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 Previously synthesized amphiphilic diblock copolymers with pendant dendron moieties have 
been investigated for their potential use as drug carriers to improve the delivery of an anti-
cancer drug to human breast cancer cells. Diblock copolymer (P 71 D 3 )-based micelles effectively 
encapsulate the doxorubicin (DOX) with a high drug-loading capacity (≈95%, 104 DOX mol-
ecules per micelle), which is approximately double the amount of drug loaded into the diblock 
copolymer (P 296 D 1 ) vesicles. DOX released from the resultant P 71 D 3 /DOX micelles is approxi-
mately 1.3-fold more abundant, at a tumoral acidic pH of 5.5 compared with a pH of 7.4. 
The P 71 D 3 /DOX micelles also enhance drug potency in breast cancer MDA-MB-231 cells due 
to their higher intracellular uptake, by approximately two-
fold, compared with the vesicular nanocarrier, and free DOX. 
Micellar nanocarriers are taken up by lysosomes via energy-
dependent processes, followed by the release of DOX into the 
cytoplasm and subsequent translocation into the nucleus, 
where it exert its cytotoxic effect. 
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  1.     Introduction 

 Micelles and vesicles have been developed as promising col-
loidal carriers for the delivery of anticancer drugs to tumor 
cells. Surfactants, synthetic and natural polymers, lipopro-
teins, liposomes, and amphiphilic polymer based micellar 
systems have been extensively studied for this purpose. [ 1 ]  
Surfactant micelles are commonly used as drug carriers 
but suffer from thermodynamic and kinetic instability 
upon extreme dilution following intravenous administra-
tion due to their high critical micelle concentration. [ 2 ]  They 
are also associated with toxicity and tolerability issues. 
For instance, cremophor EL micelles administered intra-
venously were found to cause adverse effects, including 
severe anaphylactic hypersensitivity reactions, hyperlipi-
demia, lipoprotein structural abnormalities, and periph-
eral neuropathy. [ 3 ]  Lipoproteins, which could be recognized 
by healthy cells, compete with natural lipoproteins for 
receptor sites on tumors. [ 4 ]  Liposomes, on the other hand, 
possess inherent weaknesses, such as low encapsulation 

effi ciency, poor stability in systemic circulation and rapid 
clearance by the reticuloendothelial system. [ 5 ]  Among drug 
carriers, amphiphilic polymeric micelles and vesicles have 
the advantages of small particle sizes, high drug encapsu-
lation capacities, hydrophilic surfaces that prevent opsoni-
zation and passively accumulate in tumors due to the 
enhanced permeability and retention effect. [ 6 ]  However, 
these polymeric nanocarriers must be further improved in 
terms of drug-loading effi ciency, stability in the systemic 
circulation after injection, and transportability through 
the cell membrane for uptake by tumor cells. [ 7 ]  

 Amphiphilic diblock copolymers are mainly used 
for the preparation of polymeric aggregates. [ 6b ]  These 
diblock copolymers can self-assemble into two different 
forms in aqueous solutions as follows: core–shell spher-
ical micelles or vesicles, depending on the hydrophobic/
hydrophilic balance. [ 8 ]  Our group synthesized an amphi-
philic diblock copolymer (P 71 D 3 ) consisting of a linear 
polyelectrolyte block and a hydrophobic block carrying a 
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 Scheme 1.    Chemical structures of P 71 D 3  and P 296 D 1 ; schematic representation of their self-assemblies.
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pendant benzyloxy-type dendritic moiety [ 9 ]  (Scheme  1 ). 
This polymer self-aggregates into spherical micelles of 
70.5 nm diameter with a narrow size distribution, and the 
polymer micelles are able to entrap hydrophobic guest 
molecules into the large cavity or available void, within 
and between the hydrophobic dendron moieties in the 
micelle core. [ 10 ]   

 Another amphiphilic diblock copolymer was composed 
of a hydrophilic pendant phosphorylcholine moiety and 
hydrophobic amido amine-type dendron side chain 
moiety. [ 11 ]  The polymer (P 296 D 1 ) formed vesicles in water, 
which was mostly likely due to its rod-like shape, with 
side chains on both blocks (Scheme  1 ). In this case, the 
vesicles were able to accommodate hydrophilic guest 
molecules in the interior water pool of P 296 D 1  vesicles. 

 In this study, micellar and vesicular self-assemblies con-
sisting of two diblock copolymers (P 71 D 3  and P 296 D 1 , respec-
tively) were assessed for their ability to load and release 
the anticancer drug, doxorubicin (DOX), and were also 
evaluated for their effects on the viability and intracellular 
uptake effi ciency of MDA-MB-231 human breast cancer 
cells to determine their potential as nanocarriers for drug 
delivery. Incidentally, since DOX is soluble in water but pos-
sesses an aromatic moiety, it is amphiphilic and can exist 
in both hydrophilic and hydrophobic environments. There-
fore, it can be encapsulated in the hydrophobic micellar 
core and the hydrophilic water pool in vesicles.  

  2.     Experimental Section 

  2.1.     Materials 

  N -hydroxysuccinimide (NHS) and  N , N ′-dicyclohexylcarbodiimide 
were purchased from ACROS (Morris Plains, NJ, USA). Fluores-
ceinyl glycine amide (FGA) was purchased from Thermo Fisher 
Scientifi c (Waltham, MA, USA). DOX was kindly donated by Prof. 
H. C. Tsai, National Taiwan University of Science and Technology, 
Taiwan. Various fl uorescent dyes and trackers such as ProLong 
Gold Antifade Mountant with DAPI, ER-Tracker Blue-White DPX 
(E-12353), LysoTracker Blue DND-22 (L-7525), MitoTracker Red 
FM (M-22425), and MitoTracker Green (M-7514) were purchased 
from Molecular Probes, Invitrogen (Eugene, OR, USA). Other rea-
gents were commercially available. Deionized ultrapure (ELGA 
PURELAB fl ex 3) water with a resistivity of 18.2 MΩ·cm was used 
throughout all syntheses and measurements. 

 The diblock copolymers P 71 D 3  and P 296 D 1  (see Scheme  1 ) were 
the same samples as those previously synthesized. [ 9,11 ]  Micelles 
(hydrodynamic diameter: 65 nm, transmission electron micro-
scopic (TEM) diameter: 70.5 nm) of P 71 D 3  (molecular weight: 
2.60 × 10 6 ) were formed by 104 molecules. [ 9,10 ]  P 296 D 1  (molecular 
weight: 2.20 × 10 7 ) formed vesicles (hydrodynamic diameter: 
230 nm, TEM diameter: 240 nm) consisting of 241 molecules. [ 11 ]  
The aggregation number was calculated by dividing the 
molecular weight of the aggregate by the molecular weight of a 
single polymer chain. [ 9,11 ]   

  2.2.     Preparation of Polymer-FGA, Polymer/DOX, and 
Polymer-FGA/DOX 

 FGA was chemically bound on P 71 D 3  and P 296 D 1  by an amida-
tion reaction [ 12 ]  between a free carboxylate group at a terminal 
of hydrophilic block of polymers and an amine group of FGA to 
obtain P 71 D 3 -FGA and P 296 D 1 -FGA, respectively. A suspension of 
P 71 D 3  in water or P 296 D 1  in methanol (0.1 mg mL −1 ) was mixed 
with a freshly prepared aqueous solutions of EDC and NHS, and 
the mixture was allowed to stand for 1 h to produce NHS-acti-
vated carboxylate. Then, FGA (1 μg mL −1 ) was added to the mix-
ture to conjugate to the block copolymer through the formation 
of an amide bond. Unbound FGA was removed by ultracentrifu-
gation at 9300 × g for 1 h. The obtained residue was rinsed three 
times with water or methanol. The amount of FGA conjugated 
on both P 71 D 3  micelles and P 296 D 1  vesicles was determined by 
estimating the FGA fl uorescence emission intensity (area under 
the curve, AUC) from 500 to 540 nm following excitation at 
488 nm. 100 mL of P 71 D 3 /FGA and P 296 D 1 /FGA were added to the 
96-well black plate (Corning, NY, USA) and the emission inten-
sity was measured using a SpectraMax M3 multimode micro-
plate reader (Molecular Devices, Sunnyvale, CA, USA). The AUC 
was calculated using ImageJ 1.49 (NIH, Bethesda, MD, USA). The 
emission intensity (AUC) for P 71 D 3 -FGA was slightly higher than 
that of P 296 D 1 -FGA, with a difference of 9%. This suggests that 
almost similar amount of FGA was conjugated to both amphi-
philic polymers. 

 P 71 D 3  or P 71 D 3 -FGA (0.5 mg) and DOX (0.1 mg) were dissolved in 
water (5 mL). An aqueous solution of DOX (2 mg mL −1 ) was added 
to a methanolic solution of P 296 D 1  or P 296 D 1 -FGA (0.5 mg mL −1 ). 
Methanol was then evaporated under reduced pressure, and the 
residue was dissolved in water (5 mL). All polymer solutions were 
allowed to stand overnight at room temperature to achieve com-
plete dissolution. The aqueous solutions (5 mL) were dialyzed 
against water using a regenerated cellulose dialysis tube (MWCO 
of 6000–8000 g mol −1 ) over 32 h at room temperature until all 
free DOX was removed.  

  2.3.     Loading and Release of DOX 

 The amount of DOX entrapped in the polymeric nanocarriers 
was determined from the absorbance of a 232 nm band based 
on a calibration curve with known concentrations of DOX up 
to 150 μg mL −1  in water in accordance with the procedure pre-
viously reported. [ 13 ]  The determined amount of unbound DOX 
in the dialyzed outer solution was subtracted from the initial 
amount of DOX to calculate the amount of loaded DOX. 

 The release of DOX from polymeric nanocarriers was studied 
in phosphate buffer saline (PBS) at two different pH values 
(pH 7.4 and 5.5). The nanocarriers were suspended in 1 mL of 
PBS to obtain a concentration of 30 μg mL −1  of DOX equiva-
lent. The tubes were sealed and incubated at 37 °C at 100 rpm 
in an orbital shaker (ZHWY 103D, Labwit, Shanghai, China). At 
predetermined time intervals of 0.25, 0.5, 1, 2, 4, 6, 8, 24, and 
48 h, the samples were centrifuged at 9300 × g for 10 min and 
the supernatants containing the released DOX were collected 
and replaced with fresh buffer. The amount of DOX released 
was determined using a spectrophotometer as described 
above. [ 14,15 ]   

Macromol. Biosci. 2016,  16,  882−895
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  2.4.     In Vitro Cytotoxicity of P 71 D 3 /DOX Micelles and 
P 296 D 1 /DOX Vesicles 

 Aqueous stock solutions (100 μg mL −1  polymer) of P 71 D 3 , P 296 D 1 , 
P 71 D 3 /DOX (95 μg mL −1  DOX equivalent polymer), and P2 96 D 1 /
DOX (40 μg mL −1  DOX equivalent polymer) nanocarriers were 
prepared. The MDA-MB-231 cell line was grown and maintained 
in Dulbecco’s modifi ed Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS) and 1% penicillin-strepto-
mycin at 37 °C in a 5% CO 2  humidifi ed chamber. MDA-MB-231 
cells were seeded into 96-well plates at 5000 cells per well and 
were incubated overnight to allow cells to adhere before polymer 
samples were introduced. Polymer samples were diluted in cul-
ture medium and added to the cells to give fi nal concentrations 
ranging from 0.03 to 10 μg mL −1  DOX equivalent. The cells were 
then incubated for 24 h at 37 °C in 5% CO 2  before cell viability 
was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide (MTT) assay. Briefl y, 10 μL of MTT (5 mg mL −1  
in PBS) was added to each well and incubated for 3 h. The super-
natant was removed, and 100 μL of dimethylsulfoxide was added 
to dissolve the purple formazan crystal. The optical density of 
each well was measured at 570 nm using a microplate reader. 
The viability of the cells in response to the treatment of polymer 
samples was calculated as a percentage (%) of cell viability = (OD 
treated/OD control) × 100. Cell viability in the presence of a sol-
vent control (PBS) was determined concurrently.  

  2.5.     Cellular Uptake of Polymer/DOX by Flow Cytometry 
and Polymer-FGA, Polymer/DOX, and Polymer-FGA/DOX 
by Confocal Microscopy 

 The uptake of P 71 D 3 /DOX, P 296 D 1 /DOX, and free DOX by MDA-
MB-231 cells was investigated using fl ow cytometry. The cells 
(1.5 × 10 5  cells per well), which were seeded in 12-well culture 
plates and incubated for 24 h at 37 °C in a 5% CO 2  humidifi ed 
chamber, were treated with P 71 D 3 /DOX, P 296 D 1 /DOX, or free 
DOX (1 μg mL −1  DOX equivalent) at predetermined time inter-
vals (1, 2, and 5 h) or different concentrations (0, 0.625, 1.25, 2.5, 
5, and 10 μg mL −1 ) with 2 h incubations. The treated cells were 
washed two times with cold PBS, trypsinized, transferred to 
tubes, and centrifuged. The cells were resuspended in 0.5 mL of 
PBS containing 0.5% FBS for immediate fl ow cytometric analysis 
on a BD FACS Canto II fl ow cytometer (Becton Dickinson, San 
Jose, CA, USA) equipped with a 488 nm argon laser and a 670 nm 
long pass fi lter to detect the fl uorescence emitted by the DOX 
taken up by the cells. Data from 10 000 cells were collected and 
analyzed using FACS DIVA analysis software (Becton Dickinson). 

 The procedure for confocal microscopy was as follows: MDA-
MB-231 cells (2 × 10 5  cells per well) in complete DMEM culture 
medium were seeded on glass coverslips (22 × 22 mm), placed 
in 6-well plates and incubated for 24 h at 37 °C in a 5% CO 2  
humidifi ed chamber. The cells were treated with 10 μg mL −1  
polymer of P 71 D 3 -FGA, P 296 D 1 -FGA, P 71 D 3 /DOX (1 μg mL −1  DOX 
equivalent), P 296 D 1 /DOX (1 μg mL −1  DOX equivalent), P 71 D 3 -FGA/
DOX (1 μg mL −1  DOX equivalent), or P 296 D 1 -FGA/DOX (1 μg mL −1  
DOX equivalent) for 3 h at 37 °C. The cells were fi xed with 4% 
paraformaldehyde on a glass coverslip for 10 min at 37 °C and 
then rinsed twice with PBS. Fixed cells on glass coverslips were 
mounted on glass slides with mounting medium containing 

4′,6-diamidino-2-phenylindole (DAPI) (Slow Fade Gold Antifade 
Mount, Life Technologies Inc., Carlsbad, CA, USA). Cellular uptake 
of the nanoparticles was observed with a confocal laser scanning 
microscope using a 63× oil immersion objective (Leica TCS SP5 
II, Leica Microsystem, Wetzlar, Mannheim, Germany). The DAPI 
dye was excited using a 405 nm diode laser and had its emission 
detected between 414 and 481 nm on the photomultiplier tube 
(PMT). Both FGA labeled nanoparticles and DOX were excited 
using a 488 nm argon laser and had their emissions detected 
between 494–542 nm for FGA and 590–720 nm for DOX on 
the PMT detector. All scans were performed in an independent 
sequential mode to avoid spectral overlap during acquisitions. 
Images were captured using the Leica LAS-AF image capture soft-
ware. All the data used for quantitative comparisons of cell fl uo-
rescence intensities were acquired under identical conditions 
with constant gain and offset. The fl uorescence intensity of DOX 
was analyzed using Leica Application Suite-X (LAS-X) software by 
selecting the Regions of Interest (ROI) to determine the sum of 
the intensity of each pixel in a cell (gray value). The integrated 
density of fl uorescence (IDF) was then calculated from the mean 
gray value obtained from a total of 10 cells multiplied by the ROI 
(mean gray value × ROI). [ 16 ]  

 Sequential optical sections (Z-stacks) from the apical-to-
basal surfaces of the cell were acquired, initiated ≈1 μm below 
the above apical of the cells, and optical slices were collected at 
1 μm steps through their basal surface using a 63× oil immersion 
objective. These wide-fi eld images were subjected to deconvolu-
tion using LAS-X software. 

 To assess the effect of temperature on the uptake of nano-
particles, the fl ow cytometric and confocal microscopic cellular 
uptake studies were repeated based on the procedures described 
previously, except the cells were treated with nanocarriers for 
either 2 h (fl ow cytometry) or 3 h (confocal microscopy) at 4 and 
37 °C, respectively.  

  2.6.     Intracellular Colocalization of Polymer-FGA, and 
Polymer/DOX Nanocarriers 

 The intracellular localization of the P 71 D 3 /DOX, P 296 D 1 /DOX, 
and free DOX was analyzed by confocal microscopy using dual 
staining techniques as previously reported. [ 17 ]  Briefl y, MDA-MB-
231 cells grown on coverslips in 6-well plates were incubated 
with test samples for 3 h, as described in the confocal cellular 
uptake studies above. The cells were then rinsed twice with 
PBS to remove free DOX or free nanocarriers. Subsequently, the 
cells were stained with an organelle-specifi c fl uorescence probe. 
The mitochondria, endoplasmic reticulum, and lysosomes were 
stained with 100 × 10 −9   M  MitoTracker Green, 100 × 10 −9   M  ER-
Tracker Blue-White DPX, and 100 × 10 −9   M  LysoTracker Blue, 
respectively. Meanwhile, the colocalization of P 71 D 3 -FGA and 
P 296 D 1 -FGA nanocarriers was studied using FGA fl uorescence 
along with 100 × 10 −9   M  MitoTracker Red, 100 × 10 −9   M  ER-Tracker 
Blue-White DPX, and 100 × 10 −9   M  LysoTracker Blue. 

 Cells were incubated with each stain for ≈30 min at room tem-
perature. Following incubation, the cells were rinsed with PBS 
to remove free dye, and the stained cells were observed using 
a confocal laser scanning microscope confi gured with a 63× oil 
objective (Leica TCS SP5 II). The LysoTracker and ER-Tracker were 
excited using a 405 diode laser line where the PMT setting for 
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the emission signal was 413–481 nm. Both MitoTracker dyes 
were excited using a multi-line Argon laser 488 line (the PMT set-
tings for the emission detector were 494–524 nm for MitoTracker 
Green and 497–573 nm for MitoTracker Red). All scans were per-
formed with an independent sequential mode; hence, there was 
no spectral overlap in the acquisition. The intracellular localiza-
tion of the test samples was determined by comparing the fl uo-
rescence topographic profi le of each organelle probe generated 
from a longitudinal transcellular axis.   

  3.     Results and Discussion 

  3.1.     Characterization of P 71 D 3 /DOX Micelles and 
P 296 D 1 /DOX Vesicles 

 The amphiphilic diblock copolymers, P 71 D 3  and P 296 D 1  (see 
Scheme  1 ), which consisted of a hydrophilic linear chain 
block and a hydrophobic block with a pendant dendron 
side chain, are self-assembled into micelles and vesicles, 
respectively. [ 9,11 ]  They can be expected to encapsulate small 
molecules in their self-assemblies because these polymer 
aggregates possess a large void volume for trapping small 
molecules. To evaluate their potential as carriers in drug 
delivery systems, the anticancer drug DOX was loaded 
into the aggregates. The loading of DOX in weight per unit 
weight of the diblock copolymer in both P 71 D 3  micelles and 
P 296 D 1  vesicles was almost linear for the initial increase 
in the DOX concentration in the incubation solution, but 
was nearly doubled for the P 71 D 3  micelles compared with 
the P 296 D 1  vesicles (Figure  1 A). Nevertheless, the loading 
of micelles gradually converged with a constant value of 
2.3 g g −1  (polymer) (Figure  1 A).  

 Figure  1 B plots the loading number of DOX per polymer 
aggregate, which was recalculated from the loading 
amount using adequate aggregate parameters, [ 9,11 ]  as a 
function of the DOX concentration. The number of DOX 
molecules entrapped per aggregate was similar for both 
aggregates up to a 0.4 mg mL −1  DOX concentration. How-
ever, for the P 71 D 3  micelles, the loading number was satu-
rated at 104 for 0.5 mg mL −1  of DOX, which was the same as 
the aggregation number (104) of micelles, indicating that 
the encapsulation maximum is one DOX per one polymer 
chain. This number was larger than the uptake of pyrene 
(23 molecules) and was comparable with 1,1-diphenyl-
2-picrylhydrazyl radicals (104 molecules). [ 10b ]  Conversely, 
the encapsulation number for the P 296 D1 vesicle increased 
linearly to 136 for the 0.52 mg mL −1  DOX concentration. 
This indicates that a large number of DOX molecules can 
be entrapped within the interior water pool of vesicles. 

 The absorption band of DOX in P 296 D1 vesicles was the 
same as that of free DOX in water at 490 nm (Figure  2 A), 
indicating the entrapping of DOX in the interior water 
pool of vesicles. However, the band in P 71 D 3  micelles was 

redshifted to 510 nm (Figure  2 B); this variation suggests 
the environmental change of DOX from a water medium 
to the hydrophobic interior of a polymer micelle, as pre-
sented in Scheme  1 .   

  3.2.     In Vitro DOX Release from P 71 D 3 /DOX Micelles and 
P 296 D 1 /DOX Vesicles 

 The time-dependent release of DOX from polymer aggre-
gates was compared in Figure  3 A. The release from both 
nanocarriers/DOX was rapid initially but almost reached 
a steady state at 10 h, although gradual release continued 
even up to 48 h. The percentage of DOX released from P 71 D 3 /
DOX micelles was lower than that released from P 296 D 1 /
DOX vesicles. A higher percentage of DOX was released from 
P 71 D 3 /DOX micelles at a pH of 5.5 compared with a pH of 
7.4. Meanwhile, the P 296 D 1 /DOX vesicles had similar per-
centages of released DOX at both a pH of 5.5 and a pH of 7.4.  

 Figure  3 B shows the percentage of released DOX from 
P 296 D 1 /DOX vesicles at different DOX concentrations. The 
percentage released decreased with increasing DOX con-

Macromol. Biosci. 2016,  16,  882−895

 Figure 1.    DOX loading in P 71 D 3 /DOX micelles and P 296 D 1 /DOX vesi-
cles as a function of DOX concentration. A) Weight per polymer 
weight and B) Number per polymer aggregate.



A Comparative Study of Cellular Uptake and Subcellular Localization of Doxorubicin . . .

 

www.MaterialsViews.com 887© 2016  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheim

Macromolecular
Bioscience

www.mbs-journal.de

centrations. However, when analyzed according to the 
loading amount in g g −1  polymer, the DOX release pro-
fi le from the two different diblock copolymer structures 
behaved differently depending on the different loading 
amounts. That is, the amount of DOX released increased 
up to 0.24 g g −1  polymer for P 296 D 1 /DOX vesicles but was 
almost constant at ≈0.37 g g −1  polymer for P 71 D 3 /DOX 
micelles (Figure  3 C). 

 The release conditions in this study simulated the drug 
release environment of the human body, assuming that 
DOX is injected intravenously into an adult at its thera-
peutic dosage of 60 mg m −2 , [ 18 ]  and the adult plasma 
volume is 55% of 5 L of blood. [ 19 ]  Our results suggested that 

the percentage of DOX released from the P 71 D 3  micelles 
after an intravenous injection was minimal over 48 h at 
≈15%–20%. Moreover, P 71 D 3 /DOX micelles are likely to 
enhance DOX release in the acidic tumor interstitium or 
within the lysosomes after cellular uptake, which was 
shown by the DOX release profi le at a pH of 5.5. [ 20 ]  This 
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 Figure 2.    Comparison of UV–vis absorption spectra. A) P 296 D 1 , 
DOX, and P 296 D 1 /DOX, and B) P 71 D 3 , DOX, and P 71 D 3 /DOX.

 Figure 3.    A) Percentage of DOX released time course from P 71 D 3 /
DOX micelles and P 296 D 1 /DOX vesicles in phosphate buffer saline 
(PBS) at pH 5.5 and 7.4. Data are expressed as the mean ± SD 
( n  = 3). * p  < 0.05 using Student’s  t -test for P 71 D 3 /DOX at pH 5.5 and 
pH 7.4. B) Percentage of DOX released time course from P 296 D 1 /
DOX vesicles at different DOX concentrations. C) DOX released 
per weight of polymer from P 71 D 3 /DOX micelles and P 296 D 1 /DOX 
vesicles against DOX loading.
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difference is of statistical signifi cance at certain time 
point indicated with the (*) sign as presented in Figure  3 A. 

 Since the hydrophilic blocks of P 71 D 3  consist of side 
chain with a strong acid group (–SO 3  −1 ), equivalent 
amounts of counterion (Na + ) are coexisting in the hydro-
philic shell of P 71 D 3  micelles at neutral pH (≈7). However, 
when the ionic strength increases in acidic conditions like 
pH 5.5, excess ions are condensed in the hydrophilic shell 
of micelles. The resultant osmotic pressure and the elec-
trostatic repulsion cause the shell volume to increase and 
thus, the loaded DOX can be released easier than those at 
the neutral condition. This phenomenon of swelling in 
response to changes in the ionic strength and pH [ 21 ]  is a 
characteristic of polymers and their aggregates, which is 
different from the behavior of small molecules. This char-
acteristic of differential release in P 71 D 3 /DOX micelles is 
desirable because DOX leakage is minimized in the sys-
temic circulation but is enhanced in tumor localization. 

Macromol. Biosci. 2016,  16,  882−895

 Figure 4.    The effect of P 71 D 3 /DOX micelles, P 296 D 1 /DOX vesicles, 
and free DOX on the cell viability of MDA-MB-231 cells at 37 °C and 
24 h incubation. Data are represented as the mean ± SD ( n  = 3).

 Figure 5.    Cellular uptake of P 71 D 3 /DOX micelles, P 296 D 1 /DOX vesicles, and free DOX by MDA-MB-231 cancer cells using fl ow cytometry 
and confocal microscopy. A) Percentage of cellular uptake for nanocarriers/DOX and free DOX on cells. B) Mean fl uorescence intensity of 
polymer/DOX and free DOX in cells. Data are expressed as the mean ± SD ( n  = 3). * p  < 0.05 using one-way ANOVA. C) Confocal microscopic 
images and line profi les of polymer/DOX and free DOX on DAPI-labeled cells. Scale bar: 20 μm. D) Confocal microscopic images and line 
profi les of FGA-treated polymers on DAPI-labeled cells. Scale bar: 20 μm.
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 The difference in drug loading/release behavior 
between the two polymer nanocarriers may be due to 
the shape of nanocarriers. Since the hydrophilic block 
in P 71 D 3  has a maximum length of ≈12.3 nm, polymer 
micelles with a diameter of 70.5 nm can possess a core 
volume with a diameter of 46 nm (Scheme  1 ). This core 
size is large enough to encapsulate many units of DOX 
molecules such as the calculated 104 units in this study. 
Although a DOX molecule has hydrophilic functional 
(amine and phenol) groups and is water soluble, it is fun-
damentally amphiphilic because DOX consists of an aro-
matic backbone. Therefore, many DOX molecules may be 
encapsulated in the micellar core, whereas some mole-
cules will be close to the core/shell border, resulting in an 
easier release. Since the P 296 D 1  vesicle with a 240 nm dia-
meter has a wall vesicle thickness of ≈50 nm (Scheme  1 ), 
the hydrophobic core layer in the vesicle bilayer is most 
likely not thick enough to encapsulate DOX molecules. 
Therefore, the loading of DOX was assumed to occur only at 
the internal water pool in the vesicles; these DOX molecules 
permeated out into the surrounding by passing through 
the thin hydrophobic core layer of the vesicle membrane.  

  3.3.     In Vitro Cytotoxicity of P 71 D 3 /DOX Micelles and 
P 296 D 1 /DOX Vesicles 

 The MDA-MB-231 cancer cell viability following treatment 
was determined 24 h later using the MTT assay (Figure  4 ). 
The P 71 D 3 /DOX micelles exhibited enhanced cytotoxicity, 
with an IC 50  of 0.62 × 10 −6   M  (0.34 μg mL −1 ) DOX equivalent 
compared with free DOX (IC 50  = 1.46 × 10 −6   M  or 0.79 μg mL −1 ) 
and P 296 D 1 /DOX (IC 50  = 4.45 × 10 −6   M  or 2.42 μg mL −1 ) treat-
ments under identical conditions. Our IC 50  value for free 
DOX was within the range of IC 50  found in the literature, 
from 0.025 × 10 −6  to 2.7 × 10 −6   M , for MDA-MB-231 cells. [ 22 ]  
This confi rms that the P 71 D 3 /DOX micelles have a higher 
potency compared with free DOX whereas P 296 D 1 /DOX ves-
icles have the least potency.  

 As a control, cells treated with up to 10 μg mL −1  P 71 D 3  
micelles or P 296 D 1  vesicles showed no reduction in cell 
viability (data not shown). This implies that the observed 
cytotoxicity of P 71 D 3 /DOX and P 296 D 1 /DOX is due to the 
DOX in the P 71 D 3  micelles or P 296 D 3  vesicles. The higher 
cytotoxic potency of the P 71 D 3 /DOX micelles corresponds 
to their higher cellular uptake compared with free DOX 
and P 296 D 1 /DOX vesicles (refer to Section  3.4 ).  

  3.4.     Cellular Uptake of P 71 D 3 /DOX Micelles and 
P 296 D 1 /DOX Vesicles 

 Cellular uptake of the P 71 D 3 /DOX micelles, P 296 D 1 /DOX 
vesicles, and free DOX by MDA-MB-231 cancer cells was 
quantifi ed with fl ow cytometry based on the fl uorescence 
of DOX. The P 71 D 3 /DOX micelles exhibited the highest 

cellular uptake of 100% after incubation for 2 h compared 
with the P 296 D 1 /DOX vesicles (84%) and free DOX (88%) 
(Figure  5 A). Incidentally, the mean fl uorescence intensities 
of the MDA-MB-231 cells treated with P 71 D 3 /DOX micelles 
were approximately two times higher than the cells 
treated with an equivalent dose of P 296 D 1 /DOX vesicles and 
free DOX (Figure  5 B,  p  < 0.05, one-way ANOVA with Bonfer-
roni post-hoc test).  

 The cellular uptake of DOX in free micellar or vesicular 
forms at an equivalent dose was also evaluated with con-
focal microscopy. The red fl uorescence of DOX observed in 
the MDA-MB-231 cells treated with P 71 D 3 /DOX micelles 
was brighter than in the cells treated with P 296 D 1 /DOX 
vesicles and free DOX (Figure  5 C). Similar observations 
on the green fl uorescence intensity were also found in 
the MDA-MB-231 cells treated with P 71 D 3 -FGA micelles, 
P 296 D 1 -FGA vesicles (Figure  5 D), which have the similar 
amount of FGA conjugated to both amphiphilic polymers. 
The results from cellular uptake suggested an enhanced 
accumulation of P 71 D 3 /DOX micelles in the cells. The 
decreasing order of cellular uptake was as follows: P 71 D 3 /
DOX > DOX > P 296 D 1 /DOX and was in agreement with that 
of the corresponding cytotoxicity potency. 
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 Figure 6.    Confocal microscopic images of MDA-MB-231 cells 
treated with polymer-FGA/DOX. DAPI was used as a counterstain 
to visualize the nuclei. A) P 71 D 3  micelles and B) P 296 D 1  vesicles.
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 In the cells treated with P 71 D 3 /DOX micelles, high 
intensities of red fl uorescence were found in the nuclear 
compartment, but not in the cytoplasm (Figure  5 C). This 
suggested that DOX is released from the P 71 D 3  micelles 
in the acidic environment of the tumor lysosomes upon 
cellular uptake, which allowed DOX into diffuse to the 
nucleus, as discussed in Section  3.2 . This is supported by 
the high green fl uorescence intensity observed in the 
cytoplasm, but not the nuclei of the P 71 D 3 -FGA treated 
cells (Figure  5 D). 

 In the cells treated with P 296 D 1 /DOX vesicles, red DOX 
fl uorescence intensity was found to be lower in the 
nuclei, with some intensity was also noted in the cyto-
plasm (Figure  5 C). The localization of the green P 296 D 1 -
FGA fl uorescence in the cytoplasm with minimal overlap-
ping with the DAPI in nuclei of the treated cells suggested 
that the P 296 D 1 /DOX vesicles within the cells remained 
mainly in the cytoplasm and only some had entered the 
nuclei (Figure  5 D). 

 Previous observations were further confi rmed and 
more apparent when cells were treated with DOX-loaded 
and fl uorescence-labeled P 71 D 3 -FGA/DOX micelles and 

P 296 D 1 -FGA/DOX vesicles (Figure  6 ), where the cellular 
accumulation of DOX-entrapped carriers and the cellular 
localization of DOX were evaluated concurrently. The 
uptake of the P 71 D 3 -FGA/DOX micelles was again much 
greater than the uptake of the P 296 D 1 -FGA/DOX vesicles. 
The level of DOX localized in the nuclei in the P 71 D 3 -FGA/
DOX-treated cells was signifi cantly higher than that local-
ized in the nuclei of the P 296 D 1 -FGA/DOX-treated cells. 
These results agreed with the cytotoxicity data, where the 
P 71 D 3 /DOX micelles had the highest cellular uptake and 
localization of DOX in the nuclei, as well as the highest 
potency, followed by free DOX and P 296 D 1 /DOX vesicles 
(Figure  4 ). Nuclear uptake of DOX is crucial to enable DOX 
to interact with DNA through intercalation, which leads 
to the disruption of topoisomerase-II-mediated DNA 
repair. This prevents the DNA double helix from being 
resealed after unwinding for replication, resulting in DNA 
damage and cell death. [ 23 ]   

 To investigate the extent of intracellular drug accu-
mulation with the DOX concentrations used in cell via-
bility tests, the cellular uptake of P 71 D 3 /DOX micelles, 
P 296 D 1 /DOX vesicles, or free DOX in MDA-MB-231 cells 
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 Figure 7.    Cellular uptake of P 71 D 3 /DOX micelles, P 296 D 1 /DOX vesicles, and free DOX in MDA-MB-231 cells. A) DOX concentration dependence 
of cellular uptake from fl uorescence intensity. Data are expressed as the mean ± SD ( n  = 3). * p  < 0.05 using one-way ANOVA. B) Time depend-
ence of cellular uptake from percentage of cellular uptake. Data are expressed as the mean ± SD ( n  = 3). C) Time dependence of cellular 
uptake from confocal microscopy. Scale bar: 20 μm. D) Time dependence of cellular uptake from fl uorescence intensity. Data are expressed 
as the mean ± SD ( n  = 3). * p  < 0.05 using independent  t -test.
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were quantifi ed using fl ow cytometry, after 2 h of incuba-
tion with DOX concentrations ranging from 0–10 μg mL −1 . 
The mean fl uorescence intensities of DOX were used to 
estimate the level of P 71 D 3 /DOX micelles, P 296 D 1 /DOX ves-
icles, or free DOX taken up by the cells (Figure  7 A). Cellular 
uptake increased in a concentration-dependent manner 
in which the uptake amount was in the following order: 
P 296 D 1 /DOX vesicles ≈ free DOX < P 71 D 3 /DOX micelles, 
and the uptake of P 71 D 3 /DOX was approximately two 
times higher than the uptake of free DOX and P 296 D 1 /DOX 
( p  < 0.05, one-way ANOVA with Bonferroni post-hoc test). 
Cellular uptake of P 71 D 3 /DOX micelles, P 296 D 1 /DOX vesi-
cles, or free DOX (1 μg mL −1  DOX equivalent) in MDA-MB-
231 cells was also quantifi ed at different time intervals 
of 1, 2, and 5 h. The P 71 D 3 /DOX micelles, P 296 D 1 /DOX vesi-
cles, and free DOX were taken up by 100% of the treated 
cells, beginning at 1 h after incubation (Figure  7 B).  

 The cellular uptake of the P 71 D 3 /DOX micelles and 
P 296 D 1 /DOX vesicles was also investigated using confocal 
microscopy based on the red fl uorescence of DOX at dif-
ferent time intervals of 0.5, 3, 6, and 24 h in the MDA-MB-
231 cancer cells (Figure  7 C). Based on the DOX IDF derived 
from confocal microscopy, the cellular uptake of P 71 D 3 /
DOX increased in a time-dependent manner whereas 
P 296 D 1 /DOX showed a much lower increase in uptake 
(Figure  7 D,  p  < 0.05 using independent  t -test). These 
results indicated that the delivery of DOX using P 71 D 3  
micelles effi ciently increased the cellular DOX concentra-
tion in the MDA-MB-231 cells compared with the P 296 D 1  
vesicles.  

  3.5.     Cellular Uptake via Energy-Dependent Mechanism 

 The MDA-MD-231 cells were treated with P 71 D 3 /DOX 
micelles and P 296 D 1 /DOX vesicles to determine the cellular 
uptake mechanism, intracellular localization, and accu-
mulation. Endocytosis is one of the main cellular uptake 
mechanisms for various extracellular materials and 
nanocarriers. Almost all endocytic pathways are energy-
dependent processes that can be inhibited at low tem-
peratures, for example, at 4 °C. [ 24 ]  Figure  8 A shows that 
the incubation of the MDA-MB-231 cells with P 71 D 3 /DOX 
micelles and P 296 D 1 /DOX vesicles at 4 °C for 2 h caused a 
90%–92% decrease in DOX uptake compared with the cells 
incubated at 37 °C, as measured by fl ow cytometry.  

 Temperature-dependent localization of the P 71 D 3 /DOX 
micelles and P 296 D 1 /DOX vesicles in MDA-MB-231 cells 
was also studied using confocal microscopy. The uptake 
of P 71 D 3 -FGA/DOX and P 296 D 1 -FGA/DOX, which was indi-
cated by the green fl uorescence of FGA-labeled nano-
carriers and the red fl uorescence of DOX, was signifi -
cantly reduced when the treated cells were incubated at 
4 °C (Figure  8 B). This indicates that the internalization of 
P 71 D 3 /DOX micelles and P 296 D 1 /DOX vesicles into MDA-
MB-231 cells most likely occurred via energy-dependent 

processes, which contrasts the diffusion-based transloca-
tion of free DOX. [ 25 ]   

  3.6.     Intracellular Localization of P 71 D 3 /DOX Micelles and 
P 296 D 1 /DOX Vesicles 

 To determine the intracellular localization of the P 71 D 3 /
DOX micelles and P 296 D 1 /DOX vesicles, P 71 D 3 -FGA and 
P 296 D 1 -FGA (green fl uorescence) were used together with 
LysoTracker (blue), ER-Tracker (blue), and MitoTracker 

 Figure 8.    Temperature dependence of cellular uptake for P 71 D 3 /
DOX micelles and P 296 D 1 /DOX vesicles on MDA-MB-231 cells. A) 
Percentage of cellular uptake for nanocarriers and B) confocal 
microscopy of FGA-labeled nanocarriers. Scale bar: 20 μm.
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(red) as the markers for the lysosomes, endoplasmic 
reticulum, and mitochondria, respectively. Figure  9 A,B 
shows high colocalization of green fl uorescence with 
LysoTracker, suggesting that both the P 71 D 3  micelles and 
the P 296 D 1  vesicles were internalized into the MDA-MB-
231 cells by endocytosis and localized in the lysosomes, 
which is the last compartment in the endocytic pathway. 
Both P 71 D 3 -FGA and P 296 D 1 -FGA also showed localization 

in mitochondria and minimal accumulation in the endo-
plasmic reticulum.  

 To identify the intracellular distribution of DOX (red 
fl uorescence) delivered by P 71 D 3 /DOX micelles and 
P 296 D 1 /DOX vesicles, colocalization assays were again 
performed with organelle-specifi c fl uorescence probes. 
The DOX from P 71 D 3 /DOX and P 296 D 1 /DOX was only par-
tially colocalized with the LysoTracker (Figure  10 A,B) 

although their FGA-labeled carriers 
showed a signifi cant colocalization 
signal with LysoTracker (Figure  9 ). This 
suggested that the DOX may escape 
from the lysosomes, translocate, and 
accumulate in the nuclei, as shown 
in Figure  5 C. Our results are in agree-
ment with those of Wei et al. [ 26 ]  and 
Cui et al., [ 27 ]  who suggested that the 
DOX loaded in the amphiphilic-den-
drimer nanomicelles and amphiphilic 
poly(ethylene glycol) derivative micelles 
could successfully escape from the lys-
osomes into the cytoplasm of both the 
breast cancer MCF-7R cells and cervical 
cancer HeLa cells. Finally, the released 
DOX could effectively enter the nuclei.  

 However, colocalization of red 
fl uorescence DOX and MitoTracker dem-
onstrated that the DOX molecules were 
also localized in mitochondria after 
P 71 D 3 /DOX and P 296 D 1 /DOX were inter-
nalized in MDA-MB-231 cells (Figure 
 10 A,B). Both the P 71 D 3 /DOX and P 296 D 1 /
DOX demonstrated partial translocation 
to the endoplasmic reticulum because 
the FGA-labeled carrier and DOX fl uo-
rescence were partially colocalized with 
the ER-Tracker (Figures  9 A,B and 10A,B). 
Conversely, free DOX showed moderate 
correlation with the lysosomes, endo-
plasmic reticulum, and mitochondria 
(Figure  10 C), as shown by their accu-
mulation predominantly in the nuclei 
(Figure  5 C). These fi ndings agree with 
those of Zeng et al. [ 28 ]  because the pol-
yester-based hyperbranched dendritic-
linear-based nanoparticles loaded with 
DOX were transported to the lysosomes 
and mitochondria following nanocar-
rier endocytosis in the breast cancer 
MCF-7/ADR cells. Free DOX was found 
to be signifi cantly colocalized with 
LysoTracker, whereas weak correlations 
were observed with the endoplasmic 
reticulum and mitochondria. [ 28 ]  

 Figure 9.    Cellular uptake of A) P 71 D 3 -FGA micelles and B) P 296 D 1 -FGA vesicles in MDA-
MB-231 cells costained with LysoTracker, ER-Tracker, and MitoTracker. Scale bar: 20 μm.
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 The intracellular localization of the P 71 D 3  and P 296 D 1  
was determined by evaluating 1 μm thick image slices of 
the MDA-MB-231 cell monolayer that were stacked and 

analyzed, together with cross-sectional slices perpendic-
ular to the plane of the cell monolayer midpoint ( z -axis). 
The  z -slices showed that distinct FGA-labeled P 71 D 3  and 
P 296 D 1  were present in different planes throughout the 
thickness of the monolayer (Figure  11 ). Cross-sectional 
slices confi rmed that the diblock copolymer carriers were 
indeed inside the cells and were not adsorbed on the 
outer cell surface.    

  4.     Conclusions 

 In summary, this study showed that the self-assemblies of 
the amphiphilic diblock copolymers P 71 D 3  and P 296 D 1  lead 
to high drug (DOX) loading and that this loading was espe-
cially high in the P 71 D 3  polymer micelles compared with 
the P 296 D 1  vesicles. Small size can enable the selective accu-
mulation of nanocarriers in tumor tissue. DOX entrapped 
in nanocarriers also reduces nonspecifi c tissue toxicity and 
enhances anticancer effi cacy. Further conjugation with 
targeted ligands may give the DOX-loaded nanoparticle 
active targeting properties. 

 In comparison, the P 71 D 3 /DOX micelles were able to 
entrap ≈10 times more of the DOX compared with the 
other polymeric micelles, although the particle sizes were 
similar. [ 27,29 ]  This phenomenon is the result of the bulky 
hydrophobic dendron pendant side chain, which forms a 
micelle core with a large void volume for encapsulating 
drugs. In terms of stability, the P 71 D 3 /DOX micelles exhib-
ited higher stability, with ≈20% of the DOX being released 
after 48 h, whereas other polymeric micelle systems, 
such as poly(ethylene glycol) derivative micelles, dextran-
 b -poly(DL-lactide- co -glycolide) copolymer micelles and 
stearic acid-grafted chitosan oligosaccharide micelles, 
showed an average DOX release of 50% after 8 h. [ 27,29,30 ]  
However, the net release from the P 71 D 3 /DOX micelles was 
still four times higher than that from previously reported 
polymer micelles due to the loading of tenfold higher 
amounts of DOX in the former. This delayed release can 
reduce premature and undesirable DOX release into the 
blood circulation and allowed more P 71 D 3 /DOX micelles 
to be taken up into the tumor cells. 

 It is pertinent to note that the P 71 D 3 /DOX micelle is 
distinct from other micelle systems because it showed 
enhanced DOX accumulation in the nucleus instead of 
the cytoplasm and higher cytotoxicity compared with 
free DOX. This is in contrast to previous reports, in which 
free DOX showed higher accumulation in the nucleus 
and was more cytotoxic than the DOX-loaded stearic 
acid-grafted chitosan oligosaccharide micelles or PEG-
poly(glutamic acid) 2  copolymer micelles. [ 31 ]  Furthermore, 
the P 71 D 3 -FGA/DOX micelles were capable of developing 
into theranostic nanoparticles that can be viewed using 
novel imaging probes, such as photoacoustic imaging. [ 32 ]  
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 Figure 10.    Cellular uptake of A) P 71 D 3 -FGA/DOX micelles, B) P 296 D 1 -
FGA/DOX vesicles, and C) free DOX in MDA-MB-231 cells costained 
with LysoTracker, ER-Tracker, and MitoTracker. Scale bar: 20 μm.
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This property could be useful in clinics to detect tumor 
locations and to assess therapeutic effects.  
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