Chemistry, Physics and Technology of Surface. 2024. V. 15. N 4. P. 574-582

PACS 82.33.Ln; 82.70.Gg; 36.20.-r doi: 10.15407/hftp15.04.574

Y.M. Samchenko !, A.P. Maletsky 2, L.O. Kernosenko !, S.M. Dybkova !, O.V. Artiomov 2,
T.P. Poltoratska !, L.S. Rieznichenko !, N.O. Pasmurtceva !, V.I. Podolska !, T.G. Gruzina !

SPONGE-LIKE HYBRID HYDROGELS FOR
ENDOPROSTHETICS IN OCULO-ORBITAL AREA

! F.D. Ovcharenko Institute of Biocolloid Chemistry of National Academy of Sciences of Ukraine
42 Akademika Vernadskogo Blvd., Kyiv, 03680, Ukraine, E-mail: kernosenko@ukr.net
2 Filatov Institute of Eye Diseases and Tissue Therapy of the National Academy of Medical Sciences of Ukraine
49/51 Francuzsky Blvd., Odessa, 65061, Ukraine, E-mail: maletskiy@filatov.com.ua

In recent years, significant progress has been made in both the synthesis of metal nanoparticles and the creation
of hydrogel platforms. It is assumed that their synergistic combination will allow to create the advanced hydrogel
nanocomposites for the repair of anatomical and functional disorders of the human body, as well as for the needs of
reconstructive surgery. The aim of the study is to develop a porous polymeric material based on polyvinylformal with
incorporated functional hydrogels and gold nanoparticles, the study of its physicochemical properties and
biocompatibility in vitro and in vivo. The developed hybrid hydrogel material is intended for use in reconstructive
surgery of the oculo-orbital area and for filling postoperative cavities with simultaneous prevention of recurrence.
The morphology of the synthesized hybrid hydrogel composites with gold nanoparticles was investigated by means of
electron microscopy (SEM), while their thermal stability was studied by TGA and DSC methods. It was proved that
the synthesized hybrid hydrogel materials demonstrate thermal stability in a wide temperature range, which
significantly exceeds the range of their application, and can withstand steam sterilization (121 °C) without
significant changes. The synthesized hybrid hydrogels were characterized as biocompatible in vitro according to the
parameters of cytotoxicity, genotoxicity and biochemical markers (ATPase and LDHase activity) using L929 cell
line. The study of the soft tissue reaction to implantation in vivo demonstrated the formation of fibrous tissue on the
periphery and inside the implant, and a marked decrease in macrophage-histiocyte reaction and inflammatory
infiltration in favor of fibroblastic proliferation and the absence of resorption, which creates the prerequisites for a
stable clinical result. Thus, the developed spongy hybrid hydrogel material can be used in reconstructive surgery of
the maxillofacial and ophthalmic-orbital areas.

Keywords: pH-sensitive hydrogels, endoprosthesis, gold nanoparticles, polyviniformal, acrylic acid, hydrogel
implants, biocompatibility

INTRODUCTION

Over the past decades, the development of
nanotechnology has provided new ways and
opportunities to adapt nanomaterials in a
controlled manner for effective targeted
interaction with biological systems. Of particular
interest are hybrid materials based on
biocompatible polymers and metal nanoparticles
(NPs), which have significant potential to
improve the diagnosis, prevention and treatment
of human diseases [1-5]. Considerable progress
in the development of biomedical materials in
recent years has been achieved on hydrogel
platforms [6-10]. The combination of the
advantages of technologies for the synthesis of
“smart” hydrogels, which are able to respond to
changes in pH or temperature of the
environment, with nanotechnology (production
and incorporation of bioactive NPs into the gel
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matrix) makes it possible to obtain innovative
hybrid materials with a wide range of
applications, including targeted drug delivery,
immunomodulation, detoxification, and tissue
engineering.

The global experience of using hydrogels for
tissue engineering has proven their advantages
and outlined areas for improving their properties.
One of the undoubted advantages is the
extremely high biocompatibility of gels with
high equilibrium water content compared to
solid polymers, primarily due to the similarity of
their 3D structure to the extracellular matrix.
Fundamentally new possibilities are offered by
non-biological implants with a porous cellular
structure, primarily based on spatially cross-
linked hydrogels, which are capable of
biointegration with the surrounding orbital
tissues. Gold nanoparticles (AuNPs) have
demonstrated regenerative effects on living
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tissues [11-14] and have shown a potential to
solve the problem of resistance to
microorganisms, so their incorporation into
hydrogels will allow to impart these additional
properties to composites.

The loss of the organ of vision leads not only
to functional disorders, but also to changes in the
psycho-emotional status of patients [15].
Therefore, the development of new and
improvement of  existing methods of
reconstructive surgery in the orbit and oculo-
orbital area after trauma and tumors is not only
of scientific and applied, but also of medical and
social importance. The creation of hybrid
hydrogel = composites  with  incorporated
functionalized AuNPs will allow to obtain
materials that best meet the requirements for
recovery from anatomical and functional
disorders, reconstructive surgical interventions in
the orbit and other parts of the facial skeleton, as
well as functional materials with complex
antitumor activity for filling postoperative
cavities.

The study is devoted to the synthesis and
characterization of the chemical composition,
structure, and physicochemical properties of a
polyvinylformal (PVF)-based sponges with
incorporated functional hydrogels and AuNPs as
an implant for filling postoperative cavities and
endoprosthetics in the oculo-orbital area, as well
as to the study of its biocompatibility under in
vitro and in vivo conditions.

MATERIALS AND METHODS

Acrylic acid (AAc), (Merck, 99 %) was
distilled under vacuum with the addition of 1 ml
of concentrated sulfuric acid to remove the
polymerization inhibitor (hydroquinone) and
purified by fractional crystallization. Acrylamide
(AAm), (Merck, 99 %); N,N'-
methylenebisacrylamide (MBA); (Merck, 98 %);
ammonium persulfate (PSA); (NH4).S,0s,
(Sigma, 98 %); linear polyvinyl alcohol (PVA),
(AppliChem GmbH, 98 %; molecular weight
72 kDa); formaldehyde (LAB-SCAN, 37 %);
concentrated sulfuric acid H,SOs; Triton X-100
(AppliChem GmbH) were used as received
without additional purification. Distilled water
was used as a solvent in all experiments.

Synthesis of gold nanoparticles. Spherical
AuNPs with an average size of 30 nm were
synthesized by the method of hydrothermal
synthesis: the reduction of gold hydrochloric
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acid (HAuCls-3H,0) (=999 % trace metals
basis, Sigma-Aldrich) with sodium citrate in the
presence of potassium carbonate was carried out
at the temperature of 121 °C, pressure of 1.04
atm for 15 min. As a result, suspension with a
concentration of Ca, = 38.6 pug/ml by metal was
obtained.

Synthesis of PVF-based  sponges.
Acetalization of PVA was carried out by its
condensation with formaldehyde in the presence
of sulfhuric acid and Tryton X100, with addition
of an appropriate amount of pre-synthesized
AuNPs. The details of the synthesis of
polyvinylformal (PVF) were discussed in our
previous work [16]. To incorporate AuNPs, the
calculated amount of suspension with a
concentration of 12.06 pg/g by metal was added
to the gel-forming composition with intensive
stirring.

Hydrogels synthesis. Hydrogels based on
AAc, as well as copolymers of AAm and AAc,
were synthesized by radical polymerization in
aqueous monomers solution using PSA as an
initiator and covalently crosslinked by
bifunctional monomer MBA. The synthesis of
hydrogels was carried out as follows. Argon was
bubbled through the reaction mixture (an
aqueous solution of a mixture of monomer and
crosslinker) before adding the initiator. After
that, the composition was transferred to a mold
consisting of two parallel glass plates separated
by 1 mm thick spacers and kept in a thermostat
for 4h at 60 °C. The details of the synthesis of
functional hydrogels based on AAc and hydrogel
copolymers based on AAm and AAc were
discussed in our previous papers [17, 18]. After
aging in a thermostat, the hydrogels were
removed from the molds and intensively washed
by distilled water at room temperature to remove
unreacted residues. The water was changed
2 times per day, and the washing process was
controlled using a UV spectrometer (SPECORD
M40, Carl Zeiss, Germany). Gel samples in the
form of disks were cut out using a punch
(d=10mm) and dried to a constant weight at
25°C. The composition of the synthesized
hydrogels is shown in the Table 1.

Synthesis and squeezing of PVF-based
sponges. Hybrid materials based on PVF and
functional pH-sensitive hydrogels (AAc and
AAm-AAc) were obtained by swelling the
PVF-based matrix in the corresponding gel-
forming composition for 5 min. After that, the



Y.M. Samchenko, A.P. Maletsky, L.O. Kernosenko et al.

swollen matrix was placed in argon atmosphere
at 20 °C for 10 min, after which it was kept for
24 h at 40 °C. At the same time, composites with
partial pore filling were obtained by squeezing a
certain part of the gel-forming composition from
the swollen sponge. For this purpose, the swollen
sponge was subjected to uniform mechanical
compression, which led to the removal of the

Table 1. Components content in hydrogels

required amount of the composition from it. The
appearance of unfilled PVF sponges, PVF
sponges with AuNPs filled with pH-sensitive
hydrogels based on AAm-AAc is shown in
Fig. 1 (digital photo whithout magnification).
The scheme of the synthesis of PVF-based
sponges with incorporated functional pH-sensitive
hydrogels and AuNP is shown in Fig. 2.

Component, weight % AAC Type of hydrogel AAMAAC
AAm - 9.0
AAc 9.9 0.9
MBA 1
PSA 5.0
Water 84.1
AuNPs, pg/g 12.06

Fig. 1.

m e el \—‘

sl

PVF-based sponge

with AuNPs

Fig. 2. The scheme of the synthesis

The morphology and pore structure of the
hydrogel composites were obtained from
micrographs taken on a Tescan Miga SEM with
LMU equipped with an Oxford X-Max 80
energy  dispersive  spectrometer with a
PECS Gatan 682 sample preparation system. The
sample fragments were fixed on an adhesive
conductive substrate (carbon tape SPI 05081-AB
on a research table SPI 01506-MB). The sample,
thus fixed, was covered with an ultra-thin
(30 nm) layer of conductive material (Au/Pd
mixture) using the PECS Gatan 682 device in
order to avoid local charge accumulation during
the scanning electron microscopy study.
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Appearance of PVF-based sponges: without AuNPs and AAm-AAc hydrogel (a); Cau=12.06 pg/g (b);
Cau=12.06 pg/g, filled with AAm-AAc hydrogel (c)
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Thermal analysis of hydrogels were studied
using a thermogravimetric analyzer TA
Instruments TGA Q50, a Derivatograph Q-1500
and aTA Instruments DSC Q2000. TGA were
fulfilled in the temperature range from 25 to
800 °C in air atmosphere. DSC thermograms
were obtained in the range of temperatures
35-700 °C.

The biocompatibility in vitro of the
synthesized PVF-based hydrogels has been
estimated by the parameters of cytotoxicity,
genotoxicity and biochemical markers (ATPase
and LDHase activity) using L929 cell line
(ATCC: CCL-1™) from the collecton of
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D.K. Zabolotny Institute of Microbiology and
Virology named after of NAS of Ukraine
according to the Guidelines “Safety assessment
of medical nanopreparations” [19].

The biocompatibility in vivo of the hybrid
hydrogels was studied on 12 chinchilla rabbits
weighing 2-3 kg, aged for 5—6 months. The
experiments were conducted at the vivarium of
the State Institution “Filatov Institute of Eye
Diseases and Tissue Therapy of the NAMS of
Ukraine”. All animal experiments were
performed in compliance with the Law of
Ukraine on Protection of Animals from Cruel
Treatment No. 3447-IV dated 21.02.2006 and
European Convention for the Protection of
Vertebrate Animals Used for Experimental and
Other Scientific Purposes from the European
Treaty Series (Strasbourg, 1986), and approved
by a local Bioethics Committee of the Filatov
Institute (Minutes No. 2 dated 25.06.2020). Prior
to surgical procedure, animals were anesthetized
with sodium thiopental 0.1 % (1.0 mL/kg body
weight, intramuscularly). A hybrid hydrogel
implant sized 10.0%5.0x2.5 mm was placed into
the scleral sac and orbital tissue of each animal,
and the wound margins were sutured with
interrupted 6-0 silk sutures. At days 2, 5 and 10
after implantation surgery, important clinical
signs, such as tissue edema, state of sutures, and
discharge, if any, were noted. Animals were
euthanized by air embolism immediately after
removal of implants with adjacent tissues under
anesthesia at days 10 and 30. A histological
study to evaluate the effects of implantation of
the examined hydrogel was conducted at the
Pathomorphology and Electron Microscopy
Laboratory, SI “The Filatov Institute of Eye
Diseases and Tissue Therapy of the NAMS of
Ukraine” (Laboratory Competence Certificate
No. PT-397/23  dated 31.10.2023). Tissue
fragments in the area of implants were placed in
a 10 % formalin solution for one day and then
examined by standard histological methods with
paraffin embedding. Histological tissue sections
were colored by hematoxylin-eosin.

RESULTS AND DISCUSSION

SEM  analysis. The  microstructure
(morphology) of the synthesized hydrogels was
investigated using the SEM method after
lyophilization of the samples swollen to
equilibrium in water. The corresponding
micrographs with different magnifications are
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shown in Fig. 3. The synthesized hydrogels are
porous materials with a well-developed system
of connected pores. The average pores with
diameter  approximately from 5-10 to
200-250 um can be observed (Fig. 3 a—d). No
nanopores were found in the synthesized
systems. It can also be seen that in the case of
hybrid hydrogel systems with partially filled
pores with acrylic hydrogels, mainly the surface
of the pores was modified. The micropores
inside the walls were almost unaffected, while
the micropores on the surface were filled with
the hydrogel composition (Fig.3 c—d). In
general, the modification of PVAc with acrylic
hydrogels reduces the size of the micropores
inside the walls for all hydrogels systems, and
also fills larger pores with a diameter of
> 200 microns. The hydrogel based on PVF has
a more pronounced cellular structure than other
composites based on it and has pores of regular
shape (Fig.3a,b) and a wall thickness of
several micrometers, which are slightly thicker
than those of composites based on functional
hydrogels.

The presence of Au nanoparticles was
confirmed by SEM elemental analysis, which
was considered with of a sample of a hybrid
composite based on PVA and AAc (Fig. 4). At
the sample preparation stage, the mentioned
sample was coated with an ultra-thin (30 nm) Au
layer using a Gatan PECS 682 device to prevent
local charge accumulation during electron
microscopy studies. The presence of such a
metal layer leads to the presence of a peak in the
spectra of characteristic X-rays. However, the
image obtained using a backscattered electron
detector indicates the presence of a phase-
contrast inclusion. At the same time, in the
region “Spectrum 1” corresponding to such an
inclusion, a significantly higher Au content is
noted, in the absence of other elements that can
create a phase contrast. This indicates that such a
phase contrast region is the localization of Au in
the native sample (Fig. 4 (insert), Table 2).

Thermal analysis. The thermal
characteristics (TG, DTG, DSC) of synthesized
hybrid hydrogels were examined by air heating
of the samples in a wide range of temperatures.
The process of thermal decomposition for
present organic molecules is very complicated
and occurs in a few stages. As can be seen from
the DSC and TG/DTG curves (Figs. 5 and 6),
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four main stages of thermal destruction are
observed for all the analyzed gels.

The stage of physicochemical
transformations (dehydration, molecular
conformation changes, primary fragmentation,

172 to 227 °C) and the weight loss at these stage
do not exceed 7.5 %. These first minor mass
losses also is associated with the endothermic
removal of physically bound water (despite
preliminary drying at 50 °C).

etc.) occurs at relatively low temperatures (from

Fig. 3. SEM micrographs at different magnifications of: PVF-based sponges (a); PVF-based sponges filled by
12.06 pg/g Au (b); PVF-based sponges and AAm—AAc + 12.06 pg/g Au (c); and PVF-based sponges and
AAc +12.06 pg/g Au (d) (squeezing rate 75 %)

Fig. 4. SEM micrograph of AuNPs conglomerate on the example of PVF-based sponges and AAc + 12.06 ug/g Au;
(lower inserts — a phase contrast region with the localization of AuNPs)
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Table 2. Elemental analysis (normalized) for PVF-based sponges and AAc

Weight, %
Area C 0) i Au Total
Spectrum 1 62.67 10.54 26.79 100.00
Spectrum 2 70.22 13.37 16.40 100.00
At  higher temperatures, the next loss [20]. The 4™ stage of thermal destruction
decomposition stages correspond to processes of (peak at 505.6 °C) corresponds to the complex
partial defragmentation and organic organic decomposition of polymer molecules

decomposition. According to TGA data, three
peaks of mass loss were recorded. Peaks at 329.8
and at 438.9 °C may be associated with the
destruction of acrylamide and acrylic acid links,
accompanied by the release of volatile molecules
of ammonia, carbon dioxide and water. The
process of decarboxylation of the carboxyl group
of acrylic acid links also contributes to weight

that make wup hibride hydrogel structure,
including PVF sponge. The data obtained
correlate well with the results of DSC, according
to which three peaks of mass loss of the hybrid
hydrogel were observed at 325-370 °C, about
450 °C, and at 498 °C (Fig. 6). Stabilization of
the sample mass was observed at 595 °C, and the
total mass loss was 99.7 %.

Weight, %
(=33
[

32928°C

505.64°C

15

1.0

0.5

0.0

Deriv. weght, %/ °C

|
.

-O 100 200 300 400 500 600

Temperature, °C

Fig. 5. TGA for a composite based on PVF and AAm-AAc (squeezing rate 75 %)
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Fig. 6. DSC for a pH-sensitive hybrid composite based on PVF and AAm-AAc at a temperature of 35-700 °C

(squeezing rate 75 %)

Thus, the synthesized hydrogel materials for
medical purposes demonstrate thermal stability
in a wide temperature range, which significantly
exceeds the range of their application and
processing. The obtained results prove that the
synthesized hybrid hydrogels withstand steam
sterilization (121 °C)  without  significant
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changes, which is extremely important for
medical devices.

The biocompatibility in vitro of the PVF-
based hydrogels. The data of the hydrogels’
biocompatibility estimation in vitro show that all
synthesized hydrogels were non toxic in tests of
cytotoxicity (MTT assay, crystal violet staining
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assay), genotoxicity (Comet assay) and
biochemical markers (ATPase and LDHase
activity tests).

In vivo evaluation of PVF-based hydrogels
biocompatibility. As a result of experimental
studies of the reaction of the soft tissues of the
rabbit orbit to the implantation of a hybrid
hydrogel into the scleral sac and the orbital
tissue, we note the following. The first and most
important requirement for implants is their
biocompatibility. Our studies have shown that —
all experimental rabbits had a moderate
inflammatory reaction which disappeared by day
8-10. It is important to note that in all groups of
experimental animals, wound healing occurred

by primary tension, and therefore in no case was
the implant denudation, which is extremely
important for the successful use of implants.
Pathohistological studies showed that by 10 days
there were residual inflammatory phenomena in
the immediate vicinity of the implant in the form
of lymphocytic and leukocytic infiltration, while
in more distant areas they were absent.
Germination of surrounding tissues into the
implant structure by the 10th day after

implantation with the initial formation of a
fibrous skeleton replacing part of the hydrogel
structure, and by the 30th day — replacement of
most of the implant with fibrous tissues. (Fig. 7,
arrows).

Fig. 7.

S e

TV =

Implantation of a hybrid hydrogel into the scleral sac, 30 days. Ingrowth of fibroblastic tissue from the side

of the stroma without a capsule (arrows). Magnification: 100x

Another extremely important advantage of
the implant is its lack of resorption, which
creates the prerequisites for obtaining a stable
clinical result.

CONCLUSION

Methods for the synthesis of porous
polymeric material based on polyvinylformal
with incorporated functional hydrogels and gold
nanoparticles have been designed and
physicochemical and biomedical studies have
been carried out. The newly developed hybrid
hydrogel material is intended for use in
reconstructive surgery of the maxillofacial and
ophthalmic-orbital areas, as well as for filling
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postoperative  cavities with  simultaneous

prevention of repeated recurrences.
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I'y6uacTi riOpuaHi rigporeJti 1jis eHA0NPOTE3yBAHHSA 1IeJIENHO-JIMLEBOI TUITHKHA

FO.M. Camuenko, A.I1. Maneuskuii, JI.O. Keprnocenko, C.M. IludxoBa, O.B. Aprsomos, T.II. IlonTopanbka,
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6ynve. Akademixa Bepnaocwvroeo, 42, Kuis, 03680, Yrpaina, kernosenko@ukr.net
Incmumym ounux xeopo6 i mxanunnoi mepanii im. B.I1. @inamosa Hayionanwroi akademii meouunux nayk Yrpainu
oynve. Opanyysvruti, 49/51, Ooeca, 65061, Ykpaina, maletskiy@filatov.com.ua

B ocmanni poxu docsenymo 3naunoeo npoepecy AK Y cunme3i HAHOYACMUHOK Memaiie, max i y CMEOpeHH
eiopoeenesux naamepopm. Ilepeddbauaemvcs, wo ixXHe cuHepeemuyHe NOEOHAHHA O0360AUMb CMEOPUMU HOBIMHI
2iopoeenei HAHOKOMNO3UMU Ollsl BIOHOBNIEHHS AHAMOMIYHUX MA (DYHKYIOHATbHUX NOPYULeHb OP2aHIiZMY TH0OUHU, a
makooic 0111 nompeb peKoHCmpyKkmusHoi xipypeii. Mema pobomu - po3pobKa NOpuUcmo2o NoaiMepHo20 Mamepiary
HA OCHOGI NONIBIHINIGBOPMANIO 3 THKOPNOPOBAHUMU (DYHKYIOHATLHUMU 2I0pO2eNIMU MA HAHOYACMUHKAMU 3070Mmd,
00CHIOMHCEHHS 1020 DI3UKO-XIMIYHUX él1acmusocmell ma biocymicnocmi in vitro ma in vivo. Pospobaenuil eiopuonuti
2iopoeeneguil Mmamepian npusHaveHuti O 6UKOPUCTNAHHS 8 PEKOHCMPYKIMUGHIL Xipypeii ujenenHo-i1uyesoi OilAHKU
ma OYHO-OpOIMANbHOI 30HU, A MAKONC OAA 3ANO08HEHHA NICHAONEPAYIUHUX NOPONCHUH 3 OOHOUYACHOIO
npo@inakmuroilo nosmopHux peyuousie. Mopghonozito cunme308anux 2i6pUOHUX 2i0po2eNesuUx KOMRO3UMI6 3
HAHOUACTMUHKAMU 30]I0MA QOCTIONCEHO 30 00NOMO2010 elekmpoHHoi mikpockonii (CEM), a mepmiuny cmabinenicme
— 3 eukpucmanuam memooie TI'A ma JICK. [osedeno, wo cunmesosani 2ibpuoni 2ciopocenesi mamepianu
O0eMOHCIPYIOMb MEPMIUHY CMAOINLHICMG Y WUPOKOMY MEMNEPAmMYPHOMY [HMeEP6ai, w0 3HAYHO Nepesuuye
0ianaszon IXHbO2O 3ACMOCYSAHHS, MaA umMpuUMyOms cmepunizayiio napoiw (121 °C) 6e3 cymmegux 3MmiH.
Cunmesosani 2ibpuoni 2iopozeni oxapakmepuzo8ati sk OIOCYMICHI in Vitro 3a napamempamu yumomoKCu4HOCmi,
2ceHomoxcuynocmi ma oioximiunumu maprkepamu (AT@aszna ma JUI azna akmugHicms) 3 BUKOPUCMAHHAM KYIbMYpPU
Kaimun ninii L929. Jocniosicenna peakyii M'akux mKaHuH Ha iMAAAHMAyiio in vivo APo0eMOHCMPY8ano opMy8aHHs
Qibposznoi mxanunu no nepugbepii i 6cepeduHi iMniaHMamy, a MAKONC BUPANCEHe 3HUNCEHHS MAaKpo@azanbHo-
eicmioyumapnoi peaxyii i 3ananvHoi iH@inempayii na xopucme Gibpobracmuunoi nponigepayii i iocymHicme
pe3opdyii, wo cmeopioe nepedymosu Onid cmabilbHO20 KIiHIYHO20 pesyrvmamy. Taxum uunom, po3pobaeHull
2ybuacmuil 2I0puoHUll 2iopozeniesuti Mmamepian Moxce Oymu 6UKOPUCMAHUIL Y PEKOHCMPYKMUGHIU Xipypeii ujenento-
auyesoi ma opmanvmoopoimansbHol OUISHOK.

Knrouosi cnosa: pH-uymiausi ziopoeeni, eHOOnpome3y8anHs, HAHOYACMUHKU 30]10Md, NONIGIHIGOpMA,
aKpuoga Kucioma, 2iopozenesuti IMniaHmam, OIocymMicHicmo
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