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Abstract 
 
Combination therapy appears as a very interesting alternative to solve some of the 

problems associated with single-drug therapies such as resistances and improve 

patient´s survival. Nevertheless, it also possess a series of potential drawbacks, 

mainly associated with the complicated administration of several antineoplasic drugs 

which use different excipients owing to compatibility and stability issues. Hence, the 

combination of two or more drugs in one polymeric micelle with sufficient loading 

capacity could solve this issue as well as providing a suitable control of release rate 

and protection for cargos. In this paper, four different reverse poly(butylene oxide)–

poly(ethylene oxide)–poly(butylene oxide) block copolymers, BOnEOmBOn, with BO 

blocks ranging from 8 to 21 units and EO ones from 90 to 411 were tested as potential 

single and dual nanocarrier of the antineoplasic drugs docetaxel and doxorubicin 

currently used in combination for the treatment of advanced/metastatic breast cancer. 

Polymeric micelles formed by these copolymer were shown to solubilise important 

amounts of these drugs, either alone or combined, in a single micelle with a good 

stability in serum mimicking conditions. These polymeric nanocarriers were able to 

release drugs in a sustained manner, being the release rate slower as the copolymer 

chain hydrophobicity increased. Drugs loaded in the polymeric micelles accumulated 

more slowly inside the cells than free DOXO due to its sustained release. Copolymers 

were found to be biocompatible in most of the concentration range tested. The in vitro 

cell cytotoxicity was found to be larger for dual DCX/DOXO-loaded micelles than for 

single-loaded ones and free administered drugs in both cervical HeLa and breast 

MDA-MB-231 cancer cell lines tested by exerting a synergistic effect. Therefore, 

poly(butylene oxide)–poly(ethylene oxide) block copolymers offer important features 

as efficient nanocarriers for dual combination therapy, which joined to the ability of 
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some of the present copolymer varieties to inhibit efflux pump mechanisms can allow 

the development of interesting nanoformulation without standing therapeutic 

efficacies in cancer treatment. 

 
KEYWORDS: Reverse copolymers, combination therapy, drug delivery, polymeric 

nanocarrier, synergistic toxicity. 
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1. Introduction 
 
 The properties of amphiphilic copolymers combining hydrophilic 

poly(ethylene oxide) units with different types of hydrophobic blocks have been 

found to show suitable characteristics to fulfill the requirements for a relatively 

efficient therapeutic action of poorly-aqueous soluble drugs by enhancing their 

solubilization, allowing their sustained release, improving their pharmacokinetics and 

facilitating their access to the site of action while providing “stealthness” to evade 

scavenging by the mononuclear phagocyte system1-3. These beneficial properties can 

originated from the spontaneously self-assembly of copolymer chains into nanoscopic 

core-shell micellar structures in solution4. The micellar cores offer an excellent 

platform for the solubilization of the poorly water-soluble therapeutic agents5,6; this is 

particularly interesting for hydrophobic anticancer agents in preclinical development, 

e.g. 17-allylamino-17-demethoxygeldanamycin, 17-AAG, and in clinical practice, e.g. 

placlitaxel, docetaxel, doxorubicin and etoposide amongst others, which require safe 

vehicles for solubilization and intravenous infusion provided that current vehicles for 

intravenous drug infusion are often toxic, e.g. Chremofor EL. Moreover, the 

polymeric micellar carrier also offers protection for cargos provided by the 

hydrophilic shell that minimizes the nonspecific uptake through the 

reticuloendothelial system (RES), thereby, enhancing drug circulation times and 

passive accumulation in solid tumors7. 

 Single drug therapy of cancer is rarely successful due to inherent and 

developing drug resistance to tumors, the heterogeneity of cancer cells, and the 

existence of leakages and/or burst release phases from the nanocarriers which do not 

allow to reach sustained effective therapeutic concentration for the payloads. 

Different attempts have been made to solve these issues as, for example, the 
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development of core-shell nanostructures (polymeric fibers and micelles) which 

enable a biphasic sustained release of the cargo molecules to ensure optimal 

therapeutic concentrations.8,9 Other alternative is the combined use of different drugs, 

the so-called combination chemotherapy, which has become a standard regimen to 

treat cancer patients10. Such therapy regimens commonly involve the sequential 

administration of multiple drugs that can act along different synergistic pathways and 

kill cancer cells better while retarding occurrence of resistant cell lines within 

acceptable toxicity11. Despite the advantages of combination chemotherapy, one of 

the main challenges associated with its clinical application is the complicated 

administration of several antineoplasic drugs which use different excipients owing to 

compatibility and stability issues. For example, the solubilization of one drug inside a 

polymeric micelle embedded into the core of a electrospun fiber which, at the same 

time, serves as an adiditonal depot for an additional drug has been shown to be an 

effective way to achieve a codelivery and multistep sustained release of  several 

drugs.12 Other option can be simply combining drugs into one single polymeric 

micelle with sufficient loading capacity, which could simplify fabrication processes 

and treatments, making the latter less hazardous to patients. A mediocre loading 

migth be an impediment for even single drug micelle formulations provided that 

administration would require prohibitively high doses of the polymer proper, which 

could result in vehicle-derived toxicity as observed, for example, in the case of Taxol 

and Taxotere, clinical formulations of placitaxel and docetaxel which contains 

Chremophor EL and Polysorbate 80 as excipients, respectively, and can induce 

hypersensivity reactions and toxicities during intravenous infusions13. 

 Polymeric micelles which combine poly(oxyethylene) and poly(oxypropylene) 

blocks [EO = oxyethylene, OCH2CH2  and PO = oxypropylene, OCH2CH(CH3)] in a 
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triblock structure, either direct, EOmPOnEOm, or reverse, POnEOmPOn (where the 

subscripts m and n denote number-average block lengths) have been the most 

extensively studied for drug antineoplasic administration due to their commercial 

availability in a very broad range of compositions, a sustained release pattern, a good 

biocompatibility of most varieties, and approval of some varieties by regulatory 

agencies to be used in pharmaceutical formulations.14 Nevertheless, EOmPOnEOm, or 

POnEOmPOn copolymers possess several drawbacks as, for example, very limited 

solubilization capacity, low stability upon dilution in the bloodstream, and changes in 

the micellization behavior from batch to batch due to polydispersity as a consequence 

of the transfer reaction from hydrogen abstraction during the polymerization of PO 

blocks15. Hence, during last years different block copolymer counterparts with similar 

architecture but with the PO segment replaced by a more hydrophobic one have been 

proposed with the aim of improving drug solubilization capacities and release 

profiles.16-21 Special attention has been paid to copolymers with 1,2-butylene oxide 

(BO) as the hydrophobic monomer due to structural similarity to PO  and provided 

that transfer is not a problem in the laboratory polymerization of BO.22This monomer 

(as PO does) adds to the growing chain to give a secondary oxyanion, and the slow 

initiation of EO chains at the secondary termination might lead to a broadened EO-

block length distribution.23 To avoid such deleterious effects, BO blocks can be 

polymerized last forming EOmBOm diblock and BOnEOmBOn triblock copolymers. In 

addition, the larger relative hydrophobicity of BO blocks compared to PO (six-fold as 

estimated from the ratio of the logarithms of the molar critical micellar 

concentrations, cmcs)16 allows the formation of polymeric micelles, transient micelle 

clusters and polymer networks by bridging of extended chains between micelles24,25at 

much lower concentrations than POnEOmPOn do. Provided that these copolymers have 
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been proved to be biocompatible in some preliminary experiments26 their use as 

anticancer nanocarriers would allow the solubilization of higher concentrations of 

poorly aqueous soluble drugs at much lower copolymer concentrations27in the form of 

injectable solutions, oral suspensions and/or (sub)dermal gelling depots27,28 while 

exerting a complementary role as “cell response modifiers”, for example, by 

inhibiting the P-glycoprotein efflux pump in multidrug-resistant (MDR) tumoral cells. 

We have recently shown that BOnEOmBOn copolymers can efficiently incorporate 

doxorubicin (DOXO) exerting an enhanced and sustained therapeutic against 

multidrug resistant ovarian cancer cells.27 

This paper addresses two quations: first, whether different water-insoluble 

antineoplasic drugs can be incorporated in such polymeric micelles with suitable 

loading capacities, and second, whether multiple drugs can be simultaneously 

incorporated inside micellar cores to form pharmacologically synergistic 

chemotherapeutic combinations of high potency to kill cancer cells. To do that, four 

different reverse BOnEOmBOn triblock copolymers (BO8EO90BO8, BO14EO378BO14, 

BO20EO411BO20 and BO21EO385BO21) were tested as effective nanocarriers for 

single/dual drug delivery of hydrophobic antineoplasic compounds such as docetaxel 

(DCX) and DOXO used nowadays in combination chemotherapy for the treatment of 

advanced/metastasic breast cancer through parenteral administration. The results 

suggest BOnEOmBOn micelles can provide an attractive, biocompatible platform for 

co-solubilization and delivery of multiple hydrophobic molecules with minimal 

vehicle-associated side effects and avoiding the limitations of organic solvents and/or 

surfactants in current chemotherapeutic formulations to enhance the solubilization of 

this class of drugs in terms of side effects. 
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2. Materials and methods 

2.1 Materials 

 Four BOnEOmBOn copolymers with narrow chain length distributions 

(BO8EO90BO8, BO14EO378BO14, BO20EO411BO20 and BO21EO385BO21) were prepared 

and characterized as previously described.29 The critical micelle concentrations (cmc) 

in aqueous solution were estimated from pyrene fluorescence measurements, as 

previously reported.30 Table 1 summarizes the molecular characteristics of the 

copolymers. 

 

 

Table 1. Molecular weight and critical micelle concentration (cmc) of the 

copolymers. 

Copolymers Mn
a(g/mol) Mw / Mn

b Mw 

(g/mol) 

CMCc 

(mg/mL) 

N rh 

(nm) 

BO8EO90BO8 5100 1.07 5460 0.33 38d 13.0d 

BO14EO378BO14 18600 1.12 20832 0.058 18e 18.5e 

BO20EO411BO20 21000 1.08 22680 0.012 17d 18.9d 

BO21EO385BO21 20000 1.10 22000 0.025 9e 20.4e 

a Estimated by NMR; b Estimated by GPC; Mw calculated from Mn and Mw/Mn. Estimated uncertainty: 
Mn to ±3 %; Mw/Mn to ±0.01.cValues from ref. 37; d values from ref. 61; e values from ref. 62. 
 

Docetaxel and doxorubicin hydrochloride (DOXO·HCl) were acquired from 

Sigma-Aldrich. DOXO base was obtained by means of the aqueous precipitation of 

DOXO·HCl aqueous solution (1 mg/mL) by adding triethylamine and methylene 

chloride. The system was kept under vigorous stirring for 1 h., and then the organic 

phase was evaporated in order to recover DOXO base.31 Herein after, DOXO refers to 
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 9 

DOXO base. Water was double distilled and degassed before use. All other reagents 

were analytical grade. 

 

2.2. Drug solubilisation 

 Solubilization of DCX and DOXO (intrinsic solubility in water ca. 4.9 and 0.5 

mg dm-3, respectively)32 in micellar copolymer solutions was tested in triplicate 

following the procedure of Elsabahy et al. with minor modifications.33 Briefly, the 

desired amount of drug(s)(typically 40 µg in total) dissolved in dichloromethane (100 

µM) was added to the weighted solid copolymer (typically 2 mg). The organic 

solution was stirred and the solvent evaporated until dryness. Then, distilled water 

was added dropwise to the dried sample and left under stirring overnight. Solution 

were centrifuged at 3000 rpm for 30 min, and the supernatants filtered (Millipore 

Millex filters, 0.45 µm pore size) to remove the non-solubilised drug. The filtered 

solutions were diluted (1/1000) with methanol to disrupt the self-assembled 

structures. The amount of solubilised DCX and DOXO were determined by UV-

Vis(Cary 50 UV-Vis spectrophotometer, Agilent, Germany) at 227 and 480 nm, 

respectively, using solutions of each copolymer at the same dilution conditions as 

blanks, by fluorescence spectroscopy by excitation at 480 nm (only for DOXO), 

and/or by reverse phase high performance liquid chromatography (HPLC). For 

HPLC, an Agilent Technologies 1200 series HPLC system equipped with a Nucleosil 

C18 5 µm column (250 mm × 4.6 mm) was used. Samples were diluted using mobile 

phase (specified below) and injected (20 µL) into the HPLC system. For both single 

DCX, DOXO and dual DCX/DOXO solutions a mixture of acetonitrile/water (55/45 

v/v) was used as mobile phase. The flow rate was 1.0 mL/min, and column 

temperature was set to 30 ºC. Detection wavelengths were 227 and 480 nmand 
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 10 

retention times were 8.1 and 7.0 min for DCX and DOXO, respectively. 

 Drug loading, D.L., entrapment efficiency, E.E., and the solubilisation 

capacity per gram of copolymer in solution, SCP (namely, the amount of drug 

dissolved at 37 ºC in 100 mL of copolymer solution in excess of that dissolved in an 

equivalent volume of water) were calculated as follows: 

 

    (1) 

    (2) 

   (3) 

2.3. Micellar sizes and physical stability of the drug-loaded micelles upon dilution  

 Sizes of unloaded and drug-loaded polymeric micelles were determined by 

dynamic light scattering (DLS) using an ALV-5000F (ALV-GmbH, Germany) 

instrument with vertically polarized incident light (λ = 488 nm) supplied by a diode-

pumped Nd:YAG solid-state laser (Coherent Inc., CA, USA) operated at 2 W, and 

combined with an ALV SP-86 digital correlator (sampling time of 25 ns to 100 ms; 

scattering angle θ = 90°). Experiment duration was in the range 5-10 min, and each 

measurement was repeated at least twice. The correlation functions from DLS runs 

were analyzed by the CONTIN method to obtain the intensity distributions of decay 

rates (Γ), the apparent diffusion coefficients, and then the apparent hydrodynamic 

radius (rh,app) applying the Stokes-Einstein equation.16 Sizes and morphology of drug-

loaded polymeric micelles were also measured by transmission electron microscopy 

(TEM). Micellar drug-loaded polymer solutions were applied over carbon-coated 

copper grids, blotted, washed, negatively stained with 2 wt. % phosphotungstic acid, 

%100
drug +polymer  ofweight 

solutionmicellar in  drug  theofweight .%. ×=LD

%100
drug feeding ofweight 

solutionmicellar in  drug  theofweight .%. ×=EE

(g)polymer  ofweight 
(mg)solution micellar in  drug  theofweight 

=CPS
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 11 

air-dried and, then, examined with a Phillips CM-12 transmission electron microscope 

operating at an accelerating voltage of 120 kV. 

 The physical stability of the drug-loaded micelles was assessed by dilution of 

the samples (1/50) in PBS buffer (pH7.4) supplemented with 10% fetal bovine serum 

(FBS) at 37 oC under moderate stirring, and the drug concentration monitored over 

time by UV spectrophotometry, as described above. The experiments were performed 

in triplicate. Simultaneously, aliquots were taken, filtered (Triton free Millipore 

Millex, 0.22 µm porosity) into scattering cells and allowed to equilibrate at 37ºC for 

30 min before recording changes in the size of drug-loaded micelles by DLS as 

described above. 

 

2.4. In vitro drug release  

To investigate the release profiles. The required amount of DCX-loaded 

micelles (4 mL) were placed into dialysis tubes (SpectraPore®, MWCO 3500) 

introduced in 100 mL PBS buffer supplemented with 10% FBS at pH 7.4 and 2% 

(v/v) ethanol to enhance the solubility of released free DCX and avoid its 

aggregation.34 The whole assembly was kept at 37 ºC under stirring and covered by 

parafilm to avoid evaporation. At each sampling time 1 mL of medium were 

withdrawn and replaced with the same volume of fresh buffer (containing 2% (v/v) 

ethanol) to maintain the required sink conditions. Quantification was done by the 

calibration curve of DCX at 293 nm after dilution on methanol. Assays were carried 

out in triplicate. 

Drug release profiles from the micellar systems were fitted to the square-root 

kinetics35 

Mt/Mα= k·t0.5      (5) 
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and to the Fickian diffusion model considering the micelles as perfect spheres36 

 

  Mt/Mα= k1+ k2·t0.5 - k3·t    (6) 

 

where Mt and M∞ represent the drug amount released at time t and that initially 

contained in the formulation, respectively, and k, k1, k2 and k3 are release rate 

coefficients, respectively.  

2.5. Cellular uptake by fluorescence microscopy 

 Polymeric micelle uptake was followed by fluorescence microscopy by 

seeding HeLa cells on poly-L-lysine coated glass coverslips (12×12 mm2) placed 

inside 6-well plates (3 mL, 5·104 cells/well) and grown for 24 h at standard culture 

conditions (5% CO2 at 37 ºC in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% (v/v) FBS, 2 mM L-glutamine, 1% penicillin/streptomycin, 1 

mM sodium pyruvate, and 0.1 mM MEM Non-Essential Amino Acids (NEAA)). 

Then, 50 µL of either DOXO loaded-polymeric micelle dispersions or free DOXO 

(0.005 µM DOXO) were added to cells. After 1 h and 24 h of incubation cells were 

washed three times with PBS pH 7.4 and, then, fixed with paraformaldehyde 4% 

(w/v) for 10 min, washed with PBS, permeabilized with 0.2% (w/v) Triton X-100). 

The cells were washed again with PBS, mounted on glass slides stained with 

ProLong® Gold antifade DAPI (Invitrogen) and cured for 24 h at -20 °C. Samples 

were visualized with 20X and 63X objectives using an inverted fluorescence 

microscope Leica DMI6000B (Leica Microsystems GmbH, Heidelberg Mannheim, 

Germany), whereby the blue channel corresponds to DAPI (λex 355 nm), and the red 

channel to DOXO (λex 475 nm). 
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2.6. In vitro copolymer cytocompatibilty evaluation and cytotoxicity of drug-loaded 

polymeric micelles. 

 MDA-MB-231 adenocarcinoma breast and HeLa cervical cancer cells from 

Cell Biolabs (San Diego, CA, USA) were used for in vitro studies. Cells were grown 

at standard culture conditions (5% CO2 at 37 ºC) in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS), 2 mM L-

glutamine, 1% penicillin/streptomycin, 1 mM sodium pyruvate, and 0.1 mM MEM 

Non-Essential Amino Acids (NEAA).  

 Breast MDA-MB-231 and cervical HeLa cancer cells with an optical 

confluence of 80–90% were seeded into 96-well plates (100 µL, 1.5·104 cells/well) 

and grown for 24 h at standard culture conditions in 100 µL growth medium. After 24 

h of incubation at 37 °C and 5% CO2, free DCX and DOXO solutions, and bare, 

single and dual-loaded polymeric micelles at different cargo loadings were added to 

cultured cells for the cytocompatibility evaluation of bare copolymers and the 

cytotoxicity efficiency determination of the polymeric nanocarriers, respectively, and 

the cells subsequently incubated from 24 to 72 h. Cells exposed to copolymer-free 

culture medium were used as a negative control (100% viability) in both types of 

experiments. Cytotoxicity was evaluated at different time points using the CCK-8 

proliferation assay. After incubation, 10 µL of CCK-8 reagent was added to each well, 

and after 2 h the absorption at 450 nm of cell samples was measured with an UV-vis 

microplate absorbance reader (BioRad model 689, USA). Cell viability was 

calculated as: 

   % viability = (Abssample /Abscontrol) x 100   (7) 
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where Abssample is the absorbance at 450 nm for cell culture samples with either bare 

copolymer solutions or drug formulations (free drugs and drug-loaded micelles), and 

Abscontrol for PBS controls. Assays were carried out in triplicate. 

 

3. Results and Discussion 

 Marketed intravenous formulation of chemotherapeutic drugs involve the use 

of organic solvents and/or surfactants to enhance their solubilization for injection in 

order to achieve the required therapeutic doses. This is the case, for example, of 

placlitaxel (PCX, Taxol®) and DCX (Taxotere®) which utilize Cremophor El and 

ethanol or polysorbate 80, respectively, for solubilization7 and avoidance of drug 

degradation in protic solvents37. Specifically, DCX is a taxane compound that 

displays a broad spectrum of antitumor activity which interferes with microtubule 

formation during cell division,38 and it is currently approved for the treatment of 

breast, non-small-cell lung, prostate, stomach, head and neck cancers.37,39DCX is also 

used in combination with DOXO (supplied in saline formulation, Andryamicin®), an 

anthracycline antibiotic which intercalates into nuclear DNA and interacts with 

topoisomeraseII to cause DNA cleavage and cytotoxicity40 in the treatment of 

advanced or mestatasic breast cancer41,42 given their different mechanisms of action 

and partially non-overlapping toxicity profiles. However, there still exist severe side 

effects associated with the administration of these two drugs. Earlier studies have 

shown that the polysorbate 80 formulation of DCX cause severe allergic reactions and 

peripheral neuropathy in up to 40% of patients43,44; after dilution with the 

hydroalcoholic vehicle provided, the Taxotere® formulation is physically unstable and 

must be administered to the patient within 8 h. On the other hand, DOXO binding to 

cell membranes ultimately results in the production of active oxygen species attacking 
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the myocytes, which is the main cause of severe DOXO cardiotoxicity.45 Therefore, 

co-encapsulation on these two drugs in BOnEOmBOn  polymeric micelles is expected 

to improve the efficiency and safety of the combinatorial treatment by acting on 

multiple pathways,46 and even providing some kind of synergistic therapeutic effects 

while reducing acute toxicity and side effects20,21,47.  

 Four BOnEOmBOn copolymers (BO8EO90BO8, BO14EO378BO14, 

BO20EO411BO20 and BO21EO385BO21) that cover a wide range of molecular weights 

and cmc values were chosen. These copolymers form spherical micelles ranging from 

17 to 35 nm in diameter and association numbers between 20 and 43 (see 

Table1).48,49At higher polymer concentrations viscous (from 1 to 6 wt.%) and 

immobile gels ( > 5 wt.%, depending on copolymer type and solution temperature) 

appear as a consequence of the cross-linking originated from the residence of BO 

blocks in one polymer chain in two adjacent micelles promoting a progressively 

denser open network structure.  

 

3.1.1 Cytocompatibility of  BOnEOmBOn copolymers  
 
 To take into account potential differences in toxicity due to different cell 

phenotypes and sensitivity, we performed a comparative study to quantify how bare 

BOnEOmBOn polymeric micelles at different concentrations and incubation times 

(from 24 to 72 h) affect the in vitro viabilities of two tumoral cells lines of cervical 

(HeLa) and metastasic breast (MDA-MB-231) cancer by means of the cell-counting 

kit-8 cell proliferation assay (CCK-8). This test is based on the bioreduction of 2-(2-

methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium 

monosodium salt (WST-8), which produces a water-soluble formazan dye in the 

presence of an electron carrier, 1-methoxy phenazinemethosulfate (PMS). 
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 For HeLa cells, cell viabilities (CVs) between 90-100% were found for 

copolymer BO8EO90BO8 in the whole concentration range. For the remaining 

copolymers, concentrations  below 2 mg/mL led to viability extents above ca. 80% 

after 24 h and 72 h of incubation except for BO21EO385BO21 with somewhat slightly 

lower values (Figure 1a). A certain cell viability loss was also noted as the copolymer 

concentration increases but always, in general, with CVs > 60%, larger than the limit 

of 50% considered as a reference value for a nanomaterial to be cytocompatible50; 

there was an exception for copolymer BO21EO385BO21 at the highest concentrations 

tested (4 mg/mL), for which CVs of ca. 40-42% denoted cell toxicity after 72 h of 

incubation (Figure 1a). Also, a certain decrease in CVs was found as the hydrophobic 

block length of the copolymers increases, especially noted for copolymer 

BO21EO385BO21 which displayed the lower CVs. This behavior could stem from the 

greater affinity of the amphiphile for cellular membrane structures, increasing cell 

permeability. 

 Conversely, MDA-MB-231 cells were more sensitive to the presence of 

polymeric micelles exhibiting lower CVs, particularly after extensive incubation (72 

h). A decrease in CV  with incubation in MDA-MB-231 cells was also noted. For 

example, cells exposed to 4 mg/mL BO8EO90BO8 micelles underwent a sharp viability 

loss from ca. 80% at 24 h of incubation to ca. 25% after 72 h. By contrast, under 

similar conditions the same copolymer showed viability extents of ca. 100% after 72 

h of incubation in HeLa cells. BO20EO411BO20 and BO21EO378BO21 copolymers were 

toxic to MDA-MB-231cells at the highest concentrations tested (> 3 mg/mL) after 72 

h of incubation, the CVs being below 45 and 24% at 3 and 4 mg/mL, respectively  

(Figure 1b). At lower concentrations copolymer biocompatibility was observed, with 

CVs above 75 and 50% after 24 and 72 of incubation, respectively. Nevertheless, it is 

Page 16 of 48RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 17 

here necessary to bear in mind that the cytotoxicity of BOnEOmBOn copolymers may 

be overestimated in vitro provided that cells are not protected by the anatomical 

barriers present in vivo.51 The present findings stressed the relevance of doing 

cytotoxicity tests in different cell lines in order to consider possible influences of cell 

phenotype on the cytocompatibility of a given material.  

 

 

 

Figure 1: Cell viabilities of BOnEOmBOn polymeric micelles in HeLa cells after a) 24 

and b) 72 h of incubation, and in MDA-MB-231 cells after c) 24 and d) 72 h of 

incubation. 

 

3.1.2. Solubilization capacity 

 Different studies have reported that the major factor influencing the 

solubilization capacity of polymeric micelles is the compatibility between the drug 
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and the core-forming block.52As commented previously, BO blocks are six times 

more hydrophobic than PPO units present in commercial Pluronic and Tetronic block 

copolymers (on the basis of their molar cmcs) so that a better compatibility between 

BO blocks and the present antineoplasic hydrophobic drugs might be expected in 

agreement with previous observation made with for much shorter diblock EOmBOn 

and triblock EOmBOnEOm  copolymers.48,49 

 Single (DCX) and dual (DCX/DOXO) encapsulation experiments were carried 

out to evaluate the impact of the feeding drug amount on the entrapment efficiency 

and the total loaded drug amount inside micelles by means of UV-Vis 

spectrophotometry and HPLC, when required. Preliminary attempts at dissolving 

DCX and DOXO into preformed micelles resulted in low drug loading probably 

because of the slow drug diffusion into the viscous micellar core (data not shown). 

Accordingly, it was decided to codissolve both the drug(s) and polymer in a 

pharmaceutically acceptable organic solvent (i.e. dichloromethane) to form a 

homogeneous polymeric matrix, followed by evaporation of the organic solvent and 

subsequent addition of the water phase. Hence, different amounts of drug(s) to solid 

copolymer (final polymer concentration usually 2 mg/mL, more than 10 times higher 

than the respective cmc ensuring complete micellization) were mixed to achieve 

different initial feeding ratios (see Table 2). For DCX-loaded and DOXO-loaded 

micelles27in the present solution conditions a maximum D.L. of ca. 0.9 and 1.1% 

(w/w) was obtained, respectively. The solubility of DCX and DOXO per gram of 

copolymer (Scp) was concentration-dependent, reaching maximum values of up to ca. 

9.2 and 10.2 mg g-1, with solubility increments of ca. four and forty-fold the solubility 

of the pristine free drug(s) in water (5.5 and 0.5 mg/L, respectively).32Among the 

different copolymers, BO20EO411BO20 and BO21EO385BO21 exhibited a slightly larger 
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solubilization capacity of DCX and DOXO which can be attributed to its longer 

hydrophobic blocks; at this respect, their extremely lengthy hydrophilic PEO blocks 

can also contribute to the copolymer to bear a more hydrophobic character. 

Conversely, BO8EO90BO8 displayed the lower D.L. values possibly resulting from its 

smaller polymeric sizes which does not allow the solubilization of great amounts of 

drug. Focusing on DCX-loaded micelles developed in the present manuscript, as the 

drug/copolymer weight ratio increases the entrapment efficiency became lower as a 

consequence of the progressive DCX saturation of micelles (see Table 2) in 

agreement with previous observation for DOXO-loaded BOnEOmBOn micelles.27 This 

leads to the assumption that micellar formulations could enhance the solubility of 

poorly soluble drugs but to a maximum limit after which any increase in the drug 

concentration can bring about drug precipitation. Nevertheless, full micellar saturation 

with DCX was not achieved in the light of D.L. data within the drug/copolymer ratios 

analyzed. In addition, the observed D.L. and E.E. for single DCX-loaded micelles 

were somewhat larger than those previously obtained for other block copolymers, for 

example, PEO–PPO-based block copolymers such as Pluronics®53 and Tetronic®
,
54 or 

PEO–poly[N-(2-hydroxypropyl)methacrylamide]-lactate copolymers,36 but still lower 

than maximum values found for PEO-based block copolymers with other 

hydrophobic blocks such as poly(styrene oxide),33 poly(lactic) acid,21,55 

poly(caprolactone)56 or poly(2-oxazoline)-based copolymers.57 

 

Table 2: Docetaxel loading, D.L., entrapment efficiency, E.E., and solubility per 

gram of copolymer, SCP, of BOnEOmBOn copolymers.  

Copolymers DCX/copolymer	  

(w/w	  %)	  

D.L.a	  

(wt.%)	  

E.E.a	  

(wt.%)	  

SCPb	  

(mg/g)	  

 
BO8EO90BO8 

0.2 0.10 49.5 0.99 
0.5 0.24 46.1 2.31 
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1.0 0.30 29.7 2.97 
2.0 0.40 20.0 4.01 

 3.0 0.47 15.7 4.70 
 
BO14EO378BO14 

0.5 0.34 69.0 3.45 
1.0 0.49 49.5 4.95 
1.5 0.66 44.1 6.62 
2.0 0.70 35.5 7.10 

 2.5 0.81 32.7 8.18 
 3.0 0.89 30.0 9.00 
 3.5 0.93 26.9 9.29 
 0.5 0.36 72.0 3.60 
BO20EO411BO20 1.0 0.49 49.5 4.95 
 1.5 0.70 47.0 7.05 
 2.0 0.77 38.8 7.75 
 2.5 0.91 36.7 9.17 
 3.0 1.01 34.2 10.25 
 3.5 1.06 30.7 10.75 
 
BO21EO385BO21 

0.5 0.43 86.5 4.33 
1.0 0.48 48.5 4.85 
1.5 0.61 41.2 6.18 
2.0 0.68 34.4 6.87 
2.5 0.79 32.0 8.00 

 3.0 0.87 29.2 8.75 
 3.5 0.99 28.6 10.00 
a Estimated uncertainty ±0.2%; b±1 mg g-1 

 

 On the other hand, dual DCX/DOXO-loaded micelles were also prepared at 

different DCX/DOXO weight ratios while keeping the total drug and polymer 

concentrations constant during preparation. The drug solubilities are shown in Table 

3. The presence of two drugs within BOnEOmBOn micelles did not adversely affect 

the apparent solubility of the individual drugs; in fact, an increase in D.L. of 

copolymer micelles up to. ca. 1.3% (w/w) was observed. Hence, it seems that the 

capacity of these BOnEOmBOn micelles to incorporate drugs slightly increases when a 

co-loading process takes place, which points to a more suitable environment for drug 

solubilization inside the micellar cores possibly thanks to enhanced drug(s)-polymer 

interactions as previously observed, for example, for poly(2-oxazoline)-based 
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copolymers57 and sterarate-grafter chitosan oligosaccharide micelles58 to much larger 

extents. Also, the amount of the two drugs inside dual-loaded micelles was rather 

similar (when not a bit larger) as the single-loaded one sat similar initial loading 

concentrations of the single drug (data not shown). D.L. capacities in dual-loaded 

systems followed the same trend as in the case of single-loaded drugs, that is, the 

levels of drug encapsulation were higher for the most hydrophobic copolymers with 

the largest micellar cores, BO20EO411BO20 and BO21EO385BO21. Maximum D.L. 

values were also noted for most of the copolymer micelles at DCX/DOXO weight 

ratios of 50/50. In addition, E.E. of DCX was increased in the presence of DOXO 

inside the micellar core reaching values of ca. 94.5% for copolymer BO20EO411BO20. 

The ability of the present micelles to load somewhat larger amounts of two anticancer 

drugs into the core is a behavior that needs further study but these findings are 

consistent with earlier investigations.21,59 

 
Table 3: Drug loading, D.L., entrapment efficiency, E.E., and solubility per gram of 

copolymer, SCP, of the copolymers of dual (DCX/DOXO) loaded BOnEOmBOn 

copolymer micelles.  

Copolymers DCX/DOXO	  

	  (w/w	  %)	  

D.L.a	  

(wt.%)	  

E.E.a	  

(wt.%)	  

SCPb	  

(mg/g)	  

 
BO8EO90BO8 

75/25 0.31 45.1 3.16 
50/50 0.34 42.5 3.40 
25/75 0.32 35.6 3.20 
0/100 0.26 26.0 2.60 

 
BO14EO378BO14 

75/25 1.07 61.9 10.83 
50/50 1.16 58.8 11.75 
25/75 0.94 42.2 9.50 
0/100 0.79 32.0 8.00 

 75/25 1.06 61.2 10.71 
BO20EO411BO20 50/50 1.26 60.8 12.75 
 25/75 1.22 54.7 12.32 
 0/100 1.01 41.0 10.25 
 75/25 0.93 53.5 9.37 
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BO21EO385BO21 50/50 1.06 53.8 10.75 
25/75 1.14 51.1 11.50 
0/100 1.03 41.5 10.38 

 

3.1.3. Micellar size and stability of loaded polymeric micelles 

 Size distribution and dispersion stability of drug-loaded micelles are crucial 

factors for their successful parenteral application. Since particle size will not only 

affect endocytosis by tumor cells but also influences longevity during systemic 

circulation, micelles must be small enough to evade detection and destruction by the 

RES. Sizes and size distributions of DCX and DCX/DOXO loaded micelles were 

measured by DLS (for DOXO-loaded micelles see ref. 27). Micellar sizes ranged 

between 20 to 50 nm depending on the copolymer type with relatively monodisperse 

intensity distributions (Figure 2a). No important differences in sizes were observed 

between non-loaded, single and dual-loaded systems, and only a extremely slight size 

increased was observed as the loaded drug concentration was rosen; however, a 

broader population size distribution could be observed for either single or dual-loaded 

micelles compared to non-loaded ones (Figure 2b).The absence of size increases in 

single and dual-loaded micelles could be attributed to the effect of hydrophobic 

interactions between aromatic rings of the drugs inside the micellar core and 

hydrogen bonds and van der Waals forces between hydroxy groups of drug(s) and 

block copolymers.60 (Co)-loaded micelles could be readily freeze-dried and their 

initial size distribution was recovered upon reconstitution in aqueous solution, as 

observed previously27 (data not shown).  
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Figure 2: a) Intensity fraction size distributions of bare polymeric micelles of 

copolymers BO14EO378BO14(·····), BO20EO411BO20(- - -) and BO21EO385BO21 (⎯) at 

25 ºC in PBS buffer pH 7.4, and b) of unloaded (·····) and DCX/DOXO-loaded 

BO8EO90BO8 polymeric micelles under similar conditions. 

 Formulation challenges such as stability and drug−drug compatibility need to 

be considered in multiple drug delivery in a single dosage form. Hence, the stability 

over time of single DCX and dual-loaded DCX/DOXO polymeric micelles was tested 

in serum mimicking conditions by monitoring the micellar size evolution. In 

particular, for dual DCX/DOXO-loaded micelles sizes were observed to increase ca. 

20 to 35 nm after 3-4 days of incubation depending on the copolymer type (Figure 

3a), being the larger increase found for copolymer BO21EO385BO21 (ca. 35 nm) and 

relatively similar for the three remaining ones (ca. 20-25 nm). Similar behavior was 

found for single DCX-loaded micelles (not shown). In the present case, a synergistic 

improvement of micelle stability in the present multidrug-loaded micelles is not 

achieved in contrast to what observed by Kwon et al., for which an enhanced stability 

in dual-loaded polyethylene glycol-poly(D,L-lactide) (PEG-PDLA) copolymer 

micelles was noted as a consequence of  possible favorable drug-drug interactions 

through H-bonding inside micelles.21,57 Moreover, our present data point to the fusion 

of adjacent loaded micelles into larger ones(see Figure 3b) in order to provide a more 
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suitable environment to the cargo and minimize serum protein binding. These changes 

can be a consequence of the reverse structure of the present copolymers: Upon 

micellization, copolymer chains must display two tight-junctions at the micellar core-

corona interface which may lead to the preclusion of some hydrophobic blocks 

outside the micellar core configuring a less compact micellar interior and favoring the 

formation of intermicellar bridges;48,49 hence, to avoid drug contact with the 

biological external environment and subsequent protein binding, a structural 

rearrangement of micelles can take place. This picture is corroborated by TEM 

images, where the spherical micellar morphology can be observed to be still retained; 

however, drug loaded-micelles (either single or dual ones) upon extended incubation 

seem to be formed by a larger surrounded by a more loosely thicker corona than as-

prepared loaded copolymer micelles (Figure 3c,d). Micellar sizes observed by TEM 

are also slightly smaller than those obtained by DLS but still comparable despite TEM 

analysis is performed under ambient (dry) conditions while DLS determines the 

hydrodynamic diameter (“equivalent sphere diameter”), i.e. the size of swollen and 

hydrated particle in an aqueous phase17. Whatever the case, after extensive incubation 

in the present conditions the single and dual loaded-polymeric micelles were still 

below ca. 100-120 nm in size, which enable their tumor-specific accumulation via the 

EPR effect. 
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Figure 3: a) Temporal evolution of micellar sizes of dual-loaded BOnEOmBOn 

copolymers. TEM images of dual DCX/DOXO loaded BO21EO385BO21micelles b) 

during and c) after reestructuration. d) TEM image of just-prepared dual DCX/DOXO 

loaded BO21EO385BO21micelles.    

 To ensure the delivery of the carried drug(s) to the site of action, the micellar 

carrier must be able to resist rapid dissociation upon dilution and exposure to blood 

plasma conditions. Hence, the physical stability of DCX-loaded and DCX/DOXO-

loaded micelles was tested upon high dilution (1/50) in PBS buffer pH 7.4 containing 

10% FBS at 37 ºC to simulate in vivo parenteral administration by monitoring the free 

DCX concentration in solution over time (final copolymer concentrations were well 

below the cmc). DCX-loaded polymeric micelles remained stable upon extensive 

incubation, at least for 20 days, in the protein rich medium (Figure 4a). All the 

systems remained physically stable until day 3, the DCX solubility being above 90% 

of the initial value. As opposed to BO20EO411BO20 and BO21EO378BO21micelles 

showing high stability over time (above 75% of the initial value after 20 days of 

incubation), BO8EO90BO8 ones gradually lost DCX, 60% remaining at day 8 and ca. 

35% after day 20. BO14EO378BO14 micellar nanocarrier also showed a slight DCX 

concentration loss, with 85% remaining at day 8 and ca. 60% after 20 days (Figure 

4a).  
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 For dual-loaded micelles similar observations as for single-loaded micelles 

were noted  (Figure 4b). By monitoring DCX release, it could be observed that all 

copolymers displayed stabilities larger than 85% after 3-4 days of incubation, and for 

BO20EO411BO20 and BO21EO378BO21 micelles being above 73% after 20 days. 

BO8EO90BO8 micelles gradually lost DCX, 60% remaining at day 8 and ca. 32% after 

day 20, whilst BO14EO378BO14 ones showed a better stability than the former, with 

79% remaining at day 8 and ca. 56% after 20 days. Hence, the largest resistance to 

disintegration observed for BO20EO411BO20 and BO21EO378BO21loaded micelles is in 

agreement with its larger hydrophobic chains that would favor a larger core providing 

a more suitable environment for the drug while decreasing interactions with water. 

The observed DCX retention values inside BOnEOmBOn micelles were larger than 

those observed for other structurally related polyethylene oxide (PEO)-based 

copolymers such as polyethylene oxide-propylene oxide (PEO-PPO)-based ones such 

as Pluronics and Tetronics,36,61 poly(N-vinylpyrrolidone)-poly(D,L-lactide) (PVP-

PDLL)62or PEG-PDLA ones,21 and rather similar to those observed for more 

hydrophobic copolymers such as polystyrene oxide–polyethylene oxide (PSO-

PEO)63and polyethylene glycol-polycaprolactone ones (PEG-PCL),64 or mixed 

polymeric micelles of polyethylene glycol-poly(D,L-lactic acid/D-α-tocopheryl 

polyethylene glycol 1000 succinate/stearic acid-modified chitosan polymers.60 
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Figure 4: Temporal evolution of micelle stability in terms of DCX retained in a) 

single and b) dual-loaded BOnEOmBOn micelles over time at 37 ºC in PBS buffer pH 

7.4 supplemented with 10% FBS. 

 

3.1.4 In vitro release kinetics 

 The release of DCX from polymeric micelles was assayed using dialysis 

tubing (Spectra Pore, celulose ester membrane cutoff 3500 Da) that ensured that no 

micellar diffusion occurred. Release profiles for single and dual-drug loaded micelles 

in physiological mimicking medium (pH 7.4) are shown in Figure 5a,b. For single 

DCX-loaded micelles the release profiles were rather similar for all the copolymers, 

and characterized by the existence of an initial burst phase (Figure 5a) in which ca. 

41, 38, 40, and 38% DCX along the first 5 h of incubation was released from 

BO8EO90BO8, BO14EO378BO14, BO20EO411BO20 and BO21EO385BO21copolymers, 

respectively. The former phase was then followed by a sustained release pattern with 

ca. 92, 86, 81 and 79% DCX released after 30 h from each kind of polymeric micelle, 

respectively. The release profiles and the individual drug release rates practically did 

not change for dual-loaded micelles compared to the single-loaded ones. Dual 

micelles containing DCX and DOXO also showed the presence of an initial burst 

phase where ca. 39-45% and 34-42% of DCX and DOXO are released after 5 h of 

incubation, respectively, followed by the sustained pattern where 71 to 90% of DCX 

and 48 to 61% of DOXO are released after 30 h depending on the copolymer (Figure 

5b). 
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Figure 5: In vitro drug release of a) DCX and b) DCX (closed symbols) and DOXO 

(open symbols) from single and dual-loaded BOnEOmBOn polymeric micelles over 

time at 37 ºC. Fit lines are not shown for clarity. In b) only release from BO8EO90BO8 

and BO14EO378BO14 is shown for a better visualization. 

 

 The observed release profiles for both single and dual-loaded micelles might 

be the result of a certain disruption of the micellar system due to cohesion, higher 

concentration gradients, and/or sink conditions.55 The amount of drug released from 

BO8EO90BO8 micelles was larger than for the other polymeric micelles probably as a 

consequence of the slightly lower affinity between the drug and the shorter 

hydrophobic chains of this copolymer leading to smaller cores; conversely, a 

relatively higher retention of the drug inside the micellar structure was observed for 

the copolymers with longer BO blocks, BO20EO411BO20 and BO21EO385BO21. 

 The in vitro release profiles were fitted to the Higuchi35 and Fickian diffusion 

models.36Tables4 and 5 show that the latter model best fitted the experimental data on 

the basis of the correlation coefficient (R2> 0.98). This model takes into account drug 

diffusion, conformational changes in the micellar structure during release and partial 

transfer of drug from one micelle to another. At the beginning, with the uptake of 

water, micelles might swell and allow the drug within to diffuse through the pores. 
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However, the hydrophobic cores could retard the diffusion of water into the core, 

hence, decreasing the diffusion rate. The constant associated to drug diffusion (k2) 

was rather similar (within uncertainty) for all copolymers investigated for both single 

and dual-loaded micelles, which points to a common mechanism of drug release 

independently of the type of cargo inside the polymeric micelles. 

 
Table 4: Coefficients of DCX release from single-loaded BOnEOmBOn micelles.  

Copolymer 

Higuchi Fickian 

k 
𝞆2

 

reduced 
R2 k1 k2 k3 

𝞆2
 

reduced 
R2 

BO8EO90BO8 
17.74 

(0.54) 
44.93 0.951 

-

15.60 

(4.66) 

32.32 

(3.38) 

2.32 

(0.50) 
16.00 0.983 

BO14EO378BO14 
16.44 

(0.46) 
33.22 0.954 

-8.16 

(4.50) 

25.953 

(3.26) 

1.62 

(0.48) 
14.92 0.980 

BO20EO411BO20 
16.26 

(0.71) 
78.55 0.872 

-

12.40 

(3.44) 

32.31(2.50) 
2.81 

(0.37) 
8.73 0.986 

BO21EO385BO21 15.73(0.64) 62.29 0.900 

-

14.30 

(3.30) 

31.81 

(2.40) 

2.72 

(0.35) 
8.05 0.987 

 

Table 5: Coefficients of DCX and DOXO release from dual-loaded BOnEOmBOn 

micelles.  

DOCETAXEL 

Copolymer 

Higuchi Fickian 

k 
𝞆2

 

reduced 
R2 k1 k2 k3 

𝞆2
 

reduced 
R2 

BO8EO90BO8 
16.58 

(0.54) 
6.22 0.971 

-

13.26 

(0.94) 

30.88 

(0.95) 

2.35 

(0.16) 
0.36 0.998 

BO14EO378BO14 
16.00 

(0.50) 
4.54 0.958 

-

11.26 

(0.47) 

29.42(0.41) 
2.36 

(0.07) 
0.05 0.999 

Page 29 of 48 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 30 

BO20EO411BO20 
14.76 

(0.51) 
48.15 0.894 

-9.41 

(0.64) 
27.60(0.45) 

2.32 

(0.06) 
0.33 0.999 

BO21EO385BO21 14.21(0.54) 55.41 0.869 

-

11.61 

(0.59) 

28.84 

(0.42) 

2.60 

(0.06) 
0.28 0.998 

DOXORUBICIN 

Copolymer 

Higuchi Fickian 

k 
𝞆2

 

reduced 
R2 k1 k2 k3 

𝞆2
 

reduced 
R2 

BO8EO90BO8 
12.94 

(0.68) 
88.31 0.634 

-1.52 

(1.63) 

23.37 

(1.16) 

2.23 

(0.17) 
2.17 0.991 

BO14EO378BO14 
11.55 

(0.62) 
73.59  0.594 

-0.53 

(1.65) 

19.78 

(1.17) 

1.86 

(0.17) 
2.22 0.988 

BO20EO411BO20 
10.88 

(0.64) 
75.56 0.623 

-0.67 

(1.45) 

17.34 

(1.23) 

1.65 

(0.18) 
2.33 0.987 

BO21EO385BO21 
10.34 

(0.55) 
67.89 0.644 

-0.43 

(1.22) 

16.88 

(1.11) 

1.58 

(0.15) 
1.88 0.991 

 

3.1.5. Internalization of drug-loaded micelles 

 To determine the potential use of this kind of polymeric micelles as potential 

drug delivery systems, in vitro cell internalization experiments were performed by 

exploiting the intrinsic fluorescence emission of DOXO chromophore observed by 

fluorescence microscopy. As observed in Figure 6a, after 1 h of incubation cell 

exposure to free DOXO caused a rapid drug accumulation inside cells, particularly in 

cell nuclei. In contrast, the fluorescence intensity was much lower after 24 h 

incubation as a result of certain cell death together with drug metabolization and 

subsequent excretion of the drug out of cells (Figure 6b).  
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Figure 6: Fluorescence microscopy images of cellular uptake and intracellular 

distribution of drug-loaded BOnEOmBOn micelles. a) Bright field; b) DOXO-

fluorescence (red-coloured, λecx = 488 nm); c) blue fluorescence from cell nuclei 

stained with DAPI (λecx = 355 nm); d) merged images of free DOXO after (1) 1h and 

(2) 24 h of administration, and dual-loaded micelles after (3) 1 h and (4) 24 h of 

administration. Scale bar is 10 µm. 

 

 Conversely, the distribution pattern changed significantly for drug 

administration inside single and dual drug-loaded micelles. Drug accumulation in 

cells was observed to increase with incubation time. The initial lower accumulation 

may be caused by the slower release of DOXO (and, also DCX) from micelles (see 

Figure 6c). The self-quenching effect of DOXO inside micelles makes fluorescence 

1) 

2) 

3) 

4) 
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observable only when DOXO is released.65After 24 h of incubation, DOXO 

fluorescence inside the cells was particularly intense, indicating that large drug 

amounts had been released from the micellar cores and are localized inside the cells 

(Figure 6d), mainly in nuclei but some still remaining in the cytoplasm. These 

findings support the hypothesis of a sustained drug release inside the cells. 

Preliminary experiments suggested that the cell uptake of drug-loaded BOnEOmBOn 

micelles would take place by an endocytosis-mediated mechanism, micelles being 

initially located within endosome vesicles enabling drug release in the cytosol in a 

sustained manner due to the endosome acidic environment. 

 

3.1.6 Proliferation assay studies 

 The antiproliferative effects of single DCX and DOXO-loaded and dual 

DCX/DOXO-loaded BOnEOmBOn micelles at different polymer concentrations were 

evaluated by means of the CCK8 proliferation assay in breast MDA-MB-231 tumoral 

cell line, in which the sequential combinatorial administration of DCX and DOXO is 

used in advances or metastasic breast cancer. A MTT assay could not be used because 

DOXO interferes with the formation of formazan crystals.66 In addition, the efficacy 

of treatments were further evaluated in cervical HeLa cancer cells in order to account 

for differences due to different cell phenotypes.  

 Single DCX and DOXO-loaded polymeric micelles exhibited a dose-

dependent cytotoxic activity, i.e. the cell cytotoxicity increased as DOXO or DCX 

concentration released from the micelles does, in agreement with the observations for 

free drugs (Figure 7a,b). Also, they displayed a larger cell toxicity than free drugs at 

the same dose and incubation time and thus, larger IC50 values, as observed in Figure 

7a,b. Provided that the copolymer showed to be cytocompatible at the concentration 
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used in the experiments (< 2 mg/mL for BO14EO378BO14, BO20EO411BO20 and 

BO21EO385BO21, and < 5 mg/mL for BO8EO90BO8), the enhancement in cell toxicity 

observed upon incubation with drug-loaded polymeric micelles can be ascribed to the 

cytotoxic effect of the loaded drug. This is compatible with an enhanced micelle 

accumulation inside the cell and a subsequent sustained drug release from the 

micelles, in agreement with fluorescence uptake data. This difference in toxicity can 

stem from the high stability of the micelles in vitro and the sustained drug release 

which results in more drug being available to exert its therapeutic effect for longer 

times on both cancer cell lines. In this regard, in spite of free drugs can rapidly enter 

inside cells they may be subsequently diffused out from cells, for example, through 

efflux pump mechanisms, decreasing their residence time.67 Amongst the different 

single drug-loaded polymeric micelles those made of copolymer BO8EO90BO8 

displayed the largest cell toxicities, specially in the low to moderate drug 

concentration range (< 10 µM), probably as a consequence of their faster release from 

the micelle interior. For example, viabilities of only 13, 23, 28 and 32% were found 

for micelles of copolymers BO8EO90BO8, BO14EO378BO14, BO20EO411BO20 and 

BO21EO385BO21 at a DCX concentration of 9 µM in MDA-MB-231 cancer cells after 

72 h of incubation, respectively (Figure 7a). At larger concentrations, cell toxicities 

became rather similar for all the copolymers since the amount of released drug is high 

enough to provide a huge cell death (> 90%). 
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Figure 7: Cell viabilities of a) DCX and b) DOXO-loaded polymeric micelles in 

MDA-MB-231 breast cancer cells after 72 h of incubation, and of DCX-loaded 

polymeric micelles in HeLa cells after c) 24 and d) 72 h of incubation. 

 

 Cell proliferation was also observed to be enhanced with incubation time as a 

consequence of the progressive drug release (Figure 7c). For example, growth 

inhibition caused by polymeric micelles loaded with 17.5 µM DCX decreased from 

35%, 42%,47 and 44% at 24 h to 11%, 14%, 16% and 18% at 72 h of incubation for 

BO8EO90BO8, BO14EO378BO14, BO20EO411BO20 and BO21EO385BO21, respectively. 

Similar behavior was observed previously, for example, for DCX-loaded 

poly(ethylene oxide)-poly(styrene oxide)33 and poly(N-vinylpyrrolidone)-poly(D,L-

lactide) micelles upon cargo release.33,68 Moreover, despite both cell lines were 

largely affected by the presence of the antineoplasic drugs, HeLa cells were observed 
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to be slightly more sensitive (Figure 7d), specially to DOXO. 

 On the other hand, the cytotoxicity of DCX/DOXO loaded in the present 

polymeric micelles were evaluated at different drug weight ratios. DCX/DOXO 

weight  ratios close to 50:50 were observed to be the most effective to inhibit cell 

proliferation (see Figure 8a as an example).To further analyze whether DCX and 

DOXO combinations are synergistic, additive, or antagonistic against HeLa and 

MDA-MB-231 proliferation, the combination indices for the various dosing ratios 

were calculated using Compusyn69 software. The calculated CI values of some of the 

free drugs combinations in DMSO as well as most of dual drug-loaded micelles were 

well below 1.0(Figure 8b), indicating a synergistic antiproliferative effect against both 

types of cancer cells, specially for MDA-MB-231 cancer cells at ratios close to 50:50 

in weight. Similar findings were also reported, for example, upon dual administration 

of placlitaxel and rapamycin drug-loaded combinations in poly(ethylene glycol)-

poly(lactide) (PEG-PLA) micelles to different tumor cell lines,56 and dual-loaded 

etoposide/17-allylamino-17-demothoxygeldanamycin and bortezomib/17-allylamino-

17-demothoxygeldanamycin poly(2-oxazoline) micelles.54 Nevertheless, it is worth 

pointing out that further optimization of drug ratios  is required, especially in  in vivo 

models for which an understanding of the pharmacokinetics and pharmacodynamics 

of each individual drug in the multidrug composition is needed.   

 Cytotoxicity assays of dual DCX/DOXO-loaded polymeric micelles of 

copolymers BO14EO378BO14 and BO20EO411BO20(50/50 weight ratio) were performed 

in both HeLa and MDA-MB-231 cells. We chose these copolymers since they 

provided intermediate release rates and high cell cytotoxicities while using a lower 

polymer concentration than BO8EO90BO8 to form micelles. We observed that cell 

cytotoxicities after administration of dual-loaded micelles were larger than those 
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obtained with free DCX/DOXO combined drugs or single-drug loaded micelles at 

similar doses, as observed in Figure 8c,d as examples, especially for the breast cancer 

cell line. For example, dual drug-loaded micelles of copolymer BO14EO378BO14 (9 

µM total drug concentration) showed a cytotoxicity of ca. 44% in MDA-MB-231 

cells in contrast to ca. 55 and 69% for single DOXO and DCX-loaded ones (Figure 

8c). Similar results were also found for copolymer BO20EO411BO20 (Figure 8d).  

 

 

Figure 8: a) Cell viabilities and b) combination indices of free combined drugs and 

dual-loaded polymeric micelles at different weight ratios in MDA-MB-231 cancer 

cells after 24 h of incubation. Inset in b) denotes combination indices in HeLa cells. 

Cell viabilities of single free drugs, free combined drugs, single and dual-loaded 

micelles of c) copolymersBO14EO378BO14and BO20EO411BO20in MDA-MB-231 cells, 

and of d) copolymer BO20EO411BO20 in HeLa ones after 24 h of incubation.   

 

Page 36 of 48RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 37 

The observed larger proliferative inhibition effect of dual-loaded micelles again 

confirms the protection role and progressive release of drugs exerted by polymeric 

micelles and its subsequent intracellular accumulation leading to enhanced cell death. 

However, given that DCX and DOXO act by different mechanisms, combination 

therapy with these drugs within a single micelle can offer a new available therapeutic 

option to treat tumoral cells.  

 

4. Conclusions 

 The existence of resistance to classical mono-chemotherapeutic cancer 

treatments and the clinical evidences of synergistic responses and reduced toxicity 

associated to higher doses of individual drugs in tumor treatments make combination 

therapy of chemotherapeutics a without standing approach to overcome the 

limitations of single-drug treatments. However, for the analyzed chemotherapeutics 

DOXO and DCX, currently used in the treatment of advanced and metastasic breast 

cancer, multiple drug combinations in a single delivery system are not yet 

commercially available. On the basis of these findings, we have selected BOnEOmBOn 

polymeric micelles as a vehicle for single and dual drug delivery of DCX and DOXO. 

We have shown that BOnEOmBOn micelles can effectively incorporated important 

amounts of both single and coloaded drugs. When coloaded, solubility extents are 

somewhat larger than in the case of single solubilized drugs.  In addition, the present 

nanocarrier systems also provides a good stability, with a relatively slight micelle size 

increase after 3-4 days of incubation related to the fusion of adjacent micelles as a 

consequence of polymeric chain reestructuration. The single and dual-loaded micelles 

can effectively deliver drugs to cancer cells. Both single- and dual-loaded micelles 

displayed larger cell toxicities than administered free drugs at the same doses. In 

Page 37 of 48 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 38 

particular, DCX/DOXO-loaded micelles display synergistic effects against the two 

cancer cell lines (MDA-MB-231 and HeLa) tested. These synergistic effects were 

dependent on drug ratios, which require further optimization of the corresponding 

drug formulations. The combination of a slight increase in drug loading and the 

decrease in the amount of both the total drug and polymeric excipients to achieve 

similar cell cytotoxicities while eliminating the need of organic solvents/excipients 

for DCX/DOXO parenteral administration make the present BOnEOmBOn polymeric 

micelles appear an attractive drug delivery system and may have great advantage over 

current methods potentially increasing the safety of clinical interventions while 

minimizing adverse side effects. Moreover, the inhibition ability of the P-gp efflux 

pump of some of the present copolymer varieties would also provide a further 

complement to configure an “active” nanocarrier with a great potential therapeutic 

efficacy.  
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      TOC FIGURE 

 

Reverse triblock copolymer micelles with lengthy polyethylene oxide blocks as 

efficient sustained dual drug-loaded nanocarriers 
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