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Abstract
The results of comprehensive research on the thermal behavior and molecular and crystalline structures of poly(3-
hydroxybutyrate) (PHB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHB-HV) films of different thicknesses, their
molecular weights (Mw) and 3-hydroxyvalerate (3-HV) contents are reported. Increasing film thickness from 30 to 100 µm
resulted in an isotropic crystal orientation, reducing the crystallite size of the orthorhombic α-phase in the b direction from
22 to 17 nm and increasing the degree of crystallinity of the PHB films without affecting their thermal behavior.
Furthermore, despite resulting in the same degree of crystallinity and roughness, an ~8-fold decrease in PHB Mw from
803 kDa to 102 kDa resulted in a decreased number of piezoactive domains. The addition of 5.9% 3-HV resulted in
anisotropy in the PHB crystalline structure and increased D(020) from 19 nm to 24 nm. Additionally, a further increase in the
3-HV content to 17.5% in the PHB-HV films led to a decrease in the melting temperature and a decrease in the degree of
crystallinity from 57% to 23%, which resulted in the absence of local piezoresponse. Notably, the decrease in the Mw of
PHB-HV (~17%) from 1177 kDa to 756 kDa resulted in an increase in the degree of crystallinity from 23% to 32%.
Moreover, the PHB-HV films became smoother with increasing 3-HV content.

Introduction

Biopolymers are a very promising and important class of
materials for regenerative medicine, drug delivery and

tissue engineering due to their biocompatibility, diverse
physico-mechanical characteristics, and biodegradability
[1]. In this regard, polyhydoxyalkanoates (PHAs) have
attracted a substantial amount of attention from scientists
and engineers. PHAs are natural storage polyesters that are
produced by a variety of microorganisms [2].

Among PHAs, poly(3-hydroxybutyrate) (PHB) and its
copolymers are likely to be the most well-known and widely
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used biocompatible polymers, particularly in tissue engi-
neering, due to their versatility, combination of favorable
mechanical properties, minimal tissue toxicity and biode-
gradability [3–5]. In addition, PHB has a constant local pH
during degradation, which makes PHB highly compatible
with cells and immune systems [6]. This feature distinguishes
PHB from other clinically used polymers, such as poly(lac-
tide glycolide) (PLGA), poly(ε-caprolactone) (PCL), poly
(glycolic acid) (PGA), and poly(lactic acid) (PLA) [7]. A
controlled biosynthesis of PHB by producer strain Azoto-
bacter chroococcum 7B has been reported, and this tech-
nology makes it possible to obtain PHB and PHB-HV
copolymers with desired monomer compositions, molecular
weights and biodegradation rates [8].

Along with its biodegradability and biocompatibility
in vitro and in vivo, PHB exhibits piezoelectric properties
[9–11], which play a key role in healing [12] and recovery of
the heart [13], bone, and nerve tissues [14, 15]. The piezo-
electric effect refers to the ability of a material to generate
electric charges in response to mechanical deformation
caused by an external force [16]. The electric charges gen-
erated by the piezoelectric effect cause a cellular reaction,
especially in cells that belong to electrically excitable tissues
[17]. Moreover, the authors of study [11] showed that the
porosity and piezoresponse affect the deposition of CaCO3

under dynamic mechanical conditions, which leads to a more
uniform distribution of CaCO3 over the entire PHB scaffold
volume. In addition, piezoelectricity can result in the inhi-
bition of biofilm formation [18, 19]. Therefore, PHB is
exceptionally promising in the field of biomedicine, for
example, for the replacement and healing of cartilage, car-
diovascular tissue, skin, bone marrow, and nerve conductors.

However, a relatively high crystallinity, rigidity and low
elongation at break can limit bioapplications of homo-
polymer PHB [20]. Incorporation of 3-hydroxyvalerate (3-
HV) into the PHB chain leads to an improvement in the
mechanical and physicochemical properties of the polymer
[21]. The poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHB-HV) copolymer is a potential candidate for tissue
engineering and drug delivery purposes due to its bio-
compatibility, biodegradability, and nontoxicity [14, 22–24].
An increase in the HV content leads to a decrease in crys-
tallinity, thereby resulting in greater flexibility, strength, and
elongation at break and resulting in a higher degradation rate
[25]. Moreover, the melting temperature of PHB-HV
decreases with increasing 3-HV content from 178 °C for
pure PHB to 108 °C for P(HB-co-95%HV). PHB-HV with
HV contents below 37 mol.% possesses a PHB crystal
structure, while PHB-HV with compositions varying from
53 to 95 mol.% 3-HV crystallizes according to the P(3HV)
lattice [26]. These changes in the molecular structure and
degree of crystallinity result in a significantly lower piezo-
electric response for PHB-HV compared with pure PHB,

thereby leading to a significantly lower amount of the
bioactive ceramics deposited as bone filling for CaCO3

under dynamic mechanical conditions [11]. Thus, the
structure of biopolymers determines their successful usage in
tissue engineering.

Depending on the intended biomedical applications of
the PHB and PHB-HV biopolymers, certain properties are
required. Apart from the HV content, their molecular weight
and thickness also influence their structure and thereby the
properties of the PHB and PHB-HV biopolymer products.
The physical limitation of sample thickness affects proper-
ties such as molecular chain mobility [27], crystal growth
rate [28], and crystallinity [29]. The authors of study [30]
demonstrated that decreasing the molecular weight by more
than 400 times results in a reduction in PHB crystallinity
and an improvement in the mechanical performance without
doping with 3-HV. Notably, the crystalline structure affects
the mechanical properties, biodegradation kinetics, and
biocompatibility of PHB and its copolymers, as reported
elsewhere [8, 31]. Moreover, it was demonstrated that
changes in the crystalline structure of PHB scaffolds sig-
nificantly influence their piezoresponse [32, 33]. In turn, the
piezoresponse of materials allows the electrical stimulation
of cells [17]. In addition, the rate of drug release can be
controlled by changing the molecular weight of PHB [34].
These previous studies have focused on the development of
new PHB-based blends by mixing PHB with other PHAs,
cellulose, polysaccharides, etc. [20]. However, the effects of
thickness, molecular weight, and HV content on the struc-
ture and properties of PHB and PHB-HV have not been
studied in detail thus far.

Thus, the present work aims to investigate the influence
of molecular weight, thickness and 3-HV content on the
thermal behavior, degree of crystallinity and the crystalline
and molecular structures of PHB and its PHB-HV
copolymer.

Materials and methods

Materials

The sodium salt of valeric (pentanoic) acid (VA) and the
components of the growth medium (K2HPO4 3H2O, MgSO4

7 H2O, NaCl, Na2MoO4 2H2O, CaCO3, FeSO4 7 H2O,
sodium citrate, CaCl2, KH2PO4, sucrose, agar, phosphate
buffer saline (PBS), chloroform) were purchased from
Merck (Germany) and used as received.

Polymer biosynthesis

The strain A. chroococcum 7B was used to produce PHB
and its copolymers PHB-HV. Previously, A. chroococcum
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7B was demonstrated to accumulate PHB to a level of up
to 85% of its dry cell weight [35]. The strain was
maintained on Ashby’s medium. To produce PHB, A.
chroococcum 7B was grown in shaker flasks with 100
mL of Burk‛s medium at 30 °C at 250 rpm using an
Innova 43 (New Brunswick Scientific, USA)-incubated
shaker. Sucrose was used in Burk’s medium as the main
carbon source. For PHB copolymer biosynthesis, addi-
tional carbon sources were added to Burk’s medium: 5,
10, 20, 35, and 150 mM valeric acid sodium salt (VA)
were added after 0, 4, 12, and 18 h of strain cultivation as
a 3-HV precursor in the PHB–HV copolymer chain. The
biomass yield and the polymer yield were evaluated as
the main parameters for PHB and PHB-HV biosynthesis.
Then, PHB and PHB-HV were isolated and purified from
the A. chroococcum biomass by successive polymer
extractions from the biomass with chloroform, polymer
precipitation with isopropyl alcohol, filtration, and dry-
ing [35].

The proton (1H) NMR spectra of the deuterated
chloroform solutions of the purified PHB and PHB-HV
were recorded using an MSL-300 (Bruker, Germany)
spectrometer at a working frequency of 400 MHz. The
molar percentage of 3-HV residues in the PHB–HV
copolymer was calculated as the ratio of the integrated
signal intensity from the 3-HV methyl groups (0.89 ppm)
to the sum of the integrated signal intensities from the
methyl groups of 3-HV and 3-hydroxybutyrate (1.27
ppm). Viscosimetry (RT RheoTec viscometer, RheoTec,
Germany) was used to determine the molecular weight of
the produced polymers (Supplementary Materials,
Table S1). Previously, data obtained by viscosimetry
(Mw

V) were correlated with data obtained by gel per-
meation chromatography (GPC) according to a method by
Bonartsev et al. [35].

Polymer film fabrication

The biosynthesized polymers were used for the fabrication
of films with a variety of thicknesses, molecular composi-
tions (PHB or PHB-HV), and weights for further char-
acterization (Fig. 1), which is described in the next section.

A series of films with thicknesses in the range of
30–100 µm and diameters of 90 mm were cast from the
PHB and PHB-HV solutions (Table 1). As a first step,
polymers (250–800 mg) were dissolved in chloroform
(20–70 mL) overnight at room temperature. Subsequently,
polymer films were prepared by casting using degreased
Petri dishes. To provide a smooth and uniform film surface,
the Petri dishes were held in a perfectly horizontal position
and covered with a glass funnel to ensure slow chloroform
evaporation. The fabricated films were dried for at least 72 h
at room temperature until the solvent had completely eva-
porated. Then, the polymer films were cut into pieces with
dimensions of 30 ± 10 mm2 [8].

Film characterization

The molecular structure of the thin polymer films was stu-
died by infrared spectroscopy and Raman spectroscopy.
Raman spectra were recorded in a range from 110 to 2300
cm−1 using a Renishaw InVia microscope with a 50x
objective and a 532 nm laser with a maximum power of
100 mW. In addition, 128 spectra for each film were col-
lected using a Tensor 27 Fourier transform IR spectrometer
(Bruker, Germany) at a 4 cm−1 resolution operating in
attenuated total reflection (ATR) mode.

The crystalline structure of the fabricated thin polymer
films was evaluated by means of X-ray diffraction (XRD)
using an XRD-6000 Shimadzu (Japan) diffractometer with
CuKα radiation (λ= 0.154 nm). XRD patterns were
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Fig. 1 Schematic illustration of the procedures used in the present study, including polymer synthesis with the subsequent fabrication of films of
various thicknesses, molecular structures (PHB or PHB-HV) and weights as well as further film characterization
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recorded in a 2θ range from 10° to 90° with a step size of
0.01°/2θ at 40 kV and 30 mA. The PDF4+ database was
used to analyze the obtained XRD patterns. The crystallite
size for the selected Bragg reflections in the fabricated
PHB-rGO scaffolds was estimated using the Scherrer
Eq. (1):

D ¼ k � λ
β � cosθ ð1Þ

where k is a shape factor; λ is the X-ray wavelength; β is the
full width at half maximum intensity; and θ is the
Bragg angle.

Differential scanning calorimetry (DSC) of the fabri-
cated polymer films was carried out by a DSC Q2000
instrument (TA instruments) under a nitrogen flux of
20 ml/min in a temperature range of 25 to 250 °C at a
heating rate of 10 °C/min. Prior to DSC, the polymer films
were hermetically sealed in aluminum pans. The degree of
crystallinity of the fabricated scaffolds was calculated
using Eq. (2):

Xc ¼ ΔHm

ΔH0
m

� 100% ð2Þ

where ΔHm is the heat of fusion (J/g) and ΔH0
m is the heat of

fusion of a 100% crystalline PHB, which equals 146 J/g
[36].

The mechanical properties of the films were studied
using the nanoindentation method in accordance with ISO
14577. Measurements were carried out using a NanoScan-
4D scanning nanohardness tester (TISNCM, Troitsk, Mos-
cow, Russia). Nanoindentation was performed on the
smooth side of the films. Films with dimensions of
2 × 2 mm2 were fixed with phenyl salicylate. The load was
carried out in linear mode; the peak load on the sample was
5 mN. The load time was equal to the unloading time and
was 30 s. The peak load was maintained for 5 s. The aver-
age penetration depth into the sample was not more than
10% of the film thickness. The mechanical properties were
averaged over 6 measurements [8].

The topography and piezoresponse of the PHB and PHB-
HV films were evaluated using piezoelectric force micro-
scopy (PFM). PFM measurements were carried out using an
MFP-3D atomic force microscope (Asylum Research,
USA) equipped with a conductive diamond-coated canti-
lever DDESP-FM-V2 (Bruker, Germany) with a spring
constant of 6 N/m and resonance frequency of 105 kHz.
PFM images were acquired from an 8 × 8 µm2 surface with
a resolution of 256 × 256 points at a scan rate of 0.1 Hz with
a probing AC voltage with an amplitude of 8−10 V and a
frequency of 500 kHz.

Results and discussion

Effect of film thickness on the PHB structure

The molecular structure of the PHB polymer films of
different thicknesses are studied using Raman spectro-
scopy (Fig. 2A). Independent of the film thickness, all the
characteristic peaks assigned to PHB are observed [37],
thereby suggesting the absence of an effect of film
thickness changes on the molecular composition of the
polymer. Moreover, peaks, such as C=O (1725 cm−1),
CH3 (953 cm

−1) and C-CH3 (598 cm
−1), corresponding to

the crystalline phase, are detected [37–39]. Additionally,
XRD analysis reveals Bragg reflections in the PHB films
assigned to the orthorhombic α-phase (PDF4+№00-068-
1411) and shows one reflection at ~20° corresponding to
the trigonal β-phase (Fig. 2B) [40].

Moreover, XRD analysis demonstrates an influence of
thickness on the crystalline structure of the PHB films. As
seen from the normalized XRD patterns (Fig. 2B), PHB
films with a thickness of 30 μm clearly demonstrate a
dominant Bragg peak corresponding to the (020) reflection
of the orthorhombic α-phase, resulting in anisotropic crystal
growth along the b direction [41]. In contrast, increasing the
film thickness to 60 μm and 100 μm lead to an increase in
the intensity of the other Bragg reflections, e.g., at 15–17°,
20–25° and 30–33°, which can be caused by the isotropic
orientation of the PHB crystals in thicker films [42]. In
addition, the crystallite size in the b direction, estimated
using Scherrer’s Eq. (1) from the (020) reflection, decreases
from 22 nm to 19 nm and 17 nm with an increase in the
PHB film thickness from 30 μm to 60 μm and 100 μm,
respectively. The evaluation of the crystallite size in the
other directions is a complicated task due to overlapping
reflections [41], e.g., (011) and (110) and (031) and (130).

FTIR spectroscopy also demonstrates the presence of the
C=O peak (at 1720 cm−1) corresponding to the crystalline
structure of the PHB polymer (Fig. 3A) [38, 43]. However,
compared with the 30 μm thick films, analysis of the FTIR
spectra of the PHB films of thicknesses 60 and 100 μm

Table 1 List of fabricated PHB and PHB-HV films with different
thicknesses, Mw

V and 3-HV contents

Polymer films Thickness, µm Mw
V kDa 3-HV contents, %

PHB−1 (30) 30 102 0

PHB-1 (60) 60 102 0

PHB-1 (100) 100 102 0

PHB-2 50 803 0

PHB-6 HV 50 794 5.9

PHB-9 HV 50 786 9.1

PHB-17 HV 50 756 16.8

PHB−18 HV 50 1177 17.5

R. V. Chernozem et al.



shows in a decrease in the intensity of a shoulder to the
C=O peak at 1743 cm1, which is assigned to the amorphous
PHB phase [38, 43]. Therefore, the results of FTIR spec-
troscopy suggest that there are relative changes in the
crystallinity of PHB films with increasing thickness.

Furthermore, DSC analysis confirm the results of FTIR
spectroscopy (Fig. 3B), i.e., changes occur in PHB film
crystallinity with increasing thickness. The calculated
degree of PHB film crystallinity (Xc) using Eq. (2) from the
DSC curves demonstrate an increase in Xc from 55% to
57% and 61% with increasing film thickness from 30 μm to
60 μm and 100 μm, respectively. Notably, the authors of
study [29] also observed an increase in crystallinity with
increasing polymer film thickness. In contrast, no influence
of film thickness on the PHB thermal properties, such as
cold crystallization and melting temperature, is detected.
The coexistence of multiple melting peaks for polyesters
such as PHB has been widely presented in the literature and
has been explained as follows: (i) a simultaneous melting-
recrystallization-remelting process [30, 44]; (ii) different
degrees of crystallite perfection [44, 45]; and (iii) the pre-
sence of several crystalline phases [44, 45].

Thus, a decrease in the PHB microfilm thickness does
not affect their thermal properties and molecular

composition; however, a decrease in thickness leads to a
reduction in the degree of crystallinity of the film and the
formation of a more anisotropic crystal PHB structure. Such
a relative reduction in the degree of crystallinity is
explained by the limited mobility of the polymer chains due
to dimensional confinement (film size, e.g., thickness)
[46, 47]. Numerous studies have shown similar decreases in
crystallinity and confirmed that the crystalline region
becomes more anisotropic when the thickness of polymer
films decreases [47–49].

Impact of molecular weight on the structure of PHB
films

In addition to film thickness, molecular weight can also
affect the structure of a polymer, thereby resulting in
changes in PHB properties. Therefore, the thermal behavior,
crystallinity, and molecular and crystalline structures of
PHB films of similar thicknesses with an ~8-fold difference
in polymer molecular weight are analyzed.

As in the case of the PHB films of different thicknesses,
Raman spectroscopy displays typical peaks for PHB films
with molecular weights of 102 kDa (PHB-1) and 803 kDa
(PHB-2) (Fig. 4A) [37]. Additionally, peaks for the

Fig. 3 A FTIR spectra in the
range of 1780–1660 cm−1 and
(B) DSC curves of PHB films
with thicknesses of 30, 60
and 100 μm

Fig. 2 A Raman spectra and (B)
XRD patterns of PHB films of
thicknesses of 30, 60 and
100 μm: C – crystalline phase
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crystalline PHB phase are observed at 598 (C-CH3), 953
(CH3) and 1725 сm−1 (C=O) [37–39]. XRD analysis also
reveals the presence of the orthorhombic α-phase (PDF4+
№00-068-1411) and trigonal β-phase in the PHB films with
an ~8-fold differences in molecular weight (Fig. 4B) [40].
The coexistence of several intense Bragg reflections sug-
gests an isotropic orientation of the crystals in the PHB-
based films with Mw values of 102 kDa and 803 kDa. An
average crystallite size D(020) of 19 nm is obtained for both
the 102 kDa and 803 kDa PHB films. However, changes in
the intensity of the 15–18° ((110) and (011) reflections) and
22.5–25° ((101) and (111) reflections) regions of the PHB
α-phase are detected, which indicates possible changes in
the crystal lamellar configurations. By comparing the PHB
films of Mw values 750,000 g·mol−1 and 1760 g·mol−1 (Mw

difference >400 times), the authors of study [30] reported
larger crystals in PHB films of higher molecular weights.

Figure 5A shows the FTIR spectra in the range of
3030–2835 cm−1 for the PHB films with an 8-fold mole-
cular weight difference. Both PHB films demonstrate the
absence of a peak at 2987 cm−1, which is assigned to the
amorphous phase [50]. However, two new peaks at 2850
and 2920 cm−1 are detected in the FTIR spectra of the PHB

film of smaller Mw. This difference can be explained by the
increased degree of crystallinity [43] or by changes in the
molecular structure, since the intensity of the CH3 peaks of
the crystalline phase decrease with a reduction in Mw.

Figure 5B shows the DSC curves of the PHB films of
molecular weights of 103 kDa and 803 kDa. In comparison
with a reduction in thickness, a decrease in PHB molecular
weight leads to opposite changes in the thermal behavior
and crystallinity of the films, as shown above (Effect of film
thickness on the PHB structure). The cold crystallization
temperature (Tc) and Xc of the films are similar and inde-
pendent of the 8-fold reduction in the PHB molecular
weight (Table 2). In this study, an ~8-fold difference in the
PHB film Mw is tested, but a greater reduction in the Mw of
PHB can result in a decrease in film crystallinity. Sig-
nificantly reduced crystallinity has been reported in the lit-
erature for PHB films of a greater than 400-fold Mw

difference [30].
The melting temperature of the films decreases with

decreasing PHB molecular weight (Table 2). This change in
the melting temperature can be explained by the difference
in the size and perfection of the crystals for the films made
with different Mw PHB [30, 44]. Moreover, since the same

Fig. 4 A Raman spectra and (B)
XRD patterns of the PHB films
with Mw values of 102 and
803 kDa

Fig. 5 A FTIR spectra in the
range of 3030–2835 cm−1 and
(B) DSC curves of the films
based on PHB with different Mw

values: 102 and 803 kDa

R. V. Chernozem et al.



fabrication conditions were used for all the films, the
melting behavior reflects their internal physical structure,
which depends on the polymer molecular structure [44, 51].
In addition, a difference is also observed in the Bragg
reflections of the PHB α-phase, as mentioned above in the
XRD analysis.

The addition of 3-HV to PHB

Figure 6A shows the Raman spectra of the PHB and PHB-
HV films containing different 3-HV contents. The PHB
films demonstrate the highest 220 cm−1 peak intensity
(inset, Fig. 5F), while the lowest intensity is observed for
the sample with the highest 3-HV content of 17.5% (PHB-
18HV). Since low-frequency vibrational motions originate
from intramolecular modes strongly associated with inter-
molecular motions [52, 53], the spectral differences
between the samples with low and high 3-HV contents are
hypothesized to be the result of differences in the crystalline
structures under the influence of intermolecular interactions
between the copolymer chains. The crystal structure of PHB
has an intermolecular CH3 ⋯ O=C hydrogen bond between
the C=O group of one helix and the CH3 group of another
helix. In contrast, the crystal structure of PHB-HV has a
CH2⋯O=C hydrogen bond between the C=O group of one
helix and the CH2 groups of the main chain and side chain
[43]. FTIR spectroscopy confirms the presence of the
crystalline structure of PHB upon the addition of 3-HV
(Fig. 6B). Compared with results for the increase in PHB
film thickness, the increase in the 3-HV content of the PHB
films leads to an opposite effect on the C=O peak.
Increasing the 3-HV content causes an increase in the

intensity of the C=O peak shoulder at 1743 cm-1, corre-
sponding to the amorphous phase [38, 43]. Therefore,
Raman and FTIR spectroscopy suggest a decrease in the
degree of crystallinity of the PHB and PHB-HV films with
the addition and increase in the 3-HV content.

Figure 7A shows the XRD patterns of the PHB and
PHB-HV films with different 3-HV contents. It is worth
mentioning that the intensity of almost all the Bragg
reflections for the PHB-HV films is lower than that of the
pure PHB films. Compared with the PHB films (PHB-2,
Fig. 7A), a 5.9% 3-HV leads to a decrease in the intensity of
the Bragg reflections and an increase in the (020) reflections
of the orthorhombic α-phase (PHB-6HV), resulting in ani-
sotropic PHB-HV crystal growth [54]. In addition, the
crystallite size in the b-direction increases from 19 nm for
pure PHB to 24 nm for the 5.9% 3-HV-containing PHB-HV
films. The 17.5% 3-HV-containing PHB-HV films also
demonstrate a dominant peak for the (020) plane (PHB-
18HV, Fig. 7A), and the crystallite size in the b-direction is
greater (21 nm) than that of the pure PHB films (19 nm).
Additionally, the 9.1% 3-HV-containing PHB-HV films
show a similar XRD pattern to the PHB films with similar
intensities for all Bragg reflections observed. Furthermore,
the 9.1% 3-HV-containing PHB-HV films have the same D

(020) value (19 nm) as that of the pure PHB films. The same
effect of ~9% 3-HV addition was also observed in a pre-
vious study [55].

As mentioned above, the ~8-fold difference in the Mw of
PHB did not affect the crystalline structure of the films. The
XRD pattern analysis reveals a decrease in the intensity of
the (020) Bragg reflection when the molecular weight is
reduced from 1177 kDa to 756 kDa for the PHB-HV films
with 3-HV contents of 17% (PHB-17HV) and 18% (PHB-
18HV), respectively (Fig. 7B), thereby resulting in a slight
decrease in D(020) from 21 nm to a D(020) value similar to
that of the pure PHB films (19 nm). At the same time, this
reduction in the Mw of the PHB-HV films leads to
increasing intensities in all other peaks, suggesting a more
isotropically oriented crystalline structure.

Table 2 DSC data for the films based on PHB with Mw values of 102
and 803 kDa

Polymer films Tc [°C] Tm1 [°C] Tm2 [°C] Hm [J/g] Xc [%]

PHB-1 (102 kDa) 57 174 158 83.3 57

PHB-2 (803 kDa) 57 176 162 82.8 57

Fig. 6 A Raman and (B) FTIR
spectra in the range of 1780−
1660 cm−1 for PHB and PHB-
HV films with different 3-HV
contents

A comprehensive study of the structure and piezoelectric response of biodegradable. . .



To characterize the effect of the molecular weight and
3-HV content on the thermal properties and crystallinity of the
PHB-HV films, DSC analysis is performed (Fig. 7C, D).
Compared with the pure PHB films, no changes in the cold
crystallization temperature of the PHB-HV films with
increasing HV content are observed (Fig. 7C). Reducing the
Mw of the PHB-HV films with 17% and 18% 3-HV does not
affect the cold crystallization temperature of the films
(Fig. 7D). An increase in the 3-HV added to PHB from 0% to
18% results in a decrease in the melting temperature of the
highest peak (Tm1) from 176 °C to 168 °C (Table 3). The
second melting peak of the PHB-HV film with 18% 3-HV
(PHB-17HV, Table 3) demonstrates a lower temperature by
2 °C relative to that of the pure PHB film. Furthermore, a Mw

reduction (PHB-HV-7, Table 3) from 1177 kDa to 756 kDa
for the PHB-HV films with 17% and 18% 3-HV does not
change the temperature (position) of the highest film melting
temperature (Tm1); however, it reduces the temperature of the
second peak (Tm2) from 160 to 154 °C. A similar trend is
observed for the crystallinity of the PHB and PHB-HV films.
Increasing the 3-HV content from 0% to 18% reduces the
degree of crystallinity of the PHB films from 5.7% to 23%. A
Mw reduction from 1190 kDa to 635 kDa results in an increase

in the degree of crystallinity of the PHB-17HV films from
23% to 32% compared with the PHB-18HV films.

The mechanical properties of PHB and PHB-HV, e.g.,
Young’s modulus, are also studied since these properties are
critical for the practical application of medical devices
produced from these polymers (Supplementary Materials,
Table S2). The data show that the Young’s modulus mea-
sured by nanoindentation is not dependent on the molecular
weight of the PHB homopolymer and decreases almost
linearly for the PHB-HV copolymers with an increase in the
molar content of 3-HV [8].

Fig. 7 A, B XRD patterns of
PHB films with different 3-HV
contents and PHB-HV films
with different molecular
weights, respectively. C, D DSC
curves of PHB films with
different 3-HV contents and
PHB-HV films with different
molecular weights, respectively

Table 3 Cold crystallization and melting temperatures, melting
enthalpies and degrees of crystallinity obtained from the DSC results
for the PHB and PHB-HV films with different 3-HV contents and
different Mw values

Polymer films Tc [°C] Tm1 [°C] Tm2 [°C] Hm [J/g] Xc [%]

PHB-2 57 175 162 82.8 57

PHB-6 HV 57 173 161 64.4 44

PHB-9 HV 57 172 161 55.0 38

PHB−17 HV 57 168 154 47.2 32

PHB-18 HV 57 168 160 33.7 23
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Topography and piezoresponse of PHB and PHB-HV
films

As mentioned above, the variation in the molecular weight
or 3-HV content in PHB can have a significant effect on the
molecular composition, structure, and degree of crystallinity
of the polymer films. In turn, these changes may lead to
changes in the topography or piezoresponse of the films.
Using advanced techniques, such as scanning probe
microscopy, nanoscale insights into the topography and
piezoelectric performance of PHB-based films with various
molecular weights or 3-HV contents are gained using pie-
zoforce microscopy (PFM), as shown in Fig. 8.

Despite an ~8-fold difference in molecular weight, the
PHB films with molecular weights of 102 kDa (PHB-1) and
803 kDa (PHB-2) demonstrate visually similar topographies

(Fig. 8). Furthermore, there is no significant difference in
the root mean square (RMS) roughness between the PHB-1
and PHB-2 films (Table 4). In contrast, the addition of
3-HV results in changes in the PHB-HV film surface
topography. Compared with the other films, the PHB-HV
sample with 17.6% 3-HV clearly demonstrates the presence
of grain-like features in its topography. Moreover, the RMS
roughness is significantly lower in PHBV-18HV, which has
the highest 3-HV content (17.6%), compared with the pure
PHB films or the PHB-HV films with 5.6% 3-HV (Table 4).
This difference in the topography for the PHB and PHB-HV
films is explained by the decrease in the degree of crystal-
linity from 57 % (for PHB-1 and PHB-2) to 23% (for PHB-
18HV), as shown in Table 3. A smoother surface was also
previously reported for PHB films with a reduction in the
degree of crystallinity [47].

Fig. 8 Topography (first line) and PFM images of vertical (VPFM-a) and lateral (LPFM-a) amplitudes (VPFM-a) and vertical (VPFM-p) and
lateral phases (LPFM-p) for PHB films of different molecular weights (~8-fold difference) and 3-HV contents
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The analysis of the vertical and lateral PFM signals for
the PHB-2 films clearly demonstrates the presence of pie-
zoactive domains (Fig. 8). Despite the same degree of
crystallinity in the two films (Table 3), the PHB film with an
8-fold reduction in its molecular weight (PHB-1) exhibits a
weaker piezoresponse and fewer piezoactive domains than
the PHB-2 film. Taking into account the similar fabrication
conditions and the thickness of the PHB-1 and PHB-2 films,
we can hypothesize that molecular weight impacts the
alignment of molecules, thus affecting the orientation and
internal structure of the lamellar crystals and resulting in
different piezoresponses. The variation in the length of
molecular chains leads to different configurations in the
crystalline structure of PHB. For instance, using polarized
optical microscopy, the authors of study [30] demonstrated
a significant difference in crystal size between PHB films
that had a more than 400-fold difference in their molecular
weights; however, no differences in XRD patterns were
detected for those films. Furthermore, a contrast in the PFM
images of polymer films with different lamellar crystal
orientations depending on the molecular structure was also
shown by Choi et al. [56]. It should be noted that the PHB-1
and PHB-2 films show several differences in their FTIR
spectra (Fig. 5A) and XRD patterns (Fig. 4B), such as the
presence of CH2 vibrations (2920 cm−1) and different
intensities of the α-phase peak Bragg reflections. In addi-
tion, the PHB-1 film demonstrates a slightly reduced melt-
ing temperature in comparison with the PHB-2 sample
(Table 2), which can be the result of different crystalline
configurations. In contrast, the PHB-HV films do not show
the presence of piezoactive domains, which can be
explained by the significantly reduced degree of crystal-
linity of the films (Table 3). The observed contrast in the
PFM images of the PHB-HV films is strongly correlated
with their topography and therefore does not originate from
the piezoelectric effect but from electrostatic cross-talk [57].
A decrease in the effective piezoresponse of the PHB-HV
films in comparison with PHB films was reported in our
previous study [11].

It should also be noted that there are a large number of
PHA-producing bacteria, including those existing in the
human microbiota [58]. Under natural conditions, the over-
whelming majority of these microbes synthesize and

accumulate the high-molecular-weight PHB homopolymer.
Only some species, such as the bacteria from the genus
Pseudomonas, synthesize PHB copolymers. Moreover, PHB
is used by bacteria not only as a reserve substance but also as a
functional molecule used for ion channels and receptors
[31, 58, 59]. Thus, taking into account the other unique
properties of this natural polymer [31], the piezoelectric
properties observed in the high-molecular-weight PHB allow
us to assume that the piezoresponse of PHB may have as yet
unidentified roles in nature, e.g., serving as a sensor for bac-
terial communication [59]. Relatively little is known about
electrochemical signaling in bacterial communities [60], and
this information is of great biomedical significance [18, 19].

Conclusions

In this study, PHB and PHB-HV films of different thick-
nesses, 3-HV contents and biopolymer molecular weights
were fabricated. A decrease in thickness from 100 µm to 30
µm results in similar thermal properties but leads to aniso-
tropic crystal orientation and a slightly reduced degree of
crystallinity from 61% to 55% in the PHB films. Moreover,
the crystallite size in the b-direction for the orthorhombic α-
phase of PHB increases from 17 nm to 22 nm with
decreasing film thickness from 100 µm to 30 µm. An 8-fold
reduction in the PHB molecular weight does not affect the
surface roughness or crystallinity; however, it leads to
changes in the crystalline structure and thus results in the
suppression of piezoactive domains. Additionally, the
addition of 3-HV to PHB results in an anisotropic crystal
orientation and a decrease in the degree of crystallinity from
57% to 23% with decreasing melting temperature. Com-
pared with the PHB films, a reduction in the PHB-HV
molecular weight results in a more isotropic crystal orien-
tation and an increase in the degree of crystallinity from
23% to 32%. Additionally, the PHB-HV films exhibit a
smoother surface, with the RMS roughness value sig-
nificantly decreasing from 119 ± 9 nm (pure PHB) to 63 ± 2
nm (PHB-HV with 17.5% 3-HV). However, the addition of
3-HV to PHB leads to the disappearance of a piezoresponse
in the films. Therefore, the thickness, molecular weight and
3-HV content can affect the thermal performance, structure,
topography, and piezoresponse of PHB and PHB-HV bio-
polymer films, and these variations should be taken into
account when considering specific biomedical applications
for the developed biodegradable thin films.
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