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A novel biodegradable amphiphilic brushoil block copolymer consisting of polg{caprolactone) and PEGylated
polyphosphoester was synthesized by ring opening polymerization. The composition and structure of the copolymer
were characterized B§H NMR, 13C NMR, and FT-IR, and the molecular weight and molecular weight distribution
were analyzed by gel permeation chromatograph (GPC) measurements to confirm the diblock structure. These
amphiphilic copolymers formed micellar structures in water, and the critical micelle concentrations (CMCs) were
around 103 mg/mL, which was determined using pyrene as a fluorescence probe. Transmission electron microscopy
(TEM) images showed that the micelles took an approximately spherical shape withsbetestructure, which

was further demonstrated by laser light scattering (LLS) technique. The degradation behavior of the polymeric
micelle was also investigated in the presencéséudomonaBpase and characterized by GPC measurement.
Such polymer micelles from brusttoil block copolymers are expected to have wide utility in the field of drug
delivery.

Introduction brushes, which could be further modified either chemically or
biologically to obtain desired properties. Recently, Schmidt’'s
Polymeric micelles formed in an aqueous solution are group reported that brush-coil type amphiphilic block copoly-
nanosized supermolecular assemblies of amphiph_ilic'copolymersrners formed micelles, which were based on poly(methacrylic
that are composed of a compact hydrophobic inner core acid) and polystyrene, synthesized by either metallocene
surrounded by a hydrophilic outer shell. Due to their unique catalysis or atom-transfer radical polymerization (ATRPFO
structures, polymeric micelles have been investigated in bio- Tpjg type of micelle composed of nonbiodegradable elements
medical fields for pharmaceutical or diagnostic applicatibis. may be limited in biomedical applications. None of micellar

Over the past decade, both amphiphilic linear di- or tri-block gty cture from the brushcoil block polymer based on degrad-
copolymers and graft copolymérs have been utilized to form ~ jpa polyester has been reported to our best knowledge.

micellar architectures. Typical examples of these polymeric . .
micellar systems contained hydrophobic components such as In the present work, we synthesized biodegradable brush

biodegradable polyfcaprolactone};® polylactide*1° blocks, coil amphiphilic block copolymers qf PCL and PEGylated PPE.
or nonbiodegradable blocks such as polystyfénie many Hydrophilic ‘brushes of nonfunctional monomethoxy' poly-
examples, poly(ethylene glycol) blocks were used as the (ethylene glycol) (MPEG) was selected as a model in this stud_y.
hydrophilic components though many other polymers such as Poly(e-cap_rolacto_ne) (PCL) was chosen as the hydro_phobl_c
poly(N-isopropylacrylamidé¥-13and other polyelectrolytes such S?gment' €., coil segme_nt, since it has b?e” used W|de!y n
as poly(aspartic aci#}'Swere also used for stimuli sensitivity ~Piomedical fields, especially for drug delivery due to its
CONCErns. biodegradability, biocompatibility, and high permeability to
It has been demonstrated that end-functionalized amphiphilic 97ugs at body temperatu?é.* Polyphosphoester (PPE) was
diblock copolymers, for exampleyacetal-poly(ethylene glycol)-  Used as the backbone of the hydrophilic block because of its
poly(o,L-lactide), which forms a micellar structure and allows Potential in biomedical applications such as in drug and gene
the conjugation of pilot molecules at the tethered end of the delivery and tissue engineerifg:2” More importantly in this
hydrophilic segment, exhibited promising potential in biomedical Study, the pentavalent nature of the phosphorus provides a
applications's17 Elicited by such linear amphiphilic diblock ~ Unique channel to introduce hydrophilic PEG brushes.
copolymers, the bruskcoil copolymer may possess the advan- ~ We adopted a method for PCL and PPE block polymer
tage of allowing for more functional groups at the end of the synthesis reported recently by28go develop this kind of
brush-coil diblock copolymer as shown in Scheme 1.The
* To whom correspondence should be addressed. E-mail: jwang699@ structures of copolymers were well characterized by various
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Scheme 1. Synthesis Procedure of Monomer (PPEG) and Block Copolymer PCL-b-PPEG
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Experimental Section ppm): 4.29 (2H~PO,CH,0—CHCH;0—), 4.39 (4H,—OCH2CH-
OP-), 3.66 (62H,—OCH,CH;0(CH,CH»0)15—), 3.38 (3H,—OCH.):

2.1. Materials. 2-Chloro-2-oxo-1,3,2-dioxaphospholane (COP) was  13C NMR ¢ (CDCls, ppm): 58.88 { OCH3), 65.96 (-POCH,CH,0—),
synthesized by a method described previotisind distilled under 71.82 (OCH,CH,0P-), 70.46 (O(CH,CH,0);5—); 31 NMR (CDC}),
reduced pressure before use. Monomethoxy poly(ethylene glycol) § = 19.20 ppm.

(Mn = 750) (MPEG750, Acros Organics, Belgium) was dried twice by 2.3, Synthesis of Block Copolymer PCLs-PEGylated PPE (PCL-
azeodistillation of anhydrous benzereCaprolactone«-CL) (Acros b-PPEG). The brush-coil diblock copolymer was synthesized by
Organics, 99%) was dried over calcium hydride for 48 h at room consecutive ring-opening polymerization efCL and PEGylated
temperature, followed by distillation under reduced pressure just before phosphoester monomer PPEG using a trimer of A@@as an initiator.

use. Aluminum isopropoxide (Al(®r)) was purified as described in  Briefly, e-CL (2.00 g, 17.5 mmol) and 17.0 mL of dried toluene were
the literature® Triethylamine was refluxed with phthalic anhydride, introduced into a freshly flamed and nitrogen-purged round-bottom flask
then with potassium hydroxide, and distillé&éseudomonatipase is a through a rubber septum with a stainless steel capillary. To this solution
product of Sigma and used without further purification. Benzene, diethyl was added the trimer of Al(®r); solution at 0.425 mmol/mL (206
ether, and toluene were refluxed over phosphorus pentoxide, calciumyL, 87.6 umol) in toluene, and the reaction was carried out af@5
hydride and sodium, respectively. Pyrene (Acros Organics) and other for 2 h. Then the reactant was equally distributed into two flamed and
solvents were used as received. nitrogen-purged flasks for the polymerization of phosphoester monomer

2.2. Synthesis of PEGylated Phosphoester Monomer (PPEG)o PPEG. After adding PPEG, the reaction was performed &C7fr 5
a solution of mPEG750 (21.10 g, 28.13 mmol) and 1 equiv of days. The resultant solution was deactivated with 1 mol/L acetic acid
triethylamine (2.85 g, 28.13 mmol) in 150 mL of anhydrous benzene and precipitated into an excess of a methanol and diethyl ether mixture
at 0°C was added dropwise COP (4.01 g, 28.13 mmol) in 50 mL of (2:1, v/v). The precipitate was dried under vacuum until a constant
anhydrous benzene under magnetic stirring over a period of 1 h. The weight at room temperature to obtain the product. An aliquot before
mixture was maintained at @ for an additional 24 h. The precipitate  adding PPEG monomer was also taken out, deactivated, and precipitated
which was triethylammonium chloride was then filtered off using a in cooled methanol for analysis.

Schlenk funnel. The filtrate was concentrated under vacuum and 2 4. Characterization of PCLb-PPEG Copolymers.iH, 3P, and
precipitated into 600 mL of cooled anhydrous diethyl ether. The 13c NMR spectra were recorded on a Brucker AV300 NMR spectrom-
precipitate was collected over the Schlenk funnel and dried under gter at room temperature with CDGis solvent and TMS as internal

vacuum at room temperature (yield: 70%j NMR, *C NMR, *'P reference. Phosphoric acid (85%) was used as external reference for
NMR spectra, and a single elution peak from GPC analysis supported 31p NMR analyses. FT-IR spectra were measured on a Bruker Vector
the structure as shown in the Schem&iLNMR (Figure 1A)6 (CDCl, 22 Fourier transform infrared spectrometer using the KBr disk method.

Molecular weights and molecular weight distributions were determined
a b e d f ﬁ i by gel permeation chromatography (GPC) measurements. The GPC
>—0\6‘/\/\/\°>,67\0/\/0>‘H system was composed of a Water_s 1515 pump and a Waters 2_414
a c c X v refractive index detector, equipped with Waters Styragel high-resolution
° z i columns (HR4, HR2, HRX 2, HR0.5) at 40°C. THF was used as
eluent at the flow rate of 1 mL/min. Monodispersed polystyrene
standards were used to generate the calibration curve.
2.5. Preparation of Micelles.Micelles were prepared by the solvent
= evaporation method. Briefly, 20 mg of copolymer was dissolved in 2
0\ mL of tetrahydrofuran (THF). Under moderate stirring, the predeter-
h mined volume of ultra purified water (Millipore, 18.2 ®) was added
(A) ,J dropwise through a drop funnel, and the mixture was left stirring for
an additional 12 h. THF was then removed under reduced pressure at

[ ,’ ambient temperature. The final volume of the aqueous solution was

/(B) | adjusted to 10 mL using ultra purified water to obtain polymer micelles.
| i U./ 2.6. Determination of Critical Micelle Concentration (CMC).
/(c) HI\AJU 9|, e ¢ ti'j! Critical micelle concentrations of the copolymers were estimated by a
{ fluorescence spectroscopic method using pyrene as the fluorescence
56 52 48 44 40 36 32 28 24 20 16 12 probe. A predetermined amount of pyrene solution in acetone was added
Figure 1. H NMR spectrum (in CDCls, ppm) of (A) PPEG, (B) PCL into a series of volumetric flasks, and the acetone was then evaporated
homopolymer, and (C) PCL-b-PPEG copolymer. completely. A series of copolymer solutions at different concentrat'Bst
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ranging from 1.0x 10°° to 1.0 mg/mL were added to the bottles,
whereas the concentration of pyrene in each flask was fixed at a constant
value (6.0x 1077 mol/L). The excitation spectra were recorded at 20
°C on a Shimadzu RF-5301PC spectrofluorophotometer with the
detection wavelengthen at 390 nm and a slit width of 3 nm.

2.7. Transmission Electron Microscope (TEM).The morphology
examination of the copolymer micelles was performed on a Hitachi
model H-800 transmission electron microscope with an accelerating
voltage of 200 KV. The sample was prepared by placing a drop of the
micelle solution (0.2 mg/mL) onto 230 mesh copper grids coated with
carbon and allowing the sample to dry in air before measurement.

2.8. Laser Light Scattering (LLS). Dynamic laser light scattering
(DLS) was conducted on a commercial spectrometer (ALV/DLS/SLS-
5022F) equipped with an ALV5000 multidigital time correlator and
a cylindrical 22 mW UNIPHASE HeNe laser {o = 632 nm) as the
light source to characterize the polymeric micelles (0.2 mg/mL) at a T T T T T T
scattering angle of Tsand at a constant temperature of 25 Static 1800 1600 1400 1200 1000 800 600
light scattering (SLS) studies were conducted atQ4using the same Wavelength (cm™)
instrument at scattering angles ranging frofmt® 15C¢. The micelle Figure 2. FT-IR spectra of (a) PCL-b-PPEG copolymer and (b) PCL
solution was filtered using a 0.4am membrane filter prior to homopolymer.
measurement for all of the experiments.

2.9. Enzyme Catalyzed Degradation of Polymeric MicellesThe
micelles prepared in phosphate buffer (0.05 M, pH 7.0) with a similar
procedure as described above at 2.0 mg/mL were incubated with
Pseudomonalpase (0.2 mg/mL) at 37C. At a predetermined time
interval, the sample was taken out and lyophilized. The degradation
products were extracted with chloroform and further analyzed by GPC
measurements at £C using a set of Waters Styragel high-resolution )
columns (HR4, HR2, HR1, and HRO0.5) and chloroform as the mobile T - T T T ‘
phase. 176 175 174 173 172 171 PPmM
13C NMR spectrum of carbonyl region of PCL-b-PPEG

(b) PCL

Transmittance

\

(a) PCL-b-PPEG2

Figure 3.

. . copolymer.
Results and Discussion poly

The block copolymer was synthesized according to the _FT-IR analysis results of PCL homopolymer and PISL-
procedure shown in Scheme 1. The ring opening polymerization PPEG block polymer were shown in Figure 2. Absorption
of e-caprolactone using the trimer of aluminum isopropoxide (0ands) at 1276 and 1158 cinmarked in Figure 2b were
(As) as initiator has been studied extensivéj2which exhibits ~ observed, which were owed to the asymmetrical and sym-
a well-known living polymerization in toluene. Recently, our Metrical B=0 stretchings, respectively. The-®—C stretching
laboratory has reported that followirgCL polymerization with ~ Was also verified at 988 cm in PCLb-PPEG spectrum. Those
trimer of AI(OPPr) in toluene, phosphoester chain can be absorptions, however, were absent in the spectrum of PCL
propagated under the initiation of living PCL macroinitiator and homopolymer. Thus, judging together with analysisHyNMR
eventually generate the second block polyphospho#stethe spectrum, it demonstrated the successful polymerization of
present work, we selected mPEG with, = 750 to react with phosphoester monomers initiated by the PCL macroinitioator.
2-chloro-2-oxo-1,3,2-dioxaphospholane in the presence of TEA Moreover, to determine the sequence distribution of the two
as an acid scavenger. The obtained PEGylated cyclic phosphocomponents in the copolymer, 8C NMR spectrum of the
ester monomer PPEG was well-characterize#bgFigure 1A), ~ copolymer was measured. It has been reported previously that
13C, and3P NMR as described in the Experimental Section. the resonances of carbons from carbonylee€L units are
We further adopted a similar route as we reported to synthesizesensitive to chemical environment, namely sequence of back-
the brush-coil PCL and PPEG block copolymer using As bone of copolymer. Multiple signals have been normally
initiator in toluene. During the synthesis,caprolactone was  Observed in the carbonyl region around 173 ppm of random
first initiated, followed by adding PPEG to the living PCL  copolymers of PCI2? In this case, a single peak at 173.6 ppm
macroinitiator solution. in the carbonyl region shown in Figure 3 clearly indicated the

Figure 1 shows a comparison ¥ NMR spectra of PPEG,  diblock structure of this copolymer.

a typical diblock copolymer PCb-PPEG, and PCL homopoly- Molecular weights and molecular weight distributions were
mer. It was found that all signals assigned to protons of PCL measured by GPC. Figure 4 shows GPC profiles of PCL
block (except for the terminal methylene directly linked to the precursor and block copolymers PGLPPEG. Each chromato-

hydroxyl group) in Figure 1B were also present in the spectrum graph shows an unimodal peak and a relatively narrow poly-

of block copolymer PCLb-PPEG. Among those newly appear-

dispersity. The degree of polymerization of the PCL block is

ing signals in Figure 1C, resonances at 3.38 (h) and 3.65 ppm62 which was calculated from the relative integration intensities

(g) can be assigned to protons of the methoxyl groet®CH33)
and methylene protons—-OCH,CH,—) of the pendant PEG
brushes, respectively. In addition, resonances at44280 ppm

of PCL methylene protons (f, Figure 1C) and protons from
isopropyl group at one end of the polymer chain (a, Figure 1C).
The actual molar ratio of the two components of the copolymer

(i andj) are the characteristic signals of methylene protons (PPEG/CL) was also estimated from the integrations of PCL
(—PO,CH,0-) of the phosphoester backbone and the joint methylene proton signal at 4.12 ppm (f, Figure 1C) and signal
methylene protons{P—OCH ,CH,(OCH,CH,)15—) of the PEG at 3.65 ppm assigned to methylene protons of mPEG brushes
brushes. (g, Figure 1C). Detailed information of the copolymers V@BV
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Table 1. Results of Copolymerization of CL and PPEG

feed ratio? DP? Wepea/WecL© M (g/mol)? My (g/mol)e Ml M€

samples [PPEG]/[CL] PPEG/CL (%) (NMR) (GPC) (GPC)
PCL precursor 0:1 0/62 0/100 7070 13620 1.18
PCL-b-PPEG1 0.2:1 1.8/62 17.7182.3 8 590 14 600 1.27
PCL-b-PPEG2 0.8:1 6/62 38.7/61.3 11 530 17 100 1.23

a2 Molar feed ratio of the momoner PPEG to CL. ? Degree of polymerization of PPEG and CL in the copolymer determined by *H NMR. ¢ Wppgg and
Wpc, are the mass fractions of the PPEG and PCL segments in PCL-b-PPEG copolymers determined by *H NMR. ¢ Determined by 'H NMR. € Determined
by GPC.

c b a 1.8
Nt
1.6 1
1.4
2 1.2+
=y 1.0
¥ _g
0.81
T T T T T
26 28 30 32 34 0.6-
Time (min)
Figure 4. GPC chromatographs of (a) PCL precursor, (b) PCL-b- 04 ‘5 '4 ‘3 '2 '1 ‘0
PPEG1, and (c) PCL-b-PPEG2. B B Log-j c (mg-ImL) -
450 ; Figure 6. Plot of the hsg 2/k36.0 ratio (from pyrene excitation spectra)

400 versus log C for (a) PCL-b-PPEGL1, and (b) PCL-b-PPEG2 copolymer.

350 +

Table 2. Properties of the PCL-b-PPEG Micelles

300 1 cMmce mean diameter?

5

& 2580 1 samples (104 mg/mL) (nm) Nagg®
% 200 PCL-b-PPEG1 6.76 7445 247
é 150 PCL-b-PPEG2 13.80 85+ 2 480

100 a The critical micelle concentration (CMC) is determined by fluorescence

technique using pyrene as a fluorescence probe. » Mean diameter
determined by DLS. ¢ Nagg Was calculated according to Nagg = Mu,mic/

Mw,unimers-

50

300 310 320 330 340 350 360

Wavelength (nm) This red-shift results from the transfer of pyrene molecules from

a water environment to the hydrophobic micellar core, and thus
provides information on the location of the pyrene probe in the
system, in fact, indicating the formation of micelfs.

summarized in Table 1. It is worth noting that the molecular ~ The CMC is a measurement describing the physical properties
weights of polymers by NMR are smaller than that determined of the micelles and refers to the micelle thermodynamic
by GPC, which is due to the fact that monodispersed polystyrene stability3° As reported by Wilhelm et al., the concentration
standards were used to generate the calibration curve in GPCdependence of thigsg /1336 0 ratios of the (0,0) band of pyrene
analysis. Such phenomenon was also observed by many othewas more sensitive to CMC than lifetime measurements or
groups in GPC analysis of PCL and its block copolyn#érs® fluorescence emissioii.In this case, it was also found that the

It was found that the molecular weights and compositions of intensities of the peaks were enhanced remarkably with in-
the copolymer were different at different feed ratios of the creased polymer concentrations. The intensity ratioks#f/
monomers. In fact, we also found that the number average lsssofrom the excitation spectra were plotted against copolymer
molecular weight of PCIb-PPEG increased linearly with the  concentrations as shown in Figure 6. At low concentrations of
polymerization time up to 120 h. However, the conversion of copolymer, the total fluorescence intensity ratio remained nearly
the PPEG monomer was only around 10%, which was probably unchanged, taking the characteristic of pyrene in a water
due to the higher equilibrium concentration of PPEG and its environment. As the concentration of the copolymer increased,
steric hindrance. The molecular weights calculated from NMR the intensity ratio started to increase dramatically, reaching the
intergrations indicated that PG-PPEG1 and PCIb-PPEG2 characteristic of pyrene entirely in a hydrophobic environment
contain 1.8 and 6 PEG brushes per polymer chain in average,at certain copolymer concentrations. This is a reflection of the
respectively. whole process of micellization. From the sigmoidal shape curve,

These diblock copolymers are amphiphilic and self-assemble CMCs of the block copolymers were obtained and summarized
into micelles in agueous media. Pyrene was used as a fluoresin Table 2. It was found that CMC value increased from
cence probe in this study to characterize the micellar formation 6.76 x 1074 to 13.80x 10~4 mg/mL with the increase of PPEG
of amphiphilic copolymers by determining its excitation spec- content. The curves in Figure 6 also illustrated this phenomenon,
tra3738 As shown in Figure 5, a red shift of the (0,0) absorption namely, CMC of PCLb-PPEG1 with less PPEG content was
band from 336.0 to 339.2 nm was observed in the excitation lower than that of PCIlb-PPEG2 which contains 38.7% of
spectrum when the concentration of copolymer was increased.PPEG by weight. It is reasonable that the higher content OEB?/

Figure 5. Excitation spectra at lem = 390 nm of pyrene at various
concentrations of PCL-b-PPEG2.
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Figure 9. GPC chromatograms of PCL-b-PPEG2 at different deg-
radation times (a) O, (b) 2, (c) 16, and (d) 24 h in the presence of
Pseudomonas lipase at 37 °C in phosphate buffer (0.05 M, pH 7.0).

Figure 7. TEM images of (A) PCL-b-PPEG1 and (B) PCL-b-PPEG2 . .
mﬁ:e”es_ ges of () ® However, in the presence Bseudomonalipase, a well-known

enzyme to accelerate degradation of P& the molecular

weights decreased rapidly. Figure 9 gives the GPC chromato-
1.07 grams of the degradation products in the presené&setidomo-
1 naslipase at different times at 3C. It is very clear that low
0.8 molecular weight molecules were generated dyrih h of
] degradation witiPseudomonakipase. The well resolved peaks
0.6- eluted at 34.61, 33.03, and 32.03 min are likely from 6-hy-
o droxycaproic acid, dimmer and trimer, respectivlWith the
- increase of degradation time from 2 to 24 h, the intensity of
0.47 peak from PCLb-PPEG2 decreased significantly, whereas
intensities of peaks from small molecules increased gradually,
0.2 demonstrating the enzymatic degradation of the PCL block.
However, there was no proof of PPE block degradation under
0.0 . . Pseudomonalipase enzyme catalysis until 24 h because of the
10 100 1000 absence of the PEG750 eluent peak that should be at 30.07 min.
Ry (hm) It is also worth noting that the retention time of the peak from
Figure 8. Particle size distribution of micelles formed by PCL-b- PCL-b-PPEG2 in Figure 9, panels b and c, did not change during
PPEG2 copolymer. degradation, which may indicate that micelles were “eaten” by

hydrophobic segments will result in stronger interactions !Pase in a one-by-one fashion, as observed by Gan et al. using
between each other, leading to a more stable micellar structurel@ser light scattering measuremeffts.
and, therefore, to lower CMC value. In summary, we have synthesized novel block copolymers
The successful formation of micelles was further confirmed Pased on biodegradable PCL and polyphosphoester. The struc-
by TEM measurement. Figure 7 shows the TEM image of the ture of block copolymers has been well characterized. These
micelles formed by PCIb-PPEG copolymers. It can be seen block copolymers are amphiphilic and form a micellar structure
that the micelles take a spherical morphology. By close in water, which was demonstrated by the fluorescence spectro-
observation, the coreshell structure was evident, with the dark  Scopic method using pyrene as a probe and further proven by
core composed of a high density of PCL and gray shell TEM and DLS measurements. The copolymer micelles were
composed of a much lower density of PPEG. It is also observed Piodegradable, which was demonstrated in the presence of
from the TEM image that shell of PCh-PPEG2 with 6 PEG ~ Pseudomonalipase. Through hydrophobic association between
brushes is apparently thicker than that of PGPPEG1 with ~ drug molecules with the hydrophobic core, the hydrophobic drug
1.8 PEG chains. As a typical example, the particle size Molecules could be loaded, and the micellar system based on
distribution of PCLb-PPEG2 micelles determined by dynamic the biodegradable brustfroil block copolymer is a potential
light scattering was shown in Figure 8. Mean sizes of micelles drug carrier for pharmaceutical applications.
formed by PCLb-PPEG1 and PClb-PPEG2 copolymers are
ca. 74 and 85 nm in diameter, respectively, which were basically
consistent with those observed by TEM. The aggregation
number of the copolymer molecules in the micellar structure
was calculated using equatidgg= Muy,mid/ Mw,unimersand listed
in Table 2, wheréMy, mic and My, unimers@re the micelle molar
mass determined by SLS and the molar mass of the individual
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