gold nanoparticles, however, the simultaneous adsorption did not prove
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to be efficient, as the gold nanoparticles had an inhibitory effect on the normal operation of

the HRP enzyme.'?
2.2.4. LDH-based nanozymes

Although the immobilization of molecular or enzymatic antioxidants in/on LDHs is
a common method to endow nanoparticles with radical scavenger activity, artificial enzymes
without the use of natural representative have been intensively investigated in the past
decades. Nanozymes are nanoparticles with enzymatic activity that can be divided into two
subgroups. Type I nanozymes are the aforementioned immobilized enzymes on a solid
support, while type II nanozymes derived their activity from the nanoparticle without any
enzymatic modification. In the first half of 2000s, most studies dealing with nanozymes
investigated type I nanoparticles, while in 2022 the study of type Il nanozymes became more
popular.'*® Type II nanozymes of antioxidant effects are discussed below.

Several natural enzymes do not possess metal-containing components and do not
require metallic cofactors for optimal working conditions. Therefore, in addition to metal
oxide and metal sulfide materials, non-metallic nanoparticles also can possess enzyme-like
activity. However, most published nanozymes are metal-based nanoparticles that function
via electron transport reactions.'’! Initially, the focus was on redox systems mimicking
peroxidase, oxidase, catalase and superoxide dismutase enzymes, but later, hydrolase-like

nanozymes were also developed.'*? The first nanozymes were metal-based nanoparticles,

33 RE 5
b

such as iron-,'** noble meta copper-'* and cerium-based ones,'*® which possessed
peroxidase, oxidase or superoxide dismutase activity. Due to their layers built up by metal
ions, LDHs may represent a suitable structure for the preparation of metal-based enzyme
mimicking nanostructures.

Metal ion composition of LDHs allows them to act as both ROS generator and
scavenger nanoparticles. ZnMnAl,'*” MgAl doped with Ru single atom,'* NiCo'*® and FeCo
LDH'* nanoparticles with peroxidase-like activity and CoAl LDH®’ with SOD-like activity
have already been published in the literature. MgAl LDH doped with Ru single atoms
showed not only peroxidase-, but also multienzymatic activity. It could efficiently remove
02" and H203, and scavenge OH", NO® and 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals.
Furthermore, it showed excellent ROS scavenging activity in the cellular environment.!3®
ZnMnAl LDH functioned in the opposite way. Instead of neutralizing ROS molecules, it was

able to produce them by catalyzing the Fenton reaction. By producing ROS molecules, it can
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be applied in anti-cancer treatment, as the increased concentration of ROS can trigger cancer
cell death.!®” For CoAl LDH, the nanosheets with the as-prepared surface defects were
shown to have significantly higher SOD activity than the unmodified LDH particles. This
could be due to the more active sites generated by the surface defects. In addition to the
chemical test reactions, it showed remarkable ROS scavenging activity in cellular
measurements, so it appeared to be applicable against oxidative damage in the
mitochondria.®’

Although some examples of enzyme-like LDH particles were detailed in the previous
paragraph, there is still a lack of comprehensive investigation of LDH-based nanozymes, so
there is a need to produce stable, inexpensive and effective artificial enzymes. In most
applications, nanozymes and antioxidant-containing nanoparticles are used in dispersed
phase. One of the most important requirement for them is their stability, therefore, the
investigation of their colloidal behavior is a major aspect. Hence, the concept of colloidal

stability is introduced below.
2.3. Stability of colloidal- and nanoparticle dispersions

In the second half of the 1800s, Thomas Graham defined colloidal particles in the
size range of 1 nm - 1 um.'*! Colloidal systems are present in many forms; they can contain
all possible combinations of the three states of matter.'*!- 142 Nanoparticles are a subgroup of
colloidal particles that lie in the range of 1 — 100 nm in at least one of their dimensions.'*
Nanoparticles can be produced by fragmenting a solid particle (top-down method) or from
atoms or molecules through chemical reactions (bottom-up technique). These two
approaches include multiple methods such as different types of milling, chemical vapor
deposition, physical vapor deposition, chemical reduction, sol-gel method and
coprecipitation. The control of particle size, shape, size distribution and crystal structure are
among the most important aspects that should be considered in the synthesis of
nanoparticles. Improving purity and controlling aggregation are also crucial, as all of these
parameters can influence the behavior of the particles and thus, their applicability.!43 144

The stability of colloidal dispersions is an important aspect of their application in
liquid media. Aggregation of the particles leads to various unintended consequences, like
phase separation, limited storage stability and shelf life. Stable colloidal dispersions are also
important in biomedical applications where the formation of aggregates can have serious

consequences (e.g., thrombus formation and clogged veins). The most recent example
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nowadays is the Nobel Prize-winning COVID19 vaccine developed by Pfizer-BioNTech.
The mRNA-based vaccine was effective, safe and could be produced in large quantities,
however its long-term storage posed problems. The solution to this problem was a lipid
nanoparticle-based system, which resulted in a 12-week-long stability at room temperature
and a 24-week-long stability at 4°C for the system. This stabilization was a major step
forward in the development of the COVID19 vaccine as it significantly improved storage
stability.'*

The fundamentals of colloidal stability were described in the 1940s by two
independent research groups, Derjaguin and Landau'#® in the Soviet Union and Verwey and
Overbeek!*’ in the Netherlands as the so-called DLVO theory, derived from the first letters
of their names. This theory is based on the balance of attractive van der Waals forces and the
repulsive electrical double layer (EDL) forces between charged particles immersed in
electrolyte solutions. In order to explain the DLVO theory in more detail, first, EDL will be
defined as follows.!'!

In aqueous media, van der Waals forces acting between identical particles are
attractive. Therefore, there must be other repulsive forces present to prevent particle
aggregation and destabilization. This repulsive force is derived from the EDL. The EDL was
first modeled by Helmholtz with a very simple idea that the charged flat surface was
compensated with oppositely charged spatial counterions. Gouy, Chapman and Debye and
Hiickel completed this theory. They hypothesized that the average charge distribution and
the electrical potential function follow a Poisson-Boltzmann function, i.e., the potential
decreases exponentially away from the particle surface. Stern further modified this model
by combining the adsorbed charge compensating layer on the particle surface with the diffuse
layer slightly away from the surface.!*® 1 In some cases, a more precise representation of
the EDL is required, in which the Stern layer is divided into an inner and an outer Helmholtz
layer, which are divided by the inner and outer Helmholtz planes (IHP and OHP,
respectively). A more specific explanation is required for specifically adsorbed ions, whose
adsorption is not based solely on electrostatic forces, but which have a chemical affinity to

the surface.!°
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The DLVO theory describes the interaction between charged particles in liquid
media. Accordingly, the interaction is based on the attractive van der Waals forces and the
repulsive forces resulting from the overlap of the EDL. The DLVO theory states that the total
interaction energy (V(4)) between two particles at a distance of /4 above each other is the

sum of the van der Waals (Vvaw(#)) and the EDL potential energy (Vepr(h)):
V(h) = Vvaw(h) + Vepr(h) (1)

Later, the DLVO theory was completed by other, non-DLVO type forces, which also
contribute to the colloidal stability of particles in a dispersion. Among the non-DLVO forces
we can also classify steric, osmotic, hydration and Born forces.!>! Based on the Derjaguin

approximation, the van der Waals interaction energy for two spherical particles are:!'>?

HR

Vvaw(h)=~ 1+ (2)

, where H is the Hamaker constant, and R is the radius of the particles. Furthermore, the

repulsive force component of Eq. (1) can be defined as:
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VepL(h)= 2nReyek e ™ n (3)

, where &, 1s vacuum permittivity, ¢ is the dielectric constant of water, i/, is the diffuse layer

potential and xis the inverse Debye length, which can be calculated as:

2 Npe2l
K= / 2 (4)
808 kBT

, where N4 is the Avogadro constant, e is the elementary charge, [ is the ionic strength, k3 is

the Boltzmann constant, while T is the absolute temperature. 4! 152 133

The interaction energy as a function of the distance between the two particles is
shown in Figure 8 (A). At small distances, the van der Waals forces dominate, and the
potential energy has a primary minimum. By increasing the separation distance, the potential
energy function initially goes through a maximum (referred to as energy barrier), and after
a certain distance the system reaches a second minimum before it finally becomes constant.
The energy barrier, which derives from the superposition of the attractive van der Waals and
repulsive EDL forces, has a considerable influence on the colloidal stability of particle
dispersions. If the constantly moving particles come close enough to each other, they can
attach and form dimers. The screening effect of the ions due to the high ionic strength reduces
the repulsive forces derived from the EDL, so that the van der Waals forces dominate and
the energy barrier decreases. In contrast, at a low electrolyte concentration, the particles

cannot overcome the energy barrier and the system remains stable.!4! 152
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Figure 8. Schematic representation of the interaction potential energy as a function of the
separation distance between the particle surfaces (A) and the change in the aggregation rate
as a function of the salt concentration (B).
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Aggregation rate coefficient (k) can be used to describe the aggregation process.

Smoluchowski developed the relation for the diffusion controlled aggregation, which is

described as follows: 4% 151

8kpT
3n

k=22"=12x 10" m’s! (5)

, Where 7 is the viscosity of the solvent, while the numerical value is valid for the water
medium at 25 °C.

The aggregation rate is strongly related to the ionic strength of the dispersion
(Figure 8 (B)). At low electrolyte concentrations, the aggregation rate is low, or even
undetectable, whereas it begins to increase with increasing salt concentrations. Above a
certain salt concentration, each collision leads to aggregation and the aggregation rate
becomes constant. The first, increasing and the second, constant part are denoted as slow
and fast aggregation regimes and are separated by the critical coagulation concentration
(CCC). The CCC is an important parameter for describing the colloidal stability, i.e. it can

predict the salt-induced aggregation of a system in a certain medium.!*!
2.3.1. Tuning colloidal stability by polyelectrolyte adsorption

The colloidal stability also depends on DLVO forces, which can be induced by
surface modification with surface active substances. Among them, polyelectrolytes are
highly charged polymers that carry a covalently bonded cationic or anionic group and a
charge-compensating counterion in their chains.!®* They adsorb on oppositely charged
surfaces and form saturated and highly charged layers provided their dose is properly
adjusted. In the case of highly charged surfaces and polyelectrolytes, all macromolecules
adsorb on the oppositely charged surface at low polyelectrolyte doses and no polyelectrolyte
remains in the liquid phase. The adsorption initially has no significant effect on the charge
of the particles (Figure 9 (A)). However, by increasing the polyelectrolyte dose, it converts
to zero at the isoelectric point (IEP), while at higher doses overcharging occurs and the
particles become oppositely charged. At a threshold dose, the particle surface becomes
completely saturated and above this concentration, the excess amount of polyelectrolytes
remains in the liquid phase. The maximum amount of adsorbed polyelectrolyte is the onset

of the adsorption saturation plateau (ASP).!3
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Figure 9. Schematic representation of charging and stability properties as a function of
polyelectrolyte dose (A) and non-DLVO forces (B).

At low doses, where the particle charge is high, the EDL repulsion prevents
aggregation, and the dispersion is stable (Figure 9 (A)). By increasing the polyelectrolyte
dose, particles start to be neutralized and at the IEP the dispersion becomes unstable,
aggregate formation occurs. By further increasing the polyelectrolyte dose the particle
charge increases, whereby the electrostatic repulsion between the particles becomes
favorable again and the stability of the dispersion increases steeply.!*

Stable colloidal dispersions caused by polyelectrolyte adsorption are mainly due to
electrostatic repulsion, but other, non-DLVO forces can also affect stability (Figure 9 (B)).
In addition to electrostatic repulsion, steric repulsion can also enhance the colloidal stability
of the particles, furthermore it is not affected by the high salt concentration. The swollen
polyelectrolyte layer contains tails and loops on the particle surface, whose overlap causes
an osmotic pressure, thus an additional repulsion, which further prevents the formation of
aggregates. The joint effect of EDL and steric repulsion is denoted as electrosteric
stabilization.!>* 1% 157 In the case of unsaturated polyelectrolyte layers, an attractive
non-DLVO force can occur, known as the patch-charge force."”> '3 Accordingly,
polyelectrolytes can adsorb on the particle surface and form oppositely charged islands.
These islands are attracted by the non-covered bare surface charge of another particle leading
to an electrostatic attraction, which is not involved in the DLVO force profile. Similar to the
patch-charge effect, the bridging force can also lead to the destabilization of a colloidal
dispersion. Namely, when a polymer chain attaches to a particle, the end of the chain can

also adsorb to another nearby particle and form a bridge between them, leading to the
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formation of aggregates.'>® The third important destabilization phenomenon that can occur
due to polyelectrolytes is the depletion force. Unlike the previously mentioned non-DLVO
forces, the depletion force arises if polyelectrolyte concentration is high and significant
amount of polyelectrolytes remain dissolved in the solution phase. In this case, the difference
in osmotic pressure within the interparticle space and in the bulk solution can lead to

aggregation, and thus destabilization of the dispersion. '’

2.3.2. Colloidal stability of LDH particles

In several studies, the stabilization ability of polyelectrolytes on different types of
colloidal particles were investigated. In most cases, the polyelectrolyte adsorption gave rise
to an oppositely charged particle surface, which increased the colloidal stability due to
electrostatic or steric interactions. The colloidal stability of LDH particles were enhanced by

159 poly(ethylene imine),!>® poly(acrylamide-co-diallyl

functionalization with heparin,
dimethyl ammonium chloride),!>® protamine sulfate.!>® Of the previously mentioned
molecules, heparin (a well-known anticoagulant) is a promising polyelectrolyte for
stabilizing LDHs and can improve the biomedical application of the particles. By choosing
the appropriate amount of heparin, overcharging occurred and the LDHs were completely
covered by the polyelectrolyte. The experimentally determined surface charge densities were
twice as high for the coated particles as for the bare ones, resulting in 20 times higher CCC
values for the functionalized LDHs. In addition to the repulsive electrostatic forces, the steric
repulsion between the swollen polyelectrolyte chains is also become significant. Therefore,
polyelectrolyte coating, such as heparin, can cause significantly higher dispersion stability,
promising a potential carrier for biomedical applications.'>

It was also shown that colloidal stability can be improved by the adsorption of
polyelectrolyte-bilayer coating. The aggregation properties of the poly(styrene sulfonate)
coated LDH particles followed the DLVO theory, and the CCC values increased steeply
compared to the bare particles. However, after adsorption of the second polyelectrolyte
((poly(dyallil dimethyl ammonium chloride)) layer, the colloidal behavior of the system was
atypical. The formation of the polyelectrolyte bilayer resulted in steric rather than
electrostatic stabilization, which possessed higher stability for the system. This overall can
even lead to a such stable system that the high ionic strength was unable to destabilize.!*°

Several studies are focusing on the stabilization of LDHs with other suitable

161, 162

materials, like proteins or polysaccharides.'® Serum albumin is one of the most
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important protein found in blood plasma of mammals. Bovine serum albumin (BSA), the
animal variant of serum albumin, was successfully immobilized on the LDH surface,
possessing higher colloidal stability for the nanoparticles. The BSA-coated LDH
nanoparticles remained stable in electrolyte solution, furthermore, the coating also enhanced
the cellular uptake efficiency.!®' Another study showed, that the protein corona formed by
albumin not only protects the particles from aggregation, but also prevents their dissolution
at acidic pH, and thus offers the possibility of prolonged circulation in physiological
fluids.'6? Alginate, a negatively charged natural polysaccharide found in brown algae, can
form strong interactions with the positively charged LDH nanosheet surfaces. Through the
functionalization, the exfoliated LDHs were effectively stabilized, the formation of the

original stacked structure was hindered by the saturated polysaccharide layers.'®
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3. Objectives

The main goal of the doctoral research was to produce LDH-based nanomaterials to
combat ROS. Colloidal and structural features of dLDH and LDH particles were
systematically designed and studied, while surface functionalization and structural
modification were applied to endow the nanomaterials with antioxidant activity, which was
assessed in both chemical test reactions and intracellular assays. The sub-objectives can be
summarized as follows.

First, the restacking and aggregation mechanisms of delaminated LDH nanosheets
were aimed to study in the presence of monovalent salt. The main question was to determine
experimental condition, at which the lamellar structure forms of delaminates.

Second, immobilization of antioxidant enzymes (HRP, SOD, CAT) on the
delaminated nanosheet surfaces were aimed to be performed by the sequential adsorption
method. The enzymes were separated by Alg and trimethyl chitosan (TMC) polyelectrolyte
layers to enhance enzyme adsorption on the particle surface, and tune the particle charge.

Third, molecular antioxidants were subjected to immobilization in/on LDH particles,
to develop antioxidant composites with advantageous colloidal, structural and scavenging
properties.

Fourth, LDH particles with enzyme-like characteristics, i.e., LDH nanozymes, were
prepared by tuning their metal ion composition. The main question was whether or not such
a single phase LDH nanozyme is able to exhibit multiple enzyme mimetic features.

In summary, the detailed characterization of the colloidal behavior of dLDH
nanosheets can enhance their possible application in water remediation processes. However,
the immobilization of molecular and enzymatic antioxidants and the structural modification
of LDH nanoparticles propose their use in biomedical or industrial processes, where ROS

elimination is an important aspect.
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4. Experimental Part

4.1. Materials

The following reagents were purchased in analytical grade and were not further purified

before application. The solutions were prepared in ultrapure water produced with a Puranity

TU 3 UV/UF+ (VWR) device. To remove insoluble impurities, the water and salt solutions

were filtered using a Millex syringe filter of 0.1 um pore size. The experiments were carried

out at 25 °C.

Table 1. Reagents used in the experiments with formula and manufacturer.

Name/Abbreviation Formula Manufacturer
Magnesium nitrate hexahydrate Mg(NO3)2 x 6 H20 VWR International
Aluminium nitrate nonahydrate AI(NO3); x 9 H20 VWR International
Ammonium solution (ca. 25 %) NH; VWR International
Sodium hydroxide solution (4 M) NaOH VWR International
Tannic acid (TA) C76Hs52046 VWR International
Glutathione (GSH) Ci10H17N306S VWR International
Magnesium chloride hexahydrate MgClL x 6 H20 VWR International
Copper chloride dihydrate CuCl2 x 2 H20 VWR International
Aluminium chloride hexahydrate AlCI3 x 6 H20 VWR International
Sodium hydroxide pellets NaOH VWR International
Sodium chloride NaCl VWR International
Sodium alginate (Alg) (CsHgOp)n VWR International

University of
Trimethyl chitosan (TMC) (CoH1sCINOW), Queensland (L.

Toth’s research

group)
(Ssugc]a)r;)mde dismutase from bovine liver Sigma Aldrich
Horseradish peroxidase (HRP) - VWR International
Catalase from bovine liver (CAT) — Sigma Aldrich
2,2-diphenyl-1-picrylhydrazyl (DPPH) C1sH12N50¢ VWR International
Methanol CH3;0H VWR International
Nitro blue tetrazolium (NBT) C40H30C12N1006 VWR International
Xanthine CsH4N4O2 VWR International
Xanthine oxidase — Sigma Aldrich
Disodium hydrogen phosphate anhydrous Na;HPO4 VWR International
Sodium dihydrogen phosphate NaH2POq4 VWR International
Hydrogen peroxide (30 wt%) H>0O2 VWR International
Guaiacol C7HsO2 VWR International
Ammonium molybdate (para) (NH4)6M07024 X 4 H, O VWR International
tetrahydrate
(2H72 Slé%h]l)(j;())d1hydroﬂuoresceln diacetate CosHicClLO- Sigma Aldrich
Triton-X-100 C14H220(C2H40), Sigma Aldrich
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Anti-HRP monoclonal antibody — Sigma Aldrich
Glucose oxidase — Sigma Aldrich
Glucose CsH1206 Sigma Aldrich
Cysteamine hydrochloride HSCH>CH>NH> Sigma Aldrich
Dulbecco’s  modified eagle medium Gibco
(DMEM)

10% fetal bovine serum (FBS) — Gibco
Kanamycin sulfate C1sH3sN4015S Gibco
Antibiotic-antimycotic solution — Gibco
GlutaMaxTM supplement — Gibco
Dulbecco’s phosphate buffer saline (PBS) — Gibco

Alexa Fluor 488 Goat anti-Rabbit
secondary antibody
Goat anti-Rabbit Alexa Fluor 568
secondary antibody
Donkey anti-Mouse Alexa Fluor 647
secondary antibody

Thermo Scientific

Thermo Scientific

Thermo Scientific

4’,6-diamidino-2-phenylindole (DAPI) Ci6Hi15N5 Invitrogen
Anti-CAT — Invitrogen
Anti-SOD — Invitrogen
Filter set for 2°,7’-bis-(2-carboxyethyl)-5-

(and-6)-carboxyfluorescein — Biotium
acetoxymethyl ester (BCECF-AM)

4% Paraformaldehyde OH(CH20),H Alfa Aeser

10 % bovine serum albumin in PBS
(BSA-PBS)

Primary antibody against yH2AX histone

Human cervical adenocarcinoma (HeLa)
cells

Pan-Biotech

Cell Signalling
Technology

ATCC

4.2. Synthesis methods

4.2.1. Preparation of delaminated layered double hydroxide particles

The synthesis of dLDH dispersion was based on the protocol of Zhang et. al.* A
mixed metal salt solution, containing 0.225 mol/L Mg(NOs), x 6 H2O and 0.075 mol/L
AI(NO:3)3 * 9 H>0, was added dropwise to a beaker simultaneously with 7 wt% NH3 solution
under vigorous stirring and N> atmosphere. Thereafter, the obtained slurry was stirred for 5
min followed by ultrasonication of 30 min and centrifugation of 10 min at 4200 rpm. The
sample was washed three times with deionized water, thereafter a final centrifugation step
was performed with the former mentioned settings to remove trace amounts of aggregates.
The following experiments based on dLDH particles were performed with the resulting

supernatant.
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4.2.2. Preparation of layered double hydroxide particles

Mg2Al LDH particles were synthesized by a coprecipitation method. A mixed salt
solution with a total salt concentration of 0.3 mol/L (0.2 mol/L Mg(NO3)2 x 6 H2O and 0.1
mol/L AI(NO3)3 x 9 H,O) was stirred vigorously under N2 atmosphere. The pH of was set to
10 by adding the proper amount of 4 mol/L NaOH solution. After a stirring of 30 min, the
solution was centrifuged and redispersed. The LDH dispersion was transferred to an
autoclave for 24 h at 120 °C. The final product was centrifuged, washed three times with
deionized water and dried in an oven at 50 °C overnight. For the further use, the LDH powder

was dispersed in ultrapure water.
4.2.3. Preparation of tannic acid (TA) and GSH containing LDH particles

Two independent methods (adsorption and coprecipitation) were used to immobilize
TA and GSH in/on MgxAl LDH particles. The structure of TA and GSH is shown in
Figure 10. First, the adsorption method was carried out in 10 mL of 0.1 mol/L tannic acid
solution. 0.5 g LDH powder was redispersed in the antioxidant solution and was stirred at
room temperature under N2 atmosphere overnight. The sample was then centrifuged at 4200
rpm for 10 min, washed three times with deionized water and the slurry was dried in an oven
at 50 °C overnight. The final composite was denoted as LDH/TA/a. The same procedure was

applied for the GSH-containing sample, which is denoted as LDH/GSH/a in the following.

OH

HO OH HO OH O
OH SH
HO o} o] [0} ‘/ (0]
o o HO : NH/Y OH
o} o) OH ’i”"z 8
o} < 0
HO 4 o) ) OH (B)
o u--<:>—0 0
HO o] / o}
VAR
o) o]
HO o OH
0 9 H;
HO OH HO o HO NH ; OH
N \(\NH M
O HO OH
HO o OH o 0 o
1

S
o] (o] (o]
o r
HOMNH/\”/NHAOH
NH, ! (C)
Figure 10. Structure of TA (A), GSH (B) and disulfide form of GSH (GSSG) (C)'**
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The coprecipitation method was similar to that described above.
0.01 mol/L Mg(NO3)2 * 6 H>0, 0.005 mol/L AI(NO3)3 * 9 H>O and 0.005 mol/L. GSH were
dissolved in 50 mL ultrapure water. The vigorously stirred, appropriate amount of 4 mol/L
NaOH solution was added to the solution under a N> atmosphere to adjust the pH to 10. After
a 24-hour-long stirring, the sample was centrifuged (4200 rpm, 10 minutes) and washed three
times with deionized water. The slurry was collected and dried in an oven at 50 °C overnight.
The as-prepared sample was denoted as LDH/GSH/c. The same procedure was used for the
TA-containing sample, however, the TA concentration in the salt solution was 0.0005 mol/L.
The TA-containing sample was denoted as LDH/TA/c.

To compare the antioxidant structures before and after synthesis, the antioxidant
solutions were treated with NaOH. 0.005 mol GSH and 0.0005 mol TA were dissolved in
distilled water of 50 mL. The pH of the solutions was set to 10 with 4 mol/L. NaOH/1 mol/L

HCI solutions, then the solutions were dried in an oven at 60 °C overnight.
4.2.4. Preparation of copper containing LDH nanoparticles

CuxMg3xAl LDH nanoparticles were synthesized by a modified coprecipitation
method. A solution with an initial metal salt concentration of 0.8 mol/L (total 0.6 mol/L of
MgCl> x 6 H2O and CuClz x 2 H2O, 0.2 mol/L AlICI; x 6 H2O) was prepared in 5 mL of
distilled water. The ratio of divalent to trivalent metal ions was set to 3:1, while the initial
ratio of Mg : Cu was systematically varied (x = 0.2, 0.4, 0.6). The mixed salt solution was
added to 20 mL of 0.4 mol/L NaOH solution with vigorous stirring. After a 40-min-long
stirring, the solution was centrifuged (4200 rpm, 10 minutes), washed three times with
distilled water. The slurry was redispersed in 20 mL distilled water, transferred to an
autoclave and treated at an autogenic pressure at 100 °C overnight. The resulting dispersion
was centrifuged (4200 rpm, 15 minutes) and the supernatant was used in the following. The
copper-containing samples were denoted as CMA1, CMA2 and CMA3, in which the
numbers represent the increasing copper content.

For control measurements, Mgz Al LDH was also prepared using a similar procedure.
In this case, a salt solution containing 0.6 mol/L MgCl> x 6 H2O and 0.2 mol/L AICl; x 6
H>0 was added to 20 mL of 0.4 mol/L NaOH solution. After 40 min stirring, the solution
was centrifuged (4200 rpm, 10 minutes) and washed three times. The slurry was redispersed

in 20 mL distilled water and used for the following experiments.
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4.3. Light scattering methods

Electrophoretic light scattering (ELS) and dynamic light scattering (DLS)
measurements were performed with a Litesizer 500 (Anton Paar) instrument, equipped with
a40 mW laser source operating at 658 nm wavelength. All measurements were taken in back
scattering mode at a scattering angle of 175°. For the ELS measurements, Q-shaped plastic
cuvettes of 400 pL total volume were used, while for DLS measurements, polystyrene plastic

cuvettes of 2 mL total volume were used.

4.3.1. Surface charge and aggregation assessment in salt solutions

For the salt-induced ELS measurements, appropriate amounts of ultrapure water,
NaCl and particle dispersion were used. The particle concentration was set to 10 ppm for all
systems, while the NaCl concentration was systematically varied. The final volume of the
mixtures was 2 mL and the pH was 7. After the samples were equilibrated for an appropriate
time, the zeta potentials () were calculated from the measured values of electrophoretic

mobility (u) using the Smoluchowski’s equation:'*°

_exXgyx

e n

(6)

, where ¢ is the relative permittivity of water, &9 is the permittivity of vacuum, and 7 is the
dynamic viscosity of the solvent.
To determine surface charge densities (o) zeta potentials were plotted against NaCl

concentration and the points were fitted with Gouy-Chapman equation:'*?

2xkgxTxgxgyxx

. € X
X Slnh—C
[§ 2 xkgxT

(¢}

(7)

, where kg is the Boltzmann constant, 7 is the absolute temperature, « is the inverse Debye

length and e is the elemental charge.

Sample preparation for the DLS measurements was similar to the ELS procedure,
except that monitoring of the hydrodynamic radius (Ry) in time started right after the mixing
of reaction component. The particle size was determined using the cumulant fit applied to

the intensity correlation function, then R values were calculated based on Einstein-Stokes

equation from the translation diffusion coefficient (D):!%
. kB x T
Rh_6><n><n><D (8)
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Colloidal stability was estimated based on the stability ratio versus NaCl

concentration diagrams. Stability ratio was calculated based on the following equation:'>

_ Kfast
W=— )

, Where k is the apparent aggregation rate determined by fitting the change of R in time
caused by particle aggregation,'®® while ks is the fast aggregation regime, measured at
1 mol/L. NaCl concentration, at which repulsive double layer forces are screened, and
diffusion-controlled aggregation occurred. Note that stability ratio close to one means, that
the dispersion is unstable, all particle collision result formation of dimers.

Critical coagulation concentrations (CCCs), which terminates the slow and fast
aggregation regime, were calculated from the stability ratio versus NaCl concentration

diagrams with the following equation:

ccc )—B

Cs

W=1+( (10)

, where ¢ is the NaCl concentration, and £ is the slope of the stability ratio in the slow

aggregation regime.
4.3.2. Polyelectrolyte and enzyme immobilization by sequential adsorption method

To produce enzymatically active nanocomposites, dLDH nanosheets were
functionalized with three antioxidant enzymes (SOD, HRP and CAT). The enzymes were
separated with two polyelectrolyte layers, Alg and TMC. The appropriate amount of
polyelectrolytes and enzymes were simply mixed with the calculated amount of dLDH
dispersion and equilibrated at room temperature overnight to obtain the saturated layers. The
polyelectrolyte and enzyme doses were chosen based on the ELS measurements, keeping the
particle concentration at 10 mg/L, adjusting the pH to 7, and using 1 mM NaCl as
background electrolyte. The polyelectrolytes and enzymes were immobilized in the
following order (the dose applied during immobilization is indicated in the brackets): dLDH
— Alg (300 mg/g) — HRP (10 mg/g) — TMC (400 mg/g) — SOD (10 mg/g) — CAT (10 mg/g).
Note that mg/g means the adsorbed mg polyelectrolyte/enzyme on 1 g dLDH particle. The
final composite was denoted as dLDHaHtSC. ELS and DLS measurements with the

composite were performed as described earlier.
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4.4. Turbidity measurements

Turbidity measurements were also performed to assess the colloidal stability of the
dLDH dispersion. The measurements were carried out with a UV-3100PC
spectrophotometer (VWR) at 340 nm wavelength. Similar to DLS measurements, calculated
amounts of water, dLDH dispersion and NaCl were mixed to adjust the reaction mixture.
The final dLDH concentration was set to 2000 mg/L for the critical coagulation time (CCT)
studies, while 50 mg/L for the stability ratio measurements. The samples were constantly
stirred during the measurements. Stability ratios were calculated likewise to DLS
measurements; however, first, relative turbidity was estimated:

== (11)

To

, where 7 is the turbidity of the reaction mixture, while 7 is the turbidity of dLDH dispersion.
Calculating relative turbidity values, stability ratios can be described with the

following equation:
W= Tr_fast (12)

Tr

, where fast refers to the fast aggregation as it described earlier for DLS measurements.
4.5. Antioxidant tests
4.5.1. DPPH assay

The radical scavenging activity of LDH/Ta/a, LDH/TA/c, LDH/GSH/a and
LDH/GSH/c as well as native TA and GSH was revealed by the DPPH assay.'®” The test is
based on the color change occurred by the reduction of the DPPH radical to DPPH-H (Figure
11).

NO, NO,
N=N NO, + AO-H —» N—N NO, + AO-
NO, NO,

Figure 11. Schematic representation of the reaction between the DPPH radical and the
antioxidants. The colors represent the color change during the reaction.
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During the test, 3.5 mL of 20 mg/L DPPH solution was completed to 3.6 mL with the
test samples. The color change is also visible to the naked eye, the initially purple solution
turns yellow after an appropriate time. The concentration of the samples was systematically
varied, while the absorbance was measured at A = 517 nm, the absorption maximum of
DPPH. After the DPPH solution was mixed with the antioxidants, the reaction mixture was
allowed to stand until the absorbance reached a constant value when the reaction was
considered to be completed. The absorbance was monitored by a Genesys 10S UV-Vis

spectrophotometer. Based on the change in absorbance values, the remaining percentage of

DPPH (DPPH (%)) could be calculated:
A
DPPH (%) = — (13)
Ao

, where Ay is the initial absorbance of DPPH without antioxidant in the solution, and 4 is the
absorbance value after the reaction is completed.

For LDH containing samples the following, corrected equation was used:

- Asample

A
DPPH (%) =— (14)
0

, where Asampie 18 absorbance value measured for the LDH dispersion without the addition of
DPPH solution to detect any light scattering effect.

By plotting DPPH (%) as a function of the antioxidant concentration, the efficient
concentration (ECso) values could be determined. ECso is the antioxidant concentration,
responsible for the decomposition of half of the radicals present in the reaction mixture. The
standard deviation determined based on three independent measurements was within 5 %.

The recyclability test was only measured with the LDH/TA/a sample. For these
measurements the total volume of the reaction mixture was 15 mL, including
4.2 mg LDH/TA/a, and the DPPH concentration was adjusted to 23.3 mg/L (as in the original
protocol). To estimate the reusability of the sample, after the appropriate reaction time, 1.5
mL reaction mixture was removed from the solution, and the absorbance was measured.
Then the concentration of the reaction mixture was set back to 23.3 mg/L, by completing the
reaction mixture to 15 mL. These steps were repeated until the activity of the sample
decreased significantly. The calculation was performed in a similar way as described above,
but here the reduced DPPH (%) was plotted against the recycling number. For a better
understanding, reduced DPPH (%) means the amount of DPPH that reacted with the

antioxidant:
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Reduced DPPH (%) = 100 % — DPPH (%) (15)
4.5.2. SOD assay

Fridovich assay'®® to estimate the SOD activity of the samples was measured on
dLDHaHtSC and on CMA1-3 samples. The assay is based on the reaction of xanthine and
xanthine oxidase. The reaction of xanthine with xanthine oxidase produces superoxide
radicals that can be readily detected with the aid of the dye nitro blue tetrazolium (NBT).

The schematic representation of the reaction is shown in Figure 12.

Xanthine 20, Formazan
+ dye
o, \ /
Xanthine
oxidase
(XOD)
. . NBT
Uric acid 20,

+

H,0, l

Superoxide dismutase
(SOD)

O, +H.,0,

Figure 12. Schematic representation of the reaction mechanism in the SOD assay. The colors
represent the color change due to the oxidation of NBT.

The final reaction mixture consisted of 100 pL xanthine (3 mM), 150 uL xanthine
oxidase (3 g/L), 50 uL NBT (3 mM) in phosphate buffer (10 mM). This mixture was
completed to total volume of 1.5 mL with SOD, dLDHaHtSC and CMA1-3 samples. The
concentration of the active ingredient was systematically varied in the reaction mixture. After
mixing the reaction components, the absorbance was monitored at 565 nm wavelength for 6
minutes using a Genesys 10S UV-Vis spectrophotometer. The inhibition of the superoxide

radical anion was calculated with the following equation:

[ DA - A
AAg

(16)

, where 4A4; is the change in absorbance measured with the sample, and 44 is the change in

absorbance value without any enzymatically active ingredient.
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Fitting the inhibition values plotted against the enzyme concentration, inhibitory
concentration (ICso) values can be determined. ICso value is the enzyme concentration

responsible for the decomposition of 50 % of the superoxide radicals in the reaction mixture.
4.5.3. HRP assay

The guaiacol assay'®® was performed to detect the HRP-like activity of the
dLDHaHtSC samples. During the reaction mechanism, HRP reacts with the H>O» in the
reaction mixture. Due to the decomposition of H>O> to molecular oxygen and water, oxygen
can oxidize guaiacol to tetra-guaiacol, while the color of the solution changes to brownish.

The schematic representation of the reaction mechanism is shown on Figure 13.
H,CO OCH,

OCH,

OH Horseradish

peroxidase _
+2 H,0, > +8H,0

Guaiacol
0O—0O

H,CO OCH,
Tetraguaiacol

Figure 13. Schematic representation of the reaction mechanism in the guaiacol assay.

125 pL phosphate buffer (100 mM), 125 uplL enzyme or composite (enzyme
concentration was kept at 1 mg/L), 350 uL H>2O> (9 mM) was completed to total volume of
1.2 mL with guaiacol substrate at various concentrations. The absorbance was monitored at
470 nm for 6 minutes with a Genesys 10S spectrophotometer. The reaction rates (v)
(calculated from the absorbance vs reaction time diagrams) were plotted as a function of

substrate concentration (S) and the Michaelis-Menten function was used to fit the data:'”

Vmax S
V=—— 1
Ky+S 7
, where viuqy 1s the maximum reaction rate, and Ky is the Michaelis constant.
39

University of Szeged



Doctoral (Ph.D.) Thesis

4.5.4. CAT assay

A simple spectrophotometric assay based on the reaction between H>O: and
ammonium molybdate was performed to estimate the catalase activity.!”! The reaction of
H>0; and ammonium molybdate forms a yellow-colored complex with an absorption
maximum at 350 nm. The reaction mixture contained 3 mM H>O», while the enzyme and
dLDHaHtSc or CMA1-3 concentration was altered. After 3 minutes, the reaction between
the enzymes/nanozymes was stopped by adding the required amount of ammonium
molybdate solution. The ammonium molybdate concentration was set to 25.4 mM in the
reaction mixture. The remaining H>O> (%) can be calculated based on the difference of the
absorbance values between the initial and the final states. The ECso values were calculated

based on the fitted H2O2 (%) values plotted against the enzyme/nanozyme concentration.
4.6. Measurement techniques
4.6.1. Structural characterization

A Bruker D8 Advanced diffractometer with CuKa (A = 0.1542 nm) as a radiation
source was used for recording the XRD patterns of the dLDH and CMA particles. The
measurement was operated at ambient temperature in a 20 = 5 — 80°range applying a step
size of 0.02°.

For LDH, LDH/TA/a, LDH/TA/c, LDH/GSH/a and LDH/GSH/c a Rigaku XRD-
Miniflex II instrument operating also with CuKa (A = 0.1542 nm) wavelength and 40 kW
accelerating voltage at 30 mA. The diffractograms were recorded in a 20 = 3 — 80°range
applying 2°/min scan speed. XRD patterns were identified by JCPDS database.

Bragg’s law!"”? was applied to calculate the basal distance (d):
nxA=2xdxsind (18)

, where 7 is the diffraction order and @is the angle of incidence.

The c crystal parameter for CMA samples with hexagonal crystal structure was calculated

with the following equation:

1

7 p
dij a

4 21 1
= * (h?+ k?+hxk)+ 12 x () ] X = (19)
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, where a and c are the crystal parameters, while 4,k and / defines the orientation of the

distinguished plane.

Small angle X-ray scattering (SAXS) measurements were carried out for dLDH and
for the subsystems of the dLDHaHtSC samples at the EMBL BioSAXS synchrotron
beamline P12.'”> The samples were measured at five different particle concentrations,
namely 0.2 mg/mL, 0.4 mg/mL, 0.8 mg/mL, 1.0 mg/mL and 1.2 mg/mL. The scattering curve
of the powder LDH sample was recorded with a bench-top SAXS device, operated with a
position-sensitive detector (PSD 50M, M. Braun AG) containing 1024 channels of 55 um in
width. The CuKa radiation (A = 0.15406 nm) was generated by a Philips PW1830 X-ray

generator operating at 40 kV and 30 mA. The scattering vector (h) was defined as:!™ 173
h=4xx xsin® x A ? (20)
, where @is the half of the scattering angle.
To analyze the results, the equation of Porod law was applied:
I(h)y=1o x hS (21)

, where [ is the scattered intensity and S is the slope, which describes the shape of the

scattering curve at certain angles.

The infrared spectra for LDH, LDH/TA/a, LDH/TA/c, LDH/GSH/a and LDH/GSH/c
were recorded using a Nicolett™ Summit FT-IR spectrophotometer (Nicolet Instrument
Company) in attenuated total reflectance (ATR) detection mode. The instrument is equipped
with a ZnSe-based ATR accessory. The spectra were recorded in the 4000 — 400 cm ™' range
with a resolution of 4 cm™ collecting and averaging 16 total scans. The IR spectra of the
samples were taken after reaction with the DPPH radical were measured under the same
conditions, after centrifugation and drying. The same settings were also used for the samples

treated with NaOH.

The Raman spectra were recorded with a Bruker Senterra II Raman microscope. For
LDH/TA/a and LDH/TA/c, the spectra were taken with a light source operated at 532 nm
wavelength and 12.5 mW laser power, while for LDH/GSH/a and LDH/GSH/c, the
wavelength was set to 785 nm and the laser power was 100 mW. The final data were obtained
by averaging 32 spectra at an exposition time of 4 s. The Raman spectra for the samples

collected after the reaction with the DPPH radical were measured under the same conditions
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after the centrifugation and drying step. The same settings were used for NaOH treated
samples as well.

The CMAT1-3 samples were measured with the same instrument, by using 532 nm
wavelength and 12.5 mW laser power. To obtain the final data, 16 spectra were averaged

with an exposition time of 10 s.

UV-Vis and NIR spectra were measured for GSH and TA containing samples with a
SHIMADZU UV-36001 Plus UV-vis-NIR spectrophotometer. The instrument is equipped
with PMT, InGaAs and PbS detectors. The spectra were collected in the 50000 — 6000 cm ™

range with 4 cm™! resolution.

X-ray photoelectron spectroscopy (XPS) measurements for CMA1-3 samples were
performed on a SPECS instrument equipped with a PHOIBOS 150 MCD 9 hemispherical
analyzer. The electron energy analyzer was operated in fixed analyzer transmission (FAT)
mode with 40 eV pass energy for acquiring survey scans and 20 eV for high resolution scans.
The excitation source was an Al Ka (hv = 1486.6 eV) radiation operated at 150 W power.
The sample charging was compensated with an electron flood-gun (adventitious carbon 1s
peak was monitored and set at 284.8 eV). Spectrum evaluation was carried on with a

CasaXPS commercial software package.'”®

The specific surface area of the dLDH samples was calculated from measurements
with a NOVA3000 (Quantachrome, USA) gas adsorption system using N> adsorbate. The
gel-phase samples (to avoid unwanted aggregation) were outgassed under vacuum for 16 h
at 25°C before the measurements. The surface areas were calculated using the Brunauer-

Emett-Teller method in the relative pressure range of 0.05 — 0.65.
4.6.2. Morphological characterization

Atomic force microscopy (AFM) images were taken to characterize the dLDH
particles before, during and after restacking. The images were recorded by a Multimode
Nanoscope Illa AFM instrument. The device was operated in tapping mode at ambient
temperature in air using Si tip cantilever (Veeco Nanoprobe Tips RTESPA model). To deposit
the dispersions, a freshly cleaved mica substrate was used (Ted Pella, Highest Grade VI).

Transmission electron microscopy (TEM) images were collected with a FEI Tecnai™

G? 20X Twin type electron microscope. A copper-carbon mesh grid was used as a substrate
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for the particle dispersions and 200 kV accelerating voltage was used for the imaging in the

bright field mode.

Scanning electron microscope (SEM) images for TA and GSH containing samples
were recorded by a Hitachi S-4700 SEM device operating with 10 kV accelerating voltage.
The samples were immobilized on a silicon wafer, and a thin gold layer was deposited on

the surface to improve the conductivity of the surface.
4.6.3. Fluorescence lifetime measurements

Time-correlated single photon counting (TCSPC) based fluorescent lifetime
microscopy (FLIM) measurements were performed for MA and CMA1-3 samples to confirm
copper incorporation. The instrument is equipped with a PicoQuant upgrade kit installed into
a (LSM) Nikon C2+ laser scanning confocal unit. The excitation wavelength of the
picosecond laser diode was 560 nm with a repetition of 20 MHz. The sample was scanned
with a high numerical aperture objective (Nikon CFI Plan Apo Lambda 60x Oil, NA:1.4),
and the emitted fluorescence light was spectrally filtered with bandpass filter (ET600/50m,
Chroma). The instrument is equipped with a PMA Hybrid 40 detector unit having <120 ps
response time and >40% detection efficiency. The dimension of the scanned area was 30 x
30 um? (256 x 256 pixels), and >10° photons were collected for precise lifetime calculations.
The dispersions were mounted on a cavity microscope slide and covered with a standard
(170 um thick) microscope coverslip. The data were collected >5 um above the coverslip,
where the sample was homogeneous. For all post processing evaluation SymPhoTime 64

software (PicoQuant) was used.
4.6.4. Thermogravimeter coupled mass spectrometry measurements

The antioxidant content in TA and GSH containing samples were determined by a
Pfeiffer QMS 200 type mass spectrometer coupled with a Setaram LABSYS type
thermogravimetric instrument (TG-MS). The measurements were carried out under N>

atmosphere, and the heating rate was set to 10 °C/minute in 30 — 1000 °C temperature range.
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4.7. Cellular measurements
4.7.1. Cell line

HeLa cells (ATCC-CCL-2) were grown in DMEM containing 10 % FBS, 1X
Kanamycin sulfate, 1X Antibiotic-Antimycotic solution and 1X GlutaMaxTM supplement.

Cells were grown in a humidified incubator at 37 °C in 95 % relative humidity and 5 % COs,.
4.7.2. Apoptosis/necrosis cell viability assay

Apoptosis/necrosis detection assay kit (Abcam) were taking place to determine cell
death. First, HeLa cells were plated onto cover glass in a 6-well plate and treated with the
appropriate amount of dLDHaHtSC (20 mg/L) and CMA3 (5 mg/L) samples for 30 minutes.
After the treatment with the active components, the cells were washed twice with the assay
buffer followed by incubation in a reaction mixture containing 100-time diluted Apopxin
Green, 200-time diluted 7-AAD, and 200-time diluted Cytocalcein 450 in assay buffer for
30 minutes at 37 °C in a humidified incubator. Apopxin Green can detect apoptotic, 7-AAD
the necrotic, while Cytocalcein Violet the healthy cells. After the cells were washed twice
with fresh assay buffer, they were measured with a Zeiss LSM 880 confocal microscope at
excitation/emission wavelength of 490/525 nm for Apopxin Green, 550/650 nm for 7-AAD,
and 405/450 nm for Cytocalcein Violet 450.

4.7.3. CellTiter-Glo® 3D cell viability assay

The CellTiter-Glo® 3D cell viability assay is based on the quantification of the
adenosine triphosphate (ATP) level in cell cultures, which could serve as a marker of the
normal, metabolically active cells. The amount of ATP detected is in line with the number of
viable cells present in the culture. The assay is based on the sign caused by the luciferase
enzyme that can generate a stable “glow-type” luminescent signal.

The kit was removed from -20 °C and placed to +4 °C overnight. The assay buffer
was equilibrated at room temperature for 30 minutes before the experiments. HeLa cells
were plated onto a white, flat-bottomed microplate at 1 x 10a cell/well density. After the cells
reached 80-90 % confluency, the cells were washed with warm sterile DPBS to remove
culturing media. After the supernatant was removed, the cells were treated with the adjusted
concentration of the CMA nanozymes in warm Hepes for 1 hour at 37 °C in a humidified

atmosphere. The supernatant was removed, and the cells were washed with warm Hepes.
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100 pL/well CellTiter-Glo® 3D reagent was added to the well and the microplates were
transferred to a BMG Fluostar Optima Microplate Reader at room temperature. The reaction
mixture was being shaken for 5 min and the measurements started after 25 min activation
time. Data were normalized to protein mass concentration measured by Bradford protein
assay. 4 uL from the 10-times diluted samples was mixed with 196 uL Bradford reagents in
a flat bottom and transparent microplate. The microplate was transferred to a BMG Fluostar
Optima microplate reader at room temperature. The measurement was started after 5 min

mild shaking and the absorbance was measured at 595 nm wavelength.

4.7.4. Intracellular oxidative stress detection assay

Intracellular ROS concentration measurements based on former experiments.!'?’

First, cells were incubated with the appropriate amount of the active material (20 mg/L
dLDHaHtSC and 5 mg/L CMA3) for 30 minutes (from which 20 minutes was loading with
the oxidative stress generator H2ZDCFDA). After preincubation, cells were plated onto cover
glasses and mounted on and Olympus IC71 fluorescent microscope equipped with an MT-
20 illumination system. Cells were initially perfused with HEPES buffer only (pH 7.5, 2
minutes), which was followed by the perfusion of 50 uM menadione in the same HEPES
buffer. The excitation wavelength was 495 nm, while the emission wavelength was 525 nm.
The fluorescent signals were collected for the appropriate time with 5 s intervals. Filter set

for BCECF-AM was described elsewhere.'”’
4.7.5. Evaluating intracellular ROS and superoxide levels

During ROS/superoxide level detection assay an oxidative stress detection reagent
(Green, EX/Em 490/525 nm) and a superoxide detection reagent (Orange, Ex/Em 550/620
nm) was applied to detect ROS and superoxide molecules. The HeLa cells were grown on a
glass bottom 96 well black microplate in 1x 10* cell/well density. The treatments were
performed at 37 °C under a humidified atmosphere. Cells were treated with CMA samples
of an appropriate concentration for 1 hour, then the cells were washed with warm Hepes.
Thereafter the cells were treated with 50 uM menadione for 15 min and then with the
fluorescent dyes for 30 min. The intracellular fluorescence levels were detected by a BMG

Optima Fluostar Microplate Reader at sufficient excitation/emission wavelengths.
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4.7.6. ROS induced DNA double strand break visualization

The HeLa cells grown on cover glasses were incubated with 20 mg/L. dLDHaHtSC
for 30 minutes. The cells were first washed with 1X PBS, then were treated with 50 uM
H>O. in Hela feeding media for 40 minutes. Thereafter the cells were fixed in 4%
paraformaldehyde in PBS for 15 minutes and then washed in 1X PBS for 3 % 5 minutes.
Antigen retrieval was performed by 0.01% Triton-X-100 for 15 minutes which was followed
another washing step (1X PBS, 3 X 5 minutes). Cells were blocked with 10% BSA-PBS for
2 h at 37 °C, then the primary antibody against yH2AX histone (diluted in 1:400 with 10%
BSA-PBS) was administered, and then it was incubated at 4 °C overnight. After a washing
step (1X PBS for 3 x 5 minutes) secondary antibody (Alexa Fluor 488 Goat anti-Rabbit) was
used in 1:800 dilution with 10% BSA-PBS and incubated for 3 h at room temperature under
light protection. Nuclear staining and mounting were carried out at the same time with
ProLong™ Gold Antifade mounting medium DAPI and microscope slides (Fisher
Scientific). Fiji ImageJ2 (Version: 2.3.0/153f) software was used for statistical analysis,

while number and intensity values of yYH2AX were calculated by Foci Picker3D plug-in.

4.7.7. Direct stochastic optical reconstruction microscopy (dSTORM) measurements to

detect cell penetration

The dSTORM images were collected with a Nanoimager S (Oxford Nanoimaging
ONI Ltd) instrument. The HeLa cells were treated, fixed, permeabilized and the nonspecific
binding sites were blocked as described above for yH2AX immunofluorescence labelling.
The anti-CAT, anti-SOD1 antibodies were used with anti-HRP monoclonal antibody in dual
labelling setups to determine double positive enzyme particles. The primary antibodies were
diluted in 1:200 ratio with 10% BSA-PBS and applied along with the samples after an
incubation of 4 °C carried out overnight. Then the samples were washed (3 x 10 minutes)
with 1X PBS. 1:400 dilution with 10% BSA-PBS of Goat anti-Rabbit Alexa Fluor 568 and
Donkey anti-Mouse Alexa Fluor 647 secondary antibodies were used, followed by another
washing step with sterile 1X PBS (3 x 10 minutes). Thereafter, the cover glasses were placed
on cavity slides (Sigma) filled with blinking buffer (100 U glucose oxidase, 2000 U CAT,
55.56 mM glucose, 100 mM cysteamine hydrochloride in 1 mL sterile PBS) and sealed with

two-component adhesive (Picodent).
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4.7.8. Statistical analysis of cellular measurements

GraphPad Prism software was used for statistical analysis. All data are expressed as
+ standard error of the mean. Parametric and nonparametric tests were used based on the
normality of data distribution. The P value below 0.05 was considered statistically significant

(determined by GraphPad Prism software).
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5. Results and Discussion

5.1. Recovery of the lamellar structure of dLDH particles in the presence of monovalent

electrolytes

The main subject of this chapter is the study of the restacking mechanism of dLDH
particles. First, the restacking mechanism was investigated by DLS and turbidity
measurements, while it was further confirmed by AFM and XRD results. The addition of
electrolyte solution led to the reconstruction of the lamellar LDH structure, which was
followed by randomly oriented aggregation. After demonstrating the recovery procedure of
dLDH particles, the salt-induced aggregation mechanism of the lamellar form was also

investigated.
5.1.1. Structural characterization of dLDH particles

As described in the Chapter 4.2.1., a general procedure was used to synthesize the
dLDH dispersion. To confirm the delaminated structure of the dLDH particles, first, XRD
measurements were carried out. The XRD pattern collected for the dLDH dispersion is

shown in Figure 14 (A).
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Figure 14. X-ray diffractogram (A) AFM (B) and TEM (C) image of dLDH particles. The
graph below the AFM image shows the thickness of the labelled particles. The light blue
arrows in the TEM image represent the thickness of the particles.!”®

It can be concluded that no characteristic reflection appeared on the diffractogram,
indicating the presence of LDH nanosheets in the dispersion. Moreover, the presence of two
characteristic reflections around 61° 20 value confirmed the formation of unilamellar dLDH
particles.®” The thickness of the dLDH nanosheets determined from AFM images was (1.75
+ 0.25) nm (Figure 14 (B)) thus the particles were composed of only 2-3 double hydroxide
layers.!” The TEM image (Figure 14 (C)) further confirmed the presence of dLDH
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nanosheets, as the thickness determined from the particles oriented perpendicular to the
viewer was (1.75 £ 0.33) nm. This value showed excellent agreement with the thickness
determined from the AFM results.

The 2D nanosheet structure of the dLDH particles was also revealed by SAXS
measurements, where solid LDH particles were measured using a benchtop SAXS device,
while dLDH dispersions (at 3 different concentrations) were analyzed at the EMBL
BioSAXS synchrotron beamline (Hamburg, Germany). The results clearly show the
difference between dLDH nanosheets and lamellar LDH particles. For an ideal two-phase
structure with a smooth surface of an individual lamella, the scattering intensity has an
asymptotic behavior (Figure 15 (A)), however, any discrepancy (e.g., electron density
fluctuation, stacked structure) can cause a positive deviation from the asymptotic feature
(Figure 15 (B)).!7+ 175139 Quantification of the results with the Porod’s law (Eq. 21.), a slope
equal to 4 at h > 0.5 nm! scattering angles unambiguously indicated the flat surface (i.e.,
single nanosheet with a smooth surface), while the divergence from the power law h™

referred to the stacked, lamellar structure.
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Figure 15. Scattering intensity (I(h)) versus scattering vector (h) for dLDH dispersions (A)
and LDH particles (B).!8!

5.1.2. Salt-induced restacking and aggregation mechanism of dLDH particles

In order to understand the restacking and aggregation mechanisms of the dLDH
particles, salt-induced DLS measurements were carried out. The particle concentration was
kept constant (10 mg/L), while the salt concentration was systematically varied. Time-

resolved DLS measurements tracked the change in hydrodynamic radii over time at different
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NaCl doses (Figure 16 (A)). No change in size was observed at low NaCl concentration, i.e.,
the dispersion was stable. However, with increasing electrolyte concentrations in the reaction
mixture, the hydrodynamic radii started to increase after a certain time. Accordingly, the
time-resolved plots could be divided into two parts. In the first regime, no change occurred
in particle size, but in the second regime the hydrodynamic radii increased steeply. The time
that divided the aggregation process into two well distinct regimes was referred to as the
critical coagulation time (CCT). The change in particle size in the second regime was in

good agreement with the DLVO theory (see Chapter 2.3.).146
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Figure 16. Hydrodynamic radius as a function of time, measured by DLS (A) and the
schematic representation of the restacking and aggregation mechanisms in time (B). The
yellow dashed-line circles represent the spheres that can be drawn around the restacked and
aggregated dLDH particles.!”

Considering that aggregation must start immediately with the addition of electrolyte
to the reaction mixture, the constant radius data in the first regime can be explained as
follows. The hydrodynamic radius for plate-like particles can be defined as the largest
dimension of the scattering object. As represented in Figure 16 (B), the hydrodynamic radius
of dLDH particles is equal to the radius of a sphere that can be drawn around the solvated
particles. Therefore, no significant change was detected in the case of the restacking of the
nanosheets since the contribution of the thickness to the radius is minor. The main driving
force for the formation of the original stacked LDH structure is the attachment of solvent
water molecules to the metal hydroxide layers, resulting in hydrogen bonds between the
nanosheets.'®? After restacking, i.e., after CCT, the particles start to randomly aggregate and

form house-of-card clusters, leading to a significant increase in the hydrodynamic radii.!®
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With increasing NaCl concentration, the initial lag phase became shorter, while after
50 mM NaCl concentration it completely disappeared, as the addition of electrolyte caused
rapid (shorter than the time scale of one DLS run) restacking and aggregation.

The same phenomenon was observed in turbidity measurements. The change in
relative turbidity could be divided into two regimes separated by a well-defined breakpoint,
denoted also as CCT (Figure 17 (A)). Such a technique can also be used to study colloidal
stability as it is very sensitive to changes in both particle size and concentration, even for
non-spherical particles. Since the initial dLDH dispersion is relatively transparent for
turbidity measurements, restacking led to a stronger scattering effect, hence a significant
increase in relative turbidity. After rebuilding the original lamellar structure beyond the CCT,
the steep increase in turbidity slowed down and the change became less significant. This
second regime was again assigned to the formation of house-of-cards aggregates and hence,

the tendencies in turbidity and hydrodynamic radius were qualitatively very similar.
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Figure 17. Relative turbidity as a function of time (A) and CCT values calculated based on
DLS and turbidity measurements as a function of NaCl concentration (B).!”

The formation of lamellar and randomly oriented aggregates is similar to chemical
precipitation occurs in highly supersaturated solutions. The crystal growth process ends with
anucleation step, in which a small number of ions, atoms or molecules (denoted as reactants)
became arranged, providing building blocks for the subsequent crystal growth. This
explanation implies that dLDHs are reactants that first form the lamellar structured subunits
(LDHs), whose further random aggregation resulted in the final product, as in the

polynuclear crystal growth mechanism. It is therefore assumed that the two regimes can be
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defined as oriented and random aggregation phases, as the turbidity CCT values became
smaller with increasing electrolyte concentrations in the reaction mixture.

To illustrate the relation between data from DLS and turbidity measurements, the
change in CCT values as a function of the concentration showed a similar tendency
(Figure 17 (B)). There is a difference in the absolute CCT values due to the fact that turbidity
is less sensitive than the DLS method and therefore a 200-times higher dLDH concentration
was used in these measurements. It can be assumed that aggregation may occur at this high
particle concentration, however, the XRD measurements shown in Figure 14 (A) were
carried out under similar conditions. As mentioned earlier, shorter first regimes were
observed for both methods by increasing the salt concentration and thus, CCTs decreased
significantly by increasing the ionic strength. Despite the difference in the absolute CCT
values, the trend remained the same for both methods, and the exponents of the fitted
exponential functions overlap within the experimental error (—0.051 £ 0.004 and —0.048 +
0.003 for DLS and turbidity measurements, respectively). This further strengthens the
argument that the dLDH particles aggregated with similar mechanisms in DLS and turbidity

methods and hence, both methods were useful to study such a phenomenon.
5.1.3. Confirmation of the restacking mechanism by AFM and XRD measurements

To further evaluate the restacking mechanism followed by random aggregation
processes, AFM and XRD measurements were carried out. The AFM images of the dLDH
particles mixed with salt solution were recorded at different time intervals and the
corresponding height profiles are shown in Figure 18 (A). The addition of the salt solution
caused first the restacking of the lamellar structure, while after a certain time to the
aggregation of the LDH particles. The thickness systematically increased with the time and
after 3 minutes, it was (6.02 = 0.75) nm indicating the formation of the lamellar structure.
The lateral size of the particles did not change significantly in the restacking regime, further
strengthening the DLS results and confirming why the hydrodynamic radii did not change
during the formation of the lamellar structure. After 20 minutes, when the particles reached

the aggregation phase (i.e., after CCT), large clusters were detected on the AFM micrograph.
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Figure 18. AFM images and height profiles of dLDH particles mixed with NaCl solution
recorded in different time intervals indicated above the images (A). Layer thickness as a
function of time after adjusting the NaCl concentration to 30 mM (B). The dotted line
represents the linear trend for the first three thickness values, while the solid line corresponds
to the fitted function.!”®

The tendency in layer thickness over time is shown in Figure 18 (B). The thickness
increased linearly within a short period, while the curve reached a plateau after a certain
time. The tendency in layer thickness also confirmed the hypothesis that nanosheet
restacking occurred in the first regime, while larger aggregates formed after CCT. After a
time interval of 20 minutes, the average thickness was (18.42 +5.21) nm. The formation of
the saturation plateau further confirms our theory about the formation of house-of-cards
aggregates, namely, unlike the growing layer thickness, the lateral dimension of the formed
aggregates was significantly larger, than that of the individual particles.

XRD measurements were also performed at 30 mM and 50 mM salt concentrations
(Figure 19). There was no significant difference between the diffractograms of the dLDH
particles and those recorded 3 minutes after the 30 mM NaCl concentration was adjusted, as
the few layers that were restacked did not show the appearance of the characteristic
reflections of the LDHs. After 10 and 20 minutes, the reflections of the LDH-like structure
appeared and their intensity increased with time, while at 50 mM concentration, well-defined
reflections appeared immediately after mixing the particle dispersion with the NaCl solution.
The specific surface areas calculated from the N> adsorption isotherms are shown in the
corresponding diffractograms. The values agreed well with the ones for the specific surface
area data found in the literature.'®* Besides, these data are in good agreement with the
number of the layers stacked on top of each other, because after restacking/aggregation, the
specific surface area of the LDH particles decreased significantly. The TEM image recorded

on the aggregated LDHs 20 min after maintaining the 30 mM NaCl concentration is shown
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in Figure S1. The morphology of the restacked, and aggregated LDH particles formed

flower-like motifs, similar to the organic solvent-treated LDH particles reported earlier.!®*
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Figure 19. XRD diffractograms recorded at 3 min (a), 10 min (b) and 20 min (d) after setting
the salt concentration to 30 mM and immediately after setting the 50 mM NaCl
concentration. The specific surface area values are also indicated.!”®

In summary, results from both experimental techniques established the presence of a
two-step restacking/aggregation mechanism for dLDH in the presence of monovalent salt.
Data from AFM, XRD and the specific surface area measurements showed a good
correlation with the tendencies obtained from the DLS and turbidity measurements. The
development of the lamellar LDH structure was followed by the formation of randomly

oriented aggregates, where the two regimes are separated by a well-defined boundary (CCT).
5.1.4. Determination of colloidal stability from DLS and turbidity measurements

Colloidal stability and charging properties were also studied by DLS and turbidity
measurements. The zeta potential values were determined in a wide range of NaCl
concentrations (inset of Figure 20). The charge of the particles decreased with increasing
electrolyte concentration and remained positive in the concentration range studied. The
experimental data were fitted with the Gouy-Chapman model (Eq. 7), which describes the
change in potentials of the electrical double layer at different ionic strengths. Note that the
deviation at lower salt concentrations is due to the limitation of the Gouy-Chapman model,
namely that it is suitable for the range of high electrolyte concentrations.!** The model

provides a consistent approximation to the charge density at the slip plane at higher ionic
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strengths, which in the case of the dLDH particles was +18 mC/m?. This value was in good

agreement with other data found in the literature for LDH particles. '8 18
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Figure 20. Stability ratios, determined in time-resolved DLS (blue squares) and turbidity
(yellow spheres) measurements as a function of NaCl concentration. The inset shows the
zeta potential values obtained under the same experimental conditions. The zeta potential
values were fitted by the Eq. 7, while the stability data were fitted by the Eq. 10.!"

Finally, the salt-induced aggregation rates were determined and the stability ratios
were calculated and plotted against NaCl concentration (Figure 20). The tendencies in data
obtained from the two methods showed similarity. First, the dispersions were stable at low
electrolyte concentrations, then slow aggregation occurred when the salt concentration
increased, which was followed by rapid particle aggregation after the CCC. The change in
hydrodynamic radius is shown in Figure 16 (A), while the change in relative turbidity values
is presented in Figure S2. The CCCs determined from turbidity (16 mM) and DLS (20 mM)
measurements were in good agreement. Such CCC values are in line with former CCCs
determined for LDH particle dispersions. The results clearly indicate the presence of DLVO-

type forces.!8% 18

5.2. Functionalization of dLDH particles with antioxidant enzymes

After exploring the structural and colloidal properties of the dLDH dispersions, three
antioxidant enzymes (HRP, SOD, CAT) were immobilized within an LDH-based composite
using polyelectrolytes (Alg, TMC) in the sequential adsorption method monitored by ELS

measurements. After anchoring the enzymes on the particle surface, chemical test reactions
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and subsequent cellular measurements were carried out to evaluate the ROS decomposition

ability of the nanocomposite.
5.2.1. Immobilization of polyelectrolytes and antioxidant enzymes

First, the dLDH particles were functionalized with oppositely charged Alg
polyelectrolytes to adjust their surface charge. The adsorption was monitored using zeta

potential measurement, which is plotted as a function of the polyelectrolyte doses in

Figure 21.
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Figure 21. Change in zeta potential (squares, left axis) and stability ratio (circles, right axis)
due to the adsorption of polyelectrolytes and enzymes on the dLDH surface. Note that the
mg/g values mean mg polyelectrolyte/1 g of dLDH. The lines serve to guide the eyes. During
these measurements, the dLDH concentration was maintained at 10 mg/L, while 1 mM NaCl
was set as the background electrolyte.!8!

At low Alg doses (below 20 mg/g), the charge of the dLDH particles did not change
significantly and remained positive indicated with zeta potential values of approximately
+20 mV. With increasing Alg dose, charge neutralization occurred and the system reached
the IEP at about 100 mg/g. Beyond this dose, the dLDH platelets became negatively charged
with further increasing Alg concentration exhibiting the so-called overcharging or charge
reversal effect.!>® The system reached the ASP at 200 mg/g Alg dose, indicating that the
nanoplates were completely covered with polyelectrolytes and above this polyelectrolyte
concentration, the excess amount of Alg remained in the solution. The zeta potential of
dLDH particles functionalized with 200 mg/g or more Alg was ~ -30 mV. Similar behavior
has already been observed for other LDH/polyelectrolyte systems. !0 186

The stability ratio values were determined by DLS measurements performed in the

same Alg dose range as the zeta potential experiments. The results were in good qualitative
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agreement with the prediction of the DLVO theory. Accordingly, at low polyelectrolyte
doses, where the particles retained their high positive surface charge, the dispersion was
stable due to the strong EDL forces. By increasing the polyelectrolyte concentration and
reaching the IEP, the dispersion became unstable due to the charge neutralization effect of
the polyelectrolytes. With the decrease of the repulsive electrostatic interactions, the
attractive van der Waals forces between the neutralized particles became predominant,
resulting in fast aggregation. By further increasing the polyelectrolyte concentration, beyond
the ASP, the repulsive forces reappeared and the dispersions showed great colloidal stability.
Consequently, the change of the stability ratio could be described with a U-shaped curve
which is characteristic for particle/polyelectrolyte systems.'®® 8¢ The change in the
hydrodynamic radius values is shown in Figure S3 for some samples. Based on the zeta
potential and stability ratio measurements, 300 mg/g Alg dose (dLDH/Alg) was selected for
the further measurements.

A similar trend was observed for the TMC coating, however, with opposite charge
balance (Figure 21 and Figure S3). Initially, no change in zeta potential occurred, the
dispersion was stable. Near the IEP where the particles were neutralized, rapid particle
aggregation took place, while higher TMC doses resulted in highly charged particles with
strong EDL forces giving rise to stable dispersions. Based on these results, 400 mg/g TMC
dose (dLDH/Alg/TMC) was selected for further measurements.

The antioxidant enzymes were immobilized together with polyelectrolytes on the
dLDH support. HRP as a positively charged peroxidase enzyme'?® was adsorbed on the
negatively charged dLDH/Alg surface, while the negatively charged SOD and CAT were
immobilized on the dLDH/Alg/HRP/TMC surface. The final composite contained 10 mg/g,
10 mg/g and 100 mg/g of HRP, SOD and CAT, respectively. As shown in Figure 21, the
enzyme immobilization had no effect on the surface charge, so the repulsive electrical double
layer forces remained dominant, and the composite exhibited high colloidal stability. In
conclusion, the final composite (denoted as dLDHaHtSC) contained the polyelectrolytes and
enzymes in the following order: 300 mg/g Alg, 10 mg/g HRP, 400 mg/g TMC, 10 mg/g SOD
and 100 mg/g CAT.

5.2.2. Colloidal stability of polyelectrolyte coated dLDH particles

Colloidal stability plays a major role in biomedical applications, as undesired

aggregation of particles can lead to serious consequences (e.g., formation of blood clots).
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Polyelectrolyte adsorption can improve the aggregation properties and, in some cases, the
cell penetration ability of the particles. Therefore, the understanding of salt-induced
aggregation is an important task for nanocomposites potentially used in biomedical fields.
The charging properties were first investigated by changing the electrolyte
concentration in the reaction mixtures (inset of Figure 22). Due to the screening effect of the
counter-ions present in the solution, the absolute value of the zeta potential decreased for
both dLDH/Alg and dLDH/AIg/TMC. The points were fitted using the Gouy-Chapman
model (Eq. 7), from which surface charge densities of —25 mC/m? and +8 mC/m? were
calculated for dLDH/Alg and dLDH/Alg/TMC, respectively. The parameters determined by

DLS and ELS measurements are summarized in Table 2.
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Figure 22. Salt-induced aggregation of dLDH/Alg (yellow diamonds) and dLDH/Alg/TMC
(red triangles) particles. The inset shows the salt dependent zeta potential values. The zeta
potential values were fitted by Eq. 7, while the stability data were fitted by Eq. 10.'8!

The results of the salt-induced aggregation (Figure 22) showed similar tendencies to
the previously described dLDH dispersions. At low NaCl concentration, the dispersion was
stable, no change in the hydrodynamic radius was observed, while increasing the electrolyte
concentration led to the formation of particle aggregates (Figure S4). The CCC separated the
slow and fast aggregation regimes. The CCCs calculated for dLDH/Alg and
dLDH/Alg/TMC were 265 mM and 33 mM, respectively. In both cases, the value was higher
than that of the dLDH particles without polyelectrolyte coating on their surface. Based on
the charge density values, the high colloidal stability of dLDH/Alg can be attributed to the
remarkable repulsive EDL forces. However, there is an opposite trend for dLDH/Alg/TMC.
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The surface charge density was lower than for the bare dLDH particles, the CCC value
increased after the polyelectrolyte adsorption. This deviation from the DLVO prediction
could be explained by the steric effect between the overlapping polyelectrolyte layers
adsorbed on the particle surface.'*’ This overlapping phenomenon resulted in an increase in
osmotic pressure upon approach of dLDH/Alg/TMC particles giving rise to the development

of a repulsive force of non-DLVO origin.

Table 2. Colloid parameters determined by DLS and ELS measurements.

Sample Rh (nm)? PDIP 6 (mC/m?)*¢ CCC (mM)?
dLDH 89.0£6.0 0.266 18 20
dLDH/Alg 149.0 £ 8.9 0.215 -25 265
dLDH/Alg/TMC 134.4+5.0 0.236 8 33

®Average hydrodynamic radius value, calculated from the hydrodynamic radii measured at 10 mM NaCl
concentration. ®Polydispersity index, averaging the values measured by the DLS at 10 mM NaCl concentration.
°Surface charge density values calculated by Eq 6. ¢CCC values calculated with the Eq 9.

5.2.3. Investigation of the structural and morphological characteristics of dALDHaHtSC

To confirm the structural changes upon immobilization of polyelectrolytes and
enzymes on the particle surface, synchrotron SAXS measurements were performed in
dispersions (Figure 23 (A) and Figure S5).!7° By fitting the slopes (S) on the scattering curves
in the small angle regime (% < 0.1 nm ') the morphological and surface properties could be
revealed. For dLDH dispersions without surface modification, the power law decay of the
scattering curve at small angles (S = 2) is typical for delaminated structures with smooth
surfaces (Figure 23 (B)).'”> '¥7 By increasing the number of polyelectrolyte and enzyme
layers on the surface by the sequential adsorption method, the value of the exponent
increased to S = 2.3. This change indicated an increase in electron density fluctuations at the
interface, which means that the surface of the nanosheets became more diffuse after
functionalization with polyelectrolytes and enzymes. The formation of the diffuse structure
indicated that the macromolecules did not adsorb on the surface in a homogenous layer, but
rather in a random assembly (illustrated in Figure 23 (B)). The TEM images did not show
any morphological changes compared to the bare dLDH particles (Figure S6), the shape and

size of the particles were typical for LDH nanosheets.
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Figure 23. Double logarithmic representation of the scattering curves for dLDH and
dLDHaHtSC dispersions (A) and the box diagram representation of the slopes of the fitted
lines in the small angle range for the subsystems of dLDHaHtSC (B). The center lines
indicate the median, the mean is represented by the empty squares in the middle of the boxes,
while the “x” marks at the top and bottom of the boxes indicate the 75% and 25%, while the
whiskers show the minimum and maximum values. The inset in (B) is the schematic
representation of the formation of the diffuse layer.!8!

5.2.4. Enzymatic activity of dLDHaHtSC revealed in chemical test reactions

To estimate the enzyme-like activity of the dLDHaHtSC composite, three types of
chemical test reactions were performed. First, HRP activity was investigated in the guaiacol
assay.'® During the test reaction, the peroxidase enzyme decomposes H20> to H,O and O,
and the in-situ generated O can oxidize the guaiacol molecules, which produces brown-
colored tetra-guaiacol in the reaction mixture. The formation of tetra-guaiacol was
monitored with a UV-VIS spectrophotometer. The reaction rates were calculated from the
absorbance change measured for the native HRP and for dLHDaHtSC. The maximum
reaction rate (vmax) and the Michaelis constant (Kwm, which defines the substrate
concentration at which the reaction velocity is half of the vmax) were determined by fitting
the points with the Michaelis-Menten model'”° (Figure 24 (A)).

Both Km and vmax values — applied as activity markers — decreased upon
immobilization of HRP on the particle surface. The decrease in the Ky value implies that the
enzyme had a higher affinity for the substrate after immobilization, which is unusual
compared to the literature data published so far.'> 1?7 This can be explained as the adsorption

of the substrate on the particle surface, as guaiacol molecules are attracted to the positively
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charged particle surface and, as a result, are more accessible for the immobilized enzymes

than for the native ones.
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Figure 24. HRP (A), SOD (B) and catalase (C) assay for the determination of enzymatic
activities. The native enzymes are labelled with squares, while the pink spheres represent the

data for dLDHaHtSC composite. The dashed lines are fitted curves to calculate the key

parameters describing the enzymatic activity. The schematic representation of the reactions
catalyzed by the enzymes (D).!3!

The SOD activity of the composites was estimated with the Fridovich assay.'®®
During the test reaction, a color change can be observed due to the reaction between NBT
and the superoxide radicals, produced in the xanthine oxidase catalyzed oxidation of
xanthine to uric acid. The SOD enzyme decomposes superoxide radicals and thus, inhibits
the reduction of NBT and prevents the color change. The inhibition values as a function of

SOD concentration and the fitted curves are marked in Figure 24 (B). The ICso values, the
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enzyme concentration required for the decomposition of 50% of the superoxide radicals,
were calculated based on the fits. No significant change in the ICso and maximal inhibition
(Imax) values was observed after immobilization of SOD enzyme; therefore, the adsorption
had negligible influence on the activity of the enzyme. This observation is consistent with
previous reports of immobilized SOD enzymes.'2% 127

In the catalase assay, the formation of a colored complex between ammonium
molybdate and H>O; provides the opportunity to detect the activity of the bare CAT and the
dLDHaHtSC composite.!”! The complex could not be formed in the presence of the
enzyme/dLDHaHtSC, resulting in a decrease in absorbance. The remaining H,O» percentage
in the reaction mixture was plotted against the catalase concentration in Figure 24 (C), and
the ECso values (the enzyme concentration that can decompose half the amount of H>O»
present in the solution) were calculated based on the fitted curves. Surprisingly, the
immobilized CAT showed a significantly higher H>O> decomposition ability, and ECso value
decreased remarkably compared to the native enzyme. This finding is in contrast to the
previous reports for immobilized CAT."¥% 18 It is likely due to the higher affinity of the H>O»
molecules to the particle surface, which provides a higher affinity for the enzyme.

To summarize the results of the enzymatic activity tests, it was shown that the
enzymes kept their activity upon immobilization on the surface and in some cases even
increased their activity by immobilization. HRP revealed higher affinity to the substrate
molecule, CAT also showed a higher H>O2 decomposition ability, while the activity of SOD
did not significantly change upon immobilization on dLDH particles. The parameters

describing the enzymatic activity were summarized in Table 3.

Table 3. Enzymatic activity parameters determined for native and immobilized enzymes.

Sample Vmax (UM/s)2 Km(mM)®  ICs0(mg/L)®  Imax(%)? ECso (mg/L)®
HRP 0.370+£0.010 2.12+0.24 — — —
SOD — — 0.053+£0.007 942=+5.1 —

CAT — — — — 0.660 +£0.230

dLDHaHtSC 0.096+0.004 1.13+0.15 0.079+0.007 77.1+7.8 0.056 +0.005

%vmax and ’Kyr values calculated from the Michaelis-Menten plots. °ICs values determined from the inhibition
curves. “Imax values are the plateau of the inhibition curves. °EC50 values determined from the H,0>% vs CAT
concentration curves.

5.2.5. Intracellular activity of dLDHaHtSC

To evaluate the intracellular activity of dLDHaHtSC, measurements on HeLa cells

were performed. First, the cytocompatibility of the composite was tested with a simple
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apoptosis/necrosis detection assay, then their cell penetration ability was examined using
dSTORM method. Besides, intracellular ROS scavenging activity and DNA double strand

break prohibition were tested.

5.2.5.1. Evaluation of the possible cytotoxic effect of ALDHaHtSC particles

First, a commercially available apoptosis/necrosis detection kit was used to
determine the cytocompatibility of the dLDHaHtSC particles.!”® The HeLa cells were pre-
treated with dLDHaHtSC (20 mg/L, 37 °C), and fluorescent dyes to label the healthy and
injured cells. In the kit, healthy cells are labelled with CytoCalcein Violet 450, apoptotic
cells are characterized by the DNA binding 7-AAD, while necrosis is detected by Apopxin
Green, a phosphatidyl serin binding dye that is translocated to the outer membrane during
apoptosis. Confocal microscopy images (Figure 25 (A)) revealed no cytotoxic effect on
HelLa cells, the dLDHaHtSC treated cells (similar to the control measurements) appeared in
blue color, indicating the presence of healthy cells. The bar graph in Figure 25 (B) represents
the normalized fluorescence intensity of apoptotic and necrotic/late apoptotic cells in relation
to the intensity of the living cells. Based on the data obtained, the number of apoptotic and
necrotic/late apoptotic cells was negligible compared to the healthy cells. It can be concluded
that dLDHaHtSC did not show any cytotoxic effect on HeLa cells in the applied

concentration regime.
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Figure 25. Confocal microscopy images (A) and normalized fluorescence intensity values
(B) derived from cell viability assay.'®!

5.2.5.2. Enzyme adsorption and cell penetration ability
In the next step, ASTORM measurements were performed to (I) determine the size of

the dLDHaHtSC particles and (II) assess the cell penetration ability of the enzyme-

mimicking composite (Figure 26). Due to the small number of commercially available
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antibodies, dual labelling was applied for the detection of dLDHaHtSC particles through
HRP/SOD and HRP/CAT pairs. To assess the spatial distribution of dLDHaHtSC, the
particles were first fixed on a glass substrate. The colocalizing clusters of fluorophores
formed by the labelled enzymes immobilized on the particle surface were approximately 150
— 180 nm in lateral dimension. This size was in good agreement with the formerly determined

hydrodynamic radii of the particles (Table 2).
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Figure 26. dSTORM images of the fluorescently labelled particles immobilized on glass
(left) and in the intracellular matrix (right). The blinking events of the fluorophores were
captured on an X-Y nanometer scale.'®!

After the visualization of the enzyme-coated particles, the next step was to investigate
the cell penetration ability of the particles. The HeLa cells were treated with the dLDHaHtSC
nanoparticle dispersion at a concentration of 20 mg/L (30 minutes, 37 °C). Imaging was then
performed in the perinuclear/cytoplasmic region in total internal reflection fluorescence
(TIRF) mode (Figure 26). The resulting clusters formed in the intracellular matrix were

identical to those captured on the glass surface. These results indicate that dLDHaHtSC
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nanoparticles can penetrate trough the cell membrane without triggering any detectable

damage. Moreover, the cellular uptake did not cause any alteration of the particles.
5.2.5.3. Intracellular ROS scavenging and DNA double strand break inhibition

The results of chemical test reactions indicated promising antioxidant activity,
nevertheless, the main question raised whether the composite is able to restore the normal
antioxidant ROS balance in the cellular environment. Similar to the former cellular
measurements, HeLa cells were treated with 20 mg/LL dLDHaHtSC and also with the ROS
indicator 2’,7’-dichlorodihydro-fluorescein diacetate (H>DCFDA). Intracellular ROS
production was induced by incubating the cells with menadione, a commercially available

191

ROS generating molecule,”" and the fluorescence intensity was measured as a function of

time (Figure 27).
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Figure 27. Intracellular ROS scavenging activity as determined by the change in relative
fluorescence intensity over time for dLDHaHtSC treated (pink) and untreated (black) cells.
The inset shows the maximum response for treated and untreated cells.'®!

In control cells (not treated with dLDHaHtSC), oxidation of HoDCFDA occurred
rapidly, resulting in a steep increase in fluorescence intensity after triggering ROS
production with menadione. In contrast, the maximum fluorescence intensity decreased
significantly (by 48.2 %) when the cells were pre-treated with the dLDHaHtSC composite.
This decrease suggested the ability of the dLDHaHtSC particles to scavenge ROS

remarkably.
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As a proof-of-concept measurement, the inhibitory activity of the particles against
oxidative stress induced DNA damage was tested. Such a harmful process can be readily
detected by labelling the YH2AX histone protein, formed when H2AX is phosphorylated at
serine 139.19% 19 Therefore, the formation and determination of YH2AX foci is a potential
method for the detection and quantification of ROS induced DNA damage. Foci refers to a
large nuclear domain composed of DNA double strand break (DSB) signaling and repair
factors.'”* Figure 28 shows the control (-/-), the H2O, treated (+/-) and the (H»O. and
dLDHaHtSC) treated (+/+) cells and foci intensities/numbers.

® DAPI ® yH2AX

600

400
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0 | i 0
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Figure 28. Detection of DNA double strand breaks by labelling YH2AX histone protein in
dLDHaHtSC treated and untreated cells. The scale bars represent 10 um. The (-) and (+)

signs in the bar graphs represent the absence and presence of H2O2 and dLDHaHtSC: -/-
none, +/- (H20,) and +/+ (H20> and dLDHaHtSC).'8!

Control cells did not show significant fluorescence intensity from the formation of
YH2AX. However, after the cells were treated with 50 uM H>O> for 40 minutes, a significant
increase in foci intensity and in the foci number/nuclei due to the formation of DSBs was
observed. In contrast, dLDHaHtSC pre-treated (+/+) cells showed steep decrease in intensity
and number of foci compared to (+/-) treated cells. Foci intensity decreased by 48.4%, while
the foci number decreased to the control level, which indicated that dLDHaHtSC was not
just capable of decreasing DSB formation, but also of restoring the normal intracellular
ROS-antioxidant balance under oxidative stress conditions. Therefore, it was concluded that
dLDHaHtSC was able to protect cells from ROS induced oxidative stress, thus from

oxidative molecular damage, like DSB.
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5.3. LDH-based antioxidant composites by immobilizing molecular antioxidants

The aim of this chapter was to co-immobilize two antioxidant molecules in/on LDH
by adsorption and coprecipitation method. While TA was adsorbed on the outer surface of
the LDH particles in both methods, GSH intercalated among the layers during
coprecipitation and attached on the surface during adsorption. The structure of the particles
was analyzed using a wide range of instrumentation, while their activity was revealed in the

DPPH radical scavenging assay.
5.3.1. Immobilization of TA and GSH on/in LDH particles

The structure and morphology of the LDH/AO composites (adsorption method:
LDH/TA/a, LDH/GSH/a and coprecipitation method: LDH/TA/c, LDH/GSH/c) were
investigated in XRD and SEM measurements, respectively (Figure 29).
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Figure 29. X-ray diffractograms (left) and SEM images (right) of LDH (A), LDH/TA/a (B),
LDH/TA/c (C), LDH/GSH/a (D) and LDH/GSH/c (E). The Miller indices are labelled on the

diffractograms, while the w% refers to the antioxidant content. The scale bars on the SEM
images represents 200 nm.'%*

The diffractogram of the LDH host material showed the characteristic reflections of
LDHs and these were labelled with 00/, 01 and 11/ Miller indices, which were analogous to
that of other nitrate containing LDH particles.!®®> The basal spacing calculated from Bragg’s
law (Eq. 18.) was dooz = 0.890 nm, in good agreement with the distance caused by the
interlayer hydrated nitrate ions. For LDH/TA/a, LDH/TA/c and LDH/GSH/a, no significant

change in the position of the (003), (006) and (009) Miller indices was observed indicating
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that intercalation of antioxidant molecules did not occur in these cases. In contrast, a large
shift was observed in the (003) Miller index for LDH/GSH/c, resulting dooz = 1.54 nm
interlayer space. This large expansion of the basal spacing (compared to dooz = 0.890 nm for
LDH particles) is in line with the intercalation of GSH molecules among the LDH layers.
The higher noise-to-signal ratio for LDH/TA/a and LDH/TA/c samples were a sign of lower
crystallinity of the sample, however, the characteristic reflections of LDH were still seen in
the diffractograms indicating the formation of an ordered LDH structure. It was also found
that a TA concentration higher than 0.01 M could not be applied during LDH synthesis, as it
could inhibit the nucleation of LDH particles. This phenomenon is disadvantageous for the
formation of an ordered lamellar LDH structure. Instead, an amorphous material was formed
(Figure S7).

TG-MS measurements were performed to determine the amount of organic
molecules in all cases confirming the immobilization of the antioxidants in/on the LDH
particles. The organic contents, expressed in mass percentages, are indicated in the
corresponding diffractograms (Figure 29 left). Due to the different molecular masses and the
number of functional groups of TA, a significant variation in mass percentage was observed
between the samples. The highest antioxidant content was found for LDH/TA/a, with 5 wt%.

The morphology of the composites were studied by SEM (Figure 29 right). The
average diameter of the LDH particles was (111 = 17) nm, while (115 + 15) nm and (609 +
227) nm was determined for LDH/GSH/a and LDH/TA/c, respectively. The bare LDH
particles and these two composites showed a similar, plate-like morphology, whereas
LDH/GSH/c and LDH/TA/a formed large aggregates. For the latter two samples, SEM was
not suitable to identify any well-defined dimension. The aggregates of these particles formed

a sphere-like shape which is in contrast to the other composites.
5.3.2. Structural investigation of LDH/AO composites

To further confirm the immobilization of the antioxidants in/on the LDH substrate
support and to determine the change in their structure and conformation, IR, Raman and UV-

VIS-NIR spectroscopy measurements were introduced.
5.3.2.1. Vibrational spectroscopy study of LDH/TA

Only one intense band at 1356 cm™! related to the stretching vibration of the NO3~
groups was identified in the bare LDH and in all LDH/TA spectra (Figure 30).”* For a proper

68

University of Szeged



Doctoral (Ph.D.) Thesis

interpretation, IR measurements of the native and the NaOH treated TA were also recorded
(Figure 30 (B) and (C), respectively). The IR bands and assignments related to the TA

containing samples are shown in Table S1.
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Figure 30. Measured and deconvoluted IR spectra of LDH (A), TA (B), TA/NaOH (C),
LDH/TA/a (D) and LDH/TA/c (E).!¢*

A significant change was observed between the spectra of untreated and NaOH
treated TA, indicating that TA underwent a major structural change as a result of the alkaline
treatment. The spectrum of the original TA showed strong bands at 1700 cm™' and 1178 cm™
!, which were related to the stretching vibration of the carbonyl (C=0) and C-H groups,

respectively. !¢ Three bands were corresponded to the bending vibrations of phenolic groups
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at 1308 cm™, 1335 cm™! and 1380 cm™,!%¢ while the broad band at 1443 cm™ was identified
as the bending mode vibration of the surface hydroxyl groups of TA.!°7- 18 The bands located
at 1605 cm™, 1534 cm™ and 1513 cm™! were assigned to the stretching mode vibrations of
the C=C bonds in the aromatic ring.'*” 198

From TG-MS measurements, it was revealed that the synthesis method quantitatively
affected the antioxidant content of the samples, whereas the IR measurements shed light on
the qualitative effects during the preparation of the LDH/TA composite. The IR data
demonstrated that TA was deposited in its original form on the LDH surface, therefore, LDH
protected the antioxidant molecule from the alkaline treatment induced structural damage.

In addition, the significant difference in band positions can be attributed to the
different orientation of TA on the LDH surface upon variation of the synthetic procedure.!®
For LDH/TA/c, shifts in the bands related to the hydroxyl groups (1443 cm ™' — 1496 cm™!)
and C=C bonds (1513 cm™' — 1640 cm™!, 1577 cm™!) of the aromatic rings were observed.
Since these bands are polarized in the direction of the molecular backbone, they can be
applied as an indicator for the orientation of TA on the LDH surface. These large shifts that
occurred due to coprecipitation method suggested that TA was orientated parallel to the
surface.!” Therefore, the vibrations of the aromatic ring and hydroxyl groups are more
hindered, because they have formed electrostatic interactions and hydrogen bonds with the
particle surface. However, the bands related to LDH/TA/a did not show significant change
compared to the literature values,'® indicating, that the TA orientation upon adsorption was
perpendicular to the surface. In this case, the vibrations of the functional groups and
molecular backbone of TA were not affected by the LDH surface and thus, the position of
the bands was similar to the native antioxidant.

Based on the results detailed above, the assembly mode of TA can be adjusted by the
synthesis method. The different orientations of TA on the LDH surface may be derived from
the different pH in the synthesis routes. In the adsorption method, the pH was not set,
therefore most of the hydroxyl groups of TA remained protonated, resulting in a low negative
charge density of TA. Due to this structural property, the repulsion between the particle
surface and the hydrophobic aromatic rings of TA was more dominant and hence, TA
orientated as far away from the surface as possible and positioned perpendicularly to the
surface. Contrary, at pH 10 (which was set during coprecipitation method), most of the
hydroxyl groups of TA were in deprotonated form, so the net negative surface charge of TA

was higher than in its original (protonated) form.?°* Therefore, the electrostatic interaction
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between the particles and TA became more favorable, the antioxidant compound oriented
parallel to the surface.

Raman measurements further confirmed the difference in the adsorption mode of TA
on the LDH surface (Figure 31).2°! The detailed band assignments are shown in Table S2.
The Raman band in the TA spectrum at 1612 cm™' is related to the stretching vibration of the
C=C bond positioned in the aromatic ring. For LDH/TA/c, a large shift in the location of this
band was observed, which also possessed that TA attached to the LDH surface with its
aromatic rings parallel to the surface, hindering the vibration derived from the aromatic
backbone. However, when TA was adsorbed in perpendicular way (LDH/TA/a), the aromatic

ring vibration was not obstructed, as it was also mentioned during discussion of IR results.

]Lmji:/\w«\d
(E) 1599
z
£ |o)
E
e (C) 1612
(B) ,A
(A) \

I 1 I 1 I I
3000 2500 2000 1500 1000 500
Raman Shift (cm™)

Figure 31. Raman spectra of LDH (A), TA (B), TA/NaOH (C), LDH/TA/a (D) and
LDH/TA/c (E). The grey shadow represents the shift of the 1612 cm™! band, which is related
to the stretching vibration of the C=C bond in the aromatic ring.'®*

5.3.2.2. Vibrational spectroscopy study of LDH/GSH

IR and Raman measurements carried out for GSH containing samples also revealed
that the synthetic routes have a significant impact on the GSH incorporation in/on LDH
particles. The IR spectra of the GSH containing samples are shown in Figure 32, while all
peaks and their detailed assignments can be found in Table S3. The peak related to the
interlayer NO3™ ions was detected in LDH/GSH/a as in the TA containing samples, indicating
that GSH adsorption on the outer surface did not affect the interlayer gallery of LDH

particles.
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Figure 32. Recorded and deconvoluted IR spectra of LDH (A), GSH (B), GSH/NaOH (C),
LDH/GSH/a (D) and LDH/GSH/c (E).'%*

The alkaline treatment induced the formation of the sodium salt of GSH, however,
no structural decomposition was observed. The IR spectra of free GSH and LDH/GSH/a
showed that no chemical (e.g., deprotonation) or structural (e.g., break of chemical bonds)
change of GSH occurred during adsorption on the outer surface of the LDH particles. Beside
the peak of the above mentioned interlamellar NO;™ anions, the spectrum of the composite
included the characteristic peaks of GSH (Amide I: 1658 cm™' and Amide II: 1533 cm™)
without any significant shifts. In contrast to TA, GSH intercalated in its sodium salt, formed
in alkaline condition, among the layers. In addition to the appearance of the characteristic
peaks of the sodium salt of GSH (Amide I1I: 1306 cm™' and Amide IV: 1238 cm™), the shift
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in the position of these peaks and the significant decrease of the peak intensity related to the
interlayer NO3™ also reinforced the intercalation of the antioxidant.'® This is in line with the
XRD measurements, where the increased basal spacing confirmed the intercalation of the
GSH molecule among the layers. Note that the appearance of the peak related to the
stretching vibration of the -SH group (2523 cm™') referred to the deprotonation of the thiol
groups in both the adsorption and coprecipitation methods.

Raman measurements indicated similar immobilization features as discussed in IR
measurements (Figure S8). The results also confirmed the intercalation of the anionic form
of GSH in LDH/GSH/c, while the absence of the band related to the -SH group (~2500 cm™
1) revealed that the thiol group was deprotonated during both adsorption and coprecipitation
methods.?%?

Further investigations revealed other interesting features. Such as the Raman spectra

of LDH/GSH/a and LDH/GSH/c contained significant differences in the spectral range of
700 — 200 cm™! (Figure 33).
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Figure 33. Raman spectra of LDH/GSH/a (A) and LDH/GSH/c (785 nm (B) and 532 nm
(C)).164

Namely, a broad band at 510 cm™' (marked with a black star in Figure 33) was
identified in the spectrum of LDH/GSH/c, which was related to the stretching vibration mode
of the disulfide bond (S—S).2* This band could not be recognized in the spectrum of
LDH/GSH/a, however, the peak assigned to the C—S group (labelled with a black triangle)
remained unchanged. These results raised the question whether the GSSG completely
replaced the original form of the antioxidant. To address this question, a laser source of 532

nm instead of 785 nm was used, which was able to excite the thiolate groups located on the
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outer surface of the LDH particles. The peaks at 310 cm™! and 235 cm™! appeared in the
LDH/GSH/c spectrum at the excitation wavelength of 532 nm, confirmed the presence of
the thiolate groups, so that the antioxidant was attached in two forms in/on the LDH particles,
in the original GSH and in the dimerized GSSG forms.?** 2> Based on the XRD results, the
expansion of the basal spacing indicated, that GSH is intercalated in the interlayer gallery,
while GSSG (due to its larger size) was adsorbed on the outer particle surface. The detailed

assignments of Raman bands are shown in Table S4.
5.3.2.3. UV-VIS-NIR spectroscopy study of LDH/TA and LDH/GSH

The structure of the antioxidant loaded samples was also investigated by UV-VIS-
NIR spectroscopy. The spectra, divided into three regions (UV-VIS: 200 — 500 nm, NIR:
1350 — 1700 nm and 1050 — 1350 nm), are shown in Figure 34. The intense peak in the range
of 1350 — 1700 nm is related to the overtone of the stretching mode vibration of hydroxyl
groups.?%%2% The large shift observed for antioxidant loaded samples resulted from the
change in polarity of the samples after the AO attachment.?*’ It was more significant for TA
containing samples, which was related to the interaction between the TA and the surface —
OH groups of the LDH particles. In the 1050 — 1350 nm region, two characteristic peaks
were observed for LDH particles, which were assigned to the first overtone of the hydroxyl
symmetric stretching mode vibration and the combination bands of the “free water”.2!” The
variation of peak intensities in this range was strongly connected to the amount of water
adsorbed on the surface. Therefore, the intensity of these peaks decreased significantly in
those samples, where adsorption was more dominant, compared to the bare LDH and
LDH/GSH/c systems. However, the most intense change was detected in the UV-VIS region
(200 — 500 nm), where no significant peak was detected for LDH particles, but the AO loaded
samples showed a remarkable deviation from the spectrum of the host material, which needs
further explanation. First, a new peak appeared around 270 nm for the GSH loaded samples,

which was related to the GSH molecules.?!!

Moreover, an additional peak appeared at
213 nm in the LDH/GSH/c spectrum, which can be assigned as the absorption maximum of
the GSSG molecule.'? This observation further confirmed the finding of Raman
measurements that the LDH/GSH/c composites contain GSH and also its disulfide form
(GSSG) on the LDH surface. Note that these peaks are slightly shifted compared to those

found in the literature. 2! 212 For LDH/TA/a and LDH/TA/c, the peaks at 267 nm and
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294 nm, respectively, were assigned to the absorption maximum of TA, but they are slightly

shifted compared to the literature value of 278 nm.>!3
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Figure 34. UV-VIS-NIR spectra of LDH (A), LDH/GSH/c (B), LDH/GSH/a (C), LDH/TA/c
(D) and LDH/TA/a (E). The arrow represents the shift of the peak in the 1350 — 1700 nm
region, while the pink and grey shadows show the change in peak intensity in the 1050 —
1350 nm range.'®*
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To summarize, the UV-VIS-NIR measurements further confirmed the presence of
organic molecules in the composites, however, did not provide clear evidence for the position
of the antioxidants on the LDH particles. Based on these results, it was assumed that GSSG
was adsorbed in a significant amount on the outer surface of the LDH particles, however,

this issue should be further studied in detail.
5.3.3. Antioxidant activity of LDH/AO composites

To determine the antioxidant activity, the native antioxidants and the composites
were tested in the DPPH assay, in which a stable radical is reduced by the antioxidants
present in the reaction mixture, while the color changes from purple to yellow.

First, the TA and TA loaded samples were tested in the radical scavenging assay
(Figure 35 left). The results clearly showed that the TA immobilized by adsorption
(LDH/TA/a) kept its activity, which even increased slightly. In contrast, the radical
scavenging ability of the LDH/TA/c decreased significantly, the amount of radical remaining
in the reaction mixture did not reach 50 %, and indeed it did not decrease below 80 %. These
results pointed to the relation between the TA orientation on the LDH surface and the radical
scavenging activity. Namely, in a perpendicular orientation, the phenolic hydroxyl groups of
the TA bind the radicals, therefore it showed higher antioxidant activity. Contrary, when the

TA molecules were orientated parallel to the surface, the active phenolic groups were
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available in a reduced number for the radicals, therefore the reaction between them could
not take place. The increased activity for LDH/TA/a compared to the native TA is explained
with the presence of the LDH particles in the solution. Namely, the radicals can be readily
adsorbed on the particle surface and therefore, more of them reach antioxidant molecules
than in solution. By investigating the durability of the antioxidant activity, it was found, that
no change occurred in the scavenging activity of TA and LDH/TA/a after 1 month. The ECso

values are summarized in Table 4.
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Figure 35. Results of the DPPH assay performed for TA (A) and GSH (B) loaded samples.
The insets show the ECso values of the as-prepared and 1 month old samples.!®

No significant change was observed for GSH containing samples after
immobilization, i.e., the radical scavenging activity of LDH/GSH/a and LDH/GSH/c was
similar to that of GSH (Figure 35 right). This finding was in good agreement with previous
studies in which the antioxidants maintained their activity upon immobilization on a host
material. Results of the durability tests indicated that the activity of free GSH increased
steeply after 1 month, while no change was detected for the LDH/GSH/a and LDH/GSH/c
samples. It has already been shown that GSH suffers structural deformation in this time

214 therefore, the products of such a decomposition could be also involved in the

frame,
scavenge of DPPH. The smaller and more hydrophobic molecules have more accessible thiol
groups and can therefore act as more efficient antioxidants than GSH. Nevertheless, the exact
amount or ratio of the decomposed and original form of GSH is difficult to define and thus,
its larger scale application is complicated.?!” In contrast, LDH/GSH/a and LDH/GSH/c kept
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their activity after 1 month. The host material contributed to preserving GSH without

structural changes, namely LDH provided structural stability to the antioxidant molecule.

Table 4. ECso values of the molecular antioxidants in bare and immobilized forms.

Sample ECso (uM)? ECso (uM)
1 month later®
TA 0.571 563
LDH/TA/a 0.208 155
LDH/TA/c N.A. N.A.
GSH 428 86

LDH/GSH/a 475 473
LDH/GSH/c 585 506

3ECso values determined from the DPPH(%) vs AO concentration plots. *ECso values determined after 1 month

storage of AO solutions and LDH/AO composites. The average error calculated for the DPPH assay is within
5%.

5.3.4. Examination of the recyclability feature of LDH/TA/a

The IR and Raman measurements were repeated after the radical scavenging test
(Figure S9 and Figure S10, respectively) to reveal the possible structural changes after the
reaction with the DPPH radical. The spectra showed no significant change in the structure
of the antioxidants, indicating that the structure of antioxidants did not change upon the
reaction. Based on these results, the most active component (LDH/TA/a) was selected to

perform the recyclability test (Figure 36).
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Figure 36. Reduced amount of DPPH as a function of the number of cycles in the recycling
test of LDH/TA/a.!®4

The reduced DPPH (%) (calculated by the Eq. 15.) was plotted against the number

of cycles and the tendency in the data clearly showed that no change in activity was detected
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until the 15 cycle. The decrease after this cycle meant that the composite started to lose its
activity, which decreased below 20 % finally. However, these data emphasized on the

superior reusability of LDH/TA/a, which is an important parameter in many applications.
5.4. Copper(Il) incorporated LDH nanozymes against intracellular ROS production

The aim of this study was to produce Cu(Il)-containing LDH nanozymes by partially
replacing Mg(II) ions with Cu(Il) ions in the LDH layers. The structural properties of the
nanozymes were comprehensively investigated, while their radical scavenging feature was

determined first in chemical tests, then in intracellular assays.
5.4.1. Structural and morphological characterization

The incorporation of copper(Il) ions was confirmed with various techniques. The
LDH structure was revealed by XRD measurements. The diffractograms of MgzAl (MA),
Mg> sCuo2Al (CMAT), Mgo6CuosAl (CMA2), and Mg> 4CuosAl (CMA3) LDHs are shown
in Figure 37 (A).
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Figure 37. XRD pattern (A) and XPS spectra (B) of MA, CMA1-3 samples (A). The inset
in the XRD graph shows the 003 reflection, while the scheme on the top of the figure
represents the partial replacement of Mg(II) ions by Cu(Il) ions, causing an increase in the ¢
value.
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The diffractograms of MA and CMA1-3 samples were characteristic for the LDH
structure,'®> however, a slight shift was observed in the first (003) reflection. Calculation of
the crystal parameters (Table 5.) revealed that the basal spacing (d) and the ¢ value increased

slightly.

Table 5. Crystal parameters, size and charge data of MA and CMA samples.
Sample 20(003) °)* d(003) (A)* c¢(A)°  Dn (nm)! PDI* £ (mV)f

MA 11.6 8.39 25.17 77.1+£5.2 0.214 32.1+£22
CMA1 11.4 8.54 25.61 84.8 £0.1 0.241 31.0£0.8
CMA2 11.4 8.54 25.61 82.9 £0.2 0.229 284 +1.1
CMA3 11.4 8.54 25.61 89.4 £0.7 0.237 323+04

220 value corresponds to the (003) Miller index. *The basal spacing was calculated by the Eq. 18. The ¢ crystal
parameter was calculated by the Eq. 19. ‘Hydrodynamic diameters were measured at 1mM NaCl concentration.
°PDI is the polydispersity index determined by DLS measurement in stable colloids. ¢ is the zeta potential
measured at | mM NaCl concentration.

This deviation from the structure of the original MA sample could be due to the
partial replacement of Mg(II) ions by Cu(II) ions. In addition, the Jahn-Teller effect, and the
higher electronegativity of the Cu(Il) ions could also cause distortion of the LDH
structure.?!® The appearance of the reflection marked with an asterisk (*) in the
diffractograms indicated the presence of a small amount of Mg(OH ), which could be formed
from the released Mg(Il) ions that were replaced by Cu(Il) ions. The schematic
representation of the cation substitution is shown above the graphs in Figure 37, with the ¢
parameter values indicated beside the schemes.

The particle sizes determined in DLS measurements are listed in Table 5. The
hydrodynamic diameters were below 100 nm in all cases, while the PDI was ~ 0.2, indicating
a relatively narrow particle size distribution (Figure S11). The zeta potential values were
approximately +30 mV for all samples, the Cu(Il) incorporation did not significantly affect
the particle charge.

The surface composition of the MA and CMA1-3 samples was further explored by
XPS measurements. All sample surfaces contained Mg, Al, C, O and CI, however, Cu was
only slightly visible on the survey scans, which suggested that a low amount of copper(Il)
ions was incorporated into the LDH layers (Figure S12). Note that adventitious carbon
(adsorbed on all sample surfaces) was used as an internal standard for charge referencing.
Its main peak was set at 284.8 eV and used as a correction for all respective high resolution
(HR) spectra. The presence of copper was confirmed with the HR scans (Figure 37 (B)) and
the Cu satellites were perfectly fitted with 4 peaks corresponding to the Cu(OH)>
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compound.?!’” The fitted binding energies are listed in Table S5. In addition to the total of 4
peaks, an additional peak was necessary to fit the low energy (931.75 eV) region,
corresponding to Cu(I), which showed good agreement with the previously published copper
containing LDHs.?!'® It should be noted that the amount of Cu(I) is negligible compared to
Cu(ID). Based on the binding energies, only one chemical state could be identified for both
Mg and Al on the sample surface (Figure S13). The peaks at 49.4 eV for Mg-OH and at 74.0
for AlI-OH were identified, referring to Mg(II) and AI(III), respectively.?!® In addition, a large
shift in binding energy in the Al 2p case was observed, indicating a change in the chemical
environment that occurred due to copper incorporation (Table S6.). Based on the elemental
composition of the surface (Table 6.) it can be stated that the amount of the inserted Cu(II)

cations increased following a trend in line with the initial Cu(II) concentration.

Table 6. Surface elemental composition of MA and CMA1-3 samples determined by XPS.

Sample Mg/ at% Al/at%  Cu/at% Surface stochiometric ratio
MA 79.1 20.9 - Mgs.16Alo.84

CMA1 73.9 24.3 1.8 Mg>.96Al0.97Cu0.07

CMA2 73.9 23.7 2.3 Mg>.96A10.95Cu0.09

CMA3 71.8 24.7 3.5 Mg 87Al0.99Cuo.14

FLIM measurements also confirmed the change in LDH structure after copper
incorporation (Figure 38 (A)). A double exponential model using the n-exponential
reconvolution method was optimal to fit the control sample (MA), resulting in a long (6.15
ns) and a short (0.59 ns) component (inset in Figure 38 (B)). Contrary to this, copper
containing samples should be fitted by a tri-exponential model. The two components (long
and short lifetimes) were similar to those of the MA sample, however the third component
became a very short (< 1 ns) one. Accordingly, the CMA1-3 distributions were refitted by
fixing the two longer components, resulting in a third component of 0.1 ns for all three CMA
samples, which corresponds to the response time of the FLIM system. This result implies
that the real lifetime is even shorter, but it cannot be determined with the instrumentation
used in the present study. The fluorescence property of the LDH particles was assigned to
the surface defects,??* 22! but the changes in the metal ion ratio in the LDH layers can also
affect the fluorescence signal.??? Therefore, the change in the number and position of the
surface defects and the change in metal ion ratio after copper(Il) incorporation can affect the
fluorescence properties of the LDH nanoparticles and thus, the fluorescence lifetime of the

CMAI1-3 samples.
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Figure 38. Normalized fluorescence intensity versus time (A) and Raman spectra in the
range of 700 — 400 cm ! range (B). The inset in figure (A) represents the relative amplitude
value for different fluorescence lifetimes.

Raman measurement results also confirmed the change in LDH structure upon the
incorporation of copper. The Raman bands at 549 cm™' and 463 cm ™' were assigned to the
symmetric stretching vibrations of Al-O and Mg-O, respectively.?** A significant shift in the
Mg-O band was observed, which could be derived from the partial replacement of Mg(II)
ions by Cu(II) ions.?** The Raman results therefore further strengthen the theory that the

layer composition was affected by the incorporation of copper(Il) ions.
5.4.2. Enzyme-like activity of CMAI-3 samples

The enzyme mimicking activity of CMA1-3 samples was investigated using the CAT
and SOD assays. Regarding the results of the CAT assay, by increasing the nanozyme
concentration, the remaining H>O> in the reaction mixture decreased, indicating that the
CMA samples were able to decompose H»O» (Figure 39 (A)). The ECso values were
calculated from the lines fitted on the experimentally obtained data, which revealed that the
CAT activity is not related with the copper content of the particles. All samples were able to
decrease the remaining H>O» (%) to ~20 %, which was similar to the native enzyme.
However, the ECso values of the CMA samples (Table 7) are significantly higher than that
of the CAT enzyme (Table 3).
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Figure 39. CAT (A) and SOD (B) activity of the CMA1-3 samples. The insets show the
schematic representation of the reaction that occurred between the ROS molecules and the
nanozyme.

In the SOD test, the superoxide radicals react with NBT followed by color change in
the reaction mixture. Nanozymes with SOD activity can inhibit this reaction by decomposing
the radicals and therefore, prevent the color change. When plotting the inhibition values
against the nanozyme concentration (Figure 39 (B)), the ICso values were calculated from
the fitted line. Similar to the CAT assay, no significant change occurred by increasing the
incorporated copper amount, the ICso values did not differ significantly from each other,
however they decreased compared to the SOD enzyme. In contrast to ICso, Imax values
remained similar to SOD; 3 mg/L nanozyme concentration the maximum efficiency is
comparable to that of the native enzyme. It should be noted that MA did not show any activity
in either the CAT or SOD assay.

Table 7. ECso and ICso values calculated based on the CAT and SOD assay.
Sample ECso (mg/L)* ICso (mg/L)® Imax (%)¢

MA N/A¢ N/A¢ N/A¢
CMA1 165 0.68 94.5+1.2
CMA2 136 0.43 94.3 +2.1
CMA3 149 0.52 93.6+2.2

3ECso values were calculated based on the plots in Figure 39 (A), while "ICso values were determined from
Figure 37 (B). The average error of the enzyme tests is within 10 %. “The plateau of the inhibition curves in
the SOD assay. “N/A means, that the particle was inactive.

The findings of these measurements shed light on the fact that the Cu(II)-containing
nanozymes can decompose ROS molecules without functionalization with any scavenger
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molecules. Moreover, the nanozymes showed excellent enzyme mimicking characteristics

compared to the examples found in the literature.!3% 225226

5.4.3. Intracellular ROS scavenging activity of CMA samples

Proof-of-concept studies were performed to illustrate the intracellular ROS and O>™
scavenging activity of all three (CMAI1-3) samples. First, the CMA samples were
investigated in the 0.5 — 2.5 mg/L concentration range, where no significant change in overall
intracellular ROS concentration was detected, while O>™ concentration slightly decreased
(Figure S14). To further increase the activity, the tests were repeated by increasing nanozyme
concentration. Significant changes in the normalized fluorescence intensities were detected
in the concentration range of 5-20 mg/L (Figure 40 (A) and (B)). Although the CMA samples
showed no significant difference in ROS scavenging ability, the 5 mg/L CMA3 sample
exhibited the greatest O, dismutation feature, thus this sample and concentration was
applied in the further measurements.

To assess the cytocompatibility of the samples, a CellTiter-Glo® assay was
performed (Figure 40 (C) and Figure S15). This test is based on the ATP production ability
of cells. Under normal physiological conditions, the cells produce ATP, which can be
determined by fluorescent labelling. All treated cells were able to produce ATP and thus, the
nanozyme treatment did not affect their viability, i.e., the nanozymes showed no cytotoxic
effect over a wide concentration range. This further strengthened the selection of the 5 mg/L

CMA3 sample.
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Figure 40. Intracellular ROS (A) and superoxide (B) scavenging activity of CMA samples
in the 5 — 20 mg/L concentration range. Cell viability assay for CMA3 sample in the 0.5 —
20 mg/L concentration range (C) The green shadow represents the 5 mg/L CMA3 sample,
selected for further measurements.
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5.4.3.1. Cytocompatibility assay of CMA3 samples

To further evaluate the cytocompatibility of the CMA3 sample, microscopic
visualization was performed using an apoptosis/necrosis assay (Figure 41). The detection kit
functioned as previously described (Chapter 5.2.5.1.), and live, apoptotic and necrotic cells

were accordingly labelled with different fluorescent dyes.
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Figure 41. Results of apoptosis/necrosis assay determined for 5 mg/L CMA3 sample. The
microscopic images show the blue labelled healthy cells for the control and the CMA3
treated cells (A). The bar graph shows the normalized intensity of living, apoptotic, and
necrotic cells (B).

For the CMA3-treated samples as well as for the control test, all cells were colored
blue (Figure 41) indicating the detection of a negligible amount of necrotic and apoptotic.
This experiment was quantitatively evaluated by measuring the fluorescence intensity values
(Figure 41 right). The normalized intensities show that apoptotic and necrotic cells revealed
similar intensity in CMA3 treated cells as in control cells. These results show that the CMA3

sample at 5 mg/L concentration did not show any cytotoxic effect on HeLa cells.
5.4.3.2. Intracellular ROS scavenging assay for CMA3 sample

After evaluating the cell viability, the ROS test was also carried out in time dependent
manner (Figure 42 (A)). The schematics of the reaction in the cells are shown in Figure 42
(B). The copper containing nanozyme was able to degrade the menadione induced ROS,
which could be measured by monitoring the fluorescence intensity in the cells. The
H>DCFDA dye reacts with the ROS molecules and results in an increase in the fluorescence

signal.
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Figure 42. Normalized fluorescence intensity as a function of time for control (menadione-
treated) and for CMA3-treated cells (A). The schematic representation of the ROS
scavenging activity of the CMA3 sample (B). The inset in figure (A) shows the maximal
response for the control and CMA3 treated cells.

In untreated cells, the fluorescence intensity increased rapidly after triggering ROS

production with menadione, whereas this response was lower in cells treated with 5 mg/L

CMA3. This means that CMA3 could capture the ROS molecules and thus inhibit their

reaction with the fluorescent dye. The maximum response, as determined by the time

dependent measurements, was reduced by 60 % compared to the control measurements. In

conclusion, the CMA3 sample was found to be able to scavenge ROS molecules in

intracellular conditions, therefore it could be potentially used in antioxidant treatments.
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6. Summary

The increased concentration of ROS molecules can have serious consequences both
in industrial fields as well as in living organisms. Molecular and enzymatic antioxidants are
important for maintaining ROS levels, however, their sensitivity for the environmental
conditions is an important challenge to address. Immobilization is a promising tool to
overcome this disadvantageous property and it can also loan other useful properties to
antioxidants. Various types of nanoparticles can serve as host material for antioxidant
immobilization, including LDHs. Their remarkable anion exchange capacity and layered
structure offers the opportunity to intercalate or adsorb the antioxidants on the inner/outer
surfaces of the particles. The delaminated form can also serve as host material. The higher
specific surface area possesses the ability of enhanced adsorption, while the restacking of
the original lamellar structure, can induce the intercalation of the desired biomolecules
among the layers. Polyelectrolytes are potential candidates to enhance both biomolecule
immobilization and to enhance colloidal stability of the obtained dispersions. Since these
nanosystems are usually applied in aqueous dispersions, latter issue aspect is of a great
importance for the development of processable dispersions of antioxidant nanomaterials.

In the first part of the doctoral work, the colloidal behavior of dLDH nanosheets was
investigated. It was revealed that the addition of salt solution divided the aggregation
mechanism into two regimes. At low electrolyte concentrations, no change in particle size
was observed, however, by increasing the ionic strength, the hydrodynamic radius increased
steeply after a threshold time, leading to the formation of particle aggregates. With increasing
salt concentration, the slope of the particle radius increased steeply, while the first constant
size regime became shorter. Despite the fact that the second regime behaved according to
the expected trend, no explanation was found for the first part. Since DLS can measure the
largest dimension of the scattering object, it was proposed, that the restacking of the original
lamellar LDH structure occurred, which only affected the particle thickness, but it had no
effect on the lateral dimension of the particles. Thus, after the nanosheets recovered the LDH
structure, they start to form randomly aggregated particles, resulting in steep increase in
hydrodynamic particle size. The two regimes were separated with the CCT, which decreased
by increasing the ionic strength. This phenomenon was also confirmed by turbidity, AFM
and XRD studies. The colloidal stability was also demonstrated by DLS and turbidity

measurements, resulting in good agreement of CCC values.
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In the second part of the work, the dLDH particles were used as host material for the
immobilization of three antioxidant enzymes (HRP, SOD and CAT), separated by two
polyelectrolytes (Alg and TMC), which were used to adjust the particle charge and thus, to
improve the enzyme adsorption. In general, at low polyelectrolyte concentration, no change
in particle charge occurred, but as their concentration increased the absolute value of the zeta
potentials started to decrease, and after charge neutralization, the particles became highly
charged. The stability ratios determined in the same polyelectrolyte range were in line with
the DLVO theory. The enzyme immobilization had no effect on the particle charge, so the
dispersion remained stable. Polyelectrolyte and enzyme adsorption led to the formation of a
rough surface compared to the bare nanosheets. The composite showed remarkable
enzymatic activity in antioxidant test reactions. All three enzymes kept their function,
furthermore, HRP and CAT immobilization gave rise to somewhat higher activity due to
advantageous substrate-particle interactions. The cell penetration of the composite was
demonstrated, while the intracellular antioxidant effect was also confirmed. The
cytocompatibility test showed that the composite had no cytotoxic effect on HeLa cells.
Furthermore, the composite had remarkable ROS scavenging potential and was also able to
inhibit the oxidative stress induced DNA double strand break formation, while it was able to
restore the intracellular ROS concentration to the control level.

In the third part, LDH particles were used as host material for molecular antioxidants.
Two antioxidant molecules, TA and GSH, were successfully anchored in/on the LDH
structure by applying two different synthesis methods. TA, due to its large size, adsorbed on
the outer surface of LDH particles in both adsorption and coprecipitation methods. In
contrast, GSH intercalated between the LDH layers in the coprecipitation method, while it
was adsorbed on LDH particles in the adsorption method. The antioxidant immobilization
was confirmed by various spectroscopic studies. Vibrational spectroscopic studies shed light
on the different orientation of TA on the particle surface, which was in relation with the
synthesis method. During adsorption, TA was anchored in a perpendicular way on the
surface, while it was oriented parallel to the surface during coprecipitation. It was also found
that LDH protected the antioxidants during the alkaline treatment, i.e., both TA and GSH
kept their original structure. Radical scavenging assay exhibited the influence of the
synthesis method on the radical scavenging activity. TA lost its radical scavenging ability
after being immobilized by the coprecipitation method, while it remained active after
adsorption method. This was in line with its orientation on the particle surface. After

coprecipitation, TA was located parallel to the surface, therefore its phenolic hydroxyl groups
87

University of Szeged



Doctoral (Ph.D.) Thesis

were hindered and could not reveal their radical scavenging activity. In contrast, after
adsorption in a perpendicular orientation, the hydroxyl groups were more capable of reacting
the free radicals in the reaction mixture, therefore it possessed a higher efficiency. The
activity of GSH did not change significantly after immobilization, suggesting that anchoring
in/on LDH particles did not affect the radical scavenging features. TA maintained its function
after 1 month, both in solution and in heterogenized form. In contrast, bare GSH showed
significantly higher effect after 1 month (originated from the decomposed form), while the
immobilized form kept its original phenomena. It was concluded that LDH was able to
protect GSH from self-degradation by providing it with structural stability. In the final step,
the reusability of the most active sample was also investigated. The LDH/TA/a was used in
15 cycles without any loss of activity.

In the last part, an antioxidant nanozyme was presented by structural modification of
LDH nanoparticle. In order to endow LDH nanoparticles with enzyme-like characteristics,
Mg(1II) ions were partially replaced by Cu(Il) ions. By increasing the copper concentration
in the synthesis process, three samples with different stoichiometric ratios were produced.
The incorporation of Cu(Il) was first assumed by the increased basal spacing, while the
surface composition of the particles established that the surface copper(Il) content increased
in line with the initial stoichiometric ratio of copper(Il) applied during the synthesis. The
nanozymes showed remarkable CAT and SOD-like activity in chemical tests, moreover, the
amount of the inserted Cu(Il) centers did not affect their performance, i.e., they showed
similar enzyme mimicking feature. The results of cytocompatibility study showed that the
nanozymes had no cytotoxic effect on HeLa cells. In the ROS/superoxide scavenging assay,
all samples showed significant activity and the CMA3 sample was further investigated in
time-dependent cellular tests. The CMA3 did not induce cell death, and was able to reduce
the ROS concentration in the HeLa cells.

In summary, LDH-based nanosystems of remarkable antioxidant activity have been
developed. In addition, results of the aggregation mechanism of dLDH particles are useful
in environmental remediation processes that rely on the intercalation of harmful anions
through the restacking mechanism. The antioxidant systems obtained by enzyme
immobilization are potential candidates in biomedical applications (e.g., inflammatory
bowel disease), while the structural stability offered by the LDH particles and the reusability
are important parameters in several industrial processes, where immobilized molecular

antioxidants are desired. The developed nanozyme system represents alternatives to
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biomolecules and can potentially be used in biomedical applications where the elimination

of ROS is a crucial aspect (e.g., antioxidant coated implants, wound healing).
7. Tartalmi Osszefoglalo

A megnovekedett ROS koncentracié szamos komoly kovetkezménnyel jarhat mind
ipari, mind élettani folyamatokban. A molekuldris ¢és enzimatikus antioxidansok
alkalmazhatdak lehetnek a ROS koncentracié szabalyozasara, azonban hasznalatuk eldtt a
kornyezeti tényezdkre vald érzékenységiik fontos megoldandd probléma. Kiilonb6zo
hordozdkon vald rogzitésiik megoldast jelenthet erre a negativ tulajdonsagukra, tovabba mas
pozitiv tulajdonsagokat is biztosithat szamukra. Szamos nanorészecske hasznalhato
hordozoként, példaul az LDH-k. Réteges szerkezetiik lehet6séget ad az antioxidansok
beépitésére a rétegek kozé, valamint adszorpcidjukra a feliileten. A delaminalt formajuk
szintén alkalmazhato lehet szubsztratként, nagy fajlagos feliiletiik nagyobb feliiletet biztosit,
mig visszarétegzOdésre vald hajlamuk a rétegkozi beépitést segiti eld. Szekvencidlis
adszorpciéval multienzimatikus nanorendszerek is eldéllithatdak, amelyekben a
polielektrolitok elvalasztd szerepet tOlthetnek be az enzimek kozott, tovabba a
nanorészecske diszperzid kolloidstabilitasat is javithatjdk. Mivel az antioxidans tartalmu
nanokompozitokat tobbnyire vizes diszperzioban alkalmazzak, a diszperzidok
kolloidstabilitasanak vizsgalata €s hangolasa polielektrolitokkal szdmos teriileten fontos.

A munka els6é részében a delamindlt LDH részecskék kolloid tulajdonsagait
mechanizmusa két részre oszthatd. Alacsony ionerdsségnél nincs megfigyelhetd valtozas a
részecskék méretében, azonban ndvelve a sdkoncentraciot, a folyamat két jol elkiilonithetd
szakaszra bonthatd. A madasodik szakasz jo egyezést mutatott a DLVO elmélettel, a
hidrodinamikai sugar id6ben nétt, a részecskék aggregalddtak. A sokoncentracio novelésével
a részecskék aggregalodasanak sebessége nott, mig az elsd szakasz rovidiilt. Annak ellenére,
hogy a masodik szakasz a vart tendenciat mutatta, az elsd szakaszra nem volt magyarazat az
irodalomban. Mivel a DLS csak a részecskék legnagyobb dimenziojat méri, igy feltételeztiik,
hogy a nanolapok elsé 1épésben kialakitjdk az eredeti réteges szerkezetet, mely nem
befolyasolja a részecskék atmérdjét, tehat nem detektalhatd valtozas DLS mérések soran. A
nanolapok visszarétegzodése utan aggregatumok képzddnek, amely jelentds ndvekedést
okoz a hidrodinamikai sugarakban. A két szakaszt a CCT valasztja el egymastol, mely az

ionerdsség novelésével aranyosan csokken. Ezt a jelenséget a turbiditds, AFM és XRD
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mérések is alatdmasztottuk. A mechanizmus felderitése utdn a kolloidstabilitast DLS és
turbiditds mérésekkel vizsgaltuk, amelyekbdl megéllapithatd, hogy a CCC értékek jo
egyezést mutattak. Osszefoglalva megallapithato, hogy az aggregacid mechanizmusa két
1épésre oszthatd: elsd Iépésben visszaalakul az eredeti LDH szerkezet, majd ezt
kartyavarszerli aggregatumok kialakulésa koveti.

Masodik 1épésben a korabban vizsgalt delaminalt LDH-kat hasznaltuk hordozdként
harom antioxidans enzim (HRP, SOD ¢és CAT) rogzitésére, amelyeket két polielektrolit
réteggel valasztottunk el egymastol (Alg ¢s TMC). A polielektrolitok segitségével hangoltuk
a részecskék toltését, ezzel eldsegitve az enzimek adszorpciodjat. A polielektrolitok hasonlo
tendenciat mutattak az adszorpcié soran, kezdetben - kis koncentracional - nem
befolyasoltdk a részecskék toltését, mig novelve koncentracidjukat, a zeta potencialok
abszolut értéke eldbb csokkent, majd a részecskék semlegessé valasat kovetden jelentds
toltéssel birtak. A stabilitas aranyokat ugyanabban a tartomanyban meghatarozva jo egyezést
mutattak a DLVO elmélettel. Az enzimek rogzitése nem befolyasolta a részecskék toltését,
igy a diszperzidk stabilak maradtak.

A SAXS mérések aldtdmasztottak a polielektrolitok €s az enzimek adszorpciodjat,
ugyanis a novekvd elektronstiriiség fluktuacid a sima feliilettel szemben érdesebb feliilet
kialakulasara utalt. A kompozit jelentds enzimatikus aktivitast mutatott a kémiai tesztekben.
Mindharom enzim megtartotta aktivitast, s6t a HRP nagyobb affinitdst mutatott a szubsztrat
irant, mig a CAT is magasabb aktivitassal birt rogzités utan. A dSTORM mérések szintén
alatdmasztottak az enzimek rogziilését, tovabba kimutattdk, hogy a részecskék képesek
bejutni az intracellularis térbe. A kompozit antioxiddns hatasat intracellularis koriilmények
kozott is igazoltuk. Kimutattuk, hogy a kompozitnak nincs citotoxikus hatdsa a HeLa
sejtekre, tovabba a kompozit jelentds ROS semlegesité hatdssal bir. Végiil megallapitottuk,
hogy a kompozit képes csokkenteni az oxidativ stressz altal generalt DNS kettds szal torések
képzddését. Amellett, hogy a kompozit gyokfogd hatassal birt, visszaallitotta a normal
antioxidans/ROS aranyt a sejtekben.

A munka harmadik részében LDH részecskéket hasznéltunk templatként,
molekularis antioxidansok rogzitésére. Két molekularis antioxidanst, TA-t és GSH-t
rogzitettiink sikeresen LDH-n mind a rétegek k6zo6tt, mind a feliileten. A TA, nagy méretének
koszonhetden, az adszorpcid, illetve az egyiittes lecsapas esetén is az LDH részecske
feliiletén rogziilt. Ezzel szemben, a GSH egyiittes lecsapas esetén az LDH rétegei koz¢, mig
adszorpcid soran az LDH részecskék feliiletén rogziilt. Az antioxiddnsok immobilizalasat

kiilonbozd  spektroszkopids modszerekkel bizonyitottuk. Rezgési  spektroszkopias
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modszerek ramutattak a TA kiilonbdz6 orientacidban torténd rogziilésére, amelyet a szintézis
modja hatdrozott meg. Adszorpcid sordan a TA merdlegesen, mig egyiittes lecsapaskor
parhuzamosan rogziilt a részecske feliiletén. Tovabba bebizonyosodott, hogy az LDH
részecske a bazikus koriilményekkel szemben is védd hatést fejtett ki az antioxidansokra,
ugyanis a szintézis soran nem kovetkezett be valtozas szerkezetiikkben. A Raman mérések
tovabba bizonyitottak, hogy a GSH mellett, annak oxidalt forméja, a GSSG is rogziilt az
LDH feliiletén. Az UV-VIS-NIR eredmények szintén aldtamasztottak a szerves molekulak
jelenlétét, mig gyokfogo aktivitasukat DPPH teszttel bizonyitottuk.

A TA aktivitasa jelentsen lecsokkent az egyiittes lecsapassal torténd rogziiléskor,
mig adszorpcid esetén magasabb aktivitas volt mérhetd a szabad antioxidanshoz képest. Ez
Osszhangban volt a feliileten val6 rogziilés modjaval. Egyiittes lecsapaskor a TA parhuzamos
elhelyezkedése miatt a hidroxil csoportjai nehezebben hozzaférhetdek a gyokok szamara,
ami jelentdsen csokkentette aktivitasat. Ezzel szemben az adszorpcids technikaval eldallitott
merdleges orientacid esetén a hidroxil csoportok sokkal konnyebben hozzaférhetoek, tehat
konnyebben ki tudja fejteni gyokfogd hatasat. A GSH aktivitdsa nem valtozott jelentésen
rogzités utan, igy megallapitottuk, hogy a rogzités nem befolyésolta aktivitdsat. Azonban
kiilonbséget figyeltiink meg az idofiiggd mérések esetén. Mig a TA megtartotta aktivitasat
szabad ¢€s rogzitett formaban is, a GSH egy honap elteltével magasabb aktivitds mutatott
szabad forméban. A GSH magasabb aktivitisa a bomlastermékeinek megjelenésével
magyarazhat6, igy megallapitottuk, hogy az LDH képes volt megdrizni a GSH eredeti
szerkezetét, akadalyozva bomldsat. Utolsd 1épésben a legjobbnak mindsiilé minta, az
LDH/TA/a 1jrafelhasznalhatosdgat vizsgaltuk, amely sordn megéllapitottuk, hogy a
kompozit 15 ciklusig jelentds aktivitassal bir.

A doktori munka utolsé 1épéseként antioxidans aktivitdsu nanozimet allitottunk eld
az LDH részecskék szerkezeti modositasdval. Annak érdekében, hogy az LDH részecskék
enzimatikus aktivitassal rendelkezzenek, a Mg(Il) ionok egy részét Cu(Il) ionokra cseréltiik.
A rézkoncentracié valtoztatdsaval harom mintat allitottunk eld, amelyek kiilonb6zo
sztochiometriai aranyban tartalmaztak Cu(Il) ionokat. A rézionok sikeres beépitését elsd
1épésben XRD mérésekkel bizonyitottuk. A diffraktogramok alapjan kiszamitottuk a d és ¢
kristalyparamétereket, amelyek nagyobb értékeket mutattak a réztartalmi minték esetén. Az
XRD eredmények mellett az XPS mérések is igazoltdk a rézionok jelenlétét. A feliilet
Osszetétele jO egyezést mutatott a szintézis soran alkalmazott rézkoncentracidkkal, ugyanis

a nagyobb sztochiometriai ardny magasabb réztartalmat eredményezett. Az XRD és XPS
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eredmények mellett FLIM és Raman mérések megerdsitették a Cu(Il) ionok beépiilését a
szerkezetbe.

A szerkezeti tulajdonsagok vizsgalata utdn, kémiai tesztekkel és intracellularis
mérésekkel vizsgaltuk a CMA mintdk enzimatikus aktivitasat. A kémiai tesztekben a
nanozimek kiemelkedé CAT és SOD aktivitast mutattak, ugyanakkor a Cu(Il) mennyisége
nem befolydsolta aktivitasukat. Az intracellularis mérések soran elsd 1épésben a sejtekre
gyakorolt citotoxicitast vizsgaltuk, amely soran megallapitottuk, hogy a nanorészecskék
nem mutatnak toxikus hatast a HeLa sejteken. A ROS/SOD teszt soran a mintak jelentds
aktivitas mutattak, amelyek alapjan a CMA3 mintat valasztottuk a tovabbi id6fliggd mérések
elvégzéséhez. Az apoptotikus/nekrotikus sejtek vizualizdlasdra mikroszkopos méréseket
végezve bizonyitottuk, hogy a CMA3 minta nem mutat citotoxikus hatéast és csokkenteni
megallapitottuk, hogy a Cu(Il) tartalmt nanozimek jelentds enzimatikus aktivitassal birnak,
amelyet mind kémiai tesztekben, mind intracellularis kérnyezetben bizonyitottunk.

Osszefoglalva, a delaminalt LDH részecskék kolloid tulajdonsagainak feltérképezése
utan harom LDH-alapt antioxidans aktivitassal rendelkezd rendszert fejlesztettiink ki. A
kolloidstabilitas vizsgalataval megallapitottuk, hogy a dLDH-k els6 1épésben visszanyerik
eredeti réteges szerkezetiiket, amit random aggregatumok kialakulasa kovetett. Az
aggregacio mechanizmusa hasonl6 volt a DLS és turbiditas mérések soran és hasznos lehet
kornyezetszennyezd folyamatok kezelésére, a kornyezetre kdros anionok LDH rétegei kozé
torténd beépitésével. Antioxidans enzimek dLDH feliiletén torténd rogzitésével 1étrehozott
nanokompozit jelentds aktivitdst mutatott mind a kémiai tesztekben, mind intracelluléris
koriilmények kozott, igy potencidlisan alkalmazhaté lehet kiilonbozé orvosbioldgiai
felhasznalasokban (pl. gyulladdsos bélbetegség). Az enzimek mellett, molekuléris
antioxidansokat is sikeresen rogzitettiink LDH-k feliiletén és rétegei kozott. Az LDH-k altal
biztositott szerkezeti stabilitas és ujrafelhasznalhatosag lehetdvé teszi hasznalatukat
kiilonboz6 ipari folyamatokban, hozzédjarulva azok koltséghatékonysagahoz. Az utolsod
fejezet egy olyan nanozim fejlesztését mutatta be, amelyet molekularis/enzimatikus
antioxidans rogzitése nélkiil, az LDH-k szerkezetének mddositasaval hoztunk létre. Ezaltal
kikiiszobolhetoek a biomolekuldk negativ tulajdonsagai, és potencialisan alkalmazhat6 lehet

crer

(pl. antioxidanssal bevont implantatumok, sebkezelés).
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10. Supplementary Information

Table S1. IR bands and their assignment for TA containing samples.

Wavenumber (cm™) Assignment Sample

1178 TA

1195 v(C-H) LDH/TA/a

1202 LDH/TA/c
1308, 1335, 1380 TA

1308 3(0-H) LDH/TA/a

1308 LDH/TA/c
1356 LDH

1350 v(NO3") LDH/TA/a

1355 LDH/TA/c
1443 TA

1443, 1500 d(C-0O-H) LDH/TA/a

1496 LDH/TA/c
1513, 1534, 1605 TA

1605 v(C=C) LDH/TA/a

1577, 1640 LDH/TA/c
1700 TA

1692 v(C=0) LDH/TA/a

1692 LDH/TA/c
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Table S2. Raman shifts and their assignments for TA containing samples.

Raman shift (cm™) Assignment Sample
550 v(M-0-M) LDH
900 - 1200 v(C-C), v(C-0), v(C-OH), TA, LDH/TA/a, LDH/TA/c

1050 v(NOs) LDH
1347 TA
1353 d(0-H) LDH/TA/a
1351 LDH/TA/c
1612 TA
1599 v(C=C) LDH/TA/a
1587 LDH/TA/c
1710 TA
1695 v(C=0) LDH/TA/a
1675 LDH/TA/c
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Table S3. IR peaks and their assignment for GSH containing samples

Wavenumber (cm™) Assignment Sample
1238, 1306 GSH/NaOH
Amide III
1251, 1312 LDH/GSH/c
1356 LDH
1358 v(NO3") LDH/GSH/a
1347 LDH/GSH/c
1393 GSH/NaOH
1393 v(COO) LDH/GSH/a
1387 LDH/GSH/c

1533 GSH

1512 GSH/NaOH
Amide II

1528 LDH/GSH/a

1527 LDH/GSH/c

1592 GSH
S(NHs")

1588 LDH/GSH/a

1579 GSH/NaOH
S3(NH.)

1580 LDH/GSH/c

1658 GSH

1650 GSH/NaOH
Amide [

1648 LDH/GSH/a

1643 LDH/GSH/c

2523 v(SH) GSH
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Table S4. Raman bands and their assignment for GSH containing samples

Raman shift (cm™) Assignment Sample

219, 297 LDH/GSH/a

v(S)

235,310 LDH/GSH/c
1050 LDH
1048 v(NO3) LDH/GSH/a
1047 LDH/GSH/c

1254, 1281, 1309, 1336, GSH
1366
1246, 1302 Amide III GSH/NaOH
1249, 1333 LDH/GSH/a
1245, 1322
LDH/GSH/c
1399 GSH
1420 GSH/NaOH
Amide S
1414 LDH/GSH/a
1414 LDH/GSH/c
1536 GSH
1532, 1595 GSH/NaOH
Amide II
1520, 1600 LDH/GSH/a
1528, 1593 LDH/GSH/c
1630, 1659 GSH
1659 GSH/NaOH
Amide [
1661 LDH/GSH/a
1657 LDH/GSH/c
2524 GSH
v(SH)
2567 GSH/NaOH
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Table SS. Binding energies of Cu 2p3,2 region of XPS spectrum.
Sample Cu(l) 2p3p | eV Cu(1l) 2ps, | eV

MA ] )

934.40
939.03
941.93
943.85
934.39
939.02
941.92
943.85
934.31
938.94
941.84
943.76
934.67
939.30
942.20
944.12

CMA1 931.75

CMA2 931.75

CMA3 931.71

Reference?!’ 932.18

Table S6. Binding energies of Mg 2p and Al 2p regions of XPS spectrum.

Sample Mg(l) 2p | eV Adll) 2p | eV
MA 49.72 74.30
CMAL1 49.67 74.23
CMA2 49.67 74.13
CMA3 49.62 74.06
Reference?!’ 49 4 74.0
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Figure S1. TEM micrograph of aggregated LDH particles 20 minutes after maintaining the

30 mM NaCl concentration.
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Figure S2. Change in relative turbidity values in time. The particle concentration during this

measurement was set to 50 mg/L.
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Figure S3. Change in hydrodynamic radius in time at different Alg (A) and TMC (B) doses.
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Figure S4. Change in hydrodynamic radius in time at different salt concentrations for
dLDH/Alg (A) and dLDH/ALG/TMC (B) systems.
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Figure S5. The SAXS scattering curves of dLDH (A), dLDHa (B), dLDHaH (C), dLDHaHt
(D), dLDHaHtS (E), and dLDHaHtSC (F) samples at 0.2 mg/L and 1.2 mg/L.
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A

Figure S6. TEM image of dLDHaHtSC composite.
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Figure S7. XRD diffractogram of LDH/TA at 1:1 AI’":TA ratio.
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Figure S8. Raman spectra of LDH (A), GSH (B), GSH/NaOH (C), LDH/GSH/a (D) and
LDH/GSH/c (E).
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Figure S9. IR spectra of AO loaded samples before and after the reaction in DPPH assay.
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Figure S10. Raman spectra of AO loaded samples before and after the reaction in DPPH
assay.
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Figure S11. Intensity-weighted hydrodynamic diameter distribution graph of MA and CMA
samples.
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Figure S12. XPS survey scan in 1200 — 0 eV (A) and 1000 — 800 eV (B) range.
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Figure S13. XPS spectra of C 1s (A), O 1s (B), Cl 2p (C), Al 2s (D), Al 2p (E), and Mg 2P
(F).
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Figure S14. Intracellular ROS scavenging (A) and superoxide radical dismutation (B)
activity of CMA samples in 0.5 — 2.5 mg/L concentration range.
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Figure S15. Relative luminescence intensity for CMA1 and CMA2 samples measured in
CellTiter Glo® cell viability assay. The test was revealed in 5 — 20 mg/L nanozyme
concentration range.
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