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ABSTRACT

We have produced nanoparticles loaded with antitumor 
drug paclitaxel. Operated nanoparticles were prepared on 
the base of a biodegradable and biocompatible polymer of 
bacterial origin, poly(3-hydroxybutyrate) (PHB). PHB 
nanoparticles with paclitaxel (230±55 nm in diameter) were 
obtained and investigated. It was shown that nanoparticles
loaded with paclitaxel caused inhibition of cell growth of 
breast cancer cell culture MFC-7 during 72 hours incubation 
in concentration dependent manner. Moreover, the in vitro 
antiproliferative action of biopolymer drug release system 
was more effective that antitumor action of commercially 
available paclitaxel drug dosage form, Taxol. 
Antiproliferative action of biopolymer nanoparticles was 
valid even after its incubation in buffer solution at 37°C for 
45 days.
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1 INTRODUCTION

The use of biocompatible polymers as the basis of 
dosage forms may not only eliminate a lot of disadvantages 
of traditional anticancer drugs, but also add new features, 
such as, prolonged action of the drug. Sustained release of 
the drug from the biopolymer micro- and nanoparticles 
provides long-term sustention of the necessary 
concentration of active substance in the organism or locally 
in a specific organ or tissue. Thus, it eliminates the need 
additional multiple drug administration, reduces toxicity 
and side effects of drugs, increases drug stability and 
efficiency by a uniform flow rate and the effective 
expenditure of drug. If a biodegradable polymer is used as a 
basis for sustained release system, the dosage form 
completely degraded after the drug release, and the products 
of biodegradation are excreted. At present, the development 
of polymeric dosage forms (PDF) is conducted using 
synthetic biodegradable polymers: polylactides, 
polyglycolides and their copolymers [1,2].

Despite some advantages of the PDF, we should take 
into account possible limitations such as toxicity of the 
polymer matrix, a biological incompatibility, unwanted 
byproducts of biodegradation, the need for implantation and 
subsequent extraction of polymeric forms, as well as the 
higher cost of the PDF as compared with traditional dosage 
forms [3]. The use of synthetic polylactides, polyglycolides 
and their copolymers as a base of PDF may also be 
interfaced with a number of complications associated with 
the development of chronic inflammatory tissue reaction in 
response to the implantation of these polymers [4]. 
Moreover, in many cases the drug release kinetics from 
microspheres on the basis of these polymers or their rate of 
biodegradation are unsatisfactory.

To develop an antitumor PDF we used a bacterial poly-
3-hydroxybutyrate (PHB) as an alternative to polylactides, 
polyglycolides and their copolymers [4-6]. We have 
previously shown that the PHB has a high biocompatibility 
and the ability to both hydrolytic and enzymatic degradation 
in vitro, and biodegradation in mammalian tissues in vivo 
[4]. Moreover, it was shown that tissue reaction to 
implantation of the PHB is lower than polylactide’s one [5]. 
Produced PDFs based on PHB microspheres for 
subcutaneous administration were capable of prolonged 
uniform release of drug within a few months. It was shown 
that the drug release is performed by a combination of two 
processes: drug diffusion from the polymer matrix and 
biodegradation of the PHB. Furthermore, it is possible to 
change the rate of drug release from the polymer base by 
varying the conditions of the polymer and its molecular 
weight [4,6]. However, for systemic administration polymer 
nanoparticles PDF is essential to develop. The PDF based 
on polymer nanoparticles can have the following 
advantages: sustained drug release, targeted drug delivery, 
long-term circulation in blood, penetration through blood-
tissue barriers etc.

Thus, the aim of our work is the production of 
biopolymer PHB nanoparticles containing antitumor drug
paclitaxel, and study of their physicochemical properties 
and biological activity in vitro on cell cultures of human 
breast cancer.
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2 EXPERIMENTAL METHODS

2.1 Materials

In production of biopolymer nanospheres we used poly-
3-hydroxybutyrate. It was obtained biotechnologically in 
framework of our original technology that enables to design 
the polymer with tailor-made molecular weight (Mw) (from 
10 to 1.5×106) [6]. Strain Azotobacter clorococcum 7B was 
used as a producer of PHB. Also were used: paclitaxel 
(Biomol, USA), dipyridamole (Sigma, Germany), 
chloroform (Ekos-1, Russia), polyvinyl alcohol (PVA) (MP 
Biomedicals, USA). Deionized water was prepared by a 
Milli-Q purification system from Millipore (Molsheim, 
France).

2.2 Nanoparticles preparation

18 batches of PHB-based nanospheres were prepared by 
modified oil in water (o/w) emulsification-solvent 
evaporation method. Nanoparticles were performed 
according to the following procedure: polymer solution in 
chloroform was passed through membrane filter with 200 
nm pores into stirring solvent, which was subsequently 
evaporated. PHB (mw 50 kDa, 0.1 g) was dissolved at room 
temperature in chloroform (2 ml). Paclitaxel (25 mg) was 
then dispersed in the resulting solution. This obtained 
organic phase was passed through membrane filter with 200 
nm pores and then added under an agitation of 25000 rpm, 
to 40 ml of aqueous phase containing 1.5% (w/v) PVA. The 
emulsion was continuously stirred at room temperature until 
the organic solvent evaporated or diffused from the 
nanoparticles completely (~1 hour). The formed 
nanoparticles were separated by centrifugation (10 min at 
14000 rpm) using the centrifuge 5702 R (Eppendorf, 
Germany) and then washed 3 times with distilled water to 
completely remove the emulsifier and drug from the surface 
of the particles. Then the nanoparticles were freeze-dried. 

2.3 Characterization of nanoparticles

The average diameter and standard deviation of obtained 
batches of nanoparticles was determined by means of 
atomic force microscopy.

The content of drug in nanospheres was determined 
spectrophotometrically after dissolving in chloroform by 
measuring absorption with spectrophotometer DU-650 
(Beckman Coulter, USA) (absorption maxima at 242 and 
278 nm) in comparison with the control solution in 
chloroform, and using the standard curve of the PHB and 
paclitaxel solutions in chloroform at different 
concentrations.

2.4 In vitro release study

The in vitro release of paclitaxel loaded nanoparticles 
was measured in phosphate buffered saline (PBS, pH 7.4) in 
4 repeats at temperature of 37 ◦C. 20 mg of paclitaxel 
loaded nanoparticles were suspended in 4 ml of PBS in a 

screw capped tubes, which were placed in an orbital shaker 
(BioSan, USA) maintained at 37 ◦C and shaken horizontally 
at 330 rpm. At specific time following incubation samples 
were taken out and centrifuged at 14000 rpm for 10 min. 
The supernatant was withdrawn and the residue was 
returned in the tubes. UV analysis then was done as 
previously described. The residual content of paclitaxel in 
nanospheres were also determined spectrophotometrically 
by dissolving them in chloroform.

2.5 Microscopy

Images of nanoparticles were obtained by atomic force 
microscope Solver PRO-M (Russia, Zelenograd). A 
suspension of nanospheres in distilled water was applied to 
the surface of the mica substrate, mounted on a holder and 
air dried. Scanning was performed in semicontact mode 
using cantilevers NSG01 (a typical stiffness 5.1 N/m), 
scanning frequency was 1-3 Hz, the frame size from 3x3 to 
20x20 um2.

Microimages of the endocytosis process nanoparticles 
were were carried out by fluorescence microscopy using 
Axiovert 200M fluorescent microscope with a digital 
AxioCam camera running the Zeiss LSM Image Browser 
4.2.0 software (Carl Zeiss MicroImaging GmbH, Germany).

2.6 Interaction with cell culture

Cell culture of human breast cancer MCF-7 was used to 
evaluate the biosafety of the nanoparticles in vitro. Cells 
were cultured using methods described by Freshney [7]. 
Survival of cells under the influence of the test agent was 
calculated by the formula: N% = (number of cells in the 
experiment / number of cells in the control) x 100. In this 
case we used a standard MTT test, as the most significant 
method used for tumor cells cultures [7].

The nanoparticles were dispersed in the culture medium 
and added to cultured cells at different concentrations. Pre-
dried nanoparticles were sterilized at 90°C for 10 min. 
Studied nanoparticles were tested in 6 parallel 
measurements with the following concentrations: 3 ug/ml, 
10 ug/ml, 30 ug/ml, 100 ug/ml, 300 ug/ml, 1 mg/ml and 3 
mg/ml (or 0.3 ug/ml, 1 ug/ml, 3 ug/ml, 10 ug/ml, 30 ug/ml, 
100 ug/ml and 300 ug/ml of paclitaxel). A suspension of 
drug non-loaded biopolymer nanoparticles in the 
concentrations of 3 mg / ml was used as a negative control. 
Solution of pure paclitaxel without biopolymer 
nanoparticles in a concentration of 3 ug/ml was used as a 
positive control. Measurements were made at 24, 48 and 72 
hours from the start of cultivation.

3 RESULTS AND DISCUSSION

The PHB-based nanoparticles loaded with paclitaxel (10 
± 1% w/w) were prepared using the modified one-step 
emulsification and solvent evaporation method. The 
diameter of the microspheres was 230±55 nm.

Image of single nanoparticle was obtained by atomic 
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Figure 1: A nanoparticle loaded with paclitaxel, AFM

We have shown that produced nanoparticles provide 
sustained drug release for up to 2 month in vitro (Fig.2). 
Moreover, the temporal variation of the drug release in the 
early stages can be approximated by a power function, and 
for greater duration of the experiment - is almost linear. 
Such a type of the release indicates that in the early stages 
diffusion processes between aqueous buffer and drug are 
dominate, then in the later stages diffusion gives way to the 
hydrolytic degradation of the polymer base, which accounts 
for almost linearly rate of drug release. Similar to the type 
of release pattern was observed in the kinetic profile of 
previously studied microspheres with dipyridamole [6,8], 
except for the first phase of drug ejection from the polymer 
matrix, the so-called "burst effect," which in the case of 
dipyridamole was significantly higher. Such a difference is 
probably explained by the high affinity of paclitaxel to PHB 
than dipyridamole, due to hydrophobic interactions between 
the polymer and drug, which helps to extend the controlled 
drug release, compared to more hydrophilic substances 
[9,10].

Figure 2: Kinetics of paclitaxel release from PHB-based 
biopolymer nanospheres

The sustained drug release makes possible to use these 
systems for long-term inhibition of cancer cells proliferation 

and tumor growth in the local site of injection. Tumor cells 
(MCF-7 cell line) were incubated within 72 hours with 
paclitaxel-loaded nanoparticles at different concentrations, 
with the pure polymer microspheres (drug non-loaded) and 
the traditional dosage form of paclitaxel – taxol (cremophor 
containing form). Obtained experimental results are 
summarized in a graph of cell survival on the duration of 
incubation with microspheres (Fig.3).

Figure 3: The cytotoxic effect of PHB nanoparticles loaded 
with paclitaxel in different concentrations on the MFC-7 

cells viability in vitro.

Nanoparticles with paclitaxel strongly inhibit the cell 
growth (less than 40% of surviving cells on the third day). 
Moreover, a direct dependence of inhibiting the growth on 
the concentration of the drug clearly seen only on the first 
day of incubation, and by the third day of the experiment, 
all growth curves are aligned and are approximately equal. 
Thus, even small concentrations of the drug-loaded 
nanoparticles are sufficient to suppress cell proliferation of 
human breast cancer more than 2 times on the third day of 
incubation. Meanwhile, the paclitaxel in the traditional 
dosage form initially strongly inhibits cell proliferation, but 
then suppresses cell growth in a lesser degree. Apparently, 
this is due the fact that paclitaxel in the traditional form is 
utilized by cells or splits in the environment, resulting in its 
concentration decreases with time. This leads to a 
resumption of cell growth, whereas a constant supply of 
paclitaxel from the microspheres helps to maintain a 
constant current concentration, which increases their 
effectiveness.

To show the prolonged effect of drug release from 
polymeric nanoparticles, we studied the influence of 
nanoparticles (diameter of 230±55 nm, the inclusion of 
paclitaxel 10%) which has already been incubated in 
phosphate buffer for 45 days (as in the study of the kinetics 
of drug release in vitro) on cell growth of culture MCF-7, 
i.e. drug release from these spheres lasted for quite a long 
period of time (Fig.4). 

The results showed that studied nanoparticles inhibit cell 
growth, and almost all of the selected concentrations reduce 
the cell proliferation by about 50% of the control on the 
third day of incubation. Thus, the investigated dosage form 
of the drug continues to release small amounts of drug even 
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after six weeks of incubation in phosphate buffer and 
effectively inhibits the growth of tumor cells.

Figure 4: Cell survival in incubation with the 
nanoparticles at different concentrations, stirred in 

phosphate buffer (at 37 ° C, pH 7.4) for 45 days before 
incubation.

To visualize the accumulation of drug in the cells the 
interaction of tumor cells MCF-7 with nanoparticles 
(diameter 230±55 nm) containing a fluorescent substance 
dipyridamole was investigated. The images (Fig.5) show the 
endocytosis of biopolymer nanoparticles in tumor cells after 
3 hours (Fig.5A) and 24 hours (Fig.5B). After 3 hours of 
cultivation microspheres are already absorbed by cells, but 
released substance has not yet fully accumulated, while 
after 24 hours of cultivation, the whole cell showing the 
fluorescence intensity, indicating a high concentration of 
dipyridamole throughout the volume of the cell.

Figure 5: Endocytosis of biopolymer nanoparticles 
(diameter 230±55 nm) containing fluorescent dipyridamole 
by tumor cells line MFC-7, through 3 h (A) and 24 h (B).

Thus, produced biopolymer drug systems can be used 
for development of drug formulations for treatment of 
various types of tumors: breast, lung, colon, brain etc. 
cancers. 
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