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ABSTRACT: The development of a diblock copolymer, poly-
phosphoester-block-poly(L-lactide), which has potential for being
fully degradable and biocompatible, was achieved by one-pot
sequential ring-opening polymerizations (ROPs) of two cyclic
monomers: alkyne-functionalized phospholane and r-lactide (LLA).
A kinetic study of the polymerization in each step was investigated
in a detailed manner by nuclear magnetic resonance (NMR)
spectroscopy and gel permeation chromatography (GPC), revealing
living/controlled characteristics with narrow molecular weight
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conversion and time. Subsequently, photoinduced thiol-yne “click” reactions with small-molecule thiols bearing either carboxylic
acid or amino groups afforded amphiphilic diblock copolymers with carboxylate or amino side-chain functionalities along the
polyphosphoester segment of the diblock copolymer backbone. Finally, direct dissolution of the two different types of
amphiphilic diblock copolymers in aqueous solutions yielded well-defined spherical micelles with corresponding negative or
positive surface charges, respectively, as confirmed by transmission electron microscopy (TEM), dynamic light scattering (DLS),

and zeta potential analyses.

he use of hydrocarbon backbone-based polymers in the

development of polymeric nanoconstructs is a well-
established concept in nanomedicine, but toxicity, immunoge-
nicity, and other side effects from long-time accumulation in
the human body are often an inevitable bottleneck in the field
of therapeutics, imaging, diagnostics, and drug delivery.1 To
overcome this fatal drawback, hydrolytically degradable
polymers such as polyesters and polycarbonates have been
studied as potential biomaterials owing to their low toxicity,
biocompatibility, and degradability.>*

In spite of their great promises in nanomedicine, elaborate
synthetic approaches due to difficulties experienced in
controlling polymerizations, challenges in the introduction of
functionalities, incompatibilities of desired functionalities with
polymerization methods, and tedious workup processes often
present challenges toward developing well-defined, functional
degradable biomaterials.*"® A broad range of organocatalysts
have been studied extensively in ring-opening polymerizations
(ROPs),” " which offer controllability while avoiding potential
purification issues and biological complications of the tradi-
tional metal-based catalyst systems.'"'> Although there are
exceptions," the introduction of side-chain functionalities into
the cyclic monomers commonly involves multistep reactions. In
contrast, cyclic phospholanes offer a straightforward, single-step
installation of reactive functionalities that are compatible with
the ROP conditions and also provide opportunities for diverse
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postpolymerization modification reactions, including “click’-
type reactions."*”'® Introducing these “clickable” functionalities
onto cyclic monomers is of particular interest with respect to
the synthetic approach to degradable polymers, as this sequence
of chemistry would not only broaden the synthetic versatility
but also enable the construction and fabrication of intricate
polymeric nanoparticles for pharmaceutical applications.'*"
“Hybrid” polymers can provide a mechanism to accom-
modate disparate physical, chemical, and mechanical advantages
from diverse polymer segments.'” > Particularly, integrating
heterogeneous degradable polymers into one polymeric system
is expected to enhance the combinatorial effects on the
development of versatile polymer frameworks, which is often
limited in the case of a single-type copolymer backbone system.
Amon% important biomedical degradable polymers, polylactide
(PLA)*7?° is an interesting building block for the construction
of functional nanoscopic objects, due to its capability for
hydrolytic and/or enzymatic degradation and several elegant
works on the formation of well-defined polymeric nanostruc-
tures with distinctive core—shell morphologies and higher-
order complexities based on the adaptation of the intrinsic
hydrophobicity and crystallinity of PLAs within amphiphilic
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Scheme 1. Synthetic Route for the Preparation of Alkyne-Functionalized PBYP,,-b-PLLA,,, 2, by One-Pot Sequential ROP,
Followed by Postpolymerization Modifications via Thiol-yne “Click” Reactions Using Either 3-Mercaptopropionic Acid or 2-
Aminoethanethiol to Prepare aPPE,,-b-PLLA,,, 3, and cPPE,,-b-PLLA,,, 4, Respectively, and Finally Schematic Illustration of
the Assembly of 3 and 4 into Spherical Micelles by Direct Dissolution in Water to Afford Anionic and Cationic Micelles, 5 and
6, Respectively”
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“aPPE = anionic PPE and cPPE = cationic PPE.
block copolymers.>”° Therefore, we have combined our Supporting Information). While the conversions were calcu-
recent exploration into a rapid and facile construction of lated from *'P NMR spectroscopy by comparing the integral
nanostructures derived from a biomimetic polyphosphoest- ratios of two distinct peaks of monomer, 1, at 17.34 ppm and
er’’ **-based block copolymer system'*'® with PLA. homopolymer, PBYP, at —1.60 ppm, both the molecular weight

The first attempt to prepare a diblock copolymer of L-lactide and its distribution were determined by GPC. The GPC
(LLA) and phospholane, PLLA-b-PPE, was made by Wang et molecular weight values were of low accuracy because they are
al;*® however, it required demanding two-step polymerizations based on calibration with polystyrene standards; however, we
using metal catalyst, Sn(Oct),, and no functional moieties were believe that the molecular weight distributions are representa-
incorporated into the polymeric system. In this report, we tive of the controlled nature of the polymerizations. Polymer-
demonstrate the preparation of fully degradable, hybrid, ization proceeded rapidly, in which the monomer conversion
functional diblock copolymers by one-pot sequential ROPs of reached to 67% within the beginning 2 min. The maintenance
two different kinds of cyclic monomers, phospholane and LLA, of linearity of M;, vs monomer conversion suggested a living

using an organocatalyst, 1,8-diazabicyclo[S,4,0]undec-7-ene ROP up to 95%. The PDIs were less than 1.30, and even lower
(DBU). This platform was, subsequently, modified by a PDI values (<1.20) were obtained when the monomer

radical-mediated “click”-type thiol-yne reaction to endow conversion was <95%. The increased PDI at higher monomer
charges and functional side-chain moieties to the polyphos- conversions could be attributed to adverse transesterification of
phoester (PPE) segment. The obtained functionalized diblock the polyphosphoester backbone. Kinetic plots of In([M],/[M])
copolymers, in turn, were demonstrated to self-assemble into vs time indicated pseudo-first-order kinetics, which are a typical
well-defined spherical nanoparticles in aqueous solutions with characteristic of ROP. The degrees of polymerization (DP)
corresponding surface charges, as characterized by transmission calculated based on *'P NMR spectroscopy-determined
electron microscopy (TEM), dynamic light scattering (DLS), monomer conversions agreed with those calculated from
and zeta potential analyses. chain-end analysis by 'H NMR spectroscopy, that is, by
Compared to our previous reports, in which sequential ROPs comparisons of the integrals of proton resonances of the benzyl
of two phospholanes were conducted at different temperatures group (7.42—7.30 ppm) of the initiated chain end to those of
on a Schlenk line, the ROPs of butynyl phospholane (BYP, 1)"° the PBYP backbone (4.34—4.22 ppm) or those of the a- and f-
and LLA were performed in a one-pot manner in a glovebox, at protons on the substituents (4.22—4.08 ppm and 2.67—2.56
ambient temperature, and with convenience in the elimination ppm, respectively).
of potential introduction of water as a competitive initiator. In PBYP was extended with PLLA via a one-pot sequential
an initial study, homopolymer, PBYP, was prepared by polymerization method, which provides a facile strategy to
employing DBU as the organocatalyst and benzyl alcohol as prepare diblock copolymers with structural control in an atom-
the initiator (Scheme 1). The conversion reached up to 95% efficient and labor-saving approach. It is noteworthy that the
with a low polydispersity index (PDI ~ 1.2) within 7 min in ROP rate of phospholanes is strongly dependent on the
dichloromethane (CH,Cl,). After this initial screening reaction, monomer and organocatalyst concentrations. > Therefore, we
kinetic studies of each sequence of the polymerizations in the speculated that manipulations of monomer concentration in
glovebox were performed. solution would enable the construction of diblock copolymers,
For the kinetic studies, BYP and benzyl alcohol (molar ratio while maintaining a high efficiency of ROP of two cyclic
of 50:1) were mixed in CH,Cl,; DBU (molar ratio to initiator monomers sequentially, each using DBU. For this reason, ROP
of 2:1) was added; and the polymerizations were monitored. of LLA was conducted after the formation of the PPE block.
After being stirred for a predetermined period of time, an That is, when the concentration of BYP in the initial
aliquot of the reaction mixture was collected, quenched by polymerization mixture was diluted from 5.7 to 0.28 M after
addition of a solution of benzoic acid in CH,Cl,, and then consumption of 95% of BYP and further to 0.036 M and the
analyzed by *'P NMR spectroscopy and GPC (Figure SI, DBU concentration was reduced from 0.23 to 0.028 M upon
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the addition of the second monomer solution in CH,Cl,, the
rate of BYP polymerization slowed to an immeasurable level, as
confirmed by *'P NMR spectroscopy. Therefore, addition of
LLA in CH,Cl, promoted an extension of the second block
while preventing further growth of PBYP.

The kinetic study showed that the chain extension of PLLA
was achieved within a few minutes with good control (Figure
1). At 7 min of polymerization of BYP (after which a rapid
increase in PDI was shown), a solution of LLA in CH,Cl, was
quickly added into the reaction mixture. An aliquot of the
reaction solution was collected, quenched, and analyzed by 'H
NMR spectroscopy and GPC. The conversion of LLA had
reached 90% with a low PDI (~1.2) after 4 min. A linearity of
M, vs monomer conversion was observed during polymer-
ization, up to 80% conversion with low PDIs (<1.20). Similar
to the polymerization of BYP, the kinetic plots of In([M],/
[M]) vs time for LLA chain extension showed pseudo-first-
order kinetics.

A scaled-up production of 2 was then conducted using the
same molar ratios as used for the kinetic studies, followed by
precipitation in diethyl ether for purification. The DP values
were determined by "H NMR and *'P NMR spectroscopy end-
group analysis and monomer conversion calculations, respec-
tively. Furthermore, the integral ratios between the peak of the
terminal acetylene proton (2.28—2.09 ppm) within the PBYP
block and that of the methine or methyl protons on the PLLA
block were consistent, which was indicative of retention of the
alkyne groups. In addition, one distinct *'P resonance
confirmed the stability of the degradable PPE backbone during
the ROP of LLA and isolation and characterization of the block
copolymer. GPC analysis of the diblock copolymer showed a
monomodal peak with PDI of 1.17.

To afford positive or negative charges along the backbone of
one segment of the diblock copolymer, in the construction of
amphiphilic block copolymers, thiol-yne “click” reactions were
conducted to couple two different kinds of thiol-containing
compounds onto the PPE block. The radical-mediated thiol-
yne “click” chemistry is a robust and versatile method that
tolerates a variety of functional groups in achieving a high
degree of functionalization on alkyne groups.’”** Herein, this
efficient click chemistry was applied to achieve double addition
of small molecules at each PPE repeat unit by coupling two
equivalents of thiols onto one alkyne moiety. This double
conjugation of molecules onto the hydrophilic segment would
maximize the number of functionalities as well as the solubility
of the amphiphilic diblock copolymers in water. To confirm the
integrity of the polyphosphoester and poly(L-lactide) back-
bones under the presence of radicals and UV irradiation, a
mixture of polymer and 2,2-dimethoxy-2-phenylacetophenone
(DMPA) as a photoinitiator in dimethyl sulfoxide-d, (DMSO-
dg) was irradiated under UV light (365 nm, 6 W) for several
hours, as a preliminary control reaction. Both 'H and *'P NMR
spectra demonstrated that all of the functional groups and
polymer backbones were intact under these conditions.
Accordingly, ten molar equivalents of thiols relative to alkynes
were employed in the radical reaction to avoid possible chain—
chain coupling and to ensure a high coupling efficiency. 3-
Mercaptopropionic acid and 2-aminoethanethiol were chosen
because of their commercial availability and the potential self-
assembly into anionic or cationic nanoparticles from the
resulting negatively or positively charged amphiphilic block
copolymers, respectively.
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Figure 1. (a) Kinetic plots of In([M],/[M]) vs time, obtained from 'H
NMR spectroscopy data. (b) GPC traces (DMF as eluent, 1 mL/min)
as a function of polymerization time, for the chain extension of LLA to
PBYP after a solution of LLA in CH,Cl, was added at 7 min of
homopolymerization of BYP. (c) Kinetic plots of M, and M,,/M, vs
monomer conversion, obtained from GPC analysis, during the chain
extension of PBYP with PLLA via one-pot sequential ROPs.
Conditions: [LLA] = 0.72 M in CH,Cl,, [LLA]:[PBYP] = 50:1.

Figure 2 shows a comparison of 'H and *'P NMR spectra of
PPE,y-b-PLLA,, before and after thiol-yne “click” reactions.
The approximately complete disappearance of the terminal
acetylene proton (labeled as g in Figure 2(a)), coincident with
the emergence of distinguishable diastereotopic methylene
protons (labeled as k in Figures 2(b) and 2(c)), confirmed the
conversion of alkynyl groups into the corresponding 1,2-
dithioether functional groups.
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Figure 2. 'H and P NMR spectra of 2 (a) and product polymers
after thiol-yne reactions, 3 (b) and 4 (c).

The self-assembly behaviors of the two amphiphilic diblock
copolymers, 3 and 4, were studied by direct dissolution in
buffer solution. 3 and 4 were dissolved and stirred for 10 min in
3-(N-morpholino)propanesulfonic acid (MOPS) buffer sol-
ution (pH 7.4, 150 mM) and acetate buffer solution (pH 5.0,
150 mM), respectively, with polymer concentrations of 1.0 mg/
mL. The morphologies of the resulting nanoparticles having
different charges within their hydrophilic shells were charac-
terized by DLS and TEM (Figure 3). DLS results indicated
narrow and monomodal size distributions of anionic and
cationic nanoparticles. For §, the number-average hydro-
dynamic diameter was ca. 25 nm. The number-average
hydrodynamic diameter of 6 was ca. 16 nm. Similarly, TEM
images of 5 and 6 also showed uniform particles with average
sizes of approximately 18 and 16 nm, respectively.

The surface charge densities of 5 and 6 in buffer solutions at
pH 5.0 and 7.4 were measured as zeta potential values (Figure
S2, Supporting Information). As predicted, 5 was negatively
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Figure 3. Self-assembly results of anionic micelle § (a and b) and
cationic micelle 6 (c and d) in MOPS buffer at pH 7.4 and acetate
buffer at pH 5.0, respectively. (a) TEM image of 5: D,, = 18 + 3 nm,
after counting more than 150 nanoparticles. (b) DLS results of S:
Dh(intensity) =41+ 14 nm, Dh(volu.rne) =31x10 nm, and Dh(number) =25
+ 6 nm. (c) TEM image of 6: D,, = 16 + 2 nm, after counting more
than 150 nanoparticles. (d) DLS results of 6: Dy (intensity) = 125 £ 129
nm, Dy(yotume) = 24 = 15 nm, and Dy (pymber) = 16 £ 5 nm.

charged with zeta potentials of —16.9 mV at pH 5.0 and —25.5
mV at pH 7.4, and 6 was positively charged, showing zeta
potential values of +31.4 mV at pH 5.0 and +26.0 mV at pH
7.4. The distinct difference in zeta potential values demon-
strated the presence of surface charges on the micelles as well as
the potential utilization of functionalities for further mod-
ifications.

In conclusion, a versatile platform for the construction of
spherical micelles with different surface charges and function-
alities based on fully degradable, hybrid diblock copolymer,
PPE-b-PLLA, was developed. First, well-defined (PDI < 1.2)
diblock copolymers of alkyne-functional phospholanes and -
lactides were prepared by conducting rapid and facile one-pot
sequential ROPs using an organocatalyst, DBU. The kinetic
study of each block polymerization demonstrated an excellent
controllability during ROP. Subsequently, photoinitiated,
radical-mediated thiol-yne “click” chemistry was employed to
convert the parental hydrophobic diblock copolymer into
amphiphilic diblock copolymers with different side-chain
functionalities. Finally, the direct dissolution of the amphiphilic
diblock copolymers in water promoted the formation of well-
defined spherical nanoparticle assemblies with distinct negative
and positive surface charges and uniform size distributions, as
characterized by TEM, DLS, and zeta potential analyses. The
fundamental understanding of degradability of these diblock
copolymers and the application of nanoparticles in nano-
medicine are currently under investigations.
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Detailed experimental procedures including monomer and
polymer synthesis, postpolymerization modification, nano-
particle preparation, and characterization. This material is
available free of charge via the Internet at http://pubs.acs.org.
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