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In the reported study we prepared gallic acid modified y-AIOOH nanoparticles. We proposed mechanism of
phenolic compounds binding on the alumina, suggesting covalent and electrostatic interactions. Most of the
properties of alumina nanoparticles (NPs) are unchanged, but there is partial reduction of surface charge.
Prepared samples are colloidally stable hydrosols. It allowed us to perform biological studies on cellular and non-
cellular models, which showed nontoxicity of both pure and hybrid y-AIOOH nanoparticles. Furthermore, pure
alumina NPs exhibit antioxidant properties, which are enhanced after gallic acid immobilization on their sur-
face. Also, hybrid alumina-gallic acid NPs showed membrane-protective activity.

1. Introduction

Nanomedicine is a developing area in nanotechnology [1-4]. Na-
noparticles (NPs) can be used ass delivery vehicles (drugs, enzymes,
etc.) [5,6], contrast agents [7,8], for treatment of various diseases
[9,10]. Despite the growing popularity and enormous prospects of this
direction, there are potential dangers of using NPs in relation to living
systems. The presence of NPs inside the body is able to initiate patho-
genic processes—ion exchange disorder in cells, depolarization of the
cell membrane [11], and, most likely, the formation of reactive oxygen
species (ROS) [12-14]. The formation of ROS is associated with the
presence of a developed NPs surface, high surface energy, the presence
of hydroxyl groups in metal or silicon-oxide systems. It should be noted
that the formation of ROS in itself is not a negative factor. Generation of
ROS by NPs can be used for purification of water from organic pollu-
tants [15,16] or even treating some diseases, e.g. cancer [17,18]. More
dangerous is the imbalance of prooxidants-antioxidants in cells [19,20].
To prevent the formation of free radicals caused by NPs inactivation
(e.g. PEGylation) of the surface is used [21,22] or, for example, im-
mobilization of antioxidants on the surface of NPs. The use of com-
pounds of plant origin for this purpose is promising from the standpoint
of reducing toxicity and increasing biocompatibility. Phytomedicine
offers a wide selection of natural antioxidants. One of the most well-
known antioxidants are phenolic compounds, widely found in food and
beverages [23,24]. For example, gallic acid (GA) is a part of tea tannins
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(gallates) [25]. This phenolic acid and its derivatives are widely used in
the manufacture of cosmetics, food and pharmaceutical products. The
biomedical potential of these compounds includes the use of highly
relevant areas of neuroprotective [26,27] and safe antibacterial com-
pounds with the effect of destruction of biofilms [28,29].

Gallic acid is used to coat silver nanoparticles, while simultaneously
synthesizing them as a reducing agent and stabilizer [30,31]. The re-
sulting nanoparticles are tested for their use in cancer therapy and as
antimicrobial agents. The creation of a biocompatible coating - a gallic
acid layer - on the surface of magnetite nanoparticles was studied in the
work [32]. It is indicated that gallic acid under the conditions of the
synthesis of such particles undergoes polymerization. Rashidi et al. [33]
proposed SiO, particles coated with amine-containing compounds for
transport and controlled release of GA. Unfortunately, in most studies
where GA is used to form a biocompatible nanoparticle layer, there is
no assessment of the cytotoxicity and antiradical activity of such a
coating, its ability to inhibit the negative processes of peroxidation of
cell membrane lipids.

One of the most convenient and widely used model objects in tox-
icology and pharmacology are mammalian red blood cells. These cells
undergo serious changes not only when the complex of adverse factors
is exposed to the organism, but also in vitro, which makes it useful for
studying the mechanisms of toxicity and biological activity of various
compounds, including heavy metals [34-38]. The erythrocyte is an
extremely convenient cellular model for studying the development
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mechanisms of oxidative damage and the mechanisms of action of an-
tioxidants [39-41]. In vitro experiments allow a correct assessment of
the molecular cell aspects of the effects of various compounds and re-
duce the number of expensive animal studies.

To assess the antioxidant activity of various compounds, biological
tissue homogenates containing proteins, DNA, RNA and lipids (cho-
lesterol, galactolipids, individual phospholipids and gangliosides) can
be used as a biological oxidation substrate as well (water-lipid emul-
sion) [42-49].

For research, we chose boehmite as one of the safest and approved
by the FDA for use as an adjuvant [50,51]. However, there are a
number of works in which the formation of ROS caused by aluminum
compounds is detected [52]. Therefore, the purpose of this work was
the creation of a biocompatible coating of NPs based on gallic acid and
an assessment of its effectiveness—the ability to have antioxidant and
membrane protective activity.

2. Materials and methods
2.1. Sol-gel synthesis of alumina sols and their modification with gallic acid

Alumina sol was prepared from aluminum isopropoxide by Yoldas
method [53]. Briefly, AI(OPr-iso); was added in a flask with preheated
to 75 °C deionized water under vigorous stirring. After disappearance of
large particles HCI was added to the flask. Molar composition of com-
ponents was n(H20):n(Al(OPr-is0)3):n(HCI) = 200:1:0.07. Alumina
was modified by adding calculated amount of gallic acid in a form of
solution to the prepared sol. Prepared alumina and modified alumina
sols were purified from loose low-molecular compounds by dialysis
against water (cutoff = 2-4 kDa).

2.2. Samples characterization

X-ray diffraction (XRD) patterns of freeze-dried sols were recorded
with the aid of an XRD-6000 Shimadzu diffractometer using CuK, ra-
diation (A = 1.541 A); anode voltage and current strength were equal to
30kV and 30 mA, respectively. X-ray diffractograms were obtained
over an angular range of 20 = 10-80° with 0.1° increment. The struc-
ture and microstructure of powders were examined by high-resolution
transmission electron microscopy (TEM) on a JEM-2010 electron mi-
croscope (JEOL, Japan) at an accelerating voltage of 200 kV and point-
to-point resolution of 0.14 nm. Prior to electron-microscopic examina-
tion, the particles were immersed in ethanol and applied to holey
carbon substrates (hole diameter ~1 pm) secured on copper grids. The
particles were applied using ultrasonic processor (UZD-1UC2 (USSR),
frequency - 12kHz, type of sonification - tip), which allowed us to
achieve a uniform distribution of the particles over the substrate sur-
face. After the particles on the carbon substrate and grid were with-
drawn from the ethanol, it was evaporated.

UV-vis spectra of liquid samples were recorded on Solar PB2201
spectrophotometer at 200-600 nm with 0.5 nm increment.

Hydrodynamic diameter of particles (Z-Average size) and zeta-po-
tential values for 0.01 wt% aqueous solutions were measured by dy-
namic light scattering (DLS) and laser Doppler electrophoresis, re-
spectively, using a Malvern Zetasizer Nano ZS instrument (4 mW He/Ne
laser, 633nm) at 25°C in a DTS1070 disposable capillary cell (Mal-
vern). All measurements were repeated at least three times. Isoelectric
point was determined with background electrolyte 0.001 M KCl; pH
value was changed by KOH dropwise addition.

Fourier-transform infrared (FTIR) spectra of freeze-dried samples
were obtained using a Prestige 21 FTIR spectrometer (“Shimadzu”,
Japan). The measurements were carried out at 4 cm ™! intervals in the
400-4000 cm ™! region in diffuse reflection mode. Freeze-dried samples
were mixed with crystalline KBr and placed into a diffuse reflection
attachment; then, transmission spectra were obtained.

Acid-base surface properties were studied using an Aquilon ATP-02
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automatic potentiometric titrator (Russia); pK spectra were obtained
using the experimental titration curve of aqueous cellulose suspensions
according to the technique proposed by Ryazanov & Dudkin (2009). All
titrant solutions with 0.1 M concentration were prepared from standard
solutions by volumetric dilution. The starting volume of titrated hy-
drosol was 50 ml, concentration was 6 mg/ml. Temperature of the ti-
trated solution in thermostated cell was kept constant with 0.25°C
accuracy. The temperature of the titrated solution in the thermostated
cell was 25 °C and kept constant with an accuracy of 0.25 °C. The so-
lution was stirred with magnetic stirrer. The pH values were measured
after addition of each titrant portion, and only after equilibrium was
established (in 15-20 min). Titration was conducted in argon atmo-
sphere in polypropylene vessels with constant concentrations of back-
ground electrolyte (KCl, 0.1, 0.01 and 0.001 M). Titrant injections of
0.1 ml and 0.03 ml were made near the potential jump. Every sample
was titrated three times.

The content of gallic acid (phenolic acid, g/dispersed phase, g) in
each AIOOH sol was determined with Folin-Ciocalteu reagent according
to the method described in [55] with some changes: 200 pl of AIOOH-
GA sol (1.0 mg/ml) was mixed with 200 pl of Folin-Ciocalteu reagent
and 1500 pl of distilled water for 7 min, then 300 pul of sodium carbo-
nate (NayCOs, 20% wt.) was added. The mixture was shaken for 15 min
at 50 * 0.1°C and then cooled in water. Absorbance at 765 nm was
recorded using the spectrophotometer (Solar PB2201) relative to the
original AIOOH sol with the same treatment. Calibration curve was
obtained using gallic acid. Maximum content of GA was 2.0%. We in-
vestigated two types of hybrid particles — with low GA content (0.5%)
and maximum content (2.0%); these samples are named AIOOH-GA-0.5
and AIOOH-GA-2.0 respectively. Control samples of gallic acid solu-
tions are denoted as GA-0.5 and GA-2.0 for comparison with hybrid
particles with the same concentration of GA.

2.3. Biological assays

2.3.1. Materials and methods

Experiments were conducted using the equipment of the Center of
Collective Usage ‘Molecular Biology’, Institute of Biology, Komi
Scientific Center, Ural Branch of RAS. Mice were obtained from the
scientific collection of experimental animals at Institute of Biology,
Komi Scientific Center, Ural Branch of RAS (http://www.ckp-rf.ru/usu/
471933/) and were kept considering hygienic and bioethical aspects of
working with laboratory animals in accordance with the corresponding
regulations set by Institute of Biology. Absorption was measured using a
Thermo Spectronic Genesys 20 instrument. Absorption spectra of he-
molysates were analyzed on a Fluorat-02-Panorama spectrofluorimeter.
Mice red blood cells (RBCs) were incubated in a thermostated Biosan
ES-20 shaker. Each experiment was repeated 4-5 times. Statistical
analysis was conducted using Microsoft Office Excel 2007 software
packages. Reagent grade and pure grade phosphate-buffered saline
(PBS, pH7.4) (Sigma-Aldrich, USA), trichloroacetic acid (Sigma-Al-
drich, Germany), thiobarbituric acid (Alfa Aesar, UK), ascorbic acid
(ICN Biomedicals, USA) and FeSO, (Reachim Ltd., Moscow, Russian
Federation) were used.

2.3.2. Antioxidant activity. TBARS assay

The antioxidant activity was evaluated in vitro as inhibition of ac-
cumulation of secondary lipid peroxidation products in mouse brain
homogenates [42,47,49]. The brain was homogenized in physiological
saline (pH 7.4) (10% v/v) and centrifuged at 3000 rpm for 10 min. The
low-speed supernatant containing water, proteins, DNA, RNA, and li-
pids (cholesterol, galactolipids, individual phospholipids and ganglio-
sides) was separated [42,43]. The test compounds were added to the
supernatant in relation to 1:1, 1:3 and 1:9, then in 30 min lipid auto-
xidation was initiated by adding a freshly prepared FeSO, solution
(3 uM) and ascorbic acid (300 uM) (Chawla, 2005; Kim, 2013). Samples
were stirred gently during 1 h at 37 °C, then the reaction was stopped by
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adding of trichloroacetic acid (20%) and of 2-thiobarbituric acid
(0.7%). The reaction mixture was heated in a boiling water bath for
15 min. After cooling, the precipitate was removed by centrifugation
(3000 rpm, 10 min). The concentration of secondary lipid peroxidation
products reacting with 2-thiobarbituric acid (TBARS) was determined
at A 532nm using the extinction coefficient of 1.56 x 10°M~*cm™?!
[49,56].

2.3.3. Mouse RBC test for toxicity, antioxidant and membrane-protective
activity

The toxicity, antioxidant and membrane-protective activities were
evaluated in 0.5% (v/v) suspension of mice RBCs in PBS. Toxicity was
assessed by RBCs hemolysis after 1, 3 and 5h of incubation with test
compounds. Antioxidant and membrane-protective activities were de-
termined by inhibition of H;O,-induced hemolysis, inhibition of lipid
peroxidation products accumulation (TBARS assay), and oxidation of
oxyhemoglobin in RBCs. After addition of the test compound solutions
in relation to 1:9 and 1:49 the suspension of RBCs was incubated for
30 min, and then hemolysis was initiated by addition of H,O, (final
concentration 1.8 mM). The reaction mixture was shaken gently for 5h
at 37 °C. The aliquot was taken from incubation medium each hour and
centrifuged for 5min at 3000 rpm. Hemolysis was determined as he-
moglobin content in the supernatant at A 524 nm [41]. The percentage
of hemolysis was calculated relative to complete hemolysis of the
sample. The concentration of secondary lipid peroxidation products in
RBC hemolysate was assayed using the formation of malondialdehyde
as an indicator as described above. The reaction was stopped by adding
trichloroacetic and 2-thiobarbituric acids. Samples were heating in a
boiling water bath for 15 min, followed by centrifugation for 10 min at
1600g to remove the precipitated protein. The adduct of 2-thiobarbi-
turic acid with malondialdehyde in the supernatant was measured by
spectrophotometric method at A 532 nm with the extinction coefficient
of 1.56 x 10° M~ 'em ™! [49,56]. To assess the accumulation of he-
moglobin oxidation products, the absorption spectrum of hemolysate
was analyzed at A values of 540-640nm. The content of oxyhe-
moglobin (oxyHb) and methemoglobin (metHb) was calculated using
corresponding extinction coefficients [57].

3. Results and discussion
3.1. Formation of pure and GA-modified NPs and their properties

The X-ray diffraction pattern of the obtained alumina indicates that
the crystal structure of the sample is y-AIOOH (pseudoboehmite)

10 20 30 40 50 60 70 80

20

Fig. 1. XRD pattern of freeze-dried alumina sample.
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(Fig. 1) (JCPDS 00-049-0133) with broad peaks characteristic of na-
nocrystalline powders.

The shape of the obtained nanoparticles is plate-like which is
characteristic of layered boehmite [58], what follows from the TEM
images (Fig. 2). Diameter of NPs is about 10-30 nm, thickness — 2-4 nm.

Alumina sol did not have peaks in the UV-Vis spectrum (Fig. 3).
Non-zero absorption in the spectrum is associated with the scattering of
light by nanoparticles. The GA spectrum has typical peaks at 215 nm
and 264 nm, which are associated with vibrations of the benzene ring
(Fig. 3). The hydroxyl and carboxyl groups of gallic acid are aux-
ochromes. The peaks of gallic acid immobilized on the surface of the
boehmite demonstrate a bathochromic shift (Fig. 3) (AIOOH-GA-2.0
sample). Shift can be caused by intensive interaction of GA with
boehmite NPs.

Interaction of GA with boehmite led to a decrease in zeta-potential
values (4) - from +49 it decreased to +34 mV. The maximum content
of GA on boehmite was 2.0% according to the spectrophotometric de-
termination with Folin-Ciocalteu reagent. If we consider our hybrid NPs
for injection into the blood, reducing a positive charge can have a po-
sitive effect by reducing the intensity of interaction with blood com-
ponents. The isoelectric point (IEP) of boehmite was 9.7 (Fig. 5). Since
the particles are positively charged, they can electrostatically interact
with GA. Hybrid NPs had almost the same value of the isoelectric point -
9.6 (Fig. 5). At pH < 7.6, boehmite nanoparticles have a high positive
charge and are resistant to aggregation. At higher pH values, zeta po-
tential decreases sharply, and the NPs begin to coagulate; thus, the
hydrodynamic size increases significantly (Fig. 5) and is about several
micrometers. Micrometer aggregates tend to precipitate in the first
minutes. If we consider a possible injection of AIOOH sols into the
blood (for example, humans or mice) that have a pH of 7.35-7.45
[59,601, its colloidal stability in neutral and weakly basic solutions
helps prevent homocoagulation of NPs. For a more detailed assessment
of the surface properties of our compounds, we conducted potentio-
metric titration.

Based on the data of potentiometric titration of aqueous dispersions
of boehmite, the acid-base properties of the surface of the initial com-
pounds and boehmite nanoparticles coated with gallic acid were stu-
died. The mathematical model used by us for the description of acidic
and basic centers is pK spectroscopy [54] makes it possible to calculate,
in the framework of the 2-pK model [61] surface complexation con-
stants (pK;) constants of the corresponding adsorption surface centers
according to their ability, depending on the pH of the medium, to go
into the acidic (pK,) or basic (pK;) forms, due to reactions with proton
transfer, or to take into account the sorption of cations (pKy) and an-
ions (pKju) of the background electrolyte. This approach also allows one
to determine the concentration of the corresponding surface acid-base
center of the compound with unknown chemical composition.

Titration of the surface of boehmite and AIOOH-GA sols was per-
formed with 0.01 n KOH, therefore, the calculation of the values of
surface complexation was carried out for the pKy; and pK, values.

In the case of gallic acid (Fig. 6a), pK, = 4.4 + 0.01, the number of
acid-base centers with this pK, is q; = 5.89 = 0.04 mmol/g. The ob-
tained data, in terms of pK,, are in good agreement with known lit-
erature data [62]

HO._ O -0_ _0
pK=4.4
-~
~
HO OH HO OH
OH OH

The pK spectrum of y-AlOOH is shown in Fig. 7b. The spectrum
contains the bands corresponding to the equilibria:
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Fig. 2. TEM images of AIOOH nanoparticles.
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Fig. 3. UV-vis spectra of gallic acid, AIOOH sol and hybrid AIOOH-GA sol.
(concentration of NPs — 0.6 mg/ml).

50
40
30

20

Zeta-potential, mV

104

0 0.5 2.0
Content of gallic acid (mass. % to AIOOH)
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— Al - OH + M* & —Al — O~-M* + H* pK,,
= 7.10 + 0.05 (qy = 0.145 mmol/g)

— Al — OH & —Al — O~ + H* pK,, = 8.70 + 0.03 (q, = 0.316 mmol/g)

The pK-spectrum of the hybrid particle contains the bands of both
gallic acid pK, = 4.4 (q = 0.0399 mmol/g) and aluminum oxyhydr-
oxide pKy = 7.1 (qu = 0.04 mmol/g), pKs = 8.6 (g = 0.11 mmol/g).

The introduction of gallic acid on the surface of alumina led to a
decrease in the number of acid-base centers of boehmite involved in the

formation of the electric double layer by about 3 times.

The amount of GA (0.0399 mmol/g or 2.8 wt%) bound to AIOOH
NPs is a little higher than GA content, determined spectro-
photometrically with Folin-Ciocalteu reagent (2.0%). The difference
between the pK AIOOH and GA values is 8.6-4.4 = 4.2. The higher the
ApK, the more intense the substances interact with each other, which
means that acid-base interactions are more likely to participate besides
van der Waals forces [63].

FTIR spectra of AIOOH show peaks associated with vibrations of Al
— O bonds [64] (Fig. 7). The spectrum of GA has a peak at 1730 cm Y,
which corresponds to the vibrations of the carbonyl vibration (C=0) in
carboxyl group. The spectrum of the AIOOH-GA sample has bands
characteristic of boehmite and the most intensive ones for GA. The peak
characteristic of the carboxyl group was shifted to 1600 cm ™' what
could be assigned to asymmetric carboxylate stretch [65], which in-
dicates its interaction with boehmite through covalent bonding and
correlates well with similar systems described in literature [66]. Gallic
acid can bind to boehmite via bridging and dentate bonds, as predicted
in [67].

Thus, based on the results of potentiometric titration, FTIR spec-
troscopy and electrophoretic studies (particle size and charge), we can
conclude that GA is immobilized on the AIOOH surface through two
types of interactions—one part is only electrostatically bound, the other
is chemically linked.

Since GA is strongly bound with boehmite, we can expect anti-
radical properties in modified NPs. Further, we conducted a series of
experiments to assess their cytotoxicity, membrane-protective and an-
tioxidant properties.

3.2. Biological assays

3.2.1. Cytotoxicity (hemolytic activity)

For comparison with hybrid particles solutions of gallic acid were
used as reference samples, where its concentration was equal to that in
AlOOH-GA-0.5 and AIOOH-GA-2.0 samples and designated as GA-0.5
and GA-2.0.

The study of the hemolytic activity of the solutions (concentration
of NPs — 6 mg/ml) showed (Fig. 8) that none of them possesses cyto-
toxicity, the level of hemolysis in all variants of the experiment did not
significantly exceed the spontaneous one. However, aluminum oxy-
hydroxide and compounds based on it at the indicated concentration
(6 mg/ml) caused visible aggregation of cells and their rapid sedi-
mentation to the bottom of the test tubes, which, apparently, is due to
the electrostatic interaction of aluminum oxyhydroxide with the surface
of the erythrocyte membrane [68].

3.2.2. Membrane-protective activity

It has been established (Table 1) that when the studied solutions are
introduced into the suspension of red blood cells in a high concentra-
tion (concentration of NPs — 0.6 mg/ml), gallic acid (GA-0.5 and GA-
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2.0), as well as nanoparticles with a high content of gallic acid in the
composition (AIOOH-GA-2.0) have a pronounced membrane-protective
activity under conditions of acute oxidative stress. Nanoparticles
without gallic acid (AIOOH), or with its low content (AIOOH-GA-0.5),
lacked a protective effect, but, on the contrary, only increased cell
death (Table 1).

By reducing the concentration of test solutions up to five times
(concentration of NPs — 0.12mg/ml) effect changed (Table 2) - the
greatest protective activity exhibited nanoparticles containing gallic
acid (AIOOH-GA-2.0) but not gallic acid itself (GA-2.0).

With such an experimental design, the negative side effect of alu-
minum oxyhydroxide disappeared - unmodified nanoparticles (AIOOH)
no longer increased cell death under conditions of acute oxidative
stress, but, on the contrary, somewhat increased their survival, i.e.
possessed weak membrane-protective activity.

Penetrating into the cells, H,O, causes oxidation of oxyhemoglobin,
as a result of which the ratios metHb/oxyHb and ferrylHb/oxyHb in the
control samples (without studied samples) increases significantly. In
samples containing pure aluminum oxyhydroxide and gallic acid
modified y-AlIOOH nanoparticles, oxidation of native hemoglobin is less
pronounced, and ratios metHb/oxyHb and ferrylHb/oxyHb are sig-
nificantly lower than in the control (Fig. 9). Solutions of gallic acid lack
protective properties against H,O, and give ratios metHb/oxyHb and
ferrylHb/oxyHb close to the control.

These protective effects can be associated with the ability of the
boehmite surface to form hydrogen bonds with reactive oxygen species
and hydrogen peroxide, which was also predicted in theoretical cal-
culations [67].

3.2.3. Non-cellular model (brain homogenates)

Evaluation of the antioxidant activity of compounds using lipids as a
substrate for the oxidation of animals showed (Fig. 10) that the solu-
tions of all the studied compounds in various concentrations (con-
centration of NPs: 0.6 mg/ml; 1.5mg/ml and 3.0 mg/ml) significantly
inhibit the accumulation of secondary products of lipid peroxidation
(LPO). The effect is proportional to the concentration of the com-
pounds. Note that in this model system, aluminum oxyhydroxide has a
high antioxidant activity, which may be due to its chelating ability. The
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Table 1
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Comparative evaluation of membrane-protective activity of the derivatives on the model of RBCs oxidative hemolysis (concentration of NPs — 0.600 mg/ml; con-
centrations of GA are 0.003 mg/ml and 0.012 mg/ml for GA-0.5 and GA-2.0, respectively).

Compound Membrane-protective activity (hemolysis, %)

1h 2h

3h 4h 5h

Control 19,0
AlOOH 36,7
AlOOH-GA-0.5 35,3
AlOOH-GA-2.0 20,6 + 2,4 36,3
GA-0.5 12,6 0,4 24,7
GA-2.0 6,4 + 0,3 13,5

0,8 43,0
1,9 58,8
0,8 53,6

0,6
0,9
1,0
1,9
0,6
0,6

o+ i+t
I+ 1+ + 1+

52,1
59,5
60,8
44,6
36,2
18,2

0,7 57,2
0,8 60,8
0,7 61,2
1,2 47,8
1,8 47,4
1,5 23,0

0,9 62,4
0,8 61,5
0,7 61,8
1,0 48,9
1,5 57,8
0,6 27,9

0,9
0,7
0,6
0,8
1,2
0,5

I+ 1+ 1+ 1+ 1+
I+ I+ 1+ 1+
I+ + I+

highest inhibitory activity was observed for nanoparticles with a high
content of gallic acid (AIOOH-GA-2.0).

Thus, using the cellular model system (red blood cells of mammals)
and non-cellular medium containing animal lipids, a primary assess-
ment of cytotoxicity (hemolytic activity) and antioxidant activity of
aluminum oxyhydroxide-based nanoparticles containing gallic acid as
an active substance was carried out. The highest antioxidant activity
was observed for AIOOH-GA-2.0 nanoparticles with a high content of
gallic acid. However, due to the ability of aluminum hydroxide to in-
teract electrostatically with the negatively charged surface of the ery-
throcyte membrane [68] and cause aggregation and sedimentation of
erythrocytes as a result of heterocoagulation, a protective effect in the
cell model system can be obtained only with the use of this compound
in a relatively low concentration.

4. Conclusions

As a result of the study, boehmite nanoparticles modified with gallic
acid were first obtained. Binding between gallic acid and boehmite is
strong enough, but can be attributed to various types - covalent and
electrostatic. The modified NPs retain a positive charge, IEP, mor-
phology, and crystal structure inherent in the original nanoparticles.
Thus, the proposed modification method is soft (ambient temperature
and atmospheric pressure), non-destructive and includes only surface
interactions. To the best of our knowledge this is the first experimental
study confirming boehmite NPs antioxidant activity. Pure boehmite do
not induce prooxidant activity, thus it is not toxic for living cells. NPs
modified with gallic acid exhibit membrane-protective activity and
antioxidant properties. The resulting modified NPs are colloidally stable
hydrosols and can be injected into living organisms, but the introduc-
tion into the blood in high concentrations can lead to aggregation of red
blood cells. In the future, we plan to eliminate this potentially negative
effect and expand the range of phytophenolic compounds to modify
boehmite nanoparticles.

Declaration of Competing Interest
There are no conflicts to declare.

Table 2

1.2 4

1.0

0.8

0.6 -

0.4

0.2 4

0.0

Control
AIOOH
GA-05
Control
AIOOH
GA-0.5
GA-

AIOOH-GA-0.5
AIOOH-GA-2.0
AIOOH-GA-0.5
AIOOH-GA-2.0

B metHb/oxyHb @ ferrylHb/oxyHb

Fig. 9. The effect of the studied solutions on the ratio of native and oxidized
forms of hemoglobin in a suspension of red blood cells 5 h after the initiation of
H,0, hemolysis. (y-axis - relative units).

(Concentration of NPs: 1-0.6 mg/ml; 2-0.12 mg/ml; concentration of GA in GA-
0.5 are 1-0.0030 mg/ml; 2-0.0006 mg/ml and in GA-2.0: 1-0.0120 mg/ml;
2-0.0024 mg/ml).
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Fig. 10. The effect of the studied solutions on the content of TBARS in the brain
homogenate 1 h after the initiation of LPO (concentration of NPs: 1-0.6 mg/ml;
2-1.5 mg/ml; 3-3 mg/ml; concentration of GA in GA-0.5 are 1-0.0030 mg/ml;
2-0.0075mg/ml; 3-0.0150mg/ml and in GA-2.0: 1-0.0120 mg/ml;
2-0.0300 mg/ml; 3-0.0600 mg/ml).

Comparative evaluation of membrane-protective activity of the derivatives on the model of RBCs oxidative hemolysis (concentration of NPs — 0.1200 mg/ml;
concentrations of GA are 0.0006 mg/ml and 0.0240 mg/ml for GA-0.5 and GA-2.0, respectively).

Compound Membrane-protective activity (hemolysis, %)
1h 2h 3h 4h 5h

Control 55 + 0,3 37,8 =+ 1,5 50,5 * 2,2 57,3 = 2,7 62,9 = 2,8
AIOOH 3,0 £ 0,2 37,6 = 3,8 458 + 2,3 50,1 * 0,9 53,4 + 1,0
AIOOH-GA-0.5 3,7 £ 0,2 30,9 * 3,3 41,8 £ 1,3 47,2 = 1,0 51,6 = 1,1
AlOOH-GA-2.0 3,4 £ 0,2 19,4 + 1,0 31,6 £ 1,0 41,7 £ 0,7 50,4 + 2,1
GA-0.5 7,4 * 0,4 32,5 * 1,8 45,0 * 1,6 54,3 * 1,0 63,7 = 1,1
GA-2.0 6,1 £ 0,6 26,4 = 1,4 38,8 £ 1,5 53,7 £ 1,1 67,6 = 1,4
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