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Abstract Keywords

Oligomers of poly-3-hydroxybutyrate (PHB) were prepared by aminolysis  Piocompatible materials

of high molecular weight PHB with ethylenediamine and 1,4-
diaminobutane. Polymer-oligomer blends (10, 30, and 50% content of the
oligomers) were prepared as films by solution casting. As the content of ol-
igomers increased, a gradual increase in the hydrophilicity of the polymer
surface was observed, resulting reflected in the water contact angle de-
crease from 84° to 72-76°. In addition, a moderate decrease in elongation
at break, Young's modulus, and tensile strength for the blends were ob-
served as more oligomer was added to the film. Finally, the viability of
NIH-3T3 mouse fibroblasts was higher compared to intact PHB when grow-
ing in non-prepared polymer/oligomer mixtures. These findings confirm

poly-3-hydroxybutyrate
functionalized oligomers
aminolysis
polymer-oligomer blends
biocompatibility

the benefits of the introduction of a hydrophilic functionalized oligomer in-
to the PHB matrix in terms of improving the biocompatibility of the result-
ing polymer/oligomer blends.
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Key findings

e Addition of aminated oligomers of poly-3-hydroxybutyrate (PHB) to the parent PHB improves the hydrophilicity of the

obtained blends.

e The biocompatibility of the obtained polymer-oligomer films was demonstrated via an increased adhesion of NIH-3T3

mouse fibroblasts.

e Only moderate influence of the oligomer presence of the mechanical properties of the polymer-oligomer blends was

observed.

2023, the Authors. This article is published in open access under the terms and conditions of
the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The use of biocompatible polymers is of great importance
in many reconstructive fields of modern medicine. Among
polymers,
(PHAS), polyesters of hydroxy derivatives of fatty acids of
microbiological origin, are of special interest [1]. Thus,

such biocompatible polyhydroxyalkanoates

PHAs are used to develop sutural material, stents, tissue-
engineered constructions, and wound dressings. However,
the most widely studied representative of PHA, poly-3-
hydroxybutyrate (PHB), has such a serious drawback as a
relatively high hydrophobicity, which can prevent its effi-

cient interaction with the biological media in the body and
upon the cell adhesion [2].

In this study we proposed the approach of the modify-
ing of the polymer structure by obtaining a homopolymer-
like blend by introducing its oligomeric functionalized de-
rivatives into the intact polymer. As an example, we used
poly-3-hydroxybutyrate (PHB) and its oligomers obtained
by aminolysis of PHB with bifunctional amines - ethylene-
diamine and 1,4-diaminobutane. As a result, we obtained
several film samples based on such blends with different
ratios of components to evaluate their surface, physical
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and mechanical characteristics as well as the ability to
maintain cell adhesion and proliferation.

2. Materials and methods

2.1. Materials

Poly-3-hydroxybutyrate (PHB) (weight average molecular
weight (Mw) 920 kDa; polydispersity (D) 2.5) was synthe-
sized in Siberian Federal University according to previous-
ly described method [3]. N,N-dimethylformamide (DMF)
(Roth, Germany), 1,4-dioxane (reagent grade) (ECOS-1,
Russia), 1,4-diaminobutane (99 wt.%) (Aldrich, Nether-
lands), 1,2-ethylenediamine (reagent grade) (Labsintez,
Russia), isopropyl alcohol (ACS grade) (ECOS-1, Russia),
chloroform (reagent grade) (ECOS-1, Russia) were used
for the synthesis and dissolution.

Oligomers of two types were obtained by aminolysis of
a high molecular weight PHB with diamines, 1,4-
diaminobutane or ethylenediamine, as described below in
the Methods section. The oligomer obtained by aminolysis
with 1,4-diaminobutane (hereinafter referred as D-PHB)
had Mw 4.0 kDa and D 1.5. The oligomer obtained by ami-
nolysis with ethylenediamine (E-PHB) had Mw 5.6 kDa and
D 1.7.

2.2. Methods

2.2.1. Preparation of PHB oligomers

To prepare aminated PHB oligomers, 3.44 g of PHB (this
amount is equal to 0.04 mol in terms of monomers; the
molecular weight of one mole of PHB monomer in the es-
terified state (-O-CH(CH3)-CH.-CO-) is 86 g/mol) was
dissolved in 86 ml of dimethylformamide at a temperature
100 °C to obtain a 4% solution (w/v). After complete dis-
solution of the polymer,
weight (M) 60.10 g/mol, density (d) 0.90 g/cm3) or 1,4-
diaminobutane (M 88.15 g/mol, d 0.88 g/cm3) were added
in the solution in the amount of 0.004 mol (i.e. 268 pl and
402 pl, respectively). The resulting mixtures were kept at
100 °C for 1 h. The separation of oligomers from the mix-
ture was carried out by their precipitation with the addi-
tion of a fourfold volume of isopropyl alcohol followed by
filtration and triple washing with isopropyl alcohol using
a Schott filter. Two types of oligomers (D-PHB and E-PHB)
were used for further preparation of polymer films.

ethylenediamine (molecular

2.2.2. Preparation of polymer blend films

For preparation of the blends, PHB, D-PHB and E-PHB
were separately dissolved in chloroform in a 2% amount
(w/v). Then the resulting solutions were mixed in 9:1
(10%), 7:3 (30%) and 1:1 (50%) ratios of PHB to its ami-
nated oligomers, respectively, and incubated for three
hours with occasional agitation. The blends as well as a
PHB solution were further used to prepare films by solu-
tion casting. Specifically, 20 ml of the respective solution
was preheated to 35 °C and poured on a degreased Petri
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dish and dried at room temperature. The following stud-
ies were carried out no earlier than ten days after the
films were prepared. The samples prepared from the PHB
solution were used as a control.

2.2.3. Molecular weight analysis

Molecular weight and molecular weight distribution of the
polymers were analyzed using gel permeation chromatog-
raphy using Agilent 1260 Infinity chromatograph (Agilent
Technologies, U.S.) with Agilent PLgel Mixed-C column
equipped with an isocratic pump, an autosampler and a
differential refractometer. 50 pl of polymer solution in
chloroform (5 mg/ml) was injected at a 1.0 ml/min flow
rate and at 40 °C using chloroform as an eluent. The cali-
bration curve was plotted based on the measurement of
Agilent EasiVial PS-H polystyrene standards.

2.2.4. Surface analysis

Surface properties of the films were tested with DSA-25E
drop shape analyzer (Kriiss, Hamburg, Germany) using
DSA-4 software for Windows. Drops of water and diiodo-
methane, 1.5 pL each, were alternately placed on the film
surface, and contact angles (CA) of the liquids were meas-
ured in a semiautomatic mode by the sessile drop tech-
nique. The results of the measurements were used to cal-
culate surface free energy (SFE) and its dispersive (DSFE)
and polar (PSFE) fractions by the Owens, Wendt, Rabel
and Kaelble method [4, 5].

2.2.5. Mechanical testing

Mechanical properties of the prepared films were studied
using Instron 5565 electromechanical tensile testing ma-
chine (UK). Dumbbell-shaped samples 50 mm long, 6.1
mm wide, and 25-30 mm thick were prepared for studying
mechanical properties of the films. The thickness of the
films was measured prior to testing, using LEGIONER
EDM-25-0.001 electronic digital micrometer. The samples
were stored in standard conditions for at least two weeks
to reach equilibrium crystallization. At least five samples
were tested for each type of films. Measurements were
conducted at room temperature, and the clamp-length of
the samples was 30 mm. The crosshead speed was
3 mm/min at room temperature. Young's modulus (E, MPa),
tensile strength (s, MPa) and elongation at break (e, %)
were automatically calculated by Instron software Bluehill 2
(Elancourt, France). To obtain Young's modulus, the soft-
ware calculated the slope of each stress-strain curve in its
elastic deformation region. Measurement errors did not
exceed 10%.

2.2.6. Analysis of biological properties

For the biotests, the studied films in the form of discs 10
mm in diameter were placed in 24-well plates (TPP, Swit-
zerland) and sterilized in Sterrad NX plasma sterilizer
(Johnson&Johnson, USA). NIH-3T3 mouse fibroblast cul-
ture cells were then seeded onto the polymer discs with
1.0-10% cells/well/ml.
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Table 1 Surface properties of polymer films.
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Oligomer Content, % CAy, °? SFE, mN/m? PSFE, mN/m?* DSFE, mN/m?*
Control o 84.7+4.5 40.9+0.8 2.7+0.2 38.2+0.6
D-PHB 10 84.8+1.6 40.5+0.3 2.7+0.1 37.8+0.2
D-PHB 30 82.6+1.6 41.9+1.0 3.2+0.2 38.7+0.8
D-PHB 50 76.0+0.6 45.2+0.3 5.3+0.1 40.0£0.2
E-PHB 10 89.1+4.7 38.5+1.0 1.8+0.8 36.7+£0.2
E-PHB 30 81.0£0.4 42.5+£0.4 3.74£0.1 38.7+0.4
E-PHB 50 71.9+2.6 47.1£0.6 6.9+0.2 40.3+0.4

? CAw contact angle of water; SFE - surface free energy; PSFE and DSFE - polar and dispersive fractions of SFE, respectively.

Table 2 Mechanical properties of polymer films.

Oligomer Oligomer content, % Young's modulus, MPa  Tensile strength, MPa Elongation at break, %
Control o) 3262.3+139.0 33.5+0.2 1.23+0.09
D-PHB 10 3692.8+203.4 26.7+3.5 0.83+0.07
D-PHB 30 3308.4+108.2 16.8+0.7 0.59£0.04
D-PHB 50 3359.8+208.5 7.4£2.7 0.32+0.08
E-PHB 10 3269.1+£244.5 25.4%3.4 0.89+0.03
E-PHB 30 3370.0£302.0 21.9+2.0 0.74+0.06
E-PHB 50 2938.6+220.7 7.8+2.9 0.36+0.11

The cells were cultivated in a DMEM medium with the
addition of 10% fetal bovine serum, antibiotic solution
(streptomycin 100 pg/ml, and penicillin 100 U/ml (Gibco,
Invitrogen)), and incubated in a CO: incubator at atmos-
pheric CO- concentration of 5% at 37 °C. The medium was
renewed every three days. The viability of cells was as-
sessed by the MTT assay based on the ability of mitochon-
drial dehydrogenases of living cells to reduce soluble (3-
[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bro-
mide (MTT) into crystals of 3-(4.5 -dimethylthiazol-2-yl)-
2,5-tetrazolium-formazan. The optical density was deter-
mined after dissolving MTT formazan in DMSO using
iMark microplate photometer (BioRad, USA). The number
of cells was determined by the calibration curve after fix-
ing with a 4% formaldehyde solution.

2.2.7. Statistical processing

Statistical processing of the results was performed using
Microsoft Excel 2003. Arithmetic means and standard de-
viations were found as a result. Significant differences
between the mean values were tested using Student's t
test (significance level: p = 0.05) by the standard methods.

3. Results and Discussion

Low molecular weight PHB was unsuitable for preparation
of polymer films due to its fragmentation in the small la-
melli as the solvent evaporated. In general, a decrease in
the molecular weight of polymers leads to a decrease in
their mechanical characteristics. For PHB, a significant de-
crease in the mechanical characteristics of the polymer oc-
curs when the molecular weight decreases below 160 kDa
[6], and primarily occurs simultaneously with the a signifi-
cant reduction on the tensile strength and elongation at
break without significant changes of the elastic modulus
[7]. Thus, due to poor mechanical properties of low molecu-
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lar weight PHB, it was infeasible to obtain the films of any
sustainable strength. However, its blending with high mo-
lecular PHB made the production of such films feasible.

At a low content of D-PHB or E-PHB in the obtained
blends (10%), the values of the water contact angle (CAw),
PSFE and DSFE were at the levels comparable to those of
the pure PHB solution (Table 1). As the content of D-PHB
increased up to 30-50%, CAw value reduced from
82.6(+1.6)° to 76.0(+0.6)°, and PSFE and DSFE values
increased from 2.7(+0.2) mN/m and 38.2(+0.6) mN/m to
3.2(£0.2)-5.3(+0.1) mN/m and 38.7(+0.8)-40(+0.2) mN/m,
respectively. In the case of films with E-PHB, an increase
in the E-PHB content to 30-50% was also accompanied by
an increase in PSFE (from 3.7(+0.1) to 6.9(+0.2) mN/m)
and DSFE (from 38.7(+0.4) to 40.3(+£0.4) mN/m) values as
well as by an increase in hydrophilicity of the film surface
reflected in CAw changing from 81.0(+0.4)° to 71.9(+2.6)°).

According to the mechanical testing, mechanical prop-
erties of the obtained polymer films vary significantly de-
pending on the ratio of oligomer components (Table 2). The
films based on the pure PHB had the highest tensile
strength (33.5+0.2 MPa). As the content of oligomers in-
creased, the tensile strength decreased down to
7.4+2.7 MPa and 7.8+2.9 MPa for D-PHB and E-PHB, re-
spectively. In the study where the oligomers obtained by
thermal degradation of PHB in the presence of ethylene gly-
col were used [8], a similar dependence was observed: with
25 wt.% of oligomer there was a decrease in tensile
strength by 52%, whereas in the present study, a 30 wt.%
content of aminated oligomers led to a drop in the respec-
tive value by 35-50%. Polymer films with 10% D-PHB had
the highest value of Young's modulus (3.7+0.2 GPa), which
can be a result of plasticization by addition of oligomer
fraction. For the majority of prepared polymer blend films,
this value did not differ significantly from that of the sole
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PHB film (it varied around 3.3 GPa). The lowest value
(around 2.9 GPa) was for E-PHB 50%.

The elongation at break was 1.23(+0.09)% for the sole
PHB films and less than 1% for the rest of prepared films,
which is a distinctive feature of PHB films compared to
that from other PHAs, which are usually more elastic. For
all blended films, with an increase in the content of amino
oligomers, a decrease in elongation at break was observed.

According to the MTT test (Figure 1), the inclusion of
oligomers led to a significant increase in the fibroblast
growth compared to the pure PHB films. In case of the D-
PHB blends, the highest number of viable cells was ob-
served for 50% oligomer concentration. In polymer blend
films with E-PHB, the highest number of viable cells was
observed for 10 and 30% oligomer concentrations. At the
same time, at 50% oligomer concentration, practically no
change in the cell growth was observed as compared to the
control sample. It is considered that extreme values of
both hydrophobicity and hydrophilicity are not favorable
for cell adhesion, whereas their moderate values contrib-
ute to more effective protein adhesion, which ensures suc-
cessful cell adhesion [9]. The decrease in cell growth on-
PHB films may be due to an excessive level of hydrophilici-
ty (PSFE values) beyond the optimal range.

Various approaches can be applied to increase PHB bi-
ocompatibility. The most common methods include modi-
fication of the surface of final products to increase their
hydrophilicity and, subsequently, to increase the efficiency
of their interaction with surrounding cells and tissues. A
number of methods, such as plasma treatment [10, 11],
laser radiation [12, 13], reactive gases fumigation (e.g.,
ozone [14]), ultraviolet radiation [15], and chemical rea-
gents treatment [16] may be used for this purpose. These
treatments mainly affect the surface without changing the
structure of the polymers, which limits their use to final
products only. Modification of polyester chains is limited
by the tendency of ester bonds to degrade as a result of
being exposed to extreme physical and chemical condi-
tions. Another approach is to introduce the modifying ad-
ditives directly in the structure of the polymer matrix.
Such additives include, e.g., plasticizers [17] and oligo-
mers of various origin. As the examples of the latter, there
are known copolymers of lactic and adipic acid with 1,2-
propanediol [18, 19] or copolymers of adipic acid with
ethylene glycol, 1,4-butanediol, and 2-ethyl-1-hexanol [19],
which are used for the improvement of mechanical prop-
erties of the resulting products.

At the same time, there are many studies on the prepa-
ration of polyhydroxyalkanoate-derived oligomers, includ-
ing simple thermal degradation of these polymers at a rela-
tively low temperature, resulting in the formation of both
residues of unsaturated acid (in the case of PHB, trans-2-
butenoic (crotonic)) at the O-terminus and carboxyl groups
at the C-terminus of the oligomers [20]. Methods for the
preparation of oligomers bearing two terminal hydroxyl
groups by means of alcoholysis of high molecular weight
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PHAs mediated by diols and triols [21] or by reduction with
sodium borohydride [22] were also developed. The main
drawback of the abovementioned methods is the possibility
to generate, on the oligomer backbone, only a relatively
small range of functional groups, such as carboxyl, hydrox-
yl, or double bonds. This restricts the spectrum of the reac-
tions or necessitates the introduction of additional stages
that adversely affect the yield, the purity of the products, or
both.

Aminolysis of esters with amines is one of the known
methods for the preparation of amides. In the present con-
ditions, when using diamines in DMF, the aminolysis of PHB
leads to a scission of the main polymer chain resulting in
the formation of terminal amide moieties on the head end
of polymer chains and different (3-hydroxybutyric, crotonic
and isocrotonic) acids residues - on their tail end (Figure 2)
[23]. Although in standard conditions the reaction proceeds
quite slowly, even breaking few ester bonds is sufficient to
obtain oligomers of 4-6 kDa. The significant increase in
hydrophilicity (expressed in a decrease in contact angles of
water and in an increase in PSFE value) of polymer matri-
ces containing aminated oligomers in relation to sole high-
molecular-weight PHB can be explained by the presence of
hydrophilic amino groups.

It is known that treatment of polyesters with diamines,
resulting in the aminolysis of ester bonds with the for-
mation of amino groups on polyester surface improves the
cell adhesion of the obtained polymers, as well as prolifer-
ation and cellular functions, prepotency of stem cell dif-
ferentiation, and even isolation of certain subgroup of
cells. Another method of polymer surface amination is its
treatment with radio-frequency ammonium plasma.

D-PHB 10% D-PHB30% B D-PHB50%

DE-PHB10%  ME-PHB30%  ME-PHB50%

OPHB
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Figure 1 NIH-3T3 fibroblast growth test on PHB-based matrices
(E-PHB, D-PHB). The data are shown as the mean + confidence
interval (p < 0.05); the asterisks denote the significance in rela-
tion to control (pure PHB); n = 3.
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Figure 2 Scheme of PHB aminolysis [23].

Thus, it was shown that the treatment of the surface of
PHB with radio-frequency plasma of pure ammonia [24]
or its mixtures with argon [7] increases the hydrophilicity
of the surface and significantly improves cell adhesion.
This demonstrates the prospects of such method of surface
modification for biomedical applications [25].

According to the results obtained in this study, similar
obtained by
functionalized oligomers of the respective polymers to the
parent polymers. It should be noted that the observed in-
crease in the viability of fibroblasts (which is one of the

effects can be introducing amino-

biocompatibility criteria) is much stronger, which could be
expected after a relatively small increase in surface hydro-
philicity. This is probably the result of a change in the
chemical characteristics of the polymer-oligomer blends
due to the introduction of PHB oligomers bearing amino
groups. Meanwhile, the mechanical properties of function-
alized polymer samples, although inferior to those of in-
tact PHB, remain acceptable for the practical application
of the resulting polymer-oligomer blends.

4. Limitations

In the framework of this research only the samples of pol-
ymer-oligomer blends prepared by solution casting were
studied. For the preparation of polymer blends by extru-
sion, which in fact is more preferable for many applica-
tions, further studies on the effect of oligomeric additives
on mechanical properties are required. Regarding the as-
sessment of biocompatibility, we did not consider cell
morphology on the studied substrates. The additional re-
search may be also required on the interaction of the here-
in reported materials with other living tissues, such as
muscle, nervous or epithelial ones.

5. Conclusions

PHB oligomers were prepared via aminolysis of high mo-
1,4-
diaminobutane, and then subsequently blended with the
parent high molecular weight PHB. From the resulting

lecular weight PHB with ethylenediamine and

polymer-oligomer blends, film samples were prepared and
studied. It was found that the introduction of oligomers in
high concentrations into the polymer led to an increase in
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the hydrophilicity of the surface of the obtained materials.
This also resulted in an increase in the biocompatibility of
the samples, which was confirmed by the tests using NIH-
3T3 mouse fibroblasts, and only moderate influence of the
oligomer presence of the mechanical properties was ob-
served. Thus, the inclusion of a functionalized oligomer of
the same nature as a respective high-molecular-weight
polymer has been shown to be promising for improving
the biocompatibility of biopolymer products.
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