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Abstract—The aim of this study was to evaluate and to compare the longterm kinetics curves of biodegrada
tion of poly(3hydroxybutyrate) (PHB), its copolymer poly(3hydroxybutyrateco3hydroxyvalerate), and
a PHB/polylactic acid composite. The total weight loss and the change of average viscosity molecular weight
were used as the parameters reflecting the biodegradation degree. The rate of biodegradation was analyzed
in vitro in the presence of lipase and in vivo after film implantation in animal tissues. The morphology of the
PHB film surface was studied by the atomic force microscopy technique. It was shown that PHB biodegra
dation involves both polymer hydrolysis and its enzymatic biodegradation. The results obtained in this study
can be used for the development of various PHBbased medical devices.
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INTRODUCTION
Bacterial polyhydroxyalkanoates (PHA) and its
most prominent member, poly(3hydroxybutyrate)
(PHB), represent a competitive alternative to tradi
tional polymers such as propylene, polyethylene,
polyesters, etc. Due to convenient combination of
compatibility and biodegradability they are widely
used in various medical devices produced for long
term implantation and contact with blood and tissues
of animals. These polymers are nontoxic and sub
strate resources for their production are renewable and
independent of hydrocarbon extraction; it is also
important that products of their degradation (carbon
dioxide, water and (for PHB) 3hydroxybutyrate) do
not exhibit negative effects on the organism [1–5].
In contrast to other biodegradable polyesters (poly
lactic and polyglycolic acids or their copolymers) deg
radation of PHB and its copolymers in the animal tis
sues occurs at a lower rate and therefore potential risk
of intoxication by biodegradation products accumu
lated near implants is significantly lower for this class
of polymers [6].
Use of PHB copolymers (most frequently copoly
mers of 3hydroxybutyrate and 3hydroxyvalerate)
improves characteristics of highly crystalline PHB
(fragility and rigidity) and decrease processing tem
* To whom correspondence should be addressed.

perature. In addition, these PHB copolymers with
3hydroxyvalerate [7], 3hydroxyhexanoate [6],
3hydroxyoctanoate [8] exhibit improved thermal and
mechanical properties and, thus, extend the spectrum
of medical materials/devices.
Prediction of behavior of PHB and its derivatives in
the animal tissues requires investigation of kinetics
and mechanism of their hydrolytic and enzymatic bio
degradation. Since the history of such studies is not
very long (less than 25 years) problems related to bio
degradation of amorphous and crystalline regions of
polymers still require detailed investigation. Besides
vary rare classic studies on PHB biodegradation [9],
several detailed publications on the mechanism of
degradation of PHB and some its copolymers have
been recently appeared [6, 7, 9–11]. However, kinetic
studies of biodegradation especially during longterm
exposure (incubation) still appear very rarely [6].
Thus, the aim of this study was to evaluate and to com
pare the longterm kinetics of biodegradation of PHB,
its copolymer with 3hydroxyvalerate, and a PHB
composite with polylactic acid (PLA). For compari
son, the same kinetic curves were studies for pure
PLA; this allowed us to compare the biodegradation
rates for the most widely used medical biopolymers.
Special attention has been paid to the effect of initial
molecular mass (MM) on the rate of polymer degra
dation.

177

178

BOSKHOMDZHIEV et al.

MATERIALS AND METHODS
The following reagents were used in this study:
polylactic acid with molecular weight (Mw) of 42.4
and 388.7 kDa from Fluka (Switzerland); NaH2PO4
(Mw = 121) from Khimmed (Russia); TrisHCl
(C4H11NO3, MM = 121.1) from Serva (Germany),
sodium azide (NaN3) from SigmaAldrich (USA),
porcine pancreatic lipase (MM = 50 kDa, activity of
20 U/mg) from KMF Laborchemie Handels Gmbh
(Germany), chloroform (trichloromethane, CHCl3)
from JSC EKOS1 (Russia), hydrochloric acid (spe
cially pure grade 204) and sodium hydroxide (NaOH;
chemically pure) from Khimmed, sodium thiopental
(C11H17N2O2SNa) from Biochemi Gmbh, Kundle
(Austria). In surgical operations the surgical thread (silk
braided thread 4/0) from Volot’ (Russia) was used.
Biochemical synthesis of PHB was performed using a
highly productive strain of PHB, Azotobacter chroococ
cum 7B, which can synthesize PHB up to 80% of dry
weight of cells. The collection strains of Azotobacter
were maintained on the Ashby medium. High produc
tivity of the cell culture was achieved by cultivation on
the Burk medium under conditions of excessive content
of a carbon source in the medium [12, 13]. Isolation and
purification of the polymer from Azotobacter chroococ
cum have been described earlier [13, 14]. Determination
of PHB content in cells was performed by the method
of Zevenhuisen [15].
Initial molecular weights of polymers and their
changes were determined by the viscosimetry method.
Measurements of viscosity of PHB in chloroform were
carried out at 30°C. Molecular weight was calculated
by the MarkHouwinkCoon equation using the
equation with the following coefficients [16].
[η] = 7.7 × 10–5 × M0.82,
where [η] and M are viscosity of PHB solution and
average viscous molecular weight of a biopolymer,
respectively.
The type of crystal lattice and degree of polymer
crystallinity of the polymer samples were character
ized earlier [17].
Microphotographs of the surface of PHB films
were obtained be means of atomic force microscopy
(AFM). The PHB films were studied using an atomic
force microscope Solver PROM (Zelenograd, Rus
sia). A piece of the film (~2 × 2 mm2) was fixed on a
holder by doublesided adhesive tape. Scanning was
performed using a semicontact mode and NSG01
cantilevers (with typical spring constant of 5.1 N/m),
scanning frequency of 1–3 Hz, scanning areas from
3 × 3 to 20 × 20 μm2.
The study of hydrolysis and biodegradation in vitro
and in vivo was performed using a series of PHB films
40 μm thick, 30 mm in diameter and various Mw: 159 kDa
(defined as 150), 329 (defined as 300), 463 kDa
(defined as 450), 987 kDa (defined as 1000), 1482 kDa
(defined as 1500) and also copolymer of 3hydroxybu

tyrate and 3hydroxyvalerate (PHBV) with Mw of
1056 kDa. In addition we have investigated in vitro
degradation of polylactic acid films (PLA) 40 μm with
various Mw (40 and 400 kDa and prepared a compos
ite of PHB and PLA. High molecular weight PHB
(Mw = 1000 kDa) and low molecular weight PLA
(Mw = 40 kDa) were dissolved in chloroform at the
ratio 1 : 1 and the composite films were then obtained.
The composite and individual polymer films were pre
pared by solvent evaporation (chloroform) on a glass
scaffold. The film samples weighed 50–70 mg each.
The loss of polymer weight due to destruction was
determined gravimetrically using a AL64 balance
(Max = 60 g, d = 0.1 mg; Acculab, USA).
Measurement of hydrolytic destruction of the
PHB, PLA, PHBV films and the PHBPLA composite
was performed as follows. Films were incubated in
100 mM Tris buffer, pH 7.7, at 37°C in a ES 1/80 ther
mostat (SPU, Russia) for 83 days; pH was controlled
using an Orion 420+ pHmeter (Thermo Electron
Corporation, USA). For polymer weight measure
ments films were taken from the buffer solution every
three day, dried, placed into a thermostat for 1 h at
70°C and then weighed on a balance (measurement
error d = 0.1 mg). For investigation of in vitro biodeg
radation the PHB and PHBV films were incubated in
100 mM Tris buffer, pH 7.7, containing additions of
porcine pancreatic lipase (10 mg/ml, A = 20 U/mg,
Mw = 50 kDa) for 3 months at 37°C. The buffer solu
tion also contained additions of NaN3 (2 g/l) for inhi
bition of microbial growth and prevention of possible
contribution of microorganisms in biodegradation.
Every three (in the case of phosphate buffer) and two
days (in the experiments with lipase) the buffer was
replaced by a fresh one [10]. Before weighing, films
were treated with 0.1% SDS in distilled water for 2 h,
washed with water (to remove detergent) and dried.
For evaluation of in vivo biodegradation of PHB
and PHBV films 40 μm thick and 15 × 15 mm2 in size
were implanted subcutaneously onto peritoneum of
male Wister rats for 180 days [7]. Before implantation
films were autoclaved and additionally treated with
alcohol and distilled water. Rats were anesthetized
with intraperitoneal injection of sodium thiopental
(5 mg per 100 g of body weight). Implantation of films
was performed after achievement of the surgical stage
of anesthesia under strictly aseptic conditions. Rat
abdominal wool was removed by trimming. Skin was
treated twice with 70% ethanol and cut in the longitu
dinal direction up to 1 cm. At the cut, skin and weakly
developed subcutaneous cut were separated to get
access to peritoneum. An implant (one per one rat)
was placed onto the prepared area. The implanted
films were not fixed to the adjacent tissues. After the
implantation skin cut was ligated by the Volot surgical
thread 4/0 and the suture area was treated by 70% eth
anol and iodine. On day 7, 14, 30, 90, and 180 after
implantation animals were examined. Removed films
were treated with 0.1% SDS in distilled water for 2 h,
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Fig. 1. Incubation of PHB, PLA and PHBV films in the absence and in the presence (+Lip) of lipase in Tris buffer, pH 7.7, at 37°C.

washed with distilled water (to remove detergent) and
their masses and molecular mass of polymer changed
during biodegradation were measured. 150 animals
were used in these experiments. Postoperative obser
vation did not find transplant rejection. Examination
of inner organs did not reveal any differences between
control and experimental groups.
RESULTS AND DISCUSSION
Kinetics of degradation of PHB
and its derivatives in vitro
Study of kinetics of enzymatic PHB degradation
in vitro is important for understanding of mechanisms
responsible for PHB degradation in animal tissues and
environment. There are reports in the literature on
PHB degradation by bacterial enzyme PHB depoly
merase. For example, Sudesh et al. [18] reviewed
results on enzymatic degradation of PHB by polyhy
droxybutyrate depolymerase. It should be noted that
PHB depolymerase is rather specific enzyme and its
effect on PHB is rather rare and untypical situation. In
reality, enzymatic degradation of PHB in animal tis
sues (and even in environment) involves nonspecific
esterases [18, 19]. We have performed here two series
of in vitro (films incubated in Tris buffer containing
lipase) and in vivo (films implanted subcutaneously
into rats) experiments. In the in vitro experiment we
have investigated 40 kDa PLA, PHB of 150, 300, and
450 kDa and also PHBV (Fig. 1). During incubation
for 95 days we did not find any difference in the weight
loss of PHB and PHBV films incubated with (experi

mental group) and without lipase (control group). In
the case of PLA incubation for 75 days the presence of
lipase resulted in the loss of 54% of initial weight of this
polymer, whereas in the control group (Tris buffer
without lipase) the loss of PLA weight was just 15%.
It is known that enzymatic degradation of the PHB
films is a heterogeneous process that occurs in two
steps, including enzyme adsorption followed by its
catalytic action on the functional (ester) groups of the
polymer [20]. The first step, enzyme adsorption on the
PHB surface, involves its specific domains and then an
active site of the adsorbed enzyme performs hydrolysis
of polyester chains. In addition, hydrolytic destruction
may also contribute to cleavage of polymeric chains
and therefore we have investigated hydrolytic destruc
tion of the polymers in tris buffer.
Implantation of PHB into animal organisms is
accompanied by inflammatoryreparative changes,
which result in formation of a connective tissue cap
sule (in our case see below, Fig. 2). Consequently,
polymer (PHB) biodegradation in vivo occurs inside
the capsule. It is known that degradation of an encap
sulated polymer mainly involves macrophages and for
eign body giant cells (FBGC). In the in vivo experi
ment we observed almost total biodegradation of the
polymer on month 4 after implantation of 450 kDa
PHB (Fig. 3). During this period initial film weight of
1000 and 1500 kDa PHB decreased by 93 and 83%,
respectively. These experiments have demonstrated
that PHD degradation in the animal body occurs
faster than in vitro and this may be attributed to the
presence of various nonspecific esterases capable to
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(b)

(a)
Fig. 2. A photograph of partially degraded 450 kDa PHB film subcutaneously implanted to rats in vivo: (a)—two weeks after
implantation, (b)—six months after implantation.

cleave these polymers. Earlier it was demonstrated
that implantation of PHBbased devices is accompa
nied by expression and production of nonspecific
esterases, particularly, lipase1 and lipase2, by mac
rophages and FBGC [20]. Contribution of nonspe
cific esterases, macrophages, and FBGC to biodegra
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Fig. 3. Comparative weight loss of PHB films (450, 1000,
and 1500 kDa) in vivo after subcutaneous implantation
toWistar rats.

dation of PBA was demonstrated in various studies
[21–23].
Change in molecular weight of PHB and PHBV
In the study on in vitro enzymatic degradation
films were incubated in Tris buffer, pH 7.7, containing
addition of lipase. Figure 4 shows that incubation for
83 days in the presence of lipase caused significant
decrease of molecular weights of PHB and PHBV
compared with control (incubated without lipase). For
example, in control samples molecular weight of the
polymer decreased from 159 to 132 kDa (by 16.98%)
and in the presence of lipase to 104 kDa (by 34.6%); in
the case of 329 kDa polymer the decrease was 19.45%
in control (from 329 to 265 kDa) and 53.5% in the
presence of lipase (153 kDa); in the case of 463 kDa
polymer the decrease was 33.91% in control (from 463
to 306 kDa) and 70.4% in the presence of lipase
(137 kDa); molecular weight of the PHBV polymer in
control decreased by 47.82% (from 1056 to 551 kDa)
and by 75.09% (263 kDa) in the presence of lipase.
Comparing these results with the results described in
the previous sections one may conclude that the
decrease in molecular mass does not cause the
decrease of total mass of the films studied. This effect
may be attributed to rather low size of lipase, which
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Fig. 4. Changes in molecular weight of PHB (150, 300, and 450 kDa) and PHBV after their incubation in Tris buffer, pH 7.7,
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Fig. 5. Changes in molecular weight of PHB (450, 1000, and 1500 kDa) 1 month after their implantation to rats.

can penetrate inside the volume of polymer matrix of
PHB and PHBV and thus increase area of the enzy
matic attack. Consequently, total reaction rate of
enzymatic hydrolysis also increases, but reaction
products cannot be desorbed from the polymeric vol
ume of the films due to their poor solubility in water
and steric hindrance.

We have also investigated changes in molecular
weight of PHB 450, 1000, and 1500 in vivo one month
after implantation (Fig. 5). We also observed the
decrease in molecular weights of the implanted films.
The decrease in molecular mass of two PHB samples
(215 and 436 kDa, respectively) was markedly higher
than in vitro conditions in the buffer.
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Fig. 6. The effect of lipase treatment on the surfaces the PHB film during 83 days. (a)—the sample surface (150 kDa) exposed to
air during film preparation; (b)—the opposite surface contacting with glass.

Analysis of the surface of PHB films
by atomic force microscopy
Morphology, structure and roughness of surfaces of
the PHB films subjected to various corrosive (phos
phate buffer, NaOH solution) and biologically active
(lipase) media were investigated by the method of
atomic force microscopy (AFM). Figure 6 shows a
control sample of 150 kDa PHB after formation of the
polymer film on a glass from chloroform solution.
Such method of film preparation suggests possible dif
ference in structure/morphology of surfaces exposed
to the glass or air. Indeed, Fig. 6 shows that the side
exposed to air is rough (Fig. 6a) and contains many
pores of 500–700 nm in depth. The surface has ledges
of 200–400 nm in width and 1–2.5 μm in length,
which possibly represent crystalline areas. The oppo
site surface of the film faced to glass (Fig. 6b) has less
relief morphology characterized by a pore depth of less
than 100 nm.
Differences between two sides become especially
demonstrative, when parameters of roughness are
compared. Two parameters of roughness have been
calculated to describe film surfaces. These include the
N
average roughness Ra = 1
r n and the root mean
Nn = 1

∑

1 N 2
square roughness Rq = 
r n . These parameters
Nn = 1
were calculated by three scan areas of 20 × 20 μm2
(512 × 512 points). In addition several scans of better
resolutions (e.g. 5 × 5 μm2, 512 × 512 points) were
obtained for each sample for more detailed description
of the polymer surface.
Thus, analysis of roughness of both surfaces of the
same film indicates that the average roughness and the

∑

root mean square roughness of surfaces exposed to air
and glass differ by one order of magnitude. Such dif
ferences are related to conditions of solvent (chloro
form) desorption from the forming PHB films. In the
case of chloroform evaporation from the surface to
surrounding air environment solvent flow forms addi
tional channels, pores, which are formed during hard
ening and crystallization of samples. At the same time,
PHB morphology on the opposite surface is less sub
jected to the effect of solvent transport and is deter
mined by surface energetic (surface tension) on the
border glass—PHB. Thus, morphology, pore size and
roughness of the surface exposed to air are determined
by conditions of solvent evaporation such as tempera
ture, the rate of chloroform desorption, formation of
crystalline areas preventing chloroform diffusion into
polymer. On the contrary, in the case of fixed chemical
composition of the glass matrix (scaffold) and con
stant chemical composition of PHB the surface energy
of the polymer side exposed to the glass exhibits less
Roughness parameters of PHB films
Sample
initial
initial
After contact with
buffer, 37°C
After contact with
buffer, 37°C
After contact with
lipase, 37°C
After contact with
lipase, 37°C

Contact surface

Ra, nm

Rq, nm

air
glass
air

130 ± 10
15 ± 2
135 ± 5

165 ± 10
20 ± 1
166 ± 7

glass

46 ± 2

59 ± 1

127 ± 7

161 ± 11

48 ± 2

60 ± 2

air
glass
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dependence on the above mentioned factors. Thus, in
the future we will try to use the PHB surface faced to
the glass as a standard.
Longterm incubation of the PHB sample in Tris
buffer for 83 days caused a threefold increase in rough
ness of the surface previously exposed to the glass
without significant changes in roughness and mor
phology of the opposite surface (table). Lipase effect
on the surface of the PHB films was investigated in the
samples treated with lipase in Tris buffer for 83 days at
37°C (Fig. 6).
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Both surfaces of lipasetreated and control films
were differed by morphology (Fig. 6) and roughness
(table). However, comparison of these characteristics
obtained for lipasetreated and control (treated with
Tris buffer only) did not reveal significant differences
in the analyzed areas (scan sizes from 5 × 5 μm2 to 20 ×
20 μm2). Table shows that the values of the roughness
parameters for films contacted with lipase solution
and buffer solution at 37°C are close. Hence, we can
make pilot conclusion that initial step of PHB hydrol
ysis in the absence and in the presence of lipase prefer
entially occurs in a voluminous area. Less porous
structure of the polymer surface originally exposed to
the glass (see Figs. 2b and 6b) undergoes larger
changes as it represents a diffusion barrier for enzyme
penetration into the PHB volume. Here surface
hydrolysis also takes place (in addition to voluminous
processes). On the contrary, the surface exposed to air
and characterized by a highly porous morphology does
not form such barrier and therefore there is a unilateral
diffusion of lipase molecules into a volume of the poly
meric sample. Kinetic aspect of the enzymatic hydrol
ysis will be considered in our future studies.
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