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Synthesis and formulation of functional
bionanomaterials with superoxide dismutase
activityt

Marko Pavlovic, Paul Rouster and Istvan Szilagyi*

Layered double hydroxide (LDH) nanoparticles were prepared and used as solid support for superoxide
dismutase (SOD) enzymes. Structural features were studied by XRD, spectroscopic methods (IR, UV-Vis
and fluorescence) and TEM, while colloidal stability of the obtained materials was investigated by electro-
phoresis and light scattering in aqueous dispersions. The SOD quantitatively adsorbed on the LDH by
electrostatic and hydrophobic interactions and kept its structural integrity upon immobilization. The com-
posite material showed moderate resistance against salt-induced aggregation in dispersions, therefore,
heparin polyelectrolyte was used to improve the colloidal stability of the system. Heparin of highly nega-
tive line charge density strongly adsorbed on the oppositely charged hybrid particles leading to charge
neutralization and overcharging at appropriate polyelectrolyte loading. Full coverage of the composite
platelets with heparin resulted in highly stable dispersions, which contained only primary particles even at
elevated ionic strengths. Our results indicate that the developed bionanocomposite of considerable enzy-
matic function is a suitable candidate for applications, wherever stable dispersions of antioxidant activity

www.rsc.org/nanoscale

Introduction

Immobilization of native enzymes attracts widespread contem-
porary interest as indicated by the considerable number
of reviews released recently in this topic in the chemical
literature."™ Enzymes attached to solid supports are widely
used in catalysis,° analytical chemistry,” biotechnology,®
water treatment® and in numerous chemical manufacturing
processes.'”'" Several immobilization techniques have been
described, where carrier substances included insoluble in-
organic particles (e.g., silica,"> carbon derivatives,"® iron
oxide," metal-organic frameworks,! zirconium phosphate,'
titania’® and clays'”'®), polymers’™' or hybrid materials.*?
The attachments were carried out by various forces (electro-
static interaction, physical adsorption, covalent linkage, etc.).
One of the most important conclusions was that the matrix
has to provide an environment, which is biocompatible and
chemically inert. Consequently, the interaction with the solid
support should not change the protein structure responsible
for the enzymatic activity, but should be able to defend it from
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are required for instance in biomedical treatments or in chemical manufacturing processes.

environmental effects, which can lead to denaturation and
loss of activity.*®

Lamellar clay materials possess several advantageous
properties, which make them popular solid supports in
enzyme immobilization processes usually taking place through
electrostatic  interactions.”?**>  Accordingly, the protein
loading is often high due to the significant ion exchange
capacity of the clays, the electrostatic attraction provides a
strong attachment, the distance between the lamellae can be
tuned and pillared materials can be obtained, delamination
into unilamellar nanosheets results in dispersions of high
surface area and clays are available in large amount in nature
or their preparation is relatively uncomplicated.

Among them, layered double hydroxides (LDHs) are one of
the most popular enzyme carriers.”'®** LDHs are hydrotalcite-
type anionic (i.e., with anion exchange capacity) clays contain-
ing lamellar mixed hydroxides with exchangeable anions and
water between the layers.>® Although LDHs are less frequent
than the cationic clays in nature, their synthesis is simple even
in large amount and various methods are available.”” > The
structure of the LDHs is based on Mg(OH), (brucite) of
octahedral coordination around the metal ions. The Mg** can
be substituted with trivalent cations (e.g., A’ and Fe®*) of
similar coordination properties. This isomorphous substi-
tution results in positively charged layers neutralized electri-
cally by anions, which can be exchanged to other negatively
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charged substances. The Mg®" can also be replaced by other
divalent metal ions (Fe**, Zn>*, Ca*", etc.) leading to high com-
positional diversity of the LDH materials.

Amylase enzyme was adsorbed on Mg/Al-CO;-LDH (ie.,
composed of Mg>* and AI’" layer forming metal ions and
CO;>~ charge compensating anions) resulting in a biohybrid,
which showed excellent activity in hydrolyzing starch.’®> LDH-
enzyme composites were also prepared for the development of
biosensors. For example, Zn/Al-alginate-LDH was used to
entrap polyphenol oxidase and the obtained composite
material showed high sensitivity in catechol detection.** In
another system, the conformation of pancreatic lipase upon
adsorption on lactate-intercalated LDH was tuned by optimiz-
ing the enzyme-to-LDH ratio in the reaction mixture.”> Urease
enzyme was immobilized in/on Zn/Al-CI-LDH in different ways.
Namely, physically adsorbed on the outer surface and inter-
calated into the interlamellar space by the delamination-
restacking method or during the coprecipitation process.*® The
latter method resulted in the highest amount of enzyme in the
composite and the developed materials showed sufficient
activity in urea hydrolysis. Such a coprecipitation method was
also used to intercalate papain in an LDH containing Mg”* and
AP** metal ions in the lamellae.’” The structure and the activity
of the enzyme was the same after de-intercalation from the
hybrid material indicating that the solid support is suitable to
provide time-controlled release of papain.

Antioxidant enzymes including superoxide dismutase
(SOD) are an important class of proteins for therapeutic appli-
cations and in various industrial manufacturing processes due
to their high efficiency in decomposition of reactive oxygen
species (ROS).*® Immobilization of SOD on suitable solid sup-
ports has been performed to improve its formulation, re-
usability and resistance against the environmental effects (e.g.,
change in pH, temperature or ionic strength).

Accordingly, SOD was physically adsorbed and covalently
grafted to functionalized silica microspheres and the obtained
composites showed excellent activity in decomposition of
superoxide radicals.*® Titania nanosheet-SOD hybrid material
was found to be more active in enzymatic assays than the
native protein.’® SOD was covalently attached to carbon nano-
tubes and the highly dispersible composites successfully
decreased the oxidative stress caused by ROS in living
systems.”" Other carbon derivatives were also used to immobi-
lize the natural enzyme on electrode surfaces to develop bio-
sensors in order to determine the concentration of superoxide
radicals in biological samples.**** Moreover, hydrogel vehicles
were synthesized and SOD was encapsulated inside the nano-
particles to get protected from antibodies and degradation.**
The immobilization process did not affect the catalytic activity
and the developed system was proposed as a promising tool
for enzymatic therapy.

Besides, to replace the sensitive and hardly manageable native
SOD, artificial enzymes composed of transition metal complexes
or other inorganic substances of sufficient SOD-like activity were
prepared and immobilized in/on silica,*>*® montmorillonite,*”*®
carbon nanotube® and polymer™® particles.
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Scheme 1 Schematic representation of the SOD immobilization and
heparin coating processes.

In the above examples, the researchers focused on the syn-
thesis, solid state characterization and enzymatic activity tests
of the hybrid materials. In spite of the fact that the majority of
the applications takes place in heterogeneous systems, mostly
in aqueous dispersions, no systematic studies dealing with the
colloidal stability of the carrier-enzyme composites have been
reported yet. This topic is extremely important, since aggrega-
tion of the carrier particles may result in inefficient catalytic
activity and failure in enzyme delivery. For instance, immobi-
lization of SOD on suitable solid supports may protect the
enzyme during parenteral supplementation into human body,
nevertheless, formation of irregularly shaped clusters upon
particle aggregation may prevent the successful delivery and
may block the veins and cause thrombosis.”

In the present study, we aimed at the design of stable dis-
persions consisting of SOD enzyme immobilized on Mg/Al-
CO;-LDH particles. The colloidal stability of the obtained bio-
hybrid was tuned by surface functionalization with heparin
polyelectrolyte (Scheme 1). The structure of the composite
materials was investigated by microscopic and spectroscopic
techniques, while charging and aggregation were probed by
electrophoresis and light scattering. The bionanocomposites
were applied in enzymatic assays, where they showed excellent
superoxide radical scavenging activity. The results shed light
on the importance of polyelectrolyte coating in order to obtain
highly stable dispersions of antioxidant activity, which are suit-
able candidates for enzyme-based therapies in living systems
for instance.

Experimental
Materials

The chemicals were of high purity level and commercially
available substances purchased from Sigma-Aldrich with the

This journal is © The Royal Society of Chemistry 2017
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exception of sodium heparin, which was bought from Acros
Organics. Enzymes, Cu®’-Zn>* superoxide dismutase from
bovine erythrocytes (SOD, EC 1.15.1.1) and xanthine oxidase
from bovine milk (EC 1.17.3.2.), were purchased in the form of
lyophilized powder, which was dissolved in water for the
measurements. Ultrapure water (Millipore) was used for
sample preparation and the experiments were carried out at
25.0 + 0.2 °C and at pH 7.5 + 0.2, unless otherwise specified.
To prepare phosphate buffer, precisely calculated amounts of
sodium phosphate dibasic and sodium phosphate monobasic
salt solutions were mixed together.

Synthesis of Mg/Al-CO;-LDH

The LDH material (Mg/Al-CO;-LDH) was prepared by the flash
coprecipitation method?***>® followed by a hydrothermal
treatment in order to improve the particle size distribution.®®
Briefly, 2.564 g of Mg(NO;),-6H,0 and 1.876 g of
Al(NO3);-9H,0 were mixed together and dissolved in 100 mL of
water under magnetic agitation. Then 1.060 g of Na,CO; was
dissolved in 20 mL of 1 M NaOH solution and added to the
previous sample. The obtained solution was stirred for
24 hours and the pH was kept at 9.0 + 0.5. The solid precipitate
was filtered (Nalgene Nylon Membrane Filter of 0.2 pm pore
size) and washed extensively with water. After the washing
step, the powder was dried overnight in an oven at 60 °C. The
synthesized dried powder was dispersed in water to obtain a
4 wt% dispersion. The sample was then transferred in a teflon-
lined autoclave (Col-Int Tech), which was sealed and a hydro-
thermal treatment was performed at 120 °C for 24 hours. After
this procedure, the autoclave was removed from the oven and
allowed to cool down at ambient temperature. The obtained
product was washed several times with water during centri-
fugation and it was finally dispersed in water to get a 10 wt%
stock dispersion and stored in the fridge. Before usage, this
stock was diluted and treated in an ultrasonic bath for 5 min.

Synthesis of Mg/Al-CO;-LDH-SOD composite

The composite material consisting of Mg/Al-CO;-LDH and
SOD at a dose of 1 mg of SOD per 1 g of particle was prepared
as follows. 0.1 mL of Mg/Al-CO;-LDH dispersion at 10 000 mg
L' concentration was mixed with 0.1 mL of SOD solution
(10 mg L") and 4.8 mL water. The reaction took place
during 6 hours to allow the SOD to adsorb on the surface of
the LDH particles. Finally, 5 mL of 2 mM phosphate buffer
solution was added to set the concentration of the composite
material at 100 mg L™ and the total phosphate concentration
at 1 mM. This stock dispersion was used for all of the further
experiments.

X-ray diffraction

In order to confirm the formation of the Mg/Al-CO;-LDH
particles, X-ray diffraction (XRD) measurements were
performed on an Empyrean diffractometer (Panalytical) using
the CuKo, radiation (wavelength of 0.15406 nm). The LDH
powder was placed on an 8 mm glass capillary and the data
were collected in the 20 range of 5-65°. The diffractogram of
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the glass capillary was also recorded and subtracted from the
XRD pattern of the material.

Electrophoresis and light scattering

Electrophoretic mobilities were determined with a ZetaNano
ZS (Malvern) instrument, while dynamic light scattering (DLS)
measurements were performed with a CGS-3 goniometer
system (ALV) at a scattering angle of 90°. In the time-resolved
DLS experiments, the correlation functions were collected
during 10-100 min depending on the speed of particle aggre-
gation. For both experimental techniques, the samples were
prepared in a similar manner. Dispersions prepared for elec-
trophoretic mobility measurements were equilibrated over-
night, while colloidal stability was probed immediately after
sample preparation, in which aqueous solutions of calculated
amount of polyelectrolyte and salt were mixed with stable dis-
persions resulting in 10 mg L™ final particle concentration.
The colloidal stability was expressed in terms of stability
ratio.>®”*> It should be noted here that stability ratios close to
one indicate rapid particle aggregation and unstable systems,
while higher values refer to slower aggregation and more
stable dispersions.

Spectroscopy

Infrared (IR) spectra were measured in the attenuated total
reflectance (ATR) mode with a Spectrum 100 FT-IR spectro-
meter (PerkinElmer). The ATR crystal was made of diamond.
Prior to the IR measurements, the internal reflection unit was
washed with ethanol and dried. The solid material was placed
on the ATR crystal and the spectrum was recorded in the wave-
number range of 4000 and 400 cm ™" at a resolution of 4 cm™".

UV-Vis absorption spectra were measured at wavelengths
between 350 and 800 nm on a Lambda 35 spectrophotometer
(PerkinElmer) using glass cuvettes (Hellma) cleaned with a
2 wt% Hellmanex solution (Hellma).

The fluorescence spectra of the bare and immobilized SOD
were measured as follows. The enzyme was excited at a wave-
length of 283 nm and the emission wavelength was recorded
from 293 to 500 nm. A slit of 4 nm and 3 nm was used for the
excitation and emission wavelength, respectively. All the
spectra were recorded with a Flourolog spectrometer (Horiba
Jobin Yvon) using a 450 W xenon lamp.

Microscopy

The morphology of the materials was studied by transmission
electron microscopy (TEM) and by scanning electron
microscopy (SEM). The TEM images were recorded on a Tecnai
G2 Sphera microscope (FEI) at an acceleration voltage of
120 kV using a LaB6 cathode. The samples were prepared by
placing 5 pL of solution on the plasma treated carbon mesh
and by removing the excess liquid after 2 min. The obtained
mesh with the material was installed on the sample holder
and placed in the microscope.

For SEM imaging, 20 pL dispersion was deposited on the
surface of an adhesive tape previously placed on the sample
holder. After the evaporation of the solution, the sample
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holder with the remaining material was gold coated. All the
SEM images were obtained on a JSM-6510LV microscope (Jeol)
with an acceleration voltage of 20 kV.

Determination of the SOD concentration

The SOD content that remained in the solution after the adsorp-
tion process was measured by the Bradford test.”® A stock solu-
tion of Coomassie Brilliant Blue dye was prepared by dissolving
100 mg in 50 mL of 95% ethanol and by adding 100 mL of 85%
phosphoric acid. The solution was then completed with water to
1000 mL in a volumetric flask. Standard solutions of SOD
ranging from 1 mg L™ to 20 mg L™ were prepared and the
UV-Vis spectra were recorded after the addition of the dye.

SOD assay

To determine the enzymatic activity of the bare and immobi-
lized SOD, the classical Fridovich method was used.®”
Accordingly, the system contained xanthine and xanthine
oxidase to produce superoxide radicals and nitroblue tetra-
zolium (NBT) as a scavenger indicator. For a typical test reac-
tion, 0.1 mL of 3 mM xanthine, 0.1 mL of 3 mM NBT and
0.3 mL of 3 mg mL™" xanthine oxidase solution were mixed
together followed by the addition of 0.1-2.5 mL of the enzyme
containing samples. The above listed solutions were all pre-
pared in phosphate buffer at pH 7.5 applying a total phosphate
concentration of 1 mM. Upon the reduction of the NBT by
the superoxide radicals, it changes its color from yellow to
blue and the appearance of an absorption peak at 565 nm was
followed with a spectrophotometer (Fig. S1}). Therefore, the
absence or only slight formation of the reduced NBT evidences
a strong SOD activity, i.e., the efficient capture of the super-
oxide radicals. The inhibition (I) of the NBT-superoxide radical
reaction was calculated by the following equation:

AAg — A4

0

I= X 100 (1)
where AAg and A4, correspond to the increase in absorbance
at 565 nm during 5 min, as a consequence of the formation of
the reduced form of NBT in the sample with SOD activity and
without any SOD activity, respectively. The inhibition is
given in percentage and the so-called ICs, value represents the
concentration of the enzyme corresponding to 50% inhibition.

Results and discussion

The structure of the bare Mg/Al-CO;-LDH was characterized in
solid state and its size and charge in aqueous dispersions.
SOD adsorption was quantified and the obtained biohybrid
was studied by TEM, SEM and by fluorescence and IR
spectroscopy. Particle aggregation®>>°®°° was followed by
DLS, where the colloidal stability as a function of salt and poly-
electrolyte concentration was investigated, while electrophor-
esis was used to probe the charging behavior of the bare and
coated particles. These characterizations were performed in
two types of media, namely in NaCl solutions and in phos-
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phate buffer to test the ion specific effects on the dispersion
properties. The enzymatic function of the obtained hybrid
materials was finally tested.

Characterization of Mg/Al-CO;-LDH nanoparticles

The XRD pattern of the synthesized Mg/Al-CO;-LDH was recorded
and the peaks were assigned to the respective diffraction planes
(Fig. S27). It was found that all the characteristic bands reported
for hydrotalcite-like materials®® are present indicating the success-
ful synthesis of the lamellar compound. The LDH lattice para-
meters such as the thickness of the layer with interlayer space (d),
the height of the platelets (v) with the number of sheets assem-
bling in one platelet (n) and the average distance between the
metal cations in the sheets (a) were calculated. The v value was
obtained by employing the Scherrer equation® and it was found
to be 15.92 nm. By dividing the parameter v with d, the n value
was determined and showed that approximately 21 lamellae con-
struct one platelet. Eventually, twice the position of the (110)
reflection gave us an average a value of 0.30 nm. Such dimensions
are typical for LDH materials.”®>**® TEM experiments were per-
formed to characterize the morphology of the Mg/Al-CO,;-LDH
material (Fig. S37). Platelets of distorted cylindrical shape were
observed in the images.

DLS measurements carried out in stable dispersions
yielded a hydrodynamic radius of 110 nm and a polydispersity
index of 0.30 indicating a relatively narrow particle size distri-
bution of the Mg/Al-CO,;-LDH. The charging and aggregation
properties were investigated in NaCl and phosphate buffer
solutions (Fig. 1).
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Fig. 1 Top: electrophoretic mobilites of Mg/Al-CO3z-LDH particles at
different ionic strength set by NaCl (A) or phosphate buffer (B). Bottom:
corresponding stability ratio values measured in the same systems. The
lines are to guide the eyes and the shaded fields indicate the ionic
strength range, where aggregation of the particles takes place.
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Let us first discuss the situation, where the ionic strength
was set by NaCl (Fig. 1A). At low ionic strength, the measure-
ments yielded positive electrophoretic mobilities. By increas-
ing the salt level, and therefore, the counterion concentration,
screening of the particle charge occurred leading to a progress-
ive decrease in the mobility values. The trend in the stability
ratios measured under similar experimental conditions shows
a decrease (i.e., increasing aggregation rates) with increasing
the NaCl concentration, while the values remained close to
one at higher ionic strengths. The break point is referred to
as the critical coagulation concentration (CCC).*' Note that
stability ratios close to unity indicate rapid (diffusion limited)
particle aggregation, while higher values are signals for slow
(reaction limited) aggregation processes.

However, when the ionic strength is set by phosphate buffer
the situation is more complex (Fig. 1B). At low salt concen-
trations, the particles exhibit very similar electrophoretic mobili-
ties compared to the ones determined for the NaCl system, never-
theless, the mobilities rapidly decrease by further addition of
salt. Charge neutralization occurred at the isoelectric point (IEP)
due to the adsorption of the phosphate species on the oppositely
charged particles. Moreover, further adsorption resulted in a
significant overcharging leading to Mg/Al-CO;-LDH of highly
negative charge. An increase in the electrophoretic mobilities
was observed at high ionic strength due to the screening effect of
the Na' counterions on the negatively charged surface.

High stability ratios indicated stable dispersions at low
phosphate concentrations, while the values decreased with the
salt level until reaching the CCC. The CCC value was found to
be in the same range of ionic strength as the IEP obtained
from the mobility measurements. However, after a narrow
instability region, where the stability ratios were found to be
equal to unity within the experimental error, the aggregation
slowed down and a maximum was observed in the stability
ratios. This maximum appeared at similar phosphate concen-
trations, where the overcharging maximum occurred. Further
increase in the phosphate level led to an acceleration of the
aggregation and to unstable systems at higher ionic strengths.

Such charging and aggregation behaviors can fairly be
explained by the theory of Derjaguin, Landau, Verwey and
Overbeek (DLVO).°" Accordingly, particles of sufficiently high
charge possess an electrical double layer around them leading
to an interparticle repulsion upon approach towards another
particle. This electrical double layer can either be screened
away by salts or can vanish due to charge neutralization by
counterion adsorption. In the absence of the electrical double
layer repulsion, attractive van der Waals forces predominate
and hence, the particles rapidly aggregate.

In our systems, destabilization occurred by charge screen-
ing in the NaCl samples. For the phosphate buffer, the first
fast aggregation regime is clearly owing to the charge neutrali-
zation upon phosphate adsorption, while the second destabili-
zation at high concentration is caused by the screening effect
of the Na* ions. In addition, the intermediate restabilization
maximum is due to the remarkable overcharging and sub-
sequent re-establishment of the repulsive electrical double
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layer forces. Similar trends in the colloidal stability have
already been reported for LDH particles in the presence of
mono or multivalent anions.’*

Adsorption of SOD on the Mg/Al-CO;-LDH platelets

SOD was adsorbed on the Mg/Al-CO;-LDH platelets. Since the
enzyme and the platelets are oppositely charged at the pH
used, we have first followed the charging and aggregation
behavior of the particles at different SOD doses at 1 mM
ionic strength. This allowed us to determine the protein load-
ings, which do not destabilize the colloidal dispersion of
Mg/Al-CO;-LDH. We found that the surface charges were not
affected by the SOD adsorption up to an enzyme dose of 10 mg
g~! (meaning 10 mg of SOD per 1 g of Mg/Al-CO5-LDH) result-
ing in stable dispersions under these experimental conditions
(Fig. S4t). However, addition of higher amount of enzyme gave
rise to charge neutralization and overcharging leading to
unstable dispersions near the IEP and to restabilization of the
samples at higher loading. The tendency in the aggregation
processes can be explained similarly to the case discussed
above for the Mg/Al-CO,-LDH platelets in phosphate buffer.

To further prove the adsorption of the enzyme on the
surface of the inorganic nanoparticles, the IR spectrum of the
Mg/Al-CO;-LDH-SOD composite was measured and compared
to the spectra of the native enzyme and bare platelet (Fig. 2).
The full assignments of the vibrational bands are shown in
Table S1.7

From the IR spectrum of the hybrid material, the character-
istic peaks of both the SOD and the Mg/Al-CO;-LDH components
could be identified confirming the immobilization of the
enzyme on the surface of the particle. Indeed, several peaks
corresponding to the inorganic platelets were found in the range
of 450-1400 cm™", in addition to the two absorption bands refer-
ring to the bending mode of the CONH amide bond and to the
C—C stretching vibration at 1522 cm™ and 1633 cm™, respect-

Mg/Al-CO,-LDH

Relative Transmittance

j

: :

i i

i I

1 I
Mg/Al-CO,-LDH-SOD

1200 1600

Wavenumber (ci’!)

400 800 2000

Fig. 2 IR spectra of bare Mg/Al-COz-LDH, native SOD and the hybrid
Mg/Al-CO3z-LDH-SOD materials.
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ively, of the enzyme.®* This implies that the adsorption of the
SOD did occur on the Mg/Al-COs-LDH platelets resulting in the
formation of the desired composite material.

Besides, the XRD pattern of the Mg/Al-CO;-LDH-SOD was
recorded (Fig. S21). The position of the (003) peak remained
unchanged upon addition of SOD indicating no enzyme inter-
calation between the layers, but rather adsorption on the outer
surface. Potential intercalation would increase the interlayer
spacing and it would lead to a shift in the location of the (003)
diffraction plane.>®

The adsorption process was also quantified using the
Bradford method to determine the SOD concentration in the
solutions.>® In this experiment, 0.1 mL of 10000 mg L™ of
particles and 0.1 mL of 100 mg L™" of enzyme (corresponding
to a SOD dose of 10 mg g~ ) were mixed together and diluted
with 0.3 mL water. The solid material was then filtered off and
the Bradford reagent was added to the filtrate. The UV-Vis
absorption spectrum was recorded thereafter. The obtained
results together with three reference measurements containing
different amount of native SOD are shown in Fig. 3.

The absorbance decreases at 465 nm and increases at
595 nm by increasing the enzyme concentration. These shifts
of the absorption maximum are based on the binding of the
dye to the SOD. The UV-Vis spectrum of the filtrate was identi-
cal to the one of the reference sample, which contained no
SOD molecules. This finding clearly shows that the enzyme
quantitatively adsorbed on the Mg/Al-CO;-LDH and that no
partitioning between the bulk and surface took place.
We assume that the strong attractive forces between the
enzyme and the solid support were achieved through electro-
static and hydrophobic interactions as well as by hydrogen
bonding. Similarly high affinity has already been reported
earlier for polyelectrolytes adsorbing on oppositely charged

surfaces.>®°0%:63:64 1t should also be noted that these results
— 20 mg/L
1.2 4 — 10mg/L
—— O mg/L
—— Sample
8 1.0 1
g
=
2
B
< 0.8 T
0.6 4
1 . T . 1 i 1
400 500 600 700
Wavelength (nm)

Fig. 3 Bradford tests for standard solutions of SOD of 10 mg L™* and
20 mg L™ concentrations and for the reference system without enzyme
(0 mg L™ as well as for the filtrate after the SOD adsorption process
(sample).
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indicate quantitative adsorption at SOD doses lower than
10 mg g™ too.

Polyelectrolyte coating

Although SOD was successfully immobilized on the Mg/
Al-CO;-LDH without significantly changing the colloidal stabi-
lity of the dispersions, this stability is limited and the particles
already aggregated at moderate ionic strengths, as discussed
earlier. In order to improve their resistance against salt-
induced aggregation, the Mg/Al-CO5;-LDH-SOD was coated with
heparin, which is a biocompatible anticoagulant possessing
one of the highest negative line charge density within the
natural polyelectrolytes.®>® Its effect on colloidal stability of
LDH platelets has already been reported.”?

First, the charging and the aggregation processes in the
Mg/Al-CO5-LDH-SOD dispersions were investigated by electro-
phoresis and DLS, respectively. The measurements were
carried out at different heparin doses to probe the effect of its
adsorption on the colloidal stability and to determine the
experimental conditions where highly stable dispersions can
be obtained. The recorded electrophoretic mobilities and
stability ratios are shown in Fig. 4.
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Fig. 4 Electrophoretic mobilities (A) and stability ratios (B) of Mg/Al-
COs-LDH-SOD (1 mg g~* enzyme load) as a function of the heparin con-
centration. The measurements were performed at 1 mM NaCl and at
10 mg L™ particle concentration. SEM (C) and TEM (D) images of Mg/Al-
COs-LDH-SOD obtained with a 50 mg g~ heparin coverage. The dose
of heparin indicates mg of polyelectrolyte per 1 g of particle. The sche-
matic representation of the heparin structure is shown on the top.
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Increasing the dose of heparin initially led to a decrease in
the mobilities, which reached the IEP due to the adsorption
of the polyelectrolyte on the oppositely charged platelets
(Fig. 4A). Further addition of heparin gave rise to overcharging
and the mobilities decreased until the appearance of an
adsorption saturation plateau (ASP). The onset of the ASP
(around 20 mg g~ ') corresponds to the highest possible dose
of heparin that can be adsorbed on the particle surface
leading to fully coated platelets (Mg/Al-CO;-LDH-SOD-Hep).
Above this value, no more heparin adsorption is possible on
the particles. These phenomena have already been reported in
similar LDH-heparin systems® and also for other polyelectro-
Iytes in the presence of oppositely charged particles.”®®*°*

The stability ratios show an extremely narrow curve
(Fig. 4B). The particles are unstable around the IEP due to the
lack of stabilizing electrical double layers. The partially coated
Mg/Al-CO;-LDH-SOD of positive charge as well as the nega-
tively charged fully coated ones form stable dispersions at this
low ionic strength. As predicted by the DLVO theory, the aggre-
gation is hindered by the repulsive electrical double layer
forces, whenever the particles possess sufficiently high surface
charge.

The hydrodynamic radii of the Mg/Al-CO;-LDH, Mg/Al-CO3-
LDH-SOD and Mg/Al-CO5;-LDH-SOD-Hep particles were deter-
mined in stable dispersions at 1 mM ionic strength and they
were found to be 110 nm, 106 nm and 111 nm, respectively.
These values are within the experimental error of the DLS
method (+5 nm) and hence, one can realize that the SOD
adsorption and heparin coating did not change the hydro-
dynamic radius of the bare Mg/Al-CO;-LDH significantly.
This finding is in good agreement with hydrodynamic layer
thickness data of polyelectrolyte chains adsorbed on colloidal
particles.®” Accordingly, thicknesses of up to 3 nm were
reported at low ionic strengths and hence, considerable
increase in the size of the Mg/Al-CO5;-LDH platelets cannot be
expected upon adsorption of SOD and heparin.

XRD pattern of the Mg/Al-CO;-LDH-SOD-Hep composite
was measured to check the possible intercalation of the poly-
electrolyte between the lamellae (Fig. S2t). The location of
the characteristic (003) peak, which is related to the interlayer
distance,*® did not change significantly upon addition of the
polyelectrolyte. This fact indicates that heparin intercalation
did not take place and that it adsorbed on the outer surface of
the particles. Similar observation was reported with other LDH
platelets in the presence of heparin.>?

The IR spectrum of the Mg/Al-CO;-LDH-SOD-Hep material
was found to be very similar to the one measured for the
Mg/Al-CO;-LDH-SOD (Fig. S51) indicating that such a low
amount of heparin cannot be detected by this technique.

Fig. 4C and D show the SEM and TEM images, respectively,
at doses, where the Mg/Al-CO;-LDH-SOD platelets are fully
coated with heparin. The TEM image confirms the above men-
tioned stability. Accordingly, primary particles can be observed
on the picture indicating stable dispersions of the Mg/Al-CO;-
LDH-SOD-Hep composites. Their shape was found to be very
similar to the ones observed for the bare Mg/Al-CO;-LDH plate-
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Fig. 5 Emission fluorescence spectra of SOD, Mg/Al-COs-LDH-SOD
and Mg/Al-CO3-LDH-SOD-Hep. The dashed line indicates the intensities
at 306 nm wavelength.

lets (Fig. S31). It should also be noted that the presence of a
few aggregates may originate from the drying process during
the sample preparation. Additionally, it was observed from the
SEM image that the morphology of the material did not
undergo any significant changes upon the SOD doping or
heparin coating and exhibits typical LDH-type structure.

Fluorescence spectroscopy has been applied to probe the
possible conformational changes in the SOD structure that can
occur upon its adsorption on the Mg/Al-CO,;-LDH surface and
during the coating procedure with heparin (Fig. 5).

The 4-hydroxyphenyl side chain groups of the two
tyrosine amino acids present in the protein were excited at a
wavelength of 283 nm and the fluorescence intensities were
followed in the emission wavelength range of 293-500 nm.
The intensities at 306 nm wavelength and the recorded
emission spectra were found to be similar for all the materials.
This finding indicated that the microenvironment of the tyro-
sine side chains did not change upon their adsorption or
coating. This information is crucial, because it indicates that
the structural integrity of the SOD enzyme appears preserved
meaning that it should lead to similar enzymatic activity in its
bare, immobilized and coated forms. This issue will be further
discussed later.

Resistance against salt induced aggregation

In the previous sections, we have found that the dispersions of
both Mg/Al-CO;-LDH-SOD and Mg/Al-CO;-LDH-SOD-Hep
particles were stable at 1 mM ionic strength. However, the
ionic strength is usually much higher in bioapplications, e.g.,
160 mM in blood.®® Therefore, we have further investigated the
charging and aggregation of the bare and heparin-coated
hybrid materials of immobilized SOD in a wide range of ionic
strengths set either by NaCl or phosphate buffer solutions.
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In the NaCl series (Fig. 6A), the Mg/Al-CO5-LDH-SOD par-
ticles are positively charged, while the Mg/AI-CO;-
LDH-SOD-Hep ones are negative in the entire ionic strength
range due to the overcharging phenomenon induced by the
heparin adsorption, as discussed earlier. By comparing the
magnitude of the mobility values at low ionic strengths, it is
observed that the heparin-coated particles exhibit a higher
surface charge, compared to both the bare and SOD modified
nanoplatelets (Fig. 1 and 6A). By increasing the NaCl concen-
tration, the surface charges of the Mg/Al-CO;-LDH-SOD and
the Mg/Al-CO;-LDH-SOD-Hep particles are progressively
screened by the counterions resulting in a decrease in the
magnitude of the electrophoretic mobilities.

In addition, an enormous difference was observed in the CCC
values, which were found to be equal to 29 mM and 989 mM for
Mg/Al-CO;-LDH-SOD and Mg/Al-CO;-LDH-SOD-Hep, respectively.
This 34 times increase induced by the polyelectrolyte coating
probably originates from the establishment of two types of repul-
sive forces. Accordingly, electrical double layer forces are stronger
for the Mg/Al-CO;-LDH-SOD-Hep due to their higher surface
charge density compared to the bare platelets. Moreover, the
adsorbed heparin molecules change their conformation
especially at high ionic strengths®” and hence, polyelectrolyte
tails and loops form on the surface leading to steric repulsion
between the molecules on the surface, once two coated particles
approach each other. Such a powerful electro-steric repulsion has
been reported in several polyelectrolyte-particle systems.>>°%%°

To probe the specific effect of the ionic environment,
similar set of experiments was carried out using phosphate
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buffer instead of NacCl to set the ionic strength. Indeed, signifi-
cant variations in the charging and aggregation behavior of
the particles could be observed by changing the type of anions
in the salts (Fig. 6B).

The tendency in the electrophoretic mobilities of the
Mg/Al-CO3-LDH-SOD was found to be similar to the one of the
Mg/Al-CO;-LDH particles shown in Fig. 1B. Accordingly, the
charge neutralization at the IEP as well as the overcharging of
Mg/Al-CO5-LDH-SOD occurred by varying the total phosphate
concentration.

The colloidal stability was also analogous to the bare nano-
platelets. The stability ratios were high at low salt levels and
in the intermediate phosphate concentration regime, while
unstable dispersions were observed near the IEP at 0.035 mM
and above 500 mM ionic strength due to the vanishing of
the electrical double layer forces. The difference between the
tendencies in the stability ratios of the Mg/Al-CO;-LDH-SOD
particles dispersed in Cl™ or in phosphate medium is striking
due to the significant ion specific effects (i.e., due to the dis-
similar affinity of these anions to the oppositely charged
surface) on the charging and on the corresponding aggrega-
tion behavior. In good agreement with our previous study,>?
our present results clearly show that HPO,>~ or H,PO,~ counter-
ions adsorb strongly, while CI~ behaves as an indifferent ion
and mainly remains in the bulk.

For the polyelectrolyte-coated Mg/Al-CO;-LDH-SOD-Hep,
the mobilities follow different tendencies in phosphate buffer.
At lower ionic strengths, the materials have high negative
surface charge (Fig. 6B). The mobilities show a minimum at
1 mM likely owing to the additional phosphate adsorption on
the heparin-coated platelets. The increased Na® concentration
led to charge screening and to an increase in the electropho-
retic mobilites at high ionic strengths, but the values remained
negative in the entire concentration range investigated.

The dispersions were highly stable until elevated phosphate
concentrations due to the above mentioned electro-steric stabi-
lization mechanism and the CCC was located at a very high
ionic strength (Fig. 6B). The fact that we found extremely high
CCCs for the Mg/Al-CO3;-LDH-SOD-Hep platelets in both NaCl
and phosphate buffer indicates that the destabilization occurs
mainly by the screening effect of the Na' ions, which are the
bulk-forming counterions of the negatively charged particles,
and the type of coions (i.e., CI~, HPO,*>~ or H,PO,") has no or
little influence on the colloidal stability.

Therefore, the advantage of the polyelectrolyte coating
is clear. The bare particles aggregate at low ionic strengths
in both NaCl and phosphate buffer solutions, whereas the
Mg/Al-CO3;-LDH-SOD-Hep ones form stable dispersions up to
high salt levels. Thus, the latter ones are recommended for
biomedical or other industrial applications, where the
immobilized enzymes can be dispersed in a mixture of
different salts at higher ionic strengths.

Enzymatic function

Although we have designed highly stable Mg/Al-CO;-
LDH-SOD-Hep dispersions in the previous section, their ability to
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capture superoxide radicals has to be verified in order to use
them as antioxidants in any future applications. The enzymatic
activity of the hybrid materials was determined by the Fridovich
method®” and compared to the one of native SOD. This assay is
based on superoxide radical production from the xanthine-
xanthine oxidase system and the inhibition of NBT reduction by
the radicals is followed by measuring the color change in the
solutions. The activities were quantified with the ICs, values,
which are the SOD concentrations necessary for the decompo-
sition of half of the superoxide radicals forming in the test
reaction.*”%3°

Prior to the enzymatic activity measurements with the SOD
and its immobilized forms, we have tested the influence of the
carrier particles and the coating agent on the probe reaction.
The Mg/Al-CO;-LDH did not show any superoxide radical cap-
turing ability in the particle concentration range used in our
experiments. The role of the heparin in the assay is especially
important to probe, since it can inhibit the xanthine-xanthine
oxidase reaction by binding to the xanthine oxidase enzyme,
which would lead to a smaller amount of superoxide radicals
forming in the solution and to a false ICs, value.”’ However,
we found that inhibition of the xanthine oxidase takes place
only at heparin concentrations above 20 mg L™ (Fig. S67),
which is higher than the maximum polyelectrolyte loading
(5 mg L") applied in our experiments. Therefore, the heparin
content in the Mg/Al-CO;-LDH-SOD-Hep does not affect the
superoxide production in the assay.

Moreover, we found that the immobilization and the
heparin coating did not change the activity of the SOD enzyme
significantly. Very similar ICs, values were determined
(IC50(SOD) = 0.069 mg L' ICs0(Mg/Al-CO;-LDH-SOD) =
0.056 mg L' and ICso(Mg/Al-CO5-LDH-SOD-Hep) = 0.096
mg L") indicating an excellent superoxide radical scaven-
ging activity for all materials. However, the shape of the inhi-
bition versus SOD concentration curve is somewhat different
for the Mg/Al-CO;-LDH-SOD material (Fig. S7t1). We believe
that this deviation originates from the fact that the
Mg/Al-CO3-LDH-SOD composite is positively charged and thus,
the negatively charged superoxide radicals are attracted electro-
statically. This interaction may change the entire dismutation
mechanism giving rise to differently shaped inhibition curves.

The fact that the IC5, value determined for the Mg/Al-CO;-
LDH-SOD-Hep platelets is similar to the one for the native
enzyme means that we have successfully developed a colloidal
system containing homogeneously dispersed hybrid particles
of significant SOD activity. This novel bionanocomposite
holds enormous promises for future biomedical applica-
tions and industrial manufacturing processes, wherever stable
dispersions are required to decompose ROS including super-
oxide radicals.

Conclusions

We report here on the immobilization of SOD enzyme on a
nanoparticulate support and the formulation of the hybrid
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materials. Mg/Al-CO;-LDH were synthesized by the coprecipi-
tation method and successfully modified with the protein
owing to its strong affinity to the surface through electrostatic,
hydrophobic and hydrogen bonding interactions. No evidence
was found for intercalation of SOD in the interlayer space indi-
cating that the adsorption took place on the outer surface of
the particles. The Mg/Al-CO;-LDH-SOD platelets showed mod-
erate colloidal stability, which were sensitive to the ionic
environment in the dispersions. Therefore, the resistance
against salt-induced aggregation was improved by surface
functionalization with heparin. Its adsorption led to charge
neutralization and to overcharging at appropriate polyelectro-
Iyte loadings. The presence of the saturated heparin layer on
the particle surface resulted in an enormous stabilization
effect for the Mg/Al-CO;-LDH-SOD-Hep materials in aqueous
dispersions, which were stable up to high ionic strength irre-
spectively of the type of salt dissolved in the samples. The
immobilization did not change the structure of the enzyme
and very similar enzymatic activities were determined for
the native SOD, Mg/Al-CO;-LDH-SOD and Mg/Al-CO;-
LDH-SOD-Hep. To summarize, highly stable dispersions of
excellent superoxide radical scavenging activity were developed
during the present work. Such systems possess huge potential
in applications demanding bionanocatalysts of antioxidant
activity used in heterogeneous samples.
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