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Abstract

Objectives. To investigate polymer composite materials based on poly-3-hydroxybutyrate (PHB) of microbiological origin and the
synthetic nitrile butadiene rubber NBR-28. The biodegradability of PHB implies the possibility of its use for invasive medical purposes;
however, this is significantly limited by its brittleness. The aim of this work was to search for approaches to altering the molecular
structure of PHB-based composites, in order to impart them with sufficient physical and mechanical characteristics and increase their
compatibility without violating biodegradability.

Methods. Reaction mixtures contained the elastic material NBR-28, various modifiers (sorbitan oleate, epoxidized soybean oil, siloxane
rubber), and additional polymer components (ethylene—vinyl acetate copolymer and polybutylene adipate terephthalate). The mixtures
were prepared in a PL 2200-3 plasticorder (Brabender, Russia) by pressing, holding the material at 180°C under pressure for 3 min
followed by quenching in cold water. The surfaces of the films and plates of the mixtures were studied using an Axio Imager Z2m optical
microscope (Carl Zeiss, Germany) with the Axio Vision software at 50x and 200x magnification in reflected light. The mechanical
properties of materials under tension were measured using an Instron 3365 universal tensile testing machine (/nstron, United Kingdom).

Results. The role of modifiers and polymer additives in the PHB-NBR-28 composites and their influence on the morphology of mixtures,
crystallinity, and mechanical characteristics were established. The introduction of modifiers made it possible to reduce the average
particle size of the NBR-28 phase in the PHB matrix by 30-50%, additionally changing their morphology. In this case, the uniformity
of particle distribution increased, having a positive effect on the mechanical characteristics of the systems.

Conclusions. It was shown that the modifiers change the morphology of mixtures, reduce the average particle size of the NBR
phase by 30-50%, and positively affect the strength of the systems. Owing to changes in the structure of their interfacial layers and,
as a consequence, physical and mechanical characteristics, the resulting composites render suitable for use in reparative bone and dental
surgery, as well as for creating wound healing materials.
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AHHOTaUuS

Ilean. M3roToBUTh N HccienoBaTh MOJMMEpPHBIE CMECEBble MaTephajbl Ha OCHOBe MoiH-3-ruapokcudytupara (I1I'B) muxpobuoo-
THYECKOTO IPOUCXOKICHHS M CHHTeTHUeCKoro OyraaneH-HuTpuibHoro kayuyka (BHKC) mapku BHKC-28. Buopasnaraemocts I1I'b
MIpeAnoaracT BO3MOXKHOCTb €r0 IPUMEHEHUS B UHBa3UBHBIX MEIULUHCKUX LIEJAX, OJHAKO 3TO B 3HAUUTEIbHON CTEIICHU OrpaHUYNBa-
€TCsl €ro XPYIKOCTBIO. B CBsI3M ¢ 9THM, 1IeIbI0 JaHHOH paboTHI SBIISUIOCH HAXOXKICHUE CITOCOO0B N3MEHEHUS MOJIEKYJIIPHON CTPYKTYPBI
KoMIT03uTOB Ha ocHoBe [1I'B 11t mpuaanyst UM J0CTAaTOUHBIX (PU3MKO-MEXaHUUECKHX XapaKTePUCTHK M YBEINYEHHS NX COBMECTHMOCTH
0e3 HapyLIeHHs GHOpPa3IaraeMOCTH.

Mertoasl. B pabore ncnons3oBaics anactuansiid Marepuan BHKC-28, a taxoke pa3nmaabie Mogu(HUKaTophl (COPOUTAH 0JIeaT, STIOKCUIU-
POBaHHOE COEBOE MAcII0, CHJIOKCAHOBEIN KaydyK) U JJOIOJIHATEIbHBIC TIOJIMMEPHBIE KOMIIOHEHTHI: CONTOIMMEp ATHJICHA U BUHMIIAIIeTaTa
n nomuOyrmieHagunuHarTepedranar. Cmecn ObUH momydens! B miactuxopaepe PL 2200-3 (bpabendep, Poccus). Ilnenkn cmeceit
TOTOBHJIM [IPECCOBAaHKUEM, BblAEpKUBas Marepuall npu 180°C mox naBieHHEM B TeUEHUE 3 MUH C IIOCIIEAYIOEH 3aKalKoi B XOJI01HON
Boze. [IoBepXHOCTH IJICHOK M INTACTUH CMECEeH M3ydaly ¢ IOMOIIBIO0 ONTHYECKOro MUKpockona Axio Imager Z2m (Carl Zeiss, T'epma-
HUSI) ¢ TIPOrpaMMHBIM obecniedeHreM Axio Vision npu ysenuderun 50% u 200X B OTpakeHHOM CBeTe. YIPYTro-IIPOYHOCTHBIE CBOICTBA
MaTepHaoB IPH PACTSHKCHUH U3MEPSUINCH Ha YHUBEPCAIbHOHN pa3pbIBHON MatnHe Instron 3365 (Instron, BenukoOpurtanus).

PesyabTarsl. YcraHOBIIEHA POITh MOAM(DUKATOPOB U TOMUMEPHBIX 100aBok B kommosunmu [1I'6-bHKC u ux BnusHIE Ha MOP(HOIOTHIO,
KPHCTAJUTMYHOCTh N MEXaHNUECKHEe XapaKTePUCTUKHN cMecel. BBenenne Moan(ukaTopoB MO3BOIMIO CHU3UTE CPEIHUH pa3Mep YacTHIL
¢a3sr BHKC B matpurie I1I'b ma 30-50%, a Takxke m3MeHMIO NX Mopdoaoruio. PABHOMEpPHOCTH pacTpeaeneH s JacTHI] IPH 3TOM yBe-
JHYHIIACH, YTO MTO3UTHBHO MOBJIMSIIO HA MEXaHUUECKHE XapPAKTEPUCTUKHI CHCTEM.

BriBoapbl. [Tokazano, 4To MOAH(UKATOPEI MEHAIOT MOP(OIOTUIO CMece, yMEHbIIAIOT cpeanuii pa3mep yactul (azet BHKC na 30-50%
1 HOJIOXKUTENBHO BIMSIOT HA POYHOCTH cUCTEM. [10ydeHHbIe KOMITO3HIIMN BBHY H3MEHEHHS CTPYKTYPBI X ME&XK(Da3HbIX CIOEB U, KaK
ciencTBre, PU3MKO-MEXaHUYECKHX XapaKTePUCTUK IPUTOHBI U1 IPUMEHEHHUS B PENapaTHBHOM KOCTHOI 1 3yOHOI XUPYpruu, a TakxKe
JUISL CO3aHMS PAHO3AKUBIISIOIIMX MAaTCPHAIIOB.

Kniouesble cnosa MocTtynuna: 06.04.2023
MOJIUTUIPOKCHATIKAHOATHI, KOCTHBIC HMILIAHTATBI, OCTEOTeHE3, Aopa6oTaHa: 17.09.2024
OuoerpaaupyeMble TIOJIMMEPHBIE KOMITO3HI[HOHHbBIE MaTEPHAJIbI, NpuHsaTa B nevats: 16.10.2024

OCTCOIIIACTUYCCKUEC MaTCpUaJIbl
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INTRODUCTION

Currently, great importance is attached to the research
and development of materials with applications in
medicine, in particular, in osteoplasty and dental implant
surgery [ 1-5]. An active search is underway for materials
and composites which would have an osteoplastic effect
while at the same time be resistant to bacteria [6-8].
However, due to their high degree of biodegradability,
polymeric materials suitable for this application have
a number of disadvantages in physical and mechanical
characteristics and thus require modification.

The literature describes some possible variants of
modification of polymers, such as hydrophilization of
the polymer surface by plasma-chemical treatment in
order to increase adhesive properties [9], or modification
by introducing a mineral component, nanosized
hydroxyapatite, in order to form porous calcium phosphate
composites with a controlled structure [10]. In addition,
research is underway to synthesize modifiers specifically
for biodegradable polymers based on polyester polyols,
and surfactants with a hyperbranched structure [11, 12].
Furthermore, research is being conducted to create
fibrous  materials  from  poly-3-hydroxybutyrate
(PHB) with modifiers based on metal complexes with
tetraphenylporphyrin [13, 14].

This paper examines the modification of PHB
by introducing nitrile butadiene rubber and various
compatibilizers and elasticizers in its composition
with the purpose of improving the compatibility of the
composite, its adhesion and strength, while maintaining
the required degree of biodegradability.

EXPERIMENTAL

The main polymer under study was PHB synthesized

by the microbiological method (Biomer, Germany) with

a molecular weight of 2.1-10° and a crystallinity of

65%. Elasticity to the composite was imparted by adding

NBR-28 AMN nitrile butadiene rubber (SK Sibur,

Russia), a synthetic polymer, a product of the radical

copolymerization of butadiene with acrylonitrile in an

aqueous emulsion.
The following components were used as modifiers
and compatibilizers.

1. Epoxidized soybean oil (ESO) (Novokhim, Russia)
acts as a plasticizer and a heat and light stabilizer. The
use of ESO is to increase the flexibility of the finished
product without changing its chemical properties,
reduce the melting point, and improve its heat and
light stability [15].

2. Ethylene—vinyl acetate copolymer (EVA) (Rusplast,
Russia). The addition of EVA increases the elasticity
of the polymer composite material by 15-25% and

improves the physical and mechanical properties.

EVA helps to reduce the interfacial tension between

the components and increase the thermodynamic

compatibility of the polymerandrubber[16].Itis likely
that the introduction of a hydroxyl-functionalized

EVA copolymer (EVA-F) may further improve the

interaction of the components thanks to hydrogen

bonds between the terminal hydroxyl groups of PHB
and EVA-F. Functionalization can be carried out
by alkaline alcoholysis of EVA-F in a 30% KOH

solution [17, 18].

3. Siloxane rubber (Ekotek, Russia) is an inert
elastomer which does not affect biological processes
and is suitable for use in medical implants. It is
a biocompatible, hypoallergenic, chemically stable
component, and can be used as a compatibilizer for
the mixture during plasticization.

4. Polybutylene  adipate  terephthalate = (PBAT)
(Anhui Juhong Trading Co., China) is a random
polymer with a disordered structure that cannot
crystallize. Therefore, this polymer can impart such
characteristics to the composite as high flexibility,
high impact toughness, low stiffness, and low
elastic modulus, as well as a wide range of melting
temperatures. It is important to note that this is
a completely biodegradable polymer [19].

5. Oleic acid polyethylene glycol ester PEG-7
(PCC Exol SA, Poland) can serve as a compatibilizer
for PHB and NBR-28. This is due to good
compatibility with both components according to
literature data [20]. At the same time, PEG-7 is
a biodegradable substance, soluble both in water and
in most organic solvents, allowing it to be used in
the preparation of composite materials using both
high-temperature and solution technologies. PEG-7
is safe and approved for indirect contact with food
products and medicines.

Samples of the original polymers and mixtures
containing 10, 20, 30, 40, 50, 60, 70, 80, and 90 wt %
NBR-28 in PHB were studied. In addition, we also
examined three-component mixtures based on PHB
and NBR-28 with the addition of modifiers (ESO, EVA,
siloxane rubber, oleic acid ester) or additional polymers
(EVA and PBAT).

The composites were produced in a PL 2200-3 plasticorder
(Brabender, Russia), which models a closed-type rubber
mixer. This device provides a wide range of temperatures
and operating speeds, allowing the composites to be
studied over a wide range of shear rates. Mixing of the
composites for this work was performed for 5 min at
a temperature of 160 to 180°C, depending on the ratio of
components and the type of modifier.

For samples with increased rubber content, the
mixing of PHB and NBR-28 was also carried out on
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PD-240 laboratory rollers (GDW, Germany) with heating
to 60°C, preliminary plasticization of rubber for 10 min,
and subsequent introduction of a PHB powder.

Films of the mixtures were prepared by pressing on
a laboratory press. The material was maintained at 180°C
under pressure for 3 min with subsequent quenching in
cold water. The surfaces of the films and plates of the
mixtures were studied with an Axio Imager Z2m optical
microscope (Carl Zeiss, Germany) with Axio Vision
software at 50 and 200x magnification in reflected light.

RESULTS AND DISCUSSION

Figures 1-6 show macrophotographs of various three-
component mixtures with modifiers at 50x and 200x
magnification.

An analysis of the macrophotographs of these samples
determined that siloxane rubber (Fig. 1) significantly
affected the size distribution of NBR-28 particles in the
PHB phase. The large particle size adversely affected
the uniformity of particle distribution and can cause the
sample properties to vary with the thickness of the product
and the degree of its unevenness, as well as could increase
the brittleness of the composite because of the presence
of large foreign particles in the matrix, which serve as
centers for the growth of defects and cracks in the sample.

Fig. 1. PHB-NBR-28 + siloxane rubber (90/10% + 3%)
at (a) 50x and (b) 200x magnification

The microphotographs at 200x magnification show
that, although the morphology of these mixtures is
heterogeneous, the NBR-28 particles (dark inclusions
in the matrix) are finely dispersed fibrous aggregates
which form bundles and ribbons, in contrast to spherical
aggregates in the case of the PHB-NBR-28 mixture
without the use of a compatibilizer [21]. The particle size
in the two-component mixture is 60—100 um, whereas the
length of the NBR-28 bundles using a compatibilizing
agent reaches 20—40 pm.

In order to increase the elasticity and biodegradability
of the mixtures, the possibility of using PBAT as
a component to replace rubber was explored. As can be
seen in Fig. 2, mixing of PBAT and PHB in the presence
of small amounts of ESO can give uniformly distributed
dispersed PBAT particles in the PHB matrix. In this

work, drop-shaped PBAT inclusions with sizes from
10 to 30 um were obtained. At the same time, due to the
high biodegradability of both components [19, 22], the
ratios of the components can be varied over a wide range.
This allows the parameters of the decomposition rate and
the mechanical characteristics of the polymer composite
material for the required medical application to be varied
(dental implant, bone implant for low or high mechanical
load, biodegradable suture material, etc.).

(@) o )

Fig. 2. PHB-PBAT + ESO (70/30% + 3%)
at (a) 50x and (b) 200x magnification

An interesting composite to study was the three-
component mixture PHB-NBR-28-PBAT with a low
rubber content and PHB as the main matrix-forming
component (Fig. 3). Inthis case, since the compatibilization
of both PHB with PBAT and NBR with PBAT was quite
successful, PBAT served as a compatibility agent for
the other two components. Based on the micrographs,
in the case of three components, both PBAT and NBR
were uniformly distributed both in the PHB matrix as
a whole and relative to each other. The sizes of NBR and
PBAT particles in the matrix were even smaller than in
the case of siloxane rubber and ESO. The thickness of
the aggregates did not exceed 20 um, and the length was
<40 pm. The average calculated equivalent diameter of
such particles was 125 um.

@ )

Fig. 3. PHB-NBR-28-PBAT (60/10/30%)
at (a) 50x and (b) 200x magnification

The combination of PHB and NBR-28 with EVA
also proved to be relatively successful (Fig. 4), but the
question of the biodegradation of these composites in
dynamics remained open.
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Fig. 4. PHB-NBR-28-EVA (60/10/30%)
at (a) 50x and (b) 200x magnification

Figure 5 presents the micrographs of the sample containing
30 wt % EVA after biodegradation in soil for 1 month. It can
be seen that volume defects and cavities in the structure of
the material formed during this time. However, it is currently
unknown whether all components decompose in this mixture
or the main mass loss occurs due to the destruction of PHB.
At present, studies are being conducted on the biodegradation
of composites with EVA. They preliminarily show that, at
a sufficient degree of biodegradability of these composites,
the use of EVA improves the thermodynamic compatibility
of the polymer matrix and rubber and reduces the interfacial
tension between them.

Fig. 5. PHB-NBR-28-EVA (60/10/30%)
after biodegradation in soil for 1 month
at (a) 50x and (b) 200x magnification

The introduction of PEG-7 as a compatibilizer (Fig. 6),
as in the case of siloxane rubber and ESO, produced the
expected effect of dispersing the components in each
other and facilitated the processing of the composite in
the plasticorder.

(@) S (b)

Fig. 6. PHB-NBR-28 + PEG-7 (90/10% + 3%)
at (a) 50x and (b) 200> magnification

The effect of additives taken in small amounts
(up to 3%) on the crystalline and amorphous regions
and the degree of crystallinity of the composite was
studied by means of X-ray fluorescence analysis of
the samples (Figs. 7a—7c) with the same content of
NBR-28. A statistical analysis showed that the average
calculated degrees of crystallinity of the samples with
siloxane rubber and PEG-7 additives were 54% and
56%, respectively, whereas the degree of crystallinity of
the composite without a modifier was 61%. We believe
that the decrease in the size of inclusions of the NBR-28
phase upon the introduction of a modifier gives rise
to strong interphase interactions. Modifiers behave as
crystallization nuclei. The growth of small crystallites
increases segmental mobility. This leads to an increase in
the free volume, the porosity, and the number of physical
entanglements.

In pure PHB without either additives or rubber, the
degree of crystallinity was 70%. The lowest degree
of crystallinity for the PHB-NBR-28 composite was
observed at an equimass ratio of the components of 36%
(Fig. 7d). This indicates that the addition of NBR-28 to
PHB changes the phase and molecular structure by the
intermolecular interaction of the components. In any
further study of these composites, it is advisable to apply
methods for studying the free surface energy and other
surface properties of polymer composite materials, e.g.,
the methods used to study the effect of additives on the
surface properties of NBR-based composites described
previously [23, 24].

The main problem of the PHB biopolymer is its
high brittleness, rendering it impossible to use it in
pure form for any biomedical purposes [25]. In the
case of the two-component system PHB-NBR, a large
amount of rubber in the system (from 30%) significantly
increases the elasticity of the system, although sharply
reducing its ability to biodegrade and the rate of
decomposition. Previous studies have confirmed that
the content of NBR-28 in the polymer matrix up to
20% leaves the possibility for biodegradation of the
polymer in biological environments at a sufficient
rate for the growth of cells and vessels in the polymer
matrix. It also enables complete decomposition before
the onset of complications caused by the rejection
of a foreign body by the organism [26]. Therefore,
composites with a content of NBR-28 up to 20% will
meet a set of requirements for biodegradable medical
devices, provided that they are sufficiently elastic. The
introduction of modifiers in this case helps to increase
the strength characteristics due to better compatibility
of components and dispersion of phase particles in the
matrix. In addition, modifiers change the microstructure
of the composites and can accelerate the processes of
polymer biodegradation.
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Fig. 7. X-ray fluorescence spectra of the 90% PHB-10% NBR-28 composite (a) without the addition of a compatibilizer,
(b) with the addition of 3% siloxane rubber, and (c) with the addition of 3% PEG-7; (d) X-ray fluorescence spectrum

of the 50% PHB-50% NBR-28 composite without a modifier

Tests used to determine the elastic strength
properties under tension (GOST 270-75') were carried
out on an Instron 3365 universal tensile testing machine
(Instron, United Kingdom). Of the composites studied,
pronounced elastic properties were demonstrated
by all PHB-NBR-28 two-component composites
with a rubber content of 30% and higher, the
PHB-NBR-28-EVA (60/10/30%) composite, and, to
a lesser extent, the PHB-NBR-28-PBAT (60/10/30%)
composite. Some samples modified only with
compatibilizing additives (ESO, siloxane rubber), 90%
PHB contents, and up to 10% NBR-28 proved to be
brittle for testing of this kind. Clearly the strengthening
of the composite, as expected, can be carried out in
two ways: by increasing the content of NBR-28 to
more than 20% in the presence of a compatibilizer;
or by introducing an elastic polymer as an additional
component, as in the case of the PHB-NBR-28—PBAT
and PHB-NBR-28-EVA systems. The following table

presents the obtained mechanical characteristics of
these composites.

Note that composite 6 (PHB-NBR-28, 10/90%)
is not biodegradable to a sufficient degree and serves
only for comparative analysis, as does composite 5 with
a NBR-28 content of 50%. In turn, sample 4 with
a content of NBR-28 of 30% is borderline suitable
for certain medical products. However, the degree of
its biodegradability and the possibility of enhancing
degradation with additives have yet to be studied.

Composites with introduced EVA and PBAT
showed a tensile strength exceeding the strength of
composites 3 and 4 with a high rubber content without
additional additives. Meanwhile, based on the data of
reviews [25, 27] concerning methods of strengthening
composites with PHB, the comparative strength of the
PHB-NBR-28 and PHB-NBR-28-EVA composites is
somewhat higher than those of PHB composites with
starch, cellulose, and polymer fillers (ethylene—vinyl

I GOST 270-75. Interstate Standard. Rubber. Method of the determination elastic and tensile stress-strain properties. Moscow: Standartinform; 2008.
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Table. Mechanical characteristics of polymer composites

No. Composite Elongation at break, % Tensile strength, MPa
1 PHB-NBR-28 (90/10%) 0-2 (brittle fracture) 16 +1
2 | PHB-NBR-28-PBAT (60/10/30%) 21+1 32+1.5
3 | PHB-NBR-28-EVA (60/10/30%) 26+ 1.5 37+2
4 | PHB-NBR-28 (70/30%) 33+£2 33£1.5
5 | PHB-NBR-28 (50/50%) 58+3 48 +2.5
6 |PHB-NBR-28 (10/90%) 85+4 61.5+3

acetate copolymer, polylactide). However, it is
lower than those of fibers obtained from mixtures of
PHB and ultrahigh-molecular-weight PHB by cold
drawing [28] or fibers of a PHB copolymer with poly-3-
hydroxyhexanoate [29].

The process of complete degradation of three-
component composites with EVA and PBAT is currently
being studied. According to the results of biodegradation
for 100 days in the soil, preliminary conclusions can be
made about a gradual decrease in the weight of samples
and a significant degree of crack growth up to 40 and
70 nm thick in the case of EVA and PBAT, respectively. It
can also be assumed that the weight loss of the composite
during degradation in the case of EVA and PBAT is equal
to or even exceeds the weight loss of the PHB-NBR-28
composites without additional additives.

CONCLUSIONS

In this work, the optimal mode of mixing of the
PHB-NBR-28-modifier ~composite was selected.
The necessary modifiers were found to improve the
compatibility of the components and impart the necessary
physical and mechanical properties while maintaining
the required degree of biodegradability.

A more extended study into the biodegradability
of the components is being conducted elsewhere;
however, preliminary findings indicate a sufficient
degree of biodegradability of the most promising
composites, namely, PHB-NBR-28-EVA (60/10/30%)

and PHB-NBR-28-PBAT (60/10/30%). With regard to
composites with 90% PHB, 10% NBR-28, and an additive
(ESO, siloxane rubber), the modifier in an amount of
1-3% does not adversely affect their biodegradability.
A composite with pure PHB and NBR-28 in a ratio of
9 : 1 has already been studied earlier and is suitable for
use in biodegradable medical products.

As expected, the introduction of modifiers, allowed
the average particle size of the NBR phase in the PHB
matrix to be reduced by 30-50% or greater. It also
changed their morphology from spherical particles of
60—-100 nm to elongated fibers aggregated into bundles
and ribbons with a thickness of 5 to 20 nm and a length
of 10 to 50 nm for different modifiers. The uniformity
of particle distribution increased, beneficially affecting
the mechanical characteristics of the systems. However,
without the introduction of the second polymer (EVA
or PBAT), the brittleness of the systems remained
quite high; therefore, modifiers (ESO, siloxane rubber)
will be of interest for use at an increased NBR content
(presumably 20% or more).
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