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Abstract: Four-arm star-shaped (denoted as ‘S’) polymer adamantane-[poly(lactic-co-glycolic acid)-b-
poly(N,N’-diethylaminoethyl methacrylate) poly(ethylene glycol) monomethyl ether]4 (S-PLGA-D-P)
and its linear (denoted as ‘L’) counterpart (L-PLGA-D-P) were synthesized, then their self-assembled
micelles were further developed to be platforms for anticancer drug delivery. Two types of polymeric
micelles exhibited strong pH-responsiveness and good drug loading capacity (21.6% for S-PLGA-
D-P and 22.9% for L-PLGA-D-P). Using doxorubicin (DOX) as the model drug, their DOX-loaded
micelles displayed well controlled drug release behavior (18.5–19.0% of DOX release at pH 7.4 and
77.6–78.8% of DOX release at pH 5.0 within 80 h), good cytocompatibility against NIH-3T3 cells
and effective anticancer efficacy against MCF-7 cells. However, the star-shaped polymeric micelles
exhibited preferable stability, which was confirmed by the lower critical micelle concentration (CMC
0.0034 mg/mL) and decrease rate of particle sizes after 7 days incubation (3.5%), compared with the
linear polymeric micelle L-PLGA-D-P (CMC 0.0070 mg/mL, decrease rate of particle sizes was 9.6%).
Overall, these developed polymeric micelles have promising application as drug delivery system in
cancer therapy.

Keywords: acid-responsive; polymeric micelles; drug delivery; controlled release; dissipative particle
dynamics simulation

1. Introduction

Chemotherapy, in recent decades, has been considered as one of the most common
therapy means for cancer in clinical practice and gained unprecedented attention [1].
However, the inherent flaws of anticancer drugs seriously affect the therapeutic efficacy
of chemotherapy, mainly including low selectivity, probably poor bioavailability and
untargeted distribution in the host body [2,3].

In an attempt to achieve improved therapeutic efficacy as well as minimal adverse
effects, drug delivery systems with stimuli-responsive function that are able to release
their drugs cargo in response to changes in pH, temperature or redox conditions have
attracted more and more concerns [4–7]. Of these stimuli, pH-responsive amphiphilic
polymers are currently of considerable academic and clinical interest since well-defined pH
gradients exist in different tissues and cellular compartments, for instance, the pH of blood
or normal tissues is 7.4, while the pH of extracellular environment and lysosomes of tumor
tissues are about pH 6.4 and pH 5.0, respectively [8–13]. Xu and co-workers [14] developed
a pH-responsive polymeric micelle based on block copolymer poly(ethylene glycol)-b-
poly[2-(diisopropylamino) ethyl methacrylate], which exhibited proper stability in phys-
iological environment and pH-triggered transforming capability between self-assembly
and disassembly. Yang et al. [15] reported a pH-sensitive amphiphilic copolymer methyl
poly(ethylene glycol) ether-b-poly(β-amino esters)-b-poly(lactic acid) and its self-assembled
micelles, which showed good controlled release ability for doxorubicin (DOX) reflected
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by the obviously improved DOX release (96% of DOX) as pH decreased from pH 7.4 to
pH 5.0. Qu et al. [16] prepared an amphiphilic pH-responsive micelle, poly[poly(ethylene
glycol)methyl ether methacrylate-b-N,N’-di(methylamino)ethyl methacrylate-b-tert-butyl
methacrylate], served as a platform for DOX delivery. This drug delivery system with
pH-responsiveness displayed low leakage of DOX at pH 7.4 and rapid tunable drug release
in intracellular environment with pH 5.0, reflected by 36% and 90% of DOX release at
pH 7.4 and pH 5.0, respectively.

Despite the great process having achieved in pH-responsive polymeric micelles stud-
ies and application, there are still several considerable problems from the intravenous
injection to anticancer drug release, such as insufficient stability [17–19], low drug loading
capacity [6,20,21] and so on. Recently, in comparison to the reported polymers with small
and soft aliphatic unit as core [22], the introduction of bulky and rigid building units as
polymer core seems to be an effective strategy to improve the stability as well as drug
loading capacity of the drug carriers [23–26]. Typically, Wang et al. [25,26] prepared a series
of star-shaped polymeric micelles with rigid tetraphenylsilane core. These polymeric mi-
celles showed relatively high stability and drug loading capacity, in contrast to that bearing
soft aliphatic pentaerythritol core. In our previous work [23], two kinds of amphiphilic
star-shaped polymers were synthesized based on adamantane and pentaerythritol core,
respectively. It had been found that the polymeric micelle with bulky and rigid adamantane
core exhibited higher thermodynamic stability and DOX loading capacity, reflected by
the lower critical micelle concentration (CMC, 0.0050 mg/mL) and higher drug loading
content (LC, 10.39%), compared to that with pentaerythritol core (CMC 0.0087 mg/mL,
LC 8.94%).

In our work, we focus on improving the stability and drug loading capacity of
the polymeric micelles, as well as obtaining well-controlled release performance of an-
ticancer drugs. Accordingly, linear (denoted as ‘L’) amphiphilic polymer, adamantane-
poly(lactic-co-glycolic acid)-b-poly(N,N’-diethylaminoethyl methacrylate) poly(ethylene
glycol) monomethyl ether (L-PLGA-D-P), and four arm star-shaped (denoted as ‘S’) am-
phiphilic polymer, adamantane-[poly(lactic-co-glycolic acid)-b-poly(N,N’-diethylaminoethyl
methacrylate) poly(ethylene glycol) monomethyl ether]4 (S-PLGA-D-P), were designed and
synthesized. Their self-assembled micelles were further developed to be platforms for anti-
cancer drug delivery. To be specific, poly(lactic-co-glycolic acid) (PLGA) and poly(ethylene
glycol) monomethyl ether (mPEG), as hydrophobic and hydrophilic segments, respectively,
have the advantages of excellent biodegradability and compatibility [27]. Poly(N,N’-
diethylaminoethyl methacrylate) (PDEAEMA) is hydrophobic in neutral or alkaline condi-
tions, while become to be hydrophilic in acidic medium due to the protonation of amino
group in PDEAEMA. Taking advantage of its interesting pH responsive behavior, thus,
PDEAEMA is a suitable and promising pH responsive unit [28]. As one of the most effec-
tive anticancer drugs, DOX was widely used as the model drug to develop novel drug
delivery system. Figure 1 illustrated the self-assembled behaviors of polymeric micelles,
encapsulation of DOX, and controlled release of DOX in acidic microenvironment of cancer
tissues. The properties of self-assembled polymeric micelles for anticancer drug deliv-
ery were extensively investigated, including CMC values, drug loading capacity, drug
release behavior, in vitro cytotoxicity and anticancer efficacy. Furthermore, dissipative
particle dynamics (DPD) simulation, as the auxiliary of the experimental results, was
employed to understand the self-assembled behavior and dynamics DOX release process
of DOX-loaded micelles.



Nanomaterials 2021, 11, 188 3 of 17Nanomaterials 2021, 11, x  3 of 18 
 

 

 
Figure 1. (a) Self-assembled behavior of star-shaped polymeric micelles and drug-loaded micelles. (b) Schematic illustra-
tion of controlled drug release triggered by pH for star-shaped drug-loaded micelles. (c) Internalization of DOX-loaded 
micelles by a cancer cell and the controlled release of DOX triggered by pH. 

2. Materials and Methods 
2.1. Materials 
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drochloride (DOX·HCl) were purchased from Aladdin Bio-Chem Technology Co., Ltd. 
(Shanghai, China). Alkynyl-functionalized methoxypolyethylene glycols (alkynyl-mPEG, 
Mn = 2000) was purchased from Aichun Biological Technology CO., Ltd. (Shanghai, 
China). 1,3,5,7-Tetrahydroxyadamantane (Ad-(OH)4) was synthesized according to the re-
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Counting Kit-8 (CCK-8) was obtained from Yeasen biotech Co., Ltd. (Shanghai, China). 
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D,L-LA and GA) was injected into the flask by syringe. The mixture was heated to 130 °C 
and stirred for 8 h. After cooling to room temperature, the crude product was dissolved 
in 50 mL dichloromethane (CH2Cl2), followed by adding dropwise to excess amount of 
cold n-hexane. The precipitated product was collected and then dried in a vacuum oven, 
resulting in white powdery Ad-[P(LA-co-GA)-OH]4. Next, Ad-[P(LA-co-GA)-OH]4 (Mn, 
GPC = 11657, 5.83 g, 0.5 mmol) dissolved in a mixture of anhydrous CH2Cl2 (50 mL) and 
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Figure 1. (a) Self-assembled behavior of star-shaped polymeric micelles and drug-loaded micelles. (b) Schematic illustration
of controlled drug release triggered by pH for star-shaped drug-loaded micelles. (c) Internalization of DOX-loaded micelles
by a cancer cell and the controlled release of DOX triggered by pH.

2. Materials and Methods
2.1. Materials

1,4-Dioxan-2,5-dione (GA), D,L-lactide (D,L-LA) and copper (I) bromide (CuBr, 99%)
were purchased from Sigma-Aldrich Co., Ltd. ( St. Louis, MO, USA). 1-Adamantanol
(Ad-OH, 99%), stannous octoate (Sn(Oct)2, 95%), 2-bromoisobutyryl bromide (2-BIBB,
98%), 4-dimethylaminopyridine (DMAP), N,N,N′,N′,N”-pentamethyl diethylene-triamine
(PMDETA, 98%), 2-(diethylamino) ethyl methacrylate (DEAEMA, 99%), doxorubicin hy-
drochloride (DOX·HCl) were purchased from Aladdin Bio-Chem Technology Co., Ltd.
(Shanghai, China). Alkynyl-functionalized methoxypolyethylene glycols (alkynyl-mPEG,
Mn = 2000) was purchased from Aichun Biological Technology CO., Ltd. (Shanghai, China).
1,3,5,7-Tetrahydroxyadamantane (Ad-(OH)4) was synthesized according to the reported
literature [29]. Dulbecco’s Modified Eagle’s Medium (DMEM) and fetal bovine serum (FBS)
were bought from the Biological Industries (BI, Beit-Haemek, Israel). Cell Counting Kit-8
(CCK-8) was obtained from Yeasen biotech Co., Ltd. (Shanghai, China). 96-Well plate was
purchased from Sorfa Medical Co., Ltd. (Zhejiang, China). DEAEMA was purified via
column-chromatography over neutral alumina to remove inhibitors before used. All other
reagents were used without further purification unless stated otherwise.

2.2. Synthesis Methods
2.2.1. Synthesis of Star-Shaped Macroinitiator Ad-[P(LA-co-GA)-Br]4

Ad-[P(LA-co-GA)-Br]4 was synthesized by the ring opening polymerization (ROP)
and bromination reaction. Ad-(OH)4 (0.10 g, 0.5 mmol), D,L-LA (5.40 g, 37.5 mmol) and
GA (1.45 g, 12.5 mmol) were placed in a flame-dried 100 mL Schlenk flask, then the system
was degassed by 3 freeze-pump-thaw cycles. Subsequently, Sn(Oct)2 (68.5 mg, 1 wt% of
D,L-LA and GA) was injected into the flask by syringe. The mixture was heated to 130 ◦C
and stirred for 8 h. After cooling to room temperature, the crude product was dissolved
in 50 mL dichloromethane (CH2Cl2), followed by adding dropwise to excess amount
of cold n-hexane. The precipitated product was collected and then dried in a vacuum
oven, resulting in white powdery Ad-[P(LA-co-GA)-OH]4. Next, Ad-[P(LA-co-GA)-OH]4
(Mn, GPC = 11657, 5.83 g, 0.5 mmol) dissolved in a mixture of anhydrous CH2Cl2 (50 mL)
and triethylamine (TEA, 0.81 g, 8.0 mmol) was added to a flame-dried 100 mL Schlenk
flask, which was degassed by 3 freeze-pump-thaw cycles. The system was cooled to 0 ◦C,
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and then 2-BIBB (1.84 g, 8.0 mmol) mixed with anhydrous CH2Cl2 was added slowly for
a period of 2 h with vigorous stirring. The reaction was continued at room temperature
for another 24 h. The mixture was washed successively with 1.0 mol/L HCl (100 mL),
saturated NaHCO3 (100 mL), and water (100 mL). The organic solution was collected and
dried with MgSO4 overnight followed by being removed excess solvent through rotary
evaporation. After the concentrated solution was precipitated twice by excess amount
of cold n-hexane, the product was collected and dried in a vacuum oven, resulting in
yellowish powdery Ad-[P(LA-co-GA)-Br]4.

2.2.2. Synthesis of Ad-[P(LA-co-GA)-b-PDEAEMA]4

Ad-[P(LA-co-GA)-b-PDEAEMA]4 was synthesized by atom transfer radical polymer-
izations (ATRP) of DEAEMA using Ad-[P(LA-co-GA)-Br]4 as macroinitiator. Typically, a
flame-dried 100 mL Schlenk flask was charged with a mixture of Ad-[P(LA-co-GA)-Br]4
(5.99 g, 0.5 mmol), DEAEMA (5.56 g, 30.0 mmol), PMDETA (34.7 mg, 0.2 mmol) and anhy-
drous tetrahydrofuran (THF, 50 mL). Then, CuBr (29.3 mg, 0.2 mmol) was fed into the flask
and the system was degassed by 3 freeze-pump-thaw cycles. After the polymerization was
performed at 65 ◦C for 24 h, the system was cooled to room temperature and filled with air
to terminate the chain growth. The mixture was diluted in THF (50 mL) and then passed
through a neutral alumina column to remove the catalyst. After the organic solution was
concentrated by rotary evaporation, the product was recovered by being precipitated into
excess amount of cold n-hexane, and finally dried in a vacuum oven to obtain the yellowish
solid product Ad-[P(LA-co-GA)-b-PDEAEMA]4.

2.2.3. Synthesis of Star-Shaped Polymer S-PLGA-D-P

Polymer S-PLGA-D-P was prepared via Copper-Catalyzed Azide-Alkyne Cycload-
dition (CuAAC) in ”click” chemistry. To be specific, Ad-[P(LA-co-GA)-b-PDEAEMA]4
(Mn, GPC = 19437, 3.89 g, 0.2 mmol) and NaN3 (130 mg, 2 mmol) dissolved in anhydrous
N,N’-dimethylformamide (DMF, 30 mL) were transferred to a 100 mL round-bottom flask,
and then the reaction was continued at 60 ◦C for 48 h. The mixture was cooled to room tem-
perature, and precipitated twice by excess amount of cold deionized water. The precipitated
Ad-[P(LA-co-GA)-b-PDEAEMA-N3]4 was collected by centrifugation and freeze-drying.
To a flame-dried 100 mL Schlenk flask, alkynyl-mPEG (1.2 g, 0.6 mmol), Ad-[P(LA-co-
GA)-b-PDEAEMA-N3]4 (1.94 g, 0.1 mmol), dipyridyl (9.4 mg, 0.06 mmol) and anhydrous
DMF (50 mL) were added, followed by 3 freeze-pump-thaw cycles. Then, CuBr (8.6 mg,
0.06 mmol) was fed into the flask and the reaction was conducted at 60 ◦C for 48 h in the
argon atmosphere. After cooling down to room temperature, the mixture was transferred
to a dialysis bag (MwCO 7500) and dialyzed against deionized water for 72 h. The purified
polymer was obtained by lyophilization.

2.2.4. Synthesis of Linear Polymer L-PLGA-D-P

The linear polymer L-PLGA-D-P was synthesized according to the similar procedure
to the S-PLGA-D-P described above, except that the used initiator was Ad-OH instead of
Ad-OH4. The feed ratio of the materials and specific synthesis procedure were described,
as shown in Section S1 (Supplementary Materials).

2.3. Preparation of the Blank Polymeric Micelles and DOX-Loaded Micelles

The blank polymeric micelles formed by polymers L-PLGA-D-P or S-PLGA-D-P were
prepared according to the solvent evaporation method. Briefly, the prepared polymer
(20 mg) was dissolved in 10 mL of acetone, and then added dropwise to 20 mL of deionized
water under agitation. After the acetone was volatilized by continuously stirring at room
temperature for 24 h, the solution was filtered through a 0.45 µm membrane filter to obtain
the blank polymeric micelle solution. In addition, DOX-loaded micelles were fabricated by
the diafiltration method [15,30]. DOX·HCl (20 mg or 50 mg) and TEA (0.04 mL or 0.10 mL)
were dissolved in 10 mL of dimethyl sulfoxide (DMSO) and then stirred for 4 h to obtain a
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DOX base solution. After that, 100 mg of polymers were dissolved in 20 mL of DMSO at
room temperature and then mixed with DOX base solution. After stirring overnight, the
resulting solution was transferred to a dialysis bag (MwCO 3500) and dialyzed against
deionized water for 48 h. The agglomerated polymers were removed by filtration with a
0.45 µm membrane filter. The dialysate was lyophilized and stored at −20 ◦C until use.

2.4. Characterization and Measurement

Nuclear magnetic resonance proton spectra (1H NMR) were recorded on a Bruker
AVANVE III 400 MHz NMR spectrometer (Bruker, Billerica, MA, USA) for structural char-
acterization of polymers. The 1H NMR spectra of polymers and CuAAC precursors were
acquired using deuterated N,N’-dimethylformamide (DMF-d7) and deuterated chloroform
(CDCl3) as the deuterated solvents, respectively. Fourier transform infrared (FTIR) spectra
were obtained using a Thermo Electron Nicolet-6700 FTIR spectrometer (Waltham, MA,
USA) with KBr pellets, collected in the region of 4000–400 cm−1. The average molecular
weight (Mn) and dispersity (Mw/Mn) of polymers and their precursors were measured by
gel permeation chromatographic (GPC) on a Waters 1515/2414 GPC equipment (Waters,
Milford, MA, USA) equipped with polar gel columns. HPLC grade THF was used as the
eluent with a flow rate of 1.0 mL/min and polystyrene (PS) was used as the standard of
calibration for the column system. Dynamic light scattering (DLS, Brookhaven, New York,
NY, USA) was used to measure the particle sizes of the blank polymeric micelles as well
as DOX-loaded micelles with a concentration of 1.0 mg/mL, and the measurement angle
was 90◦. For the particle sizes of polymeric micelles under varying pH conditions, the
phosphate buffer saline (PBS, pH 7.4 and 6.4) and acetate buffer (pH 5.0) were used as the
incubation media. The characterization of DLS was repeated three times, and the results
were obtained from three independent measurements. For collection of the Transmission
electron microscopy (TEM) images, the polymeric micelles solution (1.0 mg/mL) was
drop-cast on a carbon coated 200 mesh copper TEM grid, and after drying, these samples
were then measured on a HT7700 apparatus (Hitachi, Japan) with an accelerating voltage
of 120 kV.

2.5. CMC Measurement

Using pyrene as a fluorescence probe, the CMC values of L-PLGA-D-P and S-PLGA-D-
P were determined by the fluorescence probe technique. Initially, pyrene was dissolved in
acetone and the pyrene-acetone solution with a concentration of 6 × 10−5 M was obtained.
Then, a series of polymer solutions were prepared at different concentrations ranging from
0.0001 to 0.1000 mg/mL. The polymer solutions were mixed with pyrene-acetone solution,
and the concentration of pyrene was maintained as 6 × 10−7 M. Prior to measurement,
the mixed solutions were equilibrated at room temperature in the dark for 24 h. The
fluorescence intensity of all mixed solutions was recorded by a FluoroMax-4 fluorescence
spectrometer (HORIBA Jobin Yvon, Clifton Park, NY, USA) with a bandwidth of 0.4 nm at
room temperature. The emission wavelength was 373 nm and the fluorescence scanning
range was from 300 nm to 350 nm.

2.6. Drug Loading and In Vitro Release

To determine the DOX loading capacity of polymeric micelles, 4.0 mg of DOX-loaded
micelles were dissolved in 10 mL of DMSO, and then the UV absorption intensity of the
solution was recorded at a wavelength of 480 nm by a Lambda 950 UV-Vis spectropho-
tometer (PerkinElmer, Waltham, MA, USA). Against the standard calibration curve of
DOX (Figure S1, Supplementary Materials), DOX concentration of the above DOX-loaded
micelles solution could be obtained. Furthermore, loading content (LC) and entrapment ef-
ficiency (EE) of DOX could be calculated according to the Equation (1) and Equation (2) [31].
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All the experiments were repeated three times, and the results were obtained from three
independent measurements.

LC (%) =
Weight of DOX loaded

Weight of DOX loaded micelles
× 100% (1)

EE (%) =
Weight of DOX loaded
Weight of DOX in feed

× 100% (2)

In vitro DOX release profiles of DOX-loaded micelles were measured in PBS (pH 7.4
and 6.4) or acetate buffer (pH 5.0). A total of 5.0 mg of lyophilized DOX-loaded micelles
were dispersed in 5 mL of buffer solution, and then put into a dialysis bag (MwCO 3500).
The dialysis bag was immersed in 40 mL of buffer solution with constant stirring (100 r/min)
at 37 ◦C (body temperature). At each predefined time interval, 4 mL of buffer solution
outside the dialysis bag was withdrawn and replaced by an equal volume of fresh media.
The cumulative drug release amount (Er) was monitored by UV-Vis spectrophotometer
and calculated based on the Equation (3). All the experiments were repeated three times,
and the results were obtained from three independent measurements.

Er (%) =
Ve ∑n−1

1 Ci + V0Cn

mDOX
× 100% (3)

where Ve is the volume of buffer solution which was withdrawn (Ve = 4 mL), V0 is the total
volume of the release medium (V0 = 40 mL), Ci (Cn) is the concentration of DOX after i
times (or n times) replacements of the buffer solution, mDOX is the weight of DOX loaded
in micelles.

2.7. In Vitro Cytotoxicity and Anticancer Efficacy Assay

In vitro cytotoxicity of polymeric micelles and DOX-loaded micelles were evaluated
against NIH-3T3 cells by the standard CCK-8 assay. In detail, the NIH-3T3 cells were cul-
tured onto a 96-well plate at a density of 3.0× 103 cells per well in complete DMEM culture
medium containing 10% FBS and 1% P/S under 5% CO2 atmosphere at 37 ◦C for 24 h. Then,
the growth medium was replaced with the complete DMEM culture medium containing
the desired amounts of samples for 48 h incubation, while the fresh culture medium was
utilized as the control group. After that, a 10 µL of CCK-8 was added to each well, and
the cells were incubated for another 4 h. The absorbance of each well was measured at a
wavelength of 450 nm by microplate reader (PerkinElmer, Waltham, MA, USA) to calculate
the cell viability according to the Equation (4). Furthermore, In vitro anticancer efficacy of
polymeric micelles and DOX-loaded micelles were carried out against MCF-7 cells with the
similar method as described above, except that MCF-7 cells were cultured onto a 96-well
plate at a density of 8.0 × 103 cells per well. Typically, all the experiments were repeated
three times, and the results were obtained from three independent measurements.

Cell viability =
Asample − Ablank

Acontrol − Ablank
× 100% (4)

where Asample is the absorbance of the wells treated with samples, Acontrol is the absorbance
of the wells treated with control group, Ablank is the absorbance of the wells treated with
neither cells nor samples.

2.8. Dissipative Particle Dynamics (DPD) Simulation

To understand the self-assembled behavior of polymeric micelles and DOX release
process of DOX-loaded micelles, DPD simulation based on the coarse-grained models was
performed by using the Materials Studio 8.0 (Accelrys Inc., San Diego, CA, USA), which
was widely applied in other drug delivery systems [32–34]. The compositions of coarse
grain models were shown in Figure S2. The elaborated DPD simulation methodology
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was described in Section S3 (Supplementary Materials) and the results of computational
interaction parameters (aij) were listed in Table S1.

3. Results and Discussion
3.1. Synthesis and Characterization of Polymers

The syntheses of polymers L-PLGA-D-P and S-PLGA-D-P were accomplished via
a combination of ROP, ATRP and CuAAC methods using adamantane as a key starting
material (Scheme 1). For polymer S-PLGA-D-P, Ad-(OH)4 was firstly used as an initiator to
synthesize Ad-[P(LA-co-GA)-OH]4 by ROP method of D,L-LA and GA. Then, Ad-[P(LA-
co-GA)-OH]4 was brominated with 2-BIBB to obtain Ad-[P(LA-co-GA)-Br]4. Using Ad-
[P(LA-co-GA)-Br]4 as a macroinitiator, Ad-[P(LA-co-GA)-b-PDEAEMA]4 was synthesized
through ATRP method of DEAEMA with a catalyst system of CuBr/PMDETA. Using Ad-
[P(LA-co-GA)-b-PDEAEMA]4 and alkynyl-mPEG (Mn = 2000) as the precursors, polymer
S-PLGA-D-P was obtained by CuAAC method with a CuBr/dipyridyl catalyst system.
In addition, linear polymer L-PLGA-D-P was synthesized by ROP, ATRP and CuAAC
methods using Ad-OH as the initiator, which was similar to the synthesis procedure of
S-PLGA-D-P mentioned above.

Nanomaterials 2021, 11, x  7 of 18 
 

 

described in Section S3 (Supplementary Materials) and the results of computational inter-
action parameters (aij) were listed in Table S1. 

3. Results and Discussion 
3.1. Synthesis and Characterization of Polymers 

The syntheses of polymers L-PLGA-D-P and S-PLGA-D-P were accomplished via a 
combination of ROP, ATRP and CuAAC methods using adamantane as a key starting 
material (Scheme 1). For polymer S-PLGA-D-P, Ad-(OH)4 was firstly used as an initiator 
to synthesize Ad-[P(LA-co-GA)-OH]4 by ROP method of D,L-LA and GA. Then, Ad-
[P(LA-co-GA)-OH]4 was brominated with 2-BIBB to obtain Ad-[P(LA-co-GA)-Br]4. Using 
Ad-[P(LA-co-GA)-Br]4 as a macroinitiator, Ad-[P(LA-co-GA)-b-PDEAEMA]4 was synthe-
sized through ATRP method of DEAEMA with a catalyst system of CuBr/PMDETA. Us-
ing Ad-[P(LA-co-GA)-b-PDEAEMA]4 and alkynyl-mPEG (Mn = 2000) as the precursors, 
polymer S-PLGA-D-P was obtained by CuAAC method with a CuBr/dipyridyl catalyst 
system. In addition, linear polymer L-PLGA-D-P was synthesized by ROP, ATRP and Cu-
AAC methods using Ad-OH as the initiator, which was similar to the synthesis procedure 
of S-PLGA-D-P mentioned above. 

 
Scheme 1. Synthetic routes of polymers L-PLGA-D-P (a) and S-PLGA-D-P (b). 

The 1H NMR spectra of the prepared polymers and CuAAC precursors were de-
picted in Figure 2 and Figure S4, respectively. All of the peaks were well assigned to the 
corresponding protons. In Figure 2a, the signal at 1.55 ppm was ascribed to the resonance 
of the protons belonging to adamantane core, and the resonant signals at 1.55 ppm, 4.96 
ppm and 5.28 ppm corresponded to –CH3, –CH2–, –CH– belonging to P(LA-co-GA) back-
bone, respectively. In addition, the signals of –CH2CH2– in PDEAEMA block adjacent to 
oxygen and nitrogen atoms were found at 2.88 ppm and 4.12 ppm, whereas the signals of 
–CH2– and –CH3 at the end of PDEAEMA block were found at 1.11 ppm and 2.76 ppm, 
respectively. The strong resonant signals at 3.58 ppm and 3.31 ppm corresponded to –
CH2– and –CH3 in mPEG backbone, respectively. Importantly, the appearance of peak at 
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The 1H NMR spectra of the prepared polymers and CuAAC precursors were depicted
in Figure 2 and Figure S4, respectively. All of the peaks were well assigned to the corre-
sponding protons. In Figure 2a, the signal at 1.55 ppm was ascribed to the resonance of the
protons belonging to adamantane core, and the resonant signals at 1.55 ppm, 4.96 ppm and
5.28 ppm corresponded to –CH3, –CH2–, –CH– belonging to P(LA-co-GA) backbone, respec-
tively. In addition, the signals of –CH2CH2– in PDEAEMA block adjacent to oxygen and
nitrogen atoms were found at 2.88 ppm and 4.12 ppm, whereas the signals of –CH2– and
–CH3 at the end of PDEAEMA block were found at 1.11 ppm and 2.76 ppm, respectively.
The strong resonant signals at 3.58 ppm and 3.31 ppm corresponded to –CH2– and –CH3 in
mPEG backbone, respectively. Importantly, the appearance of peak at 7.26 ppm correspond-
ing to –CH– in the 1,4-disubstituted-1,2,3-triazole ring provided a direct evidence for the
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occurrence of CuAAC reaction. As for the 1H NMR spectrum of S-PLGA-D-P (Figure 2b),
the signals for the corresponding protons were similar to those found in the 1H NMR
spectrum of L-PLGA-D-P analyzed above, except that the adamantane core had one set of
protons instead of three sets. 1H NMR (S-PLGA-D-P): δ 1.10 ppm (h), δ 1.55 ppm (a + b),
δ 2.74 ppm (g), δ 2.92 ppm (f), δ 3.29 ppm (l), δ 3.58 ppm (k), δ 4.09 ppm (e), δ 4.99 ppm (d),
δ 5.27 ppm (c), δ 7.30 ppm (m).
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Furthermore, FTIR was used to track the terminal group variation of the CuAAC
precursors and polymers. From the FTIR spectrum of Ad-P(LA-co-GA)-b-PDEAEMA-N3
shown in Figure S5a, after azidation of the Ad-P(LA-co-GA)-b-PDEAEMA, the typical
absorption peak at 2112 cm−1 of the azido (–N3) can be observed, while the absorption
peak at 565 cm−1 of the –Br end group in Ad-P(LA-co-GA)-b-PDEAEMA was disappeared.
As for the FTIR spectrum of polymer L-PLGA-D-P, the absorption peaks of the –N3 in
Ad-P(LA-co-GA)-b-PDEAEMA-N3 and –C≡C–H (2166 cm−1) in alkyne mPEG were shown
to disappear due to the subsequent CuAAC reaction [35,36]. Following a similar analysis,
the terminal group variation of the S-PLGA-D-P and its CuAAC precursors were also
confirmed of which characterized results were provided in Figure S5b.

The average molecular weights (Mn) and distributions of the polymers were further
determined by GPC analyses, as shown in Figure S6 and Table 1. GPC curves (Figure S6) of
the polymers and their precursors exhibited monomodal symmetric distributions, indicat-
ing a well-controlled process of the ATRP polymerizations for DEAEMA and the CuAAC
reaction. Meanwhile, the GPC curves of L-PLGA-D-P and S-PLGA-D-P apparently shifted
toward left relative to that of their precursor indicative of the increase of molecular weights,
which were conformed to the theoretical values. Moreover, the resultant polymers L-PLGA-
D-P and S-PLGA-D-P displayed narrow molecular weight distribution (Mw/Mn < 1.50),
which are available for further application in anticancer drugs delivery [8].

Table 1. Molecular weights and distributions of polymers.

Samples aMn,th Mn,GPC Mw/Mn

Ad-P(LA-co-GA)-b-PDEAEMA 5834 5110 1.36
L-PLGA-D-P 7834 7077 1.28

Ad-[P(LA-co-GA)-b-PDEAEMA]4 22,772 19,437 1.37
S-PLGA-D-P 30,772 27,002 1.41

a Calculated by theoretical analysis from the feed ratio of monomers to initiator.

3.2. Self-Assembly and Stability of Amphiphilic Polymeric Micelles

The amphiphilic nature endows the resultant polymers with self-assembled ability to
form core-shell micelles. Figure S7 (Supplementary Materials), presenting the 1H NMR
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spectra of L-PLGA-D-P (a) and S-PLGA-D-P (b) in deuterated water (D2O), showed the
-CH2- characteristics peak of hydrophilic mPEG segment at 3.58 ppm, whereas the signals
corresponding to hydrophobic P(LA-co-GA) and PDEAEMA segments were absent, indica-
tive of the micellar structure with hydrophobic P(LA-co-GA) and PDEAEMA internal core
surrounded by a shell composed with hydrophilic mPEG.

The stability is one of the key parameters of drug delivery system, and it is dependent
on the Gibbs free energy of system that is approximately proportional to the CMC values.
Typically, the lower CMC value means a more negative Gibbs free energy, reflecting the
higher stability of drug delivery system [37]. In our work, the CMC values of polymers
L-PLGA-D-P and S-PLGA-D-P were measured in aqueous solutions by fluorescence spec-
troscopy using pyrene as a fluorescence probe. The ratios of fluorescent intensity I335/I332
were plotted against polymer concentrations, and the intersection of two fitting lines was
corresponded to the CMC values [22], as shown in Figure 3a. It could be observed that
polymer S-PLGA-D-P displayed quite low CMC value with 0.0034 mg/mL reflecting that
its self-assembled polymeric micelles owned desired stability, and its CMC value could
be comparable to that of many reported pH-responsive polymers shown in Table 2. Inter-
estingly, it could be found that, with the nearly identical block ratio for one arm, polymer
S-PLGA-D-P displayed a lower CMC value than L-PLGA-D-P (CMC 0.0070 mg/mL),
demonstrating that the polymeric micelle with star-shaped topology had considerably
higher stability in contrast to the linear counterpart. In addition, the stability of polymeric
micelles was further characterized by monitoring their size variation during long-term
incubation for 7 days in PBS. Figure 3b displayed that the particle sizes of L-PLGA-D-P and
S-PLGA-D-P were decreased from 99.6 nm and 83.6 nm to 90.0 nm and 80.6 nm, respec-
tively, after 7 days incubation. The decrease rates were 9.6% for L-PLGA-D-P and 3.5% for
S-PLGA-D-P, which indicated that S-PLGA-D-P had higher stability rather than L-PLGA-D-
P. Thus, based on the analysis above, star-shaped polymeric micelle S-PLGA-D-P owned a
better stability which was crucial and advantages to maintain the integrity of the polymeric
micelles upon large-ratio blood dilution post intravenous dose administration [17].
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The effects of incubate time on the particle sizes of polymeric micelles in PBS with pH 7.4 at room temperature determined
by DLS.

3.3. pH Response of Polymeric Micelles

The pH-responsive function of polymeric micelles was investigated by means of DLS
and TEM. Figure 4 showed the particle sizes (Dh) of polymeric micelles under varying pH
conditions (pH 7.4, 6.4 and 5.0) after 12h incubation, and the Figure S8 (Supplementary
Materials) presented the corresponding particle size distribution. At pH 7.4, the Dh of
L-PLGA-D-P and S-PLGA-D-P were 99.6 nm and 83.6 nm, respectively, which remarkably
grew to be 189.9 nm and 193.6 nm with the reduction of pH values from 7.4 to 5.0. This
pronounced phenomenon could be attributed to the conversion of PDEAEMA from hy-
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drophobicity to hydrophilicity at a varying pH value. Under neutral condition, PDEAEMA
segment was relatively hydrophobic leading to the compact polymeric micelles. Under the
acidic condition, however, the pendant tertiary amine groups in PDEAEMA were proto-
nated and become to be hydrophilic, leading to the loose and turgid polymeric micelles [38].
Moreover, the pH-responsive function of polymeric micelles was further supported by TEM
observation. From Figure 5a,b, it could be observed that the polymeric micelles showed
spherical morphology. At pH 5.0, the sizes of polymeric micelles became apparently larger
than those observed at pH 7.4, which was in accordance with the variation trend of Dh
obtained by DLS. Consequently, the results of DLS and TEM indicated that both the linear
and star-shaped polymeric micelles had desired pH-responsive behavior. In addition, with
the decrease of pH, the transition of pendant tertiary amine groups in PDEAEMA segment
from hydrophobicity to hydrophilicity was further understood through DPD simulation.
For the equilibrium states of L-PLGA-D-P and S-PLGA-D-P at neutral condition, as seen
in Figure 5c, the components finally formed a large single spherical micelle which was in
quite good agreement with that observed in TEM images. The hydrophobic P(LA-co-GA)
and PDEAEMA segments self-assembled to form the inner core surrounded by the mPEG
shell (light blue), which was consistent with the self-assembled behavior of the resultant
polymers stated in Section 3.2 [33]. In contrast, at acidic condition, it could be observed
that the protonated DEA groups (DEAH beads) were exposed to the surface of spherical
micelle because the PDEAEMA became to be hydrophilic with the decrease of pH.
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Figure 5. TEM images of self-assembled polymeric micelles at pH 7.4 (a) and pH 5.0 (b). DPD equilibrium states of
polymeric micelles at neutral (c) and acidic condition (d). The beads of Ad, LA, GA, MAA, DEA (DEAH), TriAZO and
mPEG were represented in red, blue, indigo, pink, brown, purple and light blue, respectively.
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3.4. Properties of DOX-Loaded Micelles

The DOX-loaded micelles were prepared by the classical dialysis protocol with the
feed ratio of DOX/polymer of 20/100 mg/mg or 50/100 mg/mg. Their particle sizes were
detected using DLS, while the DOX loading capacity reflected by drug loading content (LC)
and encapsulation efficiency (EE) were detected using UV-Vis. From Table 2, DOX-loaded
micelles displayed the larger particle sizes than their corresponding blank polymeric mi-
celles, and the larger particle sizes were obtained with more DOX fed to the polymeric
micelles. Notably, the particle sizes of DOX-loaded micelles were less than 200 nm, which
was reportedly beneficial to the perfusion and accumulation of drug-loaded micelles in
tumor tissues by enhanced permeation and retention (EPR) mechanism [39–41]. As the feed
ratio of DOX/polymer increased, the LCs of DOX-loaded micelles accordingly increased,
reflecting that the feed ratio of DOX/polymer had an important impact on LCs. It is note-
worthy that, in particular, the LCs of DOX@S-PLGA-D-P were up to 12.4% and 22.9% with
the feed ratio of DOX/polymer of 20/100 mg/mg and 50/100 mg/mg, respectively, which
were comparable to that of the reported polymeric micelles (Table 2), such as 4sPCLDEAS
(LC = 11.4%, DOX/polymer of 20/100 mg/mg) [42], (PCL)3-(PDEAEMA-b-PPEGMA)3
(LC = 12.8−19.6%, DOX/polymer of 50/100 mg/mg) [8]. The desired drug-loading capac-
ity of polymeric micelles might be attributed to the bulky and rigid adamantane core as well
as hydrophobic PLGA and PDEAEMA segments, which were advantageous to entrap more
drugs. In our previous works [10,23,38], it was manifested that the length of hydrophobic
segments played an important role in drug loading capacity of drug-loaded micelles, for
instance, longer hydrophobic segments resulted in higher LCs values. Interestingly, with
the nearly identical blocks ratio of polymer for one arm, the LCs of DOX@S-PLGA-D-P
and DOX@L-PLGA-D-P were 22.9% and 21.6%, respectively, which demonstrated that the
topological structure of star-shaped and linear polymers did not seem to be a key factor for
drug loading capacity of the DOX-loaded micelles.

Table 2. Loading content, encapsulation efficiency and particle sizes of DOX-loaded micelles in our work and the re-
ported micelles.

Samples DOX/Polymer
(mg/mg) LC (%) EE (%) a Dh (nm)

b CMC
(mg/mL)

DOX@L-PLGA-D-P
0/10 — — 99.6 (±2.1)

0.003420/100 12.1 (±0.3) 57.6 (±0.5) 126.3 (±1.6)
50/100 21.6 (±0.6) 49.2 (±0.6) 153.4 (±3.2)

DOX@S-PLGA-D-P
0/10 — — 83.6 (±3.0)

0.007020/100 12.4 (±0.2) 58.2 (±0.8) 120.6 (±2.0)
50/100 22.9 (±0.5) 53.3 (±1.1) 156.6 (±2.6)

PT-(PLGA-SS-mPEG)4 [23] 20/100 6.66 39.7 132 0.0087

(PCL)-(PDEAEMA-b-PPEGMA)3 [8] 50/100 12.8–19.6 29.4–48.8 167–232 0.0035

4sPCLDEAS [42] 20/100 11.4 51.5 113.7 —

6AS-PCL-PAA-PPEGMA [43] 14/100 12.0 — — —

β-CD-(PLA-PDMAEMA-PEtOxMA)21 [44] 25/100 13.7 61.0 — —
50/100 21.7 59.1 —

4AS-PLC-b-PDMAEMA [45] 50/100 8.64 37.8 102.7 0.0041
a Particle sizes determined by DLS. b CMC values of the corresponding polymers which could self-assembly into DOX-loaded micelles
with DOX.

Maintaining the same fraction of DOX/polymer (50/100 mg/mg) as the experiment,
the aggregation morphologies and cross-section views of DOX-loaded micelles obtained
by DPD simulation were shown in Figure S3 (Supplementary Materials). It could be
found that the formation process of DOX-loaded micelles which was finally formed a large
single spherical micelle was similar to that of the blank polymeric micelles (Figure 5c).
The cross-section views of DOX-loaded micelles showed that the DOX was mainly dis-
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tributed in the middle layer (PDEAEMA segment) of polymeric micelles structure. This
phenomenon could be attributed to the greater affinity between DOX and PDEAEMA
than that between DOX and P(LA-co-GA), reflected by the lower interaction parameters
of DOX and PDEAEMA (Table S1, Supplementary Materials). Furthermore, DOX was
diffused to P(LA-co-GA) inner core which required to overcome the interspace resistance
of the PDEAEMA middle layer [46]. Combining with the DPD equilibrium state and
cross-section views of these DOX-loaded polymeric micelles, it could be found that they
have the similar self-assembled behavior, thought they had different topology. Besides, the
length of PDEAEMA segment for the arms of L-PLGA-D-P and S-PLGA-D-P were nearly
identical, and it could be observed that the cross-section views of DOX-loaded micelles
(Figure S3) displayed the nearly identical thickness of PDEAEMA middle layer in which
the DOX was mainly distributed. Therefore, it could seem to support the experimental
conclusion that polymeric micelles L-PLGA-D-P and S-PLGA-D-P showed the comparable
DOX loading capacity.

3.5. In Vitro Drug Release Behavior

In vitro drug release behavior of DOX-loaded micelles with the feed ratio of DOX/
polymer of 50/100 mg/mg was studied under different pH condition (pH 7.4, 6.4 and
5.0) at 37 ◦C aimed to mimic the microenvironment of normal tissues and cancer tis-
sues. As seen in Figure 6, at pH 7.4, only 13.3% and 12.7% of DOX were released from
DOX@L-PLGA-D-P and DOX@S-PLGA-D-P within 12 h, respectively, while the release
rate increased tardily and tended toward stability within 80 h. It meant that the DOX-
loaded micelles could remain stable and provide a good protection for DOX avoiding
the excess leakage of DOX in the blood circulation of normal physiological condition. In
addition, in the simulated external microenvironment of cancer tissues (pH 6.4), the DOX
cumulative release of DOX@L-PLGA-D-P and DOX@S-PLGA-D-P were slightly accelerated
and reached to 27.8% and 27.0% within 80 h, respectively. Conversely, as expected, the
release rate of DOX obviously expedited when the pH dropped from 7.4 to 5.0, and the
DOX cumulative release of DOX@L-PLGA-D-P and DOX@S-PLGA-D-P could reach to
77.6% and 78.8% at pH 5.0 after 80 h, respectively. It could be indicative of the evident
pH-controlled drug release behavior of DOX-loaded micelles which profited from their
strong pH-responsiveness. Such interesting pH-controlled drug release behavior could
be ascribed to the protonation of tertiary amine groups in PDEAEMA which became to
be hydrophilic under an acidic condition of tumor tissues [44,47]. In addition, similar
DOX release behavior of DOX@L-PLGA-D-P and DOX@S-PLGA-D-P could be observed
from the in vitro drug release profiles. This could be ascribed to the similar self-assembled
behavior of DOX-loaded micelles and the almost identical length of DEAEMA segment for
these two polymers, which play a key role in the DOX releasing properties [25].
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The dynamics release process of DOX in the acidic aqueous solution was further un-
derstood at mesoscopic scale taking advantage of DPD simulation. As shown in Figure 7a,
under neutral condition, DOX@L-PLGA-D-P was formed to be a spherical drug-loaded
micelle in DPD equilibrium state. However, from Figure 7b, it could be found that DOX was
released from DOX-loaded micelles under acidic condition and more DOX was released
with the increase of DPD simulation time. In addition, the dynamics release process of
DOX@ S-PLGA-D-P was similar to that of DOX@L-PLGA-D-P, which was in line with the
results that DOX@ L-PLGA-D-P and DOX@ S-PLGA-D-P had similar DOX release behavior
discussed above. In the equilibrium state of drug-loaded micelles under acidic condition,
although most of DOX was release, a small amount of DOX enclosed within the inner core
of DOX-loaded micelles failed to be effectively released. This phenomenon agreed with the
fact that the in vitro DOX cumulative release of DOX-loaded micelles did not reach 100%
within 80 h.
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morphologies of DOX@L-PLGA-D-P at different simulation time under acidic condition. (c) DPD
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PLGA-D-P at different simulation time under acidic condition. The beads of Ad, LA, GA, MAA, DEA
(DEAH), TriAZO, mPEG and DOX were represented in red, blue, indigo, pink, brown, purple, light
blue and orange, respectively.

3.6. In Vitro Cytotoxicity

The cytocompatibility of polymeric micelles and DOX-loaded micelles against NIH-
3T3 cells were evaluated in vitro through CCK-8 assay. Figure 8 depicted the dose-
dependent cell viability of NIH-3T3 cells cultured with L-PLGA-D-P (a), S-PLGA-D-P (b)
and their corresponding DOX-loaded micelles. The polymeric micelles L-PLGA-D-P and S-
PLGA-D-P showed negligible cytotoxicity to NIH-3T3 cells in the ranging of 0–300 µg/mL
reflected by the high viability of NIH-3T3 cells (more than 95%), demonstrating their good
cytocompatibility. This could be mainly attributed to the fact that all the segments owned
the good biocompatibility in the polymer composition. Typically, a high cytotoxicity was
induced by free DOX for NIH-3T3 cells, even at low dose (1.23 µg/mL), which manifested
the toxic side effects of anticancer drug DOX on normal tissues. Satisfactorily, as for
DOX-loaded micelles, no apparent cytotoxicity was observed when the concentration of
DOX-loaded micelles was lower than 33.33 µg/mL. However, the increased cytotoxicity
was detected with the higher concentration of DOX-loaded micelles. This phenomenon
was understandable which was ascribed to that DOX-loaded micelles showed a relatively
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low amount of DOX cumulative release under normal physiological condition (pH 7.4)
for 48 h incubation (17.3% for DOX@L-PLGA-D-P and 18.1% for DOX@S-PLGA-D-P), and
thus, the higher concentration of DOX-loaded micelles resulted in the higher additional
cumulative release of DOX which was highly toxic to NIH-3T3 cells. Moreover, from
Table S2 (Supplementary Materials), no half maximal inhibitory concentration (IC50) was
observed at the tested concentration, which was another powerful demonstration of good
cytocompatibility for polymeric micelles and DOX-loaded micelles.
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3.7. In Vitro Anticancer Efficacy

The in vitro anticancer efficacy of polymeric micelles and DOX-loaded micelles against
MCF-7 cells were carried out by the CCK-8 assay. Figure 9 showed the dose-dependent
cell viability of MCF-7 cells cultured with L-PLGA-D-P (a), S-PLGA-D-P (b) and their
corresponding DOX-loaded micelles. It could be found that a fairly high viability of MCF-7
cells, approximately 90%, was still maintained after 48 h incubation at concentrations
of blank polymeric micelles up to 100 µg/mL, indicating that the obtained polymeric
micelles do not exhibit effective anticancer efficacy on MCF-7 cells. For free DOX, it showed
remarked therapeutic efficacy against MCF-7 cells, as the viability of MCF-7 cells was
significantly declining with the increasing concentration of DOX. More importantly, the
in vitro viability of MCF-7 cells culturing with DOX@L-PLGA-D-P and DOX@S-PLGA-D-P
decreased from 92.5% to 32.0% and from 94.6% to 41.6%, respectively, as the concentrations
of samples increased from 0.032 to 20 µg/mL, indicative of the effective therapeutic efficacy
of DOX-loaded micelles. Interestingly, the viability of MCF-7 cells culturing with DOX-
loaded micelles was quite different from that of NIH-3T3 cells, which was in line with
the in vitro drug release profiles with well-controlled release behavior. The phenomenon
could be ascribed to the different DOX release behavior of DOX-loaded micelles in the
microenvironment of NIH-3T3 cells and MCF-7 cells. In detail, in the microenvironment
of NIH-3T3 cells (pH 7.4), DOX-loaded micelles provided a good protection for DOX
which could avoid the excess leakage of DOX, and the cell viability of NIH-3T3 cells
was relatively high indicating the good cytocompatibility of DOX-loaded micelles. In
the microenvironment of MCF-7 cells (pH 5.0), however, DOX-loaded micelles displayed
the accelerated release of DOX because of their strong pH-responsiveness, resulting in
the effective therapeutic efficacy of DOX-loaded micelles, and therefore, the viability of
MCF-7 cells was shown to decrease as the concentration of DOX-loaded micelles increased.
By combining with the low IC50 values of DOX-loaded micelles against MCF-7 cells that
14.600 µg/mL for DOX@L-PLGA-D-P and 9.535 µg/mL for DOX@S-PLGA-D-P (Table S2,
Supplementary Materials), the results indicated an obvious anticancer efficacy of DOX-
loaded micelles.
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4. Conclusions

In summary, two types of polymers with linear (L-PLGA-D-P) and star-shaped
(S-PLGA-D-P) topology were successfully synthesized by ROP, ATRP and CuAAC meth-
ods using adamantane as a key starting material. Their self-assembled polymeric micelles
were prepared and applied for a promising anticancer drug carrier using DOX as the model
drug. These two types of polymeric micelles showed good drug loading capacity up to be
21.6% and 22.9% for L-PLGA-D-P and S-PLGA-D-P, respectively, which were comparable to
that of the reported polymeric micelles. In vitro DOX release profiles showed the prepared
DOX-loaded micelles displayed desired pH-responsive and controlled release behavior
as reflected by the less leakage of DOX in normal physiological condition with pH 7.4 as
well as accelerated DOX release behavior at pH 5.0. Furthermore, the in vitro cell assays
demonstrated that the polymeric micelles and DOX-loaded micelles had good biocompat-
ibility against normal tissues, and meanwhile, DOX-loaded micelles possessed effective
inhibition for proliferation of MCF-7 cells. Nevertheless, with the almost identical ratio
of the blocks of the polymers, the star-shaped polymeric micelle S-PLGA-D-P exhibited
merit of enhanced micelle stability reflected by its lower CMC value (0.0034 mg/mL) and
decrease rate of particle sizes after 7 days incubation (3.5%) compared with linear poly-
meric micelle L-PLGA-D-P (CMC 0.0070 mg/mL, decrease rate of particle sizes was 9.6%),
which manifested that the star-shaped topology was beneficial to improve the stability of
polymeric micelles compared with the linear topology. In consideration of the properties
described above, polymeric micelles L-PLGA-D-P and S-PLGA-D-P showed good potential
in the application field of anticancer drug delivery with well-controlled release for safe and
highly efficient cancer therapy.
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1/11/1/188/s1, Figure S1: Standard calibration curve of DOX in DMSO, Figure S2: Coarse grain
models of (a) L-PLGA-D-P, (b) L-PLGA-DH-P, (c) S-PLGA-D-P, (d) S-PLGA-DH-P, (e) DOX, (f) DOXH,
(g) Water, Figure S3: DPD equilibrium states of DOX-loaded L-PLGA-D-P micelles (a) and DOX-
loaded S-PLGA-D-P micelles (b). Cross-section views of DOX-loaded L-PLGA-D-P micelles (c) and
DOX-loaded S-PLGA-D-P micelles (d), Figure S4: 1H NMR spectra of polymers L-PLGA-D-P (a),
S-PLGA-D-P (b) and the CuAAC precursors, Figure S5: FTIR spectra of polymers L-PLGA-D-P (a),
S-PLGA-D-P (b) and their CuAAC precursors, Figure S6: GPC traces of L-PLGA-D-P, S-PLGA-D-P
and their precursors, Figure S7: 1H NMR spectra of L-PLGA-D-P (a) and S-PLGA-D-P (b) in D2O,
Figure S8: Particle size distribution of L-PLGA-D-P determined by DLS after 12 h incubation, (a) pH
7.4, (b) pH 6.4, (c) pH 5.0. Particle size distribution of S-PLGA-D-P determined by DLS after 12 h
incubation, (d) pH 7.4, (e) pH 6.4, (f) pH 5.0, Table S1: Interaction parameters aij between different
beads used in DPD simulation, Table S2: IC50 values of blank micelles, DOX-loaded micelles and
free DOX.

https://www.mdpi.com/2079-4991/11/1/188/s1
https://www.mdpi.com/2079-4991/11/1/188/s1


Nanomaterials 2021, 11, 188 16 of 17

Author Contributions: Conceptualization, J.G.; investigation, W.W. and C.G.; methodology, W.W.;
software, C.G.; supervision, J.G.; writing—original draft, W.W. and J.G. All authors have read and
agreed to the published version of the manuscript.

Funding: The research was funded by Science and Technology Program of Guangzhou City (No.
201704030075).

Data Availability Statement: The date are available upon request from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Miller, K.D.; Siegel, R.L.; Lin, C.C.; Mariotto, A.B.; Kramer, J.L.; Rowland, J.H.; Stein, K.D.; Alteri, R.; Jemal, A. Cancer Treatment

and Survivorship Statistics, 2016. CA Cancer J. Clin. 2016, 66, 271–289. [CrossRef] [PubMed]
2. Von Roemeling, C.; Jiang, W.; Chan, C.K.; Weissman, I.L.; Kim, B.Y.S. Breaking Down the Barriers to Precision Cancer

Nanomedicine. Trends Biotechnol. 2017, 35, 159–171. [CrossRef] [PubMed]
3. Shi, J.; Kantoff, P.W.; Wooster, R.; Farokhzad, O.C. Cancer Nanomedicine: Progress, Challenges and Opportunities. Nat. Rev.

Cancer 2017, 17, 20–37. [CrossRef] [PubMed]
4. Wicki, A.; Witzigmann, D.; Balasubramanian, V.; Huwyler, J. Nanomedicine in Cancer Therapy: Challenges, Opportunities, and

Clinical Applications. J. Control Release 2015, 200, 138–157. [CrossRef] [PubMed]
5. Cabral, H.; Miyata, K.; Osada, K.; Kataoka, K. Block Copolymer Micelles in Nanomedicine Applications. Chem. Rev. 2018, 118,

6844–6892. [CrossRef] [PubMed]
6. Li, Y.W.; Lu, H.Z.; Liang, S.M.; Xu, S.F. Dual Stable Nanomedicines Prepared by Cisplatin-crosslinked Camptothecin Prodrug

Micelles for Effective Drug Delivery. ACS Appl. Mater. Interfaces 2019, 11, 20649–20659. [CrossRef]
7. Guo, X.; Shi, C.L.; Yang, G.Q.; Wang, J.; Cai, Z.H.; Zhou, S.B. Dual-responsive Polymer Micelles for Target-cell-specific Anticancer

Drug Delivery. Chem. Mater. 2014, 26, 4405–4418. [CrossRef]
8. Cabral, H.; Kataoka, K. Progress of drug-loaded polymeric micelles into clinical studies. J. Control. Release 2014, 190, 465–476.

[CrossRef]
9. Yu, L.; Ke, H.L.; Du, F.S.; Li, Z.C. Redox-responsive Fluorescent Polycarbonates Based on Selenide for Chemotherapy of

Triple-negative Breast Cancer. Biomacromolecules 2019, 20, 2809–2820. [CrossRef] [PubMed]
10. Ahmadi, M.; Madrakian, T.; Ghoorchian, A.; Kamalabadi, M.; Afkhami, A. Stimuli-sensitive Drug Delivery Systems. In

Nanoengineered Biomaterials for Advanced Drug Delivery; Mozafari, M., Ed.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 37–59.
[CrossRef]

11. Chen, Z.J.; Zhang, Z.L.; Chen, M.H.; Xie, S.Z.; Wang, T.; Li, X.H. Synergistic Antitumor Efficacy of Hybrid Micelles with
Mitochondrial Targeting and Stimuli-responsive Drug Release Behavior. J. Mater. Chem. B 2019, 7, 1415–1426. [CrossRef]
[PubMed]

12. Lin, W.J.; Nie, S.Y.; Zhong, Q.; Yang, Y.Q.; Cai, C.Z.; Wang, J.F.; Zhang, L.J. Amphiphilic Miktoarm Star Copolymer (PCL)3-
(PDEAEMA-b-PPEGMA)3 as pH-Sensitive Micelles in the Delivery of Anticancer Drug. J. Mater. Chem. B 2014, 2, 4008. [CrossRef]
[PubMed]

13. Deng, Y.Y.; Jia, F.; Chen, X.H.; Jin, Q.; Ji, J. ATP Suppression by pH-Activated Mitochondria-targeted Delivery of Nitric Oxide
Nanoplatform for Drug Resistance Reversal and Metastasis Inhibition. Small 2020, 16, 2001747. [CrossRef] [PubMed]

14. Su, J.; Chen, F.; Cryns, V.L.; Messersmith, P.B. Catechol Polymers for pH-Responsive, Targeted Drug Delivery to Cancer Cells. J.
Am. Chem. Soc. 2011, 133, 11850–11853. [CrossRef] [PubMed]

15. Liu, M.R.; Du, H.L.; Zhang, W.J.; Zhai, G.X. Internal Stimuli-responsive Nanocarriers for Drug Delivery: Design Strategies and
Applications. Mater. Sci. Eng. C 2017, 71, 1267–1280. [CrossRef] [PubMed]

16. Feng, J.J.; Wen, W.Q.; Jia, Y.G.; Liu, S.; Guo, J.W. pH-Responsive Micelles Assembled by Three-armed Degradable Block
Copolymers with A Cholic Acid Core for Drug Controlled-release. Polymers 2019, 11, 511. [CrossRef]

17. Illy, N.; Corcé, V.; Zimbron, J.; Molinié, V.; Labourel, M.; Tresset, G.; Degrouard, J.; Salmain, M.; Guégan, P. pH-Sensitive
Poly(ethylene glycol)/poly(ethoxyethyl glycidyl ether) Block Copolymers: Synthesis, Characterization, Encapsulation, and
Delivery of A Hydrophobic Drug. Macromol. Chem. Phys. 2019, 220, 1900210. [CrossRef]

18. Hu, D.D.; Xu, Z.P.; Hu, Z.Y.; Hu, B.H.; Yang, M.Y.; Zhu, L.J. pH-Triggered Charge-reversal Silk Sericin-based Nanoparticles for
Enhanced Cellular Uptake and Doxorubicin Delivery. ACS Sustain. Chem. Eng. 2017, 5, 1638–1647. [CrossRef]

19. Mao, J.; Li, Y.; Wu, T.; Yuan, C.H.; Zeng, B.R.; Xu, Y.T.; Dai, L.Z. A Simple Dual-pH Responsive Prodrug-based Polymeric Micelles
for Drug Delivery. ACS Appl. Mater. Interfaces 2016, 8, 17109–17117. [CrossRef]

20. Qu, J.; Peng, S.; Wang, R.; Yang, S.T.; Zhou, Q.H.; Lin, J. Stepwise pH-Sensitive and Biodegradable Polypeptide Hybrid Micelles
for Enhanced Cellular Internalization and Efficient Nuclear Drug Delivery. Colloids Surf. B Biointerfaces 2019, 181, 315–324.
[CrossRef]

21. Xu, Z.; Xue, P.; Gao, Y.E.; Liu, S.; Shi, X.; Hou, M.; Kang, Y. pH-Responsive Polymeric Micelles Based on Poly(ethyleneglycol)-
b-poly(2-(diisopropylamino) ethyl methacrylate) Block Copolymer for Enhanced Intracellular Release of Anticancer Drugs. J.
Colloid. Interface Sci. 2017, 490, 511–519. [CrossRef]

http://doi.org/10.3322/caac.21349
http://www.ncbi.nlm.nih.gov/pubmed/27253694
http://doi.org/10.1016/j.tibtech.2016.07.006
http://www.ncbi.nlm.nih.gov/pubmed/27492049
http://doi.org/10.1038/nrc.2016.108
http://www.ncbi.nlm.nih.gov/pubmed/27834398
http://doi.org/10.1016/j.jconrel.2014.12.030
http://www.ncbi.nlm.nih.gov/pubmed/25545217
http://doi.org/10.1021/acs.chemrev.8b00199
http://www.ncbi.nlm.nih.gov/pubmed/29957926
http://doi.org/10.1021/acsami.9b03960
http://doi.org/10.1021/cm5012718
http://doi.org/10.1016/j.jconrel.2014.06.042
http://doi.org/10.1021/acs.biomac.9b00583
http://www.ncbi.nlm.nih.gov/pubmed/31185717
http://doi.org/10.1016/C2018-0-02205-7
http://doi.org/10.1039/C8TB02843E
http://www.ncbi.nlm.nih.gov/pubmed/32255012
http://doi.org/10.1039/c3tb21694b
http://www.ncbi.nlm.nih.gov/pubmed/32261652
http://doi.org/10.1002/smll.202001747
http://www.ncbi.nlm.nih.gov/pubmed/32378343
http://doi.org/10.1021/ja203077x
http://www.ncbi.nlm.nih.gov/pubmed/21751810
http://doi.org/10.1016/j.msec.2016.11.030
http://www.ncbi.nlm.nih.gov/pubmed/27987683
http://doi.org/10.3390/polym11030511
http://doi.org/10.1002/macp.201900210
http://doi.org/10.1021/acssuschemeng.6b02392
http://doi.org/10.1021/acsami.6b04247
http://doi.org/10.1016/j.colsurfb.2019.05.071
http://doi.org/10.1016/j.jcis.2016.11.091


Nanomaterials 2021, 11, 188 17 of 17

22. Yang, C.F.; Xue, Z.L.; Liu, Y.L.; Xiao, J.Y.; Chen, J.R.; Zhang, L.J.; Guo, J.W.; Lin, W.J. Delivery of Anticancer Drug using
pH-Sensitive Micelles from Triblock Copolymer MPEG-b-PBAE-b-PLA. Mater. Sci. Eng. C 2018, 84, 254–262. [CrossRef] [PubMed]

23. Qu, J.B.; Chapman, R.; Chen, F.; Lu, H.; Stenzel, M.H. Swollen Micelles for The Preparation of Gated, Squeezable, pH-Responsive
Drug Carriers. ACS Appl. Mater. Interfaces 2017, 9, 13865–13874. [CrossRef] [PubMed]

24. Chen, Z.J.; Liu, W.P.; Zhao, L.; Xie, S.Z.; Chen, M.H.; Wang, T.; Li, X.H. Acid-labile Degradation of Injectable Fiber Fragments to
Release Bioreducible Micelles for Targeted Cancer Therapy. Biomacromolecules 2018, 19, 1100–1110. [CrossRef] [PubMed]

25. Shi, X.X.; Hou, M.L.; Ma, X.Q.; Bai, S.; Zhang, T.; Xue, P.; Zhang, X.L.; Liu, G.; Kang, Y.J.; Xu, Z.G. Starburst Diblock Polyprodrugs:
Reduction-responsive Unimolecular Micelles with High Drug Loading and Robust Micellar Stability for Programmed Delivery of
Anticancer Drugs. Biomacromolecules 2019, 20, 1190–1202. [CrossRef] [PubMed]

26. Xiong, D.; Yao, N.; Gu, H.W.; Wang, J.F.; Zhang, L.J. Stimuli-responsive Shell Cross-linked Micelles from Amphiphilic Four-arm Star
Copolymers as Potential Nanocarriers for “pH/Redox-Triggered” Anticancer Drug Release. Polymer 2017, 114, 161–172. [CrossRef]

27. Li, M.; Guo, J.W.; Wen, W.Q.; Chen, J.K. Biodegradable Redox-sensitive Star Polymer Nanomicelles for Enhancing Doxorubicin
Delivery. Nanomaterials 2019, 9, 547. [CrossRef] [PubMed]

28. Li, L.; Lu, B.B.; Fan, Q.K.; Wu, J.N.; Wei, L.L.; Hou, J.; Guo, X.H.; Liu, Z.Y. Synthesis and Self-assembly Behavior of pH-
Responsive Star-shaped POSS-(PCL-P(DMAEMA-co-PEGMA))16 Inorganic/Organic Hybrid Block Copolymer for The Controlled
Intracellular Delivery of Doxorubicin. RSC Adv. 2016, 6, 61630–61640. [CrossRef]

29. Shang, Y.Q.; Guo, L.X.; Wang, Z.G. Tetraphenylsilane-cored Star-shaped Amphiphilic Block Copolymers for pH-Responsive
Anticancer Drug Delivery. Macromol. Chem. Phys. 2019, 220, 1900248. [CrossRef]

30. Shang, Y.Q.; Zheng, N.; Wang, Z.G. Tetraphenylsilane-cored Star-shaped Polymer Micelles with pH/Redox Dual Response and
Active Targeting Function for Drug-controlled Release. Biomacromolecules 2019, 20, 4602–4610. [CrossRef]

31. Englert, C.; Brendel, J.C.; Majdanski, T.C.; Yildirim, T.; Schubert, S.; Gottschaldt, M.; Windhab, N.; Schubert, U.S. Pharmapolymers
in the 21st Century: Synthetic Polymers in Drug Delivery Applications. Prog. Polym. Sci. 2018, 87, 107–164. [CrossRef]

32. Wang, G.Y.; Zhang, L.M. Synthesis, Self-assembly and pH Sensitivity of PDEAEMA–PEG–PDEAEMA Triblock Copolymer
Micelles for Drug Delivery. React. Funct. Polym. 2016, 107, 1–10. [CrossRef]

33. Yang, H.Y.; Guo, J.W.; Tong, R.; Yang, C.F.; Chen, J.K. pH-Sensitive Micelles Based on Star Copolymer Ad-(PCL-b-PDEAEMA-b-
PPEGMA)4 for Controlled Drug Delivery. Polymers 2018, 10, 443. [CrossRef] [PubMed]

34. Yang, C.F.; Xiao, J.Y.; Xiao, W.F.; Lin, W.J.; Chen, J.R.; Chen, Q.; Zhang, L.J.; Zhang, C.Y.; Guo, J.W. Fabrication of PDEAEMA-Based
pH-Responsive Mixed Micelles for Application in Controlled Doxorubicin Release. RSC Adv. 2017, 7, 27564–27573. [CrossRef]

35. Yu, L.; Xie, M.M.; Li, Z.; Lin, C.Y.; Zheng, Z.; Zhou, L.Z.; Su, Y.; Wang, X.L. Facile Construction of Near-monodisperse and
Dual Responsive Polycarbonate Mixed Micelles with the Ability of pH-Induced Charge Reversal for Intracellular Delivery of
Antitumor Drugs. J. Mater. Chem. B 2016, 4, 6081–6093. [CrossRef]

36. Wu, W.S.; Yi, P.; Zhang, J.; Cheng, Y.C.; Li, Z.W.; Hao, X.Y.; Chen, Q. 4/6-Herto-arm and 4/6-Mikto-arm Star-shaped Block
Polymeric Drug-loaded Micelles and Their pH-Responsive Controlled Release Properties: A Dissipative Particle Dynamics
Simulation. Phys. Chem. Chem. Phys. 2019, 21, 15222–15232. [CrossRef]

37. Yang, C.F.; Yuan, C.; Liu, W.Y.; Guo, J.W.; Feng, D.C.; Yin, X.Q.; Lin, W.J.; Shuttleworth, P.S.; Yue, H.B. DPD Studies on Mixed
Micelles Self-assembled from MPEG-PDEAEMA and MPEG-PCL for Controlled Doxorubicin Release. Colloids Surf. B 2019, 178,
56–65. [CrossRef]

38. Lin, W.J.; Xue, Z.L.; Wen, L.Y.; Li, Y.Z.; Liang, Z.P.; Xu, J.C.; Yang, C.F.; Gu, Y.X.; Zhang, J.; Zu, X.H.; et al. Mesoscopic Simulations
of Drug-loaded Diselenide Crosslinked Micelles: Stability, Drug Loading and Release Properties. Colloids Surf. B 2019, 182, 110313.
[CrossRef]

39. Xiong, X.B.; Binkhathlan, Z.; Molavi, O.; Lavasanifar, A. Amphiphilic Block Co-polymers: Preparation and Application in
Nanodrug and Gene Delivery. Acta Biomater. 2012, 8, 2017–2033. [CrossRef]

40. Yang, C.F.; Liu, W.Y.; Xiao, J.Y.; Yuan, C.; Chen, Y.X.; Guo, J.W.; Yue, H.B.; Zhu, D.Y.; Lin, W.J.; Tang, S.Q.; et al. pH-Sensitive
Mixed Micelles Assembled from PDEAEMA-PPEGMA and PCL-PPEGMA for Doxorubicin Delivery: Experimental and DPD
Simulations Study. Pharmaceutics 2020, 12, 170. [CrossRef]

41. Ricotti, L.; Cafarelli, A.; Lacocacci, V.; Vannozzi, L.; Menciassi, A. Advanced Micro-nano-bio Systems for Future Targeted
Therapies. Curr. Nanosci. 2015, 11, 144–160. [CrossRef]

42. Allen, T.M.; Cullis, P.R. Drug Delivery Systems: Entering the Mainstream. Science 2004, 303, 1818–1822. [CrossRef] [PubMed]
43. Kobayashi, H.; Watanabe, R.; Choyke, P.L. Improving Conventional Enhanced Permeability and Retention (EPR) Effects; What Is

the Appropriate Target? Theranostics 2013, 4, 81–89. [CrossRef] [PubMed]
44. Cao, J.; Xie, X.X.; Lu, A.J.; He, B.; Chen, Y.W.; Gu, Z.W.; Luo, X.L. Cellular Internalization of Doxorubicin Loaded Star-Shaped

Micelles with Hydrophilic Zwitterionic Sulfobetaine Segments. Biomaterials 2014, 35, 4517–4524. [CrossRef] [PubMed]
45. Lin, W.J. Design and Preparation of Star Polymeric Micelles Drug/Gene Delivery Systems. Ph.D. Thesis, South China University

of Technology, Guangzhou, China, 2016.
46. Gao, Y.E.; Bai, S.; Ma, X.Q.; Zhang, X.L.; Hou, M.L.; Shi, X.X.; Huang, X.H.; Chen, J.C.; Wen, F.Q.; Xue, P.; et al. Codelivery of

Doxorubicin and Camptothecin by Dual-responsive Unimolecular Micelle-based Beta-Cyclodextrin for Enhanced Chemotherapy.
Colloids Surf. B 2019, 183, 110428. [CrossRef] [PubMed]

47. Lin, W.J.; Yao, N.; Qian, L.; Zhang, X.F.; Chen, Q.; Wang, J.F.; Zhang, L.J. pH-Responsive Unimolecular Micelle-gold Nanoparticles-
drug Nanohybrid System for Cancer Theranostics. Acta Biomater. 2017, 58, 455–465. [CrossRef] [PubMed]

http://doi.org/10.1016/j.msec.2017.12.003
http://www.ncbi.nlm.nih.gov/pubmed/29519437
http://doi.org/10.1021/acsami.7b01120
http://www.ncbi.nlm.nih.gov/pubmed/28374987
http://doi.org/10.1021/acs.biomac.7b01696
http://www.ncbi.nlm.nih.gov/pubmed/29498833
http://doi.org/10.1021/acs.biomac.8b01566
http://www.ncbi.nlm.nih.gov/pubmed/30658038
http://doi.org/10.1016/j.polymer.2017.03.002
http://doi.org/10.3390/nano9040547
http://www.ncbi.nlm.nih.gov/pubmed/30987287
http://doi.org/10.1039/C6RA09803G
http://doi.org/10.1002/macp.201900248
http://doi.org/10.1021/acs.biomac.9b01472
http://doi.org/10.1016/j.progpolymsci.2018.07.005
http://doi.org/10.1016/j.reactfunctpolym.2016.08.001
http://doi.org/10.3390/polym10040443
http://www.ncbi.nlm.nih.gov/pubmed/30966478
http://doi.org/10.1039/C7RA04358A
http://doi.org/10.1039/C6TB01865C
http://doi.org/10.1039/C9CP02411E
http://doi.org/10.1016/j.colsurfb.2019.02.043
http://doi.org/10.1016/j.colsurfb.2019.06.043
http://doi.org/10.1016/j.actbio.2012.03.006
http://doi.org/10.3390/pharmaceutics12020170
http://doi.org/10.2174/1573413710666141114221246
http://doi.org/10.1126/science.1095833
http://www.ncbi.nlm.nih.gov/pubmed/15031496
http://doi.org/10.7150/thno.7193
http://www.ncbi.nlm.nih.gov/pubmed/24396516
http://doi.org/10.1016/j.biomaterials.2014.01.067
http://www.ncbi.nlm.nih.gov/pubmed/24612917
http://doi.org/10.1016/j.colsurfb.2019.110428
http://www.ncbi.nlm.nih.gov/pubmed/31415956
http://doi.org/10.1016/j.actbio.2017.06.003
http://www.ncbi.nlm.nih.gov/pubmed/28583900

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis Methods 
	Synthesis of Star-Shaped Macroinitiator Ad-[P(LA-co-GA)-Br]4 
	Synthesis of Ad-[P(LA-co-GA)-b-PDEAEMA]4 
	Synthesis of Star-Shaped Polymer S-PLGA-D-P 
	Synthesis of Linear Polymer L-PLGA-D-P 

	Preparation of the Blank Polymeric Micelles and DOX-Loaded Micelles 
	Characterization and Measurement 
	CMC Measurement 
	Drug Loading and In Vitro Release 
	In Vitro Cytotoxicity and Anticancer Efficacy Assay 
	Dissipative Particle Dynamics (DPD) Simulation 

	Results and Discussion 
	Synthesis and Characterization of Polymers 
	Self-Assembly and Stability of Amphiphilic Polymeric Micelles 
	pH Response of Polymeric Micelles 
	Properties of DOX-Loaded Micelles 
	In Vitro Drug Release Behavior 
	In Vitro Cytotoxicity 
	In Vitro Anticancer Efficacy 

	Conclusions 
	References

