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The effect of graphene oxide (GO) on the structural and mechanical properties of Hydroxyapatite-
Alginate (HA-Alg) based composite, as well as the ability to release the Chlorhexidine (CHX) and Diclo-
fenac Sodium (DS) from it are studied. HA-Alg beads were synthesized with different GO content
(0.0004 % and 0.004 %). The formation under MW irradiation of calcium-deficient HA (Ca/P = 1.65) with
small carbonate content is confirmed by XRD and XRF techniques. Alg acts as a dispersant and provides
the uniform distribution of GO particles within the Alg matrix after sonification. GO nanoparticles in com-
bination with cross-linked Alg macromolecules by calcium ions contribute to the enhancement of mechani-
cal properties of the obtained beads. Distribution of GO particles in the Alg matrix enhances composites
Young’s modulus from 0.79 GPa in the HA-Alg sample to 1.33 GPa in the HA-Alg-GO sample. Calculated
intra- and intermolecular interaction energies in the HA-Alg-GO complex confirm that the total stabiliza-
tion energy consists of solvophobic interactions, van der Waals stacking energy, and H-bonds. CHX release
is influenced by GO content and is primarily driven by matrix erosion. GO prolongs the release of the CHX
for 48 h in a neutral medium. The release of the DS in a neutral medium is affected by GO content. In an
acidic environment, DS release is controlled mainly by diffusion forces, which are slowed down by the clus-
tering of DS through the formation of H-bonds and hydrophobic interactions between GO and DS.
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1. INTRODUCTION

The development of nanoscale drug carriers based on
the latest biopolymer-inorganic composites has been the
focus of many current studies. Similar structures corre-
spond, to a certain extent, to the second level of the hier-
archical bone structure of nine differentiated structural
levels for lamellar bones. The specific nano-organization
in these biopolymer-nonorganic structures is like this:
type I collagen fibrils are reinforced in some way by Hy-
droxyapatite (HA; more precisely, calcium deficient HA —
CDHA) nanocrystals. This fundamental principle causes
a growing interest of medical material scientists to cre-
ate the synthetic hybrid materials with mechanical
properties similar to natural composites.

HA (Ca10(PO4)s(OH)z2) is a bioceramic material used
for clinical bone care and implantation. Being similar
in structure, chemical composition and bioactivity to
the native apatite, synthetic HA promotes the adhesion
and proliferation of osteoblast cells that build new
bone. One of the approaches to improve the insufficient
mechanical properties of HA for high load-bearing is
the hybridization of organic and inorganic constituents
in one composite. The synergistic effect of inorganic
particles, biopolymers and metal ions results in the
development of new composites with enhanced mechan-
ical properties and elasticity, capacity of drug encapsu-
lation and sustained drug release [1, 2].

Alginate (Alg) as a natural biocompatible and bio-
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degradable polymer is widely used for medical, phar-
maceutical and food applications. Alg based composites
are applied in bone and cartilage tissue engineering, as
wound dressings, for cell cultivation in drug delivery
systems [3]. It is a linear unbranched anionic polysac-
charide obtained from brown seaweed and containing
varying proportions of beta-D-mannuronate (M) and
alpha-L-guluronate (G) residues. It is known the ability
of sodium Alg to undergo gel formation by ionic interac-
tion in an aqueous medium with transition metal cati-
ons. Ionically cross-linked Alg has been developed as a
matrix for prolonged and controlled drug release [4].
Among the advanced nanomaterials, graphene-based
materials received increasing attention in biomedicine
because of their excellent mechanical strength, good
biocompatibility and low toxicity. Graphene oxide (GO)
has excellent hydrophilicity and stability in physiologi-
cal environment compared to graphene and graphdiyne
and is largely used for biomedical application, as rein-
forcement materials in tissue-engineering [5], for drug
delivery [6, 7], cell and tissue imaging. The structure of
the monatomic GO layer promotes adsorption and se-
curing drug molecules to the GO surface that increases
the efficiency of drug loading [8]. Compared with pris-
tine graphene, GO demonstrates the higher stabiliza-
tion behavior in aqueous media and may be used as
nanoscale reinforcement fillers in biocomposites [9]. GO
contains both hydrophobic and hydrophilic regions that
give it the amphiphilic properties [5]. Bound on the

© 2020 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.12(4).04029
mailto:mariyakumeda@gmail.com

L.B. SUKHODUB, L.F. SUKHODUB ET AL.

surface of GO hydroxyl, epoxide, and carbonyl reactive
groups can interact with polymers, biomolecules, DNA,
proteins, quantum dots, giving them capabilities for
various biological and medical applications [10]. Con-
trolled drug release systems responding to pH, light,
and magnetic fields are also created on graphene-based
nanomaterials [11]. Although new evidences suggest
that graphene-based materials are promising in the
biomedical field, there are concerns about potential ad-
verse effects on humans and the environment [12]. The
results of the evaluation of the toxicity of graphene-
containing materials remain controversial, indicating the
need for new research and data before applying these
new materials in clinical medicine [5].

The requirements for biomaterials such as bioactivi-
ty, bioresorbability, porosity, ability to induce bone
formation and vascularization most meet by materials
in the form of 3D scaffolds or beads.

In this work, we combined in one composite the
characteristic features of GO, HA, Alg and investigated
their influence on the properties of the new hybrid ma-
terial. The ability of GO to maintain structural stability
under the influence of external factors, amphiphilicity
and ability to act as a drug carrier — there are some cir-
cumstances that initiated our efforts to incorporate GO
into the hybrid nanocomposite materials. The following
was also taken into account when performing this work.
It is known, bone tissue, unlike other mineralized tis-
sues, is constantly undergoing remodeling. In particu-
lar, osteoclasts in contact with bone under influence of
acid phosphatase secrete lactic acid, which dissolves
bioapatite due to the local acidic environment. Therefore,
there is a question of studying the specificity of drug
release under these conditions. Based on the above, the
main purpose of this work was to investigate the effect
of GO on the ability of the composite to prolonged re-
lease of different in structure drugs, namely hydro-
philic Chlorhexidine (CHX) and hydrophobic Diclofenac
Sodium (DS) in neutral and acidic media. It was also
taken into account the influence of the mechanical and
structural HA-Alg-GO composite properties.

2. EXPERIMENTAL SECTION
2.1 Chemicals

Calcium nitrate tetrahydrate Ca(NOs)2:4H20, calci-
um chloride CaCls, diammonium dihydrophosphate
(NH4)2HPO4), ammonium hydroxide NH4OH were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. GO
powder (Sigma-Aldrich, USA), sodium Alg of low viscos-
ity (E407, Shanghai Chemical Company Ltd, China),
commercially available pharmaceutical 0.05 % CHX
bigluconate and DS were used. All reagents were ana-
Iytical grade, commercially available and used as re-
ceived. A Milli-Q system with the resistance of 18.2 MQ
cm was used to purify the water which was eventually
used for preparing solutions and washing steps.

2.2 Composites Preparation

The technological scheme of composite beads formation
is shown in Fig. 1 and includes the following steps.

GO powder was dispersed in the 2 % sodium Alg so-
lution at GO concentrations of 15 and 150 pg/ml. The
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Alg-GO colloidal suspensions were sonicated for 10 min
(40 kHz) and then stirred overnight at 37 °C in the dark.

HA hydrogel with moisture content of about 85 %
was obtained according to the previously described
method [4]. Briefly, 0.3 M (NH4)2HPO4 solution was
added dropwise to 0.5 M Ca(NOs)2 4H20. After adjust-
ing pH value to 10.5 by the addition of ammonia solu-
tion, the mother suspension transferred to the consum-
er microwave (MW) oven Samsung M1712NR for its
irradiation for 3 min at a power of 600 W. After cooling,
washing, and centrifugation (6 min, 8000 rpm) HA hy-
drogel was obtained.

Drugs containing HA-Alg-GO beads were prepared
using CaClz cross-linking agent by ionotropic-gelation
method according to the early described technology [13].
Briefly, HA hydrogel was gradually added to Alg-GO
colloidal suspensions with weight ratio 1:1 and treated
with ultrasound (100 W) for 3 min. The resulting dis-
persions were dropped into 100 ml of 0.25 M CaClg, in
which droplets were retained for 24 h to produce spher-
ical beads. The formed beads were then collected by
filtration, washed and dried at 37 °C for 24 h. The final
GO content in the obtained HA-Alg-GO beads was
0.0004 % and 0.004 % (in terms of GO powder weight to
the HA powder weight).

Pharmaceutical CHX (0.05 % solution) and DS
(2.5 mg/ml) were used as model drugs. CHX is active
against gram-positive and gram-negative bacteria. DS
is a nonsteroidal anti-inflammatory drug used to treat
pain and inflammatory diseases. The impregnation of
the drugs was made by soaking of the 0.2 g of lyophi-
lized beads (HA-Alg, HA-Alg-GO15 and HA-Alg-GO150)
into 2 ml of CHX or DS solutions for 2 h followed by
drying at 37 °C. Subsequently, the samples were called
as HA-Alg-GO15 and HA-Alg-GO150, respectively. GO-
free HA-Alg sample was used as the control.

]
Magnetic stirring Hydroxyapatite

by-drop S

adding Filtration
—p — Washing
4
Lyophilization

Beads formation

Saturation

Fig. 1 — The scheme of drugs loading in a HA-Alg-GO composite

2.3 Methods

The characterization of the synthesized samples was
performed by a transmission electron microscope (TEM,
SELMI, Ukraine) at accelerating voltage of 90 kV. The
dispersed sample was captured on a holey carbon film
(1020 nm) of a Cu TEM grid prior to analysis.
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The GO particle size distribution in water was de-
termined by dynamic light scattering (DLS) on a
Zetasizer Nano-ZS90 (Malvern, Worcestershire, UK) at
room temperature. The instrument was equipped with a
He-Ne laser (5 mW) operating at 633 nm. Results were
analyzed under the Smoluchowski approximation. The
autocorrelation function of the scattered light intensity
was analyzed by the Malvern Zetasizer software.

X-ray diffraction (XRD) structural studies were per-
formed using the Shimadzu XRD-6000 diffractometer
with Cu-Ka radiation. The data were collected over 26
range of 5.0-60.0° with a step of 0.02° and counting time
of 2 s. Average crystallite sizes along [002] direction were
estimated from the corresponding peak broadening by
the Scherrer equation [14]. Calculation of the hexagonal
lattice parameters a and ¢ was performed according to
the corresponding formulas using the Miller indexes.
The Ca/P ratio was determined using the X-ray fluores-
cence spectrometer ElvaX Light SDD (XRF analysis).
The voltage of the Rh anode X-ray tube was 12 kV. Cal-
cium and phosphorous concentrations were estimated by
the regression analysis method for HA samples only.

2.3.1 Structural Modeling

The structure of the triple complex HA-Alg-GO was
built using HyperChem 8.0 software and energy mini-
mized using the molecular mechanics method MM+. The
spatial structure of the elementary cell of HA was re-
ported [15] from X-ray analysis of the synthetic H6L
sample and was taken by us from the American Miner-
alogist Crystal Structure Database in the form of AMC-
file (code 0002297). This cell was further used to con-
struct a flat crystal structure comprising four 2 x 2 cells,
which well match the shape and dimensions of the corre-
sponding rhomboid GO molecule by using the VESTA
program (version 3.4.4). The GO structure [16] was built
using HyperChem 8.0 software and energy minimized
using Gaussian09W on DFT (B3LYP) level of theory with
6-31G** basis set. The structure of Alg was built using
HyperChem 8.0 software (the Sugar Builder module) by
alternating hyaluronic (HYL) and mannuronic (MAN)
units linked by a-1.4 glycosidic bonds. The length of the
oligosugar was set in a way to cover the perimeter of the
interface between HA and GO and comprised 17 units:
(HYL-MAN)s-HYL. The hydrogen atoms of polysaccharide
carboxylic groups were substituted by sodium atoms.

2.3.2 Swelling Degree Study

The swelling degree was quantified by measuring the
changes in sample weight before and after immersion of
the lyophilized beads into phosphate buffered saline
(PBS) [17] at pH = 7.2 and pH = 4.0. The swelling degree
(Sw) was calculated using the following equation:

Sw = (Wt — Wo)/Wo - 100 %,

where Wy is the initial sample weight and Wt is the
final weight of the swollen sample.

2.3.3 Compressive Strength

To measure the strength under the uniaxial compres-
sion, control HA-Alg and two GO containing samples were
molded into tablets with 5 mm diameter and 2.4-2.6 mm
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thickness by cold pressing using a hydraulic press (at
~ 100 MPa). Mechanical properties of the samples under
load were investigated using an original test machine.

2.3.4 HPLC Determination of Drug Release

The experimental samples loaded with CHX and DS
were placed into 6 ml of PBS at different pH (7.2 and
4.0) and incubated at 37 °C under continuous shaking of
80 rpm. The release of drugs was monitored hourly for
the first day and then daily. Aliquots of 600 ul of PBS
were taken from each test tube and an equal volume of
fresh medium was then added to maintain a constant
initial volume in the test tubes. High-Performance Liqg-
uid Chromatography (HPLC; Agilent Technologies 1200,
detector with UV-Vis Abs, detection at A =280 nm, col-
umn C18 (Zorbax SB-C18 4.6 x 150 mm, 5 um)) was ap-
plied. To determine CHX release the next mobile phase
was applied: 68 % of 0.05 M potassium hydrogen phos-
phate buffer with 0.2 % triethylamine (pH = 3.0 at 21 °C);
32 % of acetonitrile. The isostatic treatment, elution rate
of 2 ml/min, the temperature of the analytical column
40 °C, was used. The injection volume was 20 pl and
detection was at 210 nm. The next mobile phase was
used to determine DS release: 0.05 orthophosporic acid,
pH 2.0 and acetonitrile as 35 and 65 %, respectively, at
flow rate of 2.0 ml/min and the run time was 3 min. De-
gassing was achieved via sonification for 45 min. The
injection volume was 20 pl and detection was at 254 nm.

2.3.5 Statistical Analysis

Drug release and swelling measurements were per-
formed in triplicate. The range of the obtained experi-
mental values is represented by error bars. Student t-
test at a 95 % confidence interval were used to analyze
statistical differences between obtained data groups.

3. RESULTS AND DISCUSSION
3.1 TEM and DLS Studies

TEM images and electron diffraction (ED) patterns
of the synthesized composites (Fig. 2, A-C) indicate the
formation of needle-like HA crystallites and their ag-
glomerates of 100 nm and more. ED patterns confirmed
the presence of a single HA phase. An increase in the
content of the GO reduces the degree of crystallinity of
the composite, as evidenced by the weakening of the
diffraction ring [002] on the ED spectra. DLS meas-
urement was performed for the monitoring of GO parti-
cle distribution in an aqueous solution. Degree of GO
particle aggregation may affect their bioactivity [18].
Because of high specific surface area, GO tends to form
irreversible agglomerates due to van der Waals interac-
tions. GO water solution at room temperature by DLS
data (Fig. 2D) is a polydisperse system with the Z-
average particle size of about 1 um at concentration of
0.15 mg/ml. Numerous oxygen functionalities in the
basal planes and the borders of GO can generate the
interfacial bonding with hydroxyl groups of Alg allow-
ing homogeneous distribution of GO in the Alg matrix.
TEM confirms that the dispersion of GO in the Alg so-
lution under sonification leads to the distribution of GO
with a nanoparticle size of 10-20 nm (Fig. 2C).
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Fig. 2 - TEM images and ED spectra of experimental samples:
A) HA-Alg; B) HA-Alg-GO15; C) HA-Alg-GO150; D) DLS (hydro-
dynamic size) data of GO (0.15 mg/ml) distribution in water

3.2 XRD Study

XRD analysis shows that under the influence of MW
HA (JCPDS 01-086-0740) was synthesized. According
to XRF data, the Ca/P atomic ratio in the obtained HA
is 1.65. The crystalline lattice parameters calculated in
planes (002), (211) for the obtained HA (a = 0.9385 nm;
¢=0.6882 nm) also differ from the stoichiometric ones
(@ =0.9421 nm; ¢ = 0.6881 nm). The average crystallite
size for diffraction peaks (002) is of about 30 nm. Those
facts mean the formation of calcium deficient HA with
a carbonate small content [19].

3.3 Structural Modeling of HA-Alg-GO System

The possibility of complexation between the studied
compounds HA, Alg and GO in an aqueous mixture was
testified by means of molecular mechanics. Arrangement
of molecules is mainly stabilized by solvophobic/van der
Waals interactions between GO and HA surfaces, and is
additionally stabilized by the hydrogen bonds between
the OH-groups of GO and oxygen atoms of HA (=4
bonds). A few H-bonds were also noted between the OH-
groups of Alg and OH-groups of GO (= 3 bonds), and oxy-
gen atoms of HA (= 3 bonds). Within the framework of
the MM+ method, we calculated the energies of intermo-
lecular interactions in the triple HA-Alg-GO complex,
viz. Etotal = 6172.35 kcal/mol, Ego = 3715.50 kcal/mol,
Eua=1303.33 kcal/mol and Eal = 1440.94 kcal/mol.
These calculations allowed to estimate the contribution
of intermolecular interactions into the total energy of
complex formation: AE = Eital — Eco — EHA — Ealg =
~ — 287 kcal/mol. This value should be increased by the
magnitude of complex stabilization from solvophobic
interactions. The latter could be estimated from solvent
accessible surface areas (A) of each molecule in separate
and in complex, viz. Attal = 4061.39 A2, Ago = 1044.62 A2,
Ana =2430.58 A2 and A = 3272.94 A% Taking the mi-
croscopic surface tension, y=0.05 kcal/mol ‘A2, for water
one can finally estimate the solvophobic contribution as
AGhyd = y(Atotal — AGo — AHA — AAlg) = — 134 kcal/mol. It is
seen that solvophobic interactions give one third of the
total stabilization energy, whereas the rest is given by
van der Waals stacking energy and H-bonds.

The above calculations helped to represent the struc-
tural pattern of the experimental HA-Alg-GO composite
(see Fig. 3).
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Fig. 3 — The calculated structural pattern of the HA-Alg-GO
triple complex

3.4 Compressive Strength Study

The result of the compressive strength investigation
showed that the addition of 0.0004 % and 0.004 % GO
to the composites of HA and ionotropically cross-linked
by Ca2* ions Alg matrix, increased the Young's modulus
to 0.84 and 1.33 GPa, respectively, compared to the
GO-free sample, for which this value was 0.79 GPa.
The uniform distribution of GO particles in the struc-
ture of the Alg matrix promotes stress distribution,
thereby noticed enhancing the mechanical properties of
the material, which makes it promising for use in the
form of beads for hard bone tissue cure.

3.5 Swelling Degree Study

The swelling degree was determined to evaluate the
ability of the experimental samples to maintain beads
shape stability and their water loading capacity at dif-
ferent pH values (Fig. 4). It was proved, that addition
of 0.0004 % and 0.004 % of GO in relation to HA, leads
to an increase in the beads shape stability due to more
stronger intermolecular interactions at both pH. It was
noticed that GO reduces the composites swelling degree
for about 10 % and 15 % in neutral and acidic media,
respectively. It should be noted a decrease in the swell-
ing degree of all samples, including GO-free sample, in
an acidic medium compared to neutral one due to
shrinkage of Alg matrix.

3.6 HPLC Study

The HPLC method was used to determine and com-
pare the dynamics of CHX and DS release from experi-
mental samples in PBS. It should be noted that the stud-
ied composites could potentially be used to treat bone
tissue that is in the body in the process of continuous
remodeling. Osteoclast cells are firmly adhered to the
bone surface and dissolve the bone due to the formation
of an acidic medium for dissolving calcium phosphate (pH
4 to 4.5) and the release of collagenase [20]. Osteoblast
cells are constantly building a new bone and both pro-
cesses are in equilibrium. Therefore, given the possibility
of the existence of local zones with different acidity, the
dynamics of drug release with different chemical struc-
tures and properties at pH 4.0 and 7.2 was investigated.

The dynamics of drug release is presented in Fig. 5
and Fig. 6. The quantity of released drugs was plotted
against the incubation time. First of all, the behavior of
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Fig. 4 — Dynamics of swelling of experimental samples during 20 h in PBS under acidic (A) and neutral (B) conditions

composite materials in the PBS common to both studies
(with CHX and DS) should be noted. Experiments have
visually proved that the addition of GO contributes to
the beads shape stability and brings down the erosion
rate of the matrix. The content of HA in beads also re-
duces the mobility of the Alg matrix, which may de-
crease the release of the drug in neutral medium. In
acidic medium, on the one hand, there is a partial dis-
solution of HA, which promotes the diffusion of the
drug, and on the other hand — shrinkage of Alg matrix
reduces the diffusion. These circumstances affect the
degree of release of both investigated drugs into PBS.

CHX molecules most likely do not form intermolecu-
lar bonds by a donor-acceptor mechanism with compo-
nents of the composites in acidic and neutral environ-
ments and therefore their release is dominated by ma-
trix erosion manner. In the first stage (up to 4 h), the
release of surface adsorbed CHX molecules occurs. At
both pH values, the CHX release from control GO-free
HA-Alg samples is more intensive compared to GO-
containing samples because of faster erosion of Alg ma-
trix caused by ion exchange between Ca2* ions of iono-
tropically cross-linked Alg matrix and Na* ions of PBS
(Fig. 5A, B).

w
o o

o

Loncentration, 13 mg/mi
entieton. 10

Addition of GO to the composite contributes to the
beads stability and limits the erosion rate, which in turn
leads to a decrease in the release of CHX in PBS. Full
release (about 95 %) of CHX at pH = 7.2 from the sample
HA-Alg occurs after 72 h. At the same time, the GO con-
tent in the HA-Alg-GO15 and HA-Alg-GO150 samples
slightly reduces the volume of full release (about 90 %),
but prolongs the full CHX release time to 120 h. This is
obviously due to the additional hydrogen bonds between
the hydrophilic functional groups GO and Alg which slows
the drug release from the composite structure.

In acidic medium (Fig. 5C), CHX release delay is
more noticeable from GO-containing samples, appar-
ently due to the increase in the number of bonds be-
tween OH, COOH and epoxide groups in the basal
plane of GO and Alg functional groups. This fact reduc-
es the CHX full release time to 48 h and its efficiency
from GO-containing samples (60-80 %) compared to the
control GO-free sample. In this case, the degree of CHX
release decreases in proportion to the increase in GO
content. The control GO-free sample in acidic medium
shows 100 % CHX release for 120 h. Thus, CHX release
from GO-containing samples is influenced by GO con-
tent and primary driven by matrix erosion.

A

—a—a—u HAAlg
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c‘ 24 24 48 72 % F's 24 24 48 2 .
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CHX release, %
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C

Fig. 5 — Dynamics of CHX release (mg/ml) from experimental composites into PBS medium (A, B); first stage and full CHX release

in % (C) at different pH values
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Fig. 6 — Dynamics of DS release (mg/ml) from experimental composites into PBS medium (A, B) and the percentage of DS release
from GO-containing samples relative to the control GO-free one (C) at different pH values

Another situation arises with the release of DS.
Thus, during the first 24 h in neutral medium (with
pH = 7.2), about 70 % of DS was released from the GO-
free control HA-Alg sample and drug concentration in
PBS was 0.546 mg/ml (Fig. 6 A, C). The full DS release
after 360 h was about 90 %.

At the same time, the release of DS from GO-
containing samples as a percentage of total release
from the control sample during the first day was about
40 %, and the concentration of DS in PBS was approx-
imately 0.35 mg/ml. The reason for such a significant
decrease in the DS release may be both a decrease in
the ability of the GO-containing composite to absorb DS
during saturation and the binding between functionali-
ties of GO and DS, which prevent the diffusion of the
drug from composites. The results obtained indicate
that the release of DS from GO-containing samples in
neutral medium is affected by the GO introduced into
their composition. In acidic medium at pH =4, a full
DS release after 360 h was about 18 % for the GO-free
sample and for GO-containing samples, DS release
slightly decreased in proportion to the increase in GO
content and was 15-14 % (Fig. 6 B, C). The significant
decrease in total release of DS in an acidic environment
compared to neutral one can be explained by the signif-
icant amount of hydrogen bonds between functional
COOH, OH-groups of Alg and GO, on the one hand,
and, on the other hand, by the formation of clusters of
DS molecules with the participation of protons HT,
which solution PBS at pH=4 contains 103 times more
than the neutral solution (pH = 7.2) (Fig. 7).

Cl
NH Cl
Cl OH
NH Cl
(o}
OH
¥ o

Fig. 7 — Scheme of the DS clusters formation in an acidic en-
vironment

In addition, GO is an amphiphilic substance because
it contains not only hydrophilic regions along the edges
but also hydrophobic ones in the basis plane. In acidic
environments, GO hydrophobicity increases. Therefore,
additional hydrophobic interactions between GO and
DS are possible. Thus, after the first release stage of
surface adsorbed DS, which lasts for 24 h, the second
release stage begins from 24 to 96 h, where DS concen-
tration in PBS slightly decreases. This means that the
beads maintain their integrity during this period and
the drug release does not occur. Indeed, increased beads
shape stability has been experimentally proven in acidic
medium at pH = 4, although partial dissolution of HA is
possible under these conditions and may increase ma-
trix mobility and promote further DS diffusion. During
the period from 96 to 360 h, the concentration of re-
leased DS in an acidic environment gradually increased
by 5% for HA-Alg sample and by 10 % for GO-con-
taining samples (Fig. 6B). Thus, DS release in an acidic
environment is controlled mainly by diffusion forces,
which are slowed down by the clustering of DS and hy-
drophobic interactions between GO and DS.

4. CONCLUSIONS

GO loaded HA-Alg beads with different content
(0.0004 % and 0.004 %) were synthesized. The for-
mation under MW irradiation of calcium deficient HA
(Ca/P = 1.65) with small carbonate content is confirmed
by XRD and XRF techniques. Alg acts as a dispersant
and provides the uniform distribution of GO particles
within Alg matrix after sonification. GO nanoparticles
in combination with cross-linked by Ca2* ions Alg mac-
romolecules contribute to the enhancement of mechani-
cal properties of the obtained beads. HA-Alg composite
containing 0.004 % GO has a much higher Young's
modulus (1.33 GPa) in comparison with GO-free HA-
Alg (0.79 GPa). Calculation of the intra- and intermo-
lecular interaction energies in the triple complex, con-
taining HA, Alg and GO, confirmed that solvophobic
interactions give one third of the total stabilization
energy, whereas the rest is given by van der Waals
stacking energy and H-bonds. HPL.C demonstrates pro-
longed release of hydrophilic CHX and hydrophobic DS
in acidic and neutral media. GO content in the compo-
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site contributes to the beads shape stability and reduc-
es the erosion rate of the matrix. CHX release from
GO-containing samples is influenced by GO content
and primary driven by matrix erosion. GO prolongs
CHX release for 48 h in neutral medium and reduces
release time and its efficiency in acidic medium. The
release of DS from GO-containing samples in a neutral
medium is affected by the GO introduced into their
composition, while in an acidic environment DS release
is controlled mainly by diffusion forces, which are
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Brius okcuny rpadeHy Ha BIACTHUBOCTI TA BUBLIbBHEHHA JIIKAPCHKUX 3aCO0iB
3 aaTUT-TIOJIIMEPHUX KOMIIO3UTIB

JI.B. Cyxony6!, JI.O. Cyxony6!, M. Kymenal, 10. [Tpunynesruii2, M. €scriruees3, B. Koctiokos3,

M. Cnobonsauuk?, Y. Pirrept

L Cymcvruil depocasruli ynisepcumem, 40007 Cymu, Yrpaina
2 Ruiscokuli Haylonanvruil yHisepcumem imeni Tapaca Illesuenka, 01633 Kuis, Yikpaina
3 Cesacmononvcvkuli Oepycasruil yrisepcumem, Cesacmononv 299053, Kpum
4 Texniunuti yrisepcumem Lnovmenay, Lnomenay 98693, Himeuuuna

Busueno BB oxcumy rpadgeny (GO) Ha CTPyKTYpPHO-MEXaHIYHI BJIACTUBOCTI KOMIIOSUTY HA OCHOBI TiIpo-
Kemamatury Ta ajerinaty (HA-Alg), a Takos 3gaTHICTD 10 IIPOJIOHTOBAHOIO BUBLIBHEHHS 3 HBOTO XJIOPIEKCH-
nuay (CHX) ta nurnodenary marpio (DS). I'pamynsoanmit kommosur HA-Alg OyB cumTe30BaHUIT 3 pi3HUM
Bmicrom GO (0,0004 % Ta 0,004 %). YTBOpeHHS TPy MIKPOXBHJILOBOMY OIIPOMIHEHHI KaJIbINii-medirmmraoro HA
(Ca/P = 1,65) 3 masmmim BMicTOM KapboHaty miaTBepmkyerbess metogamu XRD ta XRF. Alg mie sk nucmepraTop i
3abeaneuye piBHOMIPHHUI posmomin yactuHok GO B aybriHaTHIN MATpPHUIN IICJIsS yIBTPa3ByKoBoi 00pooku. Ha-
HouactuHKH GO, moefHAHH] 13 3UMTUMY 10HAME KaJIbII0 MAaKPOMOJIEKYJIAMA aJIbIIHATY, CIIPUSIOTH ITOCUJIeH-
HIO MEXaHIYHUX BJIACTUBOCTEH oTpuMaHuX rpaHysl. Posmomin gactraok GO B anbriHaTHIN MATPUII ITiIBAIILYE
mozysib fOura Bix 0,79 I'Tla B 3pasky HA-Alg mo 1,33 I'lla B 3pasky HA-Alg-GO. O6uuciieni eHeprii BHyTpiIi-
HBO- Ta MIKMOJICKYJIAPHUX Baaemomiil komruiekcy HA-Alg-GO miareepmskyiorh, 10 3arajibHa eHepris ctabiii-
3aImii CKJIaJIaeThes 3 COIbBOOOHMX B3aeMO/Iiii, eHeprii BaH nep-Baasbca Ta H-38’sa3kiB. GO BiuinBae Ha BUBI-
meHenHss CHX, sike, B ocHOBHOMY, BiOyBaeThCsl 3a paxyHOK MaTpudHoi eposii. Bmict GO 1momoB:kye BUBLIB-
menusa CHX na 48 rop y HeitrpansaoMy cepenopuii. Jlunamika BuBiibHeHHS DS B HEATPaIBHOMY CepeiOBH-
Il Tako KOHTPOsHoeThest BMicToM GO, a B KHCIOMY CepejloBHUINI — B OCHOBHOMY JUQYIIMHUMU CAIAMHU, K1
CHOBLIBHIOITRCA KJ1acTepuaariiero DS yepes yreopenns: H-38’s13kiB Ta rinpodobunx B3aemomiit misk GO ta DS.

Knrouoeri ciopa: Ansrinar, I'paden oxcun, ligporcuanarur, CtpykTypHi Ta MexaHivyHi Biacrusocri, Ctpy-
KTypHE MOJeIIOBAHHA, BUBLIbHeHHS JIIKapChKUX 3aCO01B.
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