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A B S T R A C T

Previously reported amphiphilic diblock copolymer with pendant dendron moieties (P71D3) has been further
evaluated in tumor-bearing mice as a potential drug carrier. This P71D3-based micelle of an average diameter of
100 nm was found to be biocompatible, non-toxic and physically stable in colloidal system up to 15 days. It
enhanced the in vitro potency of doxorubicin (DOX) in 4T1 breast tumor cells by increasing its uptake, by 3-fold,
compared to free DOX. In 4T1 tumor-bearing mice, the tumor growth rate of P71D3/DOX (2 mg/kg DOX
equivalent) treated group was significantly delayed and their tumor volume was significantly reduced by 1.5-
fold compared to those treated with free DOX. The biodistribution studies indicated that P71D3/DOX enhanced
accumulation of DOX in tumor by 5- and 2-fold higher than free DOX treated mice at 15 min and 1 h post-
administration, respectively. These results suggest that P71D3 micelle is a promising nanocarrier for che-
motherapeutic agents.

1. Introduction

Lack of tumor selectivity and high systemic toxicity of cancer che-
motherapeutic drugs are the major hurdles in the current cancer che-
motherapy (Voon et al., 2016; Yokoyama, 2006). In addition, in-
creasing resistant type of tumors requires high doses of anticancer
drugs, which in turn increase the systemic toxicity to the patient
(Holohan et al., 2013; Voon et al., 2016). To overcome these hurdles, a
targeted drug delivery system specific to the tumor site is expected to
keep the dose at minimum and reduce toxicity, via high local drug
concentration through enhanced permeation and retention effect
(Bertrand et al., 2014; Maeda et al., 2000). Thus, nanocarriers for drug
delivery have emerged in the field of cancer therapy in the past decades
(Voon et al., 2014).

Polymer micelles have been extensively studied for their applica-
tions to deliver various drugs including chemotherapeutics, contrast
agents, proteins, plasmid DNA and most recently siRNA (Kataoka et al.,
2001; Nishiyama and Kataoka, 2006; Osada et al., 2009). The ad-
vantages of polymeric micelles as delivery agents are two-fold: the
hydrophobic core serves as a solubilization depot for drugs with poor

aqueous solubility; while the hydrophilic shell provides protection to
limit opsonin adsorption in order to maintain better blood stability (Lu
and Park, 2013). However, these polymeric micelle systems may have
insufficient drug loading capacity, inadequate binding and uptake by
cells (Owen et al., 2012).

Currently, there are a few polymer micelles that are in clinical trials,
including doxorubicin (DOX)-encapsulated poly(ethylene glycol)
(PEG)-poly(propylene oxide) (PPO)-PEG (Pluronic) micelles (SP1049C)
in phase III (Armstrong et al., 2006), paclitaxel (PTX)-encapsulated
PEG-polyaspartate block copolymer micelle (NK105) in phase II
(Hamaguchi et al., 2005; Matsumura and Kataoka, 2009), and cisplatin-
incorporated PEG-polyglutamate block copolymer micelle (NC-6004) in
phase II (Matsumura and Kataoka, 2009; Uchino et al., 2005). These
proved that polymer micelles are of potential clinical use as drug de-
livery system.

Previously, we reported a DOX loaded self-assembly micelle pre-
pared from an amphiphilic diblock copolymer with pendant dendron
(P71D3) for enhanced tumor cellular uptake (Viswanathan et al., 2016).
The P71D3 polymers consist of a linear polyelectrolyte chain and a hy-
drophobic block carrying a pendant benzyloxy-type dendritic moiety
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are able to self-assemble into spherical micelles (Yusa et al., 2011). This
assembling phenomenon is thermodynamically controlled and stabi-
lized, causing the hydrophobic moieties (blocks) to aggregate and form
the hydrophobic micelle core. While the hydrophilic polyelectrolyte
chains form the outer hydrophilic shells. The hydrophobic DOX mole-
cules are then entrapped in the large cavity, within and between hy-
drophobic dendron moieties in the micelle core (Scheme 1). The P71D3

micelles were found to achieve a high drug loading capacity of 95% and
increased uptake of DOX by 2-fold in tumor cells compared to free DOX
(Viswanathan et al., 2016). However, extreme dilutions by blood upon
intravenous administration of micellar solution may cause the poly-
meric micelles to prematurely deform and disassemble; leading to
leakage and burst release of loaded drugs (Kulthe et al., 2012).
Therefore, in vivo studies are required to evaluate the behavior of this
delivery system in the body.

In the present work, we further evaluate the antitumor efficacy of
P71D3-DOX in 4T1 breast cancer model in vitro and in vivo. Particle
stability, biocompatibility, tumor cellular uptake and trafficking, tumor
growth inhibition in 4T1 tumor-bearing mice, in vivo noninvasive
imaging and biodistribution were investigated. Syngeneic murine
mammary tumor model (4T1 breast cancer model) was adopted in this
study as it closely mimics human late stage breast cancer (Tao et al.,
2008).

2. Experimental section

2.1. Materials

The diblock copolymer P71D3 was the same sample as that pre-
viously synthesized (Osawa et al., 2013; Yusa et al., 2011). DOX was
kindly donated by Prof. H. C. Tsai, National Taiwan University of Sci-
ence and Technology, Taiwan. ProLong Gold Antifade Mountant with
4',6-diamidino-2-phenylindole (DAPI) was purchased from Molecular
Probes, Invitrogen (Eugene, OR, USA). Other reagents were commer-
cially available. Deionized ultrapure (ELGA PURELAB flex 3) water
with a resistivity of 18.2 MΩ·cm was used throughout all syntheses and
measurements.

2.2. Preparation of doxorubicin-loaded P71D3 micelles

Doxorubicin-loaded P71D3 micelles were prepared according to the
method reported previously (Viswanathan et al., 2016). P71D3 (0.5 mg)
and DOX (0.1 mg) were dissolved in water (5 ml). The mixture was
allowed to stand overnight at room temperature to achieve complete
dissolution. The aqueous solutions (5 ml) were then 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. To ensure complete removal of free DOX, the dialysis
medium was changed every 2 h and measured with UV–vis spectro-
photometer until the absorbance of DOX at 480 nm became negligible.
The P71D3 micelles/DOX in aqueous solution were used directly for
further physicochemical characterization experiments.

2.3. Physicochemical properties of P71D3 micelles: particle size, particle
stability and zeta potential

The mean particle size and the size distribution of the P71D3 micelle
were measured by applying the dynamic light scattering principle using
a Malvern NanoSeries ZetaSizer. A volume of 50 μl of 1 mg/ml micelle
was added to 3 ml of water and size measurement was then performed.

To evaluate the stability of the P71D3 micelle in a stock solution, the
size of micelle was monitored for 15 days at ambient room temperature
(27 °C) to analyze cluster formation. The sampling intervals for the
measurements were day 1, 2, 6, 8, 10, 13 and 15.

The zeta potential of the P71D3 micelle was also determined by
applying the principle of electrophoretic mobility under an electric field
using a Malvern NanoSeries ZetaSizer. Zeta potential is related to the
surface charge of the micelles and influence their interactions with
cellular membranes. The size and zeta potential measurements of the
P71D3 micelles were determined in triplicate.

2.4. In vitro cytotoxicity assay

Aqueous stock solutions of P71D3 (100 μg/ml polymer) and P71D3/
DOX (95 μg/ml DOX equivalent polymer) were prepared. The 4T1 cells
were grown and maintained in Roswell Park Memorial Institute (RPMI)
medium supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin at 37 °C in a 5% CO2 humidified chamber. 4T1
cells were seeded into 96-well plates at 5000 cells/well and were in-
cubated overnight to allow cells to adhere before polymer samples were
introduced. Polymer samples were diluted in culture medium and
added to the cells to give final concentrations ranging from 0.156 to
1.25 μM DOX equivalent. The cells were then incubated for 24 h at
37 °C in 5% CO2 before cell viability was assessed using the MTT assay
(Kiew et al., 2017). Ten microliters of 3-(4,5-dimethylthiazol-2-yl)- 2,5-
diphenyl tetrazolium bromide (MTT) (5 mg/ml in phosphate buffered
saline (PBS)) was added to each well and incubated for 3 h. The su-
pernatant was carefully removed, and replaced with 100 μl of di-
methylsulfoxide to dissolve the purple formazan crystal. The optical
density of each well was measured at 570 nm using a microplate
spectrophotometer. The viability of the cells in response to the treat-
ment of polymeric micelle samples was calculated using the following
equation:

= ⎛
⎝

⎞
⎠

×Percentage(%) of cell viability OD treated
OD control

100

Cell viability in the presence of a solvent control (PBS) was de-
termined concurrently and three independent experiments were carried
out.

Scheme 1. Chemical structure of P71D3 and Doxorubicin, schematic representation of
P71D3/DOX.
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2.5. Cellular internalization and subcellular localization of free DOX and
P71D3/DOX micelles in 4T1 cancer cells

2.5.1. Cellular uptake study
The uptake of P71D3/DOX and free DOX by 4T1 cells was de-

termined using flow cytometry (Viswanathan et al., 2016). First, the
cells (1.5 × 105 cells/well) were seeded in 12-well culture plates and
incubated at 37 °C in a 5% CO2 humidified chamber for 24 h to allow
for cell adherence. Then, the cells were treated with P71D3/DOX or free
DOX (1 μg/ml DOX equivalent) with 2 h incubation. After being in-
cubated for 2 h, the treated cells were washed 2 times with cold PBS,
trypsinized and transferred to tubes and centrifuged. The cells were re-
suspended in 0.5 ml of PBS containing 0.5% FBS for flow cytometric
analysis on a BD FACS Canto II flow cytometer (Becton Dickinson, San
Jose, CA, USA) equipped with a 488 nm argon laser and a 670 nm long
pass filter to detect the fluorescence 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 cellular uptake
experiments were repeated three times.

2.5.2. Subcellular localization study
The procedure for confocal microscopy was as follows: 4T1 cells

(2 × 105 cells/well) in complete 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% CO2 humidified chamber. The cells were treated
with P71D3/DOX (1 μg/ml DOX equivalent) and free DOX (1 μg/ml) for
2 h at 37 °C. The cells were fixed 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 DAPI. 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). DOX was excited using a 488 nm argon
laser and had their emissions detected 590–720 nm on the PMT de-
tector. 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 software (Lim et al., 2010).

2.6. Trafficking of P71D3/DOX micelles

To assess the effect of low temperature on the uptake of P71D3/DOX
micelles and free DOX, the flow cytometric cellular uptake studies were
repeated based on the procedures described above, except the cells
were treated with P71D3/DOX micelles or free DOX for 2 h at 4 and
37 °C.

The uptake mechanisms of the P71D3/DOX micelles and free DOX
were studied by treating the cells with different endocytosis inhibitors
for 30 min at 37 °C, including amiloride at 10 μM, geneistein at 100 μM
or phenylarsine oxide at 2 μM. These inhibiting drugs were selected
based on their ability to inhibit specific steps in the endocytic pathway.
Inhibitors were then removed and the cells were washed two times with
PBS. Following this, flow cytometric cellular uptake studies were re-
peated based on the procedures described previously (Viswanathan
et al., 2016). Three independent experiments were carried out.

2.7. Hemo-biocompatibility assay

2.7.1. Hemolysis study
One hundred microliter aliquots of a 2% red blood cell (RBC) sus-

pension were mixed with 100 μl of P71D3 micelles in sterile micro-
centrifuge tubes to attain final concentrations ranging from 0 to
0.25 mg/ml. A positive control was also prepared by adding 100 μl of
Triton X100 (1% v/v) to 100 μl aliquots of a 2% RBC suspension to
produce 100% hemolysis. All samples (n = 3) were incubated for 5 h at

37 °C to allow hemolysis to take place (Kiew et al., 2010). The samples
were then centrifuged for 10 min at 1000 × g, and the supernatants
(100 μl) were transferred to 96-well plates to analyze hemoglobin re-
lease using spectrophotometric absorbance at 550 nm in an Infinite®

M1000 Pro Tecan microplate reader (Männedorf, Meilen, Switzerland).
The absorbance values of the respective samples were compared with
the positive control, and the percent lysis was then calculated. The
hemolysis experiments were repeated three times.

2.7.2. Red blood cell (RBC) aggregation study
The erythrocytes aggregation test was conducted according to

Singhal and Ray (2002)with minor modifications. One hundred mi-
croliter aliquots of 2% RBC suspension in Ringer solution were mixed
with 100 μl of P71D3 micelles in PBS at concentrations ranging from 0 to
0.25 mg/ml. For positive control, 100 μl of PBS was mixed with 100 μl
of 2% RBC suspension in modified Ringer’s solution that contains no
sodium citrate. All the test and control samples (n = 3) were incubated
for 2 h at 37 °C. After incubation, the samples were examined using
Olympus CX31 microscope at 100 × magnification. Photomicrographs
were taken using a Nikon Coolpix 4500 image recorder (Sumida-ku,
Tokyo, Japan). The RBC aggregation studies were repeated three times.

2.8. Animal experiments

Female immunocompetent wild-type BALB/c mice (8–10 weeks old;
body weight 18–20 g) were supplied by the Animal Experimental Unit,
Faculty of Medicine, University of Malaya for the in vivo studies. The
mice were maintained in the satellite animal facility of the Department
of Pharmacology, Faculty of Medicine, University of Malaya. The mice
were kept in a controlled environment with a 12-h light-dark cycle and
free access to food and water. All animal experiments were performed
in accordance with protocols and ethics that were approved by the
Faculty of Medicine Institutional Animal Care and Use Committee of the
University of Malaya (FOM IACUC) (Ethics Reference no. 2016-
190607/PHAR/R/KLV).

2.8.1. In vivo anticancer efficacy study
To perform tumor transplantations, murine 4T1 breast cancer cells

(5 × 105) in 0.1 ml of RPMI medium were orthotopically injected into
the mammary fat pads of BALB/c mice after their fur was shaved. When
the tumor reached an average volume of approximately 100 mm3 (Lee
et al., 2009), the mice were intravenously injected via tail vein with
saline, free DOX, P71D3/DOX (2 mg/kg of free DOX), or with blank
P71D3 micelles (0.2 mg/kg, which is equivalent to P71D3/DOX that
contains 2 mg/kg of free DOX). All test samples were prepared in saline
to achieve a volume of 0.2 ml per injection. The mice were randomly
divided into 4 treatment groups (n = 7), as follows: (1) free DOX, (2)
P71D3/DOX micelles, (3) blank P71D3 micelles and (4) normal saline.
The tumor size was then monitored 3 times per week. Tumor volumes
were measured using a caliper and calculated as follows:

⎜ ⎟= ⎛
⎝

× ⎞
⎠

Tumor volume(mm ) L W
2

3
2

where L is the longest dimension and W is the shortest dimension
(Tomayko and Reynolds, 1989). The tumor volume was not allowed to
exceed 1500 mm3 throughout the study for ethical reasons.

2.8.2. In vivo biodistribution studies
When the tumors established in the BALB/c mice reached an

average volume of 100 mm3, the mice were randomly divided into 3
groups. P71D3/DOX micelles and free DOX (2 mg/kg DOX equivalent)
in normal saline were intravenously injected via the tail vein into the
mice. The mice (n = 3) were then sacrificed at predetermined time
points (0, 0.25, 1, 6, 24 and 48 h post-administration of the free DOX or
P71D3/DOX micelles). Major organs, including tumor tissues and the
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kidneys, liver, lungs, skin, lymph nodes, spleen and eyes, were har-
vested and imaged using an In Vivo MS FX PRO (Carestream Molecular
Imaging, Woodbridge, CT, USA) with an excitation filter at 488 nm and
an emission filter at 580 nm to detect the fluorescence emitted by the
DOX. The fluorescence intensities observed in each organ and tissue
were quantified using Carestream Molecular Imaging software 5.0
(Woodbridge, CT, USA). Mice treated with saline under identical con-
ditions were used as the controls (Voon et al., 2016).

2.8.3. In vivo toxicity profile of P71D3 micelles
The toxicity profiles of P71D3 micelles were determined after they

were intravenously administered to the mice via tail vein at doses
equivalent to 50 mg/kg. Toxicity was observed for 20 days by recording
the symptoms, including inactivity, ruffled fur, behavior changes, and
loss of body weight (Kue et al., 2015).

2.9. Statistical analysis

In vitro and in vivo experiments were performed to compare the ef-
ficacy of free DOX and P71D3/DOX micelles. Statistical analyses were
performed using SPSS. One-Way ANOVA with Dunnett’s Multiple
Comparisons was used to compare means among the three groups of
samples. Student’s t-tests were used to assess differences between two
groups. The mean differences were considered statistically significant
when the p value was less than 0.05.

3. Results and discussion

3.1. Characterizations of P71D3 micelles

The amphiphilic diblock copolymers P71D3 (molecular weight of
2.60 × 106) self-assembled into micelles consisting of 104 molecules
(Yusa et al., 2011). The P71D3 micelles had an average hydrodynamic
diameter of 100 nm in PBS, and their size in PBS did not vary over a
period of 15 days (Fig. 1). These results show that the micelles re-
mained stable and did not aggregate.

The zeta potential of P71D3 micelles was approximately −10 mV
and did not vary significantly over 15 days in PBS (Fig. 1). Our finding
is similar to the zeta potential of micelles derived from other amphi-
philic diblock copolymers including poly(oligoethylene glycol methyl
ether methacrylate)-b-poly(4-vinylpyridine) (Topuzogullari et al.,
2014), poly(ethylene gycol)-b-poly(benzyl malolactonate) (Loyer et al.,
2013) and poly(ethylene glycol)-poly(β-L-malic acid)-campotothecin-II
(Yang et al., 2016) in the range of −8 to −16 mV.

The negative zeta potential on the micelles cause electrostatic re-
pulsion among the particles and thus provide stability to the colloidal
system against aggregation under physiological condition. In addition,
particles with negative zeta potential are also able to reduce non-spe-
cific binding to normal cells including endothelial cells and to prolong
their blood circulation time.

P71D3 micelles had effectively encapsulated DOX, with a high
loading capacity of 95%, as reported in our previous publications. The
amount of DOX release from P71D3 micelles was approximately 1.3-fold
more abundant at a tumoral acidic pH of 5.5 compared to pH 7.4
(Viswanathan et al., 2016). Aromatic moiety in DOX may interact with
the benzyloxy groups in the dendron side chain moiety of the block
polymer. There could also be electrostatic interaction between the
carboxylate terminal of block copolymer with the ammonium ion in
DOX. These interactions may influence the DOX release. As the pKa of
carboxylate in the polymer is around 6, it is likely to protonate at pH
5.5 and therefore loses the electrostatic interaction with the ammonium
ion of DOX. This could explain the higher DOX release at the tumoral
pH of 5.5 compared to pH 7.4 (normal tissues).

3.2. P71D3/DOX micelles enhanced cytotoxicity of DOX on 4T1 tumor cells

The 4T1 cancer cell viability following treatment was determined
24 h later using the MTT assay (Fig. 2). The P71D3/DOX micelles ex-
hibited enhanced cytotoxicity, with a half maximal inhibitory con-
centration (IC50) of 0.12 μM (0.065 μg/ml) DOX equivalent compared
with free DOX (IC50 = 0.2 μM or 0.109 μg/ml) under identical condi-
tions. Our IC50 value for free DOX was within the range of IC50 found in
the literature from 0.025 to 2.7 μM (Zeng et al., 2014). This confirms
that the P71D3/DOX micelles have a higher potency compared with free
DOX. Additionally, the IC50 value of P71D3/DOX micelles is also lower
compared to other DOX loaded amphiphilic diblock polymeric micelles
reported previously such as poly(ethylene glycol)–poly(ε-caprolactone)
micelles (0.94 μg/ml) (Sun et al., 2014) and polyethylene glycol-g-
polyamide amine micelles (0.086 μg/ml) (Sun et al., 2013). As a con-
trol, cells treated with up to 10 μg/ml P71D3 micelles showed no re-
duction in cell viability (data not shown), where the amount of P71D3

was approximately 16-fold higher than that in P71D3/DOX with
1.25 μM DOX equivalent. This implies that the observed cytotoxicity of
P71D3/DOX is because of the DOX in the P71D3 micelles. The higher
cytotoxic potency of the P71D3/DOX micelles corresponds to their
higher cellular uptake compared with free DOX, as described below.

Fig. 1. Particle size and zeta potential (ZP) of P71D3 in phosphate buffered saline over
15 days. P71D3 remained stable in their size and zeta potential when kept at 27 °C. Data
are expressed as mean ± SD (n = 3).

Fig. 2. The effect of P71D3/DOX, DOX and P71D3 on the viability of 4T1 cancer cells at
37 °C and 24 h incubation. The concentration refers to DOX and DOX equivalent for free
DOX and P71D3/DOX micelles, respectively. For P71D3 micelles, the amount of P71D3 is
equivalent to that in P71D3/DOX micelles, and the concentration refers DOX equivalent.
Data are represented as the mean ± SD (n = 3).

S.H. Voon et al. International Journal of Pharmaceutics 534 (2017) 136–143

139



3.3. P71D3/DOX micelles enhanced uptake of DOX by tumor cells

Cellular uptake of the P71D3/DOX micelles and free DOX by 4T1
cancer cells was quantified with flow cytometry based on the fluores-
cence of DOX. The P71D3/DOX micelles exhibited the highest cellular
uptake of 93% after incubation for 2 h compared with the free DOX
(33%) (Fig. 3A), which is consistent with its high cellular uptake
(≈99%) by MDA-MB-231 human breast cancer cells (Viswanathan
et al., 2016). However, this is contrary to the results reported by
Prabaharan et al. (2009), where the 4T1 cellular uptake of free DOX
was greater than poly(L-aspartate-doxorubicin)-b-poly(ethylene glycol)
copolymer micelles conjugated with active targeting molecules, folic
acid.

The cellular uptake of DOX in P71D3 micelles and free DOX at an
equivalent dose in the 4T1 cells was also evaluated with confocal mi-
croscopy. The red fluorescence of DOX observed in the 4T1 cells treated
with P71D3/DOX micelles was brighter than in the cells treated with
free DOX (Fig. 3B). The results from cellular uptake suggested an en-
hanced accumulation of P71D3/DOX micelles in the cells.

In cells treated with P71D3/DOX micelles, high intensities of red
fluorescence were found mainly colocalized in the nuclear compart-
ment that stained with DAPI (blue fluorescence), but less in the cyto-
plasm, as shown in the partial overlap DAPI and DOX topographic lines
in the colocalization line profile in Fig. 3B. Conversely, in cells treated
with free DOX, the red DOX fluorescence intensity was found only in
the nuclear compartment, but not in the cytoplasm as the DAPI and
DOX topographic lines are almost identical and overlapped with each
other. These findings are consistent with and supported by our previous
report (Viswanathan et al., 2016) on the trafficking of P71D3/DOX.
Thus, it is suggested that the DOX is released from the P71D3 micelles in
the tumor lysosomes upon cellular uptake, and then diffuses to the

nucleus to exert its cytotoxic effect (Viswanathan et al., 2016).

3.4. Cellular uptake mechanisms and pathway studies

The 4T1 cells were treated with P71D3/DOX and free DOX to de-
termine the cellular uptake mechanism, intracellular localization and
accumulation. Endocytosis is one of the main uptake pathways for
various extracellular materials and nanodrugs. Almost all endocytic
pathways are energy-dependent processes that can be inhibited at low
temperature, 4 °C. Fig. 4 shows that the incubation of the 4T1 cells with
P71D3/DOX at 4 °C for 2 h had caused an approximately 30% decrease
in uptake compared with the cells incubated at 37 °C, as measured by
flow cytometry. This indicated that the internalization of P71D3/DOX
into 4T1 cells occurred via an energy-dependent process. Our findings
are consistent with Zeng et al. (2012) where the incubation of MCF-7/
ADR cells with DOX-loaded polyester-based hyperbranched dendritic-
linear based nanoparticles at 4 °C had resulted in a 32.5% decrease in
DOX accumulation compared to cells incubated at 37 °C. Our previous
study had reported a greater decrease of approximately 90% in DOX
uptake at 4 °C in MDA-MD-231 cancer cells incubated with P71D3/DOX
compared to those treated at 37 °C. Therefore, the degree of the in-
hibition of cellular uptake by lowering the temperature varies ac-
cording to cell lines.

The endocytic inhibitors used in this study, including amiloride
hydrochloride, genistein and phenylarsine oxide, did not show sig-
nificant inhibition effect on the internalization of P71D3/DOX in 4T1
cells, when incubated at 37 °C for 2 h (Fig. 4). However, copolymer
micelles and dendritic nanoparticles had been reported to be taken up
into the cells via clathrin- and macropinocytosis-mediated pathways in
breast tumor cells (Zeng et al., 2014, 2012).

Fig. 3. Cellular uptake of P71D3/DOX and DOX in 4T1 cells using flow cytometry and confocal microscopy after 2 h incubation at 37 °C. (A) Percentage of cellular uptake of P71D3/DOX
and DOX at 1 μg/ml DOX equivalent measured using flow cytometry, and (B) Confocal microscopic images and line profiles of P71D3/DOX and DOX at 1 μg/ml DOX equivalent on DAPI-
labelled cells. Scale bar: 20 μm.
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3.5. Biocompatibility of P71D3 micelles: hemolysis tests and red blood cells
aggregation test

Hemo-biocompatibility is important to prevent complications such
as hemolytic anemia when nanoparticles are administered in vivo. After
being incubated for 5 h with the nanoparticles, a small degree of he-
molysis of red blood cells was observed and displayed a plateau at
approximately 12% in the P71D3 micelles at concentrations up to
0.25 mg/ml (Fig. 5). These levels are tolerable (Ilium, 1998) because
these substances are considered to be non-hemolytic when less than
15% of red blood cells are lysed in these assays (Petersen et al., 2002;
Richardson et al., 1999).

In the aggregation study, aggregates of red blood cells were not
found in the cells treated with P71D3 only or negative control (PBS).
Conversely, significant aggregates of red blood cells were found in cells
treated with positive control (Data not shown). These results suggest
that P71D3 micelles were hemo-biocompatible and appropriate for
systemic administration.

Our finding is consistent with other polymer micelles, including
poly(ethylene oxide)-block-poly(β benzyl-L-aspartate) micelles (Yu
et al., 1998), monomethoxy poly(ethylene glycol)-poly(lactide) diblock
copolymers micelles (Li et al., 2009) and amphiphilic copolymer poly

(d,l-lactide-co-2-methyl-2-carboxytrimethylenecarbonate) −g-poly
(ethylene glycol) micelles (Lu et al., 2011), which were also reported to
be compatible with red blood cells and did not exert hemolytic effect.
Furthermore, the amount of P71D3 that was administered in this study
was approximately 0.05 mg per mouse, and this amount would be ra-
pidly diluted by the total blood volume in circulation (estimated to be
2 ml). Therefore, the degree of hemolysis that is caused by this minute
amount of P71D3 is expected to be negligible, which has no significant
difference compared to the negative or solvent control (0), as indicated
in Fig. 5.

3.6. Animal model

3.6.1. Toxicity profile of P71D3 micelles
P71D3 micelles were administered at 50 mg/kg intravenously to the

mice via the tail vein. Toxicity was evaluated using the Berlin test to
analyze typical symptoms, including inactivity, ruffled fur, diarrhea,
behavioral changes, and loss of body weight. No death or symptoms of
toxicity was observed in the mice that treated with 50 mg/kg P71D3

micelles. Body weight changes of BALB/C mice over 17 days are pro-
vided in the supplementary material section (Fig. S1).

3.6.2. Antitumor efficacy study of P71D3/DOX on 4T1 tumor
The tumor selectivity and antitumor effects of P71D3/DOX were

assessed and compared to free DOX in female BALB/c mice bearing 4T1
mammary tumors. Fig. 6 shows the tumor growth rate of all groups. The
average tumor volume after administration of P71D3/DOX, free DOX
and blank P71D3 were clearly distinguishable from each other. The
tumor growth rate of P71D3/DOX-treated group was significantly de-
layed and the tumor volume was significantly reduced by 1.5- and 1.8-
fold compared to those treated with free DOX and blank P71D3 micelles,
respectively, from day-8 post treatment (p < 0.05, One-Way ANOVA).
The group treated with free DOX showed increase in tumor growth and
their growth rate was slightly delayed compared to the control group
treated with blank P71D3 micelle (Fig. 6). All the mice were sacrificed
when their tumor volume exceed 1500 mm3 for ethical reasons. These
results indicate that the DOX-loaded in P71D3 micelles significantly
inhibited the growth of 4T1 tumors in mice when compared to free
DOX. Our results are consistent with that of Gao et al. (2005) where the
tumor volume in mice treated with DOX-loaded micelles (3 mg/kg DOX
equivalent) was significantly smaller than that treated with free DOX,
although the tumor growth was not completely suppressed in both

Fig. 4. Effect of temperature (37 and 4 °C) and endocytic inhibitors on accumulation of
P71D3/DOX and DOX in 4T1 cells. Cells were untreated (control and 4 °C) or pretreated
with inhibitors for 30 min at 37 °C prior to addition of P71D3/DOX and DOX (1 μg/ml
DOX equivalent). The fluorescence signal was measured using flow cytometry following
incubation at 37 °C in all cases except the one labeled 4 °C for 2 h. Data represents the
mean ± SD (n = 3). * p < 0.05 compared to control.

Fig. 5. Hemolysis test of P71D3. P71D3 is classified as non-hemolytic, as the hemolysis
level was approximately 12% (less than 15%). Triton-X100 served as a positive control.
Data represents the mean ± SD (n = 3).

Fig. 6. In vivo anticancer efficacy of P71D3/DOX micelles in 4T1 tumor-bearing mice.
P71D3/DOX micelles (2 mg/kg DOX equivalent) effectively suppressed 4T1 tumor growth
compared to free DOX (2 mg/kg) and saline. Data represents the mean tumor
volume ± SEM (n = 7) for each group. *p < 0.05 compared to P71D3 or solvent con-
trol.
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treated groups. Additionally, Wei et al. (2015) also reported that free
DOX only moderately retarded tumor growth at 5 mg/kg whereas
treatment with DOX-loaded amphiphilic dendrimer micelles sig-
nificantly inhibited tumor growth.

No changes in the body weight of each group over time were ob-
served throughout the antitumor study (data not shown). This indicates
that there was no overall systemic toxicity caused by the formulations.

3.6.3. In vivo biodistribution studies
The biodistribution of P71D3/DOX micelle and free DOX were

monitored in 4T1 tumor-bearing mice for up to 24 h. A rapid accu-
mulation and a significant increase of DOX-loaded micelles in tumors
were observed compared to free DOX at 15 min and 1 h post-adminis-
tration (Fig. 7). At 15 min post-administration, the fluorescence in-
tensity of the tumors that were treated with P71D3/DOX was approxi-
mately 5-fold higher (393 ± 106 × (103) p/s/cm2/sr) than the
intensity observed in the mice that were treated with free DOX
(85 ± 30 × (103) p/s/cm2/sr) (p < 0.05, Student’s t-Test). The ac-
cumulation of P71D3/DOX in tumor was highest at 1 h post-adminis-
tration, when the fluorescence intensities of the mice treated with
P71D3/DOX (487 ± 99 × (103) p/s/cm2/sr) was 2-fold higher than the
intensities in the group treated with free DOX (281 ± 108 × (103) p/
s/cm2/sr) (p < 0.05, Student’s t-Test). These results indicate that se-
lective and rapid tumor accumulation of DOX was achieved when DOX
was loaded in P71D3 micelles, and the maximal accumulation of P71D3/
DOX and free DOX occurred at 1 h post-administration.

A large amount of P71D3/DOX was accumulated in the liver (ap-
proximately 20-fold more than in the tumor) and then in lung, kidney

and lymph node within the first 15 min post-administration (Fig. 7A),
but these accumulations were dissipated swiftly in the subsequent
monitoring period. A similar pattern but a significantly reduced amount
was found for free DOX, where the accumulation peaked at 15 min in
the liver and kidney and 1 h in the lungs. Swift clearance of both P71D3/
DOX and free DOX in these organs is typical of micelles and small
molecular weight compounds.This also indicates that the accumulation
in these organs was random and non-selective. Kim et al. (2009) re-
ported similar finding where the DOX level in the liver and kidney was
higher when compared to the tumor after administration of DOX-loaded
micelles in ovarian tumor-xenografted mouse models.

Accumulation of P71D3/DOX and free DOX was also observed in
heart, spleen and lymph node at a much lower level (Fig. 7). There was
no significant difference between the two samples in these organs. Gao
et al. (2005) also reported that the DOX fluorescence in heart and
spleen was at low level close to autofluorescence when the DOX mi-
celles and free DOX were intravenously administered at 6 mg/kg DOX
equivalent. We suggest that to improve the tumor targeting property
and tumor selectivity of P71D3 based micelles, tumor targeting ligands
such as folate and others could be conjugated to the surface of the
micelles (Kue et al., 2016). Further understanding of the pharmacoki-
netics of the micelles may facilitate further optimization to improve
delivery and minimize unwanted toxicity.

4. Conclusion

In conclusion, this study shows that P71D3 micelles are stable as a
colloidal system up to 15 days, biocompatible, and enhance the uptake

Fig. 7. In vivo biodistribution studies in 4T1 tumor-bearing mice. The mice were treated with a 2 mg/kg equivalent of DOX via the tail vein (n = 3). (A) Organs and tissues (tumor, heart,
spleen, lymph node, kidney, lung and liver) were harvested, and (B) fluorescence intensities per centimeter squared per steradian (p/s/cm2/sr) of each organ was recorded using an in vivo
imager. Data represents mean ± SD (n = 3) at each time point.
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of DOX in breast cancer cells by 3-folds compared to free DOX.
Additionally, P71D3 micelles also increase accumulation of DOX in
tumor tissue in 4T1 tumor-bearing mice in vivo by at least 2-fold and
enhance its antitumor efficacy by 1.5-fold compared to free DOX in
cancer chemotherapy. These suggest that P71D3 micelles could be a
promising anticancer drug nanocarrier to achieve better treatment ef-
ficacy for chemotherapy.
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