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The current state of chemotherapy against onco�
logical diseases shows a necessity for an improvement
in the therapeutic efficiency of antitumor agents. A
modern cytostatic agent has to meet the following cri�
teria: to possess high efficiency at a constant predeter�
mined concentration in tumor and at the same time to
display low systemic cytotoxicity and prolonged activ�
ity. It is possible to achieve those conditions by devel�
oping macromolecular therapeutic systems with a
controlled release of drug agents, i.e., by creating con�
jugates of drug substances with polymeric carriers.

Poly�3�oxybutyrate—a biodegradable plastic with
good biocompatibility and an ability to completely
degrade СО2 and water in the human body—was used
as a polymeric carrier in this work. At present, techni�
cal guidelines and regulations for medical poly�3�oxy�
butyrate production have been developed, and it is
shown that the poly�3�oxybutyrate polymer is non�
toxic, does not cause irritation or sensitizing, and
meets the regulatory requirements for pharmaceutical
use through parenteral and peroral administration [3,
4]. Poly�3�oxybutyrate is actively used for the creation
and study of prolonged drug release systems for a wide
range of drug substances [5, 6]. A gradual release of the
drug substance from a biopolymeric matrix allows for
the prolonged maintenance of a required active drug
concentration in the body or locally in a specific organ
or tissue. Thus, it eliminates the need for repeated
multiple drug administration, decreases toxicity and
side effects, and increases the stability of the drug and
its efficiency owing to a constant administration rate.

It is especially important for oncological therapeutic
agents, which have high toxicity and a number of seri�
ous side effects in patients.

In the creation of controlled drug release systems,
two anticancer drugs—chlorambucil and etoposide—
were used. The traditional formulations of these drugs
have a range of side effects; therefore, the use of bio�
compatible polymers, such as poly�3�oxybutyrate,
could not only eliminate these disadvantages of tradi�
tional oncological drugs, but also allow one to control
the time and dose of drug release. It was previously
shown by us that the rate of drug release from a poly�
mer base can be influenced by varying the molecular
weight and size of polymer particles [8–10].

The aim of this work is the synthesis and study of
the properties of prolonged chlorambucil and etopo�
side drug substances, creation of biopolymeric micro�
spheres on the basis of a poly�3�oxybutyrate�contain�
ing cytostatic drug substance—chlorambucil or eto�
poside—study of microsphere drug release kinetics,
and the analysis of biocompatibility and biological
activity in vitro.

METHODS

Materials. Poly�3�oxybutyrate (Mm 236 kDa) of
microbiological origin was used for the to create a
microsphere. The Azotobacter chroococcum 7B strain
was used as a POB producer [10]. Chlorambucil and
etoposide (Sigma, Germany), chloroform (Ekos�1,
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Russia), and polyvinyl alcohol (MP Biomedicals,
United States) were used.

Poly�3�oxybutyrate production. The POB�produc�
ing A. chroococcum 7B strain was used, which can pro�
duce up to 80% POB of dry cell mass. To achieve super
synthesis of POB, the A. chroococcum strain was culti�
vated on Berk culturing media under the conditions of
an increased carbon source content (g/l): МgSO4 ⋅
7H2O (0.4); FeSO4 ⋅ 7H2O (0.01); Na2MoO4 ⋅ 2H2O
(0.006); sodium citrate (0.5); CaCl2 (0.1); K2HPO4 ⋅
3H2O (1.05); KH2PO4 (0.2); sucrose (40); the cultiva�
tion was performed for 48 h under anaerobic condi�
tions at 28°C. The yield of dry biomass was 10 g/l of
medium. The polymer content in A. chroococcum cells
was 76% of dry mass.

Separation and purification of polymer from
A. chroococcum biomass included POB solubilization
in chloroform by shaking on a rocking platform at
37°C for 12 h, separation of POB from cell residues by
filtration, and extraction of POB from the chloroform
solution with isopropyl alcohol. After three times
repeating the POB solubilization process in chloro�
form and extraction with isopropyl, the purification
procedure was completed by air�drying POB at 60°C.
The molecular weight of the polymer was established by
viscometry: the POB solution viscosity in chloroform was
measured at 30°C with a PT RHEOTEC viscometer
(RheoTec, Germany). The molecular weight was calcu�
lated from the equation of Mark–Houwink–Kuhn,
using the following coefficients: [η] = 7.7 × 10–5М0.82,
where η is viscosity and M is the molecular weight of
POB [11].

Creation of POB microparticles. Microspheres
were created using single�step emulsification of a drug
and POB solution in chloroform, followed by evapora�
tion of the solvent [10]. This method was adapted to
encapsulate chlorambucil and etoposide. A drug and
POB solution with a molecular weight of 236 kDa in a
ratio of 1 : 4 in 8 ml of chloroform was gradually added
to 100 ml of polyvinyl alcohol in distilled water (con�
centration 1.5% mass/volume) with agitation. Agita�
tion was continued for 2 h, using an RZR 2021
mechanical top�driven mixer (Heidolph, Germany) at
1000 rpm. After the complete evaporation of the sol�
vent, microspheres were separated by centrifuging
(6 ml at 3000 g), using a 5702 R centrifuge (Eppen�
dorf, Germany), and then three times washed with dis�
tilled water for the complete removal of emulsifier and
drug substance from the surface of the microspheres. The
microspheres were dried in a thermostat at 37°С.

Determination of microspheres and their POB con�
tent. The average diameter of the obtained micro�
spheres was determined by microphotograpy using a
Biomed 1 Var.2 optical microscope (Biomed, Russia)
with a MYscope 300M digital ocular (Webbers, Tai�
wan).

The content of chlorambucil and etoposide in the
microspheres was determined using spectropho�
tomerty after their solubilization in chloroform by

measuring the level of light absorption on a DU�650
spectrometer (Beckman Coulter, United StatesA)
(absorption maxima at 259 and 305 nm for chloram�
bucil and 288 nm for etoposide) in comparison with a
control POB solution in chloroform and by creating a
calibration curve using different concentrations of
control POB and drug solutions in chloroform.

Kinetics of drug release from POB�based micro�
spheres. The chlorambucil and etoposide release from
a microsphere in vitro was studied at 37°С in a TS�
1/80 SPU thermostat (Labtekh, Russia) in 25 M
potassium phosphate buffer (pH 7.4) with the addition
of a small amount of emulsifier (0.05% Triton X�10):
four portions of 20�mg microspheres in 4 ml of buffer
were mixed on a shaker (BioSan, United States) at
330 rpm. After certain time intervals (1, 2, 3 h, etc.),
microspheres were separated from the buffer by cen�
trifugation at 14100 g on a MiniSpin Plus centrifuge
(Eppendorf, Germany); then a fresh buffer solution
was added. The content of the drug substance in the
buffer was determined on a DU�650 spectrophotome�
ter (Beckman Coulter, United States) with the help of
a calibration curve constructed using aqueous solu�
tions of drug substances in different concentrations.
The remaining content of drug substances in micro�
spheres was also determined by spectrophotomerty
after solubilization in chloroform.

Microscopy. An initial study of microparticle prop�
erties and morphology was performed by optical
microscopy using a Biomed 1 Var. 2 microscope
(Biomed, Russia) with a MYscope 300M digital ocular
(Webbers, Taiwan). Microphoto pictures of the stud�
ied microparticles were obtained by scanning electron
microscopy (SEM) in electron and ion beams using
FEI�SMA�QUANTA 200 and SMA QUANTA FEG
microscopes (FEI Company, United States).

Interaction of microspheres with a cell culture in
vitro. Human breast cancer cell line MCF�7 was used
to assess the biosafety of microspheres in vitro. Cells
were cultivated according to the Freshni methods [12].
The cell survival rate after treatment with the studied
drug was calculated by formula (1), where S is the cell
survival rate, Nexp is the amount of viable cells in the
experiment, and Ncontr is the amount of viable cells in
the control:

(1)

A standard MTT assay (using 3�(4,5�dimethyl�2�
thiazolyl)�2,5�diphenyl�2H�tetrazolium bromide,
MTT) was used as the most representative in studies
with tumor cell cultures [12]. Microspheres were dis�
pergated in cultivation media and added to cell cul�
tures in various concentrations. Prior to that, dry
microspheres were sterilized at 100°С for 10 min.
Microspheres were tested in parallel measurements at
a concentration of 3 mg/ml. A suspension of biopoly�
meric microspheres that did not contain drugs (at a
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concentration of 3 mg/ml) was used as a negative con�
trol. The measurements were taken 24 and 48 h after
the beginning of cultivation.

RESULTS AND DISCUSSION

A single�step emulsification method was used to
create POB�based microspheres with an encapsulated
drug substance [10]. Microspheres with a mass ratio of
chlorambucil to polymer of 12% were created. The
average diameter was 24 µm. In addition, micro�
spheres with a mass ratio of etoposide to polymer of

10% were created (with an average diameter of
28 µm).

Electron scanning microscopy was used for a
detailed investigation of the microparticle properties
and for the structure of their surface. On the micro�
photo pictures presented (Fig. 1), it is obvious that the
surfaces of microspheres are uneven and polymer
cords are clearly visible. Microparticles with chloram�
bucil have more even surfaces than ones with etopo�
side, which is possibly due to different hydrophobic
properties of the substances and polymer base.

The kinetics of chlorambucil and etoposide release
from a polymer matrix was investigated in vitro in
0.025 M phosphate buffer, pH 7.4, at 37°С (Fig. 2).
The results show that the first stage of chlorambucil
release is characterized by a high level of drug release
(the so�called “burst effect”), which is probably due to
low hydrophobic interactions between the drug and
the polymer. At the next stage, diffuse processes
between the drug and aqueous medium are predomi�
nant, and the kinetics profile is characterized by a
degree function. At the later stages of drug release, it
becomes constant and almost linear.

It is shown in Fig. 2 that the etoposide release is less
active than the chlorambucil one and there is no obvi�
ous burst effect. This difference may be due to a higher
affinity of etoposide to POB than that of chlorambucil
because of hydrophobic interactions between the
polymer and the drug, which elongated the time of the
controlled release of the drug compared to more
hydrophilic chlorambucil [13]. The release of etopo�
side lasts longer than that of chlorambucil, allowing
one to reach a prolonged effect of the drug, which is
also related to hydrophobic interactions between eto�
poside and POB [14].

The kinetic profile of etoposide release at the initial
stages is approximated by a complex degree function
with a degree close to 0.5 (Fig. 2), which corresponds
to diffusion equation (2) [15,16], describing the
release of a substance from polymeric microspheres,
where Mt and M0 are the amounts of drugs released

(а) 40 µm (b) 10 µm

Fig. 1. Microphoto pictures of the obtained microspheres (electron microscopy): chlorambucil (a); etoposide (b).
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Fig. 2. Kinetics of drug release (%) from POB�based
microspheres (0.025 M phosphate buffer, pH 7.4, at 37°C):
1, microspheres with chlorambucil (the average diameter
is 24 microns; inclusion, 12%); y1 = 1 + m1exp(–k1x),
m1 ∼ –0.6; 2, microspheres with etoposide (the average
diameter is 28 microns; inclusion, 10%); y2 = a2xb2 + c2x,
b2 ∼ 0.5; y3 = 1 + m3exp(–k3x), m3 ∼ –0.6.
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and initially loaded into the polymeric matrix (mg) at
time t (sec); r is the microsphere radius (m, 24 × 10–6

and 28 × 10–6 m in our case); and D is the diffusion
coefficient:

(2)

While at the initial stage of etoposide release diffu�
sion processes are prevalent, at later stages diffusion is
replaced by hydrolytic degradation of the polymeric
matrix, which explains the linearity of the drug release
process. At these later stages of etoposide release (12 –
60 days), kinetic profiles are approximated by an expo�
nential function (Fig. 2), which agrees with previously
described relationship (3) [15, 16], where Mt and M0
are the amounts of drugs released and initially loaded
into the polymeric matrix (mg) at time t (sec); r is the
microsphere radius (m), and D is the diffusion coeffi�
cient:

(3)

During a chlorambucil release, because of its high
hydrophilic properties, the main share of the drug
(about 70%) is removed from the polymer matrix in
1 day. Therefore, the diffusion stage is fast (compared to
an etoposide release) and almost completely equivalent
to a burst effect (initial discharge of the drug), and all
consequent stages are mainly determined by the degrada�
tion of the microparticle polymeric matrix; that is why
this part of the kinetic profile (3–60 days) is described
by an exponential function (Fig. 2).

Different degradation stages are clearly visible on
pictures obtained by optical microscopy at different
stages of the experiment (Fig. 3). The data shows that
chlorambucil microsphere degradation is clearly
noticeable on the 30th day of incubation in a phos�
phate buffer. By the 90th day, the microspheres lose
their shapes and are presented by an amorphous poly�
meric aggregation. The etoposide microsphere degra�
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dation has the same steps and does not significantly
differ from the degradation of chlorambucil micro�
spheres.

At the last stage of the work, the interaction
between a POB�based microspheres and encapsulated
chlorambucil or etoposide with human breast cancer
cell line MCF�7 was investigated. Cancer cells were
incubated with clear (not carrying drugs) chloram�
bucil and etoposide polymeric microspheres for 48 h.
The results were presented using a diagram of the cell
survival rate as a function of the duration of micro�
sphere incubation (Fig. 4).

The results indicate that polymeric microspheres
not carrying drug substances are biocompatible with
cancer cells and do not display cytotoxicity. POB�
based microspheres with etoposide suppressed cell
growth by 28% in 24 h and by 45% in 48 h of incuba�
tion. POB�based microspheres with chlorambucil
inhibited cell growth even more efficiently. In 24 hours
of chlorambucil microsphere incubation, the amount
of tumor cells reduced fivefold, and in 48 h inhibition
reached 96%.

(а) (b) (c)

Fig. 3. Microphotography of hydrolytic degradation of biopolymer POB–based microspheres with encapsulated chlorambucil
(optical microscopy): (a) 1 day, (b) 15 days, and (c) 30 days.
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Fig. 4. Cell survival (%) diagram during incubation with
microspheres containing (I) no drugs, (II) etoposide, and
(III) chlorambucil.
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Thus, the results obtained through a comparative
analysis of the influence of etoposide and chloram�
bucil polymeric spheres on human breast cancer cell
growth suppression showed that etoposide and
chlorambucil polymeric spheres have different toxicity
for cancer cell cultures and, to be specific, chloram�
bucil is more active and inhibits cell growth in a
shorter incubation period (80% in 24 h) (Fig. 4).
According to the kinetics data, the drug release level
reached 80% in the first two days (Fig. 2). Etoposide
has a weaker effect on cell growth (inhibition did not
exceed 50% in 48 h), but it has a prolonged release
effect from the polymeric matrix (according to an in
vitro kinetic analysis (Fig. 2)). Chlorambucil can be
used to perform an initial shock to a tumor with the
consequent maintenance of a prolonged cytotoxic
effect. Etoposide can be used for prolonged oncother�
apy since a matrix system with this drug allows one to
maintain the required therapeutic dose owing to its
constant release.

***

Microspheres on the basis of biocompatible and
biodegradable polymer poly�3�oxybutyrate were cre�
ated with an inclusion of cytostatic drug substances—
chlorambucil and etoposide. The kinetics of pro�
longed release of chlorambucil and etoposide from
microspheres is investigated. The results indicate that
their prolonged release is determined by the diffusion
of drug substances from polymeric matrices at the ini�
tial stage and by the hydrolytic degradation of the
polymer at later stages.

The main differences between prolonged chloram�
bucil and etoposide forms are identified based on an in
vitro drug kinetic analysis and cell culture experi�
ments. Chlorambucil is more active and has a stronger
effect as an inhibitor of cell growth in a culture in a
shorter time interval (24 h). Etoposide has a weaker
effect (the percentage of cell growth inhibition in 48 h
does not exceed 50%), but it has a prolonged release
effect from the polymer matrix, which may be optimal
for oncotherapy.

Thus, the results of this study can make a founda�
tion for the creation and investigation of new pro�
longed formulations of chlorambucil and etoposide.
Certain characteristics of prolonged chlorambucil and
etoposide forms can be useful for the creation of an
optimal strategy of oncological disease treatment in
patients.
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