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1 INTRODUCTION 

The past 2–3 decades are characterized by inten�
sive development of biomedical materials based on
bacterial poly(3�hydroxybutyrate) (PHB). PHB
belongs to the class of polyhydroxyalkanoates (PHA),
bacterial biodegradable polyesters. The other widely
known biodegradable polymers are polymers of lactic
and glycolic acids (polylactides and polyglycolides,
respectively) and their copolymers, polycaprolactone,
poly(orthoesters), polyanhydrides, poly(propylene
fumarate), some polysaccharides (starch, chitosan,
alginates), and proteins (collagen). Since some of
these polymers may be synthesized chemically (e.g.
widely used polymers of lactic and glycolic acids) it is
rather incorrect to define them as the biopolymers.
Biodegradable biopolymers attract much attention in
biology and medicine due to their wide application.
Only medical fields of application of these biopoly�
mers include medical implants for surgery, tissue engi�
neering, design of novel drug dosage forms in pharma�
ceutics, design of novel materials for dentistry and
others. In addition biodegradable biopolymers are
used in food packaging industry and agriculture [1–6].
Each biopolymer attracting attention of both science
and technology “forms” a wide multidisciplinary net�
work, which usually includes the following field: basic
and technological problems of biopolymer biosynthe�
sis; economical problems associated with large�scale
biopolymer production; studies of mechanical, physi�
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cal, physicochemical, chemical, and biological prop�
erties of the polymer of interest; technology of prepa�
ration of various materials and products made using
this biopolymer; studies of physicochemical and bio�
logical properties of these materials and products, pre�
clinical and clinical trials of these materials and prod�
ucts; a market analysis and perspectives of practical
application of the developed products and many other
problems. A wide spectrum of biopolymer application
is formed due to development of various materials,
products and composites based on these polymers,
which we define here as the biopolymer systems. PHB
is an illustrative example for the one of centers for for�
mation of the above mentioned scientific�technologi�
cal network and a basis for the development of various
biopolymer systems. 

In contrast to polyglycolides, polylactides, and
their copolymers (polyglycolactides) poly(3�hydroxy�
butyrate) is considered as a material demonstrating
moderate resistance to biodegradation in the body.
Periods of its use may significantly vary in dependence
on chemical nature of a particular biopolymer, crystal�
linity, morphology, molecular mass, stereoisomer
ratio, technology of sample preparation, etc. [7, 8].
Sometimes physicochemical factors influencing the
biodegradation process do not provide a comprehen�
sive picture and may even contradict to each other.
Similar inconsistencies have been also observed during
studies of PHB biocompatibility. Existence of incon�
sistent results may be attributed to different biotech�
nological procedures used for PHB preparation with
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various bacterial strains; this complicates comparisons
of characteristics of the polymeric product and thus
requires standardization in the future. In addition,
PHB samples used in various biomedical studies may
have different size and shape and they are produced
using various technologies [9–15]. In this connection,
understanding of mechanisms of PHB degradation
and compatibility in the body requires certain summa�
rization and intensification of subsequent studies. 

Every year spheres of application of PHB�based
biopolymer systems become more and more diverse.
These include intensive design and studies of various
medical implants, PHB�based biopolymer beads and
scaffolds for tissues engineering. There is active devel�
opment of novel drug dosage forms based on PHB
micro� and nanoparticles with encapsulated drugs
with various pharmacological spectra. New directions
appear in this field. These include development of
PHB�based biopolymer systems with encapsulated
inorganic nanoparticles and also biopolymer systems
of combined therapeutic action. PHB�based biopoly�
mer systems may be used for therapy of a wide range of
diseases, including oncologic, infectious, chronic
inflammatory and cardiovascular diseases. Thus,
development and study of PHB�based biopolymer sys�
tems represent an important and perspective direction
in modern medicine and pharmacology. 

1. BIODEGRADATION 
AND BIOCOMPATIBILITY OF PHB 

AND BHB�BASED MEDICAL DEVICES

During several decades PHB is intensively used for
the development and production of a wide range of
medical devices. The widest field of PHB application
includes surgical implants used in hernioplasty, den�
tistry, cardiovascular surgery, orthopedic surgery, etc.
The biopolymer is used for development of biodegrad�
able sutures [13, 14, 16, 17], biodegradable screws and
staples [18, 19], periodontal membranes in dentistry,
surgical meshes with PHB�based coatings [18], wound
coatings [20], surgical patches for defects of intestine,
pericardium, or bone tissues [9, 10, 21–23] and some
others. Figure 1 shows some of our biopolymer
devices. Biodegradation and biocompatibility of PHB
and PHB�based devices have been investigated in
several studies [9�15, 18, 21�23].

Hydrolytic cleavage of PHB starts with penetration
of water molecules into the polymer volume [24, 25].
Appearance of additional functional groups formed
during hydrolysis increases hydrophilicity of the poly�
mer matrix and therefore its swelling. Comparative
analysis of the polymer film cross sections before and
after hydrolysis have shown the internal layer is char�
acterized by increased porosity and formation of pores
with the diameter <0.5 μm. Molecular mass distribu�
tion remained unimodal, and the molecular mass
decrease followed the first�order kinetics [7]. PHB
hydrolysis occurs in a two�step mechanism. The first

step is characterized by statistical cleavage of macro�
molecules accompanied by the decrease of molecular
weight of the biopolymer sample; the decrease of a
weight of the polymer sample begins when molecular
mass reaches about 10 kDa and relative low molecu�
lar fragments of PHB begin to desorb into the solu�
tion [26]. 

Enzymatic destruction of PHB in vitro results in
changes of molecular weight, crystallinity, and
mechanical characteristics. For these parameters
there was a direct correlation between a loss of poly�
mer mass and the loss of its molecular weight. At the
same time at high degradation degree there was an
increase in the crystallinity degree; this confirms
notions of PHB degradation preferentially occurring
in amorphous regions [27]. This caused disappearance
of the amorphous phase and the increase in the crys�
tallinity degree and the resultant samples became
more fragile and simultaneously more friable [28].
Here one should take into consideration the mode of
sample preparation. Film samples obtained by solvent
evaporation may include pores and microvoids of a
rather large size (0.1–0.5 μm). Smaller sized lipase
molecules used for nonspecific enzymatic cleavage of
PHB could penetrate inside the polymer and perform
polymer biodegradation not only on the surface but
also in the polymer volume due to a branched system
of pores in the sample volume [29]. Besides porosity
two other factors may influence the process of enzy�
matic degradation: segmental polymer mobility, which
is significantly higher in amorphous inter�crystal
regions of PHB and polymer hydrophobicity, i.e. the
degree of polymer conversion (hydrolysis), which
results in hydrophilic group formation [7]. A gradual
decrease of mechanistic characteristics (a 20%
decrease in the Young’s modulus and a 29% loss in
breaking load) confirms changes in morphology and
molecular mass of PHB during incubation of blood
plasma [14]. 

PHB biodegradation in vivo in animal tissues were
originally investigated by Miller et al. and Saito et al.
15–20 years ago [13, 15]. These studies provided prin�
cipal characteristics of this process for the first time.
The mechanism of PHB biodegradation includes
combined effects of enzymatic and non�enzymatic
degradation. However, this fact does not mean that
such biodegradation represents simple combination
addition of two these processes. Moreover, PHB bio�
degradation in vivo (resulted in the decrease in molec�
ular weight and total mass of the sample) remains an
object of studies that do not give clear interpretation.
The major reason for discrepancies in the mechanism
of hydrolytic destruction consist in the use of non�
standard and markedly differed technological condi�
tions and also implantation conditions coupled with
modeling of animal organism. The major proportion
of biodegradation studies employed prototypes of
medical devices of PHB with different sizes and geom�
etry; in vivo experiments were performed on various
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animals and implantation of PHB samples was per�
formed using various modes and after different time
intervals, etc. [3]. 

Biodegradation time, a degree of sample mass loss
and PHB molecular mass strongly varied. For exam�
ple, according one study [6], during 6 months the films
of 150–200 μm thick implanted subcutaneously in
rabbits were characterized by a 6% sample mass loss
and the decrease in biopolymer molecular mass by
60%, whereas other authors [18] reported that total
biodegradation of films implanted subcutaneously in

rats occurred within 3 months [3]. Similar situation
was observed during comparison of biodegradation
times of PHB�based devices. Studies on subcutaneous
PHB monofilament implantation for 6 months gave
different results in different laboratories: in one report
there was a 30% decrease in sample mass loss [14],
whereas the other study [13] did not reveal monofila�
ment biodegradation at all [13]. 

Using PHB as a material for medical devices it is
important to investigate tissues reactions to the
administered implant in vivo. In most cases of PHB

(a) (b)

(d)(c)

Fig. 1. PHB�based medical devices: (a) biodegradable surgical thread, (b) biodegradable screws and staples for fixation of bone
fragments; (c) periodontal membranes; (d) polypropylene�based surgical meshes with PHB�based coating: on the left the mesh
without drug, on the right the mesh with the coating with dipiridamol as the drug preventing platelet adhesion (adapted from [18]). 
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application good biocompatibility was observed. For
example, no acute inflammatory reaction, abscesses
or tissue necroses were observed near the polymer.
Moreover, cell reactions or cell mobilizations were not
detected at a distant location from the implant [6, 9,
18, 30]. Comparison of tissue reactions to PHB or
polylactides, polyglycolides, or their copolymers
shows that, on one hand, such reaction is rather mod�
erate within a short time interval [9]; on the other
hand, polylactides, polyglycolides, or their copoly�
mers may induce chronic inflammation compared
with PHB [31]. 

Results of subcutaneous implantation of PHB films
for one month suggest that such samples are sur�
rounded by a rather well organized and homogenous
capsule (80–100 μm thick). This vascularized capsule
consisted of connective tissues cells (round, young
fibroblasts), which were oriented parallel to the
implanted surface. Moderate inflammatory reaction
was determined by the presence of mononuclear mac�
rophages and lymphocytes. Three months after the
implantation the fibrous capsule thickened and
reached 180–200 μm due to the increase in the vol�
ume of capsule forming cells. A significant decrease in
the inflammatory cell concentration was observed
6 months after the implantation with simultaneous
decrease in the capsule thickness up to 80–100 μm. At
that stage the capsule mainly consisted of collagen
fibers and the number of connective tissue cells signif�
icantly decreased. A small inflammatory exudate was
observed in tissues adjacent or adherent to the implant
within 3–6 months after PHB implantation [6, 9].
Moderate biocompatibility of PHB was demonstrated
during subcutaneous administration of PHB poly�
meric films of different molecular mass (300, 450,
1000 kDa). In this case the tissue reaction did not dif�
fer from the reaction of the same tissues to a control
glass plate [18]. 

During contacts of PHB implants with bones tissue
reactions promoted a high defect�healing rate due to
rapid formation of novel bone tissue so that osteogenic
characteristics of PHB exceeded the same characteris�
tics of such synthetic plastics as polyethylene. On the
initial step of implantation the implant surrounding
medium consists of combination of soft connective
tissue containing active fibroblasts and tightly screwed
osteon bundles of 100 μm in diameter. Giant cells usu�
ally detected on the early stages of implantation were
not found in this case. These connective tissue forma�
tions demonstrate time�dependent orientation
becoming parallel to the implant surface. Three
months after the implantation the bone tissue was
formed not only near the polymer surface but more
intensively at a certain distance from the implant and
later (6 months and later) the implant was totally
inserted into the newly formed bone tissue. These
results suggest possible successful use of PHB�based
materials as effective implants for bone tissues [32]. 

Fifteen years ago Swedish cardiologists reported
that long�term observation (3–24 months) on the
regeneration and newly formed vascular wall tissues
revealed that the PHB transannular patches inserted
into the ventricular outflow tract or pulmonary artery
did not cause any pathologies compared with the sim�
ilar tissues of the natural artery. Biodegradable PHB
patches covering defects of cardiac septum or atrial
walls also promoted cell regeneration, which resulted
in formation of basically native tissues; this promoted
restoration of the cardiac elements. These results sug�
gest possibility of the PHB use as the scaffold material
for tissue regeneration and growth of vessels and
organs as evidenced by a significant number of modern
studies [21, 23]. 

Similarly to cardiovascular implants, the PHB
patches for reconstructive surgery of the gastrointesti�
nal tract did not cause serious inflammatory reactions
and initiate fibrosis as evidenced by animal experi�
ments performed for 6 months [7, 33]. 

Development of nerve conduits, the directing
channels for nerve fiber growth, represents another
interesting direction of PHB application. Such
recently developed procedure is especially important
for treatment of the spinal cord injury. Restoration of
nerve tissue growing in the cylindrical space of the
PHB implant was observed within one month. The
histological analysis of the implanted conduits
revealed that they contain numerous myelinized axons
and Schwann cells. In this case inflammatory pro�
cesses were not registered. Moreover, nerve endings
and conduit walls were spanned with a capillary sys�
tem; this means that growth and restoration of nerve
conduction channels was accompanied by progressive
angiogenesis [12]. 

First experiments on administration of PHB
microspheres were performed in the beginning of 90th
of the last century. Their biocompatibility was investi�
gated in [30] during implantation of rat femoral mus�
cle. The PHB microspheres of 450 kDa were sur�
rounded by one or (rarely) two layers of spindle cells.
One week after the implantation the presence of
mononuclear cells and inflammatory cells was
detected. After four weeks the number of inflamma�
tory cells decreased and the layers started to flatten.
After 8 weeks the inflammatory cells were not detected
in the encapsulated microsphere environment. These
implants exhibited minimal toxicity towards normal
tissues [3]. A later study also demonstrated low toxicity
of injected PHB�based microspheres. Intraperitoneal
administration of high doses (320 and 800 mg/kg) of
PHB microspheres (35 μm in diameter) did not cause
death of laboratory mice and changes of their weight
[34]. 

Two facts have been noted considering biochemical
signs of tissue reaction of animal tissues on implanta�
tion of PHB patches to the pericardium regions. First,
the reaction of thrombomodulin, a multifunctional
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protein exhibiting anticoagulant properties, was posi�
tive in both colonies of mesothelial cells and endothe�
lial cells. The level of prostacyclin production respon�
sible for cytoprotective effect in pericardium and pre�
vention of pericardial adhesion was similar to that of
native pericardium. This may be considered as the evi�
dence for biocompatibility of PHB patches, because
the inflammatory symptoms have not been observed
macroscopically. Simultaneously, the level of the
inflammatory process associated with proinflamma�
tory cytokine mRNA concentrations insignificantly
changed after implantation regardless of some
increase in interleukin�1β and interleukin�6 [21].
Regeneration of the normal filament structure was
observed using immunohistochemical methods [22],
which demonstrated formation of the intermediate fil�
ament cytokeratin of epithelial and mesodermal cells.
In addition, the layers of these cells also contain hep�
arin�sulfate, a proteoglycan, which is a known marker
for basal membranes [22]. 

PHB represents a perspective material for cell engi�
neering owing to their high biocompatibility. This is
confirmed by examples of cell cultures demonstrating
satisfactory level of cell adhesion, proliferation and
viability during contacts with PHB�based films and
polymer cell scaffolds. These include mouse and
human fibroblasts [6, 35, 36], mesenchymal stem cells
[37], rabbit bone osteoblasts [38], human osteosar�
coma cells [39], rabbit joint chondrocytes [40], and
rabbit smooth muscle cells [41]. For PHB films it was
also demonstrated that fibroblasts, endothelial cells,
and isolated hepatocytes cultured on the surface of
PHB films exhibit relatively high level of cell adhesion
and growth [42]. 

High viability and proliferation of macrophages
and fibroblasts was observed during their cultivation in
the presence of low molecular weight PHB [43]. We
also demonstrated that PHB biopolymer micro�
spheres did not influence viability of human MCF�7
cells [34]. However, at cell concentrations from 1 × 103

to 2 × 105 cells per cm2 the cell growth was relatively
low [35]. Some impairment in the interaction between
the PHB matrix and cytoskeleton of cultivated cells
was demonstrated in [44]. At the same time such poly�
mer characteristics as chemical composition, surface
morphology, surface energy and polymer hydropho�
bicity significantly influence cell viability and growth
[45]. Summarizing existing information we may con�
clude that this polymer, PHB, may be used as a cell
scaffold under in vivo conditions for tissue engineering
[35, 40]. 

It was demonstrated that morphology of the PHB
surface significantly influenced cell adhesion and
growth [46, 47] and various cells exhibited different
“preferences” towards the structure surface. For
example, preferred development of osteoblasts was
observed on rough surfaces with suitable sizes of hol�
lows and pores [46]; fibroblast and epithelial cells pre�

ferred smooth surfaces [47]. Such cell sensitivity to
pore sizes and surface roughness is obviously associ�
ated with vital activity of cells, with need of gas
exchange and also exchange of various substances (i.e.
realization of some diffusion and hydrodynamic con�
ditions required for nutrient supply) and features of
protein adsorption [38, 40]. Sevastianov et al. reported
that PHB films contacted with blood did not influence
the cell component of the hemostasis system but could
activate the coagulation system and complement reac�
tion (i.e. act at the molecular level) [48]. 

Such multi�aspect assessment of PHB biocompat�
ibility is determined by several reasons. First, PHB is a
natural biopolymer involved into functional activity of
pro� and eukaryotes [49]. Being a natural product, this
biopolymer has a strict stereo�regular structure, which
consists of residues of D�3�hydroxybutyric acid [50].
A low�molecular�weight PHB (up to 150 hydroxybu�
tyrate monomer units) forming complexes with other
biological molecules is an integral component of pro�
and eukaryotes [49]. PHB complexes were found in
various mammalian organs and tissues including
human sources (blood, kidneys, vessels, nerves, lipo�
protein particles, platelets, etc.). Concentrations of
PHB complexes vary from 3–4 μg/g in nervous tissues
and the brain to 12 μg/g in blood plasma [51, 52]. In
human plasma concentration of the biopolymer varies
widely from 0.60 to 18.2 mg/l (an average value of
3.5 mg/l) [52]. An intermediate of PHB biodegrada�
tion, D�3�hydroxybutyrate, has also been found in blood
and animal tissues at the concentrations 0.3–1.3 mM
[53]. Phosphate complexes of PHB can form ion
channels in erythrocyte plasma membrane and hepa�
tocyte mitochondrial membranes [54, 55]. The ability
of these objects to form hydrophobic channels and to
perform metabolite transfer through hydrophobic
membrane regions determines their specific physio�
logical niche in cell metabolism [49]. However, mech�
anism of their synthesis of eukaryotes is not well inves�
tigated. It is reasonable to suggest that PHB complexes
represent one of symbiotic products originated due to
interaction between animals and their intestinal
microorganisms. This may be illustrated by the follow�
ing example: E. coli cells can synthesize a low�molec�
ular�weight PHB to perform certain functions in the
bacterial cells [56]. 

As it has been demonstrated above PHB is charac�
terized by a low rate of degradation in the body com�
pared with degradation of polylactides and polygly�
colides or their copolymers. A decreased biodegrada�
tion rate results in a decreased concentration of
degradation products near the implant (in the case of
PHB 3�hydroxybutyrate dominates) [9]. During rapid
hydrolysis of polylactides and their copolymers hydro�
lytic products are not unitized in the body and this is
accompanied by a sharp decrease of environmental
pH near the implant. Chronic tissue irritation caused
by the pH decrease is a serious problem associated
with application of polyglycolactide�based polymer
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implants [57]. Chronic inflammation as a response to
polylactide and polyglycolide destruction may be
accompanied by an immune response to release of
non�stereo�regular water soluble oligomers formed
due to degradation of these polymers [58]. 

2. PHB�BASED BIOPOLYMER SYSTEMS 
WITH ENCAPSULATED DRUGS 

Use of biopolymers for encapsulation of various
drugs opens wide perspectives for design of novel
biopolymer systems in medicine. Development of
injection systems for controlled release, in which
drugs are encapsulated in microparticles (micro�
spheres or microcapsules) obtained using biodegrad�
able polymers, represents the foremost frontiers of
modern pharmacology. Immobilization of biologically
active components in a biopolymer matrix or reservoir
followed by their subsequent release (desorption) from
microparticles allows to create requested local con�
centrations of these drugs near the target organ; using
this approach it is possible to maintain the requested
concentrations for a long time. Prolonged target deliv�
ery of biologically active substances realized during
their release from microparticles avoids some charac�
teristic disadvantages typical for traditional methods
of drug administration (peroral, injection, inhalation,
etc. modes of drug administration), which include
increased toxicity, drug instability and discontinuous
mode of drug administration. Almost all these disad�
vantages may be overcome by creating microparticles
with prolonged drug release; this is important for ther�
apy of chronic diseases and also in the postoperative
period [59]. Microparticles also have some limitations.
For example, they should be rather homogeneous in
size and the size of the largest fraction should not
exceed 125 μm in diameter for local (subcutaneous or
intramuscular) injections and 1 μm for systemic
(intravenous) administration. Production of micro�
particles containing drug substances should employ
reproducible, large�scale and sparing technology with
high grade encapsulation [60]. 

In accordance with these requirements and due to
good biocompatibility and controlled biodegradation
capacity PHB represents a perspective material for
production of polymer dosing systems in the forms of
micro� and nanoparticles. A wide range of drugs is
used as an active pharmacological component intro�
duced into PHB and its derivatives. First, it includes a
class of model compounds used for investigation of
controlled release: 2,7�dichlorofluorescein [61],
FITC�dextran [62], methyl red [63], 7�(hydroxy�
ethyl)theophylline [64], coumarin [65]. Second, these
are drugs used in therapeutic practice: antibiotics and
antibacterial compounds (rifampycin [18, 66], tetra�
cycline [67], cefoperazone and gentamicin [68], sulp�
erazone and duocide [69], sulbactam [70], levofloxa�
cine, metronidazole [18]), antitumor drugs (5�fluo�
rouracil [71], 2',3'�diacyl�5�fluoro�2'�deoxyuridine

[30], paclitaxel, dexamethasone, chlorambucil, doxo�
rubicin, etoposide [34, 65]), anti�inflammatory agents
(indomethacin [72]), analgetics (tramadol [73]),
vasodilatators and antithrombotic drugs (dipiridamol
[18, 72, 74]). Besides studies of kinetic profiles most of
these systems were tested for biocompatibility and
pharmacological activity [18, 30, 34, 66, 69, 70, 73]. It
should be noted that PHB homologues (poly�3�
hydroxyalkanoates) are used as a biodegradable matrix
(microspheres) more frequently than the PHB
homopolymer [30, 63, 64, 66, 72, 73]. A photo shows
general view and morphology of the PHB biopolymer
microspheres with the encapsulated drug, paclitaxel
(Fig. 2). 

Originally, PHB was used as a delivery system for
controlled release in [64], which reported rapid release
of encapsulated 7�(hydroxyethyl)theophylline from
the PHB tablets with molecular weight of 2000 kDa;
this was accompanied by the total mass loss of the sub�
cutaneously implanted sample. Authors also made a
preliminary conclusion that PHB with molecular mass
exceeding 100 kDa is not suitable for long�acting dos�
age forms [64]. 

Pouton and Akhtar analyzed controlled release of
low molecular drugs from a PHB matrix characterized
by increased porosity and high water permeability
[75]. Retention and desorption of a model compound
(methyl red) from the PHB matrix formed by crystal�
lization of a polymer melt depended crystallization
kinetics and crystal phase morphology [63]. Surpris�
ingly, a total crystallization degree did not influence
the release rate. It is well known that crystal regions of
PHB are impermeable for drug molecules and there�
fore these regions represent obstacles to drug diffusion
transport. Taking into consideration high porosity this
result may by explained as a consequence of drug sub�
stance movement in the aqueous phase filling the
formed pore system and therefore in this situation we
should observe a high rate of release and crystallites do
not prevent movement of the drug substance. Indeed,
the high rate of release (so�called the “burst” effect)
on the initial step of drug release followed by the sub�
sequent phase of a linear release do not contradict our
suggestion. 

More detailed analysis of chemical structure of a
drug substance and molecular mass of the polymer on
controlled release has been demonstrated in [30].
Microspheres (of 100–300 μm in diameter) prepared
using PHB with various molecular masses (65, 135,
and 450 kDa) were loaded with a prodrug, 5�fluoro�2'�
deoxyuridine (FDU). In dependence of nature of a
substituted radical in the ester group hydrophilicity
(solubility in water) changed from 70 mg/ml for FDU
to 0.1 mg/ml for butyryl�FDU. Thus, this study dem�
onstrated that the rate of drug delivery may be regu�
lated by changing hydrophilicity/hydrophobicity bal�
ance in the order propionyl�FDU > butyryl�FDU >
pentanoyl�FDU. In addition, molecular mass of PHB
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also influenced controlled release. In the case of FDU
derivatives, drug release from microspheres obtained
using low�molecular weight PHB (65 kDa) was signif�
icantly higher than that from microspheres prepared
using high molecular weight PHB (135 and 450 kDa).
The importance of this study also consists in demon�
stration of an accelerating effect of increased drug
concentration on the rate of its release [30]. 

Pharmacological activity of drugs in combination
with PHB biocompatibility has been investigated in
several studies [18, 30, 66, 73]. These studies demon�
strated that implanted films of this biopolymer con�
taining dipiridamol or indomethacin induced a rather
moderate response of surrounding animal tissues.
Inflammatory process was observed during a limited
time interval and toxicity was minimal [18]. In the case
of microspheres loaded with the analgesics (tramadol)
toxicity was not registered at all. Use of analgesic
loaded microspheres is very promising as the analgesic
effect of the drug encapsulated into microparticles was
observed during 21 h, whereas an equivalent dose of
injected tramadol maintained the analgesic effect only
during 5 h [73]. Intraperitoneal administration of
PHB microspheres (30 μm in diameter) with the
encapsulated antitumor drug, paclitaxel (10% w/w) at
the dose of 320 mg of microspheres per kg or 32 mg of
drug substance per kg did not cause death of laboratory
mice. Intraperitoneal administration of the same dose
of paclitaxel as the traditional drug dosage form
Taxol® (32 mg of drug substance per kg) caused death
of 100% of animals. Effectiveness of PHB biopolymer
microspheres with encapsulated antitumor drugs
(paclitaxel, etoposide, dexamethasone, chlorambucil,
and dipiridamol) was demonstrated in experiments

with human breast cancer cell line MCF�7. Using the
MTT method it was demonstrated that cell cultivation
with PHB microspheres with all encapsulated drugs
(10%, w/w) for 48 h at the microsphere concentration
of 3 mg/ml (0.3 mg of drug substance per ml) resulted
in significant inhibition of MCF�7 cells proliferation.
The cell survival represented 4% (microspheres with
chlorambucil), 34% (microspheres with paclitaxel),
55% (microspheres with etoposide), and 60% (micro�
spheres with either dexamethasone or dipiridamol) of
control [34]. 

Use of PHB microspheres as an embolization sys�
tem followed by subsequent histopathological studies
was reported in [66]. Comparison of renal angiograms
obtained before and after embolization and similar
histopathological observations revealed high effi�
ciency of PHB microspheres as the chemoemboliza�
tion agent, i.e. as a matrix that can cause embolization
of blood vessels and desorb a drug substance to the
embolizing region simultaneously. 

Development of biodegradable polymer�based
biopolymer systems for prolonged release of biologi�
cally active proteins and nucleic acids is a relatively
novel and actively developing field of pharmacology.
On the basis of PHB matrices and microcapsules sys�
tems with encapsulated bovine serum albumin (BSA)
and horseradish peroxidase (HRP) have been created.
These systems demonstrate prolonged release of BSA
and HRP for 7–10 days [76]. Unfortunately, these are
the only examples of such PHB based system found in
the literature. However, other systems based on PHB
copolymers do exist [77]. 

40 µm100 µm
(a) (b)

Fig. 2. PHB�based microspheres with encapsulated paclitaxel (scanning microscopy): (a) general view, (b) individual micro�
sphere (adapted from [34]). 
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4. BIOPOLYMER SYSTEMS BASED ON PHB 
BLENDS WITH OTHER BIOPOLYMERS 

AND MATERIALS 

Active construction of PHB blends with other
biopolymers started after assessment of their capaci�
ties and perspectives of medical applications. PHB
blends were mainly constructed in order to increase its
mechanical properties (preferentially for increased
plasticity), polymer hydrophilicity and the rate of its
biodegradation. 

A blend of bacterial high�molecular weight
(>100 kDa) PHB with chemically synthesized amor�
phous low�molecular weight (10 kDa) atactic PHB
(atPHB) is the simplest system. Smith et al. prepared
and investigated in vitro and in vivo the PHB compos�
ites with atPHB and their medical devices. The result�
ant composites demonstrated high elasticity and high
biodegradation rates. For example, in bacterial PHB
the elastic modulus and the elongation at break were
3350 MPa and 1.5%, respectively, whereas a compos�
ite prepared using equal parts of PHB and PHB was
characterized by the elastic modulus and the elonga�
tion at break of 660 MPa and 10.9%. A study of the rate
of hydrolytic destruction of PHB revealed that the loss
of sample mass and molecular weight of bacterial PHB
were < 1% and 64%, respectively, whereas in the case
of the blend these parameters were 12 and 93%,
respectively. Authors explained these differences by a
significant decrease of total crystallinity in the com�
posite (from 70% in PHB to 40% in the composite)
and by the increase in the number of amorphous
regions [9, 10]. 

Most of studies were focused on the development
and investigation of PHB blends with polylactides and
polyglycolides (most widely used biodegradable poly�
mers) [78, 79]. Creation of these composites was car�
ried out using atPHB. For example, a resultant poly�
lactide�based blend with atPHB had lower crystallin�
ity and the highest biodegradation rate [78]. Blends of
bacterial PHB and polylactide also demonstrated
improved mechanical properties [80]. 

Biosynthesis of various PHB copolymers, exhibit�
ing altered mechanical, adsorption, and biological
properties resulted in the creation of blends of various
PHB copolymers with PHB homopolymers. These
include the PHB composite with a PHB copolymer
with 3�hydroxyhexanoate and the PHB composite
with a PHB copolymer with 4�hydroxybutyrate. It was
demonstrated that scaffolds for tissue engineering pre�
pared using nanometer fibers (50–500 nm thick) were
characterized by improved mechanical characteris�
tics, higher rates of biodegradation and improved bio�
compatibility than polylactide�based polymeric scaf�
folds [81]. Chinese researchers demonstrated better
adhesion, extracellular matrix formation and growth
of cell cultures (fibroblasts, chondrocytes, osteoblasts)
on polymer beads and 3D�scaffolds prepared using
PHB composites with its copolymer, 3�hydroxyhex�
anoate, as compared with PHB (Fig. 3) [35, 38, 82]. 

The creation of a PHB composite with a hydro�
philic polymer, polyvinyl alcohol, allowed to regulate
permeability of this polymer material by varying poly�
vinyl alcohol content in the composite from 0 to
20% (w/w) [83]. 

Besides atPHB, PHB copolymers with polylactides
other polymers were also used for creation of PHB
blends with: poly(p�dioxanone) [84], poly(ε�capro�
lactone) [79], polyvinyl alcohol, polyethylene, polya�
mide [83], cellulose acetate butyrate [85], collagen
and even soy nutrition proteins [86]. Thus, creation of
PHB blends significantly extends application of PHB�
based polymer systems. 

5. BIOPOLYMER SYSTEMS BASED ON PHB 
NANOCOMPOSITES WITH INORGANIC 

NANOPARTICLES 

Design of nanocomposite polymers with inorganic
nanoparticles is a new perspective direction in poly�
mer science and technology. Administration of inor�
ganic nanoparticles into a polymeric matrix provides
requested changes in physicochemical and biological
features of biopolymers: mechanic properties, thermal

100 um 10 um10 um
(a) (b) (c)

Fig. 3. PHB blendes used as 3D�scaffolds for tissue engineering; (a) 3D�scaffold based on the PHB blend with hydroxyapatite;
(b) 3D�scaffold based on the PHB blend with its copolymer, 3�hydroxyhexanoate, (c) mouse L929 fibroblasts cultivated on the
3D�scaffold based on the PHB blend with its copolymer, 3�hydroxyhexanoate (adapted from [38, 82]). 
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properties, chemical stability, permeability for liquids
and gases, surface properties, biocompatibility and
biological activity. In addition, nanoparticles may
impart principally new properties to the polymer
material (e.g. magnetic properties or electric conduc�
tance). The following nanoparticles have been used for
creation of nanocomposites with polymers: clay nano�
particles (montmorillonit), hydroxyapatite, silicon
oxide, gold and silver nanoparticles, metal oxide (titan
oxide, iron oxide, aluminum oxide, etc.) nanoparti�
cles, carbon nanotubes, and fullerenes. The examples
of such systems include polylactide and polyglycolide
nanocomposites with gold nanoparticles [87] and iron

oxide nanoparticles [88]. Biopolymer systems with
inorganic nanoparticles are not limited by biopolymer
nanocomposites with nanoparticles. It is possible to
develop more complex systems, for example, based on
biopolymer microcapsules with encapsulated inor�
ganic nanoparticles [89]. In recent years PHB has
been used for creation of biopolymer systems based on
PHB nanocomposites with inorganic nanoparticles
[5]. 

PHB with encapsulated hydroxyapatite nanoparti�
cles, montmorillonit, and bioactive glass was one of
the first PHB based nanocomposites. Incorporation of
nanosized hydroxyapatite into the biopolymer

10 µm10 µm

300 nm2 µm

Fig. 4. Gold nanoparticles in the microsphere PHB polymer matrix loaded with paclitaxel (scanning electron microscopy; a series
of photos with sequentially increased magnification; at high magnification biopolymer microspheres melted and gold nanopar�
ticles appeared in the polymer matrix) (adapted from [94]). 
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improved its mechanical properties, increased water
absorption and hydrophilicity, and also increase the
rate of biodegradation. PHB with encapsulated
hydroxyapatite nanoparticles also acquired biological
activity and promoted acceleration of regenerative
processes during implantation and bone replacement
[90]. Insertion of montmorillonit nanoplates also sig�
nificantly improved mechanical properties of PHB but
decreased the rate of material biodegradation [91].
Misra et al. compared biocompatibility of a PHB
nanocomposite with bioactive glass nanoparticles and
a traditional PHB composite with the bioactive glass.
It should be noted that the bioactive glass is a mineral
that consists of calcium and sodium phosphates with
silicon oxide; it may represent particles of micrometer
and nanometer sizes. These researchers demonstrated
that the nanocomposite exhibited better mechanical
properties, better water absorption, higher absorption
capacity for protein and MG�63 cells; this suggests
better biocompatibility and higher biological activity
compared with the traditional composite [92]. In this
connection it should be noted that clay and hydroxya�
patite microparticles have been already used for cre�
ation of composites with PHB (Fig. 3a) [93]. 

Unfortunately, the use of nanomaterials for cre�
ation of nanocomposites with PHB is mainly limited
by montmorillonit and hydroxyapatite. In this con�
nection it should be noted that such nanoparticles as
iron oxide or gold nanoparticles could acquire com�
pletely new properties to PHB�based materials. We
have developed PHB�based biopolymer systems with
gold, iron oxide, titan oxide nanoparticles, and also
fullerene nanoparticles. The biopolymer system based
on PHB microspheres with encapsulated antitumor
drug paclitaxel and gold nanoparticles is one of the
best our systems. On a series of photos with sequen�
tially increased magnification (Fig. 4) one can see gold
nanoparticles encapsulated in the polymer matrix of
the PHB microspheres [94]. 

Perspectives of the use of these systems are associ�
ated with inorganic nanoparticles, which may perform
new functions regardless their binding at the polymer
matrix (or PHB microcapsules) or release during PHB
biodegradation. For example, gold nanoparticles, may
represent a diagnostic agent for the biopolymer system
or during their release they may be used for photother�
mal therapy of tumors during electromagnetic radia�
tion. Released titan oxide nanoparticles may be used
for photodynamic therapy of tumors also during elec�
tromagnetic radiation. Iron oxide nanoparticles may
be used for targeted delivery of micro� and nanoparti�
cles of the biopolymer system and identification of
these particles in various tissues and organs and during
their release for thermal therapy of tumors treated with
variable electromagnetic field of high frequency. Dur�
ing encapsulation of various drug substances with
inorganic nanoparticles into the biopolymer a real
possibility of combination of various methods of ther�
apeutic and other functional effects in a single

biopolymer system appears. This includes chemother�
apy, physicochemical modes of therapy (photother�
mal, photodynamic, and magnitothermal), and also
targeted delivery and diagnostics. 
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