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A well-defined B-cyclodextrin-core star copolymer with Y-shaped ABC miktoarms, star poly(ethyl
methacrylate(-b-poly(2-(diethylamino)ethyl methacrylate)-b-methoxypolyethylene glycols (CD-star-
PEMA(-b-PDEA)-b-mPEG), was designed and synthesized via ATRP and click reactions. The
copolymer could exhibit unimolecular micelles in aqueous solution. The micelles were characterized
by means of DLS, *H NMR and TEM measurements. In the micelles the PEMA blocks work as
a container for storing hydrophobic guest molecules, the mPEG is used as a hydrophilic block, and

the PDEA block can respond to change in environmental pH. By using Nile red, celecoxib, and
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Accepted 28th January 2017 etoprofen as hydrophobic model drugs, encapsulation and release behaviors of the unimolecular

micelles were investigated. It was found that the unimolecular container is a good platform for

DOI: 10.1039/c6ra28456f encapsulating hydrophobic guest molecules. Release of the payload from the unimolecular micelles
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1. Introduction

Amphiphilic macromolecules are able to self-assemble to form
micelles in an aqueous solution. When an amphiphilic polymer
self-assembles to form micelles in an aqueous solution, the
formed hydrophobic cores can encapsulate hydrophobic drugs
molecules."* Therefore, self-assemblies based on amphiphilic
macromolecules have potential application in the drug delivery
field."* However, owing to the existence of a critical aggregation
concentration (CAC), self-assembled polymeric micelles
become significantly unstable under diluted conditions and
dissociate into free chains.**° This results in premature release
of the physically encapsulated drugs.® Also, it is difficult to
accurately control the architecture of a nano-object from the
self-assembly of multi-molecules. Consequently, with regard to
stability and well-defined architecture, the unimolecular
micelles show distinct advantages. This type of micelles
demonstrates a micellar behavior as a single molecule.** This
implies that once this type of macromolecules is constructed
the structures of their micelles are explicit. Therefore, amphi-
philic unimolecular micelle is an important and interesting
nano-object container.

Unimolecular micelles could be generally constructed by
using dendritic,” or hyperbranched polymers'® as a core. But
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synthesis procedure of a perfect dendritic polymer is tedious,
and it is also difficult to precisely control structure of
a hyperbranched polymer. Recently, we are interesting in
investigation of star copolymers,"™** especially based on B-
cyclodextrin (B-CD) core.'>*> B-CD contains 7 primary and 14
secondary hydroxyl groups,”®'>'>%5-3¢ which are able to be
all”7®11:121620 or gelectively**° reacted. Therefore, well-defined
B-CD-core star polymers with designed arm numbers could be
synthesized. Interestingly, B-CD-core star polymers exhibit
some unique properties.”®'**>'53% For example, in our recent
work, we designed and synthesized well-defined B-CD-core star
triblock copolymers poly(methyl methacrylate)-b-poly(2-
(diethylamino)ethyl methacrylate)-b-poly(poly(ethylene glycol)
methyl ether methacrylate) (CD-(PMMA-b-PDEA-b-PPEGMA),, )
by the core-first ATRP method. The different morphologic self-
assemblies were obtained from the star triblock copolymers.
Unexpectedly, the pH-induced micelle-to-vesicle morphology
transition was observed.' In our earlier work, B-CD-core star
poly(N-isopropylacrylamide) (PNIPAm) (star-PNIPAm) was
synthesized and then star-PNIPAm with B-CD at arm end (star-
PNIPAmM-CD) were further synthesized. Interestingly, the two
star polymers could self-assemble to form nanosized aggre-
gates in aqueous solution above their lower critical solution
temperatures (LCSTs), and their self-assembly behaviors
showed molecular recognition capability.'* Xiao et al. synthe-
sized a series of cationic star polymers with 21 arms (21ACSPs)
by using a B-CD-based initiator. The results revealed that
21ACSPs have the ability to condense the plasmid DNA to 80—
180 nm." Liu and co-workers synthesized Janus-type
(PDEA;(),-CD-(PNIPAm,;5);, heteroarm star copolymer by
using B-CD as a core. The (PDEAjg),-CD-(PNIPAM,;5)14
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copolymer could self-assemble to form two types of vesicles
with “inverted” nanostructures in water by properly tuning
solution pH and temperatures.**

Although star polymers based on a B-CD core have been
explored widely,”®''>'>% go far there are yet few reports on
aqueous unimolecular micelles of B-CD-core star polymers,®
especially multi-functional unimolecular micelles. For multi-
armed star polymers based on a B-CD core, it is possible to
obtain aqueous unimolecular micelles.”® For example, Wang et al.
synthesized B-CD-core star diblock copolymers poly(lactic acid)-b-
poly(oligo(ethylene glycol) methyl ether methacrylate). The
copolymers could form unimolecular micelles and were used as
carriers of drug DOX.* Herein we report a novel B-CD-core star
copolymer with Y-shaped ABC miktoarms, star poly(ethyl meth-
acrylate(-b-poly(2-(diethylamino)ethyl ~ methacrylate)-b-methox-
ypolyethylene glycols (CD-star-PEMA(-b-PDEA)-b-mPEG). The
copolymer exhibits unimolecular micelles in aqueous solution.
The micelles can not only encapsulate hydrophobic guest mole-
cules, but also respond to change in environmental pH. In addi-
tion, the surface charge of the micelles changes with
environmental pH. To our knowledge, so far this type of B-CD-core
star copolymer has not been reported yet.

2. Experimental section
2.1 Materials

1,1,4,7,10,10-Hexamethyltriethylenetetramine (HMTETA, 97.0%)
was from Alfa Aesar, 1,1,4,7,7-pentamethyldiethylenetriamine
(PMDETA, 98%), 2-chloropropionyl chloride (CPC, 95%), ethyl
methacrylate (EMA, 99%), 3-butyn-1-ol (98%), 9-(diethylamino)
benzo[a]phenoxazin-5(5H)-one (Nile red, 97.5%), 4-pentynoic acid
(95%), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydro-
chloride (EDCI, 99%), and ketoprofen (98%) were from J & K
Scientific Ltd. Methoxypolyethylene glycols (mPEG, average
molecular weight 5000) and 2-(diethylamino)ethyl methacrylate
(DEA, 98.5%) were purchased from TCI, Japan. Celecoxib (98%)
was from Adamas. 4-Dimethylaminopyridine (DMAP, 99%) was
from Acros. Cuprous bromide (98.5%) and anisole (chemical pure)
were from Sinopharm Chemical Reagent Co., Ltd, Shanghali,
China. Sodium azide (99.5%) was from Zhengzhou Paini Chemical
Reagent Factory. Sodium hydride (60%) was from Chengdu Kelong
Chemical Reagent Factory. Cuprous chloride (97.0%, Tianjin
Hongyan Chemical Reagent Factory) and cuprous bromide were
purified by being stirred in acetic acid overnight. After filtration,
they were washed with anhydrous methanol and then dried in
a vacuum oven at 25 °C. All of the other reagents, including pyri-
dine, epichlorohydrin, ammonium chloride, dichloromethane
(DCM), anhydrous methanol, tetrahydrofuran (THF), N,N-dime-
thylformamide (DMF), n-hexane, anhydrous sodium carbonate,
and cupric chloride were of analytical grade and made in China.
They were used as received without further purification.

B-Cyclodextrin (B-CD) was recrystallized from water three
times and dried under vacuum at 110 °C prior to use. 21CI-B-CD
was synthesized according to our previous studies.'* 3-Butynyl-
2-chloropropanoate (Alkynyl-Cl) was synthesized according to
our previous work.**
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2.2 Synthesis of star copolymer CD-star-PEMA-C1

HMTETA (409 mg, 1.78 mmol), CuCl,-2H,0 (15.2 mg, 0.089
mmol), EMA (11.83 g, 103.6 mmol) and 21Cl-B-CD (214.3 mg,
1.48 mmol initiating sites) were successively dissolved in 71 mL
of anisole. After it was bubbled with argon gas for 80 min, CuCl
(87.93 mg, 0.89 mmol) was added. It was bubbled with argon
gas for an additional 20 min and the reaction system sealed was
then stirred magnetically in an oil bath at 80 °C. After 1.5 h, the
reaction mixture was allowed to cool to room temperature, to be
exposed to air, and to be diluted with DCM (100 mL). It was
passed through a neutral alumina column to remove the copper
complex. The resulting solution was concentrated and was then
precipitated into n-hexane. The repeated purification of the
product was carried out by dissolving in DCM and precipitating
in n-hexane twice. The resulting polymer was dried under
vacuum at 25 °C for 48 h (yield, 3.1 g).

2.3 Synthesis of star copolymer CD-star-PEMA-N;

A mixed solution containing 2.35 g of CD-star-PEMA-CI, 9.4 mL
of DMF and 0.51 g (7.8 mmol) of NaN; was stirred in an oil bath
at 60 °C for 48 h. When the stirring was completed, the resulting
mixture was allowed to cool to room temperature and was then
poured into 200 mL of water. The obtained precipitate was
dissolved in 200 mL of DCM and it was then washed by 10%
NaCl aqueous solution thrice. After dried over anhydrous
sodium sulfate overnight, the organic solvent was removed by
a rotary evaporator. The obtained sample was dried under
vacuum at room temperature for 48 h (yield, 2.1 g).

2.4 Synthesis of o-methoxy-w-epoxypoly(ethylene oxide)
(mPEG-epoxide)

20 g (4 mmol) of mPEG was dissolved in 90 mL of toluene. The
solution was heated to reflux under Dean-Stark condition in an
oil bath at 130 °C. When ~40 mL of toluene was distilled, the
reaction flake was set in oil bath at 30 °C and 0.48 g (12 mmol) of
NaH was then added at 30 °C. After stirring of 5 h, 11.1 g (9.4
mL, 120 mmol) of epichlorohydrin was added. The reaction
mixture was stirred at 40 °C for 15 h. When completion of the
reaction, the mixture was allowed to cool to room temperature
and small amount of water was stepwise added to consume the
unreacted NaH. The resulting solution was precipitated into n-
hexane (400 mL). The obtained precipitate was dissolved in 200
mL of DCM and was then washed by NaCl aqueous solution
thrice. After the organic solution was dried over anhydrous
sodium sulfate overnight, DCM was removed by a rotary evap-
orator. The obtained sample was dried under vacuum at room
temperature for 48 h (yield, 16.7 g).

2.5 Synthesis of mPEG(-OH)-N;

15.7 g (3.1 mmol) of mPEG-epoxide was dissolved in 63 mL of
DMF. Then, 1.63 g (25.1 mmol) of NaN; and 1.34 g (25.1 mmol)
of NH,Cl were added successively. The reaction system was
stirred at 50 °C for 48 h. When the mixture was cooled to room
temperature, it was precipitated into a mixed ether/n-hexane
(1 : 1 by volume) solvent mixture. The obtained precipitate was

This journal is © The Royal Society of Chemistry 2017
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dissolved in 200 mL of DCM and the organic solution was then
washed by water thrice. After it was dried over anhydrous
sodium sulfate overnight, the organic solvent was concentrated
by a rotary evaporator. Afterwards, the solution was precipitated
into n-hexane. The obtained sample was dried under vacuum at
room temperature for 48 h (yield, 13.4 g).

2.6 Synthesis of mPEG(-OH)-Cl

After a solution composed of mPEG(-OH)-N; (5.4 g, 1.06 mmol),
alkynyl-Cl (0.35 g, 2.18 mmol), PMDETA (0.2059 g, 1.19 mmol)
and DMF (108 mL) was bubbled with argon gas for 90 min, CuBr
(178.2 mg, 1.24 mmol) was added. The reaction mixture was
bubbled with argon gas for additional 30 min. In the period of
bubbling argon gas, the mixture was sonicated several times
and each sonication lasted 1 min. The reaction proceeded at
40 °C. After 48 h, the mixture was cooled to room temperature
and exposed to air. After stirring for 1 h, the mixture was
precipitated into THF/n-hexane (1:1 by volume) solvent
mixture. The obtained precipitate was dissolved in 150 mL of
DCM. It was passed through a neutral alumina column to
remove the copper complex. The resulting solution was
concentrated and precipitated into n-hexane. The repeated
purification was carried out by dissolving in DCM and precipi-
tating in n-hexane. The resulting polymer was dried under
vacuum at room temperature for 48 h (yield, 4.1 g).

2.7 Synthesis of mPEG(-alkynyl)-Cl

3.92 g (0.75 mmol) of mPEG(-OH)-Cl, 0.27 g (2.75 mmol) of 4-
pentynoic acid and 0.1 g (0.82 mmol) of DMAP was successively
dissolved in 4.6 mL of DCM. Under the condition of —20 °C,
a solution of EDCI (0.53 g, 2.76 mmol) in 15 mL of DCM was
stepwise added. After stirring for 10 min at —20 °C, the reaction
mixture was stirred at room temperature for additional 24 h.
Then, it was diluted with 200 mL of DCM and washed by 16.7%
NaCl aqueous solution several times until water phase showing
neutrality. After it was dried over anhydrous sodium sulfate
overnight and the solution was concentrated by a rotary evap-
orator, it was precipitated into n-hexane. The obtained polymer
was dried under vacuum at room temperature for 48 h (yield,
3.34 g).

2.8 Synthesis of mPEG(-alkynyl)-b-PDEA

After a mixture composed of HMTETA (68.6 mg, 0.3 mmol),
CuCl,-2H,0 (2.54 mg, 0.015 mmol) and anisole (8.7 mL) formed
a homogeneous solution under the condition of sonication at
40 °C, 3.21 g (17.3 mmol) of DEA and 1.34 g (0.25 mmol) of
mPEG(-alkynyl)-Cl were successively dissolved in the solution at
room temperature. After the mixture was bubbled with nitrogen
gas for 40 min, CuCl (14.74 mg, 0.15 mmol) was added. After
bubbling with nitrogen lasted additional 20 min, the reaction
system was sealed and stirred magnetically in an oil bath at
80 °C. After 1.5 h, the reaction system was cooled to room
temperature, exposed to air and diluted with DCM. The copper
complex was removed by passing through a neutral alumina
column. The resulting solution was concentrated by a rotary
evaporator and precipitated into n-hexane at ~—38 °C. The
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purification was carried out by dissolving in DCM and precipi-
tating in n-hexane (at ~—38 °C) twice. The obtained polymer
was dried under vacuum at room temperature for 24 h (yield,
1.73 g).

2.9 Synthesis of CD-star-PEMA(-b-PDEA)-b-mPEG

CD-star-PEMA-N; (0.39 g, 0.13 mmol reaction sites), PEG-
(-alkynyl)-PDEA (1.49 g, 0.16 mmol) and PMDETA (26.89 mg,
0.16 mmol) were successively dissolved in 9.5 mL of DMF. Then,
the mixture was bubbled with argon gas for 40 min, CuBr
(22.26 mg, 0.16 mmol) was added. After completion of bubbling
with argon for additional 20 min, the reaction system was
sealed and stirred magnetically in an oil bath at 60 °C. After
48 h, the reaction system was cooled to room temperature,
exposed to air and diluted with DCM. The mixture was precip-
itated into THF/n-hexane (1 : 1 by volume) mixture. The result-
ing precipitate was dissolved in DCM. The copper complex was
removed by passing through a neutral alumina column. The
resulting solution was concentrated by a rotary evaporator and
precipitated into hexane at 35-40 °C. The further purification
was carried out by dissolving in DCM and precipitating in n-
hexane (at 35-40 °C) twice. The obtained polymer was dried
under vacuum at room temperature for 48 h (yield, 1.1 g).

2.10 Preparation of aqueous solution of CD-star-PEMA(-b-
PDEA)-b-mPEG unimolecular micelles

15 mg of CD-star-PEMA(-b-PDEA)-b-mPEG was dissolved in 1.7
mL of THF. After ~8 h, 3.4 mL of pure water was added. The
mixture was stirred at room temperature for 12 h. After the THF
was removed by reduced pressure at 25 °C, the solution was
dialyzed (molecular weight cutoff 14 000) against pure water
overnight. Finally, the obtained aqueous solution was diluted
with water to a polymer concentration of 3 mg mL™~* for further
applications.

2.11 Preparation of drug-loaded CD-star-PEMA(-b-PDEA)-b-
mPEG and release studies in vitro

1 mL of CD-star-PEMA(-b-PDEA)-b-mPEG aqueous solution was
added into a solution of a certain amount of guest (Nile red,
celecoxib, or ketoprofen) in 0.4 mL of DCM. After the mixture
was stirred at room temperature for 1 h, the DCM was removed
by reduced pressure. The obtained samples loaded with Nile
red, celecoxib, and ketoprofen are denoted as CDSP-NR, CDSP-
CEL and CDSP-KET, respectively. Finally, CDSP-CEL and CDSP-
KET were diluted with water to a polymer concentration of
1.5 mg mL™" for further applications, respectively; CDSP-NR
was diluted to a polymer concentration of 0.6 mg mL~". The
loading capacity of CD-star-PEMA(-b-PDEA)-b-mPEG unim-
olecular micelles is defined as weight ratio of guest encapsu-
lated into micelles to the copolymer.

The release behaviors of CDSP-CEL and CDSP-KET were
estimated by dialysis at 37 °C. 1 mL of the loaded CD-star-
PEMA(-b-PDEA)-b-mPEG  solution (polymer concentration,
0.3 mg mL ") was put into a dialysis bag (molecular weight
cutoff 14 000) and it was directly immersed in 50 mL of buffer
solution of pH 7.4, or pH 5.0, which was shaken at ca. 100 rpm.

RSC Aadv., 2017, 7, 11691-11700 | 11693
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At a specific interval, 4 mL of the solution released was with-
drawn and at the same time 4 mL of fresh pH buffer solution
was added. The concentrations of the guest (celecoxib or keto-
profen) released were analyzed by measuring the UV-vis absor-
bances at 252 nm for celecoxib and 258 nm for ketoprofen.

1 mL of Nile red loaded unimolecular solution (polymer
concentration, 0.6 mg mL ') was mixed with 70 mL of buffer
solution of pH 7.4, or pH 5.0. Then, the mixture was incubated
at 37 °C, which was shaken at ca. 100 rpm. At predetermined
time intervals, 2 mL of the solution was drawn to measure the
fluorescence spectroscopy, and the release profiles were ob-
tained. Nile red was excited at 485 nm and its emission was
recorded at 580 nm.

2.12 Analyses

'H NMR measurements were conducted on Bruker Ascend
400M spectrometer. The molecular structure parameters of the
star copolymers were determined on a DAWN EOS size exclu-
sion chromatography/multiangle laser light scattering (SEC/
MALLS). HPLC-grade THF was used as the eluent at a flow
rate of 0.5 mL min~". The refractive index increment (dn/dc)
value of a sample in THF solution was determined by an Optilab
rEX detector at 25 °C through a batch model. The Z-average
diameter (D,) and zeta-potential of micelle were characterized
by Zetasizer Nano-ZS dynamic light scattering (DLS) (Malvern,
Britain). The morphologies of the micelles were observed by
transmission electron microscopy (TEM) (JEM-3010, Japan). All
samples were stained with 3% phosphotungstic acid before
TEM observation. Fluorescence spectra were recorded using
a Hitachi F-4600 spectrometer.

3. Results and discussion

3.1 Synthesis and characterization of CD-star-PEMA(-b-
PDEA)-b-mPEG

Synthesis route to CD-star-PEMA(-b-PDEA)-b-mPEG is shown in
Scheme 1.

3.1.1 Synthesis and characterization of star PEMA with end
azide group (CD-star-PEMA-N;). Using 21Cl-B-CD with 21 initi-
ating sites as the core initiator of ATRP*** and CuCl/CuCl,/
HMTETA as the catalyst, a star polymer CD-star-PEMA-CI was
synthesized (see Scheme 1a). The theoretical molecular weight
(M, theo.) of CD-star-PEMA-Cl was determined to be 63.34 kg
mol ', whereas My, spc/marLs i 61.03 kg mol " (Fig. S1 in ESI}
and Table 1). The narrow molecular weight distribution (M,/
M,) of 1.07 indicates that the polymerization of EMA was
controllable. The 'H NMR spectrum of CD-star-PEMA-CI is
shown in ESI, Fig. S2.1 The resonances at chemical shift (6) =
4.05 and 1.28 ppm are assigned to the peaks of methylene and
methyl protons of -COCH,CH; groups for EMA units, respec-
tively.** The resonances at 6 = 0.9 and 1.02 ppm are assigned to
the proton peaks of methyl group linked onto the backbone of
PEMA. According to monomer conversion, average degree of
polymerization (DP) of EMA per arm was estimated to be 25.2.

Subsequently, CD-star-PEMA-N; was synthesized by azide
groups replacing the chlorine groups at the arm ends of CD-
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star-PEMA-CI (Scheme 1b).>>** The perfect occurrence of the
later azide-alkyne click reaction (this is discussed later) seems
to imply that the chlorine groups should be replaced
successfully by azide groups and the substitution degree may
be close to 100%. In the "H NMR spectrum of CD-star-PEMA-
N; (Fig. 1a), the resonance intensity ratio of different protons
still conforms to the chemical structure of PEMA. In addition,
the molecular weight distribution of CD-star-PEMA-N;
remained narrow (Fig. 2a, Table 1). These mean that the
substitution reaction did not generate evident side result.
The incorporation of azide groups should lead to an slight
increase in molecular weight of the resulting product, but the
M,, sec/marLs value of CD-star-PEMA-N; is 54.07 kg mol ', which
is lower than that of CD-star-PEMA-CI (Table 1). This may be due
to different end groups exerting influence on the measurement
result.

3.1.2 Synthesis and characterization of PEG(-alkynyl)-
PDEA. The synthesis procedure of PEG(-alkynyl)-PDEA is shown
in Scheme 1c-g. Firstly, a-methoxy-w-epoxypoly(ethylene oxide)
(mPEG-epoxide) was synthesized by the reaction of the hydroxyl
group at the end of mPEG with epichlorohydrin in the presence
of NaH (see Scheme 1c¢).*** The 'H NMR spectrum of mPEG-
epoxide is shown in ESI, Fig. S3.1 The resonances at 6 = 3.66
and 3.39 ppm are assigned to the proton peaks of -OCH,CH,0-
and -OCH; groups of the mPEG block, respectively. The peaks
at 0 = 3.18, 2.81 and 2.62 are assigned to the resonances of the
protons of the epoxy group at the end of mPEG-epoxide. The
resonance intensity ratio of methoxy group to epoxy group is
close to 1:1, indicating the fact that the synthesis of epoxy-
ended mPEG was carried out successfully. Secondly, the reac-
tion of the epoxy group of mPEG-epoxide with NaNj; afforded
the mPEG to carry a hydroxyl group and an azide group,**** i.e.
mPEG(-OH)-Nj; (see Scheme 1d). Compared with the 'H NMR
spectrum of precursor mPEG-epoxide, the new resonance
peaks at 6 = 3.36 and 3.96 are from the protons of -CH,N; and
—-CH(OH)CH,N; groups of mPEG(-OH)-Nj, respectively (ESI,
Fig. S4f). The resonance intensity ratio of the protons of
different moieties of mPEG(-OH)-N; confirms its molecular
structure (ESI, Fig. S4t). Thirdly, the azide-alkyne click reac-
tion*** of mPEG(-OH)-N3; with alkynyl-Cl produced mPEG-
(-OH)-CI that contains an ATRP initiating group (see Scheme
1e). The '"H NMR spectrum of mPEG(-OH)-Cl verifies its
molecular structure (ESI, Fig. S5f). Fourthly, the hydroxyl-
carboxyl condensation reaction of mPEG(-OH)-Cl with 4-pen-
tynoic acid in the presence of EDCI/DMAP*' created mPEG-
(-alkynyl)-Cl with an alkynyl group (see Scheme 1f).
Compared with the'H NMR spectrum of precursor mPEG-
(-OH)-Cl (ESI, Fig. S51), new resonance peaks at ¢ = 2.02,
2.49 and 2.58 ppm from the protons of CH=C-, =CCH,- and
CH=CCH,CH,- groups, respectively, could be observed
clearly (ESI, Fig. S61). The resonance intensity ratio of the
protons of different moieties of mPEG(-alkynyl)-Cl is consis-
tent with the molecular structure. Also, molecular weights and
distributions of mPEG-epoxide, mPEG(-OH)-N;, mPEG(-OH)-
Cl, and mPEG(-alkynyl)-Cl were estimated by SEC/MALLS
measurements (ESI, Fig. S71). The M, spc/marrs values of the
mPEG-based derivative are all around 5000 and are in well

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Synthesis route to CD-star-PEMA(-b-PDEA)-b-mPEG.

agreement with their theoretic ones (Fig. S7 in ESI{ and Table
1). The narrow molecular weight distributions also evidence
that the modifications were successful.
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Finally, using mPEG(-alkynyl)-Cl as the ATRP macroinitiator
and DEA as the monomer, block copolymer mPEG(-alkynyl)-
PDEA was synthesized (see Scheme 1g). Fig. 1b shows 'H
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Table 1 Structure data of CD-star-PEMA(-b-PDEA)-b-PEG and its precursors

Samples M theo (kg mol ) M, secmarss (kg mol ) M, /M, dn/dc (mL g™ ")
CD-star-PEMA-Cl 63.34° 61.03 1.07 0.0779
CD-star-PEMA-N; 63.48” 54.07 1.09 0.0754
mPEG-epoxide 5.06° 5.18 1.04 0.0644
mPEG(-OH)-N; 5.10° 5.59 1.03 0.0628
PEG(-OH)-Cl 5.26° 5.68 1.05 0.0633
mPEG(-alkynyl)-Cl 5.36° 5.24 1.09 0.0658
PEG(-alkynyl)-PDEA 9.587 11.7 1.21 0.0749
CD-star-PEMA(-b-PDEA)-b-PEG 263.02° 200.03 1.09 0.0744

“ Determined by monomer conversion; the monomer conversion was measured by gravimetric method. ? Calculated by M,, g0 of CD-star-PEMA-CI
and change of end group. ¢ Calculated by molecular weight of mPEG and additive end groups. ¢ Determined by My, e, of mPEG(-alkynyl)-Cl and
degree of polymerization of DEA units. ° Determined by '"H NMR spectrum of CD-star-PEMA(-b-PDEA)-b-mPEG.

NMR spectrum of mPEG(-alkynyl)-PDEA. In Fig. 1b, the peaks at
0 = 2.63 and 2.75 are assigned to proton resonances of methy-
lene of ~-CH,N-(CH,-), group from PDEA block.*® According to
the resonance intensity ratio of -OCH; group from mPEG block
to -CH,N-(CH,-), group from PDEA block, the DP of the PDEA
block of mPEG(-alkynyl)-PDEA was calculated to be 22.8.
According to the DP value, M, thero of MPEG(-alkynyl)-PDEA was
calculated to be 9.58 kg mol ', whereas M, secmarts i 11.7 kg
mol . The M,,/M, value of the copolymer is 1.21.

3.1.3 Synthesis and characterization of CD-star-PEMA(-b-
PDEA)-b-mPEG. CD-star-PEMA(-b-PDEA)-b-mPEG was synthe-
sized by the copper-catalyzed azide-alkyne click reaction***” of
CD-star-PEMA-N; with mPEG(-alkynyl)-PDEA. The experiment
was carried out in excess of mPEG(-alkynyl)-PDEA. Fig. 2c¢ shows
SEC/MALLS measurement curve of CD-star-PEMA(-b-PDEA)-b-
mPEG. As seen clearly from Fig. 2, the differential refractive
index (DRI) signal of CD-star-PEMA(-b-PDEA)-b-mPEG shift
higher molecular weight region compared with its precursors.
M secmanis and M, /M, values of CD-star-PEMA(-b-PDEA)-b-
mPEG were measured to be 200.6 kg moL ™" and 1.09, respec-
tively. Fig. 1c shows "H NMR spectrum of CD-star-PEMA(-b-
PDEA)-b-mPEG. In Fig. 1c, the characteristic proton resonances
for methylene of -OCH,CH,0O- groups at 6 = 3.66 ppm and
-OCH; at 6 = 3.40 ppm from mPEG block, methylene of
-CH,N(CH,-), group at 6 = 2.60 and 2.73 ppm from PDEA block,
and methyl of -COOCH,CHj; group at 6 = 1.28 ppm from PEMA
block could be clearly observed. According to the resonance
intensity ratio at 6 3.40, 2.60-2.73, and 1.28, the molar ratio of
mPEG/DEA/EMA units was estimated to be 1/21.1/27.2, whereas
according to the molecular structure of CD-star-PEMA(-b-
PDEA)-b-mPEG the theoretic value should be 1/22.8/25.2. This
means that the click reaction was perfectly carried out.

3.2 CD-star-PEMA(-b-PDEA)-b-mPEG unimolecular micelles

CD-star-PEMA(-b-PDEA)-b-mPEG could not directly dissolve in
aqueous solution even at pH 2.0, probably due to the presence
of the hydrophobic intermolecular interaction. Therefore, to
prepare unimolecular micelles, CD-star-PEMA(-b-PDEA)-b-
mPEG was first dissolved in THF. THF is a common solvent for
all building blocks of the star copolymer, guaranteeing its

11696 | RSC Adv., 2017, 7, 11691-11700

molecular dissolution. And then 2-fold amount of water (rela-
tive to the used amount of THF) was added. After stirring several
hours, the THF was slowly removed by reduced pressure. After
dialyzing against pure water overnight, an aqueous micellar
solution was obtained. Z-Average diameter (D,) of the micelles
(3 mg mL™") was determined to be 26.7 nm, whereas that of CD-
star-PEMA(-b-PDEA)-b-mPEG in THF (3 mg mL ") is 28.9 nm.
These almost identical sizes in water and THF demonstrate that
the micelles should be a unimolecular state in water.® In addi-
tion, D,s of the micelles were determined under dilution. It was
found that D, values at polymer concentrations of 2, 1, 0.5, 0.1,
and 0.05 mg mL ™" were determined to 28.1, 28.3, 28.1, 27.9 and
28.2 nm, respectively. The less change of size with decrease in
polymer concentration supports that CD-star-PEMA(-b-PDEA)-b-
mPEG was unimolecular micelles in water. Fig. 3a shows TEM
image from the aqueous CD-star-PEMA(-b-PDEA)-b-mPEG
solution. As seen from Fig. 3a, the micelles are approximately
spherical and their sizes are ~20 nm in diameter, which are
smaller than that from DLS measurement (Fig. 3a’). This means
that CD-star-PEMA(-b-PDEA)-b-mPEG could indeed exhibit
unimolecular micelles aqueous solution. Therefore, the aid
method of THF is good for preparing aqueous CD-star-PEMA(-b-
PDEA)-b-mPEG unimolecular micelles.

To investigate architecture of CD-star-PEMA(-b-PDEA)-b-
mPEG unimolecular micelles in aqueous solution, we utilized
deuterated tetrahydrofuran (THF-dg) and deuterium oxide (D,0O)
to replace THF and water, respectively, and prepared micelles
through the similar method for 'H NMR analysis. That is, CD-
star-PEMA(-b-PDEA)-b-mPEG was first dissolved in THF-dg. D,O
was then added and finally THF-dg was slowly removed by
reduced pressure. CD-star-PEMA(-b-PDEA)-b-mPEG in THF-dg,
THF-dg/D,0 and D,O were analyzed by "H NMR, respectively,
and the results are shown in Fig. S8 (ESIt). As seen from Fig. S8a
(ESIY), the characteristic resonance signals of PEMA, PDEA and
mPEG blocks of CD-star-PEMA(-b-PDEA)-b-mPEG in THF-dg
could be observed clearly (the resonance signals of the charac-
teristic protons were labeled in Fig. S8a of ESIT). This means
that THF is good solvent for all blocks of the copolymer and the
blocks could be solvated fully. After addition of D,O, although
the baseline of the spectrum is not good possible due to
selecting D,O as the solvent mode (in fact at this moment the

This journal is © The Royal Society of Chemistry 2017
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Fig.1 'H NMR spectrum of CD-star-PEMA(-b-PDEA)-b-mPEG and its
precursors.

solvent was composed of D,O and THF-dg), the characteristic
resonance proton signals of the mPEG and PDEA blocks were
clearly observed. In contrast, the characteristic signal of PEMA
block at 6 = 1.28 ppm was weaken evidently (ESI, Fig. S8b¥).
This suggests that in the THF-dg/D,0 mixture the PEMA moie-
ties were desolvated partly, whereas mPEG and PDEA moieties
still remained solvated. After THF-dg solvent was removed, only
resonance signals of mPEG block could clearly be observed,

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 DRI signals of SEC/MALLS chromatograms of CD-star-PEMA-
(-b-PDEA)-b-mPEG and its precursors.

whereas the characteristic resonance proton peaks of PEMA and
PDEA blocks disappeared (ESI, Fig. S8ct). This indicates that in
D,0, only mPEG block was solvated, whereas PEMA and PDEA
blocks had been desolvated.®** In the D,O solution D, of CD-
star-PEMA(-b-PDEA)-b-mPEG was measured by DLS to be
29.6 nm, indicating the copolymer being a unimolecular state.
The results demonstrate the formation of the unimolecular
micelles. According to the results, a formation process of CD-
star-PEMA(-b-PDEA)-b-mPEG unimolecular micelles is depicted
as follows. Owing to the fact that THF is common solvent and
water is selective one, addition of water into the THF solution of
CD-star-PEMA(-b-PDEA)-b-mPEG resulted in the PEMA block
being firstly desolvated partly, and in contrast, the mPEG and
PDEA blocks still remained solvated in the mixed solvent. This
led to the PEMA blocks collapsing into B-CD core partly. At this
moment, the mPEG and PDEA blocks were still in a stretched
state. When THF was removed step by step, the PEMA blocks
would further collapsed toward B-CD core. And the same time
the PDEA blocks also began to collapse toward the inside.
Finally, the PEMA and PDEA blocks desolvated fully and
exhibited a collapsed state, whereas the mPEG block remained
solvated and exhibited a stretched state. As a result, a core-shell
CD-star-PEMA(-b-PDEA)-b-mPEG unimolecular micelle formed.
The PEMA blocks constituted the hydrophobic inner core of the
micelle and the hydrophilic mPEG blocks formed the shell. The
PDEA blocks should hydrophobically collapse at the interfaces
of mPEG shell and PEMA core and formed outer core of the
micelle. Therefore, the objective of the utilization of common
solvent THF is to cause the hydrophobic PEMA blocks to
collapse toward the B-CD core, avoiding the occurrence of
intermolecular hydrophobic interaction.

Owing to PDEA exhibiting pH-sensitivity (pK, of homoPDEA,
~7.3),"**?* influence of change in environmental pH on the
micelles was investigated. D, and zeta-potential of the micelles
(0.1 mg mL ") were measured at pHs 3.0, 5.0, 6.0, 7.4, and 9.0.
It was found that D, of CD-star-PEMA(-b-PDEA)-b-mPEG

RSC Adv., 2017, 7, 1169111700 | 11697
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measurements.

unimolecular micelles were 33.9, 33.2, 32.4, 29.9, and 29.6 nm
at the pHs, respectively. The zeta-potentials at five pHs corre-
sponded to 9.3, 7.3, 2.5, —1.64, and —3.1 mV. This means that at
acidic condition the surface of unimolecular micelle carried
some positive charge. This should be attributed to the proton-
ation of the PDEA blocks at acidic aqueous solution,'*'%>14>43
which lead to the PDEA blocks exhibiting hydrophilicity and
producing a transformation from collapsed state to extended
one due to electrostatic repulsion of the protoned groups.****
Therefore, at acidic condition, the PDEA and mPEG built shell
of the micelles. At pHs 7.4 and 9.0 at the PDEA blocks collapsed
on the PEMA core. Therefore, the location of the PDEA blocks
relies on the surrounding pH. This kind of phenomenon has
been observed in the self-assemblies from environmental-
sensitive miktoarm star copolymer.®*®** It is noted that the pH-
dependent surface charge of the micelles may be beneficial to
their application in biomaterial field like drug delivery.*

3.3 Drug loading and release

Whether are the core-shell CD-star-PEMA(-b-PDEA)-b-mPEG
unimolecular micelles able to encapsulate hydrophobic guest
compounds? To test this, herein Nile red,**** celecoxib****%5*
and ketoprofen® were selected as model hydrophobic mole-
cules. It was found that the loading capacities of CD-star-
PEMA(-b-PDEA)-b-mPEG unimolecular micelles for Nile red,
celecoxib and ketoprofen were 6-7%, 20-25% and 30-35%,
respectively. In the loading experiments, the guest molecules
were first dissolved in DCM, and CD-star-PEMA(-b-PDEA)-b-
mPEG unimolecular micelle solution was added into the DCM
solution. After stirring, the DCM was then removed by reduced
pressure. The obtained loaded micelles were denoted as CDSP-
NR, CDSP-CEL and CDSP-KET, respectively. In following
studies, the encapsulation amounts are 6% Nile red for CDSP-

11698 | RSC Adv., 2017, 7, 11691-11700

NR, 20% celecoxib for CDSP-CEL and 30% ketoprofen for
CDSP-KET. If aqueous solution without the copolymer was
added into DCM solution with Nile red, celecoxib, or ketopro-
fen, the guest molecules could easily be precipitated out when
the DCM component was removed. This means that the above-
mentioned guest molecules were encapsulated into the unim-
olecular micelles. It was found that D,s of samples CDSP-NR,
CDSP-CEL and CDSP-KET were determined to be 30.5, 29 and
31.2 nm, respectively (Fig. 3b’-d’). The fact that sizes of the
loaded samples are only slightly higher than that of blank
sample means that they were still a unimolecular state in
aqueous solution. The results from TEM measurements shown
in Fig. 3b-d further confirm this conclusion. As seen clearly
from Fig. 3b-d, incorporation of the guest molecules into the
unimolecular micelles did not evidently change morphologies
and size of the micelles. This suggests that CD-star-PEMA(-b-
PDEA)-b-mPEG is indeed a good unimolecular container for
hydrophobic guest molecules. Among three guest molecules,
the amount of ketoprofen encapsulated into CD-star-PEMA(-b-
PDEA)-b-mPEG molecules is largest, probably due to it being
acidic compound (pK, = 4.4).> The acid-base reaction of
ketoprofen with the PDEA moieties® may enhance its loading.
Therefore, for Nile red and celecoxib, the encapsulations of
the star copolymer should mainly depend on hydrophobic
interaction with the guest molecules. For ketoprofen, there
existed hydrophobic and electrostatic interactions in the
encapsulation.

Nile red is fluorescent when loaded into a hydrophobic
environment but its fluorescence emission is very small in
water.**® Therefore, when Nile red was released from the
hydrophobic moieties into aqueous solution, its fluorescent
intensity reduce greatly. Consequently, release behaviors of Nile
red are directly monitored by fluorescent spectra. Fig. 4 shows

This journal is © The Royal Society of Chemistry 2017
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Fig.4 Normalized fluorescence intensity of Nile red-loaded CD-star-

PEMA(-b-PDEA)-b-mPEG under incubation at 37 °C and pHs 5.0
and 7.4.

normalized fluorescence intensity of Nile red-loaded CD-star-
PEMA(-b-PDEA)-b-mPEG under incubation at 37 °C and pH 5.0
or 7.4. As seen from Fig. 4, decrease rate of the fluorescence
intensity of Nile red with time at pH 5.0 was faster than at pH
7.4. This means that Nile red was faster released from CDSP-NR
at pH 5.0. Owing to pK, of Nile red being ~1, the protonation
of the amine group of Nile red should be very low at pH 5.0. This
suggests that variation of pH from 7.4 to 5.0 may produce small
influence on water-solubility of Nile red. Therefore, the pH-
tunable release of Nile red should ascribe to pH-
responsiveness of the PDEA blocks, ie. pH-dependent
protonation/deprotonation of the PDEA moieties. At pH 5.0,
the protonation of the amine groups of the PDEA blocks cause
them to exhibit hydrophilicity, whereas the PDEA exhibits
hydrophobicity at pH 7.4. Consequently, on the one hand, at pH
5.0 the Nile red encapsulated in the PDEA moieties could be
released out quickly due to the hydrophilicity of the PDEA
moieties; on the other hand, at pH 5.0 the decrease in the
content of hydrophobic component of micelles also led to an
increase in diffusivity of the loaded molecules.

Fig. 5 shows release profiles of celecoxib and ketoprofen
from their loaded samples at pHs 7.4 and 5.0, respectively. As
can be seen from (a), in the first 25 min, the cumulative
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amounts of the celecoxib released were 52.9% at pH 5.0 and
31.1% at pH 7.4, respectively. Over 170 min, the cumulative
amount of the celecoxib released were 85.1% at pH 5.0 and
62.4% at pH 7.4, respectively. Obviously, the release rate of
celecoxib at pH 5.0 was still faster than at pH 7.4. Similar with
release mechanism of Nile red, it was attributed to the pH-
responsiveness of the PDEA blocks.

With regard to ketoprofen, influence of change in pH on its
release involves the following several points. (1) Owing to
ketoprofen with pK, ~ 4.4,°> at pH 7.4 the carboxyl group of
ketoprofen becomes carboxylate, and this should be able to
evidently enhance water-solubility of ketoprofen to promote its
release from the copolymer. But at this pH the PDEA block
exhibit hydrophobicity, which could delay the drug release by
hydrophobic interaction with ketoprofen. (2) According to the
PK, values of ketoprofen and PDEA, their electrostatic interac-
tion should be well constructed in the pH range from 4.4 to 7.3,
and the interaction also delay diffusion and release of keto-
profen, but the presence of salt ionic in buffer solution could
weaken the interaction.”® (3) At pH 5.0, the PDEA blocks show
hydrophilicity, and this could enhance release of ketoprofen
due to decrease in content of hydrophobic component of the
unimolecular micelles. Therefore, release kinetics of ketoprofen
is a balance result of the above-mentioned factors. Fig. 5b
clearly shows that the release rate of ketoprofen at pH 5.0 is
faster than at pH 7.4. This means that the pH-dependent
hydrophilicity/hydrophobicity of the PDEA moieties should be
a dominating factor for ketoprofen release in our conditions.

4. Conclusion

A well-defined cyclodextrin-core star copolymer with Y-shaped
ABC miktoarms, star poly(ethyl methacrylate(-b-poly(2-(dieth-
ylamino)ethyl ~methacrylate)-b-methoxypolyethylene glycols,
was synthesized via ATRP and click reactions. Aqueous CD-star-
PEMA(-b-PDEA)-b-mPEG unimolecular micelles was obtained
under the aid of THF. Z-Average diameter of the micelles in
water was ~27 nm. The unimolecular micelles could encapsu-
late hydrophobic drug molecules like Nile red, celecoxib and
ketoprofen. Release of the payloads from the unimolecular
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Fig. 5 Release profiles of (a) celecoxib and (b) ketoprofen from their loaded samples at pH 7.4 and 5.0 and 37 °C.
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micelles exhibited pH-tunability due to pH-sensitive PDEA
blocks. And the same time, pH-dependent the surface charge of
the micelles were observed.
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