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A B S T R A C T

In this study, a pH-sensitive micelle self-assembled from poly(L-histidine) based triblock co-

polymers of poly(ethylene glycol)–poly(D,L-lactide)–poly(L-histidine) (mPEG-PLA-PHis) was

prepared and used as the intracellular doxorubicin (Dox) delivery for cancer chemo-

therapy. Dox was loaded into the micelles by thin-film hydration method and a Box–

Behnken design for three factors at three levels was used to optimize the preparations. The

optimized mPEG-PLA-Phis/Dox micelles exhibited good encapsulation efficiency of 91.12%,

a mean diameter of 45 nm and narrow size distribution with polydispersity index of 0.256.

In vitro drug release studies demonstrated that Dox was released from the micelles in a pH-

dependent manner. Furthermore, the cellular evaluation of Dox loaded micelles displayed

that the micelles possessed high antitumor activity in vitro with an IC50 of 35.30 µg/ml against

MCF-7/ADR cells. The confocal microscopy and flow cytometry experiments indicated that

mPEG-PLA-Phis micelles mediated efficient cytoplasmic delivery of Dox with the aid of poly(L-

histidine) mediated endosomal escape. In addition, blank mPEG-PLA-Phis micelles were shown

to be nontoxic to MCF-7/ADR cells even at a high concentration of 200 µg/ml. The pH-

sensitive mPEG-PLA-PHis micelles have been demonstrated to be a promising nanosystem

for the intracellular delivery of Dox for MDR reversal.

© 2017 Shenyang Pharmaceutical University. Production and hosting by Elsevier B.V. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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1. Introduction

Doxorubicin (Dox), an anthracycline cytotoxic drug, is com-
monly used as a primary and first-line chemotherapeutic agent
in breast cancer therapy. However, therapeutic efficacy of Dox

is far from perfect due to its poor tumor selectivity, cardio-
toxicity and the emergence of multidrug resistance (MDR)
during chemotherapy [1–3]. One way to resolve these prob-
lems is to encapsulate the drug into biodegradable nano drug
delivery systems (Nano-DDS) [4–6]. As antitumor drug carri-
ers, Nano-DDS exhibited unique properties such as high drug
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loading capacity, good stability and alteration of in vivo phar-
macokinetic profile of incorporated payloads. Moreover, one of
the most attractive property is that the Nano-DDS can prolong
the systematic circulation of drugs, preferentially accumu-
late in tumors via the enhanced permeability and retention
(EPR) effect (so-called “passive tumor-targeting”) [7–9]. The EPR
effect mediated tumor targeting reduced the drug distribu-
tion in other organs and side effects, leading to the enhanced
therapeutic efficacy.

Despite the enhanced distribution in the tumor cells via EPR
effect, the encapsulation of payloads in endosome after en-
docytosis was the major barrier during the intracellular
transport. This would lead to a decreased effective concentra-
tion of payloads in the tumor cells. To further increase the
effective concentration of payload, pH sensitive copolymer mi-
celles have been developed for intracellular delivery of
anticancer drug. [10] poly(L-histidine) (PHis) based copoly-
mers have attracted considerable attention because of their
biocompatibility, low toxicity, and more importantly, appro-
priate responsive pH as well as endolysosomal escape properties
[11,12]. According to our previous studies [13], the endolysosomal
escape property of PHis based copolymers could be attrib-
uted to the “proton sponge” effect. When the micelles were
endocytosing into the acidic endolysosome, the PHis blocks in
the copolymers became protonated and kept the proton pump
functioning, leading to the influx of Cl− ions and water mol-
ecules. This caused an increase of osmotic pressure in
endolysosomes and swelling up of endolysosomes, resulting
in the release of incorporated drug into the cytoplasm with the
endosome membrane remaining intact. PHis-based micelles
have great potential in enhancing the effective payload con-
centration in tumor cells due to the pH triggered payload release
and endosomal escape. Noteworthy, PHis based micelles have
been demonstrated to overcome multidrug resistance (MDR)
of various tumors because of the enhanced intracellular de-
livery of anticancer drugs [14,15].

In this study, the copolymer of poly(ethylene glycol)–poly(D,L-
lactide)–poly(L-histidine) (mPEG-PLA-PHis) was used to construct
a pH sensitive micelle for intracellular delivery of Dox against
MCF-7/ADR cells. Box–Behnken technique with three-factor
three-level was applied to optimize the incorporation of Dox
into the micelles because it can depict the relationship between
responses and independent variables [16–18].The in vitro release,
cell cytotoxicity, cellular uptake and subcellular distribution
of the mPEG-PLA-Phis/Dox micelles were further evaluated.

2. Materials and methods

2.1. Materials

Doxorubicin hydrochloride (Dox·HCl) was purchased from
Meilunbio (Dalian, China). Nα-CBZ-Nim-DNP-L-histidine was
purchased from GLBiochem (Shanghai, China). D,L-Lactide was
obtained from GLACO (Beijing, China). Poly(ethylene glycol)
methyl ether (mPEG, MW: 2000 g/mol), Pyrene and Hoechst
33258 were purchased from Sigma-Aldrich (MO, USA).
Isopropylamine was purchased from Sinopharm Chemical
Reagent Co (Shanghai, China). N,N′-Carbonyldiimidazole (CDI)
was supplied by J&K Ltd. (Beijing, China). 3-(4,5-Dimethyl-

thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) and
Lysotracker Green were purchased from Beyotime Biotechnol-
ogy Co. Ltd (Nantong, China). Culture plates and dishes were
purchased from Corning Inc. (NY, USA). RPMI 1640 medium and
penicillin–streptomycin solution were purchased from Gibco
BRL (Maryland, USA). Fetal bovine serum (FBS) was pur-
chased from PAN Biotech (Aidenbach, Germany). Purified
deionized water was prepared via the Milli-Q plus system
(Millipore Co., Billerica, MA). All the other reagents and chemi-
cals were of analytical or chromatographic grade and were
purchased from Concord Technology (Tianjin, China).

2.2. Synthesis and characterization of mPEG-PLA-PHis
copolymer

The mPEG-PLA-PHis copolymers were synthesized according
to our previous research [13]. The molecular weights of the co-
polymers were determined by 1H NMR at 400 MHz and GPC,
respectively.

2.3. Preparation of mPEG-PLA-Phis/Dox micelles

Thin-film hydration method was used to incorporate Dox to
the copolymer micelles. Briefly, Dox·HCl was first dissolved in
deionized water and extracted with CHCl3 by slowly adding tri-
ethylamine until the water phase became clear.The CHCl3 phase
was collected and rotary evaporated to obtain the Dox base [19].
Then 7.03 mg of mPEG-PLA-PHis was mixed with 1 mg of Dox
in 10 ml of dichloromethane and sonicated for 30 min. The
solvent was removed by rotary evaporation at 25 °C to obtain
a thin film. Residual dichloromethane remaining in the film
was further evaporated overnight at room temperature under
vacuum. The resultant thin film was hydrated with 10 ml of
PBS (pH 7.4) for 30 min to obtain a micellar solution at 40 °C.

2.4. Optimization of Dox-loaded micelles using Box–
Behnken design

The single factor study was first conducted to reveal the key
factors affecting the encapsulation efficiency and drug loading.
Three main technological factors were chosen, i.e. the amount
of mPEG-PLA-PHis (X1, mg), the film-forming temperature (X2,
°C), and the hydration temperature (X3, °C), to evaluate the in-
teraction effects of those factors in the formulations. The
encapsulation efficiency (Y1, %) and drug loading content (Y2,
%) were chosen as the responses.Then, the Box–Behnken design
(3-factor, 3-level) was used to optimize the test and a total of
17 experimental runs were generated by Design Expert soft-
ware. All the variables were investigated at three different levels
(Table 1).

Table 1 – Variables in the Box–Behnken design.

Level Factors

X1 X2 X3

Low (−1) 5 20 30
Medium (0) 10 25 40
High (1) 15 30 50
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2.5. Characterization of mPEG-PLA-Phis/Dox micelles

2.5.1. Measurement of particle size, size distribution and
zeta potential
The average particle size, size distribution and zeta potential
of the copolymer micelles were measured by a Zetasizer Nano
ZS instrument (Malvern, U.K.) at 25 °C after equilibration for
5 min. All the values were the average of at least three inde-
pendent samples.

2.5.2. Transmission electron microscopy (TEM) observation
The morphology of the copolymer micelles was observed by
JEOL JEM-2100 electron microscope (Jeol Ltd.,Tokyo, Japan) with
an accelerating voltage of 100 kV. Before visualization, a drop
of each sample was first deposited on a carbon-coated copper
grid. After drying at room temperature, phosphotungstic acid
(2.0%) was used for negative dyeing, and the morphology and
size of the micelles were observed under the transmission
electron.

2.5.3. Encapsulation efficiency and drug loading content
The obtained micellar solution was centrifugation at 12,000 rpm
for 10 min.Then the supernatant was filtered through a 0.45 µm
film to remove the unincorporated aggregates. The amount of
Dox encapsulated in the micelles was measured by a multi-
functional microplate reader (Tecan, Austria) with excitation
wavelength at 470 nm and emission wavelength at 585 nm.The
encapsulation efficiency (EE, %) and drug loading content (DL,
%) were calculated by the following equations, respectively:

EE
Weight of encapsulated drug

Weight of feeding drug
= × 100%

DL
Weight of encapsulated drug

Weight of feeding drug Weigh
=

+ tt of copolymers
× 100%

2.6. In vitro release of mPEG-PLA-Phis/Dox micelles

Release studies were performed to investigate the release pro-
files of Dox from the micelles. Dox-loaded micelles and free
Dox were placed into a dialysis bag (molecular weight cutoff
(MWCO) 3500 Da) and immersed into 50 ml of phosphate buffer
saline (PBS, 0.01 M, pH 7.4, 5.0) containing 0.5% w/v Tween 80
at 37 °C in a shaking incubator at 100 rpm. At predetermined
time intervals, 2.0 ml of release medium was sampled from the
vials and the same volume of fresh buffer was added to main-
tain the volume. The concentration of Dox in the release
medium was measured by a multifunctional microplate reader
as mentioned in Section 2.5.3.

2.7. Cell culture

Doxorubicin resistant human breast cancer cell line (MCF-7/
ADR) was established from parental MCF-7 and was supplied
from KeyGen Biotech. Co., LTD. (Nanjing, P.R. China). MCF-7/
ADR cells were cultured in RPMI 1640 medium containing 20%

FBS, 1% penicillin–streptomycin solution and 1000 ng/ml Dox
at 37 °C in a humidified atmosphere with 5% CO2. All the ex-
periments were performed on the cells in the logarithmic phase
of growth.

2.8. In vitro cytotoxicity assays

The in vitro cytotoxicity of free Dox and mPEG-PLA-Phis/Dox
micelles in MCF-7/ADR cells was evaluated by the standard MTT
assay. Briefly, MCF-7/ADR (1.4 × 104 per well) cells were seeded
in 96-well plates and incubated for 24 h to allow cell attach-
ment. The cells were then treated with free Dox, mPEG-PLA-
PHis aqueous solutions and Dox-loaded micelles in a
concentration gradient in separate plates for 48h. At the end
of the incubation, the cells were incubated with 20 µl of MTT
(5 mg/ml) for an additional 4 h before adding 150 µl of DMSO
to dissolve the MTT formazan crystals. The absorbance at
570 nm was recorded using a multifunctional microplate reader
(Tecan, Austria). The wells containing untreated cells served
as blank controls. Results were shown as the average cell vi-
ability of triplicate wells. The cell viability (%) was calculated
using the following equation:

Cell viability = ( ) ( ) ×− −OD OD OD ODtreat blank control blank 100%

where ODblank and ODtreat are the absorbance in the absence and
in the presence of sample treatment respectively, and ODblank

is the absorbance of the medium.

2.9. Intracellular influx of Dox

The intracellular accumulation of Dox was measured by flow
cytometry. The MCF-7/ADR cells (1 × 105 per well) were pre-
treated with free Dox and mPEG-PLA-Phis/Dox micelles with
equivalent Dox concentration (5.0 µg/ml) for 6 h. After incu-
bation, the media were removed and the cells were carefully
washed 3 times with ice-cold PBS. The cells were then har-
vested by trypsinization, centrifuged at 1000 rpm for 5 min, re-
suspended in 500 µl of PBS medium and analyzed using a FACS
Calibur BD II flow cytometry (BD Biosciences, USA).

2.10. Confocal laser scanning microscopy (CLSM)
observation

Confocal laser scanning microscopy (CLSM) was used to observe
the subcellular localization and intracellular release of Dox from
micelles. The MCF-7/ADR cells (2 × 104 per well) were cul-
tured on microscope slides in a 6-well plate and incubated for
24 h. Dox and mPEG-PLA-Phis/Dox micelles were added to each
well and incubated for a given time (Dox concentration was
kept at 2 µg/ml), respectively. The cells were then washed 3
times with ice-cold PBS and stained with LysoTracker green
(60 min) and Hoechst 33342 (20 min) to visualize endo-
lysosomes and nucleus, respectively. In the end, the cells were
fixed with 4% paraformaldehyde for 30 min. The microscope
images were captured using a confocal laser scanning micro-
scope (CLSM, Olympus FV1000-IX81, Japan).
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3. Results and discussion

3.1. Characterizations of mPEG-PLA-PHis copolymer

The chemical structure of mPEG-PLA-PHis copolymer was con-
firmed by 1HNMR spectra in Fig. 1A. The typical 1H NMR
spectrum (CDCl3) of mPEG-PLA-PHis copolymers showed peaks
at δe 5.24 ppm (—COCH(CH3)O—), δd3.67 ppm (—OCH2CH2O—),
δc 3.47 ppm (—OCH3) and δb1.83 ppm (—COCH(CH3)O—),which
were attributed to mPEG-PLA. The degree of polymerization of
PLA block was about 20, which was calculated from the in-
tensity ratio of the characteristic peaks at δe 5.24 ppm (lactic
acid CH) and δc 3.47 ppm (mPEG CH2). The characteristic peaks
of poly(L-histidine) were located at δa 1.55 ppm (—C(CH3)2—),
δg 4.35 ppm (—CH—NH—), δh 7.11 ppm (N—CH=N of imidaz-
ole ring) and δi 8.02 ppm (N—CH=C of imidazole ring). The

degree of polymerization of PHis was 6, which was calcu-
lated from the intensity ratio of the isopropyl proton peaks (δa

1.55 ppm) and N-acetyl peaks (δg 4.35 ppm).The 1H NMR spectra
of the products suggested that mPEG-PLA-PHis copolymers were
synthesized. The typical GPC chromatogram of the copoly-
mer is shown in Fig. 1B. The copolymer showed unimodal
distribution with a polydispersity less than 1.2.

3.2. Preparation and optimization of DOX incorporated
micelles

In the present study, the mPEG-PLA-PHis copolymers and the
drugs self-assembled in aqueous condition to form micelles
by a thin-film hydration method. Box–Behnken design method
was used to optimize the preparation conditions. This design
was suitable for exploring quadratic response surfaces and con-
structing second order polynomial models [20,21]. Based on

Fig. 1 – Typical 1H NMR spectrum (A) and GPC spectrum (B) of mPEG-PLA-PHis copolymer.
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single factor study, three main technological factors, the amount
of mPEG-PLA-PHis (X1, mg), the film-forming temperature (X2,
°C), and the hydration temperature (X3, °C), were chosen to
evaluate the interaction effects in the formulations. Encapsu-
lation efficiency and drug loading content are the key indices
in assessing the drug loading capacity of micelles. Therefore,
the encapsulation efficiency (Y1, %) and drug loading content
(Y2, %) were chosen as the responses for the optimization. Each
factor was assigned to three different levels as low, middle and
high, respectively (Table 1). Then, 17 experimental runs were
generated by Design Expert and the results were shown in
Table 2. Analysis of variance for the response surface and the
quadratic model was shown in Table 3, respectively.

In this case, the value of the Model F was 33.99, implying
that the model was significant. There was only a 0.01% chance
that a “Model F-Value” this large could occur due to noise.Values
of “Prob > F” less than 0.0500 indicate that the model terms were
significant. The “Lack of Fit F-value” of 2.76 implies the Lack

of Fit is not significant relative to the pure error, indicating that
the quadratic model was adequate. There was a 17.58% chance
that a “Lack of Fit F-value” this large could occur due to noise.
As shown in Table 3, X1, X2, X3, X1

2, X2
2, X3

2 were significant model
terms. The equation relating to responses of particle size by
the design was given as below:

Y X X X E
X X

1 1 2 3

1 2

8 27150 2 34640 5 35700 0 85240 8 80000
003

= − + + + +
−

. . . . .
++ − +

− − −
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2

2
2
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Y X X X E
X X
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1 2

16 89950 2 28270 0 44900 0 84050 2 80000
003

= − + +
−
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++ − +

− + −−
7 00000 004 8 00000

004 0 072660 8 54000 0
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2 3 1
2
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2
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3
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.

. .

The regression equations described quantitatively the effects
of three independent variables (X1, X2, X3) on index and their
correlations. Based on the equations above, fixed the variable
that affected the responses least, the 3D surface response sur-
faces for the effect of other variables were obtained by using
the Design Expert software (Fig. 2).

According to the results above, the optimized experimen-
tal conditions were shown as below: the amount of mPEG-
PLA-PHis was 7.03 mg, the film-forming temperature was
26.16 °C, and the hydration temperature was 39.94 °C. Opti-
mized micelle formulation showed encapsulation efficiency of
91.12% and drug loading content of 11.42%, which were close
to the predicted values (92.30% and 12.01%). The results sug-
gested that the optimization technique was reliable for the
optimization of Dox incoporation into the micelles.

3.3. Characterization of mPEG-PLA-Phis/Dox micelles

The Dox incorporated micelles showed mean diameter of
(45 ± 3.32) nm and a narrow size distribution with polydisper-
sity index of 0.256, as determined from the DLS (Fig. 3A). This
small particle size of the micelles (<200 nm) was helpful to evade
the detection and uptake by the reticuloendothelial system,
resulting in prolonged circulation time [22]. The EE% and DL%
of the Dox incorporated micelles were 91.12% and 11.42%, re-
spectively, indicating a good encapsulation of Dox in the
micelles. The values of the zeta potentials of all the formula-
tions were about (−15.42 ± 0.82) mV.

TEM was used to observe the morphology of the Dox in-
corporated micelles (Fig.3B).The image revealed that the micelles
were individual particles with a near-spherical structure ho-
mogeneously distributed around a size of 30 nm. The average
diameter of micelles appeared to be inconsistent with the results
obtained from DLS due to the different conditions of the mi-
celles.The diameters detected by DLS were ‘hydrated diameters’,
which were usually larger than their authentic diameters.TEM
images obtained the size at the dried state of the sample, which
was smaller than their genuine diameters.

3.4. In vitro release of mPEG-PLA-Phis/Dox micelles

To investigate the in vitro release behavior of Dox incorpo-
rated micelles, pH 7.4 and pH 5.0 phosphate buffer solutions

Table 2 – The composition and observed responses in
Box–Behnken design.

Run Independent
variables

Dependent
variables

X1 X2 X3 Y1 Y2

1 −1 −1 0 85.00 14.50
2 0 0 0 96.20 8.78
3 0 −1 1 90.56 8.30
4 1 −1 0 93.12 5.85
5 0 −1 −1 91.00 8.34
6 1 0 1 98.00 6.13
7 0 0 0 95.45 8.71
8 0 0 0 95.00 8.68
9 −1 1 0 88.00 15.00
10 0 0 0 96.88 8.83
11 1 1 0 97.00 6.07
12 0 1 1 93.32 8.54
13 −1 0 −1 87.00 14.80
14 1 0 −1 97.25 6.09
15 0 1 −1 92.00 8.42
16 −1 0 1 86.25 14.70
17 0 0 0 96.00 8.76

Table 3 – Analysis of variance table.

Source Sum of
square

df Mean
square

F value P-value

Prob > F

Model 278.11 9 30.90 33.99 <0.0001
X1 191.30 1 191.30 210.44 <0.0001
X2 14.15 1 14.15 15.57 0.0056
X3 0.097 1 0.097 0.11 0.7537
X1X2 0.19 1 0.19 0.21 0.6584
X1X3 0.56 1 0.56 0.62 0.4573
X2X3 0.77 1 0.77 0.85 0.3867
X1

2 23.46 1 25.81 0.0014 0.0006
X2

2 32.20 1 35.43 0.0006 0.0184
X3

2 8.50 1 9.35 0.0184 0.91
Residual 6.36 7 0.91
Lack of fit 4.29 3 1.43 2.76 0.1758
Pure error 2.07 4 0.52
Cor total 284.47 16
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Fig. 2 – 3D surface response diagrams. (A) The effect of mPEG-PLA-PHis amount (X1) and the film-forming temperature (X2)
on the encapsulation efficiency (Y1). (B) The effect of the film-forming temperature (X2) and the hydration temperature (X3) on
the encapsulation efficiency (Y1). (C) The effect of mPEG-PLA-PHis amount (X1) and the hydration temperature (X3) on the
drug loading content (Y2). (D) The effect of the film-forming temperature (X2) and the hydration temperature (X3) on the drug
loading content (Y2).

Fig. 3 – Particle size distribution (A) and transmission electron microscopy (TEM) image of mPEG-PLA-PHis/Dox micelles.
Scale bar represents 50 nm (B).
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were selected to simulate the physiological conditions and
weakly acidic circumstance, respectively. In addition, prior to
the conduct of release assays, free Dox release from stock so-
lution was investigated as control. It was found that non-
encapsulated drug was almost fully released in approximately
4 h. This suggested that Dox molecules could freely diffuse
through the dialysis membrane. Fig. 4 represented the in vitro
cumulative release profile of the mPEG-PLA-Phis/Dox mi-
celles.The release of Dox was pH-dependent and increased with
the decrease of pH value in releasing medium. At pH 7.4, the
release of Dox was in a sustained pattern with only 42% of Dox
released after 24 h. It also suggested that the micelles were
stable at the normal physiological condition and maintained
structure integrity before reaching the tumor site. Neverthe-
less, when the pH was decreased to 5.0, the Dox release was
remarkably accelerated. More than 70% of Dox was released
from the micelles after 24 h. This was attributed to the pro-
tonation of PHis chains of the copolymer, which disrupted the
micellar structure, leading to a burst release of Dox.

3.5. In vitro cytotoxicity assays

The in vitro cytotoxicity of blank micelles, free Dox and mPEG-
PLA-Phis/Dox micelles were tested against MCF-7/ADR cells by
MTT assay. As shown in Fig. 5A, no obvious growth inhibition
effect was observed after incubation with blank micelles (<20%
inhibition), demonstrating that the mPEG-PLA-PHis copoly-
mers were atoxic and safe for biomedical applications. Dox
solutions inhibited the proliferation of MCF-7/ADR cells in a
dose-dependent manner. Improvement was observed when Dox
was loaded into mPEG-PLA-PHis micelles (Fig. 5B). The IC50 of
Dox and mPEG-PLA-Phis/Dox micelles were 120 µg/ml and
35.30 µg/ml, respectively. This indicated that the pH sensitive
micelles could enhance the cytotoxicity of Dox against MCF-
7/ADR cells.

3.6. Intracellular delivery of Dox by the micelles

To investigate the potential mechanism by which micelles sen-
sitized Dox-induced cytotoxicity, the effect of mPEG-PLA-Phis/
Dox micelles on the intracellular accumulation of Dox was
examined using flow cytometry. As Dox is fluorescent itself,
the intracellular Dox amount is in direct proportion to its fluo-
rescence. The cellular uptake of Dox after incubation for 6 h
was presented in Fig. 6. Compared to free Dox group, the in-
tracellular levels of Dox of the micelles were significantly
increased. This indicated that the copolymer was capable of
increasing the concentration of Dox in MCF-7/ADR cells, re-
sulting in the enhanced cytotoxicity.

3.7. Confocal laser scanning microscopy (CLSM)
observation

The cellular internalization and intracellular distribution of Dox
were evaluated by CLSM with free Dox as control. The CLSM
photos of the micelles and free Dox incubated with MCF-7/
ADR cells for different time intervals were presented in Fig. 7.
The cell nuclei and endo-lysosomes were labeled with blue
(Hoechst 33324) and green (LysoTracker DND-26) fluorescent
dyes, respectively. The mPEG-PLA-Phis/Dox micelles were
promptly uptaken by the cells and located in the primary

Fig. 4 – In vitro release profiles of Dox from the mPEG-PLA-
PHis/Dox micelles in PBS (pH 7.4 and 5.0) at 37 °C. The data
are presented as means (%) ± SD from three independent
experiments.

Fig. 5 – In vitro cytotoxicity of mPEG-PLA-PHis copolymer against MCF-7/ADR cells (A) and mPEG-PLA-PHis/Dox micelles (B).
All experiments were tested on MCF-7/ADR cells after 48 h of incubation. Cell viability (%) was expressed as a percentage
compared to the untreated control cells.
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endosome, which revealed a yellow fluorescence in merged
images after 1 h. The red fluorescence was increased in the cy-
toplasm and orange fluorescence in merged images was
enhanced (the overlap of LysoTracker with Dox) after 4 h of in-
cubation, suggesting the continuous accumulation of the
micelles in the endosome. After incubation for 6 h, a purple
fluorescence (the overlap of Dox with Hoechst 33258) was ob-
served, indicating the escape of the Dox from endosome and
the accumulation in the nuclei. This result indicated that the
acidic endosomal pH triggered Dox release and PHis facili-
tated endo-lysosomal escape accounted for the high Dox
intracellular delivery efficiency of Dox.

4. Conclusion

The copolymer of poly(ethylene glycol)–poly(D,L-lactide)–poly(L-
histidine) (mPEG-PLA-PHis) was used to construct a pH sensitive
micelle for intracellular delivery of Dox. The incorporation of
Dox to the micelles was optimized using the Box–Behnken

Fig. 6 – Flow cytometry measurement of the intracellular
uptake of Dox in the MCF-7/ADR cells after treated with
Dox and mPEG-PLA-PHis/Dox for 6 h.

Fig. 7 – The CLSM images of MCF-7/ADR cells incubated with mPEG-PLA-PHis/Dox micelles and free Dox solution for
15 min, 30 min, 1 h, 2 h, 4 h, and 6 h at 37 °C (Dox concentration was kept at 2 µg/ml). Blue, green and red colors indicate
Hoechst 33342, LysoTracker green and Dox, respectively.
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design. The Dox incorporated micelles showed small particle
size, uniform distribution and high encapsulation efficiency.
The micelles demonstrated pH dependent Dox release and high
toxicity against MCF-7/ADR cells. The enhanced toxicity was
attributed to the endosomal pH triggered Dox release and PHis
facilitated endo-lysosomal escape.The copolymer micelles have
been demonstrated to be a potential nanocarrier for effective
intracellular delivery of Dox to reverse tumor MDR.
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