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ABSTRACT: In this work, we reported a strategy to synthesize well-defined
bottlebrush polymers. Diazoacetate macromonomers of polystyrene (1-PS,)  ¢H

i o
“CizPd/L {
with controlled molecular weights were prepared via reversible addition— —PdL S\ =
q g 0, q THF, 1.t -
fragmentation chain transfer (RAFT) polymerization. The diazo can tolerate

the RAFT polymerization conditions and remained on the chain end of the

Np

yielded PS macromonomer. The terminal diazo groups of the macro-

monomer were polymerized by the allyl PACI/L catalyst to afford well-
defined bottlebrush polymers ((1-PS,),;s) carrying a side chain on each
backbone atom. Meanwhile, an amphiphilic bottlebrush polymer containing

v' Living/Controlled Polymerization
v’ Carrying Side Chain on Every Backbone Atom
v Well-defined Core-shell Structure Micelle for Drug Delivery

brush-shaped PS and polyethylene glycol (PEG) was synthesized by

polymerization of the diazoacetate macromonomer of PEG (2-PEG) using Pd(II)-terminated (1-PS,),, as the macroinitiator. The
yielded amphiphilic (1-PS3;)so-b-(2-PEG) 4 could self assemble into a well-defined core—shell micelle in aqueous solutions. The
hydrodynamic diameter of the micelle was ca. 146 nm and had good biocompatibility. These results indicate the micelles have great

potential in drug delivery.

B ottlebrush polymer refers to a special copolymer system,
which is formed by connecting one end of a polymer
molecular chain to high-density polymer chains.'~> When the
graft density of the branch is large enough, due to steric
resistance, the branch and the polymer main chain will extend
vertically outward to avoid overlapping between the
branches.””"" The unique structure of this polymer allows it
to have a wide range of applications, including anisotropic
nanomaterials,'? drug carriers,"*™"° photonic crystals,m’17
electronic materials,"™'® soft elastomers,”® and so forth.
Especially, the amphiphilic bottlebrush polymers can be used
for drug delivery. The reason is that the size and shape of the
bottlebrush polymer can be adjusted by changing the
molecular weight of the main chain and side chain. Moreover,
cylindrical polymers help increase retention and uptake and
target specific tissues or cells.”' ~>* However, to accurately
synthesize bottlebrush polymers with high graft density,
carrying side chains on each main chain atom is still a huge
challenge.”*’

Three synthetic strategies can be used to prepare polymer
brushes, i.e., “grafting to”,*® “grafting through”,zg’30 and
“grafting from”.”! The grafting polymerization of macro-
monomers provides the advantages of complete backbone
functionalization and easy availability of multiblock copoly-
mers. The distance between chains in polymer brushes is an
important structural feature.”*> However, it is generally
constrained by integrated strategies and backbone structures.
For example, the bottlebrushes with a polynorbornene
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backbone have four atomic distances between adjacent side
chains at least, while the bottlebrush with polyacrylate as the
backbone is only an atom that separates adjacent side chains.*”
In order to improve the grafting density and reduce the
distance between chains, it may be an ideal choice to use the
“C1” polymer as a bottlebrush backbone by utilizing the
advantages of grafting-through strategy.ss’34 In addition, each
backbone atom of the “C1” polymer is grafted with a side
chain, and no other atoms separate the side chain. Therefore,
the distance between adjacent side chains is very short, and the
side chains will be directly stacked together.”>*® However, due
to the limited structure of the “C1” polymer and the low
efficiency of the polymerization method, there are few reports
on such bottlebrush polymers, although they may bring new
structural platforms with unique properties and have great
potential in many fields. In recent years, diazocarbonyl
compounds have become particularly interesting because
they can afford a clearly defined C—C main-chain polymer
with polar substituents on each main-chain carbon.”’ ™ Our
group has reported a series of Pd(II) catalysts with rigid
phosphine ligands, which can catalyze the living polymerization
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Scheme 1. (A) Synthesis of Bottlebrush Polymer ((1-PS,),,) and (B) Synthesis of Amphiphilic Bottlebrush Polymer ((1-

PS3)s50b-(2-PEG) 109)
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Figure 1. (a) SEC chromatograms of bottlebrush polymers in THF at room temperature with different initial feed ratios. (b) Plot of M, and M,/
M, values of bottlebrush polymers as a function of the initial feed ratios of the 1-PS, macromonomer (MM) to Pd(II). M, and M, /M, were

recorded by SEC.

of various diazoacetates and rapidly generate structurally
controllable polycarbenes with low polydispersity.*>*!

In this work, we report a method to synthesize a series of
well-defined bottlebrush polymers via a “grafting-though”
strategy, so that each atom of the polycarbene backbone
carries a side chain (Scheme 1A). Diazoacetate-terminated
macromonomers of 1-PS, with controlled molecular weight
(M,) and narrow molecular weight distribution (M,,/M,,) were
synthesized by the addition—fragmentation chain-transfer
(RAFT) polymerization. Interestingly, the diazo can tolerate
the RAFT polymerization conditions and remained on the
chain end of the yielded PS. The bottlebrush polymers ((1-
PS,),,s) with controlled M,s and low M, /M,s were prepared
by the polymerization of a PS macromonomer using the allyl
PdCl/L catalyst at room temperature in an air atmosphere.
The polymerization process was carried out in a controllable
manner. This demonstrates the unreported functional group
tolerance of RAFT polymerization and beautiful compatibility
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with the “C1” polymerization employed. It was observed by an
atomic force microscope (AFM) that the bottlebrush polymer
with a high degree of polymerization (DP) could form a
wormlike cylinder shape. Meanwhile, the amphiphilic block
polymer brush (1-PS;)s5-b-(2-PEG); o, Was synthesized via the
polymerization of diazoacetate macromonomers of PEG (2-
PEG) using (1-PS,), with the Pd(II) terminal as the
macroinitiator (Scheme 1B). The (1-PS;;)so-b-(2-PEG)
could self-assemble into well-defined core—shell micelles.
Cytotoxicity tests showed that the core—shell micelles had
good biocompatibility.

As shown in Scheme 1A, a new RAFT agent and PS
macromonomer (1-PS,) were prepared according to the
reported procedures, and some modifications were made
(see Supporting Information for details).”’ The structures
were fully characterized by 'H and *C NMR investigations
and Fourier transform infrared (FT-IR) spectra (Figures S1—
SS, Supporting Information (SI)). Because of the living nature
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Figure 2. "H NMR (600 MHz) spectra of (a) compound 3, (b) 1-PS;, macromonomer, (c) (1-PSsy)s, bottlebrush polymer, and (d) (1-PSyq)5o-b-

(2-PEG);4o measured in CDCl, at 25 °C.

of RAFT, the M, and M,/M, of the yielded 1-PS;, were,
respectively, 2.8 kDa and 1.04, determined by size exclusion
chromatography (SEC) (Figure la and Table S1 in the SI).
The presence of diazo has no negative effect on the RAFT
polymerization. The conversion of styrene was up to 84%, and
the isolated yield of 1-PS;, was 72% because some desired
product was lost during the isolation process. The Pd(II)-
catalyst-bearing ligand was prepared according to the reported
procedures (see SI for details).””*" With 1-PS, and Pd(II)
catalysts in hand, the bottlebrush polymers (1-PS,),s were
synthesized by the polymerizations of 1-PS, catalyzed by the
Pd(1I) complexes conducted in THF at room temperature.
SEC curves of the separated (1-PS,),, exhibited single modal
elution peaks and continually shifted to a higher M, region
with the increased ratio of macromonomer to catalyst (Figure
1a). From the numerical images of the M, and M,,/M,, values
of the generated bottlebrush polymer, it was found that M,
increases linearly, proportional to the ratio of macromonomer
to catalyst (Figure 1b). To obtain more details, the
polymerization was followed by SEC and 'H NMR. It revealed
that about 70% of 1-PS;, was consumed in 15 min. The
polymerization followed the first-order reaction mechanism,
and the rate constant was 0.11 min™". The polymerization of
the macromonomer was very fast but slower than the small
monomers (Figure S6a, SI).*>*! Additionally, the M, of the
generated bottlebrushes was linearly correlated to the
conversion of 1-PS;, and the dispersity remained narrow
with M,,/M, < 1.26 (Figure S6b, SI). The research indicated
that the polymerization of the diazoacetate-terminated macro-
monomer of 1-PS, by the Pd(II) catalyst proceed in a living
manner. Using this method, a variety of bottlebrush polymers
were prepared. All the bottlebrush polymers had expected M,
and low dispersity with M, /M, < 1.26 (Table S2, SI). It was
worth mentioning that the isolated yield of the bottlebrush
polymers was not very high (42%—59%) probably because the
side reaction of diazoacetate dimerization made the isolation of
bottlebrushes from the dimer quite difficult, and some product
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might be lost during solvent fractionation. Notably, when the
DP of 1-PS, reached 40, it was difficult for the polymerization
to take place due to the steric hindrance. Because the side
chains of the bottlebrushes were compactly packed together
and the ester linkages were wrapped inside, saponification of
the esters to title the grafting density failed.

Besides SEC analyses, the polymers were verified by 'H and
3C NMR and FT-IR spectra. "H NMR spectra supported the
formation of expected polymers with accepted purity (>95%).
Characteristic resonances coming from the phenyl pendants
and the backbone were clearly discerned. For instance, from
the 'H NMR spectra of compound 3 (Figure 2a) and 1-PS,
(Figure 2b), the signal at 4.73 ppm (peak a), which came from
the N,CH of the diazo group, could be clearly observed. Based
on the integral analysis of terminal N,CH (peak a, 4.73 ppm)
and repeating units of the benzene ring (peak i, 7.81—6.45
ppm), the DP of PS was ca. 27, which generally agreed with
the SEC analyses.

However, the resonance of N,CH disappeared in the 'H
NMR spectrum of the (1-PSsy);, bottlebrush polymer as
shown in Figure 2, indicating the formation of the main chain.
In addition, signals at 7.81—6.45 ppm (peak i) could be safely
ascribed to the resonances of phenyl protons, while the
resonance at 3.84—3.75 (peak k) and 2.61—1.74 (peak j) came
from the CH and CH, that connected on the benzene ring.
The signal of the main-chain CH proton was located at 3.52—
3.31 ppm with a broad peak (peak 1). Moreover, FT-IR spectra
further confirmed that we had successfully prepared bottle-
brush polymers by the PS macromonomer with a diazo group
at the chain end (Figure S7, SI).

AFM was used to observe the images of synthetic
bottlebrush polymers with different backbone DPs but the
same side-chain length. The (1-PS;,), showed extended
wormlike morphology. As illustrated in Figure 3a and Figure
S8a in the SI, on account of the low DP of the backbone, (1-
PS;)so displayed a spherical shape with a mean diameter of ca.
20 nm. The image of (1-PSy;) o changed to an ellipsoid-like
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Figure 3. AFM images of bottlebrush polymers with different main-
chain lengths: (1-PS35)s5 (a), (1-PS30) 10 (b), (1-PS30) 150 (c), and (1-
PS30)00 (d) casted from THF solutions on mica.

shape with the increased backbone DP (Figure 3b and Figure
S8b in the SI). Then, the AFM height image of (1-PSs;)so
exhibited a wormlike morphology on mica lamination with a
further increase in the backbone DP (Figure 3c and Figure S8c
in the SI), while the mean length of the wormlike cylinders was
50 nm. (1-PSy)),9 adopted a more obvious wormlike
morphology with the increase of DP, and the average length
of (1-PS54),00 Was ca. 75 nm (Figure 3d and Figure S8d in the
SI). Since the widths of the grafted side chain were constant
with the same chain length, the widths were almost the same,
about 20 nm. Moreover, the heights of the wormlike
morphologies were around 2.0-2.5 nm (Figure S8, SI).
Those low heights might be due to the low DP of the side
chain, and the other reason might be the side chains of the
bottlebrush polymer laid on the AFM substrate due to their
strong interaction with the mica.

After the successful obtainment of the (1-PS,),,, we then
tried to synthesize the amphiphilic bottlebrush polymers,
which could be used for drug delivery. First, the diazoacetate
macromonomer of 2-PEG was synthesized (see SI for details).
The amphiphilic bottlebrush polymer with PS as a hydro-
phobic segment and PEG as a hydrophilic segment was
prepared according to Scheme 1B. SEC, '"H NMR, and FT-IR
analyses of the yielded (1-PSy)so-b-(2-PEG), o indicated that
the copolymerization was successful (Figure 2d and Figures S9
and S10 in the SI). It could be seen that the elution trace of the
(1-PS;9)50-b-(2-PEG) oo was changed after the introduction of
the hydrophilic segment (Figure 4a). Because PEG and PS
exhibit different hydrodynamic volume in THF, just a slight
SEC shift was observed. The M, and M,,/M, of the block
copolymer brush were 67.0 kDa and 1.22, respectively. The M,
was increased compared to that of the (1-PS;,)s, precursor
(M, = 50.0 kDa). Due to the amphiphilic character of (1-
PS;0)50-b-(2-PEG)y, it had good solubility in many solvents
which caused the solvent fractionation to be quite difficult, and
the isolation yield was just ca. 50%.

In addition, the "H NMR spectrum further supported the
formation of the anticipated amphiphilic bottlebrush polymer.
The characteristic resonances from the PS side chain and the
PEG side chain could be clearly identified (Figure 2d), such as
the signals at 7.23—6.34 ppm due to the resonances of phenyl
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Figure 4. (a) SEC chromatograms of (1-PSs4)s¢-b-(2-PEG) ;o9 and (1-
PS3)s0- (b) DLS of (1-PS54)59-b-(2-PEG) o0 in THF and (1-PS;)s,-
b-(2-PEG) 100 and DOX@(1-PSs0)o-b-(2-PEG) g0 in H,0. (c) TEM
and (d) AFM images of (1-PSs)so-b-(2-PEG)q casted from the
aqueous solutions at room temperature.

protons from PS side chains and the signals at 4.37—3.49 ppm
ascribed to the resonances of OCH, and CH, from PEG side
chains. The signal of the main-chain CH proton was located at
3.25-3.19 ppm and was split into doublets in the '"H NMR
spectrum of (1-PS3y)so-b-(2-PEG) o, which was slightly
different from that of (1-PSs);. Furthermore, FT-IR results
further confirmed that the (1-PSsp)s-b-(2-PEG),q, was
prepared successfully (Figure S10, SI).

The (1-PS3y)s0-b-(2-PEG)y, was composed of a hydro-
phobic PS segment and a hydrophilic PEG segment, so we
speculated that it could self-assemble into core—shell structure
micelles in water. The critical micelle concentration (CMC) is
an indispensable index to characterize the structural stability of
amphiphilic polymers.*> Using the fluorescent probe (pyrene),
the CMC of (1-PS;y)50-b-(2-PEG);¢, was determined by the
fluorescence investigation, and its value was calculated to be 90
mg/L (Figures S11 and S12, SI).

The hydrodynamic diameter of (1-PSy)so-b-(2-PEG) ;oo Was
investigated by dynamic light scattering (DLS). The results
demonstrated it was dissolved molecularly in THF with a
hydrodynamic diameter (Dy,) of ca. 6 nm (Figure 4b and Table
S3 in the SI), while it formed a micelle in water with a D,, of ca.
146 nm and polydispersity (PDI) of 0.100. In addition, the
morphology of micelles assembled by (1-PS;y)so-b-(2-PEG) ;oo
was further studied by AFM and transmission electron
microscopy (TEM). We observed the formation of spherical
micelles by AFM and TEM in Figure 4c and 4d. The mean
diameter of the micelle measured by TEM and AFM was
estimated to be 140 and 135 nm, respectively, which was
almost consistent with the result of DLS analysis. From the
TEM image, the core—shell structure micelles could be clearly
seen. As is well known, the size of the carrier is usually
requested to be less than 200 nm because it plays a significant
role in drug delivery through the systemic circulation.”
Therefore, the size of the micelle self assembled by (1-PSs),-
b-(2-PEG);(, was suitable for drug delivery applications.

The Dy, of the prepared core—shell structure micelle was 146
nm (Figure 4b), which might be beneficial to its entry into
cancer cells via the enhanced permeability and retention
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Figure S. (a) TEM image of DOX@(1-PS;y)so-b-(2-PEG) ¢ casted from the aqueous solution at room temperature. (b) DOX release profiles of
DOX@(1-PS5)5-b-(2-PEG) 4 in deionized water. (c) Viability of HeLa cells after incubation with (1-PS;y)so-b-(2-PEG);oo and DOX@(1-
PSy0)s0-b-(2-PEG) 4 at various polymer concentrations for 48 h. (d) Viability of HeLa cells after incubation with DOX@(1-PSsg)so-b-(2-PEG) o,
and free DOX at various DOX concentrations for 48 h. The error bars are based on the standard deviations of four parallel tests.

(EPR) effect. To explore the micelle in the field of drug
release, solvatochromic Nile red (NR) was encapsulated into
the (1-PS;0)50-b-(2-PEG),o, micelles to form a NR@(1-
PS3)so-b-(2-PEG) gy complex micelle using a cosolvent
approach (see SI for details). The resulting NR@(1-PS5q)so-
b-(2-PEG),o, displayed a strong fluorescence of NR in
deionized water, which confirmed the successful encapsulation
of NR into (1-PS;)so-b-(2-PEG) 4 (Figure S13, SI). Without
a stimulating response, the fluorescence intensity (I5,) of NR
gradually thinned, indicating that the NR could be released
naturally from the core—shell structure micelle. Then, the
quantitative relationship between the released NR and time
was studied by fluorescence spectroscopy. After 12 days, the
fluorescence intensity of NR@(1-PS;;)s0-b-(2-PEG) 0
reached equilibrium, decreasing by a total of 72%. Those
results showed that the encapsulated NR was released from the
core—shell structure micelle without any stimulation, and
core—shell structure micelles had good applications in loading
hydrophobic drug molecules.

Finally, the anticancer drug doxorubicin (DOX) was
embedded in the (1-PS;p)so-b-(2-PEG);q, micelle to form
the DOX@(1-PS;y)50-b-(2-PEG);¢y complex micelle due to its
high curative effect. DLS study indicated the D, increased to
190 nm with PDI = 0.129. The loading capacity of DOX was
calculated to be ~25% w/w. As could be seen from Figure 5Sb,
the DOX@(1-PS;)5o-b-(2-PEG) ¢y complex micelles had a
much larger D than the blank micelles. Fluorescence
spectroscopy showed that DOX was successfully wrapped in
micelles (Figure S14, SI). From the TEM image, a typical
spherical morphology of DOX@(1-PS;0)so-b-(2-PEG) o was
observed (Figure Sa). Compared with the micelle of (1-
PS;0)s0-b-(2-PEG) o, (Figure 4c), it showed a larger size and
more obvious core—shell structure that was due to the
encapsulation of DOX molecules in the cores. The release of
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DOX from the micellar DOX@(1-PS;4)s0-b-(2-PEG) 0
system was further studied by a fluorescence test. The drug
release profile could be divided into the two phases, ie., a
shorter release period with a higher release rate within the first
24 h and a slow and continuous release period where almost
the entire drug load was delivered from the micelle after SO
days (Figure Sb). The DOX released after incubation for 24 h
was 19%, and in total the DOX@(1-PS;y)s0-b-(2-PEG) 0
micellar system released ~48% of DOX in deionized water.

To test DOX-encapsulated micelles of DOX@(1-PS;0)sq-b-
(2-PEG), for the biocompatibility, HeLa cells were incubated
with micelles of varying concentrations at 37 °C for 48 h. First,
the in vitro dose-dependent cytotoxicity of pure (1-PS;y)sq-b-
(2-PEG) 4y DOX@(1-PS;)50-b-(2-PEG) g0, and pure DOX
was investigated systematically by an MTT assay. It could be
clearly seen from Figure Sc and Sd that pure (1-PS;y)so-b-(2-
PEG); oo had little cytotoxic effect on cancer cells. Therefore, it
could be concluded that micelles had little cytotoxicity and
good biocompatibility. However, when HeLa cells were
incubated with DOX@(1-PS;0)50-b-(2-PEG) oo and free
DOX at 37 °C, the cell activity decreased remarkably. For
the pure DOX, it was obvious that the cell death rate increased
linearly with the increase of the DOX concentration (Figure
5d). It could be seen that DOX had great use in killing cancer
cells. Compared with the pure DOX, the DOX@(1-PS;0)(-b-
(2-PEG);oo had a slight cytotoxicity at a low micelle
concentration (10 ug/mL), but when the concentration
increased, the cytotoxicity increased significantly. From Figure
Sc and d, about 70% of HeLa cells was destroyed at the
concentration of 160 pg/mL of DOX after 48 h incubation.
These results showed that the DOX-loaded micelles had a
good effect on the chemotherapy of cancer cells.

In summary, we synthesized high densely grafted bottle-
brush polymers carrying a polymeric side chain on every
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backbone atom catalyzed by the allyl PACI/L catalysts with
rigid bidentate phosphine ligands. We demonstrated the
synthesis of (1-PS,),, with PS as the side chain in this way
and prepared the amphiphilic (1-PS;0)so-b-(2-PEG),qy using
(1-PS;y),, with the Pd(II) terminal as the macroinitiator. The
polymerization was carried out in a living manner and provided
bottlebrush polymers with tunable composition, quantitative
M,, low M,,/M,, and high grafting density. The amphiphilic (1-
PS3)s0-b-(2-PEG) oo was able to form core—shell structure
micelles for the as-prepared drug. The core—shell structure
micelles greatly improved the water solubility of the drug by
inhibiting the aggregation of the drug in an aqueous
environment. AFM, TEM, and DLS analyses showed that
core—shell structure micelles could be used for drug delivery in
organisms. Cytotoxicity tests confirmed that the micelles had
good biocompatibility. This work provided a synthetic route
for accurate synthesis of bottlebrush polymers with high
grafting density, and the synthesized bottlebrush polymers
could be used in drug delivery. In a later work, we are going to
explore the application of bottlebrush polymers in other new
functional materials.
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