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Abstract: Two types of nanoparticles were prepared using the diblock copolymer methoxy 

poly(ethylene glycol)-block-poly(caprolactone) (MePEG-b-PCL), with either a short PCL block 

length, which forms micelles, or with a longer PCL block length, which forms kinetically “frozen 

core” structures termed nanospheres. Paclitaxel (PTX)-loaded micelles and nanospheres were 

evaluated for their cytotoxicity, cellular polymer uptake, and drug accumulation in drug-sensitive 

(Madin–Darby Canine Kidney [MDCK]II) and multidrug-resistant (MDR) P-glycoprotein 

(P-gp)-overexpressing (MDCKII-MDR1) cell lines. Both types of PTX-loaded nanoparticles 

were equally effective at inhibiting proliferation of MDCKII cells, but PTX-loaded micelles 

were more cytotoxic than nanospheres in MDCKII-MDR1 cells. The intracellular accumulation 

of both PTX and the diblock copolymers were similar for both nanoparticles, suggesting that 

the difference in cytotoxicity might be due to the different drug-release profiles. Furthermore, 

the cytotoxicity of these PTX-loaded nanoparticles was enhanced when these systems were 

subsequently or concurrently combined with a low-molecular-weight MePEG-b-PCL diblock 

copolymer, which we have previously demonstrated to be an effective P-gp inhibitor. These 

results suggest that the dual functionality of MePEG-b-PCL might be useful in delivering 

drug intracellularly and in modulating P-gp in order to optimize the cytotoxicity of PTX in 

multidrug-resistant cells.

Keywords: multidrug resistance, paclitaxel, nanoparticles, micelles, nanospheres, 

P-glycoprotein

Introduction
There has been a great deal of interest in the development of amphiphilic block copoly-

mer micelles for the delivery of the hydrophobic anticancer agent paclitaxel (PTX).1–3 

Due to their amphiphilic nature, diblock copolymers are capable of self-assembling 

at the critical micelle concentration to form micelles characterized by a hydrophobic 

core surrounded by a highly water-bound corona. The core is usually composed of 

biocompatible, biodegradable polyesters such as poly(lactic acid) or poly(caprolactone) 

that solubilize PTX, and the hydrophilic polymer is typically methoxy poly(ethylene 

glycol) (MePEG).4 The micellar structure is considered dynamic, as there is equilib-

rium between unimers in solution and those participating in the nanoparticle structure, 

resulting in a “fluidlike” core. These systems offer several formulation advantages for 

the delivery of PTX. By eliminating the use of the solubilizing agent Cremophor-EL, 

currently used in the commercial formulation Taxol, any toxicity associated with the use 
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of this agent is prevented. Furthermore, copolymer micelles 

are capable of enhancing PTX solubility from 1 µg/mL in 

water to over 5 mg/mL in a micellar formulation.2 Although 

these nanosized structures might offer the potential for pro-

longed circulation and passive targeting of the drug,5 dynamic 

micelles are usually disrupted in the presence of biological 

milieu, resulting in the rapid release and elimination of their 

hydrophobic drug payload.6–9

Our group has investigated the use of the nanoparticles 

formed from MePEG-block-poly(caprolactone) (MePEG-b-

PCL) for the delivery of PTX. We have demonstrated that 

there is a shift in the physicochemical properties, and hence 

the performance of these nanoparticles as drug-delivery 

systems, as the molecular weight of the hydrophobic block 

increases.3 Two types of nanoparticles were fabricated using 

the same MePEG block length of 114 ethylene glycol repeat 

units, with either a short PCL block length of 19 caprolac-

tone repeat units (MePEG
114

-b-PCL
19

 or PCL19) to form 

micelles, or a longer PCL block length of 104 repeat units 

(MePEG
114

-b-PCL
104

 or PCL104) to form kinetically “frozen 

core” structures termed nanospheres. We have shown that 

PCL104 nanospheres solubilize more PTX, release the drug 

at a more sustained rate and are more stable in the presence 

of human plasma as compared to their micelle counterparts, 

likely due to the “solid-like” core of these nanoparticles.3 

However, whether the differences in the physicochemical 

properties and the stability of these nanoparticles affect the 

cellular uptake of loaded PTX or the copolymer themselves 

is not known.

Aside from the poor aqueous solubility, another signifi-

cant barrier in the treatment of cancer with PTX is its efflux 

by P-glycoprotein (P-gp). P-gp is a transmembrane drug 

efflux protein and a member of the adenosine triphosphate 

(ATP)-binding cassette superfamily. P-gp is responsible 

for cellular multidrug resistance (MDR) to a wide variety 

of anticancer drugs, including PTX.10 Numerous strate-

gies have been investigated to overcome the efflux of P-gp 

substrates, including the encapsulation of these drugs in 

nanoparticles to enable entry into cells by endocytosis and 

therefore bypassing Pgp.11,12 Additionally, the extensive 

work by Kabanov and co-workers has demonstrated that 

certain commercially available Pluronic amphiphilic agents 

are capable of inhibiting P-gp.13 This led to several reports 

evaluating multicomponent or mixed polymeric nanoparticles 

incorporating one or more Pluronics for both solubilizing 

taxanes and inhibiting P-gp function.14–17 However, the poten-

tial drawback of using Pluronics is the nondegradability and 

lack of renal excretion for high-molecular-weight members 

of this copolymer class.18,19 Previous work by our group has 

demonstrated that a very low-molecular-weight MePEG-b-

PCL copolymer (MePEG
17

-b-PCL
5
 [PCL5]) is an effective 

modulator of P-gp. We reported on the ability of PCL5 

used at concentrations above and below the critical micelle 

concentration (0.03%) to enhance the accumulation of Pgp 

substrates, including PTX, in P-gp-overexpressing cell.20,21

Given the dual functionality of MePEG-b-PCL as micel-

lar or nanosphere PTX carrier and P-gp modulator, depend-

ing only on block lengths, we postulated that the uptake and 

cytotoxicity of PTX-loaded MePEG-b-PCL nanoparticles 

in drug-sensitive or MDR cell lines would be dependent 

on the composition of the diblock copolymer carrier and 

coadministration of PCL5.

The objectives of this work were to evaluate the cellu-

lar uptake and cytotoxicity of PTX formulated in micelles 

(PCL19) or nanospheres (PCL104) and administered to drug-

sensitive (Madin–Darby Canine Kidney [MDCK]II) and 

drug-resistant (MDCKII-MDR1) cell lines, with or without 

exposure to the P-gp inhibitor PCL5. Our results show that 

PTX-loaded micelles are more effective than nanospheres in 

inhibiting proliferation in MDCKII-MDR1 cells, but are not 

different in MDCKII cells, and that there are dramatic effects 

on reversing chemoresistance in MDCKII-MDR1 cells in 

the presence of PCL5.

Materials and methods
Materials
Paclitaxel (PolymedT, Houston, TX, USA), radioactive 

paclitaxel (Moravek Radiochemicals, Brea, CA, USA), 

tetramethylrhodamine-5-carbonyl azide, 4′,6-diamino-2-

phenylindole dihydrochloride (DAPI) (Life Technologies, 

Carlsbad, CA, USA), Dulbecco’s modified Eagle’s medium 

supplemented with 5% fetal bovine serum and 1% penicil-

lin/streptomycin, Hank’s buffered salt solution (HBSS) (Life 

Technologies), MTS (3-[4,5-dimethylthiazol-2-yl]-5-[3-

carboxymethoxyphenyl]-2-[4-sulfophenyl]-2H-tetrazolium) 

cell-proliferation assay kit (Promega, Madison, WI, USA), 

cytotox 96 nonradioactive cytotoxicity assay (Promega), 

MePEG (Sigma-Aldrich, St Louis, MO, USA), bicinchoninic 

acid (BCA) protein assay kit (Thermo Fisher Scientific, 

Rockford, IL, USA), ε-caprolactone (Sigma-Aldrich), stan-

nous octoate (Sigma-Aldrich), and N,N-dimethylformamide 

(DMF) (Thermo Fisher Scientific) were used as supplied 

without further purif ication. MDCKII and MDCKII-

MDR1 cells were kind gifts from Dr Piet Borst (National 

Cancer Institute, Netherlands). Amphiphilic diblock copo-

lymers composed of MePEG and poly(caprolactone) were 
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synthesized and characterized as previously described.9,23 

These copolymers are abbreviated MePEG
m
-b-PCL

n
, where 

m and n are the number of repeat units of ethylene glycol and 

caprolactone, respectively. In these studies, three copolymers 

were investigated: MePEG
114

-b-PCL
104

, MePEG
114

-b-PCL
19

, 

and MePEG
17

-b-PCL
5
.

Methods
Synthesis and characterization of MePEG-b-PCL 
diblock copolymers
PCL5, PCL19, and PCL104 were synthesized and charac-

terized as previously described and reported elsewhere.3 

Briefly, MePEG with a molecular weight of either 750 g/mol 

(PCL5) or 5000 g/mol (PCL19 and PCL104) was combined 

with ε-caprolactone in weight ratios of either 60:40 (PCL5), 

30:70 (PCL19), or 70:30 (PCL104) with a total mass of 50 g. 

The reactants were reacted at 140°C for 4 hours (PCL5) or 

24 hours (PCL19 and PCL104) in a sealed round-bottomed 

flask containing 35 mL of anhydrous toluene (Sigma-Aldrich) 

using 0.15 mL of stannous octoate as a catalyst. The products 

were purified by dissolving the copolymers in chloroform 

followed by precipitation with a 70/30 mix of hexane and 

diethyl ether. The molecular weight of the diblock copoly-

mers was determined by gel permeation chromatography 

using poly(ethylene glycol) (Polymer Laboratories) as the 

standards in the range of 670–22,800 g/mol using chloro-

form as a mobile phase with a flow rate of 1 mL/minute. 

Waters (Milford, MA, USA) Styragel columns (HR3 and 

HR1) connected in series were used, and the detection was 

through a Waters model 2410 refractive index detector. The 

compositions of the copolymers were determined by proton 

nuclear magnetic resonance spectra of 10% w/v solutions of 

the copolymers in deuterated chloroform, obtained from a 

400 MHz Advance II+ spectrometer (Bruker, Milton, ON). 

The spectra were analyzed using MestRe-C 2.3a software 

(freeware). The degree of polymerization of copolymers 

were calculated using peaks situated around 1.3 and 1.55 ppm 

from the caprolactone methylene protons and the peaks at 

3.55 ppm from the MePEG methylene protons.

Fluorescent labeling of MePEG-b-PCL copolymers
The copolymers PCL19 and PCL104 were fluorescently 

labeled with tetramethylrhodamine-5-carbonyl azide 

(TMRCA), as described previously.24 Briefly, 20  mg of 

PCL19 or PCL104 were reacted with 6 mg of TMRCA in 

20 mL of anhydrous toluene under a nitrogen atmosphere 

for 24 hours at 80°C in a sealed round-bottom flask. After 

termination of the reaction, the reaction mixture was placed in 

3500 molecular weight cutoff (MWCO) SnakeSkin dialysis 

membranes (Thermo Fisher Scientific) and dialyzed against 

DMF for 1 week, with frequent exchanges of fresh DMF, 

to remove unreacted TMRCA. The dialysis tubing is made 

of high-performance regenerated cellulose, which has fair 

resistance to DMF. The dialysis tubing was changed several 

times to avoid the leakage of polymers. The mixture was then 

dialyzed against distilled water for 3  days to remove any 

organic solvent. The dialysis tube and distilled water were 

changed frequently, and the dialysis was terminated when no 

trace of rhodamine in the external solvent was detected. The 

aqueous mixture was then lyophilized. A small amount of the 

labeled copolymers was dissolved in DMF, and the TMRCA 

labeling efficiency of the diblock copolymers was determined 

by spectrofluorometry against a calibration curve of free 

TMRCA in DMF using a Synergy MX (Biotek, Winooski, 

VT, USA) fluorescence plate reader and a Nunc 96-well plate 

(Thermo Fisher Scientific) using an excitation wavelength 

of 548  nm and an emission wavelength of 572  nm. The 

fluorescent labeling efficiency for PCL19 and PCL104 was 

approximately 50.3% and 63.3%, respectively.

Preparation of MePEG-b-PCL nanoparticles
As previously described, a nanoprecipitation technique was 

used to prepare nanoparticles.3,9 Briefly, 30  mg of either 

PCL104 or PCL19 was dissolved in 0.5 mL of DMF. In for-

mulations in which PTX was to be included, 0.5 mg of PTX 

was also added to the DMF solution. This solution was added 

drop-wise to 2  mL of rapidly stirring phosphate-buffered 

saline (PBS) (0.01 M, pH 7.4). The DMF was removed from 

the nanoparticle dispersion by dialysis overnight against 4 L 

of PBS using 3500 MWCO Spectra/Por dialysis membranes 

(Spectrum Labs, Rancho Dominguez, CA, USA). Following 

dialysis, the nanoparticle dispersions were made up to 3 mL 

with PBS. The drug loading was determined using a previ-

ously described high-performance liquid chromatography 

assay.25 As discussed in our previous publications, nanopar-

ticles formed from PCL19 are referred to as micelles, whereas 

those formed from PCL104 are referred to as nanospheres.

Cytotoxicity of MePEG-b-PCL block copolymers
MDCKII and MDCKII-MDR1  cells were seeded at 

1500 cells/well in 96-well plates and allowed to grow overnight 

(5% CO
2
/95% humidity at 37°C) in modified Eagle’s medium. 

To investigate the long-term cytotoxicity of the PCL19 or 

PCL104 nanoparticles or PCL5 with no drug present, the cells 

were incubated for 3 days in the presence of 200 µL of PCL19 

or PCL104, ranging in concentration from 0% to 0.4% w/v 
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(0–4 mg/mL) or PCL5 from 0% to 5% w/v (0–50 mg/mL), 

prepared in culture medium. As a control, cells were grown in 

culture medium in the absence of copolymer. Cell proliferation 

was measured using the MTS cell-proliferation assay kit 

according to the manufacturer’s instructions. Cell viability 

was expressed as a percentage of the ratio of absorbance 

after treatment compared to the absorbance of control (no 

treatment). To assess any immediate cytotoxicity of PCL19, 

PCL104, or PCL5 diblock copolymers due to cell lysis, cells 

were incubated for 90 minutes with copolymers ranging in 

concentration from 0% to 5% w/v. Cytotoxicity was measured 

using the lactate dehydrogenase (LDH)-release assay kit and 

2% Triton X-100 was used as the positive control.

Cytotoxicity of PTX-loaded MePEG-b-PCL 
nanoparticles
Nanoprecipitation was used to prepare PCL19  micelles 

and PCL104 nanospheres, at a copolymer concentration of 

1% w/v with a drug loading of 166 µg/mL PTX in PBS. These 

nanoparticles were subsequently diluted in culture media to 

prepare nanoparticle dispersions with PTX concentrations 

ranging from 2 to 32 µg/mL with a maximum copolymer con-

centration of 0.2% w/v. MDCKII and MDCKII-MDR1 cells 

were incubated in the presence of the PTX-loaded nanopar-

ticles with these varying PTX loadings in culture media for 

90 minutes or 3 days. Nanoparticles without drug were used 

as the control. To investigate whether coadministration of 

PTX-loaded micelles or nanospheres with PCL5  inhibits 

the proliferation of MDCKII and MDCKII-MDR1  cells, 

these cell lines were incubated with micelles or nanospheres 

with a PTX loading of 16 µg/mL and PCL5 at a concentra-

tion of 0.05% w/v in culture media for 3 days, followed by 

determination of cell viability by MTS assay. The effect of 

a sustained 3-day incubation of PCL5 at varying concentra-

tion after an initial 90-minute incubation with drug-loaded 

PCL19 micelles and PCL104 nanospheres was also investi-

gated. Micelles and nanospheres prepared with a copolymer 

concentration of 0.2% w/v and a PTX loading of 32 µg/mL 

were first incubated with MDCKII and MDCKII-MDR1 cells 

for 90 minutes and then removed, and the cells were washed 

with warm HBSS. Subsequently, the cells were incubated 

with PCL5 at concentrations between 0% and 0.25% w/v in 

culture media for 3 days to determine the concentration of 

PCL5 that was most effective at inhibiting cell proliferation 

after this short exposure to PTX-loaded nanoparticles. Cell 

viability was determined using the MTS cell-proliferation 

assay kit, as described above. The IC
50

 of PTX-loaded 

nanoparticles was then determined in the presence of PCL5 

at this concentration. In order to do so, cells were first incu-

bated for 90 minutes in the presence of nanoparticles loaded 

with PTX ranging in concentration from 0 to 60 µg/mL. The 

drug-loaded formulations were then removed and the cells 

washed with HBSS at 37°C, followed by incubation with 

0.05% w/v PCL5 in culture media for 3 days. Cell viability 

was determined by MTS assay.

Drug accumulation
Micelles and nanospheres at a copolymer concentration of 

0.2% w/v and a PTX concentration of 32 µg/mL, along with 

a trace amount of 3H-PTX, were prepared using the meth-

ods described above. MDCKII and MDCKII-MDR1 cells 

were plated in 48-well plates at a density of approximately 

10,000 cells/well and grown for 2 days. Drug-loaded micelle 

and nanosphere dispersions were equilibrated for 30 minutes 

in a 37°C water bath, followed by addition to the cells and a 

90-minute incubation. Following the incubation period, the 

supernatant was removed and the cells washed with ice-cold 

PBS to remove extracellular PTX. The cells were lysed with 

PBS containing 1.33% Triton X-100 and 33% dimethyl 

sulfoxide, and the cell lysate was analyzed by β-scintillation 

counting using an LS6000TA scintillation counter (Beckman 

Instruments, Fullerton, CA, USA). A set of three wells per 

experimental plate was collected individually for total pro-

tein content as determined by BCA assay. The intracellular 

accumulation of PTX was quantified using calibration curves 

prepared from known concentrations of 3H-PTX, and the con-

centration of PTX was normalized to total protein content.

Polymer uptake and fluorescence confocal microscopy
Drug-loaded nanoparticles composed of TMRCA-labeled 

and -unlabeled PCL19 and PCL104 diblock copolymers with 

the same concentrations of TMRCA (20 µM) were prepared 

using a nanoprecipitation method, as described above. MDCKII 

and MDCKII-MDR1 cells were seeded on poly-l-lysine-coated 

coverslips in 12-well plates at approximately 5000 cells/well 

and incubated overnight. TMRCA-labeled nanoparticle dis-

persions (300 µL of a 1 mg/mL dispersion) were incubated 

with cells for 90 minutes and washed once with an acidified 

wash (0.5 M NaCl, 0.2 M CH
3
COOH, pH 2.5) and once with 

HBSS (pH 7.4) to remove any surface associated copolymer. 

The coverslips with the adhered cells were removed from the 

plates, the cells were fixed with paraformaldehyde (4%) on ice 

for 20 minutes, and the nuclei were stained with DAPI accord-

ing to the manufacturer’s instructions. The coverslips were 

then mounted cell-side-down on glass slides and microscopy 

studies were performed on a Fluoview FV-1000 (Olympus, 
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Tokyo, Japan) inverted confocal microscope. The laser wave-

lengths used were 568 and 405 nm for imaging of TMRCA and 

DAPI, respectively. Direct contrast was also performed to visu-

alize cell membranes and was activated with the 405 nm laser. 

All images were generated under the same microscope settings 

to allow for consistent comparison. The figures were created 

using FV10-ASW 3.0 software (Olympus). Approximately 50 

confocal sections from the basal to the apical cell side were 

captured for Z-stacking analysis. To quantitate the amount of 

polymer taken up by cells, cells were seeded in 12-well cul-

ture plates, as described above, but without coverslips. After 

incubation with TMRCA-labeled nanoparticles, the cells were 

lysed with 1% Triton X-100  in HBSS. TMRCA copolymer 

was quantified by analyzing the cell lysate in a Synergy MX 

fluorescence plate reader (Biotek) with excitation at 548 nm 

and emission at 572 nm, using a calibration curve of TMRCA-

labeled copolymer in cell lysate solution over a concentration 

range of 25 to 150 µg/mL. The intracellular content of the 

fluorescent-labeled polymer was expressed as the amount of 

polymer (mg) over the cellular protein content (mg) determined 

by BCA assay, as described above.

Statistical analysis
The experiments were performed in three individual 

experiments. The data are presented as mean ± standard error 

of the mean. The data were analyzed by Student’s t-test using 

Prism 5.0 software (GraphPad Software, La Jolla, CA, USA), 

with P , 0.05 considered to be statistically significant.

Results
Cytotoxicity of diblock copolymers
The cytotoxicity of PCL19  micelles and PCL104 nano-

spheres over the concentration range of 0%–0.4% (w/v) 

in the absence of drug was investigated for MDCKII and 

MDCKII-MDR1 cells. As shown in Figure 1, the cell viabil-

ity of MDCKII and MDCKII-MDR1  cells after 3  days’ 

incubation with the nanoparticulate formulations decreased 

slightly, to approximately 90% cell viability, with an increase 

in copolymer concentration above 0.1% w/v. However, this 

decrease in cell viability was not statistically different to 

the cell-viability values determined at concentrations below 

0.1% w/v copolymer. The short-term cytotoxicity of both 

PCL19 micelles and PCL104 nanospheres on MDCKII and 

MDCKII-MDR1 cell lines was determined using an LDH-

release assay, which indicates the amount of cell lysis over 

90 minutes. As shown in Figure 2B, less than 3% cell lysis was 

measured for all polymers and cell types up to a copolymer 

concentration of 1% w/v. Residual DMF in the formulations 
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Figure 1 Cell viability of (A) MDCKII and (B) MDCKII-MDR1 cells in the presence 
of various concentrations of () MePEG114-b-PCL19 or () MePEG114-b-PCL104 
diblock copolymer nanoparticles.
Notes: Cells were seeded in 96-well plates and treated with various concentrations 
of the nanoparticles for 3 days at 37°C. Cell viability was determined using an MTS 
assay. Indicated values are mean (±standard error of mean) of five independent 
experiments (n = 5).
Abbreviations: MePEG-b-PCL, methoxy poly(ethylene glycol)-block-poly 
(caprolactone); MDCK, Madin–Darby Canine Kidney; MDR, multidrug-resistant; 
MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2-
H-tetrazolium.

may be of concern when formulating nanoparticles by the 

nanoprecipitation and dialysis method, which may impact 

cell viability. In our formulations, the final concentration of 

DMF would be very low (calculated to be less than 0.005%) 

due to rapid exchange of DMF with buffer, since the volume 

of buffer used was very large and the high MWCO of the 

dialysis membrane relative to the molecular weight of DMF. 

This small residual amount of DMF in the formulations did not 

appear to have a negative effect on the cells, as cell viability 

remained high across all concentrations tested (Figure 1).

Influence of PCL5 on cell viability
The influence of PCL5 on MDCKII and MDCKII-MDR1 

cell viability was investigated by incubating the diblock 

copolymer at various concentrations with cells in the pres-

ence of culture medium for 3 days. The cell viability was 

measured using an MTS assay. As shown in Figure 3A, the 

viability of cells was unaffected by incubation with PCL5 at 

concentrations up to 1% (w/v), beyond which cell viability 

rapidly declined. The immediate cytotoxicity of PCL5 on 

MDCKII and MDCKII-MDR1 cells was measured using the 
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Figure 2 Cell lysis of (A) MDCKII and (B) MDCKII-MDR1 cells treated with () 
MePEG114-b-PCL19 and () MePEG114-b-PCL104 diblock copolymer nanoparticles at 
varying concentrations for 90 minutes.
Notes: Cell lysis was measured by LDH-release assay. The indicated values are the 
mean of three independent experiments (±standard error of mean).
Abbreviations: MePEG-b-PCL, methoxy poly(ethylene glycol)-block-
poly(caprolactone); MDCK, Madin–Darby Canine Kidney; MDR, multidrug-resistant; 
MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium; LDH, lactate dehydrogenase.
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Figure 3 (A) Cell viability of () MDCKII and () MDCKII-MDR1 in the presence 
of MePEG17-b-PCL5. The cells were incubated with various concentrations of 
MePEG17-b-PCL5 for 3 days in culture medium, followed by determination of cell 
viability by MTS assay. (B) LDH release of () MDCKII and () MDCKII-MDR1 in 
the presence of MePEG17-b-PCL5.
Notes: The cells were incubated with various concentrations of MePEG17-b-PCL5 
for 90 minutes in HBSS, followed by the LDH-release assay. The indicated values are 
the means of three independent experiments (±standard error of mean).
Abbreviations: HBSS, Hank’s buffered salt solution; MePEG-b-PCL, methoxy 
poly(ethylene glycol)-block-poly(caprolactone); MDCK, Madin–Darby Canine 
Kidney; MDR, multidrug-resistant; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; LDH, lactate dehydrogenase.

LDH-release assay. As shown in Figure 3B, for both cell lines 

the amount of cell lysis was below 5% at diblock copolymer 

concentrations at or below 1% w/v, beyond which the cell 

lysis gradually increased. No difference in cytotoxicity of 

PCL5 diblock copolymer between MDCKII and MDCKII-

MDR1 cell lines was observed at concentrations up to 1%. 

However, it appeared that the MDCKII-MDR1 cell line 

was more resistant to PCL5 at higher concentrations when 

compared to the MDCKII cell line.

Cytotoxicity of PTX-loaded micelles  
and nanoparticles
PTX was loaded into PCL19 micelles and PCL104 nano-

spheres using a previously reported nanoprecipitation 

method.3 It was previously determined that the maximum 

solubilization of PTX by PCL19  micelles was 1.7% 

(w/w) at an approximate 84% loading efficiency, whereas 

PCL104 nanospheres solubilized PTX at 2.5% (w/w) with 

an approximate 85% loading efficiency.9 The cytotoxicity 

of PTX-loaded nanoparticles was investigated over a PTX 

concentration range from 2  µg/mL to 32  µg/mL, with a 

maximum copolymer concentration of 0.2 w/v over a 3-day 

incubation period. The IC
50

 values of PTX-loaded micelles 

and nanospheres for MDCKII cells were found to be 1.4 

and 1.9 µg/mL, respectively (Figure 4A). The PCL19 PTX-

loaded micelles showed greater inhibition of proliferation 

of MDCKII-MDR1 compared to PCL104 PTX-loaded 

nanospheres (approximately 60% and 90% cell viability, 

respectively, at 32 µg/mL PTX loading) (Figure 4B). Due to 

the inability of these formulations to effectively inhibit the 

proliferation of MDCKII-MDR1 over the PTX concentration 

range tested, the IC
50

 for both nanoparticulate formulations 

could not be determined. The presence of the P-gp inhibitor 

cyclosporin A (CsA) resulted in greater than 90% inhibition 

of proliferation of MDCKII-MDR1 cell lines.

Drug-accumulation studies
The intracellular PTX accumulation in both MDCKII and 

MDCKII-MDR1 were investigated for incubations with 

both micellar and nanosphere PTX (Figure 5). Although it 

appeared that cells treated with PTX-loaded nanospheres 
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were incubated with the two cell lines, followed by quanti-

fication of the fluorescence using fluorescence spectroscopy. 

The association of PCL19 with MDCKII and MDCKII-

MDR1 cells (0.13 and 0.24 mg polymer/mg protein, respec-

tively) appeared to be higher than values for PCL104 (0.07 

and 0.18 mg polymer/mg protein, respectively), but there 

was no statistical significant difference (P-values  =  0.10 

and 0.49, respectively) (Figure 6). To evaluate whether the 

nanoparticles were internalized by cells or simply bound 

to the cell membrane of MDCKII and MDCKII-MDR1, 

confocal fluorescent microscopy was used. The presence 

of TMRCA-labeled PCL19 (Figure 7B and D) and PCL104 

(Figure 7F and H) nanoparticles in the cytoplasm was shown 

by the red fluorescence of the polymer. The images in the left 

column of Figure 7 represented the cell contour using direct 

contrast. The internalization of nanoparticles was confirmed 

by the Z-stack analysis, demonstrating that the red fluorescent 

polymer is present throughout the cytoplasm rather than being 

only on the cell membrane. No autofluorescence of the cells 

was observed, and a negative control was performed in which 

the cells were treated with unlabeled nanoparticles, showing 

no red-fluorescence signal (data not shown).

The effect of MePEG19-b-PCL5 on the 
cytotoxicity of PTX-loaded nanoparticles
To investigate the ability of the P-gp modulator PCL5 to 

enhance the cytotoxicity of PTX-loaded nanoparticles in 

MDCKII cell lines, cells were treated with PTX-loaded 

micelles or nanospheres concurrently with PCL5 at a concen-

tration of 0.05% w/v (Figure 8). As a positive control, PCL5 

was substituted with 5 µM CsA. Regardless of the treatment, 

the proliferation of MDCKII cells was effectively inhibited 

by PTX-loaded nanoparticles, with cell-viability values in 
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Figure 4 Cytotoxicity of PTX-loaded () MePEG114-b-PCL19 micelles and () 
MePEG114-b-PCL104 nanospheres in (A) MDCKII and (B) MDCKII-MDR1 cell lines 
after 3 days’ incubation.
Notes: The cell viability was determined by an MTS assay. The indicated values are 
the means of three independent experiments (±standard error of mean).
Abbreviations: MePEG-b-PCL, methoxy poly(ethylene glycol)-block-
poly(caprolactone); CsA, cyclosporin A; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; PTX, paclitaxel.
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Figure 5 The intracellular accumulation of PTX delivered by MePEG114-b-PCL19 
micelles (black) and MePEG114-b-PCL104 nanospheres (white) in MDCKII and MDCKII-
MDR1 cells.
Notes: Cells were incubated with nanoparticulate PTX (32 µg/mL) for 90 minutes 
at 37°C, followed by washing and lysis using 2% Triton X-100 in Hank’s buffered salt 
solution. Intracellular PTX levels were measured using liquid scintillation counting 
of cell lysates. The intracellular PTX content was normalized to the total protein 
content, as determined by BCS assay. The indicated values are the means of three 
independent experiments (±standard error of mean).
Abbreviations: MePEG-b-PCL, methoxy poly(ethylene glycol)-block-
poly(caprolactone); MDCK, Madin–Darby Canine Kidney; MDR, multidrug-resistant; 
PTX, paclitaxel.

showed slightly higher PTX accumulation when compared to 

micelles, there was no statistical difference between micelles 

and nanospheres in both MDCKII and MDCKII-MDR1 cell 

lines (P-values = 0.34 and 0.20, respectively).

Polymer uptake and fluorescence 
confocal microscopy
To quantify the amount of binding and/or cellular uptake of 

the two different copolymers, TMRCA-labeled copolymers 
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Figure 6 Intracellular concentration of TMRCA-labeled copolymers. 
Notes: Cells were exposed to TMRCA-labeled micelles (black) or nanospheres 
(white) for 90 minutes at 37°C. After the incubation period, cells were washed 
and lysed with 2% Triton X-100 in Hank’s buffered salt solution. The amount of 
polymer bound or uptake into cells was determined by fluorescence spectroscopy. 
The indicated values are the means of three independent experiments (±standard 
error of mean).
Abbreviations: MePEG-b-PCL, methoxy poly(ethylene glycol)-block-
poly(caprolactone); MDCK, Madin–Darby Canine Kidney; MDR, multidrug-resistant; 
TMRCA, tetramethylrhodamine-5-carbonyl azide.
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concentration of 0.2% w/v for 90 minutes, followed by extra-

cellular washing/removal of the nanoparticulate dispersions 

and subsequent incubation with PCL5 diblock copolymer 

at concentrations up to 0.25% w/v in culture medium for 

3  days. At this high concentration of PTX, both micellar 

and nanosphere formulations strongly inhibited MDCKII 

cell proliferation in the absence of PCL5, with a slight 

increase in cell viability as the PCL5 concentration increased 

(Figure 9A and B). The drug-resistant MDCKII-MDR1 cells 

displayed a higher degree of cell viability in the absence of 

PCL5 compared to MDCKII. However, with an increase in 

PCL5 concentration, there was a significant decrease in the 

viability of these cells (Figure 9), with minimum cell viability 

occurring at PCL5 diblock copolymer concentrations above 

0.05% w/v for both the micelles and nanospheres. This low 

cell viability of MDCKII-MDR1 cells was similar to that of 

MDCKII at the same PCL5 concentration. Low concentra-

tions of PCL5 resulted in a higher degree of cell viability 

for PCL104 nanospheres compared to cells incubated in the 

presence PCL19 micelles until PCL5 concentrations above 

0.05% were reached, at which point cell viability remained 

at approximately 20%.

To determine the IC
50

 of PTX-loaded nanoparticles 

in the presence of PCL5 at the concentration of maximal 
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Figure 7 Confocal fluorescence imaging of MDCKII (A, B, E and F) and MDCKII-
MDR1 (C, D, G and H) cells illustrating uptake of TMRCA-labeled MePEG114-b-
PCL19 (A–D) and MePEG114-b-PCL104 (E–H) diblock copolymers after 90 minutes’ 
incubation.
Notes: The images in the left column are an overlay of a direct contrast signal 
(which shows the contour of the cells) and the fluorescence of the nucleus (blue). 
The images in the right column demonstrate the overlay of fluorescence signal of the 
nucleus and the TMRCA-labeled diblock copolymers (red).
Abbreviations: MePEG-b-PCL, methoxy poly(ethylene glycol)-block-
poly(caprolactone); MDCK, Madin–Darby Canine Kidney; MDR, multidrug-resistant; 
TMRCA, tetramethylrhodamine-5-carbonyl azide.
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Figure 8 Cell viability of MDCKII (white) or MDCKII-MDR1 (black) cells treated 
for 3 days with MePEG114-b-PCL19 micelles or MePEG114-b-PCL104 nanospheres 
loaded with 16 µg/mL PTX with or without concurrent treatment with (0.05% w/v) 
MePEG17-b-PCL5 or (5 µM) CsA. 
Notes: The cell viability was determined by an MTS assay. The indicated values are the 
means of three independent experiments (±standard error of mean). *,***P , 0.05.
Abbreviations: MePEG-b-PCL, methoxy poly(ethylene glycol)-block-
poly(caprolactone); MDCK, Madin–Darby Canine Kidney; MDR, multidrug-resistant; 
MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium.

the range of 10%–30%. In the absence of PCL5 or CsA, 

MDCKII-MDR1 cell viability was found to be approximately 

80% and 60% for treatment with PTX-loaded nanospheres 

and micelles, respectively. As a positive control, MDCKII-

MDR1 cells were treated with PTX-loaded nanospheres or 

micelles with 5 µM CsA, resulting in cell-viability values 

of approximately 50% and 25%, respectively. Concurrent 

treatment with PTX-loaded micelles or nanospheres with 

0.05% w/v PCL5 resulted in MDCKII-MDR1 viability of 

approximately 40%.

Cells were then incubated with PTX (32 µg/mL)-loaded 

PCL19  micelles or PCL104 nanospheres at a copolymer 
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Figure 9 The effect of MePEG17-b-PCL5 diblock copolymer on the cytotoxicity of 
PTX-loaded (A) MePEG114-b-PCL19 micelles and (B) MePEG114-b-PCL104 nanospheres. 
() MDCKII and () MDCKII-MDR1 were incubated with PTX-loaded nanoparticles 
at a drug concentration of 32 µg/mL and copolymer concentration of 0.2% w/v for 
90 minutes, followed by removal of the drug-loaded nanoparticle and a subsequent 
3-day incubation in various concentrations of MePEG17-b-PCL5.
Notes: The cell viability was determined by an MTS assay. The indicated values are 
the means of three independent experiments (±standard error of mean).
Abbreviations: MePEG-b-PCL, methoxy poly(ethylene glycol)-block-
poly(caprolactone); MDCK, Madin–Darby Canine Kidney; MDR, multidrug-resistant; 
MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium; PTX, paclitaxel.

inhibition of cell proliferation found in the previous experi-

ment (0.05% w/v), both MDCKII and MDCKII-MDR1 were 

pretreated with PTX-loaded micelles or nanospheres at vari-

ous drug concentrations for 90 minutes, followed by removal 

of the drug-loaded formulations and subsequent incubation 

with PCL5 at 0.05% w/v in the presence of culture medium 

for 3 days. The presence or absence of PCL5 did not signifi-

cantly affect the IC
50

 for MDCKII treated with PTX-loaded 

PCL19 micelles (Figure 10A). Interestingly, incubation of 

MDCKII-MDR1  cells with PTX-loaded PCL19  micelles 

followed by subsequent incubation with PCL5 resulted 

in the significant decrease in IC
50

 of this formulation to a 

level that was comparable to that obtained with treatment of 

MDCKII with the same formulation (Figure 10A). Treatment 

of MDCKII with PTX-loaded PCL104 nanospheres with 

subsequent incubation with PCL5 resulted in a slightly higher 

IC
50

 than treatment without PCL5 (Figure 10B). Incubation of 

MDCKII-MDR1 cells with PTX-loaded PCL104 nanospheres 

did not result in any decrease in cell viability; however, 
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Figure 10 The cytotoxicity of PTX-loaded (A) MePEG114-b-PCL19 micelles and 
(b) MePEG114-b-PCL104 nanospheres in MDCKII and MDCKII-MDR1 cells with and 
without subsequent incubation with MePEG17-b-PCL5. 
Notes: Cells were treated with PTX-loaded micelles and nanospheres with varying 
concentrations of PTX for 90 minutes, followed by removal of the drug-loaded 
nanoparticles and a subsequent 3-day incubation with media with or without 0.05% 
w/v MePEG17-b-PCL5. Cell viability was determined by an MTS assay. The indicated 
values are the means of three independent experiments (± standard error of mean).
Abbreviations: MePEG-b-PCL, methoxy poly(ethylene glycol)-block-
poly(caprolactone); MDCK, Madin–Darby Canine Kidney; MDR, multidrug-resistant; 
MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium; PTX, paclitaxel.

subsequent incubation with PCL5 resulted in significant 

inhibition of cell proliferation (Figure 10B). The IC
50

 of this 

group was not as low as the IC
50

 for the group first incubated 

with PCL19 followed by incubation with PCL5.

Discussion
Our previous reports have focused on the physicochemical 

characterization of PCL19 and PCL104, and their performance 

as drug-delivery vehicles for PTX.3,9 We demonstrated that 

PCL104 nanospheres solubilized a greater amount of PTX, 

released the drug at a slower rate, and exhibited enhanced 

stability and retention of PTX in human plasma.3 The current 

work expands upon the previous reports and investigates the 

differences in these PTX-loaded nanoparticulate carriers 

with respect to their ability to inhibit cell proliferation of 

drug-sensitive and -resistant P-gp-overexpressing cell lines 

MDCKII and MDCKII-MDR1, respectively. Additionally, 

we investigated whether concurrent and subsequent adminis-

tration of PCL5 with these drug-loaded nanoparticles resulted 

in enhanced inhibition of cellular proliferation. For these 

studies, we evaluated our formulations using the MDCKII 
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and MDCKII-MDR1 cell lines, as this pair is a good model 

for the study of P-gp substrates/inhibitors.26,27

Cellular biocompatibility of MePEG-b-PCL
The determination of the biocompatibility of the three 

MePEG-b-PCL diblock copolymers (PCL104, PCL19, and 

PCL5) in MDCKII and MDCKII-MDR1 cells was required 

to define the concentration of polymer tolerated by the cells 

in order to evaluate the cytotoxicity of drug-loaded formula-

tions in subsequent experiments. Our results demonstrated 

that MePEG-b-PCL diblock copolymers are well tolerated by 

the MDCKII and MDCKII-MDR1 cell lines, with little or no 

cytotoxicity of either cell line for concentrations of PCL104 

or PCL19 up to 0.4% w/v (Figure 1). This high degree of 

biocompatibility of MePEG-b-PCL diblock copolymers was 

also reported by other groups in several different cell lines, 

including erythrocyte, breast cancer, pheochromocytoma, 

and cervical cancer cells.3,28,29 The short-term-cytotoxicity 

study also suggested that the PCL19 and PCL104 copoly-

mers did not cause a high degree of cell lysis, as indicated by 

low LDH release (Figure 2). Similar to PCL19 and PCL104 

copolymers, both short- and long-term cell-viability assays 

demonstrated that the PCL5 copolymer did not cause cell 

death at concentrations up to 1% (w/v), suggesting that this 

copolymer is also highly biocompatible with MDCKII and 

MDCKII-MDR1 cell lines (Figure 3A and B). In previous 

studies using NCI/ADR-RES cells, we demonstrated that cell 

death occurred beyond a PCL5 concentration of 0.1% w/v,20 

whereas in Caco-2 cells, lysis was not observed until con-

centrations exceeded 0.5%.30 These previous results, in 

combination with our current results, indicate that the cellular 

biocompatibility of these copolymers may vary dependent 

on the particular cell line used.

Cytotoxicity of PTX-loaded nanoparticles
PTX-loaded nanoparticles effectively inhibited the prolifera-

tion of MDCKII cells (Figure 4A), but MDCKII-MDR1 cells 

demonstrated significant resistance to the drug, as exhibited 

by the high degree of cell viability, regardless of the con-

centration of PTX used (Figure 4B). However, treatment of 

MDCKII-MDR1 cells with PTX-loaded nanoparticles in the 

presence of the recognized P-gp inhibitor CsA10 resulted in a 

rapid decline in cell viability with increased PTX loadings, 

establishing that the high degree of resistance to PTX treat-

ment was due to the upregulation of P-gp in this cell line. 

Figure 4B shows that PTX loaded micelles (PCL19) were 

more effective than nanosphere (PCL104)-encapsulated 

PTX at inhibiting the proliferation of MDCKII-MDR1 cells. 

This was unlikely due to any differences in the total amount 

of PTX delivered to the cells, as there was no statistical dif-

ference between drug-accumulation levels in cells incubated 

with either nanosphere or micelle formulations (Figure 5).

In the present study, the fact that the nanospheres were 

shown to have a higher IC
50

 yet delivered approximately the 

same amount of total drug as the micelles leads us to speculate 

that a fraction of the drug is still associated with intracellular 

PCL104 and therefore not available to bind to β-tubulin, the 

intracellular target of PTX. In order for this concept to be feasi-

ble, cellular uptake of the copolymer is a prerequisite. Cellular 

uptake of the copolymers was quantified using a spectrofluo-

rometric assay (Figure 6) and observed visually by confocal 

microscopy (Figure 7). Both PCL19 and PCL104 copolymers 

were associated with both MDCKII and MDCKII-MDR1 cells 

(Figures 6 and 7) providing some evidence for intact nano-

particulate uptake. It is not known why the MDR cells took 

up more copolymer than the MDCKII cells. However, whilst 

MDCKII and MDCKII-MDR1 are very similar in nature, 

there are likely large differences in protein content between 

the cells, and the copolymer uptake in Figure 6 is expressed 

as a function of protein content. For both the nanospheres 

and micelles, MDCKII and MDCKII-MDR1 cells clearly 

displayed red cytoplasmic staining due to the TMRCA-labeled 

copolymer, indicating association of the copolymers with the 

cells (Figure 7). Z-stacking verified that that this staining was 

located in the cytosol and not located in the plasma membrane 

or in the nuclear compartment of the cells.

Consistent with our findings, Savic et  al also demon-

strated that poly(ethylene oxide) (PEO)
45

-b-PCL
23

 labeled 

with TMRCA was localized in the cytoplasm.31 Additional 

studies using a fluorogenic dye conjugated to PEO
45

-b-PCL
21

 

demonstrated that micelles formed from these copolymers for 

the most part retained their integrity upon uptake by T24 blad-

der carcinoma cells.7 Several groups have also demonstrated 

that block copolymers are internalized by cells, primarily via 

endocytotic mechanisms.24,32 On the other hand, in a series 

of Förster resonance energy transfer (FRET) studies using 

KB cells and MePEG-b-PLA and MePEG-b-PCL micelles, 

Chen et al provided evidence that hydrophobic fluorescent 

probes solubilized in these micelles rapidly partitioned into 

the plasma membrane of KB cells, followed by uptake of 

FRET by endocytosis.6 Similar findings were reported for 

the mechanism of uptake of the hydrophobic dye Nile red by 

Xiao et al, but with some evidence of copolymer association 

with the membrane.33 It must be kept in mind that different 

polymers, cell lines, and surface charges of nanoparticles may 

result in varying degrees and mechanisms of uptake.34
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The effect of PCL5 on the cytotoxicity  
of PTX-loaded nanoparticles
We investigated the ability of PTX-loaded PCL19 micelles or 

PCL104 nanospheres to inhibit cell proliferation of MDCKII 

cell lines when concurrently administered with the P-gp 

modulators PCL5 or CsA for 3 days (Figure 8). Treatment 

of MDCKII cells resulted in low cell viability regardless of 

the nanoparticulate carrier used or whether a P-gp modulator 

was present, as expected. MDCKII-MDR1 cells treated with 

either PTX-loaded micelles or nanospheres in the absence of 

PCL5 or CsA resulted in considerably higher cell-viability 

values compared to the MDCKII group. The presence of CsA 

or PCL5 decreased the cell viability of MDCKII-MDR1 to 

about the same extent, confirming the usefulness of PCL5 

as a P-gp inhibitor when used in combination with micelles 

and nanospheres.

The short-term (90-minute) incubation of PTX-loaded 

micelles and nanospheres, with a 32 µg/mL drug loading, 

followed by washing, produced a rapid and high intracellular 

loading of PTX. Subsequent incubation in drug-free culture 

media for 3  days without PCL5 effectively inhibited the 

proliferation of MDCKII cells (Figure 9). The slight increase 

in the MDCKII cell viability when the copolymer concentra-

tion was above 0.05% w/v was not found to be significant, 

and the cytotoxicity of PTX was determined to be more than 

80% over the full PCL5 concentration range. In the absence 

of PCL5, MDCKII-MDR1 cell viability remained relatively 

high, and treatment with micelles was slightly more effective 

at inhibiting cell proliferation than nanospheres (Figure 9). 

Subsequent incubation of MDCKII-MDR1 cells with increas-

ing concentrations of PCL5 resulted in a copolymer dose-

dependent decrease in cell viability, with the most effective 

PCL5 concentrations above 0.05% w/v (Figure 9). The key 

finding presented in the current study is that PTX-loaded 

MePEG-b-PCL nanoparticles are capable of delivering 

enough PTX during a short 90-minute incubation period to 

effectively inhibit cell proliferation of MDCKII-MDR1 cells, 

provided that PCL5 is present continuously throughout the 

subsequent 3-day incubation period at a concentration above 

0.05% w/v.

Although the mechanism by which PCL inhibits P-gp 

is not entirely clear, previous studies indicate that PCL5 

can penetrate cell membranes and increase P-gp ATPase 

activity.35 It was speculated that the stimulation of the ATPase 

might reflect an ability of the copolymer to interact directly 

with P-gp, leading to inhibition. It has been proposed that 

nonionic surfactants inhibit/modulate P-gp by various mecha-

nisms, including changing membrane fluidity, inhibiting P-gp 

ATPase activity, and depleting ATP stores.36–40 Interestingly, 

as we have previously demonstrated, if PCL5 is not main-

tained above an inhibitory concentration, PTX rapidly 

effluxes from the MDCKII-MDR1 cells, resulting in reduced 

inhibition of cell proliferation.20

An additional experiment was conducted to determine the 

IC
50

 of PTX-loaded nanospheres or micelles in the presence 

of PCL5 at its most effective concentration (0.05%). The 

results from Figure 10 show that the subsequent incubation 

with PCL5 copolymer did not affect the IC
50

 in MDCKII 

cells treated with either PTX-loaded micelles or nanospheres. 

Treatment of MDCKII-MDR1  cells with PTX-loaded 

micelles or nanospheres along with subsequent incubation 

with 0.05% PCL5 resulted in a significant reduction in the 

cell viability of these cells. PTX-loaded micelles resulted in a 

lower IC
50

 than drug-loaded nanospheres, which we speculate 

is due to a higher fraction of PTX bound to an intracellular 

pool of PCL104 and less free intracellular PTX available to 

bind to β-tubulin in the nanosphere formulation.

The use of mixed nanoparticle systems that carry both a 

cytotoxic drug and a polymeric P-gp inhibitor to overcome MDR 

has been previously reported using a variety of Pluronic block 

copolymers.14–17 However, in recent studies by Zhang et al,16 

blank Pluronic P123/F127 mixed polymeric micelles were 

demonstrated to be toxic at relatively low concentrations 

(0.1% w/v) compared to the copolymers investigated in this 

study, which do not induce cytotoxicity below 1% w/v. We 

suggest that the greater cellular biocompatibility along with 

the biodegradability of MePEG-b-PCL may be a potential 

advantage, allowing for higher dosing of drug and copolymer.

Conclusion
In this study, we demonstrated that the cytotoxicity of PTX-

loaded MePEG-b-PCL nanoparticles is dependent on the 

hydrophobic block length of the carrier, with shorter hydropho-

bic block length copolymer (PCL19) micelles demonstrating 

greater cytotoxicity in MDR cells. Importantly, PCL5 coadmin-

istered with PTX-loaded nanoparticles dramatically enhanced 

the cytotoxicity of PTX in drug-resistant cells. Further studies 

are in progress to formulate mixed-molecular-weight copoly-

mer nanoparticles, in which MePEG-b-PCL serves as the carrier 

and both PCL5 and PTX are coloaded in the nanoparticles to 

achieve intracellular sustained release of both components with 

the goal of overcoming drug resistance in cancer cells.
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