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This review is designed to be a comprehensive source for biodegradable polymer:
poly(3-hydroxybutyrate) research, including fundamental structure=property rela-
tionships and biodegradation kinetics for samples of different geometry. In addition
to presenting the scientific framework for the advances in PHB research, this review
focuses on applications of PHB in biomedicine and environment with a discussion on
commercial applications and health=safety concerns for biodegradable materials.

Keywords Applications; biocompatibility; biodegradation in soil; degradation
in animal tissues; enzymatic degradation; microbial poly(3-hydroxybutyrate);
nonenzymatic hydrolysis

Introduction

Over the last decade an intense development of biomedical application of microbial
poly((R)-3-hydroxybutyrate) (PHB) in producing of biodegradable polymer
implants and controlled drug release systems needs for comprehensive understanding
of the PHB biodegradation process [1–3]. Examination of PHB degradation process
is also necessary for development of novel friendly environment polymer packaging
[4–6]. It is generally accepted that biodegradation of PHB both in living systems and
in environment occurs via enzymatic and non-enzymatic processes that take place
simultaneously under natural conditions. It is, therefore, important to understand
both processes [1,7]. Opposite to PGA and PLGA, PHB is considered to be moder-
ately resistant to degradation in vitro as well as to biodegradation in animal body.
The rates of degradation are influenced by the characteristics of the polymer, such
as chemical composition, crystallinity, morphology and molecular weight [8,9]. In
spite of that PHB application in vitro and in vivo has been intensively investigated,
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the most of the available data are often incomplete and even contradictory. The pres-
ence of conflicting data can be partially explained by the fact that biotechnologically
produced PHB with standardized properties is relatively rare and is not readily
available due to a wide variety of PHB biosynthesis sources and different PHB
manufacturing processes.

Above contradictoriness can be explained also by excess applied trend in PHB
degradation research. At most of the papers observed in this review PHB degra-
dation process has been investigated in the narrow framework of development
of specific medical device on the base of PHB. Depending on applied biomedical
purposes biodegradation of PHB was investigated under different geometry: films
and plates with various thickness [10–13], cylinders [13–16], monofilament threads
[17,18] and microspheres [19]. At these experiments PHB was used from various
sources, with different molecular weight and crystallinity. Besides, different tech-
nologies of PHB devices manufacture affect such important characteristics as poly-
mer porosity and surface structure [11,12]. Reports regarding the complex
theoretical research of mechanisms of hydrolysis, enzymatic degradation and bio-
degradation in vivo of PHB processes are relatively rare [10,11,13,20–22] that
attaches great value and importance to these investigations. Nevertheless, the
effect of thickness, size and geometry of PHB device, molecular weight and crys-
tallinity of PHB on the mechanism of PHB hydrolysis and biodegradation was not
yet well clarified.

Nonenzymatic Hydrolysis of PHB In Vitro

Examination of hydrolytic degradation of natural poly((R)-3-hydroxybutyrate)
in vitro is a very important step for understanding of PHB biodegradation. There
are several very profound and careful examinations of PHB hydrolysis that was
carried out 10–15 years [20–23]. Hydrolytic degradation of PHB was usually
examined under standard experimental conditions simulating internal body fluid:
in buffered solutions with pH¼ 7.4 at 37�C but at some cases the higher temperature
(55�C, 70�C and more) and other values of pH (from 2 to 11) were selected.

The classical experiment for examination of PHB hydrolysis in comparison with
hydrolysis of other widespread biopolymer, polylactic acid (PLA), was carried out
by Koyama and Doi [20]. They selected films (10� 10mm size, 50 mm thickness,
5mg initial mass) from PHB (Mn¼ 300 kDa, Mw¼ 650 kDa) and polylactic acid
(Mn¼ 9 kDa, Mw¼ 21 kDa) prepared by solvent casting and aged for 3 weeks to
reach equilibrium crystallinity. It was shown that hydrolytic degradation of
natural PHB is very slow process. The mass of PHB film remained unchanged at
37�C in 10mM phosphate buffer (pH¼ 7.4) over a period of 150 days, while the
mass of the PLA film rapidly decreased with time and reached 17% of the initial
mass after 140 days. The rate of decrease in the Mn of the PHB was also much slower
than the rate of decrease in the Mn of PLA. The Mn of the PHB decreased approxi-
mately to 65% of the initial PHB Mn after 150 days, while the Mn of the PLA
decreased to 20% (2 kDa) of the initial PLA Mn at the same time point. As PLA used
at this research was with low molecular weight we should compare this data with the
data of investigation of hydrolysis of PLA with the same molecular weight as
observed PHB. We examined rates of in vitro mass loss of polymer films with the
same thickness (40 mm) from PLA and PHB with the same molecular weight
(Mw¼ 450 kDa). It was shown that the mass of PLA film decreased to 87%, whereas

22=[594] M. I. Artsis et al.
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the mass of PHB film remained unchanged at 37�C in 25mM phosphate buffer
(pH¼ 7.4) over a period of 84 days [24,25].

The cleavage of polyester chains is known to be catalysed by the carboxyl end
groups, and its rate is proportional to the concentrations of water and ester bonds
that may be constant during the hydrolysis, owing to the presence of a large excess
of water molecules and of ester bonds of polymer chains. Thus, the kinetics of
nonenzymatic hydrolysis can be expressed by the following equation [26,27]:

lnMn ¼ lnM0
n � kt ð1Þ

where Mn and M0
n are the number-average molecular weights of a polymer

component at time t and zero, respectively.
The average number of bond cleavage per original polymer molecule, N, is given

by Eq. (2):

N ¼ ðM0
n=MnÞ � 1 ¼ kdP

0
nt; ð2Þ

where kd is the rate constant of hydrolytic degradation, and P0
n is the number-

average degree of poymerization at time zero. Thus, if the chain scission is com-
pletely random, the value of N is linearly dependent on time.

The molecular weight decrease with time is the distinguishing feature of
mechanism in nonenzymatic hydrolysis condition in contrast to enzymatic hydrolysis
condition of PHB when Mn values remained almost unchanged. It was supposed also
that water-soluble oligomers of PHB may accelerate chain scissions of PHB
homopolymer [20]. In contrast, Freier et al. [11] showed that PHB hydrolysis was
not accelerated by the addition of pre-degraded PHB: the rate of mass and Mw loss
of blends (70=30) from high-molecular PHB (Mw¼ 641 kDa) and low-molecular
PHB (Mw¼ 3 kDa) was the same with degradation rate of pure high-molecular
PHB. Meanwhile, the addition of amorphous atactic PHB (atPHB) (Mw¼ 10 kDa)
to blend with high-molecular PHB caused significant acceleration of PHB hydroly-
sis: the mass loss of PHB=atPHB blends was 7% in comparison with 0% mass loss of
pure PHB, the decrease of Mw was 88% in comparison with 48% Mw decrease of
pure PHB [11,28]. We have showed that the rate of hydrolysis of PHB films depends
on Mw of PHB. The films from PHB of high molecular weight (450 and 1000 kDa)
degraded slowly as it was described above whereas films from PHB of low molecular
weight (150 and 300 kDa) lost weight relatively gradually and more rapidly [24,25].

To enhance the hydrolysis of PHB a higher temperature was selected for degra-
dation experiments: 55�C, 70�C and more [20]. It was showed by the same research
team that the weights of films (12mm diameter, 65 mm thick) from PHB (Mn¼ 768
and 22 kDa, Mw¼ 1460 and 75 kDa) were unchanged at 55�C in 10mM phosphate
buffer (pH¼ 7.4) over a period of 58 days. The Mn value decreased from 768 to
245 kDa for 48 days. The film thickness increased from 65 to 75 mm for 48 days, sug-
gesting that water permeated the polymer matrix during the hydrolytic degradation.
Examination of the surface and cross-section of PHB films before and after hydroly-
sis showed that surface after 48 days of hydrolysis was apparently unchanged, while
the cross-section of the film exhibited a more porous structure (pore size <0.5 mm). It
was shown also that the rate of hydrolytic degradation is not dependent upon the
crystallinity of PHB film. The observed data indicates that the nonenzymatic

Poly(3-hydroxybutyrate) Biodegradation 23=[595]
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hydrolysis of PHB in the aqueous media proceeds via a random bulk hydrolysis of
ester bonds in the polymer chain films and occurs throughout the whole film, since
water permeates the polymer matrix [20,21]. Moreover, as the molecular weight dis-
tribution was unimodal over the whole degradation time which, together with the
observed first-order kinetics, indicates a random chain scission both in the crystalline
and the amorphous regions of PHB [11,29]. For synthetic amorphous atactic PHB it
was shown that the hydrolysis of PHB is the two-step process. First, the random
chain scission proceeds. The scission accompanies by a molecular weight decrease.
Then, at a molecular weight of about 10000, mass loss begins [23].

The analysis of literature data shows a great spread in values of rate of PHB
hydrolytic degradation in vitro. It can be explained by different thickness of PHB
films or geometry of PHB devices used for experiment as well as by different sources,
purity degree and molecular weight of PHB (Table 1). At 37�C and pH¼ 7.4 the
weight loss of PHB (unknown Mw) films (500 mm thick) was 3% after 40 days incu-
bation [32], 0% after 52 weeks (364 days) and after 2 years (730 days) incubation
(640 kDa PHB, 100 mm films) [11,12], 0% after 150 days incubation (650 kDa
PHB, 50 mm film) [20], 7.5% after 50 days incubation (279 kDa PHB, unknown
thickness of films) [31], 0% after 3 months (84 days) incubation (450 kDa PHB,
40 mm films), 12% after 3 months (84 days) incubation (150 kDa PHB, 40 mm films)
[24,25], 0% after 180 days incubation of monofilament threads (30 mm in diameter)
from PHB (470 kDa) [17,18]. The molecular weight of PHB dropped to 36% of
the initial values after 2 years (730 days) of storage in buffer solution [12], to 87%
of the initial values after 98 days [32], to 58% of the initial values after 84 days
[24,25] (Table 1).

At acidic or alkaline aqueous media PHB degrades more rapidly: 0% after 20
weeks (140 days) incubation in 0.01 NaOH (pH¼ 11) (200 kDa PHB, 100 mm films)
with surface changing [33], 0% after 180 days incubation of PHB threads in phos-
phate buffer (pH¼ 5.2 and 5.9) [18], complete PHB films biodegradation after 19
days (pH¼ 13) and 28 days (pH¼ 10) [31]. It was demonstrated that after 20 weeks
of exposure to NaOH solution, the surfaces of PHB samples became rougher, along
with an increased density of whole formation on their surfaces. From these results, it
can be surmised that the non-enzymatic degradation of PHAs progresses on their
surfaces before noticeable weight loss occurs (Fig. 1) [33].

It was shown also that treatment of PHB film with 1M NaOH caused a reduce
in pore size on film surface from 1–5 mm to around 1 mm that indicates a partially
surface degradation of PHB in alkaline media [34,35]. At higher temperature no
weight loss of PHB films and threads was observed after 98 and 182 days incubation
in phosphate buffer (pH¼ 7.2) at 55�C and 70�C, respectively [17], 12% and 39% of
PHB (450 and 150 kDa, respectively) films after 84 days incubation at 70�C [35,40],
50% and 25% after 150 days incubation of microspheres (250–850 mm diameter) from
PHB (50 kDa and 600 kDa, respectively) [36].

During degradation of PHB monofilament threads, films and plates in vitro the
change of mechanical properties was observed under different conditions [17,37]. It
was shown that a number of mechanical indices of threads became worse: load at
break lost 36%, strain at break lost 33%, Young’s modulus didn’t change, tensile
strength lost 42% after 182 days incubation in phosphate buffer (pH¼ 7.2) at
70�C. But at 37�C the changes were more complicated: at first load at break
increased from 440 g to 510 g (16%) at 90th day and then decreased to the initial
value at 182nd day, strain at break increased rapidly from 60 to 70% (in 17%) at

24=[596] M. I. Artsis et al.
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20th day and then gradually increased to 75% (in 25%) at 182nd day, Young’s modu-
lus didn’t change [17]. For PHB films it was demonstrated a gradual 32% decrease in
Youngs modulus and 77% fall in tensile strength during 120 days incubation in
phosphate buffer (pH¼ 7.4) at 37�C [37]. For PHB plates more complicated changes
were observed: at first tensile strength dropped in 13% for 1st day and then increased
to the initial value at 28th day, Young’s modulus dropped in 32% for 1st day and
then remain unchanged up to 28th day, stiffness decreased sharply also in 40% for
1st day and then remain unchanged up to 28th day [38].

Degradation of PHB

Enzymatic Degradation of PHB In Vitro

The examination of enzymatic degradation of PHB in vitro is the following impor-
tant step for understanding of PHB operation in animal tissues and in environment.
The most papers observed degradation of PHB by depolymerases of its own bacterial
producers. The degradation of PHB in vitro by depolymerase was thoroughly exam-
ined and mechanism of enzymatic PHB degradation was perfectly clarified by Doi
[20,21]. At these early works it was shown that 68–85% and 58% mass loss of
PHB (Mw¼ 650–768 and 22 kDa, respectively) films (50–65 mm thick) occurred for
20 h under incubation at 37�C in phosphate solution (pH¼ 7.4) with depolymerase
(1.5–3 mg=ml) isolated from A. faecalis. The rate (ke) of enzymatic degradation of
films from PHB (Mn¼ 768 and 22 kDa) was 0.17 and 0.15mg=h, respectively. The
thickness of polymer films dropped from 65 to 22 mm (32% of initial thickness)
during incubation. The scanning electron microscopy examination showed that the
surface of the PHB film after enzymatic degradation was apparently blemished by
the action of PHB depolymerase, while no change was observed inside the film.
Moreover, the molecular weight of PHB remained almost unchanged after enzymatic
hydrolysis: the Mn of PHB decreased from 768 to 669 kDa or unchanged (22 kDa)
[20,21].

The extensive literature data on enzymatic degradation of PHB by specific PHB
depolymerases was collected in detail in review of Sudesh et al. [39]. We would like to
summarize some the most important data. But at first it is necessary to note that

Figure 1. Scanning electron microscopy photographs of PHB films both before (initial sample,
panel on the left) and after 20 weeks (panel on the right) of non-enzymatic hydrolysis in 0.01N
NaOH solution (scale bars, 10 mm) [33].

26=[598] M. I. Artsis et al.
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PHB depolymerase is very specific enzyme and the hydrolysis of polymer by depo-
lymerase is the unique process. But in animal tissues and even in environment the
enzymatic degradation of PHB is occurred mainly by nonspecific esterases [19,40].
Thus, in the frameworks of this review, it is necessary to observe the fundamental
mechanisms of PHB enzymatic degradation.

The rate of enzymatic erosion of PHB by depolymerase is strongly dependent on
the concentration of the enzyme. The enzymatic degradation of solid PHB polymer
is heterogeneous reaction involving two steps, namely, adsorption and hydrolysis.
The first step is adsorption of the enzyme onto the surface of the PHB material
by the binding domain of the PHB depolymerase, and the second step is hydrolysis
of polyester chains by the active site of the enzyme. The rate of enzymatic erosion
for chemosynthetic PHB samples containing both monomeric units of (R)- and
(S)-3-hydrohybutyrate is strongly dependent on both the stereocomposition and
on the tacticity of the sample as well as on substrate specificity of PHB depolymer-
ase. The water-soluble products of random hydrolysis of PHB by enzyme showed a
mixture of monomers and oligomers of (R)-3-hydrohybutirate. The rate of enzy-
matic hydrolysis for melt-crystallized PHB films by PHB depolymerase decreased
with an increase in the crystallinity of the PHB film, while the rate of enzymatic
degradation for PHB chains in an amorphous state was approximately 20 times
higher than the rate for PHB chains in a crystalline state. It was suggested that
the PHB depolymerase predominantly hydrolyzes polymer chains in the amorphous
phase and then, subsequently, erodes the crystalline phase. The surface of the PHB
film after enzymatic degradation was apparently blemished by the action of PHB
depolymerase, while no change was observed inside the film. Thus, depolymerase
hydrolyses of the polyester chains in the surface layer of the film and polymer
erosion proceeds in surface layers, while dissolution, the enzymatic degradation of
PHB are affected by many factors as monomer composition, molecular weight
and degree of crystallinity [39].

At the next step it is necessary to observe enzymatic degradation of PHB under
the conditions that modeled the animal tissues and body fluids containing nonspeci-
fic esterases. In vitro degradation of PHB films in the presence of various lipases as
nonspecific esterases was carried out in buffered solutions containing lipases [41,42],
in digestive juices (for example, pancreatin) [11], biological media (serum, blood etc.)
[18] and crude tissue extracts containing a mixture of enzymes [19] to examine
the mechanism of nonspecific enzymatic degradation process. It was noted that a
Ser..His..Asp triad constitutes the active center of the catalytic domain of both
PHB depolymerase [43] and lipases [44]. The serine is part of the pentapeptide Gly
X1-Ser-X2-Gly, which has been located in all known PHB depolymerases as well
as in lipases, esterases and serine proteases [43].

On the one hand, it was shown that PHB was not degraded for 100 days
with a quantity of lipases isolated from different bacteria and fungi [41,42]. On
the other hand, the progressive PHB degradation by lipases was shown
[24,25,34,35]. PHB enzymatic biodegradation was studied also in biological media:
it was shown that with pancreatin addition no additional mass loss of PHB was
observed in comparison with simple hydrolysis [11], the PHB degradation process
in serum and blood was demonstrated to be similar to hydrolysis process in buf-
fered solution [24,25], whereas progressive mass loss of PHB sutures was observed
in serum and blood: 16% and 25%, respectively, after 180 days incubation [18],
crude extracts from liver, muscle, kidney, heart and brain showed the activity

Poly(3-hydroxybutyrate) Biodegradation 27=[599]
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to degrade the PHB: from 2% to 18% mass loss of PHB microspheres after 17 h
incubation at pH 7.5 and 9.5 [19]. The degradation rate in solution with pancrea-
tin addition, obtained from the decrease in Mw of pure PHB, was accelerated
about threefold: 34% decrease in Mw after incubation for 84 days in pancreatin
(10mg=ml in Sorensen buffer) vs. 11% decrease in Mw after incubation in phos-
phate buffer [11]. The same data was obtained for PHB biodegradation in buf-
fered solutions with porcine lipase addition: 72% decrease in Mw of PHB
(450 kDa) after incubation for 84 days with lipase (20U=mg, 10mg=ml in
Tris-buffer) vs. 39% decrease in Mw after incubation in phosphate buffer
[24,25]. This observation is in contrast to enzymatic degradation by PHB depoly-
merases which was reported to proceed on the surface of the polymer film with
an almost unchanged molecular weight [20,21]. It has been proposed that for
depolymerases the relative size of the enzyme compared with the void space in
solvent cast films is the limiting factor for diffusion into the polymer matrix
[Jesudason J. J. et al. 1993] whereas lipases can penetrate into the polymer matrix
through pores in PHB film [34,35]. It was shown that lipase (0.1 g=l in buffer)
treatment for 24 h caused significant morphological change in PHB film surface:
transferring from native PHB film with many pores ranging from 1 to 5 mm in
size into a pore free surface without producing a quantity of hydroxyl groups
on the film surface. It was supposed that the pores had a fairly large surface
exposed to lipase, thus it was degraded more easily (Fig. 2) [34,35]. It indicates
also that lipase can partially penetrate into pores of PHB film but the enzymatic
degradation proceeds mainly on the surface of the coarse polymer film achievable
for lipase. Two additional effects reported for depolymerases could be of impor-
tance. It was concluded that segmental mobility in amorphous phase and polymer
hydrophobicity play an important role in enzymatic PHB degradation by nonspe-
cific esterases [11]. Significant impairment of the tensile strength and other mech-
anical properties were observed during enzymatic biodegradation of PHB threads
in serum and blood. It was shown that load at break lost 29%, Young’s modulus
lost 20%, and tensile strength didn’t change after 180 days of threads incubation,
the mechanical properties changed gradually [18].

Figure 2. Scanning electron microscopy photographs documented the surface structure of
PHB polymer films: (a) PHB film; (b) PHB film treated with lipase (0.1 g=l at 30�C and
pH¼ 7.0 for 24 h) [35].
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Biodegradation of PHB by Soil Microorganisms

Polymers exposed to the environment are degraded through their hydrolysis, mech-
anical, thermal, oxidative, and photochemical destruction, and biodegradation
[4,32,45,46]. One of the valuable properties of PHB is its biodegradability, which
can be evaluated using various field and laboratory tests. Requirements for the bio-
degradability of PHB may vary in accordance with its applications. The most
attractive property of PHB with respect to ecology is that it can be completely
degraded by microorganisms finally to CO2 and H2O. This property of PHB allows
to manufacture biodegradable polymer objects for various applications (Fig. 3) [2].

The degradation of PHB and its composites in natural ecosystems, such as soil,
compost, and bodies of water, was described in a number of publications
[2,32,45,46]. Maergaert et al. isolated from soil more than 300 microbial strains
capable of degrading PHB in vitro [45]. The bacteria detected on the degraded
PHB films were dominated by the genera Pseudomonas, Bacillus, Azospirillum,
Mycobacterium, and Streptomyces etc. The samples of PHB have been tested for
fungicidity and resistance to fungi by estimating the growth rate of test fungi from
the genera Aspergillus, Aureobasidium, Chaetomium, Paecilomyces, Penicillum,
Trichoderma under optimal growth conditions. PHB film did not exhibit neither
fungicide properties, nor the resistance to fungal damage, and served as a good
substrate for fungal growth [47].

It was studied biodegradability of PHB films under aerobic, microaerobic and
anaerobic condition in the presence and absence of nitrate by microbial populations
of soil, sludge from anaerobic and nitrifying=denitrifying reactors, and sediment of a
sludge deposit site, as well as to obtain active denitrifying enrichment culture degrad-
ing PHB (Fig. 4) [48]. Changes in molecular mass, crystallinity, and mechanical
properties of PHB have been studied. A correlation between the PHB degradation
degree and the molecular weight of degraded PHB was demonstrated. The most

Figure 3. Moulded PHB objects for various applications. In soil burial or composting experi-
ments, such objects biodegrade in about three months [2].
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degraded PHB exhibited the highest values of the crystallinity index. As it has been
shown by Spyros et al. PHAs contain amorphous and crystalline regions, of which
the former are much more susceptible to microbial attack [49]. If so, the microbial
degradation of PHB must be associated with a decrease in its molecular weight
and an increase in its crystallinity, which was really observed in the experiments.
Moreover, microbial degradation of the amorphous regions of PHB films made
them more rigid. However, further degradation of the amorphous regions made
the structure of the polymer much looser [48].

PHB biodegradation in the enriched culture obtained from soil on the medium
used to cultivate denitrifying bacteria (Gil’tai medium) has been also studied. The
dominant bacterial species, Pseudomonas fluorescens and Pseudomonas stutzeri, have
been identified in this enrichment culture. Under denitrifying conditions, PHB films
were completely degraded for seven days. Both the film weight and Mw of PHB
decreased with time. In contrast to the data of Doi et al. [21], who found that Mw

of PHB remained unchanged upon enzymatic biodegradation in an aquatic solution
of PHB-depolymerase from Alcaligenes faecalis, in our experiments, the average vis-
cosity molecular weight of the higher- and lower-molecular polymers decreased
gradually from 1540 to 580 kDa and from 890 to 612 kDa, respectively. The
‘‘exo’’-type cleavage of the polymer chain, i.e., a successive removal of the terminal
groups, is known to occur at a higher rate than the ‘‘endo’’-type cleavage, i.e., a ran-
dom breakage of the polymer chain at the enzyme-binding sites. Thus, the former
type of polymer degradation is primarily responsible for changes in its average mol-
ecular weight. However the ‘‘endo’’-type attack plays the important role at the
initiation of biodegradation, because at the beginning, a few polymer chains are
oriented so that their ends are accessible to the effect of the enzyme [50]. Biodegrada-
tion of the lower-molecular polymer, which contains a higher number of terminal
groups, is more active, probably, because the ‘‘exo’’-type degradation is more active
in lower than in higher molecular polymer [48,51].

Biodegradation of PHB In Vivo in Animal Tissues

The first scientific works on biodegradation of PHB in vivo in animal tissues were
carried out 15–20 years ago by Miller et al. and Saito et al. [17,19]. They are
high-qualitative researches that disclosed many important characteristics of this
process. As it was noted above the both enzymatic and non-enzymatic processes
of biodegradation of PHB in vivo can occur simultaneously under normal conditions.

Figure 4. Undegraded PHB film (A) and PHB films with different degrees of degradation after
2 months incubation in soil suspension: anaerobic conditions without nitrate (B), microaero-
bic conditions without nitrate (C), and microaerobic conditions with nitrate (D) [24,48].
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But it doesn’t mean that polymer biodegradation in vivo is a simple combination
of non-enzymatic hydrolysis and enzymatic degradation. Moreover, in vivo the
biodegradation (decrease of molecular weight and mass loss) of PHB) is a contro-
versial subject in the literature. As it was noted above for in vitro PHB hydrolysis,
the main reason for the controversy, is the use of samples made by various proces-
sing technologies and the incomparability of different implantation and animal mod-
els. The most of researches on PHB biodegradation was carried out with use of
prototypes of various medical devices on the base of PHB: solid films and plates
[10,13,24,52], porous patches [11,12], nonwoven patches consisted of fibers
[53–57], screws [24], cylinders as nerve guidance channels and conduits [13,15,16],
monofilament sutures [17,18], microspheres [19,58]. In vivo biodegradation
researches were carried out on various laboratory animals: rats [11,16–19,24], mice
[13,58], rabbits [10,52,59], minipigs [12], cats [15], calves [53], sheep [54–56], patients
[57]. It is obviously that these animals differ in level of metabolism very much: for
example, only weight of these animals differs from 10–20 g (mice) to 50 kg (calves).
The implantation of devices from PHB was carried out through different ways: sub-
cutaneously [10,13,17,18,24,59], intraperitoneally on a bowel [11], subperiostally on
the osseus skull [12,52], nerve wrap-around [14–16], intramuscularly [58,59], into the
pericardium [54–57], into the atrium [53] and intravenously [19]. The terms of
implantation were also different: 2.5 h, 24 h, 13 days, 2 months [19]; 7, 14, 30 days
[16], 2, 7, 14, 21, 28, 55, 90, 182 days [17]; 1, 3, 6 months [10,13,14]; 3, 6, 12 months
[53]; 6, 12 months [15]; 6, 24 months [57]; 3, 6, 9, 12, 18, 24 months [56] (Table 2).

The most entire study of PHB in vivo biodegradation was fulfilled by
Gogolewski et al. and Qu et al. [10,13]. It was shown that PHB lost about 1.6%
(injection-molded film, 1.2mm thick, Mw of PHB¼ 130 kDa) [13] and 6%
(solvent-casting film, 40 mm thick, Mw¼ 534 kDa) [10] of initial weight after 6
months of implantation. But the observed small weight loss was partially due to
the leaching out of low molecular weight fractions and impurities present initially
in the implants. The Mw of PHB decreased from 130 kDa to 74 kDa (57% of initial
Mw) [13] and from 534 kDa to 216 kDa (40% of initial Mw) [10] after 6 months of
implantation. The polydispersity of PHB polymers narrowed following implan-
tation. PHB showed a constant increase in crystallinity (from 60.7 to 64.8%) up to
6 months [13] or an increase (from 65.0 to 67.9%) after 1 month and a fall again
(to 64.5%) after 6 month of implantation [10] which suggests the degradation process
had not affected the crystalline regions. This data is in accordance with data of PHB
hydrolysis [20] and enzymatic PHB degradation by lipases in vitro [11] where Mw

decrease was observed. The initial biodegradation of amorphous regions of PHB
in vivo is similar to PHB degradation by depolymerase [39].

Thus, the observed biodegradation of PHB showed coexistence of two different
degradation mechanisms in hydrolysis in the polymer: enzymatically or non-
enzymatically catalyzed degradation. Although non-enzymatical catalysis occurred
randomly in homopolymer, indicated by Mw loss rate in PHB, at some point in a
time, a critical molecular weight is reached whereupon enzyme-catalyzed hydrolysis
accelerated degradation at the surface because easier enzyme=polymer interaction
becomes possible. However considering the low weight loss of PHB, the critical mol-
ecular weight appropriate for enzymes predominantly does not reach, yet resulting
low molecular weight and crystallinity in PHB could provide some sites for the
hydrolysis of enzymes to accelerate the degradation of PHB [10,13]. Additional data
revealing the mechanism of PHB biodegradation in animal tissues was obtained

Poly(3-hydroxybutyrate) Biodegradation 31=[603]
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by Kramp et al. in long-term implantation experiments. A very slow, clinically not
recordable degradation of films and plates was observed during 20 month (much
more than in experiments mentioned above). A drop in the PHB weight loss evi-
dently took place between the 20th and 25th month. Only initial signs of degradation
were to be found on the surface of the implant until 20 months after implantation
but no more test body could be detected after 25 months [52]. The complete biode-
gradation in vivo in the wide range from 3 to 30 months of PHB was shown by other
researches [53,55–57,60], whereas almost no weight loss and surface changes of PHB
during 6 months of biodegradation in vivo was shown [13,17]. Residual fragments
of PHB implants were found after 30 months of the patches implantation [54,56].
A reduction of PHB patch size in 27% was shown in patients after 24 months after
surgical procedure on pericardial closure with the patch [57]. Significantly more
rapid biodegradation in vivo was shown by other researches [10,15,18,37,53]. It
was shown that 30% mass loss of PHB sutures occurred gradually during 180 days
of in vivo biodegradation with minor changes in the microstructure on the surface
and in volume of sutures [18]. It was shown that PHB nonwoven patches (made
to close atrial septal defect in calves) was slowly degraded by polynucleated macro-
phages, and 12 months postoperatively no PHB device was identifiable but only
small particles of polymer were still seen. The absorption time of PHB patches
was long enough to permit regeneration of a normal tissue [53]. The PHB sheets pro-
gressive biodegradation was demonstrated qualitatively at 2, 6 and 12 months after
implantation as weakening of the implant surface, tearing=cracking of the implant,
fragmentation and a decrease in the volume of polymer material [15,37,59]. The com-
plete biodegradation of PHB (Mw¼ 150–1000 kDa) thin films (10–50 mm) for 3–6
months was shown and degradation process was described. The process of PHB bio-
degradation consists of several phases. At initial phase PHB films was covered by
fibrous capsule. At second phase capsulated PHB films very slowly lost weight with
simultaneous increase of crystallinity and decrease of Mw and mechanical properties
of PHB. At third phase PHB films were rapidly disintegrated and then completely
degraded. At 4th phase empty fibrous capsule resolved (Fig. 5) [24,25]. Interesting
data were obtained for biodegradation in vivo of PHB microspheres (0.5–0.8 mm in
diameter). It was demonstrated indirectly that PHB loss about 8% of weight of
microspheres accumulated in liver after 2 month of intravenous injection. It was

Figure 5. Biodegradation of PHB films in vivo. Connective-tissue capsule with PHB thin films
(outlined with broken line) 2 weeks (98% residual weight of the film) (left photograph) and 3
months (0% residual weight of the film) (left photograph) after subcutaneous implantation
[24,25].
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demonstrated also a presence of several types PHB degrading enzymes in the animal
tissues extracts [19].

Some researches studied a biodegradation of PHB threads with a tendency of
analysis of its mechanical properties in vivo [17,18]. It was shown that at first load
at break index decreased rapidly from 440 g to 390 g (12%) at 15th day and then
gradually increased to the initial value at 90th and remain almost unchanged up
to 182nd day [17] or gradually decreased in 27% during 180 days [18], strain at break
decreased rapidly from 60 to 50% (in 17% of initial value) at 10th day and then
gradually increased to 70% (in 17% of initial value) at 182nd day [17] or didn’t
change significantly during 180 days [18].

It was demonstrated that the primary reason of PHB biodegradation in vivo was
a lysosomal and phagocytic activity of polynucleated macrophages and giant cells of
foreign body reaction. The activity of tissue macrophages and nonspecific enzymes
of body liquids made a main contribution to significantly more rapid rate of PHB
biodegradation in vivo in comparison with rate of PHB hydrolysis in vitro. The
PHB material was encapsulated by degrading macrophages. Presence of PHB stimu-
lated uniform macrophage infiltration, which is important for not only the degra-
dation process but also the restoration of functional tissue. The long absorption
time produced a foreign-body reaction, which was restricted to macrophages form-
ing a peripolymer layer [18,53,56,59]. Very important data that clarifies the tissue
response that contributes to biodegradation of PHB was obtained by Lobler. It
was demonstrated an significant increase of expression of two specific lipases after
7 and 14 days of PHB contact with animal tissues. Moreover, liver specific genes
were induced with similar results. It is striking that pancreatic enzymes are induced
in the gastric wall after contact with biomaterials [40]. Saito et al. suggested the pres-
ence of at least two types of degradative enzymes in rat tissues: liver serine esterases
with the maximum of activity in alkaline media (pH¼ 9.5) and kidney esterases with
the maximum of activity in neutral media [19]. The mechanism of PHB biodegrada-
tion by macrophages was demonstrated at cultured macrophages incubated with
particles of low-molecular weight PHB [61]. It was shown that macrophages and,
to a lesser level, fibroblasts have the ability to take up (phagocytize) PHB particles
(1–10 mm). At high concentrations of PHB particles (>10 mg=mL) the phagocytosis

Figure 6. Phagocytosis of microparticles of PHB in macrophages. TEM analysis of cultured
macrophages in the presence (A) or absence (B) of 2mg PHB microparticles=mL for 24 h.
Bar in B represents 1mm, for A and B.
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is accompanied by toxic effects and alteration of the functional status of the macro-
phages but not the fibroblasts. This process is accompanied by cell damage and cell
death. The elevated production of nitric oxide (NO) and tumor necrosis factor alfa
(TNF-a) by activated macrophages was observed. It was suggested that the cell dam-
age and cell death may be due to phagocytosis of large amounts of PHB particles;
after phagocytosis, polymer particles may fill up the cells, and cause cell damage
and cell death. It was demonstrated also that phagocytized PHB particles disap-
peared in time due to an active PHB biodegradation process (Fig. 6) [61].

Application of PHB

Medical Devices on the Base of PHB and PHB In Vivo Biocompatibility

The perspective area of PHB application is development of implanted medical
devices for dental, cranio-maxillofacial, orthopaedic, cardiovascular, hernioplastic
and skin surgery. A number of potential medical devices on the base of PHB:
bioresorbable surgical sutures [17,18,62,63], biodegradable screws and plates for
cartilage and bone fixation [24,52], biodegradable membranes for periodontal
treatment, surgical meshes with PHB coating for hernioplastic surgery [24], wound
coverings [64], patches for repair of a bowel, pericardial and osseous defects
[11,12,53–57], nerve guidance channels and conduits [15,16] etc. was developed (Fig. 7).

The tissue reaction in vivo to implanted PHB films and medical devices was stud-
ied. In most cases a good biocompatibility of PHB was demonstrated. In general, no
acute inflammation, abscess formation, or tissue necrosis was observed in tissue sur-
rounding of the implanted PHB materials. In addition, no tissue reactivity or cellular
mobilization occurred in areas remote from the implantation site [10,13,24,58]. On
the one hand, it was shown that PHB elicited similar mild tissue response as PLA
did [13], but on the other hand the use of implants consisting of polylactic acid, poly-
glicolic acid and their copolymers is not without a number of sequelae related with
the chronic inflammatory reactions in tissue [65–69].

Subcutaneous implantation of PHB films for 1 month has shown that the
samples were surrounded by a well-developed, homogeneous fibrous capsule of
80–100 mm in thickness. The vascularized capsule consists primarily of connective
tissue cells (mainly, round, immature fibroblasts) aligned parallel to the implant
surface. A mild inflammatory reaction was manifested by the presence of

Figure 7. Medical devices on the base of PHB. (A) bioresorbable surgical suture; (B) biode-
gradable screws and plate for cartilage and bone fixation; (C) biodegradable membranes for
periodontal treatment; (D) surgical meshes with PHB coating for hernioplastic surgery, pure
(left) and loaded with antiplatelet drug, dipyridamole (right) [24].
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mononuclear macrophages, foreign body cells, and lymphocytes. Three months after
implantation, the fibrous capsule has thickened to 180–200 mm due to the increase in
the amount of connective tissue cells and a few collagen fiber deposits. A substantial
decrease in inflammatory cells was observed after 3 months, tissues at the interface of
the polymer were densely organized to form bundles. After 6 months of implan-
tation, the number of inflammatory cells had decreased and the fibrous capsule,
now thinned to about 80–100 mm, consisted mainly of collagen fibers, and a signifi-
cantly reduced amount of connective tissue cells. A little inflammatory cells effusion
was observed in the tissue adherent to the implants after 3 and 6 months of implan-
tation [10,13]. The biocompatibility of PHB has been demonstrated in vivo under
subcutaneous implantation of PHB films. Tissue reaction to films from PHB of
different molecular weight (300, 450, 1000 kDa) implanted subcutaneously was
relatively mild and didn’t change from tissue reaction to control glass plate [24].

At implantation of PHB with contact to bone the overall tissue response
was favorable with a high rate of early healing and new bone formation with some
indication of an osteogenic characteristic for PHB compared with other thermoplas-
tics, such as polyethylene. Initially there was a mixture of soft tissue, containing
active fibroblasts, and rather loosely woven osteonal bone seen within 100 mm of
the interface. There was no evidence of a giant cell response within the soft tissue
in the early stages of implantation. With time this tissue became more orientated
in the direction parallel to the implant interface. The dependence of the bone growth
on the polymer interface is demonstrated by the new bone growing away from the
interface rather than towards it after implantation of 3 months. By 6 months
post-implantation the implant is closely encased in new bone of normal appearance
with no interposed fibrous tissue. Thus, PHB-based materials produce superior bone
healing [37].

Regeneration of a neointima and a neomedia, comparable to native arterial
tissue, was observed at 3–24 months after implantation of PHB nonwoven patches
as transannular patches into the right ventricular outflow tract and pulmonary
artery. In the control group, a neointimal layer was present but no neomedia com-
parable to native arterial tissue. Three layers were identified in the regenerated tissue:
neointima with a endothelium-like lining, neomedia with smooth muscle cells, col-
lagenous and elastic tissue, and a layer with polynucleated macrophages surrounding
istets of PHB, capillaries and collagen tissue. Lymphocytes were rare. It was con-
cluded that PHB nonwoven patches can be used as a scaffold for tissue regeneration
in low-pressure systems. The regenerated vessel had structural and biochemical qua-
lities in common with the native pulmonary artery [56]. Biodegradable PHB patches
implanted in atrial septal defects promoted formation of regenerated tissue that
macroscopically and microscopically resembled native atrial septal wall. The regen-
erated tissue was found to be composed of three layers: monolayer with
endothelium-like cells, a layer with fibroblasts and some smooth-muscle cells, col-
lagenous tissue and capillaries, and a third layer with phagocytizing cells isolating
and degrading PHB. The neointima contained a complete endothelium-like layer
resembling the native endothelial cells. The patch material was encapsulated by
degrading macrophages. There was a strict border between the collagenous and
the phagocytizing layer. Presence of PHB seems to stimulate uniform macrophage
infiltration, which was found to be important for the degradation process and the
restoration of functional tissue. Lymphocytic infiltration as foreign-body reaction,
which is common after replacement of vessel wall with commercial woven Dacron
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patch, was wholly absent when PHB. It was suggested that the absorption time of
PHB patches was long enough to permit regeneration of a tissue with sufficient
strength to prevent development of shunts in the atrial septal position [53]. The
prevention of postoperative pericardial adhesions by closure of the pericardium
with absorbable PHB patch was demonstrated. The regeneration of mesothelial
layer after implantation of PHB pericardial patch was observed. The complete
regeneration of mesothelium, with morphology and biochemical activity similar to
findings in native mesothelium, may explain the reduction of postoperative pericar-
dial adhesions after operations with insertion of absorbable PHB patches [55]. The
regeneration of normal filament structure of restored tissues was observed by
immunohistochemical methods after PHB devices implantation [54]. The immuno-
histochemical demonstration of cytokeratine, an intermediate filament, which is
constituent of epithelial and mesodermal cells, agreed with observations on intact
mesothelium. Heparan sulfate proteoglycan, a marker of basement membrane,
was also identified [54].

PHB patches for the gastrointestinal tract were tested using animal model.
Patches made from PHB sutured and PHB membranes were implanted to close
experimental defects of stomach and bowel wall. The complete regeneration of
tissues of stomach and bowel wall was observed at 6 months after patch implan-
tation without strong inflammatory response and fibrosis [11,70].

Recently an application of biodegradable nerve guidance channels (conduits) for
nerve repair procedures and nerve regeneration after spinal cord injury was demon-
strated. Polymer tubular structures from PHB can be modulated for this purpose.
Successful nerve regeneration through a guidance channel was observed as early
as after 1 month. Virtually all implanted conduits contained regenerated tissue cables
centrally located within the channel lumen and composed of numerous myelinated
axons and Schwann cells. The inflammatory reaction had not interfered with the
nerve regeneration process. Progressive angiogenesis was present at the nerve ends
and through the walls of the conduit. The results demonstrate good-quality nerve
regeneration in PHB guidance channels [16,71].

Biocompatibility of PHB was evaluated by implanting microspheres from PHB
(Mw¼ 450 kDa) into the femoral muscle of rats. The spheres were surrounded by one
or two layers of spindle cells, and infiltration of inflammatory cells and mononuclear
cells into these layers was recognized at 1 week after implantation. After 4 weeks, the
number of inflammatory cells had decreased and the layers of spindle cells had thick-
ened. No inflammatory cells were seen at 8 weeks, and the spheres were encapsulated
by spindle cells. The toxicity of PHB microspheres was evaluated by weight change
and survival times in L1210 tumor-bearing mice. No differences were observed in the
weight change or survival time compared with those of control. These results suggest
that inflammation accompanying microsphere implantation is temporary as well as
toxicity to normal tissues is minimal [58].

The levels of tissue factors, inflammatory cytokines, and metabolites of arachi-
donic acid were evaluated. Growth factors derived from endothelium and from
macrophages were found. These factors most probably stimulate both growth and
regeneration occurring when different biodegradable materials were used as grafts
[40,53,55,70]. The positive reaction for thrombomodulin, a multifunctional protein
with anticoagulant properties, was found in both mesothelial and endothelial cells
after pericardial PHB patch implantation. Prostacycline production level, which
was found to have cytoprotective effect on the pericardium and prevent adhesion
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formation, in the regenerated tissue was similar to that in native pericardium [53,55].
The PHB patch seems to be highly biocompatible, since no signs of inflammation
were observed macroscopically and also the level of inflammation associated cyto-
kine mRNA did not change dramatically, although a transient increase of
interleukin-1b and interleukin-6 mRNA through days 1–7 after PHB patch implan-
tation was detected. In contrast, tumor necrosis factor-a mRNA was hardly detect-
able throughout the implantation period, which agrees well with a observed
moderate fibrotic response [40,70].

PHB as Tissue Engineering Material and PHB In Vitro Biocompatibility

Biopolymer PHB is promising material in tissue engineering due to high biocompat-
ibility in vitro. Cell cultures of various origins including murine and human fibro-
blasts [12,34,72–74], human mesenchymal stem cells [75], rabbit bone marrow cells
(osteoblasts) [30,73,76], human osteogenic sarcoma cells [77], human epithelial cells
[74,77], human endothelial cells [78,79], rabbit articular cartilage chondrocytes
[80,81] and rabbit smooth muscle cells [82] in direct contact with PHB when cultured
on polymer films and scaffolds exhibited satisfactory levels of cell adhesion, viability
and proliferation. Moreover, it was shown that fibroblasts, endothelium cells, and
isolated hepatocytes cultured on PHB films exhibited high levels of cell adhesion
and growth (Fig. 8) [83].

It was shown also that cultured cells produced collagen II and glycosaminogly-
can, the specific structural biopolymers formed the extracellular matrix [77,80,81]. A
good viability and proliferation level of macrophages and fibroblasts cell lines was
obtained under culturing in presence of particles from short-chain low-molecular
PHB [61]. However it was shown that cell growth on the PHB films was relatively
poor: the viable cell number ranged from 1� 103 to 2� 105 [34,73,81]. An impaired
interaction between PHB matrix and cytoskeleton of cultured cells was also demon-
strated [77]. It was reported that a number of polymer properties including chemical
composition, surface morphology, surface chemistry, surface energy and hydropho-
bicity play important roles in regulating cell viability and growth [84]. The investi-
gation showed that this biomaterial can be used to make scaffolds for in vitro
proliferous cells [34,76,80].

Figure 8. Scanning electron microscopy image of 2 days growth of fibroblast cells on films
made of (a) PHB; (b) PLA; (500�). Cell density of fibroblasts grown on PHB film is signifi-
cantly higher vs. cell density of fibroblasts grown on PLA film [73].
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The most widespread methods to manufacture the PHB scaffolds for tissue
engineering by means of improvement of cell adhesion and growth on polymer sur-
face are change of PHB surface properties and microstructure by salt-leaching meth-
ods and enzymatic=chemical=physical treatment of polymer surface [34,76,80,85].
Adhesion to polymer substrates is one of the key issues in tissue engineering, because
adhesive interactions control cell physiology. One of the most effective techniques to
improve adhesion and growth of cells on PHB films is treatment of polymer surface
with enzymes, alkali or low pressure plasma [34,85]. Lipase treatment increases the
viable cell number on the PHB film from 100 to 200 times compared to the untreated
PHB film. NaOH treatment on PHB film also indicated an increase of 25 times on
the viable cell number compared with the untreated PHB film [34]. It was shown that
treatment of PHB film surface with low pressure ammonia plasma improved growth
of human fibroblasts and epithelial cells of respiratory mucosa due to increased
hydrophylicity (but with no change of microstructure) of polymer surface [74]. It
was suggested that the improved hydrophilicity of the films after PHB treatment
with lipases, alkali and plasma allowed cells in its suspension to easily attach on
the polymer films compared to that on the untreated ones. The influence of hydro-
philicity of biomaterial surface on cell adhesion was demonstrated earlier [86].

But a microstructure of PHB film surface can be also responsible for cell
adhesion and cell growth [87–89]. Therefore, noticed above modification of polymer
film surface after enzymatic and chemical treatment (in particular, reduced pore size
and a surface smoothing) is expected to play an important role for enhanced cell
growth on the polymer films [34]. Different cells prefer different surface. For
example, osteoblasts preferred rougher surfaces with appropriate size of pores
[87,88] while fibroblast prefer smoother surface, yet epithelial cells only attached
to the smoothest surface [89]. This appropriate roughness affects cell attachment
as it provides the right space for osteoblast growth, or supplies solid anchors for fila-
podia. A scaffold with appropriate size of pores provided better surface properties
for anchoring type II collagen filaments and for their penetration into internal layers
of the scaffolds implanted with chondrocytes. This could be illuminated by the
interaction of extracellular matrix proteins with the material surface. The right
surface properties may also promote cell attachment and proliferation by providing
more spaces for better gas=nutrients exchange or more serum protein adsorption
[30,76,80]. Additionally Sevastianov et al. found that PHB films in contact with
blood did not activate the hemostasis system at the level of cell response, but they
did activate the coagulation system and the complement reaction [90].

The high biocompatibility of PHB may be due to several reasons. First of all,
PHB is a natural biopolymer involved in important physiological functions both
prokaryotes and eukaryotes. PHB from bacterial origin has property of stereospeci-
ficity that is inherent to biomolecules of all living things and consists only from
residues of D(-)-3-hydrohybutyric acid [91]. Low molecular weight PHB (up to
150 resides of 3-hydrohybutyric acid), complexed to other macromolecules (cPHB),
was found to be a ubiquitous constituent of both prokaryotic and eukaryotic organ-
isms of nearly all phyla [92–96]. Complexed cPHB was found in a wide variety of
tissues and organs of mammals (including human): blood, kidney, vessels, nerves,
vessels, eye, brain, as well as in organelles, membrane proteins, lipoproteins, and
plaques. cPHB concentration ranged from 3–4 mg=g wet tissue weight in nerves
and brain to 12 mg=g in blood plasma [97,98]. In humans, total plasma cPHB ranged
from 0.60 to 18.2mg=l, with a mean of 3.5mg=l [98]. It was shown that cPHB is a
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functional part of ion channels of erythrocyte plasma membrane and hepatocyte
mitochondria membrane [99,100]. The singular ability of cPHB to dissolve salts
and facilitate their transfer across hydrophobic barriers defines a potential physio-
logical niche for cPHB in cell metabolism [94]. However a mechanism of PHB
synthesis in eukaryotic organisms is not well clarified that requires additional stu-
dies. Nevertheless, it could be suggested that cPHB is one of products of symbiotic
interaction between animals and gut microorganisms. It was shown, for example,
that E.coli is able to synthesize low molecular weight PHB and cPHB plays various
physiological roles in bacteria cell [96,101].

Intermediate product of PHB biodegradation, D(-)-3-hydroxybutyric acid is also
a normal constituent of blood at concentrations between 0.3 and 1.3mM and con-
tains in all animal tissues [102,103]. As it was noted above PHB has a rather low
degradation rate in the body in comparison to, e.g., poly(lactic-co-glycolic) acids,
that prevent from increase of 3-hydroxybutyric acid concentration in surrounding
tissues [10,13], whereas polylactic acid release, following local pH decrease in
implantation area and acidic chronic irritation of surrounding tissues is a serious
problem in application of medical devices on the base of poly(lactic-co-glycolic)
acids [104,105]. Moreover, chronic inflammatory response to polylactic and polygly-
colic acids that was observed in a number of cases may be induced by immune
response to water-soluble oligomers that released during degradation of synthetic
polymers [105–107].

Novel Drug Dosage Forms on the Base of PHB

An improvement of medical devices on the base of biopolymers by encapsulating
different drugs opens up the wide prospects in applications of these new devices with
pharmacological activity in medicine. The design of injection systems for sustained
drug delivery in the forms of microparticles (microspheres, microcapsules) prepared
on the base of biodegradable polymers is extremely challenging in the modern
pharmacology. The fixation of pharmacologically active component with the
biopolymer and following slow drug release from the microparticles provides an
optimal level of drug concentration in local target organ during long-term period
(up to several months), that provides effective pharmaceutical action. At curative
dose the prolonged delivery of drugs from the systems into organism permits to
eliminate the shortcomings in peroral, injectable, aerosol, and the other traditional
methods of drug administration. Among those shortcomings hypertoxicity, insta-
bility, pulsative character of rate delivery, ineffective expenditure of drugs should
be pointed out. Alternatively, applications of therapeutical polymer systems provide
orderly and purposefully the deliverance for an optimal dose of agent that is very
important at therapy of acute or chronic diseases [108]. An ideal biodegradable
microsphere formulation would consist of a free-flowing powder of uniform-sized
microspheres less than 125 mm in diameter and with a high drug loading. In addition,
the drug must be released in its active form with an optimized release profile. The
manufacturing method should produce such microspheres in a process that is repro-
ducible, scalable, and benign to some often delicate drugs, with a high encapsulation
efficiency [109,110].

PHB as biodegradable and biocompatible is a promising material for producing
of polymer systems for controlled drug release. A number of drugs with various
pharmacological activities were used for development of polymer controlled release
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systems on the base of PHA, mainly on the base of poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) and poly(3-hydroxybutyrate-co-4- hydroxybutyrate) copolymers:
model drugs (2,7-dichlorofluorescein [111], dextran-FITC [112], methyl red
[113,114], 7-hydroxethyltheophylline [115,116]), antibiotics and antibacterial drugs
(rifampicin [117,118], tetracycline [119], cefoperazone and gentamicin [120], sulpera-
zone and duocid [121–124], sulbactam and cefoperazone [125]), anticancer drugs
(5-fluorouracil [126], 20,30-diacyl-5-fluoro-20-deoxyuridine [58]), anti-inflammatory
drug (indomethacin [127]), analgesics (tramadol [128], vasodilator and antithrombo-
tic drugs (dipyridamole [24,127,129], nitric oxide donor [130,131]). The biocompat-
ibility and pharmacological activity of some of these systems was studied
[24,58,117,123–125,128,131]. But only a few drugs were used for production of drug
controlled release systems on the base of PHB homopolymer: 7-hydroxethyltheo-
phylline, methyl red, 20,30-diacyl-5-fluoro-20-deoxyuridine, rifampicin, tramadol,
indomethacin and dipyridamole [58,113–118,127–131].

The first drug sustained delivery system on the base of PHB was developed by
Korsatko et al. who observed a rapid release of encapsulated drug, 7-hydro-
xethyltheophylline, from tablets of PHB (Mw¼ 2000 kDa), as well as weight losses
of PHB tablets containing the drug after subcutaneous implantation. It was
suggested that PHB with molecular weight greater than 100 kDa was undesirable
for long-term medication dosage [115].

Pouton and Akhtar describing the release of low molecular drugs from PHB
matrices reported that the latter have the tendention of enhanced water penetration
and pore formation [132]. The entrapment and release of model drug, methyl red,
from melt-crystallized PHB matrices was found to be a function of polymer crystal-
lization kinetics and morphology whereas overall degree of crystallinity was shown
to cause no effect on drug release kinetics. Methyl red released from PHB films for
more than 7 days with initial phase of rapid release (‘‘burst effect’’) and second phase
with relatively uniform release. Release profiles of PHB films crystallized at 110�C
exhibited a greater burst effect when compared to those crystallized at 60�C. This
was explained by better trapping of drug within polymeric spherulites with the more
rapid rates of PHB crystallization at 110�C [113,114].

Kawaguchi et al. showed that chemical properties of drug and polymer molecu-
lar weight had a great impact on drug delivery kinetics from PHB matrix. Micro-
spheres (100–300 mm in diameter) from PHB of different molecular weight (65,
135, and 450 kDa) were loaded with prodrugs of 5-fluoro-20deoxyuridine (FUdR)
synthesized by esterification with aliphatic acids (propionate, butyrate, and pentano-
ate). Prodrugs have different physicochemical properties, in particular, solubility in
water (from 70mg=ml for FUdR to 0.1mg=ml for butyryl-FUdR). The release rates
from the spheres depended on both the lipophilicity of the prodrug and the molecu-
lar weight of the polymer. Regardless of the polymer, the relative release rates were
propionyle-FUdR> butyryl-FUdR> pentanoyl-FUdR. The release of butyryl-
FUdR and pentanoyl-FUdR from the spheres consisting of low-molecular-weight
polymer (Mw¼ 65 kDa) was faster than that from the spheres of higher molecular
weight (Mw¼ 135 or 450 kDa). The effect of drug content on the release rate was also
studied. The higher the drug content in the PHB microspheres, the faster was the
drug release. The release of FUdR continued for more than 5 days [58].

Kassab developed a well-managed technique for manufacture of PHB micro-
spheres loaded with drugs. Microspheres were obtained within a size of 5–100 mm
using a solvent evaporation method by changing the initial polymer=solvent ratio,
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emulsifier concentration, stirring rate, and initial drug concentration. Very high drug
loading of up to 408 g rifampicin=g PHB were achieved. Drug release rates were
rapid: the maximal duration of rifampicin delivery was 5 days. Both the size and
drug content of PHB microspheres were found to be effective in controlling the drug
release from polymer microspheres [118].

The sustained release of analgesic drug, tramadol, from PHB microspheres was
demonstrated by Salman et al. It was shown that 58% of the tramadol (the initial
drug content in PHB matrix¼ 18%) was released from the microspheres (7.5 mm in
diameter) in the first 24 h. Drug release decreased with time. From 2 to 7 days the
drug release was with zero-order rate. The entire amount of tramadol was released
after 7 days [128].

The kinetics of different drug release from PHB films and microspheres
was studied by our team [24,127]. It was found that the release occurs via two
mechanisms, diffusion and degradation, operating simultaneously. Vasodilator
and antithrombotic drug, dipyridamole, and anti-inflammatory drug, indomethacin,
diffusion processes determine the rate of the release at the early stages of the contact
of the system with the environment (the first 6–8 days). The coefficient of the release
diffusion of a drug depends on its nature, the thickness of the PHB films containing
the drug, the weight ratio of dipyridamole and indomethacin in polymer, and the
molecular weight of PHB. Thus, it is possible to regulate the rate of drug release
by changing of molecular weight of PHB, for example. A number of other
drugs have been also used for development polymeric systems of sustained drug
delivery: antibiotics (rifampicin, metronidazole, ciprofloxacin, levofloxacin), anti-
inflammatory drugs (flurbiprofen, dexamethasone, prednisolone), and antitumor
drugs (paclitaxel) [127]. The biodegradable microspheres on the base of PHB
designed for controlled release of dipyridamole were kinetically studied. The profiles
of release from the microspheres with different diameters 4, 9, 63, and 92 mm present
the progression of nonlinear and linear stages. Diffusion kinetic equation describing
both linear (PHB hydrolysis) and nonlinear (diffusion) stages of the dipyridamole
release profiles from the spherical subjects has been written down as the sum of
two terms: desorption from the homogeneous sphere in accordance with diffusion
mechanism and the zero-order release. In contrast to the diffusivity dependence on
microsphere size, the constant characteristics of linearity are scarcely affected by
the diameter of PHB microparticles. The view of the kinetic profiles as well as the
low rate of dipyridamole release are in satisfactory agreement with kinetics of weight
loss measured in vitro for the PHB films and observed qualitatively for PHB micro-
spheres. Taking into account kinetic results, it was supposed that the degradation of
both films and PHB microspheres is responsible for the linear stage of dipyridamole
release profiles. Thus, a good method for production of systems with sustained drug
release was demonstrated. The sustained invariable drug release is an essential pro-
perty of injectable therapeutic polymer systems that allows to keep constant the
adjusted drug dosing. PHB films and microspheres with sustained uniform drug
release for more that 1 month were developed (Fig. 9) [24,127,129].

The biocompatibility and pharmacological activity of advanced drug delivery
systems on the base of PHB was studied [24,58,117,128]. It was shown that
implanted PHB films loaded with dipyridamole and indomethacin caused the mild
tissue reaction. The inflammation accompanying implantation of PHB matrices
is temporary and additionally toxicity relative to normal tissues is minimal [24].
No signs of toxicity were observed after administration of PHB microspheres
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loaded with analgesic, tramadol, [128]. A single intraperitoneal injection of PHB
(Mw¼ 450 kDa) microspheres containing anticancer prodrugs, butyryl-FUdR and
pentanoyl-FUdR, resulted in high antitumor effects against P388 leukemia in mice
over a period of five days [58]. Embolization with PHB microspheres in vivo at dogs
as test animals has been studied by Kasab et al. Renal angiograms obtained before
and after embolization and also the histopathological observations showed the feasi-
bility of using these microspheres as an alternative chemoembolization agent [117].
Epidural analgesic effects of tramadol released from PHB microspheres were
observed for 21 h, whereas an equal dose of free tramadol was effective for less than
5 h. It was suggested that controlled release of tramadol from PHB microspheres
in vivo is possible, and pain relief during epidural analgesia is prolonged by this drug
formulation compared with free tramadol [128].

The observed data indicate the wide prospects in applications of drug-loaded
medical devices and microspheres on the base of PHB as implantable and injectable
therapeutic systems in medicine for treatment of various diseases: cancer, cardio-
vascular diseases, tuberculosis, osteomyelitis, arthritis etc. Besides application of
PHB for producing of medical devices and systems of sustained drug delivery,
PHB can be used for production of systems for controlled release of activators or
inhibitors of enzymes. The use of these systems allows the development of the
physiological models for prolonged local activation or inhibition of enzymes
in vivo. PHB is a perspective tool in design of novel physiological models due to mini-
mal adverse inflammatory tissue reaction to PHB matrices implantation or PHB
microspheres administration. A system of sustained nitric oxide (NO) donor delivery
on basis of PHB was developed. This system can be used for study of prolonged NO
action on normal tissues of blood vessels in vivo. The development of in vivomodel of
prolonged NO local action on vascular tissues is a difficult problem, because NO
donors deliver NO at most only for a few minutes. We have developed a model of
prolonged local NO action on appropriate artery on basis of PHB loaded with a
new effective NO donor, FPTO [133]. It has been shown that FPTO-loaded PHB
cylinders can release FPTO (and consequently NO) for up to 1 month with relatively
constant rate. FPTO-loaded PHB cylinders with sustained FPTO delivery were
implanted around left carotid artery of Wistar rats, pure PHB cylinders were
implanted around right carotid artery as control. At 1st, 4th and 10th days after

Figure 9. PHB microspheres for sustained delivery of drugs. (A) PHB microspheres (average
diameter¼ 63mm, PHB Mw¼ 1000 kDa) loaded with dipyridamole (10% w=w); (B) Sustained
delivery of dipyridamole from PHB microspheres for more than 1 month [24,131].

44=[616] M. I. Artsis et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
4:

15
 0

8 
A

ug
us

t 2
01

2 



implantation arteries and cylinders have been isolated. The elevated levels of the
main metabolic products of NO, nitrites and nitrates, in arterial tissues were
observed that indicates the possibility of application of this system for production
of physiological model of NO prolonged action on arterial tissues in vivo
[24,130,131].
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