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In this paper, we describe the synthesis of asymmetric functional
POEGMA-b-P(ST-co-VBA) copolymers in methanol, yielding in one-
pot polymerization a range of nanoparticle morphologies, including
spherical micelles, worm-like, rod-like micelles and vesicles. The
presence of the aldehyde group was then exploited to form crosslinks
or to conjugate chemotherapy compounds, such as doxorubicin, via
pH-breakable bonds (Schiff base or imine) directly to the preformed
nanoparticles. The influence of the nanoparticle morphologies on the
MCF-7 breast cancer cell line uptake was investigated using flow
cytometry and confocal microscopy. Finally, the ICso of DOX,
following nanoparticle delivery, was studied showing significant
influence of the nanoparticle carrier morphology on therapeutic
efficacy for breast cancer.

Drug delivery carriers, such as polymeric nanoparticles,
organic/inorganic nanoparticles, and dendrimers, have been
widely used for therapeutic treatments in oncology and
cardiovascular disease, as they can increase therapeutic efficacy
by changing biodistribution via passive or active targeting.' A
number of different polymeric drug delivery platforms have
already been used in human trials with very promising results.>
Most commonly, spherical nanoparticles have been used for
drug delivery, whilst in contrast, other morphologies have
received little attention, despite evidence that not only size but
also morphology can make a considerable difference to the
efficacy of drug delivery.””* DeSimone and co-workers* prepared
different polymeric nanoparticles using top-down lithography
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fabrication, and subsequently, demonstrated that cylindrical
sub-micromic particles presented higher cell uptake than
equivalent cubic particles. In a more recent study by Ruoslahti,
Mitragotri and co-workers,® a higher cell uptake of polystyrene
(PST) rods (compared to PST nanospheres) was reported. The
same authors also demonstrated a preferential cell uptake of
nanorods in targeted tissues using in vivo studies.** Thus, the
published evidence strongly indicates that the nanoparticle
morphology can play a key role in governing biodistribution and
bioactivity.

In the current study, we prepared different morphologies
of polymeric nanoparticles using self-assembly of asym-
metric block copolymers.® The first studies highlighting self-
assembly of asymmetric block copolymers in solution were
reported by Eisenberg’s group,” using self-assembly of poly-
styrene-b-polyacrylic acid diblock copolymers; different
nanoparticle morphologies (spherical micelles,® worm-like
micelles*® and vesicles'’) were obtained by self-assembly
using co-solvency manipulation. One of the main draw-
backs of the Eisenberg approach is the low polymer concen-
trations required (around 1%, w/w), limiting scale-up. There
have been a number of recent synthetic developments
addressing the problem of low concentration, as described in
papers by An,"* Charleux,'* Armes"® and Pan." The common
feature of the three new approaches is the exploitation of
simultaneously inducing self-assembly during the actual
polymerization process. We were inspired by the initial work
of Armes*® and Pan* to develop a new approach to synthesize
polymeric nanoparticles with morphological control, using
“polymerization induced self-assembly” (PISA). The PISA
concept is based on the chain extension of homopolymers
with a co-monomer to yield asymmetric block copolymers.
During the chain extension with the second block, self-
assembly is induced by the insolubility of the second block
in the polymerization solution. The PISA approach can be
used to prepare families of nanoparticles varying in
morphology using a single initial homopolymer via a simple
one-pot reaction.
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In the present work, a one-pot RAFT dispersion polymeri-
zation with simultaneous self-assembly into controlled struc-
tures is reported. Morphologies such as worm-like and rod-like
vesicles and micelles were all formed from well-defined
amphiphilic block copolymers, poly[oligo(ethyleneglycol)
methacrylate]-block-[poly(styrene)-co-poly(vinyl benzaldehyde)]
(POEGMA-b-P(ST-co-VBA)), synthesized by chain extension of
dithiobenzoate functional POEGMA using RAFT polymeriza-
tion. Morphology control was achieved by manipulating the
number-average degree of polymerization (DP,,) of the P(ST-co-
VBA) blocks in the methanol polymerization medium. As the
DP,, of the core polymer increased (with conversion) the block
copolymers assembled sequentially into spherical micelles —
worm-like micelles — rod-like — vesicles, as determined by
transmission electron microscopy (TEM) and dynamic light
scattering (DLS) measurements. The aldehyde groups posi-
tioned in the core of the micellar structures were subsequently
reacted with various amino compounds to either conjugate
chemotherapy drugs or to crosslink the nanostructures. Dia-
mino compounds were employed to crosslink the core nano-
particles using pH-responsive bonds (imines). The aldehyde
groups were also exploited to conjugate doxorubicin (DOX, a
commonly employed chemotherapy drug) via pH breakable
bonds (Schiff base or imine), with a drug loading of 5 wt%. The
drug-loaded, self-assembled nanoparticles were then used to
deliver DOX to breast cancer cells (MCF-7). Flow cytometry and
confocal microscopy revealed different cell uptake mediated by
the different nanoparticle morphologies. Cell viability assays
using MCF-7 breast cancer cells were also conducted showing a
significant effect of morphology on cytotoxicity.

Initially, we successfully synthesized POEGMA homopoly-
mers using RAFT polymerization'® (Scheme S1 in the ESIt) with
CPADB as a RAFT agent for 12 h at 70 °C (Fig. S1 and S2 in the
ESI and Table S1f). The homopolymerization reactions were
stopped at a conversion of around 60% to minimize the
formation of dead polymers, yielding POEGMA with M,,, nmr =
11 100 g mol ™" and PDI = 1.09 (Fig. S2 in the ESIt). POEGMA
was then chain extended using a mixture of ST and VBA (95-
5 mol%) in methanol. The solvent, methanol, was deliberately
chosen as the P(ST-co-VBA) block is insoluble in methanol,
while in contrast, the monomers ST and VBA are soluble. The
dispersion polymerization reactions were carried out at 70 °C
using different polymerization times to control conversion and
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Scheme 1 Synthesis of block copolymers via in situ self-assembly in
methanol.
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hence molecular weight (Scheme 1). To maintain good control
over polymerization, it is important to maintain high RAFT end-
group fidelity and a constant radical concentration even under
phase separation conditions. This high-level of control was
maintained using a high molar feed ratio 1:5000 of
POEGMA:ST-VBA in methanol (Wsolvent : Wmonomer = 1 : 1). After
chain extension, the amphiphilic block copolymer structure was
characterized by comparing '"H-NMR spectra of the polymer
chains before and after chain extension (Fig. 1A). Characteristic
aldehyde proton and aromatic proton signals of PVBA were
clearly observed at 9.9 ppm (m) and at 7.5 ppm (), adjacent to
polystyrene protons, confirming successful chain extension.

During the chain extension of POEGMA, molecular weight
values and polydispersity indices of sample block copolymers
were determined by "H-NMR spectroscopy and SEC measure-
ments taken at different polymerization times (Table S2 in the
ESIT). VBA was observed to polymerize faster than ST, indicating
the formation of pseudo-gradient polymers. The molecular
weight values determined by NMR and SEC were in accord with
theoretical values showing a linear increase with conversion
(Fig. 1B) and low PDIs, consistent with the known traits of living
polymerization.'® SEC traces of the block copolymers taken at
increasing polymerization times (Fig. 1C) indicate unimodal
molecular weight distributions and incremental shifts to lower
retention times. The presence of molecular weight shoulders at
lower retention times is consistent with the formation of dead
polymers by coupling reactions, in accordance with a slight
increase in PDI (1.16 to 1.20) (Table S2 in the ESI¥).

During the polymerization, we observed that the polymeri-
zation solution became cloudy-milky, indicating the formation
of nanoparticles. This result motivated us to determine the size
of the nanoparticles by DLS. The diameters of the nanoparticles
obtained from the dispersion block copolymerization/self-
organization were measured at different polymerization times
using DLS (Fig. 2B). The measurements were done following
dilutions in methanol of the polymerization solutions prepared
with a feed molar ratio of POEGMA:ST-VBA:AIBN = 1 : 4750~
250 : 0.1. The sizes of the nanoparticles were found to steadily
increase with polymerization time; the number average sizes of
the block copolymers increased from 25 nm to finally attain
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Fig.1 (A) *H NMR spectra of POEGMA and POEGMA-b-P(ST-co-VBA)
polymers (recorded in CDls); (B) evolution of molecular weight and PDI
versus monomer conversion; (C) evolution of GPC traces versus
polymerization times.
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Fig. 2 (A) A phase diagram summary showing structural changes at
different polymerization times; (B) dynamic light scattering (DLS) of
the solutions after polymerization for different polymerization
times; (C) transmission electron microscopy (TEM) image of the
different polymerization solutions after purification by dialysis
against methanol.

144 nm (Fig. 2B), with relatively low dispersities (<0.2). We
observed an anomaly in the DLS results, in which the sample
taken at 36 h gave smaller diameter nanoparticles than the
previous sample taken at 24 h reaction time. We believe that
this anomaly can be attributed to a morphology switch from
rod-like to vesicle structures.

Nanoparticle morphologies were investigated using TEM
before and after purification using dialysis against methanol.
The images (Fig. 2C, see Fig. S3 in the ESI} for additional TEM
images) showed that core functional asymmetric block copol-
ymer aggregates first formed spherical micelles after 4 h, and
subsequently, worm-like and rod-like vesicles with increasing
polymerization times. TEM micrographs confirmed the exis-
tence of four different morphologies, ranging from micelle to
vesicles, from a single polymerizing system, with sizes in
accordance with DLS data (Fig. 2C). SEM also confirmed the

T
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Fig. 3 H NMR spectrum taken after doxorubicin conjugation to the
nanoparticles.
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formation of different morphologies observed by TEM (data not
shown) (Fig. 3).

The morphology changes were governed by the P(ST-co-VBA)
chain lengths during the polymerization reaction. Spherical
micelles formed from the block copolymer aggregates when DP,,
of the P(ST-co-VBA) block reached 175 units (Fig. 2A). A
morphology transition from micelles to worm and rod-like
structures was observed for P(ST-co-VBA) blocks greater than
340 repeating units. Finally vesicles were formed when DP,, of
the second block reached over 500. Scheme 2 summarizes the
different phases of self-assembly that we observed during the
polymerization.

Core-crosslinking of the POEGMA-b-P(ST-co-VBA) asym-
metric block copolymer was achieved by reacting aldehyde
groups with 1,3-diaminopropane in methanol at room
temperature, followed by reduction in the presence of sodium
borohydrate to yield secondary amine (Scheme 3). In this way,
we could stabilize the self-assembled block copolymer nano-
particles via unbreakable bonds.

The structural changes after core-crosslinking of the block
copolymer were studied using FT-IR spectroscopy (Fig. S4 in
ESIT). The FT-IR spectra shown in Fig. S4A in the ESI,} are taken
from the block copolymer solution before crosslinking; char-
acteristic aldehyde and methacrylate ester carbonyl peaks can
be observed at 1700 and 1740 cm ™ *. After crosslinking (Fig. S4B
in the ESI{) a new absorption peak appears at 1650 cm ™", cor-
responding to imine (C-N) stretching vibrations. Furthermore,
a decrease of the aldehyde carbonyl absorption at 1700 cm ™" is
consistent with successful crosslinking of the block copolymers
via reaction of the aldehyde group. The imine bond was
successively converted to secondary amine by reduction in the
presence of sodium borohydride. In addition, TEM was per-
formed on the vesicles after core cross-linking using THF as
solvent. THF has been chosen because it can solubilize both
blocks. TEM confirmed the integrity of the vesicles in THF after
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Scheme 2 Evolution of the self-assembly process as polymerization
progresses.
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AFTER REDUCTION

Scheme 3 Cross-linking of nanoparticles with 1,3-diaminopropane
including TEM pictures.

cross-linking (Scheme 3 and Fig. S5 in the ESI} for additional
TEM pictures).

The presence of aldehyde groups in the core of the nano-
particles was exploited to conjugate a widely used chemo-
therapy drug, doxorubicin (DOX), via pH-responsive bonds. The
amino groups intrinsic to HCl/DOX (commercial form) were
reacted overnight with the aldehyde groups (in methanol) in
the presence of triethylamine to neutralize the HCI (Scheme S2
in the ESIt). This synthetic strategy was previously reported by
us to successfully conjugate DOX to star polymers and other
nanoparticles without any loss in DOX cytotoxicity."” After DOX
was loaded into the nanoparticles and subsequent careful
purification, the amount of DOX conjugated was determined by
UV-visible spectroscopy using the strong absorption at 495 nm
together with a calibration curve (Fig. S6 and S7 in the ESIY).
The drug loading efficiency was determined to be ~67%. 'H
NMR spectroscopy confirmed the decrease in the aldehyde
signal at 9.9 ppm. The drug loading values, independently
measured, using both NMR and UV-visible spectroscopy
methods were in good agreement. A new signal in the NMR
spectra (at 8.7 ppm) was attributed to imine formation. TEM
analysis on the nanoparticles, after drug conjugation, indicated
no significant size or morphological changes in water and in
methanol (Fig. S8 in the ESIY}).

We compared the drug delivery potential of the four different
nanoparticle morphologies, i.e. micelle, worm-like, rod-like and
vesicle. The drug loading was fixed at 5% w/w. Firstly, the

This journal is © The Royal Society of Chemistry 2014
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nanoparticle cell-uptake in breast cancer cells (MCF-7) was
investigated using both flow cytometry and confocal microscopy
(Fig. S9 and S10 in the ESIf). DOX accumulation is easy to
monitor as it has fluorescence emissions at 565 and 630 nm
permitting direct tracking in cells.

The four different DOX-loaded nanoparticles were incubated
with MCF-7 cells for 24 h (concentration of 0.125 pM based on
DOX). At different time points (1 h, 5 h and 24 h), the cells were
analyzed by flow cytometry to monitor the uptake of DOX
(Fig. S9 in the ESIT). After 1 h, different nanoparticle cell uptake
processes were observed (higher uptake to less): rod-like ~
worm-like > vesicle ~ micelle. As the incubation time increased
(24 h), the results indicated that nanoparticle cell uptake was
enhanced for worm and rod-like structures (in comparison to
micelles and vesicles). Prior observations made on hard-core
nanoparticles (such as gold nanorods) and soft-nanoparticles
(PST nanoparticles) seem consistent with our findings.® For
example, Tang and co-workers investigated the influence of the
silica nanoparticle shapes on the cell uptake using human
melanoma cells (A375).** The authors demonstrated that worm
and rod-like (cylindrical) shapes, presenting a higher aspect
ratio compared to spherical shape, showed a greater adhesion
of nanoparticles to the cell membrane due to their high surface
of contact. This high adhesion of these cylindrical nanoparticles
stimulated the cell uptake. Dawson, Aberg and co-workers
obtained a similar result using PST nanoparticles.”®” The
authors correlated the adhesion of these nano-objects with the
cell membranes with their cell uptake. In conclusion, the higher
aspect ratio of cylindrical nanoparticles (worm or rod-like)
compared to spherical nanoparticles results in a higher
surface of contact with the cell membranes, promoting cell
uptake.

Confocal microscopy confirmed the accumulation of DOX in
the cytoplasm for all the different nanoparticles (Fig. S10 in the
ESI{). Cytotoxicity studies were also performed using the 4
different nanostructures loaded with DOX using the MCF-7 cell-
line.

Firstly, the 4 polymeric nanoparticles without DOX were all
non-toxic at the concentrations employed in this study up to
10 mg mL ™' in good agreement with our previous studies
using similar polymers (data not shown).>* After DOX conju-
gation, we observed differences in cytotoxicity dependent on
the nanoparticle morphology, with the lowest ICs, values
obtained for worm and rod-like structures (7 times lower
than spherical micelles), while the highest IC5, was observed
for micelles and vesicles. The enhancement in toxicity of the
worm and rod-like nanoparticles might be related to higher
cell uptake (although further studies would be required to
clarify this result). Over ~80% of DOX was released from
the nanoparticles at pH 5.0 after 72 h, while very slow release
was observed at pH 7.4 (~10%) demonstrating that DOX
released in a controlled manner. Interestingly, no significant
difference of DOX released was observed between the different
morphologies (Fig. S11 in the ESI{) at pH 5.0 and at pH 7.4.
As a comparison, we determined ICs, of Dox for MCF-7.
The ICs, value of Dox is in good agreement with published
values (Table 1).>*
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Table 1 Variations in ICsq (M) with nanoparticle morphology (MCF-7
cell line)

Shapes ICso (LM)

Dox 0.093 (= 0.008)
Micelles-Dox 2.193 (£ 0.1)
Vesicles-Dox 1.928 (+ 0.2)
Rod-like-Dox 0.796 (£ 0.1)
Worm-Dox 0.302 (£ 0.02)

Conclusions

In this study, we successfully prepared four different functional
POEGMA-h-P(ST-co-VBA) block copolymer nanoparticles using
one-pot polymerization induced self-assembly. Aldehyde groups
in the nanoparticle cores were exploited to both crosslink,
imparting stability, and conjugate doxorubicin. Using MCF-7
cells, we demonstrated a significant effect of morphology on
nanoparticle cell uptake, with the highest cell uptake observed
for worm-like and rod-like structures. The changes in cell
uptake were reflected in changes to the cytotoxicity of DOX-
loaded nanoparticles.
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