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Abstract: There are increasing numbers of developed nanocarriers for anticancer drug 

delivery in the aim to avoid side effects of the conventional chemotherapy. Filomicelles with 

folic acid (FA) as a targeting moiety are a novel approach that can potentially maximize 

therapeutic efficacy while minimizing side effects. The aim of this study was to analyze the 

influence of composition of PLA-based micelles functionalized with folic acid on their drug 

encapsulation and release properties as well as cytotoxic activity against cancer cells. Micelles 

were obtained from combination of poly(L-lactide)-Jeffamine-folic acid (PLA-Jeff-FA) and 

poly(L-lactide)-poly(ethylene glycol) (PLA-PEG) or poly(L-lactide)-poly(ethylene glycol)-

folic acid and PLA-PEG. E-29-diethoxyphosphoryl-28-O-propynoylbetulin as an anticancer 

agent was encapsulated into micelles. The in vitro biocompatibility of drug-free micelles was 

confirmed as well as cytotoxicity of E-29-diethoxyphosphoryl-28-O-propynoylbetulin loaded 

micelles against FR-positive SK-BR-3 cells. The micelles provided a release of an active agent 

for over 260 hours. However, the micelles characterized differences in morphology, drug 

loading and release properties. The hydrophobic block length has been identified as a factor 

that may be used to control inter- and intramolecular interactions and, in consequence, 

micelle’s properties, e.g. drug encapsulation efficiency and release rate.  

Keywords: filomicelles; micelles; PLA-PEG; Jeffamine; folic acid; targeted therapy; betulin 

derivative 

 

 

 

 

 

 

 

 



1. Introduction 

Cancer is the second leading cause of death worldwide. The serious problem of intravenous 

systemic chemotherapy is the unspecific targeting to the tumor and difficulties to achieve 

therapeutic levels of drug within or adjacent to the tumor. Furthermore, significant 

concentrations of drug frequently accumulate in healthy tissue, leading to severe side effects 

and dose-limiting toxicity [1]. Nanocarriers may be used for increasing the bioavailability of 

anticancer drug dosage, especially for poorly soluble drugs [2]. Polymeric micelles have a core-

shell structure formed by self-assembly of amphiphilic block copolymers which can solubilize 

poorly water-soluble anticancer drugs. Among the various shapes of nanocarriers, worm-like 

micelles (filomicelles) present advantageous properties for enhanced in vivo drug delivery 

efficiency compared to other morphologies [3]. They possess longer circulation time in the 

bloodstream and display higher drug loading capacity as compared to spherical micelles [4-6]. 

Therefore, various drugs have been encapsulated into filomicelles for cancer therapy, e.g. 

cycloprotoberberine [7], paclitaxel [2, 8] or a combination of several drugs [9]. Filomicelles 

obtained from polylactide-poly(ethylene glycol) (PLA-PEG) (Fig. 1) have been developed for 

single or multi-drug delivery [10-12]. Polylactide (PLA) is commonly used as hydrophobic 

block of amphiphilic copolymers due to its biocompatibility and biodegradability [13]. PLA 

has been approved by the US Food and Drug Administration (FDA) for medical applications, 

because their products of degradation are eliminated from the body in the form of carbon 

dioxide and water [14]. Poly(ethylene glycol) (PEG) is the most commonly used hydrophilic 

block of self-assembled structures due to its physicochemical and biological properties [15]. 

PEG modification is generally adopted to prolong the plasma half-life of polymeric carriers by 

preventing from protein adsorption and cellular adhesion, which minimizes the detection by the 

immune system. Moreover, nano-size of micelles enables to increase drug accumulation in 

tumor due to the enhanced permeation and retention (EPR) effect. Additional modification with 



folic acid (FA) may increase retention of the nanocarrier in the tumor and facilitate its uptake 

through folate receptors (FR) mediated endocytosis, enabling targeting tumor cells more 

efficiently and precisely [16]. Because of high tumor-specificity, the exploitation of FR-

targeted strategies has led to the development of nanomedicines and nanoprobes for 

chemotherapy and diagnostics. As opposed to antibody-based targeting moieties, FA holds 

several advantages as a targeting moiety including low molecular weight, non-immunogenicity, 

relatively high structural stability, and ease of synthesis [16, 17]. FA receptors are 

overexpressed in several human carcinomas including breast, ovary, endometrium, kidney, 

lung, head and neck, brain, colon and myeloid cancers while only minimally distributed in 

normal tissues [18-21]. Among various kinds of drug delivery systems, also micelles targeted 

with folic acid have been studied [16, 22]. The study is also conducted to develop FA targeted 

filomicelles that can enter cells by receptor-mediated endocytosis, which can potentially 

maximize therapeutic efficacy while minimizing side effects. We have reported on the 

development of FA-targeted filomicelles obtained from the mixture of the newly synthesized 

and characterized PLA-Jeffamine-FA polymer and PLA-PEG [23]. Jeffamine (Fig. 1) is an 

amino-terminated polyetheramine composed of poly(propylene oxide) (PPO) and 

poly(ethylene oxide) (PEO) blocks [24, 25].  Jeffamine has been successfully used in various 

drug delivery systems, e.g. in nanoparticle decoration [26], thermo-responsive hydrogels for 

drug delivery [27], thermo-associative nanoparticles for drug delivery [28], preparation of 

micelles [24, 25]. The micelles obtained from PLA-PEG/PLA-Jeffamine-FA characterized the 

prolonged release of anticancer agent, successful in vitro internalization by FR-positive HeLa 

cell line and cytotoxicity of drug-loaded loaded micelles against anticancer cells [23]. It is also 

important to note that the Jeffamine® ED used in the synthesis of PLA-Jeffamine-FA has 

confirmed biocompatibility [29]. This study focuses on the comparison of micelles obtained 

from mixture of PLA-PEG and PLA-Jeffamine-FA with micelles obtained from PLA-PEG and 



commonly used PLA-PEG-FA micelles. The influence of filomicelles composition on drug-

polymer interactions, morphology, cytotoxicity against cancer cells and release of anticancer 

agent - betulin derivative (E-29- diethoxyphosphoryl-28-O–propynoylbetulin) (Fig. 1) was 

analyzed.  

The use of natural plant-derived compounds has been considered to be an interesting aspect for 

the treatment of human neoplastic diseases because they are relatively easily available [30, 31]. 

Betulin has been shown to elicit anticancer properties by inhibiting cancer cell growth. 

Moreover, a series of new betulin derivatives have been synthesized to improve their 

cytotoxicity [32-35]. The presence of propynoyloxy group at the C28 position causes an 

augmentation of cytotoxic responses in several cell lines. Studies on endometrial 

adenocarcinoma and melanoma cell lines revealed activation of caspase-3 dependent apoptosis 

after treatment with 28-O-propynoylbetulin [36-38]. However, the MCF7 breast cancer cell line 

turned out to be highly resistant to that compound [39]. As continuation of the compound 

development, we inserted the diethoxyphosphoryl group at C29 position of the acetylenic 

derivative of betulin. The resultant substance exhibited substantially increased toxicity in 

several neoplastic cell lines, including breast, ovarian, lung, colon and cervical cancer cell lines 

as well as leukemia cells. Our results suggested an occurrence of necrotic-like cell death 

following depolarization of mitochondria, as the consequence of cell treatment with E-29-

diethoxyphosphoryl-28-O–propynoylbetulin ([35] and unpublished observations). 

Unfortunately, betulin and its derivatives are highly hydrophobic and poorly soluble in water. 

Therefore it is of major importance to develop a FA-targeted nanocarrier that can effectively 

encapsulate phosphonate betulin derivative (E-29-diethoxyphosphoryl-28-O–

propynoylbetulin; ECH147B). 



 

Figure 1. Chemical structures of PLA-PEG, PLA-PEG-FA, Jeffamine and E-29-

diethoxyphosphoryl-28-O-propynoylbetulin (Mn = 630.85 g/mol). 

2. Materials and Methods 

2.1. Materials 

PLA-PEG-FA (Fig. 1) was purchased from Nanosoft Polymers (NC, USA). The human breast 

cancer SK-BR-3 cell line was obtained from ATCC (HTB-30). Fetal bovine serum (FBS) was 

purchased from Thermo Fisher Scientific. All other organic solvents were of analytic grade 

from Sigma-Aldrich and used without further purification.  

2.2. Preparation of drug-loaded micelles 

Phosphonate derivative of betulin (E-29-diethoxyphosphoryl-28-O-propynoylbetulin; 

ECH147B) (Fig. 1) was synthesized at the Department of Organic Chemistry, Medical 

University of Silesia [34]. PLA-PEG diblock copolymer was synthesized according to the 

procedure described before [10]. The Mn of PLA block was 5000 or 3000 and Mn of PEG block 



was 5000 Da. The synthesis of PLA-Jeffamine-FA (PLA-Jeff-FA) was described in our 

previous article [23].  

Betulin derivative (E-29-diethoxyphosphoryl-28-O-propynoylbetulin) loaded micelles were 

prepared from a mixture of PLA-PEG and PLA-PEG-FA or PLA-Jeff-FA by using co-solvent 

evaporation method. PLA-PEG and PLA-Jeff-FA (2.5/1, w/w) or PLA-PEG and PLA-PEG-FA 

(2.5/1, w/w) were dissolved in methylene chloride, and the solution was added to distilled water 

to obtain a concentration of 1 mg/mL. The mixture was stirred at room temperature for 3 h and 

left for solvent evaporation for 24 h, yielding blank micelles. For analysis of drug loading 

properties, micelles from PLA5000-PEG5000 were also prepared by using the method described 

above. Betulin derivative dissolved in ethanol was then added to the micelle solution. The initial 

drug loading was 15 % (wt-%). The mixture was stirred at 350 rpm for 3 h, followed by 

centrifugation at 3 000 rpm for 5 min to eliminate the unloaded drug. The supernatant was 

recovered, lyophilized and stored at 4o C for further analysis.  

For the determination of drug loading content (LC) and the encapsulation efficiency (EE), 

lyophilized micelles were dissolved in ethanol at a concentration of 1 mg/mL and analyzed by 

HPLC. The LC was defined as the ratio of the weight of loaded drug to that of drug-loaded 

micelles, and the EE as the ratio of the weight of loaded drug to that of an added drug. 

2.3. Characterization of micelles 

2.3.1. TEM analysis 

Morphology of micelles was observed with Cryogenic Transmission Electron Microscopy 

(cryo-TEM) using a Tecnai F20 X TWIN microscope (FEI Company, Hillsboro, Oregon, USA) 

equipped with field emission gun, operating at an acceleration voltage of 200 kV. Images were 

recorded on the Eagle 4k HS camera (FEI Company, Hillsboro, Oregon, USA) and processed 

with TIA software (FEI Company, Hillsboro, Oregon, USA). Specimen preparation was done 

by vitrification of the aqueous solutions on grids with holey carbon film (Quantifoil R 2/2; 



Quantifoil Micro Tools GmbH, Großlöbichau, Germany). Prior to use, the grids were activated 

for 15 seconds in oxygen plasma using a Femto plasma cleaner (Diener Electronic, Ebhausen, 

Germany). 3 µL of micellar solution at the concentration of 10 mg/mL was applied to the grid, 

and then given to blotting with filter paper and rapid freezing in liquid ethane using a fully 

automated blotting device Vitrobot Mark IV (FEI Company, Hillsboro, Oregon, USA). After 

preparation, the vitrified specimens were kept under liquid nitrogen until they were inserted 

into a cryo-TEM-holder Gatan 626 (Gatan Inc., Pleasanton, USA) and analyzed in the TEM at 

-178 °C. 

2.3.2. FTIR analysis 

Fourier transform infrared (FTIR) spectra were recorded on JASCO FT/IR-6000 spectrometer. 

The samples were analyzed in a form of pellets in KBr (folic acid and drug) and as films 

obtained after evaporating from solutions in CHCl3 onto KBr windows (polymers and polymer 

- drug mixtures). 

3.3.3. NMR spectroscopy 

Proton nuclear magnetic resonance (1H NMR) spectroscopy was applied for the analysis of 

micelles. Lyophilized micelles or free drugs were dissolved in DMSO-d6 before analysis. 

Spectra were recorded at Bruker-Avance II Ultrashiels Plus spectrometer (600M Hz). Chemical 

shifts (δ) were given in ppm using tetramethylsilane as an internal reference. 

2.4. Drug release study 

The in vitro release of drug from micelles was realized by the dialysis method. Lyophilized 

drug-loaded micelles were dispersed in phosphate buffered saline (PBS; pH 7.4) at a 

concentration of 2 mg/mL and loaded into a 1 mL Float-A-Lyzer G2 dialysis device (MWCO 

of 3,5–5 kDa; Spectra/Por). The dialysis device was placed in 40 mL of PBS (pH 7.4) and 

incubated at 37 °C. The medium was changed regularly to ensure sink conditions. A 25 μL of 

the micellar solution was collected at 1, 4, 24, 48, 96, 168 and 264 h and replaced by the same 



volume of fresh PBS. The samples were lyophilized and dissolved in 0.5 mL of EtOH before 

quantitative assessment of drug by means of reverse phase high-performance liquid 

chromatography (RP-HPLC) using a VWR/Hitachi LaChrom Elite® chromatograph equipped 

with a LiChrospher® RP-18 column (250 mm × 4 mm, 5 μm). The mobile phase was a mixture 

of acetonitrile and water (86/14, v/v). Measurements were performed at 25 °C at a flow rate of 

1.0 mL/min. The UV detection was set at 210 nm. 

2.5. In vitro cytotoxicity studies 

The human breast cancer SK-BR-3 cell line was applied to study cytotoxicity of both drug 

loaded and drug free micelles. The cells were cultured in McCoy's 5a Medium supplemented 

with 10 % fetal bovine serum, 100 U/mL penicillin and 100 μg/mL streptomycin and 10 mM 

HEPES pH 7.3. The cells were cultivated at 37 °C, in a humidified atmosphere containing 5 % 

CO2. They were passaged using 0.25 % Trypsin-0.5 mM EDTA. 

2.5.1. Sulforhodamine B (SRB) assay  

To study the cell proliferation, 200 µL aliquots of cell suspension, containing 3×103 cells, were 

transferred to wells of the 96-well plates and cultured in standard medium for 24 h to ensure 

cell adhesion. Then, the medium was removed and replaced with a fresh one, containing free 

drug or drug loaded micelles. Micelles were dissolved in culture medium and filtered (through 

a sterile 0.2 μm membrane filter) immediately before adding to the wells. The concentrations 

of polymers in cell culture media treated with drug loaded micelles are presented in Table 1. 

Free drugs were dissolved in 99.8 % ethanol at concentration of 20 mM and then added to the 

culture medium. The cells were incubated with tested formulations for 72 hours. At the end of 

the incubation period, the culture medium was removed and cells were fixed at 4 °C with 10 % 

trichloroacetic acid, washed twice with deionized water and stained with 0.4 % sulforhodamine 

B (dissolved in 1.0 % acetic acid). The unincorporated stain was washed out using 1.0 % acetic 

acid solution, the incorporated stain was liberated by means of 200 μL of 10 mM 



tris(hydroxymethyl)aminomethane solution. Absorbance was read at 570 nm and 690 nm 

(reference wavelength) using the Infinite 200 Pro plate reader (Tecan). 

Table 1. Concentration of polymers in cell culture media treated with drug loaded micells. 

                         Drug concentration 

Polymer forming micelle 

3 (µM) 10 (µM) 30 (µM) 

PLA5000PEG5000 + PLA-Jeff-FA  377.4 µg/mL 125.8  µg/mL 37.7  µg/mL 

PLA5000PEG5000 + PLA-PEG-FA 994.3 µg/mL 331.4 µg/mL 99.4 µg/mL 

PLA3000PEG5000 + PLA-Jeff-FA 144.3 µg/mL 48.1 µg/mL 14.4 µg/mL 

 

2.5.2. Cell apoptosis assay 

Internucleosomal fragmentation of genomic DNA was assessed using the Cell Death Detection 

ELISAPLUS kit (Roche) in order to estimate apoptosis induction. In this technique, mono- and 

oligonucleosomes are detected in the cytoplasmic cell fraction using specific antibodies. Cells 

were seeded in 96-well plates at a density of 5×103 cells per well and cultured for 24 h. Then, 

cells were treated with tested formulations for 24 hours. After treatment, plates were centrifuged 

(200 g; 10 min.), media were removed and 200 µL of lysis buffer was added to the wells for 30 

min. Then, plates were centrifuged again and 20 µL of supernatant (cytoplasmic fraction) was 

transferred to the streptavidin-coated 96-well plate. Enrichment of the cytoplasmic fraction with 

DNA fragments, released from a cell nucleus, was determined using the sandwich ELISA assay 

and enrichment factor (EF) was calculated according to the formula: EF = AS / AC; where AS - 

absorbance of the sample; AC – absorbance of control. 

3. Results 

3.1. Characterization of FA-targeted micelles 

Three kinds of micelles for targeted cancer therapy were obtained from mixture of PLA5000-

PEG5000 and PLA-Jeff-FA (1), PLA3000-PEG5000 and PLA-Jeff-FA (2), PLA5000-PEG5000 and 



PLA-PEG-FA (3). The characteristics of the copolymers used to form micelles are presented in 

Table 2. Micelles with PLA-Jeff-FA were obtained from a combination of polymer with longer 

PLA block (PLA5000-PEG5000), in which molar mass of PLA and PEG was equal (Mn = 5000 

Da) or with copolymer with shorter PLA block of 3000 Da (PLA3000-PEG5000). These kinds of 

polymers were selected to analyze the influence of hydrophobic block length of PLA-PEG on 

micelles’ properties. For comparison of the effect of the polymer with functional moiety, 

PLA5000-PEG5000 was mixed either with PLA-Jeff-FA or PLA-PEG-FA. 

 

Table 2. Characteristics of copolymers (Mn = numer-average molar mass; DPPEG = degree of 

polymerization of PEG (MnPEG/44); DPPLA); DPPLA = degree of polymerization of PLA 

(MnPLA/72). 

Copolymer MnPEG DPPEG MnPLA DPPLA
 MnJeff  

PLA3000-PEG5000 5000 114 3000 42 - 

PLA5000-PEG5000 5000 114 5000 69 - 

PLA-Jeff-FA - - 1200 17 1900 

PLA-PEG-FA 5000 114 5000 69 - 

 

The morphology of micelles was observed using cryo-TEM. As shown in Fig. 2, the mixture of 

PLA5000PEG5000 and PLA-Jeff-FA (Fig. 2A) or PLA5000PEG5000 and PLA-PEG-FA (Fig. 2B) 

formed exclusively filomicelles of 100 - 400 nm length. The co-existence of filomicelles of ≈ 

100 nm length and spherical micelles of 10 nm diameter was observed for the mixture of 

PLA3000PEG5000 and PLA-Jeff-FA (Fig. 3A). Importantly, the morphology of all kinds of 



micelles did not change after drug loading as shown for PLA3000PEG5000 and PLA-Jeff-FA (Fig. 

3B).  

 

Figure 2. Cryo-TEM image of micelles obtained from mixture of PLA5000PEG5000 and PLA-

Jeff-FA (A), or mixture of PLA5000PEG5000 and PLA-PEG-FA (B). 

 

Figure 3. Cryo-TEM image of micelles obtained from mixture of PLA3000PEG5000 and PLA-

Jeff-FA: drug-free (A) and drug-loaded (B). 



A novel anticancer agent derived from natural plants, E-29-diethoxyphosphoryl-28-O-

propynoylbetulin, was encapsulated into micelles. The lyophilized micelles formed translucent 

solution after re-dispersion in water, which confirmed successive drug solubilisation. The 

presence of drug in micelles was confirmed by means of 1H NMR (Fig. 4) and HPLC (Table 

3). Figure 4 presents comparatively the NMR spectra obtained in DMSO-d6 for a free drug (E-

29-diethoxyphosphoryl-28-O-propynoylbetulin), drug free micelles and drug loaded micelles. 

Signals arising from methine (5.3 ppm) and methyl (1.6 ppm) protons of PLA and methylene 

(3.6 ppm) protons of PEG are observed in all spectra obtained for drug free and drug-loaded 

micelles. Moreover, the signals of E-29-diethoxyphosphoryl-28-O-propynoylbetulin are visible 

in the spectra of all drug-loaded micelles. Methyl groups of betulin derivative are identified at 

0.5– 1.0 ppm. 

 



Figure 4. 1H NMR spectra in DMSO-d6 of free drug, drug-free micelles, and drug-loaded 

micelles. 

Table 3 presents the drug loading properties of the various systems. PLA5000PEG5000 micelles 

were used for comparison with micelles obtained from mixture of two kinds of polymers. 

Micelles obtained from PLA5000PEG5000 or mixture of PLA5000PEG5000 and PLA-Jeff-FA 

characterized comparable encapsulation efficiency (≈ 34 %) and loading content (≈ 5 %). 

Significantly lower amount of E-29-diethoxyphosphoryl-28-O-propynoylbetulin was 

encapsulated into PLA5000PEG5000 + PLA-PEG-FA micelles (1.9 %), in which EE was below 

13 %. The highest drug loading was obtained for PLA3000PEG5000 + PLA-Jeff-FA with EE of 

87 %. 

Table 3. Encapsulation efficiency and loading content data of E-29-diethoxyphosphoryl-28-O-

propynoylbetulin in PLA-PEG micelles (Data represent mean value ± S.D., n=3). 

Polymer forming micelle 

Initial drug 

loading (wt-%) 

LC (%) EE (%) 

PLA5000PEG5000 15 5.1 ± 0.03 34.2 ± 0.24 

PLA5000PEG5000 + PLA-Jeff-FA 15 5.0 ± 0.26 33.7 ± 1.74 

PLA5000PEG5000 + PLA-PEG-FA 15 1.9 ± 0.03 12.9 ± 0.23 

PLA3000PEG5000 + PLA-Jeff-FA 15 13.1 ±0.09 87.2 ± 0.59 

 

3.4. In vitro release  

The in vitro release of E-29-diethoxyphosphoryl-28-O-propynoylbetulin from micellar systems 

was studied by means of the dialysis method. Figure 5 presents the release profiles from 



different FA-targeted PLA-PEG micelles. In the group of micelles obtained from PLA-PEG 

and PLA-Jeff-FA, faster release was observed for copolymer with the shorter PLA chain 

(PLA3000PEG5000+PLA-Jeff-FA) compared to PLA5000PEG5000+PLA-Jeff-FA filomicelles. The 

differences were significant especially in the initial phase. 26.0 % of the drug was released after 

1 h from PLA3000PEG5000+PLA-Jeff-FA micelles and only 2.7 % from PLA5000PEG5000+PLA-

Jeff-FA. Beyond 96 h the rate of drug release was comparable for these two kinds of micelles. 

Significantly slower release was observed for PLA5000PEG5000+PLA-PEG-FA micelles. 1.7 %, 

20 % and 33 % of betulin derivative was released from this kind of micelles after 1, 24 and 48 

h, respectively.  

In all kinds of micelles drug release was almost completed after 264 h – 98.9 % of the drug was 

released from PLA3000PEG5000+PLA-Jeff-FA, 94.4 % from PLA5000PEG5000+PLA-Jeff-FA and 

92.1 % from PLA5000PEG5000+PLA-PEG-FA. Comparison of the micelles obtained with the use 

of PLA-Jeff-FA or PLA-PEG-FA showed the slowest release of betuline derivative from 

PLA5000PEG5000+PLA-PEG-FA micelles.  

 

Figure 5. In vitro release of E-29-diethoxyphosphoryl-28-O-propynoylbetulin from FA-

targeted PLA-PEG micelles (S.D. shown as error bars, n=3). 



3.2. Analysis of drug-polymer interactions 

FTIR spectroscopy was used to evaluate possible interactions between the polymer and betulin 

derivative as shown in Fig. 6. In the spectra of lyophilized drug loaded micelles, the bands 

characteristic of drugs are barely visible due to the low drug content. Therefore, FTIR spectra 

were recorded for 1:1 weight ratio mixtures of polymer and drug. The FTIR spectra of folic 

acid (FA), drug (E-29-diethoxyphosphoryl-28-O-propynoylbetulin), polymer (PLA-PEG-FA 

and PLA-Jeff-FA) and mixture drug and polymer were recorded (Fig. 6 – 8).  

FTIR spectra of a mixture of E-29-diethoxyphosphoryl-28-O-propynoylbetulin and PLA-Jeff-

FA showed that all the bands originating from polymer and drug were the arithmetic sum of 

spectra of the particular components (Fig. 6 A-B).  

 

Figure 6. FTIR spectra of drug, PLA-Jeff-FA and PLA-Jeff-FA+drug (A and B) and drug, PLA-

PEG-FA and PLA-PEG-FA+drug (C and D). 

However, some changes were observed in the case of a mixture of drug and PLA-PEG-FA (Fig. 

6 C-D), especially in the shape of the band assigned to C=O ester groups of PLA (Fig. 6D).  

Figure 7 presents comparatively the spectrum recorded for PLA-PEG-FA+drug with that of the 

arithmetic sum of the components. The band at 1758 cm-1 showed lower intensity in the original 



spectrum than in the sum of spectra. Moreover, a shoulder corresponding to vibrations of 

bonded C=O ester groups at about 1750 cm-1 showed higher intensity. This may suggest that 

the addition of drug to PLA-PEG-FA causes formation of more bonded C=O groups due to 

their interaction with OH groups of E-29 -diethoxyphosphoryl-28-O-propynoylbetulin. The 

interactions with OH, NH or NH2 groups of FA should be excluded because the band 

characteristic for vibrations of C=O acid and bands of the amide I and II from FA remained 

unchanged. A detailed analysis was conducted to explain this phenomenon. The FTIR spectrum 

of FA was analysed in comparison with those of PLA-PEG-FA and PLA-Jeff-FA (Fig. 8). Table 

4 presents assignment of the most characteristic bands of the studied compounds.  

 

Figure 7. Comparison of FTIR spectrum of PLA-PEG-FA+drug and spectra of arithmetic sum 

of PLA-PEG-FA and drug. 

Table 4. Assignment of the most characteristic bands in FTIR spectra of PLA-PEG-FA, PLA-

Jeff-FA, FA and drug (ν – stretching vibrations, sh – shoulder, unsat – unsaturated, Ph – phenyl, 

Py – pyrene). 

PLA-PEG-FA PLA-Jeff-FA FA Drug Assignment 
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There are some relatively sharp bands in the spectrum of FA corresponding to the stretching 

vibrations of OH, NH and NH2 groups (free and bonded) (Fig. 8A). The band corresponding to 

the C=O acid stretching vibrations was detected at 1696 cm-1 (Fig. 8B), which is typical for 

bonded ones. Also, the amide I bands are mainly represented by stretching vibrations of C=O 

amide groups (1639 cm-1), and the amide II band - mainly due to deformation vibrations of NH 

and NH2 groups (1542 cm-1) appeared in the positions indicating that they were bonded. This 

confirmed the presence of hydrogen bond type interactions in FA compound. Comparison of 

the spectra of polymers (PLA-PEG-FA and PLA-Jeff-FA) and FA shows that the bands 

assigned to FA changed positions and shapes, suggesting changes in hydrogen bond 

distributions. This fact was observed especially for PLA-PEG-FA, because in the region of OH, 

NH and NH2 stretching vibrations only one broad band with a maximum at 3443 cm-1 and a 

shoulder at about 3500 cm-1 were detected (Fig. 8A). This may suggest that in PLA-PEG-FA 

hydroxyl and amide/amine groups from FA were engaged in interactions with other 

components. Interactions with C=O ester group from PLA confirmed the shoulder attributed to 

bonded C=O groups appearing at 1750 cm-1. Strong decrease of intensity of the bands due to 



vibrations of C=O acid bonded groups in FA at 1698 cm-1 and the presence of the band at 1715 

cm-1 corresponding to free C=O acid group vibrations confirmed formation of hydrogen bonds 

between OH acid groups from FA and C=O ester groups from PLA. The shift of the I amide 

band to higher wavenumbers (1648 cm-1) and the II one to lower wavenumbers (1532 cm-1) 

proved that hydrogen bonds in amide groups were weakened. 

 

Figure 8. Comparison of FTIR spectra of polymers and FA. 

In the case of PLA-Jeff-FA, the band at 3326 cm-1 attributed to NH and NH2 group vibrations 

was observed at the same position as for free FA, proving that these bands did not interact with 

PLA. As shown in Fig. 8B, the band characteristic for stretching vibration of bonded C=O 

groups was detected as a shoulder at 1750 cm-1, indicating that all C=O ester groups were 

engaged in forming hydrogen bonds. It may also indicate the lower PLA content in this mixture 

in comparison with PLA-PEG-FA. In fact, the PLA chain in PLA-PEG-FA was significantly 

longer than in PLA-Jeff-FA (Table 2). Similarly as for PLA-PEG-FA, a band originating from 

vibrations of free C=O acid groups was detected at 1722 cm-1, however the band at 1688 cm-1 

due to bonded C=O acid groups was relatively strong. This indicated that less acid OH groups 

of FA interact with C=O ester group from PLA in comparison with PLA-PEG-FA. Also, in 



contrast to PLA-PEG-FA, the amide I groups shifted to lower wavenumber (1626 cm-1), 

indicating formation of stronger hydrogen bonds than in FA, probably with OH acid groups.  

Thus, it was demonstrated that in PLA-PEG-FA interactions occurred between C=O ester 

groups from PLA and OH, NH and NH2 groups from FA, while in PLA-Jeff-FA, due to lower 

content of PLA, all C=O ester groups interacted with OH acid groups. The lack of free C=O 

ester groups in PLA-Jeff-FA caused that the OH groups of the drug had no possibility to interact 

with them. In the case of both kinds of polymers, FA and drug did not interact with each other, 

probably due to the spatial hindrance. 

3.3. Cytotoxicity study 

The effect of E-29-diethoxyphosphoryl-28-O-propynoylbetulin and E-29-diethoxyphosphoryl-

28-O-propynoylbetulin–loaded micelles on the growth of SK-BR-3 cells was determined by 

means of sulforhodamine B assay. As shown in Fig. 9, significant inhibition of cell proliferation 

was observed in the whole range of concentrations (3 – 30 μM) in the case of free drug. 

Fig. 9 shows also the effect of E-29-diethoxyphosphoryl-28-O–propynoylbetulin encapsulated 

in micelles on the proliferation of SK-BR-3 cells. The number of cells was not affected by the 

lowest drug concentration (3 μM) in all micelles. Betulin derivative in PLA5000PEG5000 + PLA-

Jeff-FA micelles caused a decrease of cell growth at the concentration of 10 – 30 μM. The drug 

released from PLA3000PEG5000 + PLA-Jeff-FA and PLA5000PEG5000 + PLA-PEG-FA micelles 

caused a decrease of cell growth at the highest concentration (30 μM). The effect of betulin 

derivative – loaded micelles may be correlated with the drug release rate, because the micelles 

that present the slowest drug release (PLA5000PEG5000 + PLA-PEG-FA) have also the lowest 

impact on the cell growth.  



 

Figure 9. Effect of free drug (E-29-diethoxyphosphoryl-28-O–propynoylbetulin) and E-29-

diethoxyphosphoryl-28-O–propynoylbetulin – loaded micelles on proliferation of SK-BR-3 

cells (± SD; ∗P < 0.05). 

The effect of drug-free micelles on cells viability was analyzed for the sake of comparison. The 

blank filomicelles were studied at concentrations corresponding to those of drug loaded 

micelles. As shown in Fig. 10, the micelles did not affect cell proliferation even at the highest 

concentration. This finding confirms the biocompatibility of the developed micelles, which can 

be used as drug carriers.  

 



 

Figure 10. Effect of drug - free micelles on the proliferation of SK-BR-3 cells (± SD, P < 0.05 

versus the control group). 

The fragmentation of genomic DNA was analyzed for evaluation of the mechanism of cell death 

(Fig. 11). Both free drug and drug loaded PLA5000PEG5000 + PLA-Jeff-FA micelles induced 

significant DNA fragmentation. The largest amounts of DNA fragments were detected in the 

cytoplasmic fraction of cells treated with the drug at concentrations of 10 µM. In the case of 

drug loaded PLA3000PEG5000 + PLA-Jeff-FA, significant DNA fragmentation was observed at 

the highest drug concentration. The effect of drug loaded PLA5000PEG5000 + PLA-PEG-FA on 

SK-BR-3 cells was comparable to the untreated cells.  



 

Figure 11. Determination of DNA fragmentation in SK-BR-3 cells (± SD; ∗P < 0.05). 

4. Discussion 

Cancer is one of the major causes of death worldwide and its treatment remains very 

challenging. First-line therapy of solid tumors is based on surgery, radiotherapy and / or 

chemotherapy. For metastasized tumors, or for lesions, which cannot be removed surgically, 

chemotherapy is among the very few treatment options available. However, conventional 

chemotherapy may cause many severe side effects [40]. There are increasing numbers of 

developed nanocarriers for anticancer drug delivery in the aim to avoid side effects of the 

conventional chemotherapy. The most recent reports indicate that future nanomedicine may 

require new design principles toward an active targeting of nanocarriers [40-43]. Active-

targeting based on ligand-receptor recognition may show better efficacy than passive targeting 

in human cancer therapy.  

There are different ways of preparation of FA-targeted micelles – either solely from FA-

functionalized polymer [44] or with mixture of polymer without targeting moiety and 

functionalized polymer [45]. The second strategy seems reasonable taking into account 

economical aspect and the fact that studies confirmed the efficiency of addition of small amount 



of functional polymer to the drug carrier to obtain targeted delivery [45]. The dependency of 

the amount of folate on the micelle surface and their efficiency has been analyzed by Scarano 

W. et. al [46]. It was observed that in the case of small micelles the cytotoxicity of the 

encapsulated drug may be improved by increase of folate amount, while there is no difference 

in large micelles (over 100 nm). A polymer to FA functionalized polymer mass ratio of 10:2 

has been found to be effective by Zhang et al. [45]. We focused our study on analysis of 

composition of PLA-based micelles for anticancer therapy targeted to folic acid receptors. 

Three kinds of micelles were prepared from mixture of PLA5000-PEG5000 and PLA-Jeff-FA, 

PLA3000-PEG5000 and PLA-Jeff-FA or PLA5000-PEG5000 and PLA-PEG-FA. Micelles with PLA-

Jeff-FA were obtained from its mixture with PLA3000-PEG5000 or PLA5000-PEG5000 to analyze 

the influence of PLA block length on micelles’ properties. For comparison of the effect of the 

polymer with functional moiety, the PLA5000-PEG5000 was mixed either with PLA-Jeff-FA or 

PLA-PEG-FA.  

The morphology of micelles was polymer-depended. The mixture of PLA5000PEG5000 

and PLA-Jeff-FA or PLA5000PEG5000 and PLA-PEG-FA exclusively formed filomicelles, 

whereas PLA3000PEG5000 + PLA-Jeff-FA formed both filomicelles and spherical micelles (Fig. 

2-3). With decrease of the PLA length and polymer hydrophobicity, the morphology turns from 

filomicelles to spherical micelles. Therefore, coexistence of several morphologies is a common 

phenomenon in transition regions [47]. Importantly, the morphology of all micelles did not 

change after drug loading (Fig. 3B), which is consistent with our previous study conducted on 

PLA-PEG micelles [11, 48]. All the study has been conducted using lyophilized micelles, which 

enabled precise control of the micelle’s concentration in drug loading study, drug release or 

cytotoxicity analysis. The storage stability of drug-loaded PLA-PEG lyophilized micelles has 

been confirmed [49].  



The in vitro release study of E-29-diethoxyphosphoryl-28-O-propynoylbetulin from 

micellar systems revealed that the process proceeded in a prolonged manner up to 264 h. 

However, some differences between polymers were observed (Fig. 5). In the group of micelles 

obtained from PLA-PEG and PLA-Jeff-FA, faster release was observed for copolymer with the 

shorter PLA chain (PLA3000PEG5000+PLA-Jeff-FA) compared to PLA5000PEG5000+PLA-Jeff-

FA filomicelles. The slowest rate of drug release was obtained for PLA5000PEG5000+PLA-PEG-

FA micelles.  

FTIR analysis was conducted to evaluate drug-polymer interactions, which could 

explain the differences in the drug release properties (Fig. 6 – 8). Addition of drug to PLA-

PEG-FA increased the amount of bonded C=O groups. This suggests interaction of C=O ester 

groups with OH groups of E-29-diethoxyphosphoryl-28-O-propynoylbetulin, which may 

decrease the release rate from PLA5000PEG5000+PLA-PEG-FA micelles. Comparison of the 

FTIR spectra of polymers (PLA-PEG-FA and PLA-Jeff-FA) and spectrum of FA (Fig. 8) 

demonstrated interactions between C=O ester groups of PLA and OH, NH and NH2 groups of 

FA in PLA-PEG-FA. The intramolecular interactions in PLA-PEG-FA were probably 

responsible for significant polymer precipitation during preparation of PLA5000PEG5000+PLA-

PEG-FA micelles, which resulted in very low encapsulation efficiency (Table 3). These kinds 

of interactions between PLA and FA were not detected in PLA-Jeff-FA, due to shorter PLA 

block, which explained similar drug encapsulation efficiency and loading content in 

PLA5000PEG5000 and PLA5000PEG5000+PLA-Jeff-FA micelles. Decrease of polymer 

hydrophobicity enabled to significantly increase the encapsulation efficiency in 

PLA3000PEG5000+PLA-Jeff-FA micelles in comparison to PLA5000PEG5000+PLA-Jeff-FA 

micelles. Importantly, the differences are caused mainly by the length of PLA block, not by the 

kind of the FA-functionalized polymer. In fact, the Mn of PLA was 1200 Da in PLA-Jeff-FA 

and 5000 Da in PLA-PEG-FA. Also, no intermolecular interactions were observed between 



PEG or Jeffamine and drug. Therefore, the hydrophobic block length may be used to control 

inter-and intramolecular interactions and in consequence, micelle’s properties as drug 

encapsulation efficiency and release rate.  

All kinds of drug-free micelles characterized biocompatibility, because they do not 

affect cell proliferation (Fig. 10). Otherwise, the drug loaded micelles decreased the number of 

breast cancer (SK-BR-3) cells (Fig. 9). The fragmentation of genomic DNA was analyzed for 

evaluation of the mechanism of cell death (Fig. 11). Both, free drug and drug loaded 

PLA5000PEG5000 + PLA-Jeff-FA micelles induced significant DNA fragmentation. The largest 

amounts of DNA fragments were detected in the cytoplasmic fraction of cells treated with the 

drug at concentrations of 10 µM. Their lower concentrations at 30 µM can be easily explained 

by increased permeability of cell membranes resulting from cell necrosis (secondary necrosis, 

following normal apoptotic death, or presumably primary necrosis). Permeable cell membrane 

in necrotic/late apoptotic cells allows nucleosomes to escape to the extracellular environment, 

and hence they are not available for the assay in cytoplasmic cell fraction [50, 51]. The strongest 

cytotoxic effect was observed for drug-loaded PLA5000PEG5000 + PLA-Jeff-FA micelles. The 

micelles displayed elongated shape, typical for short filomicelles (Fig. 2A). It has been reported 

that drug loaded short filomicelles (≈ 180 nm) exhibited the most efficient tumor accumulation 

and penetration in tumor tissues as well as the most effective suppression of the tumor growth 

as compared with drug loaded long filomicelles (≈ 2.5 µm) and spherical micelles. Moreover, 

blood circulation studies showed a comparable circulation time for spherical micelles and short 

filomicelles, while long filomicelles were cleared quickly [3].  

5. Conclusions 

This work aimed to analyze the influence of the composition of PLA-based micelles on 

their drug encapsulation and release properties as well as cytotoxic activity against cancer cells. 

Micelles were obtained from combination of PLA-Jeff-FA with PLA5000-PEG5000 or PLA5000-



PEG5000. The third kind of analyzed micelles was obtained from the mixture of PLA-PEG-FA 

and PLA5000-PEG5000. All kinds of micelles provided release of E-29-diethoxyphosphoryl-28-

O-propynoylbetulin for over 264 hours. However, in vitro analysis revealed differences in 

micelle’s drug loading and release properties.  

FTIR analysis revealed inter- and intramolecular interactions, which may influence 

micelles’ properties. Interaction of C=O ester groups of PLA with OH groups of E-29 -

diethoxyphosphoryl-28-O-propynoylbetulin may decrease the release rate from 

PLA5000PEG5000+PLA-PEG-FA micelles. However, in polymers with longer PLA blocks may 

be observed also interactions between C=O ester groups of  PLA and OH, NH and NH2 groups 

of FA in PLA-PEG-FA, which may cause polymer precipitation during micelles’ formation and 

decrease drug encapsulation efficiency. Two kinds of functionalized polymers were compared 

– PLA-Jeff-FA and PLA-PEG-FA. However, the differences are caused mainly by the length 

of the PLA block, not by the kind of the FA-functionalized polymer. Therefore, the length of a 

hydrophobic block may be used to control inter- and intramolecular interactions and in 

consequence, micelle’s properties, e.g. drug encapsulation efficiency and release rate.  

Last but not least, all kinds of drug-loaded micelles exhibited toxicity to ovarian cancer 

(SK-BR-3) cells at concentrations above 10 µM. The largest cytotoxic effect was observed for 

PLA5000PEG5000 + PLA-Jeff-FA micelles with elongated shape, typical for short filomicelles 

(Fig. 2A). Therefore, these PLA based short filomicelles could be promising as nanocarrier of 

hydrophobic antitumor drugs. 
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