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ABSTRACT: Amphiphilic miktoarm copolymers mPEG-(1b-PG)-g-PCL bearing one monomethoxy poly-
(ethylene glycol) (mPEG) chain and several linear poly(e-caprolactone) (PCL) chains on a hyperbranched
polyglycerol (hb-PG) core were designed and synthesized via a combination of anionic polymerization
of glycidol and ring-opening polymerization of e-caprolactone (CL). The polymers were characterized by
"H NMR and gel permeation chromatograph (GPC). The amphiphilic miktoarm copolymers could form
stable micelle solutions by adding water to a THF solution of the polymer followed by removal of the organic
solvent by dialysis. Dynamic light scattering (DLS) measurements showed that the micelles had a narrow
unimodal size distribution. Transmission electron microscopy (TEM) images displayed that the micelles were
in regular spherical shape with narrow size distribution. The properties of the copolymers as drug carriers
were investigated with prednisone acetate as a model drug. Linear mPEG-b6-PCL block copolymers with
similar composition were synthesized and used for comparison to investigate the effects of the hyperbranched
architecture. The drug loading capacity (DLC) and entrapment efficiency (EE) of amphiphilic hyper-
branched miktoarm copolymers mPEG-(/1b-PG)-g-PCL were higher than those of amphiphilic linear block
copolymers mPEG-H-PCL. Further, the amphiphilic hyperbranched miktoarm copolymers had more

sustained drug release behavior.

Introduction

Amphiphilic block copolymers composed of hydrophilic and
hydrophobic blocks can form micelles with a core—shell structure
by self-assembly in solvents that are selective for only one of the
blocks.' > Depending on the nature of the block copolymer, the
length of the blocks, the temperature, and the solvent quality,® '
the micelles might be spherical, cylindrical, toroidal, helical,
worm-like, or vesicle-like.!* " Block copolymers could be used
as stabilizing agents of emulsion, surfactants, and drug carriers.'®

Linear—dendritic block copolymers with a hybrid structure
can increase capacity and chemical flexibility of copolymer mi-
celles due to the advantages conferred from the dendritic archi-
tecture that has inner porosity and dense surface functionality."
The micellar characteristics are highly dependent on the genera-
tion of the dendritic units.”® The rate of degradation increases
with the increase of arm numbers or the decrease of arm lengths*'
and the generation order can affect self-assembled morphology.*
However, the synthetic route based on multistep approaches is
tedious, and it is hard to afford very high purity materials,
especially for the preparation of high-generation dendrimers.>
Therefore, a facile method to prepare linear—dendritic-like block
copolymers should be attractive. Although the structure of
hyperbranched polymers is not as perfect as dendrimers, the
preparation is much more facile and their properties are similar.
Linear—hyperbranched block copolymers with novel structures
such as double-hydrophobic,* % double-hydrophilic,>’~* and

amphiphilic,”*** have received great attention in recent years for
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their unique properties. Linear—hyperbranched polymers are
capable of forming highly ordered nanophase-segregated mor-
phologies, despite of structural isomerism of the branched block
in addition to the polydispersity of molecular weight.>* Amphi-
philic linear—hyperbranched block copolymers can form micelles
in aqueous solution by self-assembly. The micelle size and critical
micelle concentration obviously depended on the hydrophobic
hyperbranched block content in the copolymer.*® The multiply
branched structure should impose a steric barrier for embedded
guest molecules, potentially allowing good release control.*

In this paper, we report amphiphilic miktoarm copolymers
mPEG-(hb-PG)-g-PCL with a linear—hyperbranched architec-
ture bearing one monomethoxy poly(ethylene glycol) (mPEG)
chain and several poly(e-caprolactone) (PCL) chains on a hyper-
branched polyglycerol (hb-PG) core. Linear—hyperbranched
block copol};mer mPEG-(hb-PG) similar to that reported by
Wurm et al’’ was used as a macroinitiator for the ring-opening
polymerization (ROP) of e-caprolactone (CL). The ROP grafted
PCL chains on the 4b-PG core and converted the double-hydro-
philic mPEG-(/1b-PG) to amphiphilic miktoarm mPEG-(1b-PG)-
g-PCL copolymers. Linear mPEG-b-PCL block copolymers were
prepared and used for comparison. The polymers were charac-
terized by '"H NMR and GPC. Micelle preparation, properties
(size, morphology, drug loading content, and entrapment effi-
ciency), and in vitro drug release behavior were investigated.

Experimental Section

Materials. Tetrahydrofuran (THF) was distilled over Na—K
alloy in the presence of benzophenone before use. Diglyme was
purchased from Sinopharm Chemical Reagent Co., Ltd., in
China and purified by distillation over CaH, directly prior to
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use. Monomethoxy poly(ethylene glycol) (mPEG ;) with aver-
age molecular weight of 5000 and degree of polymerization (DP)
of 113 was purchased from Fluka and used as received. Glycidol
(96%) and e-caprolactone (e-CL) (99%) were purchased from
Acros and purified by distillation under reduced pressure prior
to use. Sn(Oct), (95%) was purchased from Aldrich and purified
by distillation under reduced pressure and then dissolved in dry
toluene prior to use. Other reagents were purchased from
Sinopharm Chemical Reagent Co., Ltd., in China and used as
received.

Characterization. "H NMR spectra were recorded on a Mercury
VX-300 spectrometer using tetramethylsilane (TMS) as an internal
reference and deuterated chloroform (CDCls), deuterium oxide
(D5,0), and deuterated dimethyl sulfoxide (DMSO-d) as a solvent.
FT-IR spectra were recorded on a Perkin-Elmer-2 spectrometer.
The molecular weight and polydispersity of copolymers were deter-
mined by gel permeation chromatograph (GPC) using a Waters
high-pressure liquid chromatographic system equipped with a
model 2690D separation module, a model 2410 refractive index
detector, and Styragel HR1 THF and HR4 THF columns. The
measurements were performed using DMF as an eluent at a flow
rate of 0.3 mL min~ ' at 35 °C and a series of narrow polystyrene
standards for the calibration of the columns.

Preparation of Linear-Hyperbranched Copolymer mPEG-(/b-
PG). A 5.0 g sample of linear macroinitiator mPEG/ 5 (1.00
mmol) was placed in a flask and heated at 100 °C under reduced
pressure (oil pump) for 6 h. Then, 10 mg of potassium (0.26
mmol) was added to achieve about 25% deprotonation of the
hydroxyl groups of mPEG 5. After heating and evacuation (oil
pump) at 100 °C for 6 h, 25 mL of dry diglyme was added.
Subsequently a solution of glycidol (2.0 g, 0.027 mol) in dry
diglyme (10 mL) was added slowly over a period of approxi-
mately 12 h. After cooling, excess methanol (50 mL) and acidic
cation exchange resin were added for terminating the reaction.
The mixture was filtered and the filtrate was precipitated in cold
diethyl ether thrice. The precipitate was collected and dried
under vacuum at 40 °C for 2 days to give a pale yellow solid in
83% yield. "H NMR (DMSO-ds, 300 MHz): & 4.88—4.41 (m,
OH, disappeared after D,O exchange), 3.84—3.41 (m, CH, and
CH), 3.24 (s, OCHs).

Total Acetylation of mPEG-(hb-PG) for Determination of
Hydroxyl Number. A 60 mg sample of mPEG-b-(hb-PG), 0.622 g
of potassium carbonate anhydrous (4.50 mmol) and 1.68 mg of
4-dimethyaminopyridine (0.015 mmol) were placed in flask. After
thorough grinding of the mixture, 2 mL of anhydrous THF and
0.118 g of freshly distilled acetyl chloride (1.50 mmol) were added
into the flask. The mixture was stirred under argon atmosphere at
50 °C for 24 h. The mixture was filtered and the filtrate was con-
centrated under reduced pressure and dried under vacuum at 40 °C
for 24 h to give 63 mg of yellow solid. '"H NMR (CDCls, 300 MHz,
TMS): 6 3.92—3.50 (m, CH, and CH), 3.39 (s, OCH;), 2.08
(s, OCOCH?3).

Preparation of Amphiphilic Miktoarm Copolymers mPEG-
(hb-PG)-g-PCL. A round-bottom flask pretreated with tri-
methylchlorosilane was charged with predetermined amounts
of mPEG-(/1b-PG), e-CL, and 0.1 M Sn(Oct), solution in an-
hydrous toluene ((monomer]:[catalyst] = 500:1). The total mass
was about 1 g. The flask was evacuated and charged with argon
three times, and then sealed under vacuum with a magnetic
stirring bar inside. After the mixture was stirred at 140 °C for
48 h, the polymerization was quenched by immersing the flask in a
cool water bath. The product was purified by precipitation from
chloroform with cold methanol-diethyl ether mixture (1:1 by
volume) thrice and dried under vacuum at 40 °C for 24 h to give a
white solid. "H NMR (CDCls, 300 MHz, TMS): 8 4.13—4.01 (t,
OCOCH,CH,CH,CH,CH>), 3.96—3.84 (m, CH of glycidol),
3.74—3.58 (m, CH, of mPEG and CH, of glycidol), 3.39 (s,
OCH;), 2.40—2.24 (t, OCOCH,CH,CH,CH,CH,), 1.82—1.54
(m, OCOCH,CH,CH,CH,CH,), 1.47—1.30 (t, OCOCH,CH,-
CH,CH,CH,).
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Preparation of Amphiphilic Linear Block Copolymers mPEG-
b-PCL. A round-bottom flask pretreated with trimethylchloro-
silane was charged with predetermined amounts of mPEG 3,
&-CL, and 0.1 M Sn(Oct), solution in anhydrous toluene ([mono-
mer]:[catalyst] = 1000:1). The total mass was about 1 g. The flask
was evacuated and charged with argon three times, and then sealed
under vacuum with a magnetic stirring bar inside. After the mix-
ture was stirred at 130 °C for 24 h, the polymerization was quen-
ched by immersing the flask in a cool water bath. The product was
purified by precipitation from chloroform with cold methano-
I-diethyl ether mixture (1:1 by volume) thrice and dried under
vacuum at 40 °C for 24 h to give a white solid. '"H NMR (CDCls,
300 MHz, TMS): 6 4.14—4.00 (t, OCOCH,CH,CH,CH,CH,),
3.75—3.56 (m, CH, of mPEG), 3.40 (s, OCHj;), 2.38—2.24 (t,
OCOCH,CH,CH,CH,CH,), 1.75—1.54 (m, OCOCH,CH,CH,-
CH,CH,), 1.48—1.29 (t, OCOCH,CH,CH,CH,CH,).

Micelle Preparation and Characterization. To a stirred solu-
tion of amphiphilic linear or miktoarm copolymer (20 mg), with
or without prednisone acetate (2.0 mg) in 4 mL of THF, was
added 10 mL of deionized water dropwise. The resulting solu-
tion was stirred continuously overnight and then dialyzed
against deionized water for 2 days, during which the water
was renewed each 8 h, to remove THF and residual drug. The
micelle solution was obtained after filtration through a mem-
brane filter with a pore size of 0.45 um.

The drug-free micelle solution was used directly for micelle
size analysis. The drug-loaded micelle solution was divided into
three portions. The first portion (1.0 mL) was used directly for
micelle size analysis. The second portion (2.0 mL) was concen-
trated and dried by rotary evaporation. The resulting polymer
membrane was dissolved in 3 mL of acetonitrile (chromato-
graphic grade) for micelle drug loading determination. The last
portion was placed in a dialysis bag (MWCO 3500 Da) for in
vitro drug release study.

The micelle size and size distribution were determined by
dynamic light scattering (DLS). Measurements were carried out
and repeated three times at 25 °C with a scattering angle (6) of
90° in optically homogeneous quartz cylinder cuvette by using a
Beckman Coulter N4 Plus submicrometer particle sizer. JEOL
JEM-100CXII and JEM-2010HT transmission electron micro-
scopes (TEM) were used to characterize the size and morpho-
logy of micelles. The samples for TEM analysis were prepared as
follows: One drop of micellar solution was added onto a carbon-
coated copper grid. After 3—5 min, most of the solution was
removed by touching edge of filter paper until the grid surface is
nearly dry. A drop of 1% phosphotungstic acid solution (pH 7.2
adjusted with NaOH) was added onto the copper grid for
negative staining. 1—2 min later, the staining solution was
removed by touching on a piece of filter paper. The grid was
allowed to dry under ambient conditions.

Determination of Drug Loading Content (DLC) and Entrap-
ment Efficiency (EE). To determine the DLC and EE, the drug-
loaded micelle solution was dried by rotary evaporation and
then dissolved in acetonitrile (chromatographic grade). The UV
absorbance at 235 nm was measured to determine the drug
concentration with a Perkin-Elmer Lambda Bio 40 UV—vis
spectrophotometer.

DLC and EE were calculated as follows:

DLC (%) = weight of loaded drug/weight of polymer and loaded drug
x100

EE (%) = weight of loaded drug/weight of drug in feed
x 100

In Vitro Drug Release Behavior. The drug-loaded micelle solu-
tion was placed in a dialysis bag (MWCO 3500 Da). The dialysis
bag was sealed and immersed in 40 mL of phosphate-buffered
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Scheme 1. Synthesis of Amphiphilic Linear-Hyperbranched mPEG-(15-PG)-g-PCL Block Copolymers
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saline (PBS) (pH 7.4). In vitro drug release study of drug-loaded
micelle was carried out in a shaking water bath at 37 °C. A 3 mL
aliquot of solution was taken out, and the same volume of PBS
solution was added after each sampling at predetermined time
intervals. The drug concentration was determined by measuring
the absorbance of prednisone acetate at 242 nm. The rate of drug
release was measured by the released concentration of predni-
sone acetate at predetermined time intervals according to the
calibration curve of prednisone acetate.

Results and Discussion

Amphiphilic block copolymer could form micelle with core—
shell structure by self-assembly in water. Biocompatibility micelles
have been extensively studied on drug controlled release in the past
decades. In this study, amphiphilic miktoarm copolymers with
a hyperbranched core were synthesized and characterized.
Linear block copolymers were used for comparison. The pro-
perties of micelles of the amphiphilic hyperbranched miktoarm
copolymers and linear block copolymers in water were inves-
tigated and compared.

The synthesis route of amphiphilic hyperbranched miktoarm
copolymers mPEG-(1b-PG)-g-PCL is shown in Scheme 1. First,
linear—hyperbranched block copolymer mPEG-(/6-PG) of ethy-
lene glycol and glycerol was synthesized via anionic ring-opening
polymerization of glycidol with partially deprotonated mPEG as
an initiator, using a slow monomer addition technique.27’35 Then,
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mPEG-(hb-PG) was used as a macroinitiator for the ring-opening
polymerization of e-CL that grafts PCL chains on the hyper-
branched core converting the hydrophilic linear—hyperbranched
block copolymer to amphiphilic miktoarm mPEG-(/6-PG)-g-PCL.

The synthesis and structure of the linear—hyperbranched
mPEG-(hb-PG) block copolymer are similar to but different
from those reported by Wurm et al.?’ In the literature, linear—
hyperbranched mPEG-(hb-PG) block copolymers were synthe-
sized by a four-step two-pot procedure: First, linear mPEG-b-PG
copolymer was prepared by removal of the ethoxyethyl protec-
tion groups of its protected form, which was synthesized by ROP
of ethoxyethyl glycidyl ether with deprotonated mPEG as an
initiator. Then, the linear mPEG-b-PG was used as a macro-
initiator for the ROP of glycidol to achieve the synthesis of
linear—hyperbranched mPEG-(b-PG) block copolymers.?’ In
the current work, the linear—hyperbranched mPEG-(/b-PG)
block copolymer was synthesized directly using partially depro-
tonated mPEG as an initiator. Partial deprotonation other than
full deprotonation condition was adopted because of two con-
siderations. First, the proton exchanging reaction between de-
protonated and undeprotonated hydroxyl groups is much faster
than the ring-opening polymerization of glycidol. That means
partially deprotonation would not affect the structure and
molecular weight of the polymer product.®® Second, partially
deprotonation of mPEG could avoid phase separation at the
beginning of the polymerization reaction. Homopolymerization
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Table 1. Synthetic Results of Amphiphilic Block Copolymers mPEG-b-PCL® and mPEG-(hb-PG)-g-PCL?
"H NMR GPC

sample wmpeG. (predicted) yield (%) M, (predicted) WonpEG® M, M, PDI
mPEG 3-b-PCL;s 0.63 93 8000 0.64 7800 6900 1.16
mPEG 3-6-PCLyg 0.45 96 11000 0.48 10 500 10300 1.44
mPEG;3-b-PCL s 0.29 92 17000 0.29 17000 15400 1.55
mPEG | 3-(hb-PG) 0.71 83 7000 0.88 5800 5100 1.11
mMPEG3-(hh-PG),¢-g-PCL,s 0.56 87 9000 0.58 8600 7900 1.31
mPEG, 5-(hb-PG),y-g-PCLs, 0.42 92 12000 0.42 11900 10600 1.67
mPEG |3-(hb-PG);¢-g-PCLog 0.28 88 18000 0.30 16900 16 100 1.95

“@Polymerization conditions: [monomer]/[Sn(Oct),] = 1000, 130 °C, 24 h, in bulk. ? Polymerization conditions: [monomer]/[Sn(Oct),] = 500, 140 °C,
48 h, in bulk. ¢ Weight fraction of mPEG chain in the initiator/monomer mixtures. ¢ Weight fraction of mPEG chain in the copolymers.

of glycidol is an inevitable by-reaction, but it could be minimized
by slow monomer addition.** Initial oligoglycidols with an active
epoxy head may graft onto mPEG-containing copolymers by
reacting with the hydroxyl groups of the copolymers. If the epoxy
group is consumed by tail-biting reaction with an intramolecular
hydroxyl group, however, the homopolymer becomes a “dead”
byproduct. Therefore, increasing the number of hydroxyl groups
on the initiator or copolymer could reduce byproduct homo-
polymers. From this point of view, though more complicated, the
multistep route by Wurm et al.*” should be superior than our one-
step route in minimizing homopolymerization. The relative low
yield of 83% and lower NMR-calculated M,, of 5800 in compar-
ison with predicted M, of 7000 suggest that a portion of glycidol
was consumed by homopolymerization during the synthesis of
mPEG-(hb-PG). GPC analysis showed the mPEG-(kb-PG) co-
polymer had a unimodel and narrow molecular weight distribu-
tion (PDI = 1.11), implying that the oligomer byproduct of homo-
polymerization was removed by the precipitation.

Amphiphilic miktoarm copolymers mPEG-(hb-PG)-g-PCL
were synthesized via ROP of ¢-CL with mPEG-(hb-PG) as a
macroinitiator and Sn(Oct), as a catalyst. Analogously, amphi-
philic linear block copolymers mPEG-b-PCL were synthesized
via bulk polymerization of e-CL with mPEG as an initiator and
Sn(Oct), as a catalyst. For comparison, three kinds of mPEG-
b-PCL and mPEG-(hb-PG)-g-PCL with different hydrophobic
block lengths and same hydrophilic block length were designed
and synthesized. Synthetic results of amphiphilic block copoly-
mers mPEG-b-PCL and mPEG-(hb-PG)-g-PCL are listed in
Table 1. The M, of hydrophilic block mPEG-(hb-PG) was
7000 predicted and 5800 (PDI=1.11) determined by GPC.
The M, of hydrophobic PCL blocks of mPEG-(hb-PG)-g-PCL
were 3000, 6000, and 12000 predicted on the basis of feed ratio,
and 2600, 5900, and 11900 calculated from 'H NMR spectra,
respectively. The composition of copolymers calculated from
"H NMR spectra was similar to the feed ratios. Therefore, the
molecular weights could be controlled by initiator/monomer feed
ratios. The M, of all the copolymers from GPC was slightly lower
than the M, values predicted from feed ratio or calculated from
"H NMR spectra.

The hydroxyl number and degree of polymerization (DP) of
the polyglycidol (PG) units in mPEG-(4b-PG) are very important
parameters for the preparation and characterization of mPEG-
(hb-PG)-g-PCL. The DP was calculated to be 10.5 on the basis of
the '"H NMR spectra of mPEG and mPEG-(hb-PG) in D-O by
comparing the integration of signals at 4.10—3.41 ppm for CH, of
mPEG and CH and CH, of mPEG-(/b-PG) using the singlet at
3.38 ppm for methoxy-end group of mPEG as an internal
standard. This result was further confirmed by total acetylation
of mPEG-(hb-PG) for determination of hydroxyl number. First,
the hydroxyl groups of mPEG-(hb-PG) were acetylated by ex-
cessive acetyl chloride. Complete acetylation was verified
by complete disappearance of the broad absorbance bond at 3436
cm”™ ! for OH groups and emergence of strong absorbance at 1743
cm™! for the acetate carbonyl group in the FT-IR spectrum of

MPEG-(hb-PG) (\\M /M’\/

o B 3436 JIPEC-(b-PaYAY / q
b N ﬂ )v
1743 ' \
\;
4000 3000 2000 1000

cm

Figure 1. FT-IR spectra of (upper) mPEG-(4h-PG) and (lower) the
acetylated derivative mPEG-(/hb-PG)-Ac.

S

DMSO-dg

MPEG-(hb-PG)

51 48 45 42

Figure 2. '"H NMR spectra of (upper) linear—hyperbranched block
copolymer mPEG-(hb-PG) in DMSO-d and (lower) acetylated deri-
vative mPEG-(1b-PG)-Ac in CDCls.

mPEG-(hb-PG)-Ac shown in Figure 1. Then, the acetate number
in the acetylated derivative was determined by comparing the
integration of strong and sharp signals at 3.92—3.50 ppm for
PEG and PG units and 2.08 ppm for the acetate groups (Figure 2).
The number was 11, which means that on average 10 glycidol
units were grafted to each mPEG 5 chain.

The '"H NMR spectra of amphiphilic block copolymers
mPEG-b/-PCL and mPEG-(4b-PG)-g-PCL in CDCl; are shown
in Figure 3. Signals at 3.96—3.84 ppm for CH of glycidol unit on
the "H NMR spectrum of mPEG-(hb-PG)-g-PCL were clearly
viewable, while no such signals presented on the '"H NMR
spectrum of mPEG-H-PCL. The DP and M, of the two types of
amphiphilic block copolymers were calculated from the 'H NMR
spectra by comparing the integration of signals at 3.65 ppm for
mPEG units and 2.35 ppm for &-CL units. The results are shown
in Table 1. The compositions of all the copolymers were close to
the feed ratios. Therefore, the hydrophobic block lengths in the
copolymer chains could be adjusted through changing the weight
ratios of the initiator and monomer.

The molecular weight and polydispersity of polymers deter-
mined by GPC further verified the successful synthesis of the
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block copolymers. The measurements were performed using
DMEF as an eluent at a flow rate of 0.3 mL min~" at 35 °C and
a series of narrow dispersity polystyrene standards for the
calibration of the columns. The data are listed in Table 1. For
amphiphilic block copolymers mPEG-b-PCL and mPEG-(/b-
PG)-g-PCL, the polydispersities increased with increasing hydro-
phobic block lengths (molecular weights). Normalized GPC
curves of mPEG, mPEG, |3-(l’lb-PG)|0, mPEGI 13-b-PCL4g, and
mPEG 3-(hb-PG);o-g-PCLs4 are shown in Figure 4. All the
polymers were in unimodal molecular weight distributions with
moderate polydispersities. This proved the successful synthesis of
mPEG-(hb-PG), mPEG-b-PCL and mPEG-(hb-PG)-g-PCL.
Micelles were prepared by adding deionized water dropwise to
a THF solution of amphiphilic block copolymer under vigorous
stirring, followed by removal of the organic solvent by dialysis
against deionized water for 2 days. The micelle solutions were

MPEG {15-b-PClLyg

J_JU_UM

MPEG,13-(hb-PG), O-g-PCLSA‘

T T T T T T T T

7 6 5 4 3 2 1 0
& (ppm)

Figure 3. 'H NMR spectra of amphiphilic block copolymers mPEGy -
b-PCLyg and mPEG 3-(hb-PG),¢-g-PCLs4 (300 MHz, CDCls).

12 15 18 21 24 27
Elution Time (min)
Figure 4. Normalized GPC curves of (a) mPEG, (b) mPEG5-(hb-PG)

105 (C) mPEGl 13'b‘PCL4g, and (d) mPEG1 13-(hb-PG)10-g-PCL54 (DMF
as an eluent).

140.00nm
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filtered through a syringe filter (pore size: 0.45 um). As shown by
the TEM images in Figure 5, the micelle particles are nanosized in
spherical shape with narrow size distribution. The particle size
and size distribution of the micelles were determined by dynamic
light scattering (DLS) with the distribution profiles shown in
Figure 5SD—F and the results were summarized in Table 2. The
results showed that the size of the micelles increased with
the increasing content of the hydrophobic PCL blocks while
the length of hydrophilic PEG block was kept constant. At
similar composition ratios of hydrophobic/hydrophilic blocks,
the hyperbranched miktoarm mPEG-(4b-PG)-g-PCL copoly-
mers formed larger micelles than the linear mPEG-b-PCL analo-
gues. All the micelles had a narrow unimodal size distribution.
The size and size distribution had no significant change after the
micelle solutions were placed at room temperature for 1 week or
exposed to ultrasonic for 5 min, showing a good stability of the
micelle in water. Depending on the hydrophilic—lipophilic bal-
ance, amphiphilic copolymers may form micelles or vesicles of
various morphologies such as spherical, worm-like, and tubu-
lar assemblies.*® It was reported that PEG-b-PCL with high
PEG/PCL ratio formed micrometer-sized vesicles when it was
dissolved directly in water.”” In our case, though the copolymers
have a wide range of hydrophilic—lipophilic balance volume
(weight fraction of PEG chain from 0.29 to 0.64), only nanosized
spherical particles were observed in the micelle solutions prepared
by adding water in THF solution of the copolymers. This could
be understood that an amphiphilic polymer of certain structure
can form different assembly morphologies under different pre-
paration conditions.*®

Prednisone acetate, an adrenocortical hormone drug, was used
as a model drug to test the properties of the polymer micelles as
drug carriers. The drug-loaded micelles were prepared from
solutions of 10:1 (w/w) copolymer/drug mixtures by a procedure
similar to that for drug-free micelles. Unenclosed residual drug
was removed by filtration through a 0.45 um micropore mem-
brane and dialysis the micelle solution against water. To deter-
mine the drug loading capacity (DLC) and entrapment efficiency
(EE), a portion of the drug-loaded micelle solution in water was
dried by rota-evaporation, and the residue was dissolved in
acetonitrile to determine the drug concentration through mea-
suring the UV absorbance at 235 nm. As revealed by the DLS
results in Table 2, the drug-loaded micelles were a little bigger
than the corresponding drug-free ones. When the length of
hydrophilic PEG block was kept constant, DLC and EE were
dependent to the length of hydrophobic PCL blocks. Increasing

Diameter (nm)

Diameter (nm)

312 516; 516
2 9] 212 212
2 6. 2 8 2 8
g °7 g g8
£ 3] £ 4 £ 34
0 A 0 1 0 1
10’ 107 10° 10" 10° 10 10 10°

Diameter (nm)

Figure 5. TEM images of mPEG3-b-PCLyg5 (A), mPEGy 3-(hb-PG);-g-PCLs4 (B), and mPEG3-(hb-PG);-g-PCLog (C) micelles; size distribution
profiles of MPEG 3-6-PCLyg3 (D), mPEG 3-(hb-PG);o-g-PCLs4 (E), and mPEG  3-(ih-PG);¢-g-PCLog (F) micelles determined by DLS.
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Table 2. Influence of Copolymer Composition on Micellar Properties
drug-free micelle” drug-loaded micelle™*

copolymers WapEG” diameter (nm) PDI diameter (nm) PDI DLC? (%) EE‘ (%)
mPEG3-b-PCL;s 0.64 41 0.132 60 0.153 1.41 14.3
mPEG 3-6-PCLyg 0.48 58 0.129 73 0.150 2.01 20.5
mPEG;3-b-PCL s 0.29 76 0.134 85 0.162 2.80 28.8
mPEG3-(hb-PG);¢-g-PCL;s 0.58 64 0.125 96 0.156 2.07 21.1
mPEG 3-(hb-PG),y-g-PCLs, 0.42 88 0.124 111 0.147 3.52 36.5
mPEG, 3-(1h-PG),¢-g-PCLog 0.30 117 0.136 127 0.165 4.26 445

“Weight fraction of mPEG chain in the copolymers. ” Measured at a concentration of 0.5 mg/mL. ¢ Prepared with 20 mg of copolymers and 2.0 mg of

prednisone acetate as a model drug. “ Drug loading content (DLC). ¢ Entrapment efficiency (EE).
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Figure 6. Release profile of prednisolone acetate from amphiphilic
block copolymers mPEG3-b-PCLyg and mPEG3-(1ib-PG),o-g-
PCLs4 (PBS, 0.1 M, pH 7.4; 37 °C).

the hydrophobic block length was beneficial for improving DLC
and EE probably because of increased size of the hydrophobic
core. The DLC and EE of miktoarm mPEG-(ib-PG)-g-PCL
were higher than those of linear mPEG-»-PCL with similar
copolymer composition. For example, mPEGy53-(1b-PG);(-g-
PCLgg had an EE of 44.5%, which was about 55% higher than
the 28.8% of mPEGj3-b-PCL;(s. The multibranched structure
of mPEG-(hb-PG)-g-PCL results in steric barrier for ordered
stacking of PCL blocks. Also, at the same PCL/PEG ratio, the
average PCL chain length in the branched miktoarm polymers is
much shorter than that in the linear ones. Shorter chain length
might weaken chain—chain interactions. Overall, the hyper-
branched structure would increase the disorder and space bet-
ween PCL chains, decrease the crystalline degree, and thus
enhance the interaction of polymer chains with drug molecules.

The release rate was monitored by determining the concentra-
tion of released drug at predetermined time intervals. The in vitro
drug release profile of prednisone acetate from amphiphilic block
copolymers mPEG3-b-PCL4g and mPEG; 3-(1ih-PG),o-g-PCLs4
is shown in Figure 6. For linear block copolymer micelle, the
release was quite quick at the beginning and 85% of drug
enwrapped in the micelle was released after 2 days. For linear—
hyperbranched block copolymer micelle, the release was slow
and continuous in a week and only 58% of drug enwrapped in
the micelle was released after 2 days. Most of the drug was released
after 3 days for linear block copolymer micelle and 7 days for
linear—hyperbranched block copolymer micelle. The time to
release half of the drug was about 10.5 h for linear block copolymer
micelle and 37 h for linear—hyperbranched block copolymer
micelle. Amphiphilic linear—hyperbranched block copolymers
mPEG-(1b-PG)-g-PCL with a lot of arms had more sustained
drug release behavior that is favorable for drug controlled release.

Conclusions

Amphiphilic linear—hyperbranched block copolymers mPEG-
(hb-PG)-g-PCL with a lot of arms were successfully synthesized
via a facile strategy of two steps of ring-opening polymerization.
The copolymer composition and molecular weight were in good

accordance to the predicted from the feed ratio. All the polymers
were in unimodal molecular weight distributions with moderate
polydispersities. The amphiphilic block copolymers formed stable
micelle solutions via adding water to a THF solution of the polymer
followed by removal of the organic solvent by dialysis. All the
micelles had a narrow unimodal size distribution. The micelle sizes
depended much on the copolymer composition. Comparative
studies revealed the advantages of the multibranched copolymers
over linear mPEG-h-PCL analogues for use as drug carriers. The
DLC and EE of amphiphilic linear—hyperbranched block copoly-
mers mPEG-(/1b-PG)-g-PCL were higher than those of amphiphilic
linear block copolymers mPEG-b-PCL with similar copolymer
composition. Furthermore, the amphiphilic linear—hyperbranched
block copolymers had more sustained drug release behavior. There-
fore, the amphiphilic linear—hyperbranched block copolymers
mPEG-(hb-PG)-g-PCL are potentially a type of favorable bio-
materials for drug controlled release.
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