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ABSTRACT: Novel diblock copolymers of poly(e-caprolactone) and polyphosphoester bearing functional hydroxyl
pendant groups, denoted as PCL-b-PHEP, were synthesized through ring-opening polymerization of functionalized
cyclic phosphoester monomer using hydroxyl end-capped poly(e-caprolactone) and Sn(Oct), as macroinitiator
and catalyst, respectively. The chemical structure was proved by 'H, '3C, and 3'P NMR, gel permeation
chromatography (GPC), and Fourier transform infrared spectroscopy (FT-IR) analyses. These amphiphilic
functionalized block copolymers could self-assemble into micellar or vesicular aggregates in aqueous solution,
depending on the composition, which was demonstrated by transmission electron microscopy and confocal laser
scanning microscope observations. The critical aggregation concentrations (CAC) of PCL-b-PHEP were also
dependent on the composition, measured by the fluorescence probe technique. MTT assay for cytotoxicity of
PCL-b-PHEP suggested these polymeric nanoparticles were biocompatible. Combining the advantages of poly-
(e-caprolactone) and polyphosphoester with functional hydroxyl pendant groups for further biological modification,
such amphiphilic block copolymers could potentially provide novel opportunities for design of drug delivery
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system and therapeutic application.

Introduction

Aliphatic polyesters, such as poly(e-caprolactone) (PCL),
polylactide (PLA), polyglycolide (PGA), and their copolymers,
have been widely used in polymer-based biomaterials due to
their demonstrated biodegradability and biocompatibility.' >
Medical applications of aliphatic polyesters typically include
drug delivery vehicles, suture, implants, and tissue engineering
scaffolds.* ¢ However, their applications are limited in scope
due to their hydrophobic, semicrystalline properties, and the
absence of functionality on the polymer backbone.’

In contrast to the above polyesters, polyphosphoester (PPE),
which has currently been studied extensively in drug, gene
delivery, and tissue engineering,® '® possesses adjustable physi-
cal and chemical properties. PPEs are a series of hydrophilic
biomaterials and, more importantly, have the unique advantage
on functionalization ability due to the pentavalent nature of the
phosphorus atom. Therefore, novel functionalized biodegradable
PPEs bearing reactive pendant groups such as hydroxyl,
carboxyl, amino groups, and so forth become available. The
combination of water solubility and reactive pendant functional
groups made PPEs possible new functional biomaterials to be
applied in the construction of novel controlled drug delivery
systems or other related biomedical applications.

In general, pendant functionalization of polymers can be
achieved by postpolymerization modification or polymerization
of functionalized monomers.'"'? In the case of postpolymer-
ization modification, the conditions chosen must not induce
degradation or undesired cross-linking. On the other hand, when
polymerizing functionalized monomers, the functionality must
be chemically compatible with the polymerization conditions
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or preprotected before polymerization. In the numbered reported
examples of PPE bearing functional pendant groups, Wang et
al. utilized the postpolymerization modification method to obtain
a series of cationic PPE with different side charge groups, which
served as effective, nontoxic, and biodegradable gene carriers.’
Huang et al. used the same method to synthesize a water-soluble,
nonionic PPE with hydroxyl side group, which allows the fine-
tuning of the physicochemical properties to enhance gene
expression in muscle,'* while Du et al. used the latter method
to synthesize functional triblock copolymers based on poly-
(ethylene glycol) and PPE with pendant vinyl groups by direct
ring-opening polymerization of cyclic phosphoester monomer
containing double bonds.'* Tt is worth noting that all the PPEs
above-mentioned are water-soluble but not amphiphilic. In fact,
to our best knowledge, amphiphilic graft polymers of PPEs have
been studied for their self-assemblies,'> but no amphiphilic block
copolymers containing functional PPE have been reported up
to now.

It is well-known that amphiphilic copolymers will self-
assemble spontaneously into polymeric aggregates including
micellar and vesicular conformations.'® Because of enhanced
permeation and retention (EPR) effect of nanoparticles in tumor
tissues, the nanosized polymeric aggregates have received much
attention as useful drug delivery carriers for various anticancer
drugs.'”'® However, such passive targeting strategy is not
sufficient in practical applications. Many efforts have been made
to impart the vehicles with active targeting ability,'*° which
in reverse calls for functionality of the polymer materials. Thus,
design and synthesis of amphiphilic and functionalized polymers
are necessary and urgent.

In the present work, we adopted the polymerization of
preprotected functional monomer method to obtain hydroxyl-
functionalized amphiphilic polymers. By this method, the
phosphoester monomer 2-(2,2-dimethyl-1,3-dioxolan-4-yl-meth-
oxy)-2-oxo-1,3,2-dioxaphospholane (GEP) as shown in Scheme
1, whose hydroxyl pendant groups were protected by the 1,3-
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Scheme 1. Synthesis Routes of Phosphoester Monomer GEP and
Functionalized Diblock Copolymer of Poly(e-caprolactone) and
Polyphosphoester PCL-b-PHEP

) HO —
0_.0 Q Et3N o_.0
/P\ + >< T —— \P/
o “cl o THF o 0
cep ©
o
o o

©/\0H 4-0 OM otH GEP

Sn(Octhpitoluene Sn{Oct)/Bulk

o
olo HCl/dioxane 1 ofo
OJ\/\A‘};(' B \/IPH - OM -B- \/)OH
o o m

PCL-5-PGEP °7<’ PCL-5-PHEP HO OH

dioxolane ring, was polymerized with the initiation of hydroxyl
end-capped poly(e-caprolactone). After deprotection under mild
conditions, the amphiphilic hydroxyl-functionalized block co-
polymers PCL-b-PHEP were obtained. The preparation, char-
acterization, and self-assembly behavior of the copolymers were
described.

Experimental Section

Materials. 2-Chloro-2-oxo-1,3,2-dioxaphospholane (COP) was
synthesized by a method described previously and distilled under
reduced pressure before use.?'*? 2,2-Dimethyl-4-hydroxymethyl-
1,3-dioxolane was synthesized according to a method reported
elsewhere?® and distilled under reduced pressure before use. Toluene
was refluxed over sodium and distilled under nitrogen prior to use.
e-Caprolactone (CL) (Acros Organics, 99%) was dried over calcium
hydride for 48 h at room temperature, followed by distillation under
reduced pressure just before use. Benzyl alcohol (BnOH, Sinopharm
Chemical Reagent Co., Ltd., China) was analytical grade and
distilled before use. Triethylamine (Sinopharm Chemical Reagent
Co., Ltd., China) was refluxed with phthalic anhydride, potassium
hydroxide, and calcium hydride in turn and distilled before use.
Tetrahydrofuran (Sinopharm Chemical Reagent Co., Ltd., China)
was refluxed over potassium—sodium alloy under a N, atmosphere
and distilled. Stannous octoate (Sn(Oct),, Sinopharm Chemical
Reagent Co., Ltd., China) was purified according to a method
described in the literature.?* Fluorophore dye PKH26 and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
obtained from Sigma Chemical Co. Pyrene (Acros Organics) and
other solvents were used as received.

Synthesis of Monomer GEP. To a 250 mL flame-dried flask
equipped with a dropping funnel and a stirring bar was added a
solution of 2,2-dimethyl-4-hydroxymethyl-1,3-dioxolane (13.22 g,
0.1 mol) and anhydrous triethylamine (10.12 g, 0.1 mol) in 120
mL of fresh dried THF. After cooling at —5 °C for 30 min, 2-chloro-
2-0x0-1,3,2-dioxaphospholane (COP) (14.25 g, 0.1 mol) in 30 mL
of anhydrous THF was added dropwise at —5 °C to the stirred
solution over a period of half an hour. The mixture was maintained
at —5 °C overnight. The precipitate, triethylammonium chloride,
was filtered off using a Schlenk funnel. The filtrate was concentrated
under vacuum, and the residue was purified by recrystallization in
200 mL of anhydrous THF/diethyl ether (1:10, v/v) twice to obtain
a white product with a yield of 63%. 'H, 3C, and *'P NMR spectra
supported the structure shown in Scheme 1.

Synthesis of Poly(e-caprolactone) Macroinitiator. Poly-
(e-caprolactone) (PCL) was synthesized through ring-opening
polymerization of CL in anhydrous toluene using benzyl alcohol
as an initiator and Sn(Oct), as the catalyst. Typically, CL (28.5 g,
0.25 mol), benzyl alcohol (0.45 g, 4.2 mmol), Sn(Oct), (0.42 g, 1
mmol), and anhydrous toluene (125 mL) were added into a fresh
flamed and nitrogen-purged round-bottomed flask in a glovebox
with H,O content less than 0.1 ppm. The mixture was maintained
at 80 °C for 12 h. Toluene was evaporated under reduced pressure,
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and the mixture was precipitated into cold diethyl ether twice. The
precipitate was dried under vacuum to a constant weight at room
temperature with a yield of 92.7%.

Synthesis of Block Copolymer PCL-b-PGEP. Block copolym-
erization was carried out in bulk by ring-opening polymerization
of GEP using PCL macroinitiator and stannous octoate as the
catalyst. Before polymerization, macroinitiator was purified twice
by azeodistillation of anhydrous toluene and dried under vacuum.
Typically, in a glovebox with water content lower than 0.1 ppm,
PCL macroinitiator (0.14 mmol) and GEP (5.5 mmol) were
consecutively added into a 25 mL freshly flamed and nitrogen-
purged flask. After stirring at 90 °C for 10 min, Sn(Oct), (0.03
mmol) was added. The reaction was carried out for an additional
3 h. The polymer was dissolved in chloroform and precipitated into
methanol/ether (1:10, v/v) twice. The copolymer was obtained and
dried under vacuum at room temperature with a yield of 62.5%.

Synthesis of Block Copolymer PCL-b-PHEP. In a typical
procedure, aqueous hydrochloric acid (1 mol L™, 10 mL) was added
dropwise to the solution of PCL-b-PGEP block copolymer (0.36
g) in 30 mL of 1,4-dioxane. The solution was stirred at room
temperature for 3 h. The solution was concentrated and then poured
into diethyl ether to precipitate the polymer. The deprotected
polymer PCL-b-PHEP was dried under vacuum to yield white
product (90% yield).

Characterization. Structural characterizations were performed
via 'H, 13C, and 3'P NMR spectroscopies, which were recorded on
a Bruker AV300 NMR spectrometer (300 MHz) at room temper-
ature with CDCl; or dg-DMSO as solvent and TMS as internal
reference. Phosphoric acid (85%) was used as an external reference
for 3P NMR analyses. FT-IR spectra were measured on a Bruker
Vector 22 Fourier transform infrared spectrometer at wave numbers
400—4000 cm™! with a resolution of 2 cm™! using the KBr disk
method.

Number- and weight-average molecular weights (M, and M,,)
and molecular weight distributions (polydispersity index, PDI =
M,,/M,) of polymers were determined by gel permeation chroma-
tography (GPC) measurements on a Waters GPC system, which
was equipped with a Waters 1515 HPLC solvent pump, a Waters
2414 refractive index detector, and three Waters Styragel high-
resolution columns (HR4, HR2, and HRI1, effective molecular
weight range 5000—500 000, 500—20 000, and 100—5000, respec-
tively) at 40 °C. Chloroform (HPLC grade, J.T. Baker, stabilized
with 0.75% ethanol) was used as eluent and delivered at a flow
rate of 1.0 mL min~'. Monodispersed polystyrene standards with
a molecular weight range 1310—5.51 x 10* were used to generate
the calibration curve. It was noteworthy that the actual molecular
weights of aliphatic polyesters (e.g., PCL) were ~0.56 times lower
than the average molecular weights calculated from the polystyrene
calibration curve, which was systematically studied by Biela et al.
and Save et al. elsewhere.>>*°

Preparation of PCL-b-PHEP Aggregates. The aggregates of
PCL-b-PHEP were either prepared by a dialysis method or film
rehydration method. In a dialysis process, 10 mg of block copolymer
was dissolved in 1 mL of N, N-dimethylformamide (DMF). Under
moderate stirring the predetermined volume (5 mL) of ultrapurified
water (Millipore, 18.2 MQ) was added. The mixture was left stirring
for an additional 3 h. DMF was then removed by dialysis against
water for at least 24 h to obtain the aggregates.

In film rehydration process, a certain amount of PCL-b-PHEP
was dissolved in CHCl; at a total polymer concentration of 10 g
L~!. Then the polymer solution was evaporated to dryness in a
round-bottomed flask using a rotary evaporator at room temperature
to obtain a thin film on the inner surface of the flask, which was
further dried under vacuum overnight. The film was resuspended
in ultra purified water at a concentration of 2 g L™!. The suspension
was sonicated using a bath sonicator for 2—5 h discontinuously at
room temperature to form homogenized nanoparticles after the
mixture was incubated in a water bath at 50 °C for 30 min with
occasional shaking. Then, an aliquot PKH26 stock solution was
added to the suspension and incubated for 2 h at 4 °C, followed by
subjecting to dialysis to remove excess dye.
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Particle Size and Zeta Potential Measurements. The size and
size distribution of micelles in aqueous solution were measured by
dynamic light scattering (DLS) carried out on a Malvern Zetasizer
Nano ZS90 with a He—Ne laser (633 nm) and 90° collecting optics.
All samples were prepared in aqueous solution at a concentration
of 0.2 g L™! and filtered through Millipore 0.45 um filter prior to
measurements. All measurements were carried out at 25 °C, and
data were analyzed by Malvern Dispersion Technology Software
4.20. The zeta potential measurements were performed using an
aqueous dip cell in automatic mode using Malvern Zetasizer Nano
Z590.

Transmission Electron Microscopy (TEM). The morphology
examination of the copolymer micelles prepared by dialysis method
was performed on a Hitachi model H-800 transmission electron
microscope with an accelerating voltage of 200 kV. A drop of the
solution (0.5—1 g L™!) was then cast onto a 200-mesh carbon-
coated copper grid. The samples were finally dried at room
temperature prior to measurements.

Confocal Laser Scanning Microscopy (CLSM). The PCL-b-
PHEP aggregates were prepared by film rehydration method. The
slides were mounted and observed with a Zeiss LSMS510 laser
confocal scanning microscope imaging system (Germany) with an
upright confocal microscope and a 40x objective. The data were
analyzed by LSM 5 Image Examiner software.

Critical Aggregation Concentration (CAC) Determination.
To estimate the CAC of the aggregates, pyrene was used as the
fluorescence probe. A predetermined amount of pyrene in acetone
was added into a series of ampules, and the acetone was then
removed first by gently flowing N, and then by vacuum. A
predetermined volume of copolymer solutions and ultrapurified
water were added into the ampules consecutively to get solutions
of different micelle concentrations ranging from 1.0 x 103to 1 g
L~!, while the concentration of pyrene in each flask was fixed at
6.0 x 1077 mol L1, slightly lower than the saturation solubility
of pyrene in water. Fluorescence spectra were recorded on a
Shimadzu RF-5301PC spectrofluorophotometer at 390 nm emission
wavelength and 3 nm slit width.

Results and Discussion

Synthesis and Characterization of Block Copolymer
PCL-b-PGEP. Synthesis of polyphosphoesters was pioneered
by Penczek and his colleagues at the end of the 1970s. They
have studied extensively the synthesis and elucidated many of
the mechanisms of different routes, including anionic and
cationic ring-opening polymerizations,?”*® polycondensa-
tion,?*** and polyaddition.?’ On the basis of their studies, we
have previously demonstrated that polyphosphoesters can be
synthesized by ring-opening polymerization (ROP) of five-
membered cyclic phosphoester monomer (i.e., 2-ethoxy-2-oxo-
1,3,2-dioxaphospholane, EEP) using the alcohol and stannous
octoate co-initiation system.?” It has been reported that the
yielded polyphosphoester has defined molecular structure.
Further kinetic studies demonstrate that the ROP is a first-order
reaction with respect to phosphoester monomer, suggesting a
coordination—insertion polymerization mechanism.’® Subse-
quently, we also successfully synthesized the triblock copolymer
of poly(ethylethylene phosphate) with PCL (PEEP-b-PCL-b-
PEEP) using a similar method, while the dihydroxyl-terminated
PCL and stannous octoate co-initiation system was used.® In
this study, to synthesize functionalized diblock copolymer of
PCL and polyphosphoester bearing hydroxyl pendant groups,
we took the advantage of such polymerization method, while
stannous octoate was used as the catalyst. The macroinitiator,
which is hydroxyl-terminated PCL (PCL-OH), was synthesized
by polymerization of CL and further utilized for polymerization
of functionalized phosphoester monomer GEP, as shown in
Scheme 1.

To synthesize PCL-b-PGEP block copolymer, we first
prepared the monomer GEP. The synthesis procedure, shown
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Figure 1. NMR spectra of monomer GEP (in CDCl;, ppm). (A) 'H
NMR, (B) *C NMR, (C) *'P NMR.

in Scheme 1, was via the reaction of 2-chloro-2-oxo-1,3,2-
dioxaphospholane (COP) with 2,2-dimethyl-4-hydroxymethyl-
1,3-dioxolane, which was similar to the synthesis of EEP.>* GEP
was purified by recrystallization from anhydrous THF/diethyl
ether twice. 'H, 13C, and 3'P NMR spectra are shown in Figure
1, and all the resonances were assigned as illustrated.

The macroinitiator (PCL-OH) was obtained by polymerization
of CL in toluene using benzyl alcohol as the initiator and
Sn(Oct), as the catalyst, which has actually been the most often
used for ROP of lactone and lactide due to its high catalytic
activity as well as US FDA approval as a food additive.>> The
average degree of polymerization (DP) of PCL-OH was
calculated from its '"H NMR spectrum (typically, shown in
Figure 2A) based on the integration ratio of triplet at 4.07 and
3.67 ppm, assigned to methylene protons f and g, respectively.
All macroinitiators showed symmetrical and monomodal mo-
lecular weight distributions with narrow polydispersity indexes
(PDI) less than 1.21. The properties of PCL-OH used in this
study are summarized in Table 1. From Table 1, it was also
clearly seen that the M,(GPC) incompletely matched to M,-
(NMR), which was attributed to the fact that monodispersed
polystyrenes were used as standards for GPC calibration. Such
a phenomenon was also observed by many other groups in GPC
analysis of PCL and PLA >326-3¢

Subsequently, we utilized the PCL-OH macroinitiator and
GEP monomer for the preparation of PCL-b-PGEP diblock
copolymer. The polymerization was initially carried out in THF
at 40 °C as described previously for EEP polymerization.*?
However, conversion of GEP was rather low according to GPC
analyses (results not shown), indicating that the polymerization
of GEP in THF was obstructed. We speculated that the major
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Figure 2. 'H NMR spectra of PCL3 (A) and PCL3-b-PGEP;5 (B) and
13C NMR spectrum of PCL3y-b-PGEP;; (C) in CDCl; (ppm).

Table 1. Characterization of PCL-OH Macroinitiators

feed ratio
sample [CL]o/[BnOH]y

DP of PCL“ M, M’ PDI”

PCL3p 35:1 30 3530 3100 1.10
PCLso 60:1 50 5810 5430 1.11
PCL75 80:1 75 8660 10570 1.21
PCL g 120:1 100 11510 16720 1.19

“ Determined by '"H NMR. ® GPC values corrected with the coefficient
0.56 (see Experimental Section).

reason is the influence of the GEP starting concentration on
the equilibrium position. Earlier work of Penczek et al. has
demonstrated that at higher starting concentration (bulk) the
proportion of monomer that does polymerize was higher.?” In
addition, the monomer steric hindrance may also affect the
polymerization. In fact, we have observed that the rate of
polymerization of five-membered phosphoester monomers (2-
alkoxyl-2-oxo0-1,3,2-dioxaphospholane, which are analogues of
EEP) was significantly affected by the alkoxyl groups when
alcohol and Sn(Oct), co-initiation was applied in THF. Variation
of alkoxyl groups from ethoxyl to n-propoxyl and n-butoxyl
resulted in decreased polymerization rates and increased Ar-
rhenius activation energies for polymerization in the sequence
of ethoxyl, n-propoxyl, n-butoxyl substituted monomers. Es-
pecially, the isopropoxyl-substituted monomer 2-isopropoxyl-
2-o0x0-1,3,2-dioxaphospholane could not be polymerized under
the same conditions.

Therefore, we attempted polymerization of GEP in bulk at
90 °C using the PCL-OH and Sn(Oct), co-initiation system and
found that the polymerization went on, indicated by the
increased viscosity. As shown in Figure 3, the GPC chromato-
grams of PCL-OH macroinitiator and obtained PCL-b-PGEP
block copolymer were compared, and the unimodal peak of
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Figure 3. GPC chromatograms of (A) PCL3y and (B) PCL3o-b-PGEP:s.

Table 2. Composition and Molecular Weight of Block
Copolymer PCL-b-PGEP

feed ratio of conversion of
sample [GEP]¢/[PCL-OH], GEP (%) M,* M,® PDI’

PCL30-b-PGEP;3 20:1 65 6620 6840 1.45
PCL30-b-PGEPs5 40:1 62.5 9480 8950 1.30
PCLs0-b-PGEPo 15:1 66.7 8180 10150 1.38
PCLs0-b-PGEP;5 20:1 75 9380 10570 1.40
PCL75-b-PGEP;5 20:1 75 12220 18260 1.42
PCL0o-b-PGEP 3 33:1 54 15780 22840 1.30

“ Determined by 'H NMR. ® GPC values corrected with the coefficient
0.56 (see Experimental Section).

PCL-b-PGEP with decreased retention time demonstrated the
successful polymerization of GEP and the formation of copoly-
mer in such conditions. The conversion of GEP was in the range
of 54%—75% in our experiments (summarized in Table 2). No
peaks of PGEP homopolymer and polymer of high molecular
weight were observed in the GPC chromatograms. Meanwhile,
the number-average molecular weight (M,,) of PCL-b-PGEP was
linearly dependent on the GEP conversion (see Supporting
Information, Figure S1), revealing that scarce inter- or intramo-
lecular transesterification side reactions occurred during the
polymerization in bulk, which was actually ensured by their
molecular weight distributions (from 1.3 to 1.45) given in Table
2. Moreover, there was a slight tail on the GPC chromatogram,
which may be due to the interaction of polymer with the column.
In addition, it should be noted that the M, values obtained from
'H NMR and GPC were not coincided mutually, which may be
due to the same reason mentioned in PCL analysis.

Figures 2A, B show a comparison of 'H NMR spectra of
PCL3p and a typical diblock copolymer PCL3y-b-PGEP;3. It was
found that all signals assigned to protons of PCL block (except
the terminal methylene protons directly linked to the hydroxyl
group) in Figure 2A were all present in the spectrum of block
copolymer PCL3y-b-PGEP;3. Among those newly appearing
signals in Figure 2B, resonances at 1.37 and 1.41 ppm were
assigned to protons of the dimethyl group (—C(CH3),) of the
acetal protecting groups. In addition, resonances at 4.20—4.40
ppm were the characteristic signals of methylene protons (g)
of the phosphoester backbone and the methine proton (i) of 1,3-
dioxolane ring. The degree of polymerization of PGEP block,
n, was calculated from the ratio between the peak integration
of methylene protons of PCL block (c) and that of methyl
protons of PGEP blocks (j).

The structure of copolymer was also confirmed by the '3C
NMR spectrum. All the signals were assigned as shown in
Figure 2C. In particular, the characteristic signals of the dimethyl
carbons (k) and the methine carbon (j) of the 1,3-dioxolane ring
were clearly observed, which was in good agreement with the
"H NMR spectrum, indicating the successful polymerization of



Macromolecules, Vol. 41, No. 19, 2008

A b ?L 0
a. b S S oho s
o g s i r g oM
- he

aml.
HO OH

d,-DMSO

p.gh fif jHO c di| fe
N\ i “
2 o A ,

80 75 70 55 60 55 50 45 40 35 30 25 20 15

B

¢ (JT b d ‘0?0 j
=TT T HOp Yo
U\y‘ “kKa ¢ em ofm
Hn
i
HO OH
hi f e d;-DMSO d|cib
k
e VAl LI
170 g
o . PP sy A " .
VoAl o ot i v bl " el

120 110 100 90 80 70 60 50 40 30 20

Figure 4. 'H NMR (A) and 3C NMR (B) spectra of PCL3o-b-PHEP;;
in de-DMSO (ppm).

GEP. In addition, the 3'P NMR spectrum (see Supporting
Information, Figure S2A) of block copolymer gave a strong
resonance at —4.50 ppm, assigned to the phosphorus atoms in
polyphosphoester block.

Synthesis and Characterization of Block Copolymer
PCL-b-PHEP. The 1,3-dioxolane ring in PCL-b-PGEP was
readily cleaved to regenerate the diol functional groups by
treating the copolymers for 3 h with 1 mol L~! HCI in 1,4-
dioxane at room temperature. In a typical 'H NMR spectra of
PCL3(-b-PHEP;3 (Figure 4A), the methyl proton signals of the
1,3-dioxolane ring at 1.37 and 1.44 ppm (C(CH3),) thoroughly
disappeared after deprotection. Likewise, in the '*C NMR
spectrum of PCL3-b-PHEP;3 (Figure 4B), the methine carbon
signal at 110.28 ppm (p) and the dimethyl carbons at 25.64
and 27.14 ppm (k) of the 1,3-dioxolane ring also disappeared,
demonstrating the successful deprotection of the copolymer. It
should be mentioned that peak of the carbonyl carbon in '*C
NMR spectrum after deprotection was still a single one,
indicating no obvious side reaction occurred. Other carbon
signals were assigned in the figure as well, confirming the intact
structure of PCL-b-PHEP further. This was also solidated in
by the 3'P NMR as shown in the Supporting Information, Figure
S2B.

Besides, the FT-IR spectra also confirmed the successful
deprotection. Figure 5 shows the comparison between FT-IR
spectra of representative PCL-b-PGEP and PCL-b-PHEP. The
deformation bands due to the geminal methyl group of the 1,3-
dioxolane ring (—C(CH3),) at 1369—1382 cm™! almost disap-
peared after deprotection. Accordingly, the methyl (—CHz)
asymmetrical stretching band at 2986 cm™! disappeared. Also,
the disappearance of the peak at 838 cm™! coming from the
acetonide ring was in agreement with the removal of the
protecting group.’” On the other hand, absorbances at 1730 and
1045 cm™! were characteristic absorptions of the C=0 stretch-
ing and C—O stretching due to the presence of PCL block, while
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Figure 5. FT-IR spectra of (A) PCL3y-b-PGEP,3 and (B) PCL3¢-b-
PHEP;;.

absorptions of asymmetrical and symmetrical P=O stretchings
occurred at 1280 and 1160 cm™!, respectively, while P—O—C
stretching appeared at 980 cm™!, which demonstrated the PHEP
block was still present after the deprotection reaction. Therefore,
it is concluded that the ester group remained intact during the
hydrolysis of the acetonide ring, consistent with the NMR
analyses.

Self-Assembly of PCL-b-PHEP Copolymers. Amphiphilic
block copolymers with hydrophilic and hydrophobic segments
have been found to self-assemble spontaneously into polymeric
aggregates in selective solvents. The laboratory preparation of
polymeric aggregates is usually carried out in two steps, i.e.,
dissolving in a common solvent of both hydrophilic and
hydrophobic segments and then aggregating upon replacement
of the common solvent with a selective solvent. Usually, the
common solvent is an organic solvent, and the selective solvent
is water.*®

PCL-b-PHEP copolymers consisted of hydrophobic PCL
segments and hydrophilic PHEP segments. In this study, we
used DMF as the common solvent for both of PCL and PHEP
components. By adding water to copolymer solution in DMF
under moderate stirring, following dialysis against water to
remove organic solvent, we obtained self-assembled aggregates
of PCL-b-PHEP copolymers.

As demonstrated by dynamic light scattering (DLS) measure-
ments (Figure 6), all of copolymers formed aggregates with
diameters from ~70 to 120 nm, showing unimodal size
distributions with PDI ~ 0.1. Detailed information is sum-
marized in Table 3. It was noted that with the increase of PCL
length average diameter of the aggregates increased as well,
indicating that a longer PCL block may enhance its assembly
and lead to a larger dimension. Aggregates were found
negatively charged, with an average zeta potential value of
around —35 mV, which reveals a high electric charge on the
surface of aggregates, and it may cause strong repellent forces
among particles to prevent aggregation.

The successful formation of aggregates by the dialysis method
was further confirmed by TEM measurements. Parts A and B
of Figure 7 show the typical TEM micrographs of aggregates
of PCL3-b-PHEP;3 and PCLsy-b-PHEP; s, respectively. It can
be seen that aggregates of PCL3o-b-PHEP;3 took the spherical
micellar morphology, while aggregates of PCLs-b-PHEP; 5 were
likely in vesicular conformation with ca. 80 nm in diameter
that were slightly larger than that observed by DLS measure-
ments.
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Figure 6. Particle size distribution of aggregates of PCL-b-PHEP
copolymers.

Table 3. Properties of the Polymeric Aggregates

CAC diameter zeta
sample (gL™h (nm) PDI potential (mV)

PCL;p-b-PHEP;3; 2.5 x 1073 68.8 £0.54 0.111 £ 0.021 —35.6
PCL3p-b-PHEP,s 4.6 x 1073 77.4 £ 0.63 0.088 % 0.005 —35.7
PCLso-b-PHEP;, 8.5 x 107 90.0 £0.93 0.159 + 0.006 —35.2
PCLs-b-PHEP;5 1.4 x 1073 7224+ 0.32 0.113 £0.010 —35.2
PCL75s-b-PHEP;s 7.8 x 107 110.0 £ 2.10 0.109 % 0.022 —35.6
PCLo-b-PHEP;g 6.1 x 107* 123.0 £ 0.44 0.080 + 0.030 —36.4

It has been reported that many factors such as the polymer
composition,39 preparation method, and solvent of choice, etc.,*0
would influence the final morphology of the self-assembled
aggregates from amphiphilic block copolymers. It is possible
that with less hydrophilic PHEP component PCLsy-b-PHEP, 5

Figure 7. TEM images of polymeric aggregates of PCL-b-PHEP (A:
PCL;30-b-PHEP,3; B: PCLso-b-PHEP;s; scale bar = 100 nm) and
confocal laser scanning micrographs of PCL-b-PHEP-based aggregates
labeled with PKH26 (C: PCL3o-b-PHEP,3; D: PCLso-b-PHEP;5).
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(compared with PCL3p-b-PHEP;3) would intend to self-assemble
into vesicular structure in aqueous solution. To further demon-
strate this, we utilized the film rehydration method to prepare
polymeric aggregates. Such a method has been used widely in
the preparation of large liposome and polymersome.*' ™ In
order to visualize the aggregates using confocal laser scanning
microscopy, we labeled the aggregates with PKH26, a hydro-
phobic dye which shows a very low fluorescence in aqueous
solution but an enhanced fluorescence in a hydrophobic envi-
ronment.** The CLSM images of the two polymeric aggregates
are shown in Figures 7C, D. The observed morphologies of
PCL3y-b-PHEP;3 and PCLs-b-PHEP, 5 were obviously different.
PCL3(-b-PHEP; 3 aggregates were shown as solid red dots which
could be considered as micellar particles. However, from Figure
7D, it can be clearly seen that red fluorescence of PKH26 was
coming from the shell of the vesicular particles with a size of
around a few micrometers, indicating the existence of a
hydrophobic membrane and the formation of vesicles.

In addition, using the pyrene solubilization technique that has
been used widely for the determination of the CAC in block
copolymer solutions,*>*¢ it was observed that CAC value
decreased from 4.6 x 1073 t0 6.1 x 107* g L~! with the increase
of PCL content (summarized in Table 3), which is reasonable
since higher content of the hydrophobic segments will result in
stronger interactions between hydrophobic chains, leading to a
more stable structure and therefore to lower CAC value.*’

Nanoparticles based on self-assembly of biocompatible am-
phiphilic block copolymers have been developed as drug
delivery systems and showed great potential for therapeutic
applications.'®** 3 In the Supporting Information, it has been
shown that cells cultured with PCL-b-PHEP remained viable
when the concentration was up to 1 g L™!. Our previous studies
have also demonstrated the biocompatibility of polyphosphoester
homopolymers® and block copolymers of PCL with polyphos-
phoesters.® For development of the drug delivery system,
hydrophobic drug molecules have been loaded into the hydro-
phobic core of self-assembled micelles to increase drug solubility
and to achieve passive accumulation in solid tumor tissues via
the enhanced permeability and retention (EPR) effect,'” while
polymeric vesicles have shown a capacity for both hydrophobic
and hydrophilic drug molecules, which are attractive due to the
potential for simultaneous dual drug delivery.'® With adjusting
the composition, in this study, we proved that PCL-b-PHEP
copolymer could self-assemble into aggregates with both
micellar and vesicular conformations.

Conclusion

We have synthesized novel diblock copolymers PCL-b-PHEP
based on biodegradable PCL and polyphosphoester bearing
hydroxyl pendant groups. The structure of the diblock copoly-
mers was well characterized by various methods. These block
copolymers were amphiphilic and formed a micellar or vesicular
structure in aqueous solution. The self-assembly behavior was
demonstrated by the fluorescence probe method and further
proved by DLS, TEM, and CLSM measurements, suggesting
that the morphologies were actually dependent on the polymer
compositions. No cytotoxicity of the polymers up to 1 mg/mL
was observed by MTT assay. Further biomodification of the
pendant hydroxyl groups is on progress in our laboratory now.
We expect that the polymer would provide potential opportuni-
ties for pharmaceutical applications.
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