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Abstract 
The production of poly-3-hydroxybutyrate and poly-3-hydroxybutyrate/polyethylene glycol – based 

microparticles, loaded with antitumor drugs Paclitaxel (PTX) and 5-Fluorouracil (5-FU) by spray-drying technique 
was investigated. The average diameter of microparticles was found to be 3.4 ± 0.5 µm and zeta potential was about 
-44 mV. The addition of surfactant (PEG) did not show any effect on the morphological characteristics of the 
particles. But the chemical structure of drug influenced on the properties. Microparticles had heterogeneous pores on 
the surface when the hydrophobic PTX was encapsulated. For 5-FU loading microparticles, were established that the 
addition of surfactant positively influenced on the properties of particles and led to the loading of drug directly into 
the matrix. This is confirmed by the results of electron microscopy and dynamics of drug release in vitro. As a 
whole, the release profiles of PTX and 5-FU from composite P3HB/PEG-microparticles were less than from P3HB-
microparticles. The results of the morphological evaluation of Hela cells demonstrated that the use of cytostatic 
drugs loaded in P3HB microparticles induces morphological changes associated with apoptosis (chromatin 
condensation, core fragmentation, margination of nucleus). Thus, the obtained results can serve as the basis for the 
development of new antitumor drugs of prolonged action, intended for various modes of administration.  
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Introduction 
Biopharmacology perceives the development of the antitumor drug as one of the top priority research. The 

drugs such as taxane derivatives and pyrimidine antagonists are well documented against different types of cancer 
such as lung cancer, ovarian cancer, prostate cancer, etc. The ongoing efforts to evaluate antitumor drugs are often 
bound with myriad limitations such as low selectivity and high systemic toxicity which leads to the adverse effects 
on the individual health. The situation becomes deleterious with immuno-compromised patients. In most cases, the 
efficacy and dosage of anticancer drugs do not exhibit the complete activity. In the current scenario, minimizing the 
toxicity of chemotherapy and enhancing the drug solubility with a specific mode of action on tumor cells has 
become a subject of interest for various scientific studies. Based on these facts, different strategies are implemented 
to enhance the therapeutic index of the drug for instance, encapsulation of antitumor drugs. One such method 
includes the development of new dosage of chemotherapeutic agents in the form of nano/microparticles from 
biodegradable and biocompatible polymers.[1-3] There are different polymers which are widely in practice but they 
usher their own toxicity and few are reported to cause severe allergic reactions. Hence, care must be taken during 
the selection of polymers to develop nano/microparticles. 

The polyesters of monocarboxylic acids such as polylactide and polyglycolides are popular choices to 
produce nanoparticles/microparticle. But in recent years, use of polyhydroxylalkanoate (PHA) polymer has grabbed 
scientific attention owing to its unique properties such as biodegradability, biocompatibility and easy production via 
microbial fermentation. In comparison with popular polylactides, PHAs are thermoplastic, have less effect on pH of 
tissues and have a longer in vivo degradation period, which makes them one of ideal polymer, for targeted drug 
delivery systems.  

The most common technique for obtaining microparticles from PHA is emulsion method, which includes 
evaporation/solvent extraction.[4-7] These methods are based on packing polymeric chains in an aqueous medium to 
obtain spherical particles onto which the drug can be incorporated within the internal cavity of these particles or 
adsorbed on their surface. 

 Among the different techniques used, spray-drying method is one of the simplest, inexpensive and efficient 
routes to obtain particles.[8 – 10] Spray-drying is a fast, continuous and cost-effective process for the production of dry 
powders by spraying solutions in a hot gas environment. This method is widely used in different sectors like 
pharmaceutical, chemical, cosmetic and food industries.[11-14] 

One of the main advantages of obtaining particles from hydrophobic polymers with spray-drying is the use 
of solvents with a low boiling point. For example, the use of dichloromethane (40 °C) or acetone (56 °C) prevents 
sticking and agglomeration of particles. The reason is that these solvents evaporate at a temperature lower than the 
melting point and the glass transition temperature of the most of the other hydrophobic polymers.[13, 15-16] 

Well-known, spray-drying was considered as dewatering process, however, it is also possible to 
encapsulate hydrophilic and hydrophobic active compounds in various formulations.[17-19] One of the interesting 
facts of spray-drying is that the droplets are exposed to temperatures for milliseconds or seconds[15, 20], which 
protects active compounds from thermal degradation. [21] In addition, the solid particles obtained by this method 
have higher chemical and physical stability. Moreover this method allows obtaining particles with the higher values 
of encapsulation efficiency, in contrast to the emulsion method, in which the drug separates between phases in the 
emulsion and, as a consequence, leads to decrease encapsulation efficiency.[22-23] 
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The perusal of scientific studies report that the use of biopolymeric microparticles containing antitumor 
drugs 5-fluorouracil and paclitaxel, non-steroidal anti-inflammatory drug celecoxib, as well as antibiotics, antiviral 
drugs can be achieved by the spray-drying method[16, 24-29]. Recently, dosage forms of poorly soluble, toxic, short 
half-life drugs were obtained using the spray-drying method for treatment of lung cancer[30-31], bronchial asthma[32], 
hypertension[18], etc. 

The preparation of microparticles from poly-3-hydroxybutyrate (P3HB) by spray-drying process was 
described by our scientific group in earlier studies. In these studies the different parameters and characteristics in the 
development of microparticles are demonstrated, e.g. production yield, average diameter, zeta potential and 
production processes, like inlet temperature, polymer solution feeding rate and polymer solution concentration are 
established.[33-34] However, in the modern literature single example of using spray drying for the preparation of PHA 
microparticles is presented.[35] Thus, paracetamol loaded microspheres from aqueous dispersions of extracted poly-
3-hydroxybutyrate / poly-3-hydroxy-4-pentenoate granules were synthesized and briefly characterized.[35] Based on 
these facts and consideration, the present study was designed and executed for developing microparticles from 
organic solutions of P3HB, as well as in a blend with polyethylene glycol containing antitumor drugs paclitaxel and 
5-fluorourocyl, by spray-drying technique. The activity of microparticles, controlled drug release and the cytotoxic 
effect were studied in culture of human cervical carcinoma cells in (HeLa). The results were validated and compared 
with commercial antitumor drugs. 

Materials and methods 
Materials 
Poly-(3-hydroxybutyrate) (P3HB) with different molecular weight was produced at Institute of Biophysics 

of the SB RAS by the microbial fermentation process. Registered mark of material – "Bioplastotan™". 
Polyethelenglicol (PEG, 4600 Da), 5-fluorouracil (5-FU) were purchased from Sigma-Aldrich (USA), paclitaxil 
(PTX) from Veropharm LENS (Russia). 

Methods 
Preparation of microparticles by spray-drying  
Microparticles were prepared by spray-drying process of PHA solutions using Büchi B-290 Spray dryer 

(BÜCHI Laboratory Equipment, Switzerland, Flawil). P3HB or blend of P3HB and PEG (75:25) were dissolved in 
dichloromethane (1wt %) for obtaining microparticles. The parameters selected for preparation of the microparticles 
were inlet temperature 75 °C, aspirator speed 100%, and feed pump speed 3.2 mL·min-1 with a nozzle orifice 
(diameter of 0.7 mm). 

Preparation of drug loaded microparticles by spray-drying  
Microparticles with 5-FU were obtained from 1wt % P3HB dissolved in dichloromethane and 5-FU 

dissolved in methanol (based on 1% of the weight of the polymer carrier). Microparticles with PTX were prepared 
by mixing commercial PTX (1 wt % of the weight of the polymer carrier) with 1 wt % solution of the polymer in 
dichloromethane by spray-drying process. Assay conditions were similar to those described earlier: inlet temperature 
75 °C, feed pump speed 3.2 mL·min-1. The obtained microparticles were stored under vacuum. 

Characterization of microparticles 
Production yield 
The production yield (P) was defined as the percentage of the weight of spray-dried microparticles (Wm) 

compared to the weight of polymer (Wp) in the initial feed solution as shown in Eq. (1):  

   (1) 
Scanning electron microscopy 
The morphological characteristics of the microparticles were studied using scanning electron microscopy S-

5500 and TM-3000 electron microscopes (Hitachi, Tokyo, Japan). The samples were sputter-coated with platinum 
under conditions 3 cycles of 20 seconds at 10 mA by a sputter coater K550X (Emitech, Quorum Technologies Ltd., 
East Sussex, UK). 

Particle size and zeta potential measurements 
The size distribution and polydispersity index (PdI) of microparticles were determined on a particle size 

analyzer Zetasizer Nano ZS (Malvern, Worcestershire, UK) using the dynamic light scattering method. Each sample 
was measured in triplicates. The surface charge of microparticles was characterized by value of the electrokinetic 
potential (zeta potential), which was determined by the electrophoretic mobility of the particles in the suspension on 
particle size analyzer. 

Antitumor drug loading and encapsulation efficiency 
The amount of drug inclusion in the polymeric microparticles was determined by spectrophotometric 

analysis. The 5-FU- loaded and PTX-loaded microparticles were dissolved in a mixed solution of dichloromethane 
and methanol (v/v 3:1) and dichloromethane, respectively. The quantity of PTX and 5-FU loaded in the 
microparticles was determined on a UV-Vis spectrophotometer Cary 60 (Agilent Technologies, Selangor, Malaysia) 
by measuring the UV-Vis absorbance at 227 nm (PTX) and 265 nm (5-FU) using pre-built calibration graphs. The 
experiment was carried out in triplicates. 
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The encapsulation efficiency (E) was defined as the percentage of the weight of drug in microparticles (Wm) 
compared to the initial weight of drug (Wi) as shown in Eq. (2): 

    (2) 
In vitro drug release studies 
The controlled drug release studies of 5-FU- loaded and PTX-loaded microparticles werecarried out in 

vitro. The microparticles were initially sterilized by UV radiation for 20 minutes and placed in a sterile 12-well 
culture plate, containing 2 ml of phosphate-buffered saline (PBS, pH 7.4). The plate was exposed to shaker-
thermostat ST-3M (ELMI, Riga, Latvia) at 37 °C (n=3). Microparticles were settled by centrifugation (4000 rpm, 20 
min), and in the samples the amount of the drug, released at different intervals, was determined. 1 ml samples were 
withdrawn from the solution to observe the change in 5-FU and PTX concentration by UV-Vis spectroscopy 
(Agilent Technologies, Selangor, Malaysia). The amount of volume used from culture plate was replaced with 
phosphate buffer. The amount of 5-FU and PTX in the supernatant was determined at 227 nm and 265 nm, 
respectively. Triplicate measurements were performed during every analysis. 

 
 
Cell culture  
The efficacy of the drug loaded microparticles was investigated with HeLa tumor cells, at the concentration 

of 5 × 103 cells / ml placed in 24-well plate. The suspension of drug loaded microparticles was introduced into the 
cell culture; the concentrations of the encapsulated drugs were 0.6 µg / ml. The cell culturing was carried out 
according to the protocol described by Freshney.[36] In brief, the DMEM suspension contained 10% solution of 
embryonic bovine serum and solution of antibiotics (streptomycin 100µg /ml, penicillin 100 U/ml) was incubated in 
a CO2 incubator (New Brunswick Scientific, St. Albans, UK) with 5 % atmospheric CO2 at 37 °C. The medium was 
replaced every three days. 

In vitro cytotoxicity assay  
The level of cellular metabolism was studied with MTT assay with respect to the positive control. The 

commercial drugs were introduced into cell cultures at similar concentration. 
The viability of HeLa cells was evaluated in a reaction with MTT based on the ability of cell 

dehydrogenase to restore MTT to formazan, which characterizes the activity of mitochondria and the number of 
living cells and indirectly reflects the ability of cells to proliferate on matrices. To HeLa cells, 50 µl of 5% MTT 
solution and 950 µl of the total nutrient medium were added to the well, containing each polymer sample. The 
medium with the MTT solution was replaced with DMSO to dissolve the resulting MTT formazan crystals. After 30 
minutes, the supernatant was transferred to a 96-well plate (Corning, USA), and the optical density was measured at 
a wavelength of 540 nm on a Bio-Rad 680 microplate reader (Bio-Rad Laboratories Inc., Osaka, Japan). The 
number of cells was estimated from the calibration curve. 

Fluorescent staining of Hela cells 
The cell viability in HeLa culture was investigated by the differential staining techniques using DNA-

intercalate fluorescent dyes such as acridine orange (AO) and ethidium bromide (EB). Cell staining was performed 
according to procedure, the previously described by Liu et al.[37] The cells were initially fixed with a 1% formalin 
solution at room temperature. The culture was washed with DPBS solution, 70% alcohol. The degradation of RNA 
was achieved using 0.2 ml of RNAse which was added to the cells culture and incubated at 37° C for 30 minutes. 
Further, solution mixture containing AO (100 µg / ml) and EB (100 µg / ml) was added in a ratio of 1:1. The cell 
morphological analysis and counting were performed on the first and third day using a fluorescence microscope 
Leica DM6000B (Leica Camera AG, Wetzlar, Germany) at a lens of 20× in 10 fields of vision. The staining with 
DAPI and FITC (Sigma-Aldrich, USA) was also performed to study cell morphology and the results of MTT. 
Visualization and counting of cells were carried out in a similar way. 

Statistical analysis  
The results obtained are expressed as a mean ± standard deviation. The statistical processing of the results 

was carried out using the standard Microsoft Excel, STATISTICA 8. Arithmetic means, mean square error, and 
arithmetic means error were calculated. Significant differences in average values were assessed using Student's t-
test. P values < 0.05 are considered as statistically significant. 

Results and discussion 
Properties of spray-dried P3HB microparticles 
Effect of molecular weight on the characteristics of microparticles 
The present study presents the results of the preparation of P3HB microparticles by spray drying. During 

the process of development, the micronization of solutions containing high molecular weight poly (3-
hydroxybutyrate) (over 1000 kDa) resulted in the formation of "polymer threads" (Figure 1a). The part of high-
molecular polymer chains are not completely dried due to high pressure and fast gas flow in the system. Therefore, 
these were resulted in a thread-like structures. In addition, production yield product was not more than 10% (Table 
1). The formation of such structures may be due to the high viscosity of P3HB solution. According to literature 
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sources, the viscosity of the P3HB solution varies from 4 to 60 Pa·s[38], which makes it difficult to obtain 
microparticles with a high production yield. However, the low molecular weight polymer (100 kDa) was ideal to 
obtain a good quality of microparticles, and the production yield was also increased up to 85% (Table 1). This is due 
to the decrease in the viscosity of the spray solution. 

Microparticles, obtained from low molecular weight P3HB, had the spherical shape as shown in Figure 1b. 
It is noable, that there was a formation of agglomerates between microparticles with the smaller diameter. All in all 
a broader particle size distribution was shown (Figure 1b), that was investigated by dynamic light scattering method 
(Table 1). The average diameter of microparticles was to be 3.4 ± 0.5 µm.  

In addition, it was also found that the P3HB microparticles obtained by the spray-drying method displayed 
a significantly higher zeta potential (-45 mV) compared to the microparticles obtained by the popular emulsion 
method (about -15 mV).[39] This result indicated that the microparticles obtained via low molecular weight P3HB, by 
spray-drying technique, have negative zeta potentials with enhanced physical stability. The result justifies the 
previous findings, which suggest that absolute value of zeta potential over | 30 | mV is optimal and satisfactory. 
Absolute value of zeta potential of more than | 60 | mV is said to have high physical stability.[40] 

Influence of PEG surfactant on the characteristics of microparticles 
The addition of PEG to the P3HB solution (25:75) did not show any effect on the morphological 

characteristics of the particles. Further, the electrophoretic activity of the microparticles was found to have zeta 
potential -43 mV, and the average diameter did not exceed 3.6 µm. However, the addition of PEG led to decrease 
agglomeration of the particles, and in consequence to decrease PdI (Table 1). 

It is reported that the addition of surfactants to polymers like polyhydroxybutyrate, affect physicochemical 
properties of the particles.[41] Studies also highlight the role of surfactants in increasing the elasticity, reducing the 
degree of crystallinity of P3HB, facilitates the penetration of water into the polymer matrix.[42] PEG is the most 
commonly used non-ionic surfactant, which is said to be a hydrophilic non-toxic segment in combination with 
hydrophobic biodegradable aliphatic polyethers.[43-44] PEG escapes the initial defense process from the immune 
system due to its biocompatible properties, which result in higher circulation period in the blood stream by creating 
a spatial barrier that prevents the opsonization process.[45] 

When studying the morphology of the obtained samples, it was established, that microparticles of P3HB, as 
well as the particles with PEG, had a smooth surface (Figure 2). The only characteristic feature of composite 
microparticles was the presence of small pores on the surface, indicated by the arrows in Figure 2b. The results 
obtained from the smooth surface of the composite microparticles with PEG are consistent with a study conducted 
by Monnier[46], who showed that the addition of low molecular weight PEG led to the formation of a smoother 
surface of the poly(hydroxybutyrate-co-valerate) microparticles obtained by emulsion method. 

Characterization of P3HB microparticles and P3HB/PEG composite microparticles loaded with 
antitumor drugs 

The composite characterization of P3HB microparticles and P3HB/PEG microparticles loaded with 
antitumor drugs was studied. Drug loading did not affect the dimensional characteristics of the zeta potential of 
microparticles (Table 1). Probably, such an effect was associated with a low concentration of drugs - 0.6 mg/ml. In 
the present study, PTX and 5-FU were used as model hydrophobic and hydrophilic drugs, respectively. The obtained 
results are presented in Figure 3. The SEM analysis revealed that the accumulation of 5-FU was mainly localized on 
the surface of P3HB-microparticles, whereas the addition of PEG to P3HB led to the loading of the drug directly 
into the matrix of carriers. This was confirmed by the results of drug encapsulation efficiency (Table 1). Thus, the 
addition of a surfactant positively influenced the properties of hydrophilic drug-loaded P3HB microparticles, which 
correlates with the results presented in Paudel.[30] 

It is known that partial amorphization of substances occurs in spray-drying process[30], and the addition of 
surfactant reduces amorphization. This surfactant leads to the formation of a smooth and spherical surface of carriers 
due to dense packing of molecules of substances and decrease of their mobility. Such effect provides high 
encapsulation efficiency and sustained release of drugs from carriers.[47-48] For example, Hamzehloo et al. 2017 
showed that the addition of PEG to Eudragit E100 provided a sustained release of the drug by swelling the carriers 
and diffusing the drug.[19]  

Interestingly, with respect to PTX, a marked change in the surface structure was observed, most likely due 
to the presence of polyoxyethylated castor oil (Cremophor® EL *) in the commercial preparation. Due to the fact 
that the oil component of PTX has a boiling point much higher than the originally set inlet temperature 75 °C it 
could not dried during the spraying process, which led to the formation of an uneven and porous surface of 
microparticles (Figure 3a, b). These results highlight that addition of surfactant does not change the porosity of the 
surface of the microparticles, while the presence of the oil component in the solution during sputtering produces 
large and heterogeneous pore sizes on the surface. 

Study of the drugs release from P3HB and composite microparticles in vitro  
The controlled release of the antitumor drugs such as PTX and 5-FU from P3HB and composite P3HB/PEG 

microparticles in the PBS are shown in Figure 4. The results showed that during the first phase, the release of PTX 
and 5-FU from polymeric microparticles was characterized by a high yield of the drugs (72-120 h), which was also 
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justified by the presence of a large amount of drug on the surface of microparticles and weak hydrophobic 
interaction between the drug and the polymer. The next phase of antitumor drug release (144-168 h) was dominated 
by the diffusion mechanisms associated with the release of the drug from the internal structures of microparticles, 
that is why drug release slowed down and the concentration of preparations in the PBS was constant. Earlier 
scientific literature reports that the drug release from polymer systems with prolonged action can be implemently by 
diffusion, in which the preparations move to the edge of the polymer product and then pass into the external 
environment.[49] It is known that P3HB in the absence of biological factors (enzymes, cells) does not hydrolyze into 
carbon chains[50], so the release of preparations from polymer carriers occurs according to the laws of chemical 
reactions and does not depend on the state of the carrier material. 

In the first 48 hours, the drug release of PTX from the P3HB microparticles was 0.024 mg/ml and 0.012 
mg/ml from the P3HB/PEG composite microparticles, indicating the 40% and 20% of the drug loading, respectively. 
The drug release of 5-FU from P3HB and composite P3HB/PEG microparticles was less than that of PTX and was 
16% and 3.5%, respectively. After 140 h the outline of the profile curve on the plateau was determined in both 
variants of microparticles and the rate of drug release gradually decreased. After the completion of the experimental 
process the PTX release in the medium was 67% and 50%, and 5-FU release was respectively 49.7% and 22% from 
microparticles obtained from P3HB and composite P3HB/PEG respectively. On average, the total drug release of 
antitumor drugs from composite microparticles was 1.5 times lower compared with P3HB microparticles. The drug 
release from biodegradable microparticles depends on a number of factors and some of the important factors include 
the size, microparticle surface structure, and the chemical nature of the drug[51]. The decrease in the total release of 
antitumor drug from composite microparticles is most likely due to the fact that the surface of the microparticles 
obtained from P3HB containing 5-FU was coated with the drug, while the surface of the composite P3HB/PEG 
microparticles was heterogeneous with small pores and the drug was not detected (Figure 3c, d). High porosity and 
heterogeneity of P3HB microparticles and P3HB/PEG composite microparticles loaded with PTX contributed to 
increase in drug release. The obtained results are in accordance with the study carried out by Monnier[46]. The 
release rate of heparin from microparticles obtained on the dasis of P3HB/P3HV with the addition of low molecular 
weight PEG, was in 2-3 times lower if compared with the release from P3HB-microparticles. In general, the addition 
of PEG to P3HB contributed to a reduction of the so-called "burst release effect" of drugs at the initial stages of 
kinetic curves (1-2 days). Reduction of this effect is essential in the development of prolonged drug delivery 
systems, which will be highly important for minimizing the toxicity of highly toxic antitumor drugs. It is noteworthy 
to mention that the rate of drug release may depend on the degree of binding drug molecules to the polymer, which, 
in turn, is determined by the molecular weight of the drug, its solubility, the presence of polar or functional groups. 
In the present study, a slight decrease in the release rate of 5-FU in comparison with PTX might be due to the 
presence of functional groups in the structure of 5-FU that are capable of forming hydrogen bonds with the carboxyl 
and hydroxyl groups of the polymer. In general, the addition of a low molecular weight and non-ionic surfactant can 
regulate the efficiency of drug loading into microparticles, and with respect to the chemical structure of the drug. 
Hence it is possible to obtain prolonged release systems with the optimal release rate of the drugs to maintain its 
necessary concentration in the body. 

Cell culture  
Efficacy of antitumor drugs loaded in P3HB and composite P3HB/PEG microparticles 

The functional properties of PTX and 5-FU loaded in microparticles were analyzed in comparison with 
commercial drugs in the culture of the tumor cell. Previously, it has been shown that microparticles based on PHA 
such as P3HB, P3HB/3HV, P3HB/3HH, P3HB/4HB, P3HB/3HO are reported to have no toxic effect on the NIH 
3T3 fibroblastic cell line, L929 fibroblastic cell line, prenatal rat neuronal hippocampal cells and HeLa tumor 
cells.[39, 52-54] In the present study, HeLa tumor cells were selected as a subject of investigation. The proliferative 
potential of Hela was evaluated by the MMT test (Figure 5). After the application of free PTX and PTX-loaded in 
microparticles, the number of cells in the intact control was significantly higher than in the experimental groups. 
After 3 days, the number of cells with the addition of P3HB and composite P3HB/PEG microparticles containing 
PTX, was almost the same, respectively, 7.4 × 103, 4.9 × 103, that on the average 12 times lower, when compared to 
intact control. 

The maximum antiproliferative effect of 5-FU was observed on the first day with P3HB / 5-FU, for which the 
number of viable cells was 9.6 × 103. By the third day, the antiproliferative effect of this sample was similar to free 
drug, with a number of cells not exceeding 4 × 103. As mentioned earlier, the addition of surfactant to P3HB 
resulted in the decreased release of 5-FU from the particles and, as a consequence, less effect was observed during 
initial days (the number of viable cells was 26.3 × 103). 

The delayed effect of free 5-FU on the first day is most likely due to the functional peculiarity of drug, as to 
prevent DNA synthesis and to form structurally deficient RNA it is necessary to convert 5-FU into active 
metabolites, including 5-fluoro-2'-deoxyuridine-5-monophosphate and 5-fluorouridine tri-phosphate. 

It can be estimated that the efficacy of products during production of micro- and nano-carriers is an important 
parameter especially in the case of sensitive substances such as drugs, proteins, genes, vitamins, etc. Earlier studies 
reported that the encapsulation of substances retained their activity after spray-drying.[55-58] For example, Estevinho 
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et al. loaded vitamins B12 and C in chitosan-microparticles by spray-drying and confirmed the biological activity and 
the integrity of vitamins.[59] 

It can be predicted that the maximum activity of 5-FU-loaded in P3HB-microparticle might be due to the 
emergence of polymorphic changes or amorphization of 5-FU during the drying process. According to the literature, 
the spray-drying process can lead to increasing the solubility and the rate of absorption of the loaded substances.[60-

62] A similar effect was noted in the work carried out by Tran.[61] Deposition of raloxifene in the microparticles from 
polyvinylpyrrolidone K30 resulted in transition of the drug from crystalline to amorphous state.[61] Similar 
observation was seen with flurbiprofen-loaded sucrose nanoparticles.[63] Flurbiprofen was characterized by 
amorphization of the drug during the drying process. Concentration of drug in the blood plasma was 9 times higher 
than in the group with the administration of the commercial preparation, when the deposited flurbiprofen was 
administered orally to rats.[63] Nevertheless, a possible transformation of 5-FU was observed in the study, which can 
serve as the basis for future investigations. 

Morphological evaluation of Hela tumor cells upon culturing with antitumor drugs 
It is known that antitumor drugs are capable of inducing both apoptotic and necrotic cell death in cell culture. 

For potential antineoplastic agents, the key point is to initiate cell death by apoptosis without the development of an 
inflammatory process. In the present study, the morphological evaluation of Hela cell death was carried out using 
the double staining method (AO/ EB) which was examined under a fluorescent microscope. AO is one of the most 
important fluorescent dyes that can stain the DNA nucleus in an intact cell membrane, while EB stains the cells that 
have lost the integrity of the cell membrane.[64] Consequently, living cells have a green-colored core, and early 
apoptotic cells display the bright green condensed core with chromatin fragmentation. Further, the late apoptotic 
cells condense with a fragmentary chromatin displaying yellow-orange or red color, while dead cells show bright 
orange or red homogeneous nucleus. 

The morphological studies of Hela cells with the addition of drugs in free form and loaded in microparticles 
showed visual changes compared to intact cells (control). During the observation, the control cells had an oval shape 
and were evenly colored green. At the same time, the number of cells in the control group with signs of early 
apoptosis did not exceed 4% of the total number of cells in the field of vision. This may be due to the high 
proliferative potential of Hela tumor cells and the limited space for cell growth (Figure 6, 1-3 day). 
 The Hela cells showed typical signs of apoptosis, like the decrease in volume, fragmentation and 
condensation of chromatin and formation of apoptotic bodies (Figure 6, shown by arrows).[65-67] Chromotin 
condensed and fragmented by the apoptotic type was detected after one day both in dead cells and in alive cells, 
preserving the integrity of the plasma membrane (Figure 6). A significant increase in the proportion of apoptotic 
cells was noted due to the action of loaded PTX. Thus, the proportion of cells with condensed chromatin when 
P3HB and P3HB / PEG were applied to microparticles loaded with PTX was 1.5-2 times the higher than proportion 
of cells with fragmented chromatin, into which 5-FU loaded microparticles were added. With the use of free PTX, 
an increase in the number of necrotic cells was observed after 24 hours, which was 80-90 %. 

The enhanced cytotoxic effect of PTX loaded in microparticles and free PTX obtained in the present 
investigation is consistent with the data on the kinetics of PTX release from microparticles. The results showed 
higher PTX yields, which inhibited the growth that, in its turn, induced apoptosis in Hela culture, compared to 5-FU 
loaded microparticles. On the first day, the yield of 5-FU in the PBS from the microparticles was at the level of 
0.0005 mg/ml, and this concentration was not sufficient to suppress cell growth (Figure 4). 

After 3 days, the experimental groups showed an increase in the number of necrotic cells whereas, in the 
control group, single cells with fragmented chromatin were observed (Figure 6). 

The FITS/DAPI staining was performed to evaluate the morphological changes of Hela cells when cultured 
with the free form and loaded in microparticles forms of PTX and 5-FU. Morphological changes associated with 
apoptosis (chromatin condensation, core fragmentation, margination of nucleus) are indicated by the arrows in 
Figure 7. In general, the results obtained confirmed the effectiveness of PTX and 5-FU loaded in P3HB and 
P3HB/PEG microparticles and their possible role in initiating cell death by apoptosis. 

Conclusion 
The present investigation are promising enough to reveal the development of microparticles from P3HB and 

P3HB/PEG composite microparticles loaded with PTX and 5-FU using the spray-drying method. The study 
attributes towards reporting the spray-drying technique as one of the most simple and feasible processes for 
obtaining microparticles. The technique showed an increase in the yield of the product and displayed high efficiency 
of incorporating the preparations into microparticles. One of the interesting facets of the rapid drying process is to 
prevent the destruction of encapsulated drugs and maintain its activity. Further study also highlights the importance 
of using low-molecular surfactant to P3HB microparticles, which allows to regulate the effectiveness of drug 
loading and influence the morphology of the microparticle surface. The kinetics and drug release of PTX and 5-FU 
from P3HB and composite P3HB/PEG microparticles was studied and their efficiency with the mode of action 
against Hela tumor cells was evaluated. The prolonged release of antitumor preparations from microparticles led to 
inhibition tumor cell proliferation. Overall the obtained results can envision and serve as the basis for the 
development of new antitumor drugs of prolonged action, intended for various modes of administration. 



7	

	

Acknowledgements  
The authors would like to thank Aleksandr Shabanov and Ivan Nemtsev (Federal Research Center 

Krasnoyarsk Scientific Center of the Siberian Branch of the RAS) for their support with SEM.  
Conflict of interest: The authors disclose that no conflicting interests associated with the manuscript exist. 
References 

[1] Xie, S.; Tao, Y.; Pan, Y.; Qu, W.; Cheng, G.; Huang, L.; Chen, D.; Wang, X.; Liu, Z.; Yuan, Z. 
Biodegradable nanoparticles for intracellular delivery of antimicrobial agents. Journal of Controlled Release 2014, 
187, 101–117.  

[2] Moscatelli, D.; Sponchioni, M. Bioresorbable polymer nanoparticles in the medical and pharmaceutical fields: A 
promising field. In Bioresorbable Polymers for Biomedical Applications; Perale, G.; Hilborn, J.; Eds.; Elsevier Ltd. 
2017; 265–283.  

[3] Mokhtarzadeh, A.; Alibakhshi, A.; Hashemi, M.; Hejazi, M.; Hosseini, V.; Guardia, M.; Ramezani, M. 
Biodegradable nano-polymers as delivery vehicles for therapeutic small non-coding ribonucleic acids. Journal of 
Controlled Release 2017, 245, 116–126.  

[4] Embelton, J.; Tighe, B. Polymers for biodegradable medical devices. IX: Microincapsulation studies: effects of 
polymers composition and process parameters on polyhydroxybutyrate-hydroxyvalerate microcapsule morphology. 
Biomaterials 1992, 9, 73–87.  

[5] Lassalle, V.; Ferreira, M. PLA Nano- and microparticles for drug delivery: an overview of the methods of 
preparation. Macromolecular Journals 2007, 7, 767–783.  

[6] Freitas, S.; Merkle, H.; Gander, B. Microencapsulation by solvent extraction/evaporation: reviewing the state of the 
art of microsphere preparation process technology. Journal of Controlled Release 2005, 102, 313–332.  

[7] Bazzo, G.; Lemous-Senna, M.; Pires, A. Poly(3-hydroxybutyrate)/Chitosan/ ketoprofen or piroxicam composite 
microparticles: preparation and controlled drug release evaluation. Carbohydrate Polymers 2009, 77, 839–844.  

[8] Daugherty, A.; Mrsny, R.; Formulation and delivery issues for monoclonal antibody therapeutics. Advanced Drug 
Delivery Reviews 2006, 58, 686–706. 

[9] Vehring, R. Pharmaceutical particle engineering via spray drying. Pharmaceutical Research 2008, 25 (5), 999–1022. 
[10] Yoshii, H.; Neoh, T.L.; Furuta, T.; Ohkawara, M. Encapsulation of proteins by spray drying and crystal 

transformation method. Drying Technology 2008, 26, 1308–1312. 
[11] Dev, S.R.S.; Raghavan, V.G.S. Advancements in drying techniques for food, fiber, and fuel. Drying Technology 

2012, 30, 1147–1159.  
[12] Gong, P.; Zhang, L.; Han, X.; Shigwedha, N.; Song, W.; Yi, H. Injury mechanisms of lactic acid bacteria starter 

cultures during spray drying: a review. Drying Technology 2014, 32, 793–800.  
[13] Sosnik, A.; Seremeta, K.P. Advantages and challenges of the spray-drying technology for the production of pure 

drug particles and drug-loaded polymeric carriers. Advances in Colloid and Interface Science 2015, 223, 40–54.  
[14] Oikonomopoulou, V.P.; Krokida, M.K. Novel aspects of formation of food structure during drying. Drying 

Technology 2013, 31, 990–1007 
[15] Baras, B.; Benoit, M.; Gillard, J. Parameters influencing the antigen release from spray-dried poly(DL-lactide) 

microparticles. International Journal of Pharmaceutics 2000, 200, 133–145.  
[16] Wan, F.; Bohr, A.; Maltesen, M.J.; Bjerregaard, S.; Foged, C.; Rantanen, J.; Yang, M. Critical solvent properties 

affecting the particle formation process and characteristics of celecoxib-loaded PLGA microparticles via spray-
drying. Pharmaceutical Research 2013, 30, 1065–1076.  

[17] Liu, C.; Desai, K.G.H.; Tang, X.; Chen, X. Drug release kinetics of spray-dried chitosan microspheres. Drying 
Technology 2006, 24, 769–776. 

[18] Madagul, J.K.; Parakh, D.R.; Kumar, R.S.; Abhang, R.R. Formulation and evaluation of solid self-microemulsifying 
drug delivery system of chlorthalidone by spray drying technology. Drying Technology 2017, 35 (12), 1433–1449. 

[19] Hamzehloo, M.; Karimi, J.; Eghbali, N.; Mirzakhani, M.; Aghapoor, K.; Darabi, H.R. A new blend of polymeric 
encapsulation of azithromycin by spray-drying with a pH responsive in drug release. Drying Technology 2017, 35 
(14), 1688–1695. 

[20] Cheow, W.; Li, S.; Hadinoto, K. Spray drying formulation of hollow spherical aggregates of silica nanoparticles by 
experimental design. Chemical Engineering Research and Design 2010, 88, 673–685.    

[21] Seremeta, K.P.; Reyes Tur, M.I.; Martínez Pérez, S.; Höcht, C.; Taira, C.; López Hernández, O.D.; Sosnik, A. 
Spray-dried didanosine-loaded polymeric particles for enhanced oral bioavailability. Colloids and Surfaces B: 
Biointerfaces 2014, 123, 515–523.  

[22] Wagh, P.S.; Naik, J.B. Development of mefenamic acid–loaded polymeric microparticles using solvent evaporation 
and spray-drying technique. Drying Technology 2016, 34 (5), 608–617.   

[23] Waghulde, M.; Nai, J. Comparative study of encapsulated vildagliptin microparticles produced by spray drying and 
solvent evaporation technique. Drying Technology 2017, 35 (13), 1645–1655.  



8	

	

[24] Fu, Y.-J.; Shyu, S.-S.; F.-H., Su; P.-C., Yu. Development of biodegradable co-poly(d,l-lactic/glycolic acid) 
microspheres for the controlled release of 5-FU by the spray drying method. Colloids and Surfaces B: Biointerfaces 
2002, 25, 269–279. 

[25] López-Gasco, P.; Iglesias, I.; Benedí, J.; Lozano, R.; Teijón, J.M.; Blanco M.D. Paclitaxel loaded polyester 
nanoparticles prepared by spray-drying technology: in vitro bioactivity evaluation. Journal of Microencapsulation 
2011, 28, 417–429. 

[26] Blanco, M.; Blanco, R.; Sastre, C.; Teljon, N.; Olmo, R.; Teljor, M. 5-Fluorouracil-loaded microspheres prepared by 
spray-drying poly(D,L-lactide) and poly(lactide-co-glycolide) polymers: Characterization and drug release. Journal 
of Microencapsulation 2005, 22 (6), 671–682.  

[27] Ohashi, K.; Takahiro, K.; Ozeki, T.; Okada, H. One-step preparation of rifampicin/poly(lactic-co-glycolic acid) 
nanoparticle-containing mannitol microspheres using a four-fluid nozzle spray drier for inhalation therapy of 
tuberculosis. Journal of Controlled Release 2009, 135, 19–24.  

[28] Palazzo, F.; Giovagnoli, S.; Schoubben, A.; Blasi, P.; Rossi, C.; Ricci, M. Development of a spray-drying method 
for the formulation of respirable microparticles containing ofloxacin–palladium complex. International Journal of 
Pharmaceutics 2013, 440, 273– 282.  

[29] Stulzer, H.; Tagliari, M.; Parize, A.; Silva, M.; Laranjeira, M. Evaluation of cross-linked chitosan microparticles 
containing acyclovir obtained by spray-drying. Materials Science and Engineering C 2009, 29, 387–392.  

[30] Paudel, A.; Worku, Z.A.; Meeus, J.; Guns, S.; Van den Mooter, G. Manufacturing of solid dispersions of poorly 
water soluble drugs by spray drying: formulation and process considerations. International Journal of Pharmaceutics 
2013, 453 (1), 253–284.  

[31] Harsha, S.; Al-Dhubiab, B.E.; Nair, A.B.; Al-Khars, M.; Al-Hassan, M.; Rajan, R.; Attimarad, M.; Venugopala, 
K.N.; Asif, A.H. Novel drying technology of microsphere and its evaluation for targeted drug delivery for lungs. 
Drying Technology 2015, 33, 502–512.   

[32] Feng, Z.Q.; Sun, C.G.; Zheng, Z.J.; Hu, Z.B.; Mu, D.Z.; Zhang, W.F. Optimization of spray-drying conditions and 
pharmacodynamics study of theophylline/chitosan/ b-cyclodextrin microspheres. Drying Technology 2015, 33, 55–
65.  

[33] Shershneva, A.M.; Shishatskaya, E.I. Construction of microparticles based on resorbable polymers bioplastotan 
using spray drying method. Journal of Siberian Federal University. Biology 2014, 7 (2), 195–208.  

[34] Murueva, A.V.; Shershneva, A.M. Production of resorbable microparticles loaded with a cytostatic drug using the 
spray-drying method and investigation of their properties. Journal of Siberian Federal University. Biology 2016, 9 
(1), 75–87.  

[35] Re, M.I. Formulating drug delivery systems by spray drying. Drying Technology 2006, 24, 433–446.  
[36] Freshney, R. I., Culture of Animal Cells: A Manual of Basic Technique. Fifth edition; John Wiley & Sons. Inc.: 

New York, 2005. 
[37] Liu, K.; Liu, P.; Liu, R.; Wu, X. Dual AO/EB staining to detect apoptosis in osteosarcoma cells compared with flow 

cytometry. Medical Science Monitor Basic Research 2015, 21, 15–20.  
[38] Bychuk, M.A.; Kil’deeva, N.R.;  Kurinova, M.A.; Bogdanov, N.V.; Kalinin, M.V.; Novikov, A.V.; Vikhoreva, G.A. 

Electrospinning of biodegradable polymer scaffolds. Fibre Chemistry 2015, 46 (6), 345–348. 
[39] Murueva, A.V.; Shishatskaya, E.I.; Kuzmina, A.M.; Volova, T.G.; Sinskey, A.J. Microparticles prepared from 

biodegradable polyhydroxyalkanoates as matrix for encapsulation of cytostatic drug. Journal of Materials Science: 
Materials in Medicine 2013, 24, 1905–1915.  

[40] Muller, R.H.; Jacobs, C.; Kayser, O. Nanosuspensions as particulate drug formulations in therapy rationale for 
development and what we can expect for the future. Advanced Drug Delivery Reviews 2001, 47, 3–19.  

[41] Chen, C.; Yu, C.; Cheng, Y.; Yu, P.; Cheung, M. Biodegradable nanoparticles of amphiphilic triblock copolymers 
based on poly(3-hydroxybutyrate) and poly(ethylene glycol) as drug carriers. Biomaterials 2006, 27, 4804–4814. 

[42] Parra, D.F.; Fusaro, J.; Gaboardi, F.; Rosa, D.S. Influence of poly (ethylene glycol) on the thermal, mechanical, 
morphological, physical-chemical and biodegradation properties of poly (3-hydroxybutyrate). Polymer Degradation 
and Stability 2006, 91, 1954–1959.  

[43] Wu, H.; Zhu, L.; Torchilin, V.P. pH-sensitive poly(histidine)-PEG/DSPE-PEG co-polymer micelles for cytosolic 
drug delivery. Biomaterials 2013, 34 (4), 1213–1222.  

[44] Abouzeid, A.; Patel, N.; Torchilin, V. Polyethylene glycol-phosphatidylethanolamine (PEG-PE)/vitamin E micelles 
for co-delivery of paclitaxel and curcumin to overcome multi-drug resistance in ovarian cancer. International 
Journal of Pharmaceutics 2014, 464 (1–2), 178–184.  

[45] Jain, D.; Athawale, R.; Bajaj, A.; Shrikhande, S.; Goel, P.N.; Gude, R.P. Studies on stabilization on mechanism and 
steals effect of poloxamer 188 onto PLGA nanoparticles. Colloids Surf B Biointerfaces 2013, 109, 59–67.  



9	

	

[46] Monnier, A.; Rombouts, C.; Kouidera, D.; About, I.; Fessi, H.; Sheibat-Othmana, N.; Preparation and 
characterization of biodegradable polyhydroxybutyrate-co-hydroxyvalerate/polyethylene glycol-based microspheres. 
International Journal of Pharmaceutics 2016, 513, 49–61.  

[47] Feng, S.-S.; Huang, G. Effects of emulsifiers on the controlled release of paclitaxel (Taxol®) from nanospheres of 
biodegradable polymers. Journal of Controlled Release 2001, 71 (1), 53–69.  

[48] Mlalila, N.; Swai, H.; Kalombo, L.; Hilonga, A. Effects of spray-drying on w/o/w multiple emulsions prepared from 
a stearic acid matrix. Nanotechnology, Science and Applications 2014, 7, 105–112. 

[49] Oussoren, C.; Zuidema, J.; Kadir, F.; Talsma, H. Biopharmaceutical Principles of Injectable Dispersed Systems. In 
Injectable Dispersed Systems: Formulation, Processing, and Performance; Burgess, D.J; Ed.; CRC Press 2005, 39–
65. 

[50] Holland, S.; Yasin, M.; Tighe, B. Polymers for biodegradable medical devices. VII. Hydroxybutyrate-
hydroxyvalerate copolymers: degradation of copolymers and their blends with polysachrides under in vitro 
physiological conditions. Biomaterials 1990, 11, 206-–215.  

[51] Balmayor, E.; Tuzlakoglu, K.; Azevedo, H.; Reis, R. Preparation and characterization of starch-poly-e-caprolactone 
microparticles incorporating bioactive agents for drug delivery and tissue engineering applications. Acta 
Biomaterialia 2009, 5, 1035–1045.  

[52] Eke, G.; Kuzmina, A.; Goreva, A.; Shishatskaya, E.; Hasirci, N.; Hasirci, V. In vitro and Transdermal Penetration of 
PHBV Micro/Nanoparticles. Journal of Materials Science: Materials in Medicine 2014, 25, 1471–1481. 

[53] Shah, M.; Naseer, M.I.; Choi, M.H.; Kim, M.O.; Yoon, S.C. Amphiphilic PHA–mPEG copolymeric nanocontainers 
for drug delivery: Preparation, characterization and in vitro evaluation. International Journal of Pharmaceutics 2010, 
400, 165–175.  

[54] Zhang, C.; Zhao, L.Q.; Dong, Y.F.; Zhang, X.Y.; Lin, J.; Chen, Z. Folate-mediated poly(3-hydroxybutyrate-co-3-
hydroxyoctanoate) nanoparticles for targeting drug delivery. European Journal of Pharmaceutics and 
Biopharmaceutics 2010, 76, 10–16.  

[55] Takashima, Y.; Saito, R.; Nakajima, A.; Oda, M.; Kimura, A.; Kanazawa, T.; Okada, H. Spray drying preparation of 
microparticles containing cationic PLGA nanospheres as gene carriers for avoiding aggregation of nanospheres. 
International Journal of Pharmaceutics 2007, 34, 262–269.  

[56] Bowey, K.; Swift, B.; Flynn, L.; Neufeld, R. Characterization of biologically active insulin-loaded alginate 
microparticles prepared by spray drying. Drug Development and Industrial Pharmacy 2013, 39, 457–465.  

[57] Jensen, D.M.; Cun, D.; Maltesen, M.J.; Frokjaer, S.; Nielsen, H.M.; Foged, C. Spray drying of siRNA-containing 
PLGA nanoparticles intended for inhalation. Journal of Controlled Release 2010, 142, 138–45.  

[58] Raval, J.P.; Naik, D.R.; Patel, P.S. Spray-dried cefixime encapsulated poly(lactide-coglycolide) microparticles: 
characterization and evaluation of in vitro release kinetics with antibacterial activity. Drying Technology 2012, 30, 
865–872. 

[59] Estevinho, B.N.; Rocha, F. Kinetic models applied to soluble vitamins delivery systems prepared by spray drying. 
Drying Technology 2017, 35 (10), 1249–1257. 

[60] Cerchiara, T.; Bigucci, F.; Corace, G.; Zecchi, V.; Luppi, B. Eudragit-coated albumin nanospheres carrying 
inclusion complexes for oral administration of indomethacin. Journal of Inclusion Phenomena and Macrocyclic 
Chemistry 2011, 71, 129–136.  

[61] Tran, T.H.; Poudel, B.K.; Marasini, N.; Chi, S.C.; Choi, H.G.; Yong, C.S.; Kim, J.O. Preparation and evaluation of 
raloxifene-loaded solid dispersion nanoparticle by spray-drying technique without an organic solvent. International 
Journal of Pharmaceutics 2013, 443, 50–57.  

[62] Kumar, S.; Shen, J.; Burgess D.J. Nano-amorphous spray dried powder to improve oral bioavailability of 
itraconazole. Journal of Controlled Release 2014, 192, 95–102.  

[63] Oh, D.H.; Yan, Y.D.; Kim, D.W.; Kim, J.O.; Yong, C.S.; Choi, H.G. Development of flurbiprofen loaded 
nanoparticles with a narrow size distribution using sucrose. Drug Development and Industrial Pharmacy 2014, 40, 
172–177. 

[64] Citalingam, K.; Abas, F.; Lajis, N.; Othman, I.; Naidu, R. Anti-Proliferative effect and induction of apoptosis in 
androgen-independent human prostate cancer cells by 1,5-Bis(2-hydroxyphenyl)-1,4-pentadiene-3-one. Molecules 
2015, 20, 3406–3430. 

[65] Parker, W.B.; Cheng, Y.C. Metabolism and mechanism of action of 5-fluorouracil. Pharmacology & Therapeutics 
1990, 48, 381–395.  

[66] Longley, D.B.; Harkin, D.P.; Johnston, P.G. 5-fluorouracil: mechanisms of action and clinical strategies. Nature 
Reviews Cancer 2003, 3, 330–338.  

[67] Kim, K.S.; Cho, C.H.; Park, E.K.; Jung, M.H.; Yoon, K.S.; Park, H.K. AFM-detected apoptotic changes in 
morphology and biophysical property caused by paclitaxel in Ishikawa and Hela cells. PLoS ONE 2012, 7(1), 1–9. 

 



10	

	

 
Figure caption 
Figure 1. SEM images of microparticles obtained by spray drying from poly-3-hydroxybutyrate with 

different molecular weights: 1479 kDa (a); 50 kDa (b). The bar is 100 µm and 30 µm 
Figure 2. SEM images of microparticles obtained by spray drying from PHA: poly-3-hydroxybutyrate (a); 

poly-3-hydroxybutyrate/polyethylene glycol (b). The bar is 2 µm 
Figure 3. SEM images of microparticles obtained by spray drying from polymer solutions: poly-3-

hydroxybutyrate/Paclitaxel (a), poly-3-hydroxybutyrate/polyethylene glycol/ Paclitaxel (b), poly-3-
hydroxybutyrate/5-Fluorouracil (c), poly-3-hydroxybutyrate/polyethylene glycol/5-Fluorouracil (d) 

Figure 4. Dynamics of Paclitaxel (a) and 5-Fluorouracil (b) release from poly-3-hydroxybutyrate and 
composite poly-3-hydroxybutyrate/polyethylene glycol microparticles 

Figure 5. MTT assay: the effect of Paclitaxel (a) and 5-Fluorouracil (b) encapsulated in polymer 
microparticles on the number of viable cells in HeLa: concentration of drugs is – 0,6 mg /ml 

Figure 6. Apoptotic morphology detection by acridine orange-ethidium bromide fluorescent staining of 
HeLa treated with Paclitaxel, poly-3-hydroxybutyrate/Paclitaxel, poly-3-hydroxybutyrate/polyethylene 
glycol/Paclitaxel, 5-Fluorouracil, poly-3-hydroxybutyrate/5-Fluorouracil, poly-3-hydroxybutyrate/polyethylene 
glycol/5-Fluorouracil 

Figure 7. DAPI and FITC staining of HeLa cells treated with Paclitaxel, poly-3-hydroxybutyrate/Paclitaxel, 
poly-3-hydroxybutyrate/polyethylene glycol/Paclitaxel, 5-Fluorouracil, poly-3-hydroxybutyrate/5-Fluorouracil, 
poly-3-hydroxybutyrate/polyethylene glycol/5-Fluorouracil 


