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Abstract: To study the effects of X-shaped amphiphilic block copolymers on delivery of
docetaxel (DTX) and the reduction-sensitive property on drug release, a novel reduction-sensitive
amphiphilic copolymer, (PLGA),-SS-4-arm-PEG,,,
fully synthesized. The formation of nanomicelles was proved with respect to the blue shift of the

with a Gemini-like X-shape, was success-

emission fluorescence as well as the fluorescent intensity increase of coumarin 6-loaded particles.
The X-shaped polymers exhibited a smaller critical micelle concentration value and possessed
higher micellar stability in comparison with those of linear ones. The size of X-shaped (PLGA),-
SS-4-arm-PEG,, polymer nanomicelles (XNMs) was much smaller than that of nanomicelles
prepared with linear polymers. The reduction sensitivity of polymers was confirmed by the increase
of micellar sizes as well as the in vitro drug release profile of DTX-loaded XNMs (DTX/XNMs).
Cytotoxicity assays in vitro revealed that the blank XNMs were nontoxic against A2780 cells
up to a concentration of 50 ug/mL, displaying good biocompatibility. DTX/XNMs were more
toxic against A2780 cells than other formulations in both dose- and time-dependent manners.
Cellular uptake assay displayed a higher intracellular drug delivery efficiency of XNMs than that
of nanomicelles prepared with linear polymers. Besides, the promotion of tubulin polymerization
induced by DTX was visualized by immunofluorescence analysis, and the acceleration of apoptotic
process against A2780 cells was also imaged using a fluorescent staining method. Therefore, this
X-shaped reduction-sensitive (PLGA),-SS-4-arm-PEG, |
the micellar stability and significantly enhance the therapeutic efficacy of DTX by increasing the

copolymer could effectively improve

cellular uptake and selectively accelerating the drug release inside cancer cells.
Keywords: PLGA, 4-arm PEG, micelle, stability, uptake

Introduction
According to the previously reported cases in literature,'* X-shaped small molecular
surfactants with two hydrophobic blocks and two water-soluble chains exhibit a lower
surface tension and an extremely small critical micelle concentration (CMC) value,
consequently, leading to higher stability compared with that of linear, small molecular
surfactants. Therefore, in regard to the stability of polymeric nanomicelles, this unique
X-shaped structure of polymers containing two water-soluble chains and two hydrophobic
blocks may provide nanomicelles with specific potential to resist both the high dilution
and the disturbance of various charged components in blood after injection, conse-
quently, increasing the physical stability of micelles and leading to the steady delivery
of anticancer drugs to the target tissues. However, the effects of the X-shaped structure
of polymers on micellar stability and intracellular drug delivery are rarely explored.
Another challenge pertaining to the conventional biodegradable nanomicelles, which are
composed of water-soluble poly(ethylene glycol) (PEG) chains and aliphatic polyesters, such as
poly(lactic-co-glycolic acid) (PLGA), is that they usually exhibit a sustained degradation prop-
erty inside the body. Even though these polymers show good biocompatibility, the sustained
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drug release from nanomicelles over a period of days may not only
decrease the therapeutic efficacy of anticancer drugs but also cause
drug resistance after injection.’ In order to solve this problem,
biodegradable nanomicelles with various microenvironment-
responsive mechanisms®? that can significantly change the phys-
iochemical properties of nanomicelles and trigger the selectively
rapid drug release under certain microconditions in response to
the related stimuli in cells have been explored.

Particularly, the reduction-sensitive nanomicelles contain-
ing disulfide bonds between the hydrophobic and hydrophilic
blocks have received great interest for the delivery of hydro-
phobic drugs!®** due to their specific degradation property
in regard to the exchange of thiols on reducing agents with
the disulfide bonds on nanomicelles. Glutathione (GSH) is a
reducing agent that exists naturally in the human body, with
amuch higher content in cells than in the blood. Besides, the
concentration of GSH in cancer cells can be at millimolar lev-
els, whereas a substantially low concentration exists in normal
cells.® Taking advantage of the difference in GSH levels at
different parts of the body, the stable polymeric nanomicelles
with reduction-sensitive property can remain unchanged in
the systemic circulation and in the extracellular regions,
while exhibiting relatively rapid drug release in cancer cells
in response to the high content of reducing agents.'®

Docetaxel (DTX) is a highly hydrophobic anticancer drug
that is commercially available. The formulation containing
Tween 80 exhibited one potential deficiency with respect to
physical instability and toxicity of the vehicle.'

Therefore, in the current study, the novel X-shaped
reduction-sensitive block copolymer (PLGA),-SS-4-arm-
PEGZOOO
micelles better micellar stability as well as possessing greater

was designed, which was expected to afford nano-

potential for improving the therapeutic efficacy of DTX.

Materials and methods

Materials

PLGA-COOH (Mw 5,000) was purchased from Daigang Bioma-
terial Co., Ltd. (Jinan, People’s Republic of China). The 4-Arm
PEG,,,,-NH, (Mw 2,000), linear NH.-PEG
(Mw 1,000) and 3,3"-Dithiodipropionic acid were purchased from
Xibao Biotechnology Co., Ltd. (Shanghai, People’s Republic of
China). Dicyclohexylcarbodiimide (DCC) and N-hydroxysuccin-
imide (NHS) were purchased from GL Biochem, Ltd. (Shanghai,
People’s Republic of China). Coumarin 6 was purchased from
Aladdin Reagent Co., Ltd. (Shanghai, People’s Republic of
China). DTX (purity >98% by high-performance liquid chro-
matography [HPLC]) was purchased from MeiluneBio Co., Ltd.
(Dalian, People’s Republic of China). 3-(4,5-Dimethylthiazol-
2-y1)-2,5-diphenyl tetrazolium bromide (MTT), Hoechst 33342

-NH, polymer

fluorescent stain, anti-B-tubulin-FITC (fluorescein isothiocyanate)
antibody, Dulbecco’s Modified Eagle’s Medium (DMEM) and
fetal bovine serum (FBS) were purchased from Sigma-Aldrich
Co. (St Louis, MO, USA). All other agents used were analytical
grade, except those for HPLC.

Synthesis of (PLGA),-SS-4-arm-PEG, |
The X-shaped amphiphilic copolymers composed of PLGA
with an average Mw of 5,000 Da and PEG,,, with four arms
were synthesized through the formation of amide bonds
between different components.'”!* The disulfide bonds were
introduced between the hydrophilic and hydrophobic blocks
as reduction-sensitive functional groups. The synthetic prog-
ress of the amphiphilic copolymers was shown in Figure 1.
In atypical procedure, 5,000 mg of PLGA-COOH was solu-
bilized in 150 mL of dry dichloromethane containing both DCC
(200 mg) and NHS (60 mg). The carboxylic group on PLGA
was activated by NHS to form an intermediate in the presence
of DCC, on a magnetic stirrer (500 rpm) for 2 hours at low tem-
perature. Then, an excess of ethylenediamine (1.2:1) was fed into
the mixed solution, and the pH was adjusted to approximately
8.0 by adding some Et,N. The reaction of the mixed solution was
carried out at room temperature (25°C%1°C) for approximately
18 hours. After storing for 1 hour at low temperature (—20°C),
the reaction mixture was passed through a filter (APFB 1.0 um,
automation compatible, Millex [Sigma-Aldrich]) to remove
dicyclohexylurea transformed from DCC during reaction.
The filtrate was concentrated by removing the majority of the
solvent using a rotary evaporator. The resultant polymers were
purified from dichloromethane by immersion in at least tenfold
cold diethyl ether (—20°C) twice and dried in a vacuum drying
oven for more than 6 hours. Similarly, through the formation
of amide bonds, the 3,3’-dithiodipropionic acid (170 mg) was
connected to PLGA-NH, (3,400 mg) and the resultant PLGA-
SS-COOH (2,300 mg) was then linked to two arms of 4-arm
PEG,,, (440 mg) to form (PLGA),-SS-4-arm-PEG,,..
Besides, both the linear copolymer PLGA-SS-PEG
and X-shaped (PLGA),-4-arm-PEG,, without disulfide
linkers between the hydrophilic and hydrophilic blocks were

1000

also synthesized using almost the same method and would
be used as controls in future.

Characterization of the synthesized

copolymers

Conformation of chemical structure by nuclear
magnetic resonance imaging and Fourier transform
infrared spectroscopy

All the synthesized polymers were characterized by
"H-nuclear magnetic resonance ('H-NMR) (400 MHz,
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Abbreviations: PLGA-COOH, poly(lactic-co-glycolic acid); SS, disulfide; PEG, poly(ethylene glycol).

DMSO-d, as solvent, 25°C). Chemical shifts were given in
ppm (parts per million), with tetramethylsilane as the inter-
nal standard. Also, Fourier transform infrared spectroscopy
(FTIR) spectra of the synthesized polymers were determined
based on a KBr tablet method.

Gel permeation chromatography

Traditional gel permeation chromatography (GPC) assay
was performed to analyze the synthesized copolymers using
a Styragel column (Styragel Column [Waters Corporation],
HR 3, 5 um, 7.8 mm x300 mm).? Polystyrene was used as
the standard for rough calibration of molecular weight and
polydispersity index (PDI). Dimethylformamide (HPLC
grade) was selected as the eluent, at a flow rate of 1.0 mL/min
at 25°C, and the sample concentrations were approximately
2 mg/mL.

Micelle formation

The formation of nanomicelles was proved by both the emis-
sion bandshift and fluorescent intensity changes of coumarin
6-loaded formulations as well as their scanning electron
microscopy (SEM) images.

First, coumarin-6 loaded particles were prepared by a
desolvation technique.”' Briefly, 20 mg of the synthesized
amphiphilic copolymer was dissolved in 1 mL of acetone
(including 200 pg of coumarin 6) with the help of ultra-
sonication. The formed organic solution of polymers and

fluorescence dye molecules was slowly added dropwise into
10 mL of Milli Q water, with constant stirring (700 rpm) at
room temperature to prepare an emulsion, which was then
stirred (300 rpm) in a fume hood at room temperature for
4 hours to completely remove the acetone. The obtained
suspension was purified by both centrifugation (3,000x g,
10 minutes) and filtration through a 0.22 um filter to remove
the aggregation of free coumarin 6 in water.

The fluorescence spectra of the coumarin 6-loaded particles
were recorded on a lumina fluorescence spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) at 25°C using a Wav-
escan model. Both the excitation and emission slits were set at
2.5 nm, and the photomultiplier tubes voltage was 400 V. The
morphology of the nanomicelles was characterized by SEM.

The emission fluorescence spectra of the micellar suspen-
sion prepared without the addition of coumarin 6 was also
recorded, as well as that of coumarin 6 in either pure water
or acetone. Before the fluorescence test, the suspension was
filtered through a 0.45 um hydrophilic filter. Besides, the fluo-
rescence quenching process of coumarin 6 in acetone, which
was caused by the addition of pure water, was recorded by
Timescan model on a Lumina fluorescence spectrometer.

Determination of CMC values

The CMC of the two polymeric nanomicelles were deter-
mined by fluorescence spectroscopy, using pyrene as a
polarity-sensitive fluorescent probe.? In a typical procedure,
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a stock solution of pyrene was prepared by adding a known
weight of the compound in acetone. The mixture was sonicated
to yield a clear solution. Then, the micellar solutions of known
concentrations were prepared by serial dilutions with Milli
Q water, and the final concentration of pyrene was kept at
6.03x1077 mol/L. The tubes containing micelle and pyrene were
ultrasolicated for 20 minutes and left to equilibrate in darkness
for 24 hours. Then, the emission spectra were recorded by a
Lumina fluorescence spectrometer (Thermo Scientific) at 25°C.
Both the excitation and emission splits were set at 5 nm.

Comparison of micellar stability

The nanomicelles in suspensions were diluted with phos-
phate-buffered saline (PBS) to half of their original concen-
trations (C > CMC) and then the sizes of micelles as well as
their distribution were determined by dynamic light scattering
(DLS) at given time intervals.?

Reduction sensitivity
The reduction-sensitive property of the synthesized
amphiphilic polymers was compared with respect to the
increase in hydrodynamic sizes of nanomicelles over time,
which was tested by DLS.

The size of the polymeric micelles could be changed
in response to the presence of reducing agent, such as DL-
Dithiothreitol (DTT, 10 mmol/L), which was added to simulate
the reductive microenvironment in tumor cells.?* Typically, into
a glass cuvette containing 1 mL of micelle suspension, DTT was
added. The final concentration of DTT in suspension was con-
trolled to 10 mmol/L. The reduction-triggered change of micelle
size was traced by DLS at predetermined time intervals using a
forward scattering angle. The size of nanomicelles in suspension
without the addition of DTT was detected as control.

Preparation and characterization of

DTX-loaded nanomicelles

DTX/XNMs (DTX-loaded X-shaped (PLGA),-SS-4-arm-
1)E‘(}ZOO
same preparative method described before. DTX/LNMs
(DTX-loaded linear (PLGA),-SS-4-arm-PEG , polymer
nanomicelles) and DTX/NNMs (DTX-loaded X-shaped
(PLGA),-4-arm-PEG,,, polymer without disulfide bonds)
were also prepared (DTX: 1.2 mg, Copolymer: 20 mg,

Acetone: 1 mL, Milli Q water: 10 mL).

, bolymer nanomicelles) were prepared using the

Particle size, size distribution, and surface zeta
potential

The surface charges and the sizes of the formed nanomicelles
(DTX/XNMs, DTX/NNMs, and DTX/LNMs) as well as their

distribution in suspensions were determined by DLS at room
temperature, using a backward scattering angle.

Determination of drug loading capacity and
entrapment efficiency
The drug loading capacity (DL) of X-shaped (PLGA),-SS-4
-arm-PEG, polymers and the entrapment efficiency (EE)
of DTX were detected by HPLC (Waters €2695; Waters
Corporation, Milford, MA, USA).? Briefly, 1 mL of
acetonitrile was added to into 1 mL of micelle suspension
leading to the rupture and DTX release from nanomicelles.
The obtained dispersion was filtered through a 0.45 um
membrane before being injected into HPLC. During the
whole analytical process, the column was Agilent Eclipse
Plus C  (4.6x250 mm, 5 um). The mobile phase consist-
ing of a mixture of acetonitrile:H,O (60:40, v/v), and
Milli Q water was passed through a Millipore membrane
(0.2 um) by means of a vacuum filter and degassed before
use. The flow rate was 1.0 mL/min, and the temperature
in the column oven was set at 25°C. A volume of 20 uL
of the sample solution was injected throughout the entire
analytical procedure, and the total run time for each injec-
tion was set to 7 minutes. The detection wavelength of the
photodiode array detector, which was used for the detection
of the ultraviolet absorption of DTX, was set at 230 nm.
The amount of DTX in XNMs was calculated according
to the DTX calibration obtained. All experiments for all
samples were done in triplicate.

The DL and EE of DTX were calculated by the follow-
ing equations:

EE (%) = W,/ W, x100%,
DL (%) = W [(W, + W,) x100%,

where ¥ is the weight of DTX fed initially, | is the amount
of DTX entrapped in micelles, and W, represents the polymer
added initially. In order to make it clear whether or not there
was a weight loss of the co-block polymeric material during
the preparation of the micelle suspension, one representative
suspension batch was freeze-dried and weighed.

Morphological analysis by TEM and SEM
The size and morphology of DTX/XNMs was observed using
both SEM and transmission electron microscopy (TEM).

Drug remaining and changes of micellar sizes

The stability of DTX/XNMs was characterized by changes
in the micelle sizes as well as the percentage of drug
remaining over time. During the whole experimental period,
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the DTX/XNMs suspension was stored and tested at room
temperature.

In vitro DTX release from DTX/XNMs
The reduction-triggered release of DTX from DTX/XNMs in
vitro was performed using a membrane dialysis apparatus.?
The concrete operating procedures were as follows: typically,
2.0 mL of various preparations of DTX (containing 200 ug
of DTX) were placed on a preswelled dialysis membrane
(7,000 kDa MW, Sigma-Aldrich), which was then tightened
and dialyzed against 10 mL of PBS (pH 7.4) containing 0.2%
sodium dodecyl sulfate (m/v) and DTT (10 mmol/L) on a
shaking table (110 rpm, 37°C£0.5°C) for 120 hours. A 30%
ethanol solution of DTX (200 pg) was used as the control.
Sodium dodecyl sulfate was added into the release medium
to improve the solubility of DTX in the aqueous solution,
and the whole release process was performed under sink
condition. And, DTT was added into the medium to imitate
the reductive environment in cancer cells. At predetermined
time intervals, 1 mL of dialysis medium was taken out from
the release medium, and the same volume of prewarmed fresh
PBS medium was added at the same time. Each experiment
was performed in triplicate, and the concentration of DTX
in the medium was assayed by HPLC.

Cell culture and cytotoxicity assay

A2780 cell line was cultured in DMEM containing 10% FBS
and 1% penicillin—streptomycin at 37°C in a humidified 5%
CO, incubator.”’

MTT assay was performed to elucidate the cytotoxicity
of the synthesized X-shaped copolymer and the micellar
suspension DTX/XNMs. First, A2780 cells were seeded
at approximately 5,000 cells/well in 96-well plates and
cultured for 24 hours. Then, the free DTX, the blank XNMs
suspensions with a polymer concentration ranging from 50
to 0.005 pug/mL, as well as the drug-loaded micelle suspen-
sions DTX/XNMs and DTX/LNMs, containing five drug
concentrations (0.006, 0.06, 0.6, 6.0, and 60 nM of DTX) in
each sample were incubated in A2780 cells. The cell viability
was tested after 24 and 48 hours, respectively. All the assays
were performed in duplicate three times.

Cellular uptake study

Cellular uptake efficiency of coumarin 6-loaded nanomicelles
(C6/XNMs and C6/LNMs) were conducted on A2780 cells using
flow cytometry.”® Typically, approximately 8,000 cells were
seeded in each well of a 12-well plate and incubated overnight.
The DMSO solution of coumarin 6 and coumarin 6-loaded nano-
micelles was diluted in medium to get a concentration of 50 ng/

mL of coumarin 6. Then, 1 mL of each freshly prepared sample
medium was added and incubated with A2780 cells for 1,2, 4, 6,
and 8 hours, respectively. Then, the cells were washed with cold
PBS three times, and a total 10,000 gated cells were analyzed.

Immunofluorescence analysis

The immunefluorescence analysis was utilized to determine the
alteration of B-tubulin.?’ Briefly, A2780 cells were seeded in
6-well plates (~5,000 cells/well) and cultured overnight before
treatment with DTX, XNMs, DTX/LNMs, and DTX/XNMs,
respectively. The drug concentration in each sample was kept at
6 nM. After another 24 hours incubation, the cells were rinsed in
PBS for 5 minutes three times and fixed with 4% polyoxymeth-
ylene before being treated with 0.5% Triton X-100. After being
blocked with 5% bovine serum albumin for 1 hour, the cells
were immunostained with primary B-tubulin-FITC antibody at
4°C overnight. The coverslips were rinsed three times in PBS
and incubated with Hoechst33342 (1 pg/mL) for 10 minutes
at room temperature in dark and then resuspended in PBS for
detection. Finally, the polymerization of tubulin was imaged
by IN Cell Analyser 2000 (GE Healthcare Bio-Sciences Corp.,
Piscataway, NJ, USA) with a 60x0.7NA objective.

Fluorescence imaging analysis of
apoptosis

Fluorescence imaging was used for the analysis of apopto-
sis enhancement.*® Typically, A2780 cells were seeded in
96-well plates (~5,000 cells/well) and cultured overnight
before treatment with DSD, XNMs, DTX/LNMs, and
DTX/XNMs, respectively. The drug concentration in each
sample was kept at 6 nM. Then, the cells were incubated for
24 hours. Hoechst 33342 was added to the cell suspensions
to a final concentration of 10 uM. IN Cell Analyzer 2000
(GE Healthcare Bio-Sciences Corp) imaged cells with a 60x
0.7NA objective immediately after 1 hour incubation.

Statistical analysis

Data obtained during the experiments were presented as mean
standard deviation. The significance level of all the statistical
analyses was set at 5%, and the analysis was performed using
two-way analysis of variance for multiple comparisons.

Results and discussion

Conformation of chemical structure by

NMR and FTIR

The chemical structure of PLGA coupling with 4-arm PEG,,

was confirmed by '"H-NMR and FTIR spectrophotometry.
As shown in Figure 2, the signals pertaining to PLGA-

COOH are 4.93 ppm for CH, of GA, 5.22 ppm for CH of
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Abbreviations: PLGA-COOH, poly(lactlc co-glycolic acid); SS, dlsulf‘de PEG, poly(ethylene glycol); ppm, parts per million; 'H-NMR, 'H-nuclear magnetic resonance

imaging.

LA, and 1.55 ppm for CH, of LA. After ethylenediamine
was connected to the carboxylic group on PLGA, a special
signal at 3.19 ppm for CH, of -HNCH,~ was observed
on the spectrum. A signal at 2.60 ppm, which was related
to —SS—CH,~, appeared on the spectrum after the reaction
of PLGA-NH, with 3,3’-dithiodipropionic acid. Finally, the
introduction of PEG caused a special high-signal peak at
3.52 ppm for CH, of PEG.

The synthesized copolymers were also characterized by
FTIR spectra over the range from 400 to 4,000 cm™'based on
a KBr tablet method. As shown in Figure 3, the characteristic
absorption band at approximately 1,760 cm™" was associated
with the vibration of carbonyl. The peaks at approximately

2,850 and 2,941 cm™! were attributed to the absorption of CH,
from GA, while the peaks at 2,990 and 2,912 cm™ were attrib-
uted to the absorption of CH, from LA. The wide absorption
band at approximately 3,500 cm™ was assigned to the ter-
minal hydroxyl groups in the copolymers. The absorption
band with a range from approximately 1,000 to 1,500 cm™
was the result of vibration of the alkyl group as well as some
other vibrations. These absorption peaks exhibited the char-
acteristic vibrations of groups from PLGA-COOH.

The absorption bands associated with amide I (1,620—
1,680 cm™) and amide II (1,480-1,580 cm™)*! were observed
on the spectra of polymers B, C, and D, with peaks at approxi-
mately 1,625 and 1,570 cm™. These groups demonstrated the
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Abbreviations: PLGA-COOH, poly(lactic-co-glycolic acid); SS, disulfide; PEG, poly(ethylene glycol); FTIR, Fourier transform infrared spectroscopy.

formation of amide bonds between blocks, while the differ-
ence between copolymers with different functional groups was
exhibited on spectra. Polymers with terminal amino groups
exhibited an absorption peak at approximately 3,317 cm™,
which could be observed on the spectra of both PLGA-NH,
and (PLGA),-SS-4-arm-PEG,
appeared from the spectra of polymers without terminal amino
groups, such as PLGA-COOH and PLGA-SS-COOH.

The chemical structures of polymers (PLGA),-4-arm-
PEG,,,, and PLGA-SS-PEG,,, were also characterized by
'"H-NMR and FTIR, and similar spectra were obtained.

-NH,. This special peak dis-

Determination of molecular weight
The molecular weight of the amphiphilic copolymers and
their distribution were determined by GPC. The statistical

data obtained from NMR and GPC are summarized in
Table 1.

The data in Table 1 lists the molecular weights of the
synthesized amphiphilic copolymers as well as their distribu-
tion. To determine the relative ratio of PLGA to PEG in the
synthesized polymers, we calculated the total integration of
the methine peak of LA (-OCH(CH,)CONH-)) and meth-
ylene peak of PEG (-CH,CH,O-) by comparing with that
of the methylene peak of GA (<OCH,COO-). The relative
ratios obtained are listed in Table 1, and these values indi-
cated the successful synthesis of polymers.*> Although the
GPC-related data, which were obtained using a traditional
refractive index detector and using polystyrene as calibra-
tion standard, were not expected to quantitatively provide
molecular weight information of polymers because of the

Table | Summary of GPC results for the synthesized block copolymers

Amphiphilic copolymers 'H-NMR GPC

GA:LAEG* Mn® Mn© Mwe PDI
PLGA,,-SS-PEG,,, 44:31:18 6,005 5413 8,531 1.57
(PLGA,,,),-SS-4-arm-PEG, | 88:58:34 11,326 9,595 15,762 1.64
(PLGA,,,),~4-arm-PEG, | 88:56:33 11,094 9,275 15,043 1.62

Notes: *Composition ratio of GA to LA and EG calculated by 'H-NMR. ®Estimated from 'H-NMR data (g/mol). ‘Determined by GPC (g/mol). GPC images for the synthesized
polymers as well as their weight information are shown in the Supplementary material (Figures S|, S2, and Tables SI, S2).

Abbreviations: PLGA, poly(lactic-co-glycolic acid); SS, disulfide; PEG, poly(ethylene glycol); 'H-NMR, 'H-nuclear magnetic resonance imaging; GPC, gel permeation
chromatography; PDI, polydispersity index; Mn, number-average molecular weight; Mw, weight-average molecular weight; GA, glycolic acid; LA, lactic acid; EG, ethylene glycol.
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structural difference between the synthesized polymers and
the standards, they could be used to verify the absence of
polymer impurity as well as to evaluate the molecular weight
distribution of the polymers.'®

Micelle formation

Coumarin 6, a small molecular fluorescent dye, was used
as a hydrophobic model probe to explore the formation of
micelles.

Because of the extremely poor water solubility of
coumarin 6, only a small emission peak at 883.6 nm was
detected (Figure 4A), which might be emitted by some
unique aggregate of coumarin 6 molecules. When dissolved
in acetone, a strong peak at 508.3 nm appeared (Figure 4B)
because of its high solubility in organic solvents. Besides,
the fluorescence quenching process was recorded after twice
the volume of water was added into the above acetone solu-
tion (Figure 4C). This might be caused by the hydrogen
bound formed between water molecules and coumarin 6,
just as the quenching process between coumarin 102 and

A
300+
>
=
2 Excited at 441.7 nm
@
E  200- Coumarin 6 in water
)
c
)
%)
2 100-
S
o
=
L. 883.6 nm
07 T ' T N T ! T ! 1
500 600 700 800 900
Emission wavelength (nm)
C
500
> Excited at 441.7 nm
6 400+
5
i
£ E a0
pre)
3
0 '© 200~
2w
1S
S 100
T8
0 |
0 500,000 1,000,000
Time (ms)

Figure 4 Determination of Micelle Formation.

phenol molecules.* The emission peak of coumarin 6-loaded
nanomicelles, which shifted to 492.3 nm (16 nm blue shift
in Figure 4B), demonstrated that coumarin 6 was located in
an apolar microenvironment.** No fluorescence quenching
was displayed by the formulations, and polymers exhibited
no fluorescence. In Figure 4D, some spherical shapes were
observed from the SEM image of coumarin 6-loaded nano-
micelles. These results demonstrated that the amphiphilic
copolymers can form some spherical, sealed shapes with
hydrophobic inner parts, inside which coumarin 6 could be
entrapped to prevent the fluorescence quenching caused by
interaction with water molecules as well as to increase its
solubility in water.

Comparison of micellar stability
Pyrene, a hydrophobic fluorescent dye, was used as a
microenvironmental polarity-sensitive probe for the deter-
mination of CMC values (Figure S3).

As exhibited in Figure 5A, the emission fluorescent inten-
sity of pyrene increased greatly as the polymer concentration
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Notes: (A) The emission fluorescence intensity of coumarin 6 in water. (B) The emission fluorescence of coumarin 6 (20 pg/mL) in acetone and nanomicelles.
(C) Fluorescence quenching process of coumarin 6 in acetone caused by the addition of water. (D) SEM image of the formed particles.
Abbreviations: XNMs, X-shaped (PLGA),-§5-4-arm-PEG,, polymer nanomicelles; SEM, scanning electron microscopy; PLGA, poly(lactic-co-glycolic acid); PEG, poly

(ethylene glycol).
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went up, indicating the increase of total content of pyrene in
the tested solutions. The plot of I._./I

373 7384
logarithm of polymer concentration was fit to a Boltzmann

as a function of the

sigmoidal curve, and the middle point of curve inflexion was
chosen for the estimation of CMC values.*® It was easy to find
that the CMC of the X-shaped polymers was much smaller
than that of linear ones. In Figure 5B, XNMs exhibited higher
physical stability, with negligible changes of sizes, PDI, or
surface charges. The size of LNMs almost doubled after
2 weeks, and the distribution of LNMs became much broader
than before. Amphiphilic copolymers with lower CMC
value demonstrated a higher micellar stability because of
the stronger ability to resist dilution and the smaller chain-
exchanging rates between aggregations.>® These results
indicated that the X-shaped amphiphilic copolymers could
afford nanomicelles better colloidal stability in comparison
with linear polymers.

Reduction sensitivity

The reduction sensitivity of polymers was characterized
by changes in particle sizes in response to DTT. As shown
in Figure 6A, without the addition of DTT, no significant
changes in micellar sizes were observed after 24 hours.
Figure 6B indicated that the addition of DTT in suspensions
resulted in the increase of particle sizes, but in an obvious
decrease in the intensity. After some time, the disulfide bonds
between PLGA and PEG blocks were broken after interaction
with DTT leading to the changes of hydrophilic/hydrophobic

ratios of the polymer chains and eventually causing the rup-
ture and aggregation of micelles. The results verified that
the synthesized amphiphilic polymers with disulfide bonds
possessed remarkable reductive sensitivity.

Characterization of DTX-loaded

nanomicelles
Some of the physiochemical properties of DTX-loaded
nanomicelles were characterized and the relevant results are
shown in Table 2.

As shown in Table 2, the mean size of DTX/LNMs was
approximately 135 nm. However, the sizes of DTX/XNMs
and DTX/NNMs, which were prepared with X-shaped poly-
mers, were approximately 70 nm. Besides, no significant
differences were observed in regard to the surface charges
of the micelles as well as their DL.

As shown in Figure 7A, the DTX/XNMs suspension with
milky-blue opalescence was obtained. The hydrodynamic size
of nanomicelles was 77.38 nm with a PDI of 0.118, which were
characterized by DLS. SEM and TEM were used to images
to show the particle sizes as well as the morphology of nano-
micelles (Figure 7B). No pores were observed on the surface
of DTX/XNMs. In vitro drug release of DTX/XNMs was
performed using a membrane dialysis apparatus. As shown in
Figure 7C, a typical biphasic release pattern of DTX/XNMs
was obtained under conditions without the addition of reducing
agents, which included an initial burst release of approximately
33% during the first 4 hours followed by a sustained release of
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Figure 6 (A) Typical DLS images of XNMs without DTT. (B) The DLS images of XNMs suspensions with DTT (10 mmol/L) for up to 24 hours.
Abbreviations: DLS, dynamic light scattering; XNMs, X-shaped (PLGA),-SS-4-arm-PEG, ; polymer nanomicelles; LNMs, loaded linear (PLGA),-SS-4-arm-PEG, | polymer
nanomicelles; DTT, DL-Dithiothreitol; PDI, polydispersity index; PLGA, poly(lactic-co-glycolic acid); PEG, poly(ethylene glycol).

approximately 45% up to 120 hours. However, the release of
DTX increased obviously in the presence of DTT in dialysis
media (10 mmol/L). During the first 4 hours, approximately
45% of DTX was released from nanomicelles. In Figure 7D,
the changes in particle size, PDI, and percentage of drug
remaining of DTX/XNMs were analyzed. No obviously
changes in both size and PDI were observed after 2 weeks, and
the percentage of drug remaining of DTX/XNMs exhibited
negligible decreases during the first week and declined to 85%
from approximately 95% after another week, indicating the
good physical stability of DTX/XNMs.

These results indicated that the micelles might be stable
under extracellular conditions over a prolonged period, with
slight loss of drug while exhibiting a selectively rapid drug
release property in the presence of reducing agents.

Cellular uptake study
Flow cytometry analysis was used for the quantification of
intracellular uptake of different coumarin 6-loaded nanomi-
celles. Figure 8A shows the columnar graph of fluorescent
intensity of coumarin 6 in A2780 cells.

As shown in Figure 8A, no significant difference in
fluorescence intensity between cells treated with coumarin 6
or coumarin 6/LNMs was observed after either 1 or 2 hours

Table 2 Some characteristics of DTX-loaded nanomicelles

incubation, while the fluorescent intensity of cells treated
with coumarin 6/XNMs was significantly higher than that of
the coumarin 6 group (P<<0.05). After a 4-hour incubation, a
significant difference between cells treated with two different
nanomicelles was observed (P<<0.05), and the fluorescent
intensity of cells treated with coumarin 6/XNMs was much
higher than that of coumarin 6 group (P<<0.001).

In Figure 8B, the fluorescent intensity of cells incubated
with coumarin 6/XNMs was almost three times that of cells
treated with coumarin 6 and much higher than that of cells
treated with coumarin 6/LNMs although the fluorescent
intensity of coumarin 6/XNMs group decreased at 6 hours,
which might be caused by the efflux of matter from cells.?

These results indicated that XNMs possessed a higher
efficiency in drug delivery into A2780 cells than that of
LNMs. Comparing the structures of polymers that formed
LNMs and XNMs as well as their physicochemical charac-
teristics, this cellular uptake enhancement might be attributed
to the smaller particle size of XNMs.>"*

In vitro cytotoxicity assay

The biocompatibility of the X-shaped reduction-sensitive
copolymer (PLGA),-SS-4-arm-PEG,,,, was confirmed by
incubating the blank XNMs with A2780 cells at various

Nanomicelle Z average size (nm) PDI Surface zeta potential (mV) EE (%) DL (%)

DTX/LNMs 135.7+3.72 0.118 —6.8 95.4+3.34 5.374+0.54
DTX/NNMs 72.43+4.72 0.120 —5.4 93.3+4.23 5.02+0.34
DTX/XNMs 65.661+2.52 0.092 -7.3 90.5x1.72 4.92+0.24

Abbreviations: DTX, docetaxel; XNMs, X-shaped (PLGA),-SS-4-arm-PEG,,; polymer nanomicelles; LNMs, loaded linear (PLGA),-SS-4-arm-PEG
PDI, polydispersity index; EE, encapsulation efficiency; DL, drug loading capacity; PLGA, poly(lactic-co-glycolic acid); PEG, poly(ethylene glycol).
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Figure 7 (A) Typical SEM images of DTX/XNMs (insert: typical appearance of DTX/XNMs suspension). (B) Typical TEM images of DTX/XNMs. (C) In vitro drug release
profile of DTX/XNMs. (D) Changes of particle size, PDI, and drug remaining percentage of DTX/XNMs in process of time.

Abbreviations: DTX, docetaxel; XNMs, X-shaped (PLGA),-SS-4-arm-PEG,,; polymer nanomicelles; TEM, transmission electron microscopy; PDI, polydispersity index;
PLGA, poly(lactic-co-glycolic acid); PEG, poly(ethylene glycol).
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Figure 8 (A) The column graph showing cellular coumarin 6 fluorescence in A2780 cells following certain time incubation. Indicated values were mean + SD (n=6). *P<<0.05,
*#*Pp<0.01, ¥*P<0.001. (B) Cellular uptake of coumarin 6, coumarin 6/LNMs, and coumarin 6/XNMs analyzed by flow cytometry.
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concentrations. The cell viability was little affected fol-
lowing a 48-hour incubation, which is shown in Figure 9A,
demonstrating good biocompatibility of the synthesized
copolymers.

The free DTX was used as a positive control.*’ After a
24-hour incubation period (Figure 9B), no significant differ-
ence in cell viability between DTX and DTX-loaded formu-
lations was observed when the dose was below 6 nM. The
cell viability of DTX/XNMs at 6 nM was significantly lower
than that of DTX (P<<0.01). When the dose reached 60 nM,
both DTX/LNMs and DTX/XNMs exhibited almost the same
cytotoxicity, which was significantly larger than that of the
free DTX (P<<0.01). These results indicated that these drug-
loaded nanomicelles exhibited a dose dependent cytotoxicity
and that the XNMs could effectively enhance the cytotoxicity
of DTX against A2780 cells under certain dosages.

After a 48-hour incubation period, the viability of cells
treated with DTX/XNMs (0.06 nM) decreased significantly
in comparison with that of cells treated with DTX (P<<0.05).
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204
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While the dose reached 0.6 nM, the cell viability of DTX/
XNMs almost dropped to half that of free DTX (P<<0.001).
These results indicated that the cytotoxicity of DTX/XNMs
against A2780 cells also exhibited a time-dependent prop-
erty. Besides, the cell viability of DTX/XNMs at 0.6 nM
was significantly lower than that of DTX/LNMs and DTX/
NNMs (P<0.01).

All the results might be attributed to the higher intracel-
lular delivery efficiency of DTX/XNMs in comparison with
that of DTX/LNMs and the relatively faster drug release of
DTX/XNMs than that of DTX/NNMs in A2780 cells.

Tubulin polymerization and apoptosis
enhancement

According to the relevant studies reported previously, DTX
can bind to the B-tubulin subunit of microtubules to cause
tubulin polymerization.*' Immunofluorescence microscopy
was utilized to explore the effects of DTX-loaded nanomi-
celles on tubulin polymerization.
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Figure 9 The in vitro cytotoxicity assessment of XNMs and drug loaded formulations using MTT assay.
Notes: (A) Biocompatibility assessment of XNMs against A2780 cells following incubation for 48 hours. (B) Cytotoxicity effect of DTX and DTX loaded formulations on
A2780 after treatment for 24 hours. (C) Cytotoxicity effect of DTX and DTX loaded formulations on A2780 after 48 hours incubation. Indicated values were mean = SD

(n=6). *P<<0.05, **P<<0.01, ***P<0.001.
Abbreviations: DTX, docetaxel; XNMs, X-shaped (PLGA),-SS-4-arm-PEG
loaded linear (PLGA),-SS-4-arm-PEG, | polymer nanomicelles.
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As shown in Figure 10A, the green fluorescent staining
of tubulin in cells treated with XNMs exhibited a largely
cytoplasmic distribution, just as the control did, and the
distribution of staining of tubulin in cells treated with DTX
revealed a slight decrease. In contrast, the cells incubated
with micellar formulations showed a smaller green fluores-
cent staining distribution and more condensed microtubules
around nuclei.” The cells treated with DTX/XNMs exhibited
the most condensed green fluorescence as they achieved the
best effect on tubulin polymerization. The morphology of
nuclei in cells treated with DTX-loaded nanomicelles became
larger and more irregular in comparison with that of untreated
cells. Besides, in comparison with other groups, the cells
treated with DTX formulations decreased obviously.

Previous studies in a variety of cancer cells verified that
the anticancer property of DTX was partially associated with
the initiation of the apoptotic cascade.* Fluorescence imag-
ing analysis (Figure 10B) exhibited that the nuclear morphol-
ogy of cells treated with XNMs for 24 hours was almost the
same as controls, whereas DNA fragmentation and/or chro-
matin condensation could be clearly observed in cells treated
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with DTX or DTX-loaded nanomicelles, indicating that the
DTX could induce apoptosis in A2780 cells.* The number
of cells treated with DTX or DTX-loaded nanomicelles was
much lower than that of control group. Besides, fewer cells
with normal nuclei morphology were observed in the group
treated with DTX/XNMs in comparison with cells treated
with DTX/NNMs or DTX/LNMs, which, qualitatively, certi-
fied that DTX/XNMs could promote the apoptotic progress
of A2780 cells.*

Conclusion

In this work, the effects of the X-shaped structure of
reduction-sensitive polymers on delivery of DTX have
been explored based on the synthesized amphiphilic block
copolymers. The X-shaped amphiphilic copolymers pos-
sess a smaller CMC value in comparison with that of linear
ones, although they share almost the same hydrophilic/
hydrophobic ratio, which led to a smaller micellar size as
well as a slower aggregation process, verifying that XNMs
possessed a higher physical stability than LNMs. DTX/
XNMs can significantly decrease the cellular viability of

DTX/NNMs DTX/LNMs DTX/XNMs

DTX/LNMs

Figure 10 (A) Immunofluorescence images for nuclear staining (Hoechst33342: blue) and B-tubulin (FITC: green) following the treatment with different DTX formulations
for 24 hours. (B) Fluorescence imaging analysis of apoptosis in A2780 cells.
Abbreviations: DTX, docetaxel; XNMs, X-shaped (PLGA),-SS-4-arm-PEG,,; polymer nanomicelles; LNMs, loaded linear (PLGA),-SS-4-arm-PEG, | polymer nanomicelles;
FITC, fluorescein isothiocyanate; PLGA, poly(lactic-co-glycolic acid); PEG, poly(ethylene glycol).
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A2780 cells, promote the polymerization of B-tubulin,
enhance apoptosis by improving the intracellular drug
delivery efficiency (which might be a result of their smaller
particle size when compared with that of DTX/LNMs),
and selectively accelerating drug release. Therefore, this
X-shaped reduction-sensitive (PLGA),-SS-4-arm-PEG,,
copolymer can effectively improve the micellar stability
and significantly enhance the therapeutic efficacy of DTX,
and can thus be a good choice for the intracellular delivery
of poorly water soluble anticancer drugs.
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Figure S| Typical GPC chromatograms of polymers (A) PLGA-NH, (B) PLGA-SS-COOH.
Abbreviations: GPC, gel permeation chromatography; PLGA, poly(lactic-co-glycolic acid); SS, disulfide; MV, micro voltage.
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Figure S2 Typical GPC chromatograms of three synthesized amphiphilic block 350 360 370 380 390 400
copolymers. A (nm)
Note: —SS— represents the disulphide bonds. exe
Abbreviations: GPC, gel permeation chromatography; PLGA, poly(lactic-co- Figure S3 Fluorescence emission spectra of pyrene.
glycolic acid); MV, micro voltage. Abbreviation: con, concentration.
Table S1 Summary of GPC results
Amphiphilic copolymers GPC
Mn Mw PDI
PLGA-NH, 4,371 6,206 1.42
PLGA-SS-COOH 4,520 6,915 1.53

Abbreviations: PLGA, poly(lactic-co-glycolic acid); SS, disulfide; GPC, gel permeation chromatography; PDI, polydispersity index; Mn, number-average molecular weight;
Mw, weight-average molecular weight.
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Table S2 Changes of size, PDI, and zeta potential of XNMs and LNMs

Nanomicelles Day | Day 3 Day 5 Day 7 Day 14
Size (nm) XNMs 64.77+£2.89 65.10+2.85 73.60+2.42 77.97+£2.98 92.77+2.86
LNMs 135.70+2.54 137.14£1.73 145.3413.72 152.34+3.52 227.10+4.87
PDI XNMs 0.11840.030 0.103+0.015 0.112+0.007 0.167+0.023 0.130+0.028
LNMs 0.117£0.047 0.223+0.038 0.307+0.054 0.558+0.044 0.663+0.072
Zeta potential (mV) XNMs 11.2040.03 10.50+0.134 10.70+0.21 9.80+0.12 9.50+0.28
LNMs 10.80+0.02 10.12+0.13 9.8610.21 8.76+0.12 8.54+0.28

Abbreviations: PDI, polydispersity index; XNMs, X-shaped (PLGA),-SS-4-arm-PEG, ; polymer nanomicelles; LNMs, loaded linear (PLGA),-SS-4-arm-PEG, polymer

nanomicelles.
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