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Abstract
Films were prepared from 2% solutions of biodegradable poly-3-hydroxybutyrate [P(3HB)] and investigated. The polymer 
was synthesized by the Cupriavidus necator B-10646 bacterium cultivated using various carbon sources (glucose and 
glycerol of different degrees of purity, containing 0.3 to 17.93% impurities). Glycerol as the substrate influenced molecular-
weight properties and crystallinity of the polymer without affecting its temperature characteristics. The P(3HB) specimens 
synthesized from glycerol had reduced Mw (300–400 kDa) and degree of crystallinity (50–55%) compared to the specimens 
synthesized from glucose (860 kDa and 76%, respectively). The low-crystallinity P(3HB) specimens, regardless of the degree 
of purity of glycerol, produced a beneficial effect on the properties of polymer films, which had a better developed folded 
surface and increased hydrophilicity. The values of the highest roughness (Ra) of the films synthesized from glycerol were 
1.8 to 4.0 times lower and the water angles 1.4–1.6 times smaller compared to the films synthesized from glucose (71.75 nm 
and 87.4°, respectively). Those films performed better as cell scaffolds: the number of viable NIH fibroblasts was 1.7–1.9 
times higher than on polystyrene (control) or films of P(3HB) synthesized from glucose.
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Introduction

Development of new environmentally friendly materials, 
which will completely degrade without releasing toxic prod-
ucts, joining the global cycles, should be the priority for 
critical technologists of the twenty-first century. Annual pro-
duction of synthetic plastics has exceeded 360 million tons, 
and they largely accumulate in the biosphere, posing a global 
environmental threat [1, 2]. Therefore, considerable research 
effort has been devoted recently to the production of new-
generation biodegradable materials for various applications, 

which is in line with the concept of safe sustainable indus-
trial development.

There is a specific demand for biocompatible materials 
for biomedical applications, to be used in contact with tis-
sues of human body. Improvement of the methods of regen-
erative medicine based on tissue engineering is impossible 
without creating new, highly functional and specific, materi-
als and constructing systems capable of mimicking biologi-
cal functions of a living organism. The discovery of poly-
hydroxyalkanoates (PHAs)—microbial polymers—has been 
a major event for biotechnology of novel materials [3–9]. 
Being high-performance materials, PHAs are thermoplas-
tic, processable from different phase states by various tech-
niques, biodegradable, and highly biocompatible. Therefore, 
they are very promising materials in diverse applications—
from municipal engineering and agriculture to pharmacol-
ogy and biomedicine. PHAs have great potential as materials 
for regenerating damaged skin, repairing the defects of soft 
tissues and bones, and manufacturing sutures and various 
implants [10–15]. PHAs comprise polymers composed of 
different fractions of various monomer units, which have 
dissimilar physicochemical properties [16–18]. The best 

 *	 Tatiana Volova 
	 volova45@mail.ru

1	 Siberian Federal University, 79 Svobodnyi Av., Krasnoyarsk, 
Russia 660041

2	 Institute of Biophysics SB RAS, Federal Research Center 
“Krasnoyarsk Science Center SB RAS”, Krasnoyarsk, Russia

3	 L.V. Kirenskii Institute of Physics SB RAS, Federal Research 
Center “Krasnoyarsk Science Center SB RAS, Krasnoyarsk, 
Russia

http://orcid.org/0000-0002-5412-8267
http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-020-01924-3&domain=pdf


838	 Journal of Polymers and the Environment (2021) 29:837–850

1 3

studied and most available PHA—polymer of 3-hydroxy-
butyric acid [poly-3-hydroxybutyrate, P(3HB)]—is a ther-
moplastic material with a degree of crystallinity above 70%. 
This polymer is highly biocompatible because hydroxybu-
tyric acid is a natural metabolite of cells and tissues in higher 
animals and humans [19]. Therefore, P(3HB) is suitable for 
contact with blood, and P(3HB) implants elicit mild immune 
response, causing no adverse responses of cells and tissues 
in vivo, with no pronounced inflammation and formation of 
coarse fibrous capsules around the implant [11, 12, 14–23]. 
Taken together, this suggests good potential of this poly-
mer as material for fabricating various implants. P(3HB), 
as well as other PHAs, is an attractive and promising mate-
rial for restoring damaged tissues and organs because this 
polymer, unlike polylactides and polyglycolides, is biore-
sorbed in vivo by true biological degradation performed by 
enzymes of blood and tissues and macrophage cells. P(3HB) 
degradation occurs at relatively slow rates, which are com-
parable with the rates of not only recovery of skin and soft 
tissues but also reconstructive osteogenesis—a process that 
takes a long time [11, 12, 24].

PHA cost, however, limits the increase in PHA produc-
tion and restricts the scope of PHA applications. As raw 
carbon sources are responsible for about 40–50% of the 
PHA production cost, it is important to expand the range 
of feedstocks by using new available substrates. As PHA-
producing microorganisms have broad organotrophic poten-
tial, they can be grown on various substrates, which include 
both individual compounds and combined carbon sources, 
including wastes [3, 5, 8, 9]. Other essential prerequisites for 
reducing PHA production costs are using high productivity 
PHA producing strains and developing effective biosynthesis 
processes.

A promising substrate for large-scale production of PHAs 
is glycerol, whose manufacture scale has been growing 
together with the increased production of biodiesel, which 
is a renewable energy source—an alternative to oil [25]. 
Glycerol is a by-product, amounting to about 10%, when 
biodiesel is produced by transesterification of animal and 
vegetable fats and oils (rapeseed, mustard, soybean, and 
palm). The amounts of impurities in glycerol vary depend-
ing on its degree of purity. In industrial glycerol grades, 
the water content varies between 5.3 and 14.2%; methanol 
content—0.001 to 1.7%; NaCl-traces—5.5%; K2SO4—0.8 
to 6.6% [26].

The search of the literature showed the potential of glyc-
erol, including crude glycerol, and the ability of representa-
tives of various taxa to utilize it for PHA synthesis. However, 
as microorganisms have different physiological properties 
and sensitivity to impurities contained in crude glycerol, the 
overall productivity of the process and polymer yields can be 
decreased and polymer properties such as molecular weight 
can be changed to a greater or lesser extent [27–31]. Our recent 

studies demonstrated that Cupriavidus necator B-10646 cells 
were able to synthesize high contents of the P(3HB) homopol-
ymer and PHA copolymers from purified and crude glycerol 
not only in laboratory experiments but also in the processes 
scaled up to pilot production [32, 33].

As noted above, PHAs are represented by polymers with 
various chemical compositions. PHA composition and prop-
erties vary widely, and they are chiefly determined by the 
physiological and biochemical characteristics of PHA pro-
ducing strains and conditions of carbon nutrition. Despite 
the significance of studies of PHAs synthesized using dif-
ferent processes, the available evidence is far from being 
exhaustive. Moreover, the literature data differ substantially, 
even in descriptions of the studies using PHAs with similar 
chemical compositions [16–18]. The data on P(3HB) molec-
ular weight may differ by two orders of magnitude, from 58 
to 1580 kDa, and melting point reported in different studies 
varies between 162 and 197 °C. The data on how the basic 
properties of certain PHAs vary depending on the condi-
tions of bacterial culture and how these differences influ-
ence the properties of polymer products are contradictory 
as well. P(3HB) synthesized by Ralstonia eutropha PHB-4 
from fructose had higher molecular weight than the polymer 
synthesized using soybean oil or waste cooking oil [34, 35]. 
Furthermore, substitution of glycerol-containing vegetable 
oils for glucose resulted in changes of molecular weight and 
degree of crystallinity of P(3HB) synthesized using Ralsto-
nia eutropha H16 and noticeably affected the structure and 
properties of electrospun nonwoven fibers [36]. However, 
there are no available literature data on the effects of glycerol 
or its degree of purity on the properties of the films or other 
products of PHAs synthesized from glycerol.

Therefore, the purpose of the present study was to inves-
tigate the properties of films of poly-3-hydroxybutyrate 
synthesized by Cupriavidus necator B-10646 from differ-
ent carbon sources.

Materials and Methods

Bacteria

We used a wild-type strain of a hydrogen-oxidizing bacte-
rium from the collection of the Laboratory of Chemoauto-
trophic Biosynthesis at the IBP SB RAS, Cupriavidus neca-
tor B-10646. The strain is registered in the Russian National 
Collection of Industrial Microorganisms (VKPM). It is capa-
ble of synthesizing P(3HB) at high yields [37].

Cultivation of Bacteria, Culture Medium 
and Monitoring C‑Substrates

To cultivate bacteria in shake flask culture, an Innova 44 
constant temperature incubator shaker (New Brunswick 



839Journal of Polymers and the Environment (2021) 29:837–850	

1 3

Scientific, U.S.) was used. Inoculum was prepared by resus-
pending the museum culture maintained on agar medium. 
Museum culture was grown in 1.0 L glass flasks half-filled 
with saline liquid medium, with the initial concentration 
of glycerol from 5 to 10 g/L. In the first phase, cells were 
cultivated for 25–30 h. To activate the culture and pre-
pare the inoculum, we used Schlegel’s mineral medium 
as a basic solution for growing cells: Na2HPO4H2O—9.1; 
KH2PO4—1.5; MgSO4H2O—0.2; Fe3C6H5O77H2O—0.025; 
CO(NH2)2—1.0 (g/L) [38]. Nitrogen was provided in the 
form of urea, and, thus, no pH adjustment was needed. 
The pH level of the culture medium was stabilized at 
7.0 ± 0.1. A solution of iron citrate (5 g/L), which was used 
as a source of iron, was added to reach a concentration of 
5 ml/L. Hoagland’s trace element solution was used: 3 ml 
of standard solution per 1 L of the medium. The standard 
solution contains H3BO3—0.288; CoCl26H2O—0.030; 
C u S O 4 5 H 2 O — 0 . 0 8 ;  M n C l 2 4 H 2 O — 0 . 0 0 8 ; 
ZnSO47H2O—0.176; NaMoO42H2O—0.050; NiCl2—0.008 
(g/L).

Homopolymer of 3-hydroxybutyric acid was synthesized 
from a sole carbon source at a concentration of 10–15 g/L. 
The main carbon substrate contained various carbon com-
pounds, which were sterilized by membrane filtration using 
Opticap XL300 Millipore Express SHC filters (U.S.):

•	 glucose (China, purity: 98%);
•	 purified glycerol: content of glycerol 99.7(wt.%); chlo-

ride < 0.001; heavy metals < 5 (µg/g); moisture 0.09 
(wt.%); fatty acid & ester 1.0 max (wt.%); sulfate < 0.002; 
total organic impurities 0.5–1.0 (wt.%); individual 
organic impurities 0.1 (wt.%) (Dutch glycerol refinery, 
Netherlands) (Glycerol-I);

•	 glycerol refinery B.V (Dutch glycerol refinery, Neth-
erlands): glycerol—99.7; chloride < 0.001; mois-
ture—0.09; fatty acid and ester—1.0; sulfate < 0.002; 
organic total impurities—0.5–1.0; individual organic 
impurities—0.1 (% mass); heavy metal < 5 (µg/g) (Glyc-
erol-II);

•	 glycerol crude (M.V.R. PINA Consultoria Tecnica, Bra-
zil): glycerol—82.07; chloride—4.35; Material Organic 
Non-Glycerol (MONG)—0.13; methanol—0.13; ash—
6.59; moisture—9.88 (% mass); pH 5.8 (Glycerol-III).

The first-phase cell culture was transferred into larger 
(2–3-L) flasks, and cells were cultured for 30–35 h in the 
medium of the same composition but without nitrogen 
source and with the carbon substrate concentration of 
10–15 g/L.

During the course of cultivation, samples of culture 
medium were taken for analysis. Concentration of glucose 
was determined spectrophotometrically at 490 nm by the 
glucose oxidase method using a Fotoglucoza kit (Impact 

Ltd., Moscow, Russia). Glycerol concentration was deter-
mined by the method based on glycerol oxidation with 
sodium periodate in the sulfuric acid solution to formalde-
hyde and by colorimetric analysis using chromotropic acid 
[39].

P(3HB) Recovery

P(3HB) was recovered from cell biomass, which had been 
condensed in an ASF20 ultrafiltration installation (Vladis-
art, Russia) to 500 g/L and dried in an LP10R freeze dryer 
(ilShinBioBase, Korea) to residual moisture content of 5% 
in the recovery unit. PHA recovery was performed in two 
stages: in Stage 1, the biomass was degreased with ethylene; 
in Stage 2, polymer was recovered using dichloromethane. 
Then, polymer solution was filtered to remove cell walls, and 
polymer was precipitated with ethanol.

P(3HB) Analysis

Intracellular polymer content at different time points was 
determined by analyzing samples of dry cell biomass. Intra-
cellular PHA content and composition of extracted poly-
mer samples were analyzed using a GC–MS (6890/5975C, 
Agilent Technologies, U.S.). Both lyophilized cells and 
extracted polymer were subjected to methanolysis in the 
presence of sulfuric acid, and polymer was extracted and 
methyl esterified at 100 °C for 3 h. Benzoic acid was used 
as an internal standard to determine total intracellular PHA.

Molecular weights and molecular weight distributions 
of P(3HB) were examined with a gel permeation chroma-
tograph (Agilent Technologies 1260 Infinity, U.S.) with a 
refractive index detector, using an Agilent PL gel Mixed-C 
column. Chloroform was the eluent. Calibration was done 
using polystyrene standards (Fluka, Switzerland, Germany). 
Molecular weights (weight average, Mw, and number aver-
age, Mn) and polydispersity (Ð = Mw/Mn) were determined.

Thermal analysis of P(3HB) specimens was performed 
using a DSC-1 differential scanning calorimeter (METTLER 
TOLEDO, Switzerland). The specimens were heated at a 
rate of 5 °C/min to 200 °C, then cooled to − 20 °C, held for 
20 min and re-heated to 320 °C. Melting point (Tmelt) and 
thermal degradation temperature (Tdegr) were determined 
from peaks in thermograms using the “Star E” software.

X-ray structure analysis and determination of crystallinity 
of P(3HB) (Cx) were performed employing a D8ADVANCE 
X-ray powder diffractometer equipped with a VANTEC fast 
linear detector, using CuKa radiation (‘Bruker, AXS’, Ger-
many). The scan step was 0.016°, measurement time in each 
step 114 s, and scanning range from 5° to 60° (from 48° to 
60° there only was a uniformly decreasing background); the 
registered parameter was intensity of X-rays scattered by the 
sample; 55°/0.016° = 3438 times. The degree of crystallinity 
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was calculated as a ratio of the total area of crystalline peaks 
to the total area of the radiograph (the crystalline + amor-
phous components). Measurement accuracy: point measure-
ment accuracy ± 0.4 PPS, with the lowest intensity 1.5 PPS 
and the highest intensity 32 PPS; the error in determination 
of the degree of crystallinity, which was calculated based on 
multiple measurements, was 2% or less.

Preparation and Characterization of P(3HB) Films

Films were prepared by casting a 2% polymer solution in 
dichloromethane in degreased Teflon-coated molds, and 
then the films were left to stay in a laminar flow cabinet 
(Labconco, U.S.) for 72 h until complete solvent evaporation 
took place. Discs of diameter 10 mm were cut out using a 
template. The membranes were sterilized using H2O2 plasma 
in a Sterrad NX sterilization system (Johnson and Johnson, 
U.S.).

Film thickness was measured using a «LEGIONER» 
EDM-25-0.001 digital micrometer.

The surface structure of the polymer films was examined 
by scanning and atomic-force electron microscopies. Prior 
to microscopy, 5 × 5 samples were sputter coated with plati-
num (at 10 mA, 3 × 20 s), with an Emitech K575X sputter 
coater (Quorum Technologies Limited, U.K.). SEM images 
were obtained using an S5500 electron microscope (Hitachi, 
Japan). The roughness of film surface was determined by 
atomic-force microscopy (AFM) in semicontact mode (Inte-
gra Aura, NT-NDT, Russia). The arithmetic mean surface 
roughness (Ra) and the root mean square roughness (Rq) 
were determined based on 10 points, as the arithmetic aver-
ages of the absolute values of the vertical deviations of the 
five highest peaks and lowest valleys from the mean line of 
the profile of the surface, using conventional equations. Sites 
of areas 20 × 20 µm were examined, and 2 × 2 µm sites with 
local maxima and minima were selected; they were analyzed 
at a higher resolution, and the roughness of each sample was 
calculated as the average of three measurements [40].

The surface properties of the films were examined using 
a contact angle measuring device DSA-25E (Krüss, Ger-
many) with DSA-4 Windows software. Drops of water and 
diiodomethane, 1.5 µL each, were alternately placed on the 
sample surface with microsyringes, and moments of inter-
action between each liquid and sample surface were video 
recorded. Contact angles of these liquids were measured 
by processing the frame of a stabilized drop in a semiau-
tomatic mode, by the “Circle” method, which is embedded 
in the software package. The results of measurements were 
used to calculate interfacial free energy, surface tension, and 
cohesive forces (erg/cm2) by the Owens, Wendt, Rabel and 
Kaelble method [41]. A minimum of six measurements were 
taken for each surface; means and standard deviations were 
calculated.

Mechanical Analysis

Mechanical properties of the films were investigated using 
an electromechanical tensile testing machine Instron 5565 
(U.K.). At least five samples were tested for each blend 
type. Measurements were conducted at ambient tempera-
ture. The speed of the crosshead was 1 mm/min at ambient 
temperature. Young’s modulus (E, MPa) was automatically 
calculated by the Instron software (Bluehill 2, Elancourt, 
France). To obtain Young’s modulus, the software calculated 
the slope of each stress–strain curve in its elastic deforma-
tion region. Measurement error did not exceed 10%.

Cell Cultivation

Adhesive properties of film surfaces and the ability of the 
films to maintain cell proliferation potential were investi-
gated in experiments with mouse fibroblast NIH 3T3 cells, 
which were seeded onto films (5 × 103 cells/cm2) placed in 
24-well plates. Fibroblasts were cultured using conventional 
procedure, in DMEM medium supplemented with fetal 
bovine serum 10%—and a solution of antibiotics (strepto-
mycin 100 µg/mL, penicillin 100 IU/mL) (Gibco, Invitro-
gen) in a CO2 incubator with CO2 level maintained at 5%, 
at a temperature of 37 °C. The medium was replaced every 
three days.

Analysis of cell morphology and cell counting were 
performed in 1, 4, and 7 days after seeding, using Giemsa 
stain. The films with attached cells were washed in phos-
phate buffer to remove the culture medium, fixed with May-
Grünwald solution, washed in phosphate buffer again, and 
stained with Romanovsky-type stain. Cells were visualized 
and counted using a Biolam P2-1 microscope (LOMO) at 
× 300 magnification in 10 fields of view. To confirm the 
results quantitatively, the cells were stained with DAPI and 
FITC fluorescent stains (Sigma); cells were counted using an 
Axiovert 40 fluorescence microscope (Carl Zeiss).

Viability of cultured fibroblast NIH 3T3 cells was evalu-
ated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT) (Sigma) assay. Viability evaluation 
was based on the ability of dehydrogenases of living cells 
to reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide to formazan, which characterizes mito-
chondrial activity, estimates the abundance of living cells, 
and indirectly indicates the ability of cells to proliferate on 
the matrices. MTT solution (50 µL) and complete nutri-
ent medium (950 µL) were added to each well containing 
a polymer. After 3.5 h incubation, the medium and MTT 
were replaced by DMSO to dissolve MTT-formazan crystals. 
After 30 min, the supernatant was transferred to the 96-well 
plate, and optical density was measured at wavelength 
540 nm, using a Bio-Rad 680 microplate reader (Bio-Rad 
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LABORATORIES Inc., U.S.). The number of cells was 
determined from the calibration graph.

Statistics

Statistical analysis of the results was performed by con-
ventional methods, using the standard software package of 
Microsoft Excel. Arithmetic means and standard deviations 
were found. The statistical significance of results was deter-
mined using Student’s t test (significance level: P = 0.05).

Results

Properties of PHAs Synthesized from Different 
Carbon Substrates

The previously developed process of P(3HB) synthesis from 
glycerol was scaled up to pilot production [32, 33], and 
polymer was produced in amounts sufficient for integrated 

studies of its properties and for fabrication of polymer 
products.

PHA specimens, synthesized by C. eutrophus B-10646 on 
glycerol of different degrees of purity, were a homopolymer 
of 3-hydroxybutyric—P(3HB) (Fig. 1).

P(3HB) specimens synthesized from glucose and glycerol 
of different degrees of purity were investigated to determine 
their chemical composition and physicochemical properties.

Molecular weight properties of PHAs are among their 
basic properties, which determine whether the polymer can 
be processed into products and what mechanical character-
istics these products will have. The polymer synthesized 
from glucose had the highest degree of crystallinity (76%) 
and weight average molecular weight (860 kDa), with poly-
dispersity of 2.12. All P(3HB) specimens synthesized from 
glycerol had higher polydispersity, suggesting greater het-
erogeneity of carbon chain fragments, and Mw values that 
were lower at least by a factor of 2 (Fig. 2).

Those differences were most pronounced in the poly-
mer synthesized from crude glycerol. Glycerol has been 

Fig. 1   Ion chromatograms of P(3HB) specimens, synthesized by C. 
eutrophus B-10646 from glycerol of different degrees of purity: 1—
purified glycerol-I; 2—distilled glycerol-II; 3—crude glycerol-III; 

4—mass spectrum of methyl ester of 3-hydroxybutyrate monomers—
retention time 6.053–6.140
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reported to function as a chain transfer reaction (CT) 
agent in P(3HB) polymerization, resulting in the forma-
tion of low molecular weight. In case of a CT reaction, 
the P(3HB) chain number increases in inverse proportion 
to the polymer molecular weight [27, 28].

Poly-3-hydroxybutyrate, as well as many other PHAs, 
is a semi-crystalline polymer. The ratio of amorphous to 
crystalline regions in such polymers varies depending on 
what monomer units they are composed of and on their 
proportions. P(3HB) has been generally considered as a 
high-crystallinity polymer, with the crystalline region 
prevailing over the amorphous region and Cx ranging 
between 65 and 80% [4, 14, 17]. Slight differences were 
found between the Cx values of P(3HB) specimens. The 
Cx values of the P(3HB) specimens synthesized from 
glycerol were reduced (50–55%), i.e. the amorphous and 
crystalline regions were nearly equal to each other and the 
polymer was more amorphous (Table 1; Fig. 3).

The melting points and the thermal degradation tem-
peratures of the P(3HB) specimens synthesized from 
glycerol were similar to the corresponding parameters 
of the P(3HB) synthesized from glucose: 172–178 and 
295–296 °C, respectively (Table 1; Fig. 4).

Thus, P(3HB) specimens synthesized from glycerol 
had lower degrees of crystallinity and molecular weights 
than P(3HB) specimens synthesized from glucose, but 
they had similar thermal properties.

Fig. 2   Molecular weight distribution chromatogram of P(3HB) specimens, synthesized by C. eutrophus B-10646 from glycerol of different 
degrees of purity: 1—purified glycerol-I; 2—distilled glycerol-II; 3—crude glycerol-III

Table 1   Physicochemical properties of P(3HB) specimens synthesized from glucose and glycerol of varying degrees of purity

Substrate Weight average 
Mw (kDa)

Polydispersity
Ð

Degree of crystal-
linity Cx (%)

Melting temperature 
Tmelt (°C)

Melting degradation 
Tdegr (°C)

Melting 
vitrifica-
tion
Tc (°C)

Glucose 860 2.12 76 178 295 95
Purified glycerol-I 355 3.42 50 174 296 97
Distilled glycerol-II 416 3.63 55 176 296 103
Crude glycerol-III 304 3.89 52 172 295 99

Fig. 3   The X-ray of P(3HB) specimens, synthesized by C. eutrophus 
B-10646 from glucose (1) and glycerol of different degrees of purity: 
2—purified glycerol-I; 3—distilled glycerol-II; 4—crude glycerol-III
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Surface Structure and Physical–Mechanical 
Properties of Films of P(3HB) Synthesized by C. 
eutrophus B‑10646 from Glucose and Glycerol

P(3HB) films were prepared from 2% P(3HB) solutions 
by solution casting followed by solvent evaporation. The 
film thickness (average of 10 measurements) was 5.507 µm 
(the error was 0.026). Segments of equal thickness were 
selected and discs of diameter 10 mm were cut out and 
used in the experiments.

SEM images of solution-cast films prepared from 
P(3HB) synthesized from glucose and glycerol of differ-
ent degrees of purity are shown in Fig. 1a. The surface 
of the films of P(3HB) synthesized from glucose was 
smooth, even, and practically pore-free. The surface of 
the films prepared from P(3HB) synthesized from puri-
fied and distilled glycerol with low impurity content was 
rough, with large randomly oriented folds, and numerous, 
0.5 to 3.0 µm, pores. The films prepared from P(3HB) syn-
thesized from the glycerol purified to the highest degree 
showed the highest porosity, up to 1250 pores per 1 mm2. 
The surface of the films prepared from the polymer syn-
thesized from crude glycerol was dense and practically 
pore-free, like the surface of the films prepared from the 
polymer synthesized from glucose, but, in contrast to the 
latter, it had uniformly oriented folds. However, the folds 
were more shallow and uniformly oriented in contrast to 
the randomly oriented folds on the surface of the films 
prepared from P(3HB) synthesized from purified glycerol.

An important parameter of polymer products, e.g., 
implants, is physicochemical reactivity of the surface. 
Surface topography and chemical and phase compositions 
are factors determining protein adhesion, cell attachment, 
and response of surrounding tissue. Surface roughness is a 
major parameter of scaffolds in cell and tissue engineering. 
Nanometer roughness may determine cell adhesion, spread-
ing, and motility and synthesis of specific proteins [42]. 
However, some data suggest that cell adhesion is greater on 
rough surfaces than on polished ones, while other studies 
show that cells behave in a similar fashion on surfaces with 
different degrees of roughness [43].

Examination of polymer films using atomic force micros-
copy showed the effect of the carbon source and the degree 
of purification of glycerol on surface roughness (Fig. 5b; 
Table 2). The polymer specimen synthesized from glucose 
had the highest arithmetic mean surface roughness (Ra) and 
root mean square roughness (Rq)—71.749 and 80.283 nm, 
respectively; the specimen synthesized from crude glycerol 
exhibited the lowest roughness parameters: 17.36 and 23.25, 
respectively. The films of P(3HB) synthesized from puri-
fied and distilled glycerol had similar roughness parameters, 
which were lower than those of the polymer synthesized 
from glucose and higher than those of the polymer synthe-
sized from crude glycerol.

The ten-point average peak-to-valley height varied 
between 190 and 241 nm, being significantly higher in the 
films prepared from the polymer synthesized from distilled 
glycerol compared to the films of P(3HB) synthesized from 
the two other carbon substrates (184.03–190.6 nm). Even 

Fig. 4   Thermograms of P(3HB) specimens, synthesized by C. eutro-
phus B-10646 from glucose (1) and glycerol of different degrees of 
purity: 2—purified glycerol-I; 3—distilled glycerol-II; 4—crude glyc-

erol-III: A—melting temperature; B—degradation temperature; C—
crystallization temperature
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Fig. 5   SEM and AFM images of the films prepared from P(3HB) synthesized by C. eutrophus B-10646 from glucose (1) and glycerol of differ-
ent degrees of purity: 2—purified glycerol-I; 3—distilled glycerol-II; 4—crude glycerol-III
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small variations in surface profile may cause a change in 
cell response, ranging from a slight increase in cell activ-
ity to considerable inhibition thereof. However, various cell 
types exhibit different sensitivities to variations in the sur-
face roughness and topography.

Hydrophilic/hydrophobic balance of the surface is a 
major parameter that indirectly characterizes biological 
compatibility and affects cell adhesion and viability [44]. 
The hydrophilic/hydrophobic balance is estimated by meas-
uring water contact angle. This value is also used to deter-
mine such important surface parameters as cohesive forces, 
surface tension, and interfacial free energy. Surface energy 
is an important parameter, which can affect behavior of cells 
[45, 46].

The study of the surface of the P(3HB) films based on 
contact angle measurements showed that the type of carbon 
substrate affected surface properties considerably (Fig. 6). 
The water contact angles on the films prepared from P(3HB) 

synthesized from glycerol (55.7° and 64.3° for purified and 
crude glycerol, respectively) were significantly lower than 
on the films of P(3HB) synthesized from glucose (87.42°) 
(Table 3). Likewise, calculations based on water and dii-
odomethane contact angels showed that the dispersive and 
polar components of the surface energy were about 1.5 times 
higher for the polymer specimens synthesized in the media 
with purified and crude glycerol than in the media with glu-
cose. That was indicative of the beneficial effect of glycerol 
as carbon substrate on the properties of P(3HB) and P(3HB)-
based films, which had a more hydrophilic surface.

Mechanical Properties of the Films Prepared 
from P(3HB) Synthesized from Glucose and Glycerol

The study of mechanical properties of the films (Table 4) 
showed that mechanical strength of the films synthesized 

Table 2   Roughness parameters of the films of P(3HB) synthesized 
from glucose and glycerol based on AFM measurements

Substrate Highest 
roughness
Ra (nm)

Square 
roughness
Rq (nm)

Profile irregular-
ity height Rz (nm)

Glucose 71.75 80.28 184.10
Purified glycerol-I 41.32 52.24 197.61
Distilled glycerol-II 36.70 46.80 241.15
Crude glycerol-III 17.36 23.25 190.60

Fig. 6   Measurements of contact 
angles on surfaces of the films 
prepared from P(3HB) synthe-
sized from glucose and glycerol

Table 3   Surface properties of polymer films prepared from P(3HB) 
synthesized from glucose and glycerol

Substrate Water contact
Angle (°)

Dispersive 
component 
(mN/m)

Polar compo-
nent (mN/m)

Glucose 87.4 30.4 8.2
Purified glycerol-I 55.7 44.7 16.2
Distilled glycerol-II 57.2 46.6 14.3
Crude glycerol-III 64.3 44.3 10.7
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from glycerol was somewhat inferior to the strength of the 
films synthesized from glucose (2071.2 MPa).

Films of the polymer synthesized from crude glycerol had 
the lowest values of Young’s modulus (1436.8 MPa). Tensile 
strength of these films was substantially lower (12.46 MPa) 
than the tensile strength of the three other films, which 
exhibited comparable values. All films prepared from the 
P(3HB) synthesized from glycerol showed somewhat lower 
elasticity than the films of the P(3HB) synthesized from 
glucose.

Biological Properties of the Films Prepared 
from P(3HB) Synthesized from Glucose and Glycerol

Biocompatibility of cell scaffolds is to a great extent deter-
mined by physicochemical reactivity of their surface. The 
main factors that regulate cell growth and function are scaf-
fold surface topography, roughness, structure, and chemical 
and phase compositions. The initial behavior of the cell on 

the surface largely determines subsequent processes of cell 
differentiation and proliferation.

Polymer films differing in their surface topography and 
properties were investigated for their potential as cell scaf-
folds in the culture of NIH 3T3 mouse fibroblasts using 
MTT assay and fluorescent stains. The films did not produce 
any negative effects on the morpho-functional properties of 
cells compared to the control (polystyrene). Direct contact 
with polymer films of all P(3HB) types did not cause any 
impairment of the biological properties of blood cells; no 
cytotoxicity was detected. However, cell counts on polysty-
rene (control) and on the films of P(3HB) synthesized from 
glucose were comparable and significantly lower than cell 
counts on the films of P(3HB) synthesized from glycerol, 
whatever its purity (Figs. 7, 8). The study of morphology 
of fibroblasts cultured on four film types using FITC and 
DAPI dyes showed that on the films of P(3HB) synthe-
sized from glycerol, cells were larger than on other types 
of films: their average sizes were 378.23 ± 46,421.13 ± 80, 
and 370.20 ± 61.70 µm2 on the films of P(3HB) synthesized 
on purified, distilled, and crude glycerol, respectively. On 
polystyrene (control) and on the films of high-crystallin-
ity polymer synthesized from glucose, cell sizes were 
180.05 ± 42.40 and 200.45 ± 54.60 µm2, respectively. The 
average cell counts on the films of P(3HB) synthesized from 
glycerol were 1.8 times higher than the cell counts on the 
films of P(3HB) synthesized from glucose. Fibroblasts were 
uniformly distributed over the film surface; triangular cells 
with 3–4 protrusions prevailed (Fig. 7a, b).

The number of cells detected using fluorescent dyes 
(Fig. 7) was comparable to the number of cells determined 

Table 4   Mechanical properties of polymer films of P(3HB) synthe-
sized from glucose and glycerol

Substrate Young’s 
modulus 
(MPa)

Tensile 
strength 
(MPa)

Elongation 
at break (%)

Glucose 2071.2 16.70 2.50
Purified glycerol-I 1653.8 14.66 1.45
Distilled glycerol-II 1715.7 16.78 1.19
Crude glycerol-III 1436.8 12.46 1.10

Fig. 7   DAPI and FITC staining. Morphology of NIH 3T3 fibroblasts 
(7-day-old culture) cultivated on films of P(3HB) synthesized by C. 
eutrophus B-10646 from glucose (1) and glycerol of different degrees 

of purity: 2—purified glycerol-I; 3—distilled glycerol-II; 4—crude 
glycerol-III. Bar = 50 µm
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in MTT assay (Fig. 8). The number of viable and physi-
ologically active cells in the control (polystyrene) and on 
the films of P(3HB) synthesized from glucose was about 
1.4–1.5 ± 0.15 × 105 cells/cm2. The number of cells on the 
films of the polymer synthesized from glycerol, whose 
degree of crystallinity was considerably reduced, was sig-
nificantly higher, reaching 2.5 ± 0.17 × 105, 2.70 ± 0.21 × 105, 
and 2.6 ± 0.20 × 105 cells/cm2, on the films of P(3HB) syn-
thesized on purified, distilled, and crude glycerol, respec-
tively. No statistically significant (P ≤ 0.05) differences were 
found between those films.

Thus, films prepared from P(3HB) synthesized from dif-
ferent carbon sources using conventional cultivation tech-
niques did not exhibit cytotoxicity upon direct contact with 
NIH 3T3 fibroblasts and had high biocompatibility. The 
number of viable cells on all types of films prepared from 
P(3HB) synthesized from glycerol was higher than on the 
films of P(3HB) synthesized from glucose and on polysty-
rene (control).

Discussion

Biodegradable materials that have attracted much research 
recently include polymers of monocarboxylic acids such as 
lactic, glycolic, butyric acids, etc. Polymer of 3-hydroxy-
butyric acid [P(3HB)], a representative of polyhydroxyal-
kanoates (PHAs), along with polylactide, is becoming a 
material of choice for biomedicine. These polymers have 
high potential as materials for reconstructive medicine, 
including cell and tissue engineering [14, 15].

A major issue of PHA biotechnology is reducing PHA 
production costs to increase the availability of these poly-
mers [6, 8]. This aim can be achieved by improving bio-
synthesis processes and using new PHA producing strains 
and substrates. A promising substrate for biotechnology, 

including synthesis of degradable biopolymers, is glycerol—
a basic waste of the steadily growing biodiesel production 
[25]. The data on the possible unfavorable effects of glycerol 
on the growth of PHA producers and PHA properties have 
been reported in a number of studies [47, 48]. Therefore, in 
this research, we produced and investigated films of P(3HB) 
synthesized from different carbon substrates: three grades of 
glycerol and glucose.

Films were prepared from solutions of the polymers that 
differed in the degree of crystallinity and molecular weight 
properties. Polymer specimens synthesized using glycerol, 
regardless of the degree of its purity, had higher polydis-
persity (3.42–3.89) and lower weight average molecular 
weight, about 304–416 kDa. The lower Mw of the polymer 
synthesized from glycerol as the main carbon substrate cor-
responds to the notion suggesting that glycerol functions as 
a chain transfer reaction (CT) agent in P(3HB) polymeriza-
tion, resulting in the formation of low molecular weight. In 
case of a CT reaction, the P(3HB) chain number increases in 
inverse proportion to the polymer molecular weight [32, 33]. 
However, the relevant literature data are not without contra-
dictions. A number of studies showed a decrease in the Mw 
of P(3HB) synthesized from glycerol to 260–400 kDa [26, 
27], but very high values of Mw of P(3HB) synthesized from 
glycerol, reaching 790–960 kDa, were reported as well [30]. 
Molecular weight is a very significant parameter of polymers 
including PHAs, whose Mw varies widely: (10–100) × 104.

The degree of crystallinity of polymer specimens synthe-
sized from glycerol was also considerably lower (50–55%) 
than the Cx of P(3HB) synthesized from sugars and other 
substrates (70–80%). Some other studies reported compa-
rable results. The Cx of P(3HB) synthesized from glycerol 
by Cupriavidus sp. USMAHM13 was 49% [49], and the Cx 
of P(3HB) synthesized from glycerol by Cupriavidus neca-
tor IPT 026 ranged between 52 and 62% [31]. P(3HB) syn-
thesized from fructose by Ralstonia eutropha PHB-4 had 
higher molecular weight than the polymer synthesized from 
soybean oil or waste cooking oil [34, 35]. When rapeseed or 
olive oil, containing glycerol, was substituted for glucose, 
P(3HB) synthesized by Ralstonia eutropha H16 had lower 
molecular weight and degree of crystallinity compared to 
the polymer synthesized from glucose [36].

The films prepared in this study differed in their micro-
structure, hydrophilic/hydrophobic balance, and surface 
properties. The surfaces of the films of the polymer syn-
thesized from glycerol were folded to varying degrees and 
porous, in contrast to the smooth films of P(3HB) synthe-
sized from glucose. Films prepared from P(3HB) synthe-
sized from purified glycerol had the highest porosity, while 
the films of the P(3HB) synthesized from crude glycerol and 
glucose were practically pore-free. As surface topography of 
cell scaffolds had been reported to affect cell adhesion and 
proliferation, polymer films were investigated using AFM 

Fig. 8   Numbers of viable cells in MTT assay in the culture of NIH 
3T3 fibroblasts (7-day-old culture) cultivated on films of P(3HB) syn-
thesized by C. eutrophus B-10646 (line shows the number of cells on 
polystyrene in the control relative to P(3HB))
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to measure their roughness parameters. The study revealed 
a significant effect of the carbon substrate on surface rough-
ness. The polymer synthesized from glucose had the high-
est roughness (Ra) and root mean square roughness (Rq): 
71.749 and 80.283 nm, respectively. The specimen synthe-
sized from crude glycerol had the lowest Ra and Rq: 17.36 
and 23.25 nm, respectively. Films of P(3HB) synthesized 
from purified and distilled glycerol had comparable rough-
ness parameters, which were lower than those of the films of 
P(3HB) synthesized from glucose and higher than those of 
the films of P(3HB) synthesized from crude glycerol. This is 
consistent with the studies reporting that surface properties 
of the PHA films were determined by the polymer chemical 
composition and properties. Roughness parameters varied 
widely, between 92.5 and 290.8 nm or more, and the addi-
tion of polyethylene glycol to the polymer solution increased 
the roughness of the films to 588.8 nm [50]. There are data 
suggesting that incorporation of monomer units other than 
3HB into the poly-3-hydroxybutyrate chain decreased the 
surface roughness of the films, which became smoother [20, 
51]. Another work [36], like the present study, revealed that 
changes of carbon nutrition conditions (replacement of glu-
cose by olive and rapeseed oils) decreased molecular weight 
and degree of crystallinity of P(3HB) and affected the prop-
erties of nonwoven electrospun mats, including the diameter 
of ultrafine fibers and their arrangement.

Water contact angle on the films of P(3HB) synthesized 
from glycerol was considerably lower than on the films 
of P(3HB) synthesized from glucose (55.7° and 64.3° for 
purified and crude glycerol, respectively, versus 87.42° for 
glucose). The dispersive and polar components of inter-
facial free energy were 1.5 times higher for the polymers 
synthesized from purified and crude glycerol than for films 
of P(3HB) synthesized from glucose. Thus, glycerol as car-
bon substrate produced a favorable effect on the properties 
of P(3HB), and the films prepared from that polymer had 
more hydrophilic surface and reduced crystallinity, but their 
mechanical strength was somewhat decreased. At the same 
time, literature data suggest that hydrophilic/hydrophobic 
balance, which determines surface energy and other param-
eters, does not always produce the same effect on cells: func-
tions of cell structures may be enhanced on hydrophilic or 
hydrophobic surfaces [52].

PHAs, including poly-3-hydroxybutyrate, are highly 
biocompatible and, thus, are regarded as the most popu-
lar materials for tissue engineering. Very many studies 
reported successful use of PHA scaffolds in growing and 
differentiating cells of various origins [14, 15, 21, 24]. 
Research carried out by our team showed that polymer 
scaffolds of the homopolymer P(3HB) and copolymers 
containing 4-hydroxybutyrate, 3-hydroxyvalerate, and 
3-hydroxyhexanoate monomer units in the 3-hydroxy-
butyrate chain in the form of microparticles, nonwoven 

membranes, dense and porous films, including those modi-
fied by plasma treatment or laser cutting, had high bio-
compatibility, ensuring better proliferation of eukaryotic 
cells than polystyrene (control) or polylactide scaffolds. 
Scaffolds of copolymers containing 4-hydroxybutyrate 
[P(3HB-co-4HB)] monomer units, which had the lowest 
crystallinity (20–40%), were found to be the most favora-
ble for cell growth and differentiation [23, 53–56].

All films of P(3HB) synthesized from various carbon 
substrates were studied in the culture of fibroblasts and 
showed high biological compatibility. Glycerol used as 
carbon substrate improved the properties of films, facilitat-
ing cell proliferation and increasing the number of viable 
cells.

Conclusions

Biodegradable polymer of 3-hydroxybutyric acid [P(3HB)] 
synthesized using the Cupriavidus necator B-10646 bac-
terium cultivated on glucose and glycerol of different 
degrees of purity (containing 0.3 to 17.93% impurities) 
was used to prepare polymer films, which were investi-
gated as scaffolds for cell engineering. Films were pre-
pared from 2% P(3HB) solutions by solution casting fol-
lowed by solvent evaporation. The degree of purity of 
glycerol affected molecular-weight properties and degree 
of crystallization of the polymer, reducing both param-
eters. The P(3HB) specimens synthesized from glycerol 
had reduced Mw (300–400 kDa) and degree of crystal-
linity (50–55%) compared to the specimens synthesized 
from glucose (860 kDa and 76%, respectively). The low-
crystallinity P(3HB) specimens, regardless of the degree 
of purity of glycerol, produced a beneficial effect on the 
properties of polymer films, which had a better devel-
oped folded surface and increased hydrophilicity. Those 
films performed better as cell scaffolds: the number of 
viable NIH fibroblasts was 1.7–1.9 times higher than on 
polystyrene (control) or films of P(3HB) synthesized from 
glucose.
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