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Background:Avery common and simple method (known as the blending method) to formulate

drug delivery systems with required properties is to physically mix amphiphilic block copoly-

mers with different hydrophobicity. In addition to its simplicity, this blending strategy could help

avoid the time and effort involved in the synthesis of block copolymers with the desired structure

required for specific drug formulations.

Purpose: We used the blending strategy to design a system that could overcome the

problem of high hydrophobicity and be a good candidate for drug product development

using PEG-PLA-PEG triblock copolymers.

Methods:Two types of PEG-PLA-PEG triblock copolymers with similar (long) PLAmolecular

weights (MWs) and different PEG MWs were synthesized. The micellar formulations were

prepared by blending the two block copolymers in various ratios. The size and stability of the

blending systems were subsequently investigated to optimize the formulations for further studies.

The loading properties of doxorubicin or paclitaxel into the optimized blending system were

compared to that in mono systems (systems composed of only a single type of triblock copoly-

mer). In vitro and in vivo anti-cancer effects of the preparationswere evaluated to assess the use of

the blending system as an optimal nanomedicine platform for insoluble anticancer agents.

Results: The blending system (B20 system) with an optimized ratio of the triblock copoly-

mers overcame the drawbacks of mono systems. Drug uptake from the drug-loaded B20

system and its anticancer effects against KB cells were superior compared to those of free

drugs (doxorubicin hydrochloride and free paclitaxel). In particular, doxorubicin-loaded B20

resulted in extensive doxorubicin accumulation in tumor tissues and significantly higher in

vivo anti-cancer effects compared to free doxorubicin.

Conclusion: The blending system reported here could be a potential nanoplatform for drug

delivery due to its simplicity and efficiency for pharmaceutical application.

Keywords: blending system, block copolymer, triblock copolymer, drug delivery,

nanomedicine, cancer

Introduction
Nanosized micelles with core-shell structures using amphiphilic block copolymers

have been widely developed for successful drug delivery.1–5 It is well known that

the hydrophilicity–hydrophobicity ratio of amphiphilic block copolymers has major

effects on the properties of drug delivery systems.6,7 Micelles prepared using

amphiphilic block copolymers with high hydrophobicity showed a high loading
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capacity but very limited colloidal stability (Figure 1A).

The low colloidal stability of micelles might explain why

most clinically approved nanomicellar drug products use

amphiphilic block copolymers with relatively high

hydrophilicity.8 This would lead to the utilization of very

large amounts of amphiphilic block polymer in the formu-

lations to compensate for the poor drug-loading capacity,

potentially resulting in toxicity in patients. These types of

micelles also have a high critical micelle concentration

(CMC) and low kinetic stability in drug incorporation,

potentially leading to burst releases of drugs in the blood-

stream, causing insufficient accumulation of drugs at target

tissues. Therefore, the design of micellar drug formula-

tions with high colloidal and kinetic stability as well as

high loading capacity is critical in developing drug pro-

ducts based on amphiphilic block copolymers.

Avery common and simple method (known as the blend-

ingmethod) to formulate drug delivery systemswith required

properties is to physically mix amphiphilic block copolymers

with different hydrophobicity. In addition to its simplicity,

this blending strategy could help avoid the time and effort

involved in the synthesis of block copolymers with the

desired structure required for specific drug formulations.

Previously, blending systems combining Pluronics® with

different hydrophilicity have been studied.9–12 In particular,

combination micelles with Pluronics® L61 and F127

(SP1049C, currently developed by Supratek Pharma Inc,

IncDorval, QC, Canada.) have been in Phase III clinical trials

for the treatment of doxorubicin-resistant cancers.11,13

However, the application of Pluronics® in parenteral phar-

maceutical products is very limited due to their nonbiode-

gradability and consequent potential toxicity, especially in

long-term utilization.12,14,15 Poly(ethylene glycol)-poly (lac-

tic acid)-poly (ethylene glycol) (PEG-PLA-PEG) appears to

be the ideal alternative to Pluronics® in the development of

drug delivery systems due to its biodegradable and biocom-

patible nature, and its structural similarity to

Pluronics®.7,16,17 Previously, our group reported a simple

method to synthesize PEG-PLA-PEG and its potential in

drug formulations to treat metastatic cancer.17 It was also

demonstrated that the properties of micelles based on PEG-

PLA-PEG with different structures are largely dependent on

the hydrophilicity/hydrophobicity ratio.7 However, it was

challenging to achieve ideal properties for drug delivery

using single-type micelles of PEG-PLA-PEG, as with other

copolymers (Figure 1A). PEG-PLA-PEG with high PLA
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Figure 1 Schematic concept of the blending system using amphiphilic block copolymers. (A) Effects of hydrophobic ratio on physicochemical properties of micelles. (B)
Formation of optimized micellar system by blending different triblock copolymers. T2, PEG-PLA-PEG triblock copolymer (2 K-10 K-2 K); T5, PEG-PLA-PEG triblock

copolymer (5 K-10 K-5 K).

Abbreviation: PEG-PLA-PEG, poly(ethylene glycol)-poly(lactic acid)-poly(ethylene glycol).
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content has good drug-loading capacity but very low colloi-

dal stability, making it quite challenging to use in drug

product development. To achieve high drug-loading capacity

and high colloidal stability, blending different polymers

would be more practical than modulating intramolecular

properties such as the hydrophilicity/hydrophobicity ratio

depending on the polymer used.

In the present study, we used the blending strategy to

design a system that could overcome the above problem of

high hydrophobicity and be a good candidate for drug product

development. Two types of PEG-PLA-PEG triblock copoly-

mers with similar (long) PLA molecular weights (MWs) and

different PEGMWs were synthesized. The micellar formula-

tions were prepared by blending the two block copolymers in

various ratios. The size and stability of the blending systems

were subsequently investigated to optimize the formulations

for further studies. The loading properties of doxorubicin

(DOX) or paclitaxel (PTX) into the optimized blending sys-

tem were compared to that in monosystems (systems based

on a single type of PEG-PLA-PEG). In vitro and in vivo

anticancer effects of the preparations were evaluated to assess

the use of the blending system as an optimal nanomedicine

platform for insoluble anticancer agents.

Materials and methods
Materials
PEG (MW 2 kDa, abbreviated as 2 K), methoxy poly(ethy-

lene glycol) (mPEG; MW 2 K), L-lactide ((3S)-cis-3,

6-dimethyl-1,4-dioxane-2,5-dione), N,N-dicyclohexylcarbo-

diimide (DCC), stannous octoate (tin(II)-2-ethylhexanoate,

Sn(Oct)2), 4-dimethylaminopyridine (DMAP), dimethyl-

sulfoxide (DMSO), succinic anhydride, pyridine, and triethy-

lamine (TEA) were purchased from Sigma-Aldrich (St.

Louis, MO, USA). Tetrahydrofuran (THF), toluene, acetone,

and dichloromethane (DCM) were purchased from

Honeywell Burdick & Jackson® (Muskegon, MI, USA).

Doxorubicin (DOX)•HCl was purchased from Boryung Co.

(Jongro-gu, Seoul, Korea). Paclitaxel was obtained from

Samyang Co. (Seongnam-si, Gyeonggi-do, Korea). Diethyl

ether and hexane were purchased from Samchun Chemical

(Gangnam-gu, Seoul, Korea). Fluorescein-5-isothiocyanate

(FITC-5-isothiocyanate) was purchased from Thermo Fisher

Scientific (Waltham, MA, USA). KB cells were obtained

from the Korean Cell Line Bank (Jongno-gu, Seoul,

Korea). RPMI 1640 medium, Dulbecco’s Phosphate-

Buffered Saline (DPBS), penicillin–streptomycin solution,

trypsin–EDTA solution, and FBS were purchased from

Welgene (Gyeongsan-si, Gyeongsangbuk-do, Korea). The

Cell Counting Kit-8 (CCK-8) was purchased from Dojindo

Molecular Technologies, Inc. (Rockville, MD, USA). The

PierceTM BCA Protein Assay Kit was obtained from

Thermo Fisher Scientific.

Methods
Triblock copolymer synthesis

PEG-PLA-PEG triblock copolymers with or without func-

tional groups were synthesized using procedures described

previously (Figure S1 and Table S1).17–19 FITC was con-

jugated to PEG-PLA-PEG triblock copolymer 2 K-10 K-2

K via the interaction of FITC-5-isothiocyanate with free –

OH groups on functional PEG-PLA-PEG triblock copoly-

mers. Briefly, functional PEG-PLA-PEG and FITC-5-iso-

thiocyanate (molar ratio 1:3) were added to a round-

bottom flask and 30 mL of DMSO was then added. The

reaction was allowed to proceed for 24 hrs at room tem-

perature. Free FITC-5-isothiocyanate in the reactant mix-

ture was then removed via dialysis against 1 L of water for

24 hrs. FITC-PEG-PLA-PEG powder was obtained via

lyophilization. Micelles used for in vivo imaging con-

tained 10 wt% of FITC-PEG-PLA-PEG.

Preparation of self-assembled polymeric

micelles
Polymeric micelles were prepared using a dialysis method.

The triblock copolymer or a mixture of different triblock

copolymers (10 mg) was dissolved in 3 mL of DMSO. The

triblock copolymer solution in DMSO was then transferred

to dialysis membrane bags (MWCO 3.5 KDa, Spectra,

Repligen, Waltham, MA, USA) and dialyzed against PBS

at pH 7.4 for 24 hrs.

CMC determination
Fluorescence measurements to evaluate the CMC was per-

formed using a Scinco FS-2 fluorescence spectrometer

(Gangnam-gu) equipped with polarizers for excitation and

emission. Pyrene was used as the fluorescent probe. The

sample solutions were prepared by adding pyrene solution

in acetone to empty amber vials. After evaporation, micelle

solutions with different concentrations of triblock copoly-

mers were added to the vials resulting in a final pyrene

concentration of 6×10−7 M. These samples were stirred over-

night at room temperature. Excitation spectra of pyrene in the

samples were recorded at λem=374 nm at room temperature.

CMCwas estimated by plotting the ratio of I336 (fluorescence
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intensity at 336 nm) to I334 (fluorescent intensity at 334 nm)

of the excitation spectra against logarithms of the copolymer

concentrations. The CMC was defined as the crossover point

of low copolymer concentrations on the plot.20,21

Particle size measurement
The particle sizes (effective hydrodynamic diameters) of

micelles were measured via photon correlation spectro-

scopy using Zetasizer Nano-ZS (Malvern Instruments,

Malvern, UK) equipped with the multiangle sizing option

(BI-MAS). The measurements were performed in a ther-

mostatic cell at a scattering angle of 90°. Software pro-

vided by the manufacturer was used to calculate effective

hydrodynamic diameter values.

Morphology
Diluted micelle dispersions prepared using PBS were depos-

ited onto a slide glass and dried under vacuum. Field emis-

sion scanning electron microscopy (FE-SEM) examinations

were performed after platinum (Pt) coating the samples. The

morphology of the polymeric micelle was examined using

FE-SEM (Sigma, Carl Zeiss, Germany).

Preparation and characterization of drug-

loaded micelles
For the preparation of DOX-loaded micelles, DOX•HCl

was blended with TEA at a 1:2 molar ratio in DMSO

overnight to generate doxorubicin base (DOX). Five

milligrams of DOX•HCl was mixed with 10 mg of tri-

block copolymer in DMSO and dialyzed (Molecular

weight cutoff [MWCO] 3.5 kDa, Spectrum) against

PBS at pH 7.4 for 24 hrs. To prepare PTX-loaded

micelles, 1 mg of PTX was mixed with 10 mL of

triblock copolymer in DMSO and dialyzed against PBS

at pH 7.4 for 24 hrs. The solutions were then centri-

fuged at 5,000 rpm for 5 mins to precipitate nonloaded

drug. Supernatants containing drug-loaded micelles were

then collected. The concentrations of DOX in the

micelles were determined using a UV-Vis spectrometer

(GENESYS 10 UV, Thermo Fisher Scientific) at a

wavelength of 481 nm. The concentrations of PTX in

the micelles were determined using a high-performance

liquid chromatography system (Agilent 1,200 series,

Agilent Technologies, SantaClara, CA, USA) equipped

with an auto-injector, high-pressure gradient pump, and

UV-Vis detector at a wavelength of 230 nm.

Drug loading capacity was calculated using the follow-

ing equation:

Drug loading capacity ðwt%Þ
¼ ðweight of loaded drug in micelles=weight of polymer

and drugÞ � 100

Cellular uptake
DOX uptake via flow cytometry

The cellular uptake of DOX•HCl and DOX-loaded

micelles was determined using flow cytometry. KB cells

were maintained in RPMI 1640 supplemented with 10%

FBS in a humidified incubator at 37°C in 5% CO2. KB

cells were seeded into 6-well plates (2×105 cells/well in

3 mL media) and incubated at 37 °C in 5% CO2 for 24 hrs.

The media were then removed and DOX•HCl solutions or

DOX-loaded micelle solutions at a concentration of 5 μg/mL

were added. The plate was incubated at 37°C in 5% CO2 for

3 hrs. The cells were then washed three times with cold PBS

and harvested with scrapers. DOX uptake from DOX•HCl

solutions or DOX-loaded micelle was determined subse-

quently using a BD FACS Calibur flow cytometer with

Cell Quest Pro software (BD Biosciences, San Diego,

CA, USA).

DOX uptake via confocal microscopy

The in vitro uptake of DOX into KB cells was also con-

firmed using confocal microscopy. KB cells were grown in

6-well plates (1.5×105 cells per well) containing a cover

glass in each well. After 24 hrs, media were replaced with

solutions of DOX•HCl or DOX-loaded blending systems

at a DOX concentration of 1 μg/mL in media. Cells fed

with only media were included as controls. After 3 hrs of

incubation, the media were removed and the cells on cover

glasses were washed three times with cold DPBS. They

were then fixed using paraformaldehyde solution (4%) in

water for 15 mins. They were subsequently washed again

three times with cold DPBS. Next, cell nuclei were stained

with DAPI (Thermo Fisher Scientific) using the protocol

provided by the manufacturer. Finally, cover glasses were

mounted on glass slides using Permount® mounting med-

ium (Thermo Fisher Scientific). DOX uptake was observed

using an LSM800 Confocal Laser Scanning Microscope

(Carl Zeiss, Oberkochen, Germany).

PTX uptake

KB cells were seeded into 6-well plates (2×105 cells/well in

3 mLmedia) and incubated at 37°C in 5%CO2 for 24 hrs. The
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media were then removed and 1 μg/mL of PTX solution or

PTX-loaded micelle solutions was added. The plates were

incubated at 37°C in 5%CO2 for 6 hrs. Theywere thenwashed

three times with cold PBS and harvested with scrapers and

centrifuged at 5,000 rpm for 5 mins. After the centrifugation,

the supernatants were removed, and 1 mL of 0.1% Triton X-

100 in PBS was added to lyse the cells. The lysates were then

centrifuged at 15,000 rpm for 15 mins and supernatants were

collected. The protein concentrations of the supernatants were

subsequently determined using a BCA kit. The samples were

freeze-dried, and PTX concentrations were determined using a

high-performance liquid chromatography system (Agilent

1,200 series, Agilent Technologies) equipped with an auto-

injector, high-pressure gradient pump, and UV-Vis detector at

a wavelength of 230 nm. The cellular uptake of PTX from free

PTX solutions and PTX-loaded micelle solutions were com-

pared by calculating the ratio of PTX to total cellular protein

(PTX/protein).

In vitro anticancer effect
The cytotoxicity of free drugs (DOX•HCl and PTX) or drug-

loaded micelles against KB cells was assessed using a CCK-8

viability assay. The cells were seeded in 96-well plates at 5,000

cells per well in 100 μL of RPMI 1640 supplemented with 5%

FBS, 1% penicillin–streptomycin, and incubated at 37°C in

5% CO2 for 24 hrs. Next, the media were removed, and the

cells were washed with DPBS. One hundred microliters of

drug solutions or drug-loaded micelle solutions was added at

different concentrations and the cells were incubated at 37°C

in 5%CO2 for 48 hrs. The viability ofKB cellswas determined

using CCK assays. Fresh medium containing CCK solution

(10 vol%) was added to each well. The plates were incubated

for an additional 3 hrs. The absorbance in each well was then

read on a Flexstation 3 microplate reader (Molecular Devices,

Sunnyvale, CA, USA) at a wavelength of 450 nm. The viabi-

lity of cells treated with micelles was compared with that of

untreated cells. IC50 values of free drugs and drug-loaded

micelles were calculated using GraphPad Prism 5 software

(San Diego, CA, USA).

In vivo studies
Animal care

Animal care and all animal experiments were performed in

accordance with the National Institute of Health guidelines

“Principles of laboratory animal care” and the “Animal

Protection Law in Republic of Korea” and were approved by

the Institutional Animal Care and Use Committee (IACUC) of

Chung-Ang University, Seoul, Republic of Korea. Tumor

xenografts were established by subcutaneously injecting

1×106 of KB cells suspended in 0.1 mL of DPBS into the

right flanks of BALB/c nude mice (Orient Bio Inc., Seoul,

Korea). Tumor volume was calculated using the following

equation: tumor volume=length×(width)2/2.22–25 Studies of

micelle biodistribution and anticancer effects were initiated

when the tumor volume reached approximately 100 mm3.

Biodistribution of drug-loaded micelles

PEG-PLA-PEG micelle solutions (1 mg/mL) containing

10 wt% of FITC-PEG-PLA-PEG were injected into the

tail vein of mice-bearing tumors. The biodistribution of

micelles at different time points after injection were mon-

itored using a fluorescence in vivo imaging system (FOBI

system, Neo Science, Suwon, Korea) with the channel set

to detect the green color of FITC. Twenty four hours after

injection, the tumor and other main organs were then

isolated to check the accumulation of micelles. The in

vivo and ex vivo fluorescence levels were determined

using NEOimage software (Neo Science, Suwon, Korea).

In vivo anticancer efficacy and toxicity

BALB/c nude mice-bearing tumors were randomly divided

into three groups, and 0.2 mL of DOX•HCl or DOX-loaded

micelle solutions in water was injected into their tail veins at a

dose of 2 mg/kg at study initiation. Mice in the control group

received intravenous injection of PBS (0.2 mL) into the tail

veins. Change in tumor sizes and body weights of the mice

was monitored every 3 days for 27 days. At the end of the

study, mice were euthanized, and the tumors were collected for

size comparisons. One-way ANOVA was used for statistical

comparison, and Dunnett’s test was used as the post hoc test.

Results and discussion
Blending system optimization

In a previous report, micelles prepared using PEG-PLA-PEG

(2 K-10 K-2 K) had high drug-loading capacity but showed

significantly limited colloidal stability (Table 1).18 The low

colloidal stability may lead to aggregation of micelles, result-

ing in potential problems in biodistribution. Because large

particles have been reported to be more susceptible to the

mononuclear phagocyte system, they may be unable to enter

small capillaries and other sites which are accessible to smaller

particles.6,26

To improve colloidal stability, a small amount of PEG-PLA-

PEG with longer PEG was incorporated because colloidal sta-

bility strongly depends on the length and density of the
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hydrophilic layer on the micelle surfaces (Figure 1B).6,27 In the

present study, PEG-PLA-PEG(2K-10K-2K,T2)18was simply

mixed with PEG-PLA-PEG (5 K-10 K-5 K, T5), which has

increased hydrophilic PEG density. Blending systems with var-

ious ratios were prepared and characterized to evaluate particle

size and stability (Table 1 and Figure 2A). Mono 5 micelles

solely composed of T5 had a particle size of approximately 125

nm and extremely high colloidal stability. Previously, we

showed thatMono 2 had a very big particle size (approximately

417 nm) and extremely low colloidal stability.7 The size of the

blending system decreased as the amount of T5 was decreased.

Mono 2 and the B10 blending system which had 10 wt% of T5

had very low colloidal stability with the size reaching approxi-

mately 1,000 nm after 1 week storage at room temperature,

because a high hydrophobic–hydrophilic ratio could have led to

the reduction of CMC resulting in poor thermodynamic

stability.6 As the T5 amount increased to 20 wt% or more, the

blending system micelles had a particle size of approximately

150 nm with high colloidal stability. Interestingly, the micelle

sizes did not decrease anymore at a higher ratio of T5, indicating

that 20 wt% of T5 was sufficient to generate repulsive forces

among the micelles to prevent aggregation. The polydispersity

index of the prepared micelles indicating the stability of the

nanoparticles also revealed effects of additional T5 on the

stability of the micelles (Tables 1 and 2). Considering the

particle size and colloidal stability, the B20 systemwas selected

as the most suitable nanoplatform for further studies.

To confirm the stability of the B20 system, the CMC of

the system was compared to those of the mono 2 and

mono 5 systems. In a previous study, we revealed that

Mono 2 had very low CMC, approximately 6.5 µg/mL,

due to its high hydrophobicity.7 Interestingly, the B20

system had a very low CMC value, <8 μg/mL (Table 2),

indicating its high thermodynamic stability. This indicated

that relatively low amounts of triblock copolymers with a

high hydrophilicity–hydrophobicity ratio would not signif-

icantly affect the assembly of the block copolymers into

micelles. As discussed,6 a low CMC value determines the

thermodynamic stability of micelles and their integrity

when diluted in high volumes in the bloodstream.

Therefore, the B20 system with a persistent low CMC

was found to be a system with high potential for clinical

translation.

Morphologies of micelles
To clarify the relationship between stability and morphology

of the micelles, the mono 2, B20, and mono 5 systems were

observed immediately after preparation and 1 week after

storage at room temperature using FE-SEM (Figure 2B and

C). The morphology of the mono 2 system micelles changed

from a spherical shape to a rod-like shape during storage,

while the B20 and mono 5 micelles retained their spherical

shape. Interestingly, aggregation of the mono 2 micelles was

observed immediately after preparation (Figure 2B). This

demonstrated that the micelles prepared using triblock copo-

lymers with a high hydrophobicity–hydrophilicity ratio may

possess a greater tendency to aggregate and may lead to

potential sphere-to-rod transition. This suggested that mono

2 could form a kinetical spherical micelle by diafiltration

technique and thermodynamically formed a cylindrical

aggregation due to lack of the spherical hindrance by rela-

tively shorter PEG and greater hydrophobic interactions with

longer PLA. Because T5 block copolymers with longer

hydrophilic segments were added, the micellar system

retained spherical shapes due to the sterically stabilizing

effect of long PEG chains.9,28 In other words, the morphol-

ogies of the micellar systems could be controlled by varying

the length of hydrophobic PLA and hydrophilic PEG

segments.

Table 1 Characteristics of different blending systems depending on the composition of T5 and T2 polymers

System PEG-PLA-PEG (wt%) Size (nm)a PDI Stability

5K-10K-5K (T5) 2K-10K-2K (T2)

Mono 2 0 100 NA NA NA

B10 10 90 297±11.2 0.23±0.06 Unstableb

B20 20 80 150±4.4 0.14±0.01 Stablec

B30 30 70 144±5.1 0.13±0.03 Stablec

B40 40 60 149±1.6 0.14±0.02 Stablec

Mono 5 100 0 125±3.5 0.17±0.04 Stablec

Notes: aDetermined using dynamic light scattering (DLS) at 25°C. Means ± SD, n=3. bAggregation occurred within 1 day. cStable for at least 1 week. NA indicates the data is

not available see Hoang et al for more information.7

Abbreviations: PEG-PLA-PEG, poly(ethylene glycol)-poly(lactic acid)-poly(ethylene glycol); PDI, polydispersity index.
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Drug-loading properties of the micellar

systems
To evaluate drug-loading properties of the blending system,

DOX and PTX were used as typical poorly water-soluble

drugs and were loaded into the mono 2,7 B20, and mono 5

systems. Like previously proved with DOX-loaded Mono 2,7

the drug-loaded micelles showed increased particle sizes in all

the micellar systems (Table 2), due to drug loading into the

micellar cores.19,29 Interestingly, PTX affected the micelle size

more than DOX, although the PTX loading capacities were

lower than the DOX-loading capacities. This was probably

due to the lower compatibility between PTX and PLA com-

pared to that between DOX and PLA in the micelle core.

The mono 27 and mono 5 systems had the highest and

lowest drug-loading capacities, respectively. Although the

DOX- and PTX-loading capacities of B20 were lower than

those of the mono 2 system (13.57 ± 0.64 and 6.99 ± 1.55%

compared to 17.54 ± 0.617 and 7.16 ± 0.33%, respectively), the

differenceswere not significant. Remarkably, loading capacities

of the B20 system were approximately three times higher than
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those of the mono 5 system. Higher drug-loading capacities of

the mono 2 and B20 systems compared to that of the mono 5

system were probably due to the higher ratio of hydrophobic

blocks,which formed themicelle core serving as cargo space for

drugs. Drug-loading capacity of micelles depends on several

factors such as the nature of the solute, the property of core-

forming blocks, and the length of core blocks.6,30,31

These results suggested that the blending of block copoly-

mers could be an efficient strategy to increase the loading

capacity of micelles for poorly water-soluble drugs. The

improved drug-loading capacity and high stability demon-

strated that the B20 system featured the strengths of both the

triblock polymers (Tables 1 and 2). Therefore, the B20 system,

with its high thermodynamic and colloidal stability and high

drug-loading capacities, would be a promising nanoplatform

for future studies.

In vitro studies
DOX-loaded and PTX-loaded B20 systems (DOX/B20 and

PTX/B20) were then used in vitro studies. First, the uptake of

DOX/B20 and PTX/B20 into KB cancer cells was evaluated

and compared to that of free DOX and PTX, respectively.

Interestingly, the uptake of DOX/B20 into KB cells was 3–4

times higher than that of freeDOX(Figure 3AandB). Themean

fluorescence intensity of DOX/B20 was 31.65, which was a

remarkable enhancement in cellular uptake compared to that of

DOX (the mean FI: 11.19). PTX/B20 also resulted in 2.83-fold

higher PTX amount compared to free PTX, which was a statis-

tically significant difference (p<0.05, Figure 3C). The cellular

uptake of drug-loaded micelles via endocytosis26,32–34 might be

faster than simple diffusion, which is the main uptake mechan-

ism of free drugs.34–36 Further, drug-release profiles of DOX-

and PTX-loaded micelles were compared as an underlying

factor in the cell viability study (Figure S2). Consistent with

the colloidal stability of themicellar systems (Figure 2),B20 and

mono 5 showed higher drug release than the mono 2 system,7

probably because the mono 2 system possessed a highly hydro-

phobic micelle core and high compatibility with hydrophobic

anticancer agents such as DOX37 and PTX.38

In vitro anticancer effects of DOX/B20 and PTX/B20

against the KB cell line were then compared to those of free

DOX and PTX, respectively (Figure 4). Drug/B20 exhibited

higher cytotoxicity than the corresponding free drug. The IC50

values of DOX/B20 and free DOXwere 0.0357 and 0.1125 μg/
mL, respectively. Similarly, the IC50 values of PTX/B20 and

PTXwere 0.1506 and 0.8587 μg/mL, respectively. This demon-
strated that nanosized drug delivery systems could enhance the

uptake and increase the cytotoxicity of poorly water-soluble

anticancer drugs.39–41 This approach could potentially have

even more applicability in multidrug-resistant cancer therapy

because the loading of anticancer drugs into nanoparticles could

help overcome P-gp efflux, increasing the translocation of the

drugs into cancer cells.33,35,36 DOX would be released from

micelles in the cytoplasm and then entered the nucleus success-

fully due to the A-B-A structure of PEG-PLA-PEG, which is

similar to the structure of the cell membrane double layer.34,42

In vivo studies
It is well known that nanoparticles with a size range of 50–

200 nm can accumulate to high levels in tumor tissues due to

the enhanced permeability and retention (EPR) effect.43,44 To

monitor the biodistribution of the nanosized B20 system,

FITC was tagged to the surface of B20 micelles by replacing

PEG-PLA-PEG (2 K-10 K-2 K) with FITC-PEG-PLA-PEG,

with 10 wt% B20. After intravenous injection into tumor-

bearing mice, most of the micelles were distributed to the

liver, while a small portion of the micelles was accumulated

in the tumor (Figure 5A). Interestingly, the micelles progres-

sively accumulated in the tumor and high fluorescence inten-

sity was clearly observed 24 hrs after injections, while the

fluorescent intensity of the liver decreased gradually. Further,

except a small proportion of the micelles that remained in the

Table 2 CMC and characterization of drug-loaded micellar systems

Systems CMC (μg/mL)a Drug-loading properties of micellesa

DOX PTX

LC (%) Size (nm) PDI LCb (%) Size (nm) PDI

Mono 2 NA NA NA NA 7.19±0.33 570±35.2 0.33±0.01

B20 6.42±0.893 13.57±0.64 162±9.7 0.17±0.04 6.99±1.55 175±5.1 0.19±0.05

Mono 5 17.91±1.127 4.31±0.54 150±3.2 0.18±0.01 2.21±0.97 155±6.8 0.21±0.02

Notes: aMean ± SD, n=3. NA indicates the data is not available see Hoang et al for more information.7

Abbreviations: PEG-PLA-PEG, poly(ethylene glycol)-poly(lactic acid)-poly(ethylene glycol); PDI, polydispersity index; DOX, doxorubicin; PTX, paclitaxel; CMC, critical

micelle concentration; LC, loading capacity.
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liver, little or no fluorescence signal due to the micelles was

observed in other major organs 24 hrs after injection

(Figures 5B and S3). This demonstrated that the blending

system could result in selective accumulation in tumor

tissue. Interestingly, the accumulation of B20 in the spleen

and liver was exceptionally low 24 hrs after injection,

indicating very low clearance of the B20 micelles from

circulation. This may have been due to their low CMC
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and long-chain PEG (PEG 5 K) on their shells, which may

have assisted the micelles in staying intact in the blood

circulation and efficiently avoid attachment of the mono-

phagocytic system in the liver and kidney.45–47

The in vivo anticancer efficacy of DOX/B20 was subse-

quently evaluated using KB tumor-bearing nude mice. It was

found that a single i.v. administration of DOX/B20 caused

clear tumor regression compared to DOX or saline adminis-

tration; the saling-administered control group showed themost

tumor growth with tumor volumes >1,000 mm3 (n=6, mean ±

SEM, Figures 5C and S4). The superior anticancer effect of

DOX/B20 compared to that of free DOXmight have been due

to tumor-targeted drug delivery because of the blending sys-

tem. While free DOX was nonselectively distributed through-

out the mouse body, DOX/B20 may have been highly and

selectively accumulated in tumor tissues due to the EPR effect,

resulting in the high concentration and long-lasting confine-

ment of DOX at tumor sites. There were no significant

changes in body weights of mice in any of the three groups

during the study period (Figure 5D); we surmise that a single

drug dose showed no evident toxicity throughout the body.

This further demonstrated that the blending system has high

potential in the development of nanomedicines for cancer

treatment.

Conclusion
A blending system with high stability and high drug-loading

capacity was prepared by combining PEG-PLA-PEG triblock

copolymers of different molecular weights. The blending sys-

tems were prepared by combining 80 wt% of

PEG-PLA-PEG triblock copolymer (2 K-10 K-2 K) and 20

wt% of PEG-PLA-PEG triblock copolymer (5 K-10 K-5 K).

The system showed several advantages compared to amicellar

system using a single type of triblock copolymer, in terms of

colloidal stability and drug-loading capacity. Further, the drug-

loaded blending systems showed significantly improved in
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vitro anticancer effects and cellular uptake compared to those

of free drugs. Corresponding to the results of the in vitro study,

the drug-loaded blending system also showedmore effective in

vivo tumor growth suppression and accumulation in tumor

tissue than free drug. From the perspective of pharmaceutical

development, further toxicity and efficacy studies of PTX

formulated with this system could advance its use in the

development of anticancer drugs. Currently, efficacy and toxi-

city studies using PTX and the combination therapy of DOX

and PTX for pharmaceutical application are in progress. The

blending system reported here could be a potential nanoplat-

form for poorly water-soluble drugs used in cancer treatment.
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Supplementary material

Methods
Characterizations of block copolymers
1H-NMR spectroscopy and gel permeation chromatography

(GPC) were used to determine the MWand the composition

of the block copolymers. 1H-NMR was performed using

Varian, Gemini 2000 (NMR 300 MHz) instrument (Varian,

Palo Alto, CA, USA). CDCl3 was used as solvent for

analysis of block copolymers. The molecular weight of

the PLA segment was determined from 1H-NMR spectrum

by examining the peak intensity ratio of the methane proton

of the PLA segment (COCH(CH3)O: δ=5.2 ppm) and the

methylene protons of the PEG segment (OCH2CH2: δ=3.6

ppm) based on the number-average molecular weight of

PEG.1 Number- and weight-average molecular weights

(Mn and Mw, respectively) as well as polydispersity index

(PDI=Mw/Mn) of the copolymers were determined by GPC

using Agilent Technology series-1200 instrument, equipped

with the refractive index detector. THF was used as the

mobile phase at 1.0 mL/min of flow rate. Column tempera-

ture was set at 30°C. The copolymers were dissolved in

THF, filtered, and injected into PLgel 10 μm MIXED-B

column (Agilent). The molecular weight of block copoly-

mers was calculated based on the calibration curve made

from a series of polystyrene standards (Scientific Polymer

Products Inc., Ontario, NY, USA).2

Doxorubicin release from micelles

For the DOX release test, 1 mL of DOX-loaded micelle

solutions was transferred into dialysis membrane tubes

(Spectra/Por®, MWCO 3.5 kDa). The dialysis membrane

tubes were subsequently immersed in a vial containing 10

mL of PBS pH 7.4 and incubated in shaker water bath at a

speed of 70 rpm and 37°C. At predetermined time points

(1 hr, 3 hrs, 6 hrs, 9 hrs, 12 hrs, 24 hrs, and 48 hrs), the

media in the vials were collected to determine the amount

of DOX released and the vials were replenished with 10

mL of fresh PBS pH 7.4. The amount of DOX released

from the micelles was quantified by using UV-VIS spec-

trometer (GENESYS 10 UV, Thermo Scientific, Waltham,

MA, USA) at wavelength λ=481 nm.

PTX release from micelles

For the PTX release test, 1 mL of PTX-loaded micelle

solutions was transferred into dialysis membrane tubes

(Spectra/Por®, MWCO 3.5 kDa). The dialysis membrane

tubes were subsequently immersed in a vial containing 10

mL of PBS pH 7.4 and incubated in shaker water bath at a

speed of 70 rpm and 37°C. At predetermined time points

(1 hr, 3 hrs, 6 hrs, 9 hrs, 12 hrs, 24 hrs, 48 hrs, and 72 hrs),

the media in the vials were collected to determine the amount

of PTX released and the vials were replenished with 10 mL

of fresh PBS pH 7.4. The collected PTX solutions were then

lyophilized, and the amount of PTX released from the

micelles was quantified by liquid chromatography (Agilent)

with a UV detector at the wavelength of 230 nm.

Results and discussion
Characterization of PEG-PLA-PEG

PEG-PLA-PEG (5K-10K-5K) triblock copolymer and func-

tional PEG-PLA-PEG (2K-10K-2K) were synthesized with

the methods as reported.3−5 The success of triblock copolymer

synthesis was confirmed by 1H NMR and GPC (Table S1,

Figure S1). The peak at 3.6 ppm was assigned to proton b of

PEG. The peaks at 5.2 ppm and 1.6 ppm were assigned to

protons a and c of PLA, respectively. According to GPC

analysis, the MWof PLA in two types of triblock copolymers

were similar with the values in the range of 9–11 KDa. Since

the two block copolymers had a similar length of PLA and a

big difference in MW of PEG, they would probably possess

different physicochemical characterizations, resulting in the

unique properties of micelles.

Table S1 Characterizations of triblock copolymers

PEG-PLA-PEG triblock copolymer Mn PDIb Code

1H NMR GPCa

Functional 2 K-10 K-2 K 13,900 14,500 1.36 T2

5 K-10 K-5 K 24,600 19,100 1.23 T5

Notes: Mn Number-average molecular weight. aBased on polystyrene standards. bPolydispersity index (calculated from GPC data).

Abbreviations: PEG-PLA-PEG, poly(ethylene glycol)-poly(lactic acid)-poly(ethylene glycol); GPC, gel permeation chromatography; PDI, polydispersity index.
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Figure S2 Drug-release profile of blending system (B20) and original micelles (mono 2 and mono 5). (A) DOX release and (B) PTX release. For information on DOX

release from Mono 2 see Hoang et al.6

Abbreviations: DOX, doxorubicin; PTX, paclitaxel.
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Figure S3 Quantitative fluorescence intensities of tumor compared to those of different organs after 24 hrs from i.v. injection of the micelles.
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