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MECHANOCHEMICAL ACTIVATION AND PHOTOCATALYTIC ACTIVITY
OF OXIDE ZINC-MOLYBDENUM COMPOSITION

The study focused on the mechanochemical treatment (MChT) influence (during 2, 4 and 8 hours in air)
on the properties of oxide zinc-molybdenum composition Zn/Mo = 25 : 75. It established the formation of
nanodispersed particles of raw oxides and their structure changes, which facilitate the formation of a new
compound. zinc molybdate. This crystallization phase at the next thermal treatment leads to complex
composition formation which contains nanoparticles of zinc and molybdenum oxides, and zinc molybdate,
and demonstrates a very high activity (more than traditional photocatalyst TiO,) in the liquid phase of
T safranin degradation in the UV irradiation.

Modification of zinc-molybdenum oxide system ZnO-MoO,= 25 : 75 by mechanochemical treatment in
air during 2, 4 and 8 hours leads primarily to a change in the crystal structure of the initial composition, its
substantial milling, and formation of new compounds. Interaction of nanopowder particles, which stimulates
the MChT, leads to the formation of a new phase: a product of interaction between two oxide—zinc molybdate,
which has a nanoscale particle of 12—16 nm size and synthesized at significantly lower energy compared to
traditional solvation or the thermal method. The newly formed phase, which is formed by mechanochemical
activated reactions, leads to the formation of zinc molybdate structure that is not really in the traditional
methods of obtaining this compound. These changes and the formation of a new active surface increases
their photocatalytic activity in the degradation safranine T water with UV irradiation. The sample after
MChT during 2 hours and further heat treatment, leading to crystallization of zinc molybdate phase, shows
the maximum activity higher than traditional TiO, (P-25) photocatalyst.

Keywords: mechanochemical treatment, zinc-molybdenum oxide composition, photocatalytic reaction.
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ENTRAPMENT MODIFICATION OF THE POLYACRYLAMIDE GEL
WITH CHITOSAN POLYMERS FOR THE PURPOSES OF SURFACE
ACTIVATION FOR TISSUE ENGINEERING

In recent years hydrogels have become attractive targets for development of the controlled release rate
substances that are characterized by suitable chemical and physical properties.

Recent advances in the tissue engineering and cell therapy technologies have introduced additional
value to the biologically compatible hydrogels that could be chemically modified with specific factors, such
as cell microenvironment proteins, allowing for shaping and controlled growth of the cells in the 3D
formations, suitable for further tissue engineering and cell therapy. This paper reports a mechanism of the
entrapment modification of the polyacrylamide based gels with chitosan polymer. Such modification allows
for the further covalent crosslinking of the protein-based growth factors and other extracellular matrix
proteins that fully support proliferation and maintenance of the adhesion dependent and adhesion
independent cells, including hematopoietic and mesenchymal stem cells.
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Object of the study: formation and modification
of polyacrylamide hydrogels with chitosan.

Subject of research study: characteristics and
properties of the unmodified and modified chitosan
polyacrylamide hydrogels.

Objectives: Development of the methodology
for hydrogels obtaining based on chitosan-
polyacrylamide and their modifications with
proteins for biomedical purposes.

Tasks:

e To develop methods of formation and
modification of polyacrylamide and chitosan-
polyacrylamide gels.

e To investigate the sorption and desorption of
bovine serum albumin (BSA) on unmodified
polyacrylamide gels and modified with chitosan
ones.

e To explore the possibility of covalent binding of
BSA to the modified chitosan-polyacrylamide
hydrogels.

e To test biocompatibility, cell adhesion and
proliferation on the chitosan-polyacrylamide-
protein gels in the in vitro systems.

Polyacrylamide hydrogels are quite popular for
studying cell-substrate interaction and are easiest to
obtain [1-3]. Polyacrylamide gels possess good
mechanical, chemical and optical characteristics,
making them suitable for use in biotechnological
industry [4]. Gel deforms linearly in response to
applied force and restores the tension after the
termination of the force. In addition, gel strength
can be changed by changing the concentration of the
crosslinking agent methylenebis(acrylamide) [5].
Such properties are difficult to achieve for other gels
making polyacrylamide a very attractive candidate
for modification [6; 7].

Polyacrylamide gel is optically pure and
fluorescently neutral. Such properties allow direct
microscopy visualization of cellular processes under
the microscope in situ through the gel. One of the
important characteristics of the polyacrylamide gel
is non-adhesive surface properties of the gel that
prevents formation of the connective tissue capsule
upon implantation in vivo. Polyacrylamide hydrogel
can be polymerized in to any shape, which is useful
for many fields of science and industry [8—10].

Methods

Hydrogels based on polyacrylamide were obtained
by radical polymerization following a typical chain
mechanism in exothermic process. If cross-linked
polymer is synthesized in an aqueous solution, we get
structured hydrogel system. For reactions of
polymerization, an optimal ratio of acrylamide:

N,N’-methylenebis(acrylamide) of 37.5 : 1 was used.
Ammonium persulphate and TEMED were used as
catalysts for the reactions [11]. Resulting gels were
mechanically strong, transparent and optically pure.

For cross-linked gels in the form of a thin film
with varying final gel, solutions of acrylamide in
concentration of 5, 10, 15,20 % have been prepared.
For the purposes of gel modification, 2 % w/v
solution of chitosan was added before polymerization
in order to entrap chitosan polymers within the
hydrogel structure. Entrapment of the chitosan and
its chemical properties allow possibility for further
covalent modification with various molecules,
including proteins.

To determine the kinetics of adsorption, a series
of solutions containing 0.01 % of bovine serum
albumin (BSA) was prepared. The change in the
concentration of bovine serum albumin during the
sorption and desorption on the hydrogels was
determined with UV spectroscopy in 200-400 nm
region. Quantitative analysis (e.g. intensity of
absorption of UV radiation), including the
registration of concentration changes over time,
prove the existence of the substance in specific
groups of molecules (chromophores). Maximum
absorption solution of bovine serum albumin is
observed at 215 nm. To determine the appropriate
concentration of solutions, a calibration curve was
prepared, based on standard solutions of BSA.

Hydrogels, modified with chitosan, can be
considered as composite material in which there are
interpenetrating polymer networks. High molecular
weight chitosan does not allow any desorption from
the gel structure during gel washing from the
unpolymerized monomers and polymerization by-
products, as well as low molecular weight
compounds [12]. Therefore included chitosan
served as a suitable molecule for covalent
modification by polypeptides, opening up new
opportunities for modeling of the extracellular
matrix environment, in a 3D structure.

The cells cultivation on polyacrylamide
hydrogels, modified with chitosan and covalently
grafted bovine serum albumin. Erythroleukemia
K562 cell line was used for testing of the
biocompatibility of the polyacrylamide gels
modified with chitosan inclusions. Biocompatibility
testing was performed in 24-well plates in DMEM
growth media, supplemented with 10 % fetal calf
serum. Cells were plates at 1.5 x10° per ml without
addition of supplementary growth factors. Cell
viability was accessed with trypan blue staining in
hemocytometer.

Cultivation of K562 cell line in suspension
culture in vitro was done in 24-well plates in DMEM
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growth medium, supplemented with 10 % DMEM
without adding growth factors. Cells were plated at
a concentration of 1x10° of viable cells per ml and
incubated in 5 % CO, atmosphere at 37 °C.

Control of the cells was carried out under an
inverted light microscope with 100-400x
magnification that allowed direct observation of the
cells on the surfaces of the gels.

Results

Modified with  chitosan  polyacrylamide
hydrogels can be considered as composite material
in which there are two phases: one is cross-linked
polyacrylamide, a second phase is linear chitosan.
High molecular weight chitosan, in predictions,
does not allow its diffusion from the polyacrylamide,
while allowing free diffusion of the unpolymerized
reactants, therefore gels can be made non-toxic and
free from low molecular weight compounds.

Infrared spectroscopy of the gels

IR spectra of hydrogels, obtaining from acrylamide
solution at concentrations 5, 10, 15, 20 % with the
ratio of acrylamide: N,N’-methylenebis(acrylamide)
of 37.5 : 1 with and without addition of chitosan were
obtained (Fig. 1-5).
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Fig. 1. IR spectrum of a hydrogel containing 20 %
of acrylamide with a ratio acrylamide:
N,N’-methylenebis(acrylamide) of 37.5 : 1

Absorption band at 3510-3100 cm! corresponds
to valence vibration of N-H-bond, max values at
3101 cm™ is valence vibration of CH_-group. The
band at 2900 cm™ is due to valence vibrations of
N-H in the plane of the amide group. In the frequency
range of 1700-1450 cm! strong absorption bands of
amide I and amide II are predicted. The first is
responsible for stretching vibrations of C = O groups
of the amide bond and has a peak at 1581 cm!. Amide
II band is due to deformation vibrations of N-H,

observed at 1458 cm™. In the spectra the Amide III
band at 1350 cm™, is responsible for the covalent
C-N and plane deformation vibrations of N-H. The
bands at 750-455 cm™! correspond amide bands IV
and V, which are caused by deformation oscillations
within the non-planar deformations of the C=0
and N-H bonds [13].
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Fig. 2. IR spectrum of a hydrogel, obtained from 5 %
acrylamide solution with a ratio of acrylamide:
N,N’-methylenebis(acrylamide) 37.5 : 1 with 0.2 % chitosan

The spectral patterns of the chitosan modified
polyacrylamide gels generally identical to the
patterns of the pure unmodified hydrogel, however
in the absorption spectra of the amide III band at
1350 cm!, which is responsible for the covalent
C-N and plane deformation vibrations of N-H are
less intense that can be explained by screening these
groups by ionic groups of chitosan.

It is likely that 5 % acrylamide gel has a large
pore size and therefore only a limited entrapment of
the chitosan is observed within the gel structure.
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Fig. 3. IR spectrum of a hydrogel, obtained from 10 %
acrylamide solution with a ratio of acrylamide:
N,N’-methylenebis(acrylamide) 37.5 : 1 with 0.2 % chitosan

Adsorption bands at 3255, 3194, 3132 cm™ are
corresponding to the hydroxyl and amino groups of
chitosan molecule, trapped within the structure of
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the hydrogel. In addition, the band, corresponding
to deformation vibrations of hydroxyl groups of the
chitosan, appeared at 1288 cm’.

fain
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Fig. 4. IR spectrum of a hydrogel, obtained from 15 %
acrylamide solution with a ratio of acrylamide:
N,N’-methylenebis(acrylamide) 37.5 : 1 with 0.2 % chitosan

The bands at 3255, 2954 cm™! are corresponding
hydroxyl and amino groups of chitosan and a band
at 1280 cm™ is corresponding to deformation
vibrations of hydroxyl groups of chitosan. The band
2931 cm!is due to deformation vibrations of N-H in
the plane of the amide group and has greater
intensity, which can be explained by the higher
content of acrylamide. It is fair to say that 15 % gel
contains entrapped chitosan within its structure.

Fig. 5. IR spectrum of a hydrogel, obtained from 20 %
acrylamide solution with a ratio of acrylamide:
N,N’-methylenebis(acrylamide) 37.5 : 1 with 0.2 % chitosan

Peaks of the aliphatic OH-C-H bonds vibration
are superimposed in to a broad peak in the range
3533-3000 cm'. A broadening of the bands at
3500-3100 cm™ with a maximum at 3078 cm™! is
responsible for symmetric stretching vibrations
N-H and -CH,-groups. In addition, the band,
appeared at 3533, 3317, 3194 cm™! is corresponding
to hydroxyl and amino groups of chitosan. The
band 2931 cm™! due to deformation vibrations of

N-H in the plane of the amide group, and has greater
intensity, which can be explained by the higher
content of acrylamide. In the frequency range of
1700-1435 cm™! the strong absorption bands of
amide I and amide II could be observed. The first is
responsible for stretching vibrations of C=0
groups of amide bonds and has a peak at 1519 cm™'.
Amide II band due to deformation vibrations of
N-H, observed at 1473 cm™'. Absorption band of
amide III at 1381 cm' is responsible for the
covalent C-N and plane deformation vibrations of
N-H. In addition, the band, appeared at 1195 cm’!,
is corresponding to deformation vibrations of
hydroxyl groups of chitosan. The bands at 750—
439 cm! are amide IV and V, which are caused by
deformation oscillations of the C = O and N-H out
of plane, respectively.

It is safe to say that 20 % polyacrylamide gel
shows significant entrapment of the chitosan.

The results show that chitosan content in the
structure of cross-linked polyacrylamide hydrogel
slightly decreases hydrophilic nature of the gel. This
can be explained by the fact that chitosan is shielding
ionic groups of the polyacrylamide and the fact that
pure chitosan film has a contact angle within
45-50°. With the increase of the acrylamide
concentration in the forming solution (from 10 % to
20 %), hydrophilic nature of the gel is somewhat
reduced, due to space filling macromolecules and
reduction of bound water (Fig. 6). The values of the
contact angles for hydrogels obtained in the first

approximation meets the requirements for
biocompatible materials (for biocompatible
molecules wetting angle up to 60°).
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Fig. 6. Contact angles of water on polyacrylamide hydrogels

Swelling kinetics experiments indicated that
addition of the 0.2 % chitosan to the gel structure
during polymerization only slightly decreases the
swelling kinetics of the gels, most noticeable for the
5 % and 10 % gel and near physiological pH values
(Fig. 7). More concentrated gels display a limited
increase of the swelling kinetics with inclusion of
the chitosan molecules.
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Fig. 7. Swelling kinetics of polyacrylamide hydrogels with
different acrylamide concentration with and without
chitosan inclusion at pH 7.2

It was established that the 10x increase of the gel
strength in forming solution reduces the degree of
swelling by 2-2.5 times, but remains at the level of
300-400 %, the presence of a chitosan modifier has
a limited influence on the swelling kinetics.

Notice that 5% hydrogel with chitosan
modification shows significant decrease on the
sorption  kinetics.  Graphs  indicate  that
polyacrylamide gels possess high tropism for the
BSA protein, a trait that is valuable for bioactivation
of the gels by means of inclusion of the biologically
active proteins (Fig. 8).

As shown, BSA desorption is insignificant
(1.5-3 % within 3 hours) (Fig. 9). Most probably
due to ionic interactions between charged amino
acid groups of the protein and the gel matrix. This is
also considered as a useful trait for the development
of biocompatible hydrogels.

Testing of the cytotoxicity of the chitosan-
modified polyacrylamide gels of different gel
concentrations indicated that it was possible to wash
out unpolymerized toxic constituents from the
hydrogels to the extent that in vitro cell propagation
could be achieved its surfaces.
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Fig. 8. Sorption kinetics of BSA on polyacrylamide
hydrogel, obtained from acrylamide solution
with different concentration, with a ratio acrylamide:
N,N’-methylenebis(acrylamide) 37.5 : 1 with
and without 0.2 % chitosan
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Fig. 9. BSA desorption kinetics from polyacrylamide
hydrogels, obtained from acrylamide solution
with different concentration, with a ratio acrylamide:

N,N’-methylenebis(acrylamide) 37.5 : 1 with 0.2 %
chitosan after grafting BSA

The results of growing cells indicate that
polyacrylamide  modified chitosan  remains
biologically neutral as based on the viability and
proliferation assays on the K562 ell line. Gels do
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not support cell adhesion to the surface and a
suitable for non-adhesion dependent cell types. The
cells were characterized by proliferation intensity
and viability that corresponded control, indicating a
biocompatible nature of the gel (Fig. 10, 11).

7

Fig. 10. K562 cells on the 10 % polyacrylamide gel with
0.2 % chitosan and covalently grafted bovine serum
albumin at the time of application. x 400:

1 —hydrogel; 2 — gel edge; 3 — cells

Fig. 11. Culture of K562 cells on the 10 % polyacrylamide
gel with 0.2 % chitosan modification and covalently bound
bovine serum albumin after 72 hour of cultivation. x 400:
1 —hydrogel; 2 — edge of the hydrogel; 3 — cells

The results indicate that the polyacrylamide
gels modified with chitosan are biologically
neutral and suitable for non-adhesion dependent
cell lines. The cells were characterized by
proliferation and viability intensity that
corresponded control. Toxic effects at the cellular
level were not observed.

Conclusions

The technique of formation and modification of
chitosan-polyacrylamide hydrogel under optimal
conditions: radical polymerization at room
temperature in the presence of ammonium
persulfate initiator, catalyst TEMED, MBA agent
and chitosan modifier, was designed. We confirmed
the presence of the functional groups of chitosan in
the polyacrylamide hydrogels by IR spectroscopy.
We proved suitable biocompatible nature of the
modified hydrogels with contact angles less than
60 degrees. We showed that modified hydrogels
readily adsorb proteins with a limited desorption,
confirming the useful biocompatible characteristics
of the obtained hydrogels. It was established that
the sorption capacity PAA hydrogels modified by
chitosan is 30—40 mg/g BSA; after grafting BSA
covalently desorption poorly expressed — 2.3 %
(pH 7.2), which allows for the cultivation and
growth of cells. No cytotoxic effects at the cellular
level could be observed for the K562 cell line
propagated on the surface of the chitosan modified
polyacrylamide proving the biocompatible nature
of the obtained gels.
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AKTHBALIS HOBEPXHI NOJMIAKPUWIAMIZIHOI'O I'EJIIO XITO3AHOM
JIJIA MOJAJBIIIOIO BUKOPUCTAHHS B TKAHUHHIN IH)KEHEPII

Jlosedeno mooicniugicmo MOOUDIKYBAHH CMPYKMYPHO2O KAPKACA NOAIMEPHUX 2I0pOo2enié Ximo3aHoM,
VHACNIOOK 4020 8i00Y8AEMbCsI NOKPAWEHHSL IXHIX MEXAHIUHUX eracmueocmell Oe3 noz2iputents copoyitnol
EMHOCMI Ma 30aMHOCMI 00 HAOPAKAHHA, WO POOUMb MONCTUBUM BUKOPUCIAHHA IX Y MKAHUHHIL IH)ICEHe-

pii K mamepianie 6HioMeouuHO20 NPU3HAYEHHS.
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OCHOBHI EKCILJTYATALIITHI XAPAKTEPUCTUKH
KOMITO3UTHUX COPEEHTIB
«CUJIIKATEJB/CYAb®AT HATPIIO»

TA « CWJIIKATEJb/ALIETAT HATPIIO»

TSI AICOPBLIMHMX XOJOAWJILHUKIB

Hocnioscerno kinemuxy aocopoyii napie 600U KOMROIUMHUMU COPOESHMAMU « CUTIKA2eTb/Hampiti CyTbghamy
i «cunixazcenv/Hampiii ayemamy, a MaKoxtc copoOyilini eracmueocmi yux mamepianie. Ilokazamo eéniue
mamepiany Ha KOHCMPYKMUHI napamempu a0copoyitiHo20 Xon100UNbHUKA Md XONOOUTbHUL KoegiyicHm.

KurouoBi cjioBa: KoMo3uTHUH COpOSHT, aaCcOPOIiHUN XOIOAUIBHHK, XOJOMILHUN KOSQIITIEHT.

ITpoTsIroM OCTaHHBOTO AECSTUPIUYS, KOJIH €KO-
HOMIisl EeHepropecypciB IOcifae MpOBiIHE MicIle
B YCIX rajy3sx HayKH 1 TEXHIKH, a TEHACHIIiS MOHO-
TOHHOTO 3POCTAaHHS BapTOCTi NMEPBHHHOTO IMaJNBa
MPU3BOIUTSH JI0 300POXKIAHHS ENEKTPOSHEPTii, PO3-
poOka eeKTHBHHMX TEIUIOAKyMYIIOBAJBHUX Mare-
piajiB ais aKyMyJrOBaHHS HH3bKOMOTEHIIIIHOTO
TeIJIa Ta MPUCTPOTB JUIs OMAJICHHS Ta OXOJIOMKEHHS
Ha IXHId OCHOBI € aKTyalbHHM 3aBIAHHSIM [UIS
CHEPreTUKIB yChOTO CBITY. Y pe3ynbTari poboTn
[Tapu3bkoro camity Oyj0 yXBaJICHO PIIIEHHS MPO

CTUMYJIFOBAHHS PO3BHUTKY HOBITHIX TEXHOJOTIH Ta
3MeHIeHHs BUKkuiB B atmochepy CO,, NO, Ta in-
IIUX Ta3iB, SIKi COPUYUHSAIOTH TAPHUKOBUH €(EKT.
OaHUM 13 TEXHIYHUX PillleHb, sIKE€ O JO3BOJUIIO
OJTHOYACHO PO3B’S3aTH SIK €KOJIOT1UHY, TaK 1 eHep-
TeTHYHY Ta €KOHOMIYHY MPOOIEeMH, € KOHCTPYIO-
BaHHS 1 BUKOPHCTaHHS COHSYHHX aJCOPOIIHHUX
XONOAMIBHUKIB [1, ¢. 252-262; 2, ¢. 102—123], mo
CIOXHMBAIOTh TIEPEBAKHO TEILUIOBY eHepriro. [xe-
perioM TemaoBOi eHeprii HaWvacTime € COHIe
[3, c. 1714-1720; 4, c. 172-178]. bazoBumnu
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