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ABSTRACT: Cyclic brush (cb) copolymers that are composed of a

OEGMA HEMA-g-OCL

cyclic core densely grafted with radiating polymer brushes have emerged

DOX
recently as innovative materials for both fundamental and practical )
. O . -1 . . q Self-assembled
investigations due to their capability to form unimolecular micelles with _
greater stability relative to the analogues self-assembled by the bottle- :
brush (bb) copolymers with an identical molecular weight (MW). How-

ever, compared to the extensive and intensive studies on cb copolymers
with homogeneous polymer brushes, the preparation and application of

Cyclic brush copolymers
with heterogeneous
polymer brushes

cb copolymers with heterogeneous polymer grafts remains unexplored

likely due to the synthetic challenge. For this purpose, we reported in this study the first preparation of cb copolymers with
heterogeneous polymer brushes using a diblock copolymer-based cyclic core template. An amphiphilic cb copolymer with both
hydrophilic oligo (ethylene glycol) (OEG) and hydrophobic oligo (¢-caprolactone) (OCL) brushes grafting from a cyclic core
was designed and synthesized by a combination of atom transfer radical polymerization (ATRP), intrachain click cyclization, and
ring-opening polymerization (ROP) techniques. Interestingly, the resulting amphiphilic cb copolymers showed greater in vitro
cytotoxicity relative to the bb analogues for anticancer drug delivery. The amphiphilic ¢b copolymers with heteropolymer grafts
developed herein thus represent a novel platform for controlled drug release.

B INTRODUCTION

Cyclic polymers'™"* and their-derived polymers have
emerged in the past decade as innovative materials for both
fundamental and practical investigations due to the unique
polymer topology-generated properties. Among these intriguing
polymer species, cyclic brush (cb) copolymers that are com-
posed of a cyclic core densely grafted with radiating polymer
brushes,'®™>" have attracted considerable attention recently
due to their capability to form unimolecular micelles with
greater stability relative to the analogues self-assembled by the
bottlebrush (bb) copolymers with an identical molecular
weight (MW ),"*7" which is highly desirable for in vivo drug
delivery applications. Such a structural characteristic is the
typical advantage of cb copolymers over cyclic polymers as
well. To the best of our knowledge, cb copolymers developed
so far are generally composed of homogeneous polymer brushes
generated from a homopolymer-based cyclic core template.'*™>"
Although Grayson et al. reported the seminal synthesis of cyclic
amphiphilic diblock copolymers of poly(ethylene glycol)-b-
polycaprolactone (c-(PEG-b-PCL)),” the preparation of cb copol-
ymers with heterogeneous polymer grafts remains unexplored
likely due to the synthetic challenge. For this purpose, we
reported in this study the first preparation of cb copolymers with
heterogeneous polymer brushes using a diblock copolymer-based
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cyclic core template. More importantly, together with the
enhanced stability resulting from the cb structures, we believe
that the fabrication of a cb diblock copolymer with heteroge-
neous polymer brushes generates a novel polymer architecture
that is of somewhat similarity to the Janus-type copolymers”*~>*
with two distinctly incompatible domains.

A cb cogolymer with both hydrophilic oligo (ethylene glycol)
(OEG)**° and hydrophobic oligo (e-caprolactone) (OCL)”~*
brushes grafting from a cyclic core was designed and synthesized
by a combination of atom transfer radical polymerization (ATRP),
intrachain click cyclization, and ring-opening polymerization
(ROP) techniques. The self-assembly behaviors and potential
of the resulting cb copolymers with heterobrushes as drug
delivery systems were evaluated and further compared with
those of the bb analogues with identical polymer compositions.

B RESULTS AND DISCUSSION

Synthesis and Characterization of cb- and bb-
P(OEGMA)-b-P(HEMA-g-OCL) Copolymers with Hetero-
brushes. The cb-poly(oligo (ethylene glycol) monomethyl ether

Received: May 3, 2018

Revised:  September 4, 2018

DOI: 10.1021/acs.macromol.8b00950
Macromolecules XXXX, XXX, XXX—=XXX


pubs.acs.org/Macromolecules
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.8b00950
http://dx.doi.org/10.1021/acs.macromol.8b00950

Macromolecules

methacrylate)-b-poly((2-hydroxyethyl methacrylate)-g-OCL) (cb-
P(OEGMA)-b-P(HEMA-g-OCL)) with both hydrophilic OEG
and hydrophobic OCL brushes grafting from a cyclic core was
prepared in three main steps: (i) synthesis of linear P(OEGMA)-
b-P(HEMA)-Br (I-P(OEGMA)-b-P(HEMA)-Br) by successive
ATRP, (ii) conversion of bromo terminus of I-P(OEGMA)-b-
P(HEMA)-Br to azide functions for the preparation of linear
precursor, -P(OEGMA)-b-P(HEMA)-N; and subsequent pro-
duction of cyclic P(OEGMA)-b-P(HEMA) (c-P(OEGMA)-b-
P(HEMA)) by intrachain click cyclization of the resulting linear
precursor, and (iii) synthesis of target cb-P(OEGMA)-b-P-
(HEMA-g-OCL) by Sn(Oct),-catalyzed ROP of &-CL using
-P(OEGMA)-b-P(HEMA) as a macroinitiator. The bb analogue,
bb-P(OEGMA)-b-P(HEMA-g-OCL), was synthesized following
identical procedures except using I-P(OEGMA)-b-P(HEMA) as
the macroinitiator in the last step. The synthesis of cb- and bb-
P(OEGMA)-b-P(HEMA-g-OCL) was illustrated in Scheme 1.

Scheme 1. Synthesis of cb-P(OEGMA)-b-P(HEMA-g-OCL)
and bb-P(OEGMA)-b-P(HEMA-g-OCL) with
Heterobrushes
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I-P(OEGMA)-b-P(HEMA)-Br was prepared by consecutive
ATRPs. The degree of polymerization (DP) of P(OEGMA)-Br
was determined to be ~25 by comparing the ratio of integrated
intensity of peak S assigned to the methylene protons adjacent
to the ester bonds to that of the peak 1 attributed to the proton
of the triple bond (Figure 1a). The DP of P(HEMA) was
further determined to be ~5 by comparing the ratio of inte-
grated intensity of peak 4 assigned to the methylene protons of

the P(OEGMA) block to that of the peak 7 attributed to the
methylene protons of the P(HEMA) block (Figure 1b).
Successful chain extension with HEMA units was also con-
firmed by a clear shift of the SEC elution trace of the diblock
copolymer toward higher MW compared to that of the
P(OEGMA) macroinitiator (Figure 2a). Both polymers show
unimodal and narrow-distributed MW, demonstrating well-
controlled ATRP processes.

Next, ¢:P(OEGMA)-b-P(HEMA) was prepared by intra-
chain click cyclization of I-P(OEGMA)-b-P(HEMA)-N, linear
precursor. Successful cyclization was confirmed by FT-IR and
SEC-MALLS measurements. FT-IR shows the absence of the
azide group (~2120 cm™) after click reaction (Figure S2).
A comparison of the SEC elution traces (Figure 2A) indicates
that the cyclic P(OEGMA)-b-P(HEMA) diblock copolymer
show a detectable shift toward longer retention time (lower MW)
relative to the linear precursor and the shift is more distin-
guishable at the low-MW-side, which confirms the successful
synthesis of the cyclic P(OEGMA)-b-P(HEMA) diblock
copolymer. The similar but slightly larger PDI of the cyclic
copolymers relative to that of the linear precursors is reason-
able given the identical polymer compositions of the cgclic and
linear copolymers. Moreover, the cyclic P(HEMA)'” ™" and
cyclic P(OEGMA)" developed in our recent studies show
both similar but slightly larger PDI values than their linear
precursors, further supporting the trends of the data present in
this study. Despite repeated attempts, further characterization
of the purity of the synthesized cb copolymers by matrix-
assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) measurements (Figure S3) were
unsuccessful likely due to their high MWs.>"**

Given the chain length of pendent hydrophilic OEG
brushes, the target cb-P(OEGMA)-b-P(HEMA-g-OCL) with
relatively short hydrophobic OCL grafts of two different DP
values were finally synthesized by ROP of e-CL by varying the
polymerization time (Table S1) .

Taking cb-P(OEGMA),s-b-P(HEMA-g-OCLy); (Figure 1d)
as an example, the DP of OCL was calculated to be approxi-
mately 6 based on the following eq 1:

DP of OCL = ((DP of P(OEGMA)) X 3)
/((DP of P(HEMA)) X 2) X (I,/Iy) (1)

where I,/I¢ is the ratio of integrated intensity of peak 7 to that
of peak 6 in the '"H NMR spectrum of Figure 1d.

The MW, PDI, and DPs of all the synthesized polymers are
summarizd in Table 1.

Self-Assembly Behaviors of cb and bb Copolymers.
To provide an insight into the self-assembly behaviors of the
amphiphilic ¢b and bb copolymers, the CMC values of both
formulations were determined using pyrene as a fluorescence
probe (Figure 3 and S4). The cb copolymers show clearly larger
CMC values than the linear analogues, which results likely from
the different packing behaviors'>**** caused by the cb and bb
copolymers with different topologies and can be explained as
follows: the cb copolymers are entropically disfavored because
each polymer chain has two block junctions located at the
solvent—core interface, relative to bb copolymers with only one
block junction. Therefore, the CMC values of c¢b copolymers
are expected to be higher than those of the bb analogues.***
In addition, cb, and bb, exhibits smaller CMC values than cb,
and bb,, which confirms greater stability due to longer hydro-
phobic OCL brushes.”’
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Figure 1. 'H NMR spectra of (a) alkyne-P(OEGMA,;)-Br and (d) cb-P(OEGMA,;)-b-P(HEMA-g-OCL¢); in CDCly; and (b) alkyne-
P(OEGMA,)-b-P(HEMA); and (c) ¢-P(OEGMA,;)-b-P(HEMA); in DMSO-d,.
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Figure 2. SEC elution traces of (a) alkyne-P(OEGMA),;-Br, alkyne-
P(OEGMA),s-b-P(HEMA),-Br, alkyne-P(OEGMA),-b-P(HEMA).-
N, ¢-P(OEGMA),s-b-P(HEMA)g; (b) bb-P(OEGMA),;-b-P-
(HEMA-g-OCLg)s, cb-P(OEGMA),s-b-P(HEMA-g-OCLy)s, bb-P-
(OEGMA),5-b-P(HEMA-g-OCL;);, cb-P(OEGMA),s-b-P(HEMA-g-
OCL;); using DMF as an eluent.

Table 1. Summary of MW, PDI, and DP of All the
Synthesized Polymers

M, M,°

sample (kDa) DP” (kDa) PDI”
P(OEGMA),-Br 771 25 972 116
1-P(OEGMA);-b-P(HEMA),-Br 836 5 1350 126
L-.P(OEGMA),5-b-P(HEMA )N, 832 5 1278 124
¢-P(OEGMA),5-b-P(HEMA), 832 5 1181 129
bb-P(OEGMA),-b-P(HEMA-¢-OCL,); (bb;) 1031 3 2635 136
cb-P(OEGMA),¢-b-P(HEMA-gOCL,), (cb;) 1003 3 2418 142
bb-P(OEGMA),-b-P(HEMA-¢-OCLy); (bb,) 1226 6 4145 133

b-P(OEGMA),;-b-P(HEMA-g-OCLy); (cb,) 1174 6 37.33 138
“Determined by 'H NMR. *Determined by SEC-MALLS.

Next, the average hydrodynamic diameter of micelles self-
assembled from cb and bb copolymers was determined by DLS
measurements at a polymer concentration of 0.25 mg/mL
(Figures 4, S, SS, and S6), which is well above the CMC value
for both formulations. From the intensity-size plots (Figures 4
and 5), the mean size of micelles formed by bb,, cb,, bb,, and
cb, are 2329, 2259, 2344, and 223.2 nm, respectively.
In addition, unimodal size distributions are clearly observed for
the number-size (Figure SS) and volume-size (Figure S6) plots,
which are in close agreement with the results of intensity—size
plots. The slight differences of approximately 10 nm in the size
of micelles self-assembled by cb and bb copolymers are most
likely relevant to their large MWs. Similar phenomena were also
reported in the previous self-assembly behaviors of ¢b and bb
copolymers.'”?' Note that the slightly broad distributions of
the self-assembled micelles are likely relevant to the more
complicated architectures of the cb and bb diblock copolymers
and their larger polydispersity indexes (1.3—1.4). TEM obser-
vation further reveals that all the self-assembled nanoparticles are
well-dispersed with regularly spherical shape (Figures 4 and S).
The size observed by TEM (around 25 nm for all the formu-
lations) is smaller than that determined by DLS because the
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Figure 4. Size distributions and TEM images of (a and c) bb; and (b and d) cb; micelles in an aqueous phase at a polymer concentration of 0.25 mg/mL.

hydrodynamic diameter of micelles is apparently larger than
the morphological size of micelles in a dry/dehydrated state.””
The average size of micelles self-assembled in aqueous solutions
from bb,, cb,, bb;, and cb, were determined by DLS at three
polymer concentrations of 0.1, 0.25, and 0.5 mg/mL (Figure 6).
Although slight increases of the mean size from approximately
200 to 250 nm with polymer concentration from 0.1 to
0.5 mg/mL is recorded for all the four micelle formulations,
such trends are statistically insignificant, which implies the
structural integrity and stability of the self-assembled micelles
irrespective of dilution. The salt stability of the four micelle
constructs was further evaluated in PBS (pH 7.4, 150 mM)
(Figure S7), which all present unimodal distributions with
average sizes around 190 nm. The slightly decreased dimen-
sions in PBS relative to those determined in water (around
220 nm, Figures 4 and S) confirm the stability of various
micelle constructs in a salt condition.

In vitro Drug Loading and Drug Release Study. Doxo-
rubicin (DOX) was chosen as a model drug to evaluate the
potential of ¢b and bb copolymers for drug delivery applica-
tions. Due to the greater stability of cb, and bb, with smaller
CMC values, we selected cb, and bb, for in vitro drug loading

and drug release study. The encapsulation efficiency (EE) and
drug loading content (DLC) were 51.42% and 5.08% and
86.09% and 8.61% for bb, and cb,, respectively. The greater drug-
loading capacity of cb, relative to bb, is most likely due to the
different packing behaviors'***** caused by the cb and bb
copolymers with different topologies. The cyclic topology with
greater interactions due to the stronger steric hindrance between
the polymer chains relative to the linear one contributes signifi-
cantly to the increased drug-loading capacity of cb copolymers.
A greater drug loading capacity was also reported for a cyclic
topology—based tadpole-like block copolymer in a previous
study.’

In vitro drug release profiles were evaluated in the physiologi-
cal condition (PBS, pH 7.4, 150 mM) and in an acidic medium
(SSC, pH 5.0, 150 mM) at 37 °C, respectively (Figure 7).
These pH values represent the typical extracellular pH and
tumor intracellular pH, respectively. Incubation at pH 7.4
resulted in ~32% and ~26% DOX release for bb, and cb, in
72 h, demonstrating the better drug encapsulation by cb
relative to bb copolymers. A shift of pH to 5.0 promoted sig-
nificantly DOX release to ~61% and ~50% for bb, and cb,,
respectively in 72 h. The accelerated DOX release at pH 5.0
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Figure 6. Average size of micelles self-assembled in an aqueous phase from (a) bb,, (b) cby, (c) bby, and (d) cb, at various polymer concentrations.

relative to that recorded at pH 7.4 was primarily attributed to
the greater solubility of DOX in an acidic medium.

Besides the different polymer architectures (cb vs bb), the
effect of drug loading capacity should be taken into account.
Although the DOX-loaded cb, micelles mediated slightly lower
cumulative DOX release relative to bb, analogues in 72 h at

both pH 7.4 (~26% vs ~32%) and 5.0 (~50% vs ~61%), the
DLC of cb, is much higher than that of bb, (8.61% vs 5.08%).
Therefore, the actual amount of DOX released from cb,
micelles is constantly greater relative to bb, analogues.
Cellular Uptake Study. The cellular uptake efficiency of
DOX-loaded cb, and bb, was further quantified by measuring
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directly the DOX fluorescence using flow cytometry (FCM)
(Figure 8). First, the quantum yield of DOX in free and encap-
sulated states was determined by measuring the fluorescence of
the aqueous solutions of DOX-HCl and DOX-loaded cb, micelles
with an equivalent DOX concentration at an excitation wave-
length of 485 nm on the FLS 920 transient/steady-state fluores-
cence spectrophotometer. Actually, free DOX-HCI shows
much higher quantum yield of 5.49 than the encapsulated
DOX with a value of 0.53, which confirms that the
encapsulation of DOX within the hydrophobic core of micelles
significantly affects its fluorescence properties. Therefore, the
greater mean fluorescence intensity of free DOX-HCI relative
to the DOX-loaded cb and bb micelles is attributed to the faster
diffusion rate of DOX in cell with direct membrane permeation
as well as its greater fluorescence quantum yield. The mean
fluorescence intensity of HeLa cells treated with both DOX-
loaded micelles was clearly observed in 4 h, and the com-
parable mean fluorescence intensities probably suggest the
insignificant effect of the polymer topological structure on the
cellular uptake efficiency of cb and bb formulations.

In Vitro Cytotoxicity Study. The cytotoxicity of various
formulations was evaluated by 3-(4,5-dimethylthiazol-2-yl)-S-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) cell viability assay. HeLa cells were treated with blank
copolymers (Figure S9), DOX-loaded micelles (Figure 9), and
free DOX (Figure S10), respectively. The blank micelles are
nontoxic to the HeLa cells with cell viability above 80% up to a
concentration of 3.8 mg/mL (Figure S9). The half maximal
inhibitory concentration (ICs,) of DOX-loaded bb,, cb,, and free

100
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Figure 9. In vitro cytotoxicity of DOX-loaded micelles of bb, and cb,
in HeLa cells.

DOX is 98.71 (8822, 1104), 52.28 (44.08, 62.01), and 2.33
(2.27, 2.40) pg/mL, respectively. The DOX-loaded micelles
show a less cytotoxic than the free DOX likely due to the
slower internalization mechanism (endocytosis vs direct
membrane permeation) and release kinetics of the free drug
from the micelles. More importantly, the DOX-loaded cb,
exhibits greater therapeutic efficacy, i.e., lower IC;, value than
the DOX-loaded bb,, which results from the greater amount of
DOX released from cb, micelles relative to bb, analogues and is
substantially attributed to the much greater drug loading capacity
of cb, relative to bb, constructs given their similar cellular uptake
efficiency. Taken together, the cytotoxicity results agree well with
the in vitro drug release profiles of cb and bb formulations.

B CONCLUSIONS

In summary, we reported a novel strategy toward the first
example of cb copolymers with heterogeneous hydrophilic OEG
and hydrophobic OCL brushes grafting from a cyclic core by a
combination of ATRP, intrachain click cyclization, and ROP
techniques. Despite unsuccessfully repeated attempts of
MALDI-TOF MS measurements for the characterization of
the possible existence of bb impurities in the cb copolymers,
further evaluations of the potential of cb and bb copolymers for
drug delivery applications revealed the significantly larger DLC
and greater in vitro cytotoxicity of the DOX-loaded cb, micelles
relative to the bb, analogues due to their substantially different
polymer topologies, which supports the rather high purity of the
synthesized cb copolymers and confirms that the developed
amphiphilic ¢b copolymers with heterogeneous polymer
brushes represent a new platform for polymer self-assembly
and biomedical applications. Follow-up study will be focused
on the analyses of the structure of cb copolymers with lower
MW by MALDI-TOF MS as well as introduction of stimuli-
responsive properties to the heterogeneous polymer brushes of
cb copolymers toward triggered self-assembly/disassembly.
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