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Abstract⎯The hydrolytic degradation of polymer films of poly(3-hydroxybutyrate) of different molecular
weights and its copolymers with 3-hydroxyvalerate (9 mol % 3-hydroxyvalerate in the poly(3-hydroxybutyr-
ate) chain) of different molecular weights was studied in model conditions in vitro. The changes in the phys-
icochemical properties of the polymers were investigated using different analytical techniques: viscometry,
differential scanning calorimetry, gravimetrical method, and water contact angle measurement for polymers.
The data showed that in a period of 6 months the weight of polymer films decreased insignificantly. The
molecular weight of the samples was reduced significantly; the largest decline (up to 80% of the initial molec-
ular weight of the polymer) was observed in the high-molecular-weight poly(3-hydroxybutyrate). The surface
of all investigated polymers became more hydrophilic. In this work, we focus on a mathematical model that
can be used for the analysis of the kinetics of hydrolytic degradation of poly(3-hydroxyaklannoate)s by non-
catalytic and autocatalytic hydrolysis mechanisms. It was also shown that the degree of crystallinity of some
polymers changes differently during degradation in vitro. Thus, the studied polymers can be used to develop
biodegradable medical devices such that they can perform their functions for a long period of time.
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INTRODUCTION

Poly(3-hydroxybutyrate) (PHB), which is the main
polymer of the homologous series of the family of
polyhydroxyalkanoates (PHA), is the best-known
microbiological polyester and is a promising alterna-
tive to synthetic biodegradable thermoplastics [1–4]
and other biocompatible polymers [4–11]. Unlike
natural polymers (chitosan, alginate, dextran, colla-
gen, etc.) and chemically synthesized polymers, PHB
and its copolymers are obtained biotechnologically,
which makes it possible to achieve a high degree of
purity, as well as to set and control the physicochemi-
cal properties of biopolymers within narrow limits in
the course of their biosynthesis [2]. Since PHB is
characterized by biodegradability and high biocom-
patibility it is widely used in regenerative medicine and
tissue engineering [12–21] as well as for drug formula-

tions [22–25]. The properties of PHB allow creating
composites of this biopolymer with synthetic poly-
mers, inorganic materials, and drugs [26–29]. In
addition, PHB is an environmentally friendly material
that can be used in manufacturing packaging materials
and in agriculture [30].

It is generally accepted that both in living systems
and in the environment PHB undergoes biodegrada-
tion via enzymatic and nonenzymatic processes that
proceed simultaneously in vivo. In comparison with
other biodegradable polymers (e.g., polylactide and
polyglycolide [31]), PHB is considered to be moder-
ately resistant to degradation in vitro and biodegrada-
tion in animal tissues. The rate of degradation depends
on the polymer characteristics such as chemical com-
position, crystallinity, morphology, and molecular
weight [32, 33]. The analysis of the published data
showed a wide variation and sometimes a considerable
discrepancy in the degree of PHA hydrolytic degrada-
tion in vitro [1]. This difference is caused by various
factors: different geometries of PHB samples, the

Abbreviations: PHB, poly(3-hydroxybutyrate), PHA, poly-
oxyalkanoates, PHBV, poly(3-hydroxybutyrate-co-3-
hydroxyvalerate).
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degree of purity, molecular weight, as well as differ-
ences in the origin of the polymers. As an example,
there are discrepancies in the data on the weight loss of
samples during their hydrolytic degradation. As an
example, in the course of incubation of PHB films at
37°C and pH 7.4, the weight loss of PHB films was
7.5% for 50 days [34], did not decrease for 150 days
[35], and did not change for 730 days [36] and 364
days [37]. As will be shown below, similarly to the
authors of [34], we observed a considerable decrease
in the weight of samples under virtually the same con-
ditions. In addition, the weight of polymers did not
change after a temperature increase to 70°C [37]. Pub-
lished data on the change of the molecular weight of
PHB during its hydrolytic degradation are also dis-
crepant: a similar decrease in the molecular weight (to
68% [35] and 64% [36]) was observed for very differ-
ent periods of time: for less than 6 months (150 days)
and for 2 years (730 days) of incubation of samples in
a buffer solution. The authors of several studies
observed changes in the mechanical properties of
PHB products (threads and plates) during hydrolysis
[38, 39]; however, these data are also discrepant. The
Young’s modulus in PHB sutures did not change after
incubation at 70°C for 180 days at pH 7.2; however,
the tension and relative elongation at breakage
decreased by 36 and 33%, respectively. A different
behavior was observed at physiological temperature
(37°C). For the first 3 months (90 days), the tension
and relative elongation at breakage increased by 17 and
16%, respectively. In the next 90 days of the experi-
ment, the values of these indices gradually decreased
to the baseline level [38]. Measuring the mechanical
properties of PHB plates showed that their Young’s
modulus and tension at breakage decreased by 68 and
77%, respectively [39]. A group of authors showed a
dramatic decrease in the Young’s modulus, tension at
breakage, and hardness of PHA plates that occurred
within only 1 day, by 32, 13, and 40%, respectively. In
the next 28 days, the Young’s modulus and hardness
did not change, and the tension at breakage returned
to the initial values [40].

To develop medical devices based on PHB and its
copolymers, it is necessary to know how the physico-
chemical properties of these polymers change during
degradation. To understand how the polymers change
in the human body in the course of degradation, it is
necessary to investigate the kinetics of changes of the
main physicochemical properties during their degra-
dation in vitro under conditions that simulate the
internal environment of the body. Thus, the purpose
of this study was to obtain, compare, and analyze the
kinetic curves of the long-term degradation of PHB
and its copolymers with a selected molecular weight
and monomer composition, which were obtained by
controlled microbial synthesis.
MATERIALS AND METHODS

Biosynthesis of polyhydroxyalkanoates. Poly(3-
hydroxybutyrate) and its copolymers with 3-hydroxy-
valerate (PHBV) with a selected molecular weight and
monomer composition were obtained by controlled
biosynthesis using the highly efficient PHB-produc-
ing strain Azotobacter chroococcum 7B. For this pur-
pose, sodium acetate (molecular-weight regulator)
and valeric acid sodium salt (precursor of 3-hydroxy-
valerate monomers in the synthesized PHBV copoly-
mer) were added to the culture medium. The producer
strain was cultured for 72 h [35–37, 42, 45]. The pro-
cedure of isolation and purification of the polymer
from the biomass-producing strain included chloro-
form extraction, filtration, precipitation with isopro-
pyl alcohol, purification by several dissolution–pre-
cipitation cycles, and drying [42, 43].

Nuclear magnetic resonance. 1H-NMR spectra of
1% (wt/vol) polymer solutions in deuterated chloro-
form were recorded with a 300 MHz MSL-300 spec-
trometer (Bruker, Germany) at the following experi-
mental parameters: temperature 313 K, relaxation
delay 2.5 s, and spectral window width 4000 Hz.
Chemical shifts (in ppm) were set by the residual pro-
ton signal of CDCl3 (7.24 ppm for tetramethylsilane).
The percentage of 3-hydroxyvalerate monomers in the
PHBV copolymer was calculated from the ratio of the
integrated intensities of the signal from the methyl
group of hydroxyvalerate (0.89 ppm) and the sum of
the signals from the methyl group of hydroxyvalerate
(0.89 ppm) and the methyl group of hydroxybutyrate
(1.27 ppm).

Manufacturing of polyhydroxyalkanoate films. To
study degradation in vitro, a series of films 50 ± 10 μm
thick were prepared of PHB and its copolymers. The
films were prepared by pouring a chloroform solution
on the bottom of degreased Petri dishes. The obtained
films were then cut into smaller films (3 × 1 cm).

Hydrolytic degradation in vitro. To study the degra-
dation of PHA films, they were incubated in 15 mL of
PBS (pH 7.4) [46] in a thermostat at 37°C for 183 days.
This time period was selected because 6 months is the
average time during which an implant is replaced with
healthy tissue in the body [47]. The pH was monitored
with an Orion 420+ pH meter (Thermo Electron Cor-
poration, United States). To assess the changes in the
polymer film weight, the films were removed from the
solution after 1 week and 1, 3, and 6 months of incu-
bation, dried, and weighed. The average weight of the
films was 15–25 mg. Changes in the weight of films in
the course of degradation were determined gravimet-
rically with AL-64 electronic scale balance (Max =
60 g, d = 0.1 mg; ACCULAB, United States). To pre-
vent bacterial contribution to the degradation of poly-
mers, sodium azide (2 g/L) was added to the buffer
solution, and the buffer solution was replaced twice
per week [33, 48].
BIOPHYSICS  Vol. 63  No. 2  2018
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Study of the properties of polymers. The molecular
weight of PHB and its copolymers was determined vis-
cometrically. The viscosity of polymers was measured
in a chloroform solution at 30°C with a RheoTec vis-
cometer (RheoTec Messtechnic GmbH, Germany).
The molecular weight was calculated using the Mark–
Kuhn–Houwink equation [49]:

[η] = 7.7 · 10–5M0.82.
To determine [η], the experimentally obtained

numerical values were represented in the coordinate
system by plotting the concentration of the polymer
solution (C) on the abscissa axis and the specific vis-
cosity value (ηsp/C) on the ordinate axis. The intrinsic
viscosity [η] was obtained by extrapolating the
obtained line to the ordinate axis. The accuracy of
determination of [η] was ~1%. The accuracy of deter-
mination of the molecular weight calculated by the
Mark–Kuhn–Houwink equation is 2–5% [50].

Molecular weight is one of the most important and
the most sensitive parameters for simulating degrada-
tion of biodegradable polymers [51]. A mathematical
description for the noncatalytic and autocatalytic deg-
radation of aliphatic polyesters mechanisms was pro-
posed in [52]. Assuming that the degree of degradation
is low, the authors of [52] proposed the following
kinetic dependence based on the mean molecular
weight of polymers:

1/MW = 1/MW0 + kt, (1)
where MW and MW0 are the mean molecular weights
of the polymer component at time t and at the initial
time, respectively, and k is the rate constant.

An equation that took autocatalysis into account,
which is the consequence of the appearance of the ter-
minal groups of carboxylic acids, was also proposed.
This process can be described by the following equa-
tion:

lnMW = –kt + lnMW0. (2)
The thermal properties of the samples of films of

PHB and its copolymers were measured by differential
scanning calorimetry with a DSC 204 F1 Phoenix dif-
ferential scanning calorimeter (Netzsch, Germany). A
polymer film (approximately 1–3 mg) was placed in
an aluminum crucible. The samples were heated from
25 to 220°C at a heating rate of 10 K/min in an argon
atmosphere. The crystallinity of the PHB structure
(Xc) was calculated as follows:

Xc = (ΔHm/ΔH0_m(PHB)) · 100%,
where ΔHm is the changes in enthalpy caused by melt-
ing of the test specimen and ΔH0_m(PHB) is the theo-
retical value of the thermodynamic melting enthalpy
for 100% crystalline PHB samples (146.6 J/g) [11]. All
calculations were performed for the second heating
cycle.

The hydrophilicity of the polymer surface was
assessed by measuring the wetting contact angle
BIOPHYSICS  Vol. 63  No. 2  2018
formed between water drops and the “smooth” surface
of samples with a Contact Angle Meter 110 VAC
(Cole-Parmer, United States). For this purpose, a
drop of distilled water (10 μL) was applied on the sur-
face of films and the wetting contact angle was mea-
sured. Measurements were performed ten times [53,
54].

RESULTS AND DISCUSSION
Biosynthesis of polymers. Table 1 shows the results

for biosynthesis of PHB and PHBV by an A. chroococ-
cum 7B culture grown on a medium containing
sucrose as a main carbon source, valeric acid as an
additional carbon source for the synthesis of the
PHBV copolymer, and sodium acetate as an additive
to regulate the molecular weight of the synthesized
polymer.

We obtained PHB of different molecular weights
and PHBV with nearly the same molar content of
3-hydroxyvalerate (approximately 9 mol %) and dif-
ferent molecular weights.

Weight loss of polymer films. In mammals, PHA is
degraded as a result of combined hydrolytic and enzy-
matic degradation. This leads to a change in the weight
of samples and their physical and chemical properties
[1–3, 21–23]. The analysis of the degradation curves
(Fig. 1) revealed a weight loss of all samples in the first
week. As an example, the weight of the low-molecu-
lar-weight PHB 82 decreased by ~8% (to 93.6 ± 1.1%).
The weight of films prepared of polymers PHB 408
and PHB 1700 decreased to 98.3 ± 0.6% and 97.5 ±
0.3% of the initial weight, respectively. The weight of
copolymers also decreased: to 91.6 ± 0.2% in PHBV
9% 815 films, 92.7 ± 0.3% in PHBV 9% 1385 films,
and 96.8 ± 0.6% in PHBV 9.6% 210 films. This weight
loss can probably be explained by the release of water-
soluble PHA oligomers from the polymer matrix [21,
22, 26].

Later, the weight of the PHA films placed in buffer
solution did not change significantly even after
180 days of incubation, which is indicative of a slow
hydrolytic degradation. The greatest weight loss for
6 months was observed in PHB 82 samples (to 92.1 ±
1%), PHBV 9% 815 kDa (to 92.3 ± 1.1%), and PHBV
9% 1385 (to 93.3 ± 0.7%) ( Fig. 1). These results are
consistent with the data on the degradation of PHB
and its copolymers obtained by other authors [56],
who also did not observe significant changes in the
weight of PHB and PHBV. However, in our case, the
weight change in the first week of degradation was
more significant.

Changes in molecular weight. Conversely, the
molecular weight of all PHA samples gradually
decreased with the degradation time (Fig. 2). The
most significant decrease was observed in the molecu-
lar weight of PHB 1700 (to 23% of the initial molecular
weight), with the highest molecular weight loss (43%)
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Table 1. Parameters of biosynthesis and main characteristics of PHB and PHBV synthesized by the producing strain
A. chroococcum 7B in the culture medium containing sucrose as a main source of carbon and supplemented with valeric acid
and sodium acetate

* p <0.05 compared to the Sucrose group, n = 8.

Substrate

Time of addition 
of valeric acid

or sodium acetate 
to the culture 
medium, h

Biomass
yield, g/L 
medium

PHA content
in biomass, %

of dry cell weight

Molecular 
weight of PHA, 

× 106 Da

Content of 
3-hydroxyvalerat/
3-hydroxybutyrate 

in copolymer,
mol %

Designation
of obtained 

polymer

Sucrose, 50 mM – 5.8 ± 0.6 83.4 ± 3.1 1.70 0 PHB 1700
Sucrose + 35 mM 
sodium acetate 0 4.3 ± 0.5* 71.7 ± 3.2* 0.48 0 PHB 408

Sucrose + 100 mM 
sodium acetate 0 1.9 ± 0.6* 58.8 ± 3.6* 0.08 0 PHB 82

Sucrose + 10 mM 
valeric acid 12 4.2 ± 0.5* 73.8 ± 3.7* 1.39 9.0 PHBV 9%

1385
Sucrose + 20 mM 
valeric acid 0 3.2 ± 0.4* 67.7 ± 3.0* 0.82 9.0 PHBV 9%

815
Sucrose + 20 mM 
valeric acid + 60 mM 
sodium acetate

12/0 2.6 ± 0.3* 49.5 ± 3.2* 0.21 9.6 PHBV
9.6% 210
being observed in the first week. This was probably
due to the large amount of the amorphous component
in the polymer, which is degraded 20 times faster than
the crystal component [57].

The significant decrease in the molecular weight of
PHA in the course of biodegradation indicated that
the polymer degradation proceeded primarily in the
bulk of the polymer matrix. It should also be noted
that the high-molecular-weight polymers lost molec-
ular weight more rapidly than the low-molecular-
weight polymers. If the polymers are grouped on the
Fig. 1. Changes in the polymer weight in the course of deg-
radation in PBS at 37°C.
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basis of their molecular weight, it can be seen that
PHB 1700 and PHBV 9% 1385 lost molecular weight
more rapidly than the group of PHBV 9% 815 and
PHB 408, which, in turn, lost weight more rapidly
than PHB 82 and PHBV 9.6% 210. This may be due to
the fact that the formation of crystalline structures by
the long polymer chains is hampered; therefore, such
chains are more accessible to water molecules, which
is consistent with the data on PHA degradation
obtained by other authors [37, 56, 58, 59].
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Fig. 2. Changes in the molecular weight of polymers in the
course of hydrolytic degradation.
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Fig. 3. (a) Noncatalytic degradation model, (b) autocata-
lytic degradation model.
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To analyze curves that describe the decrease in the
molecular weight of PHB and its copolymers in the
course of degradation, we used the model of degrada-
tion of partly crystalline polymers (Eqs. (1) and (2))
described in [52, 60] and constructed the plots shown
in Figs. 3a, 3b.

In accordance with the models, the correlation
coefficients for each curve were found (Table 2).

The analysis of the correlation coefficients shown
in Table 2 showed that the highest correlation coeffi-
cients are characteristic of the noncatalytic model.
However, homopolymers PHB 82 and PHB 408, as
well as copolymers with the molecular weights of 815
and 1385, also showed a strong correlation for the
autocatalytic model (0.93, 0.98, and 0.9, respectively).
Therefore, both the noncatalytic and autocatalytic
models of the decrease in molecular weight are appro-
priate for these polymers. A similar behavior of partly
crystalline polymers is described in [52]. For the
remaining two polymers, that is, PHB 1700 and PHBV
9.6% 210, the noncatalytic degradation model is more
appropriate.

These results are consistent with the data on the
degradation of PHB and its copolymers obtained by
other authors, who also showed significant changes in
the molecular weight in the course of degradation [37,
56, 58]. However, this is the first study to apply the
models of the noncatalytic and autocatalytic mecha-
nisms of degradation of partly crystalline polymers to
this class of polymers. As a result, it was found that
polymers PHB 82 and 408 kDa and PHBV 9% 815 and
1385 kDa obey both the autocatalytic and noncatalytic
degradation models, whereas polymers PHB and
PHBV 1700 9.6% 210 are fitted by the noncatalytic
degradation model.

Degree of crystallinity of the polymers. The degree
of crystallinity of the studied PHAs was calculated
using the melting heat data for a completely crystalline
PHB (146.6 J/g) [61]. Importantly, the degree of crys-
tallinity of the copolymer was lower than that of
homopolymers. This phenomenon may be due to the
incorporation of 3-hydroxyvalerate monomers into
the polyhydroxybutyrate chain. The incorporation of
these monomers with a longer side chain CH2–CH3
are energetically unfavorable for the PHB chain,
which leads to a decrease in the degree of crystallinity
BIOPHYSICS  Vol. 63  No. 2  2018

Table 2. Correlation coefficients for the noncatalytic and aut

Sample R2 (noncata

PHB 82 0.
PHB 408 0.
PHB 1700 0.
PHBV 9.6% 210 0.
PHBV 9% 815 0.
PHBV 9% 1385 0.
[62]. According to our results, the degree of crystallin-
ity of the studied polymers (except PHB 408)
increased in the first week (Fig. 5). As an example, the
degree of crystallinity increased from 65.9 to 67.4% for
PHB 82 and from 62.8 to 66.5% for PHB 1700. For
copolymers PHBV 9% 815, PHBV 9% 1385, and
PHBV 9.6% 210, the degree of crystallinity increased
ocatalytic degradation models

lytic model) R2 (autocatalytic model)

94 0.93
99 0.98
88 0.68
80 0.77
92 0.90
96 0.90
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Fig. 4. Changes in the degree of crystallinity of PHA in the
course of biodegradation in PBS.
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Fig. 5. Changes in the degree of hydrophobicity of the sur-
face of PHA films.
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to 58.7, 44.3, and 46.4%, respectively. Presumably, the
initial increase in the degree of crystallinity is associ-
ated with the recrystallization of amorphous regions in
the polymer by chain breaks in the initial period. Incu-
bation of films for 1 month led to a decrease in the
degree of crystallinity of polymers PHB 1700, PHBV
9% 815, PHBV 9% 1385, and PHBV 9.6% 210. The
decrease in the degree of crystallinity is probably due
to chain breaks that occur in the crystalline regions of
the polymers at the later stages. A different pattern of
changes in the degree of crystallinity was observed in
PHB 408. After an initial slight decrease (from 64.7 to
64.1%) and subsequent slight increase (from 64.1 to
65.5%) it reached a relative plateau and then did not
change for 180 days (Fig. 4). The degree of crystallinity
of the low-molecular-weight PHB 82 also showed a
different dependence: after incubation in phosphate
buffer for 1 month, a decrease in the degree of crystal-
linity was observed up to the end of the experiment.
Moreover, films of this polymer began to fall apart,
indicating the disruption of the polymer structural
integrity as a result of degradation.

In all other cases, a wavelike change in the degree
of crystallinity was observed. This phenomenon can
be explained by the chain break processes and subse-
quent recrystallization. Water molecules hydrolyzed
ester bonds in the polymer chain to form highly mobile
regions. Subsequently, these regions underwent
recrystallization. Breaks in the crystalline parts of the
chain may also occur [59].

These results were consistent with the data on the
degradation of PHB and its copolymers obtained by
other authors, who also observed an initial increase
and subsequent decrease in the degree of crystallinity
of polymers [56]. However, the curves illustrating the
changes in the degree of crystallinity, which had a
wavelike pattern, were first demonstrated in this study.

Changes in hydrophobicity of polymer films. The
balance between hydrophobicity and hydrophilicity of
the surface is one of the main parameters indicating
surface biocompatibility. Biocompatibility is one of
the most important characteristics of polymers that
may be used in medicine because the degree of surface
hydrophilicity is an important parameter for cell
growth [63].

In the course of biodegradation, the contact angle
between the water drop and the polymer film surface
also decreased, which indicated that the degree of
hydrophobicity of the studied polymers decreased;
thus, their hydrophilicity increased (Fig. 5). The
increase in the hydrophilicity of polymer films was
probably due to the fact that the degradation of PHA
films led to the cleavage of polymers on the surface
with the release of polar terminal groups.

It should be noted that our data did not agree with
the results on degradation of PHB and its copolymers
obtained by other authors, who showed that the con-
tact angle of PHB and PHBV films changed only
slightly in the course of degradation [64]. This fact can
be explained by the different conditions of film degra-
dation.

CONCLUSIONS
In this study, changes in the characteristics of PHB

and PHBV 9% of different molecular weights were
investigated in great detail in the course of long-term
hydrolytic degradation under model conditions in
vitro. Polymer degradation was studied in PBS at 37°C
for 183 days. A slight decrease in the weight of the
studied polymers was found. However, changes in the
molecular weight were much more significant: the
BIOPHYSICS  Vol. 63  No. 2  2018
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molecular weight of the high-molecular-weight PHB
1700 kDa decreased by 80%. Models of noncatalytic
and autocatalytic degradation mechanism were used.
As a result, it was shown that some of the polymers
obeyed both autocatalytic and noncatalytic degrada-
tion mechanisms (PHB 82 and 408 kDa, PHBV 9%
815 and 1385 kDa), and only the noncatalytic mecha-
nism was characteristic of the PHB 1700 and PHBV
9.6% 210 polymers. Changes in the degree of crystal-
linity of the polymers were characterized by periodic-
ity: an initial increase was replaced by a subsequent
decrease. However, the degree of crystallinity of PHB
408 kDa remained almost unchanged, whereas the
degree of crystallinity of PHB 82 after the increase in
the first week of incubation to 67.4% decreased to
45.9% within 6 months. A wavelike pattern of curves
that illustrate the changes in the degree of crystallinity
was also demonstrated for the first time. During bio-
degradation, films formed of the studied polymers
became more hydrophilic. On the basis of the
obtained physicochemical data on the degradation of
PHB and its copolymers, it can be postulated that
these polymers can be used to develop biodegradable
medical devices that can perform their functions for a
long period of time.
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