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ABSTRACT: This contribution describes the design and synthesis of multifunctional micelles based on amphiphilic brush block copolymers
(BBCPs) for imaging and selective drug delivery of natural anticancer compounds. Well-defined BBCPs were synthesized via one-pot multi-
step sequential graft-through ring-opening metathesis polymerization (ROMP) of norbornene-based macroinitiators. The norbornenes em-
ployed contain a poly(ethylene glycol) (PEG) methyl ether chain, an alkyl bromide chain, and/or a near-infrared (NIR) fluorescent cyanine
dye. After block copolymerization, post-polymerization transformations using bromide-azide substitution followed by the strained-promoted
alkyne-azide cycloaddition (SPAAC) allowed for the functionalization of the BBCPs with piplartine (PPT) moiety, a natural product with well-
documented cytotoxicity against cancer cell lines, via an ester linker between the drug and the polymer side-chain. The amphiphilic BBCPs self-
assembled in aqueous media into nano-sized spherical micelles with neutral surface charges, as confirmed by dynamic light scattering (DLS)
analysis and transmission electron microscopy (TEM). During self-assembly, paclitaxel (PTX) could be effectively encapsulated into the hy-
drophobic core to form stable PTX-loaded micelles with high loading capacities and encapsulation efficiencies. The NIR fluorescent dye con-
taining micelles exhibited remarkable photophysical properties, excellent colloidal stability in physiological conditions, and a pH-induced dis-
assembly at slightly acidic conditions, allowing for the release of the drug in a controlled manner. The in vitro studies demonstrated that the
micelles without drug (blank micelles) are biocompatible at concentrations of up to 1 mg mL" and present high cellular internalization capacity
towards MCF-7 cancer cells. The drug-functionalized micelles showed in vitro cytotoxicity comparable to free PPT and PTX against MCF-7
and PC3 cancer cells, confirming efficient drug release in the tumor environment upon cellular internalization. Furthermore, the drug-func-
tionalized micelles exhibited higher selectivity than the pristine drugs and preferential cellular uptake in human cancer cell lines (MCF-7 and
PC3) when compared to normal breast cell line (MCF10A). This study provides an efficient strategy for the development of versatile polymeric
nanosystems for drug delivery and image-guided diagnostic. Notably, the easy functionalization of BBCPs side-chains via SPAAC opens the
possibility for the preparation of a library of multifunctional systems containing other drugs or functionalities, such as target groups for recog-
nition.

INTRODUCTION efficacy, selectivity, and overall toxicity of chemotherapeutic drugs.”
? Since the successful development of Doxil® (PEGylated liposomes

Chemotherapy is currently the most widely adopted strategy for T o
containing doxorubicin) as the first FDA-approved nano-drug,'’ a

treating various types of cancer, playing a fundamental role both in ¢ dicinesh ved L 1
cure and in extension of patients’ survival.? Owing to the lack of tar- range of nanomedicines have received regulatory approval or are un-

geting capability and nonspecific accumulation, however, chemo- der clinical investigation for the treatment of various types of can-
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therapeutic agents are non-specific and attack non-cancer cells, lead- cet. Nanomaterial-based drug delivery systems have shown

prominent accumulation in tumors mediated by the enhanced per-
meability and retention (EPR) effect, which is based on the high per-

meability of the tumor vasculature to nanomedicines due to disor-

ing to acute side-effects. In addition, since most anticancer com-
pounds have low water solubility and consequently limited bioavail-
ability, they require to be solubilized using high concentrations of g ) - o
surfactants or co-solvents, frequently leading to adverse effects.”* dered endothel}al ce.lls anfi large fer.lestratlons, in addition to Fhe
poorly lymphatic drainage in tumor tissues that causes the retention
of the nanomaterials.>”” To exploit the EPR-based tumor targeting

following systemic delivery, physicochemical properties of nanocar-

These limitations compromise the success of treatments and recent
research efforts have focused on developing new and more precise
delivery strategies.

riers such as size, surface charge, and shape have to be controlled to

Research in cancer nanomedicine has achieved significan - . e .
esearc canc edicine has achieved significant pro allow for selective extravasation into tumors based on anatomical

gress in recent years through the development of nanocarriers that differences between normal and diseased tissues, to avoid

improve biodistribution, effectiveness, tumor targeting and accumu-
lation thereby enabling to enhance the balance between therapeutic
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Figure 1. Schematic illustration for the synthesis of well-defined brush block copolymers (BBCPs) and the preparation of multifunctional fluorescent

polymeric micelles from BBCPs.

unspecific interactions with blood components, to extend their cir-
culation half-life, and to prevent fast clearance."*" Typical nanocar-
rier systems that address these issues include liposomes, vesosomes,
dendrimers, polymeric nanoparticles, interlocked nanomaterials,

and polymeric micelles.'*?

Polymeric micelles self-assembled from amphiphilic block copol-
ymers represent a promising platform for drug delivery applications
since their size is on the nano-scale (~10-200 nm) thereby effectively
and selectively penetrating tumor tissues. Polymeric micelles are fab-
ricated rapidly from a large library of inexpensive starting materials
and have tunable solubilization/dispersion properties to engineer in
vivo performance.**** The properties of such micellar assemblies are
strongly dependent on the architecture of their corresponding poly-
meric building blocks and, ultimately, the method employed in their
synthesis. A variety of amphiphilic block copolymers with unique ar-
chitectures have been investigated for drug delivery applications, in-
cluding linear block copolymers and complex architectures such as
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brush and star-like polymers.

Living ring-opening metathesis polymerization (ROMP) is one of
the most powerful methods for synthesizing well-defined am-
phiphilic block polymers with controlled molecular weights (MW)
and low dispersities (P).*"** The sequential ROMP of norbornene-
based monomers following the “grafting-through” strategy is an ef-
fective methodology for the preparation of highly branched am-
phiphilic brush copolymers (also known as molecular brushes or
bottlebrush copolymers) with unique self-assembly, drug delivery,
and imaging capabilities.*” ***® This is possible due to exceptional
functional group tolerance of highly active Grubbs initiators and the
mild reaction conditions required.”’

Only a few reports have explored amphiphilic brush diblock and
ABA-triblock copolymers synthesized via sequential ROMP for
both drug delivery and imaging applications.*** Amphiphilic
poly(norbornene) diblock brush copolymers bearing a cholesterol

block and a poly(ethylene glycol) (PEG) block were studied by Lu
and co-workers for the delivery of the anticancer drug doxorubicin.*
Cheng et al reported poly(norbornene) diblock brush co-polymer-
paclitaxel conjugates with acid-sensitive cyclic acetal-based linkages,
which exhibited sustained delivery of paclitaxel into cancer cells.”
Random ABC brush copolymers prepared through statistical
ROMP have also been reported.* Despite these advances, the prep-
aration of well-defined amphiphilic poly(norbornene) brush
triblock copolymers via sequential ROMP for drug delivery applica-
tions is very limited.** Diblock and ABC-triblock copolymers with
well-defined architectures designed to self-assemble into stimuli-re-
sponsive and NIR fluorescent micelles that carry anti-cancer drugs
introduces a new class of materials for nanotheranostics. Moreover,
varying the composition and molecular weight will offer important
insights into the structure-dependent properties and poly(nor-
bornene) copolymers in vitro.

Natural products are an invaluable source of therapeutic agents
and have driven drug discovery due to their broad spectrum of bio-
logical activity and specific molecular target.* Piplartine (PPT, also
known as piperlongumine, Figure 1) is a naturally occurring alkaloid
isolated from Pjperlongum L. (long pepper) that possesses multiple
pharmacological activities such as anti-inflammatory, anxiolytic, an-
tidepressant, anti-leishmanial, neuroprotective, antiplatelet, and
antineoplastic.**** PPT has been studied as a potential anticancer
agent, since it exhibits cytotoxicity against different types of cancer

30515338 and presents antitumor properties in animal models.>”

cells,
370 PPT induces cell death preferentially by elevating reactive oxy-
gen species (ROS) levels in the intracellular medium.* > Addi-
tionally, ROS-independent mechanisms, such as caspase- and Bax-
dependent apoptosis and/or necrosis, have also been reported to be
associated with PPT’s anticancer activity.”> ' Studies on structure-
activity relationship (SAR) have indicated that the 4f-unsaturated
&lactam moiety, acting as a Michael acceptor for nucleophiles



available in biological environment, is the key pharmacophore es-
sential to its cytotoxicity and ROS-generating activity, whereas the
exocyclic olefin is not necessary, but important for its potency.” This
potential anticancer characteristic of PPT makes it an appealing
compound for further development. One shortcoming of PPT, how-
ever, is its poor water solubility (26 pg/mL)* that affects its bioavail-
ability and toxicity towards normal cells. Hence, the association of
PPT to polymeric micelles offers great possibilities to overcome this
drawback. Furthermore, a formulation of PPT in a suitable drug de-
livery system enables to protect the lactam moiety from undesired
chemical transformations in the biological medium before reaching
its target.

Herein, we report a micellar nanoplatform based on amphiphilic
brush block copolymers (BBCPs) bearing both therapeutic and im-
aging functionality into a single system for nanotheranostics (Figure
1). The polymerization behavior of all new norbornenes, including
their living character throughout the polymerization, are evaluated,
and the ROMP conditions are optimized to tune the ratios of hydro-
philic to hydrophobic chains. The well-defined AB-diblock and
ABC-triblock BBCPs were synthesized through a one-pot multi-step
sequential graft-through ROMP initiated by Grubbs’ third genera-
tion initiator. The diblock BBCPs are composed of a hydrophilic
block with poly(ethylene)glycol (PEG) pendent side-chains and a
hydrophobic block containing alkyl bromide pendent side-chains
designed for posterior drug functionalization. The synthesized
triblock BBCP features a third polymer block containing NIR fluo-
rescent cyanine dye moieties in its side-chains. Drug functionaliza-
tion was accomplished by converting the terminal bromide groups
to azides followed by the copper-free strain-promoted alkyne azide
cycloaddition (SPAAC) attaching a PPT derivative via an ester
linker designed to undergo enzymatic hydrolysis in the tumor micro-
environment, to the polymeric nanocarrier. The BBCPs were char-
acterized by "H NMR spectroscopy, Fourier transform infrared (FT-
IR) spectroscopy, and gel-permeation chromatography (GPC). The
self-assembly of these BBCPs was investigated by dynamic light scat-
tering (DLS) and transmission electron microscopy (TEM). In ad-
dition, we also investigated the potential of these micellar assemblies
to encapsulate the anticancer drug paclitaxel (PTX). The photo-
physical properties of the NIR fluorescent micelles in aqueous solu-
tion, as well as the micellar stability and drug release profiles from
the nanosystems at different pH conditions were evaluated. The in
vitro cytotoxicity and cellular uptake of the micelles were explored
against a panel of different cancer and normal cell lines.

RESULTS AND DISCUSSION

Design and Synthesis of the Monomers. We designed three dif-
ferent monomers incorporating: (i) a poly(ethylene glycol) (PEG)
chain to confer water solubility and neutral surface charge to the na-
noparticle, (ii) a NIR fluorescent cyanine dye to be used as imaging
agent of the nanocarrier, and (iii) a primary alkyl bromide to allow
easy further functionalization such as the attachment of an anti-
cancer compound. All monomers are strained norbornene deriva-
tives to generate the brush block copolymers (BBCPs) via ROMP.
We choose exo-norbornene-derived imides as monomers to gener-
ate the brush block copolymers (BBCPs) because of their known
fast polymerization kinetics, easy functionalization, and absence of
irreversible chain-transfer, which allows for living ROMP.** The
synthetic routes employed for the preparation of the three nor-
bornene-based monomers are depicted in Schemes 1 and 2.

cis-S-Norbornene-exo-2,3-dicarboxylic anhydride (1), the com-
mon precursor for the monomers M1 (Scheme 1), M2 (Scheme 1),
and M3 (Scheme 2), was prepared by a Diels-Alder reaction of com-
mercial cyclopentadiene and maleic anhydride at 200 °C followed by
multiple recrystallizations (5x) from boiling toluene.” Isolation of
the exo-isomer 1 from the exo/endo mixture, in 2653% yield, was
essential to maintain stereochemistry throughout the steps to mon-
omers M1, M2 and M3. Exo-monomers have shown faster reaction
times, higher conversion rates, and better control of ROMP com-

pared to the exo/endo mixture or endo-form.**

Scheme 1. Synthetic routes employed for the preparation of
monomers Nb-PEG (M1) and Nb-Br (M2).
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Macromonomer Nb-PEG (M1) was synthesized in two steps
from 1 following a literature procedure® starting with the prepara-
tion of carboxylic acid 2, which was isolated as pure compound by
liquid-liquid extraction in 91% yield. Standard carbodiimideEDC-
mediated esterification of 2 with commercially available poly(eth-
ylene glycol) methyl ether (A% = 2000 Da) in the presence of N-(3-
dimethylaminopropyl)- V-ethylcarbodiimide hydrochloride
(EDC.HCl) and catalytic 4-(N,N-dimethylamino)pyridine
(DMAP), followed by repeated precipitations into diethyl ether,
yielded the macromonomer Nb-PEG in 67% yield (Scheme 1). For-
mation of the macromonomer was confirmed by "H NMR spectros-
copy (Figure S54) and matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry (Figure S55).

Considering that Grubbs’ third generation initiator (G3) is in-
compatible with azides and alkynes,” we synthesized monomer Nb-
Br (M2) carrying an alkyl bromide for facile conversion to azide in a
postROMP modification step. We incorporated a ten-carbon
spacer between the strained norbornene moiety and the terminal
bromide to reduce steric hindrance between the growing polymer
chain and the branched side-chains during ROMP and to facilitate
subsequent postROMP functionalization. Monomer M2 was ob-
tained in two steps from 1 (Scheme 1) through nucleophilic addi-
tion-elimination of 1 using ammonium acetate in refluxing acetic
acid affording the corresponding imide 3 as a white solid in 95%
yield. Subsequently, compound 3 was converted to the alkyl halide
M2 in 93% yield through a N-alkylation reaction with 1,10-dibromo-
decane in DMF in the presence of potassium carbonate. Monomer
M2 was characterized by 'H and *C NMR spectroscopy (Figures
$58 and S59) and high-resolution mass spectrometry (HRMS).

We designed the block copolymers BBCPs to include a short
block containing a near-infrared (NIR) dye to be used as an imaging



agent, allowing that allows for the direct visualization of the nanosys-
tem inside cells. We focused on the synthesis of a dye from the tri-
carbocyanine family because this class of compounds has demon-
strated strong fluorescence in the NIR region, high photostability,
and low cytotoxicity, making them ideal NIR probes.”"” The five re-
actions employed for the synthesis of the monomer Nb-dye (M3)
are outlined in Scheme 2.

The preparation of the iminium salt 4 involved the Vils-
meier—Haack formylation of cyclohexanone. The Vilsmeier-Haack
reagent was generated from phosphorous(V) oxychloride and N, N-
dimethylformamide, which reacted in excess with cyclohexanone
giving an iminium intermediate. Hydrolysis of this intermediate pro-
vided a dialdehyde, which was further transformed into iminium salt
4 by treatment with aniline. In parallel, the indolenium derivative §
was prepared by N-alkylation of commercially available 2,3,3-trime-
thylindolenine with n-hexyl iodide in refluxing acetonitrile, followed
by reflux with excess of sodium chloride to substitute the counter
ion. The condensation of the quaternary ammonium salts 4 and §
carried out under refluxing ethanol in the presence of anhydrous so-
dium acetate afforded the meso-chloro heptamethine cyanine dye 6
as a bright-green solid in 96% yield. '"H and *C NMR spectroscopies
(Figures Sla, S64, and S65), and HRMS unambiguously confirmed
its structure.

Studies have shown that the presence of a rigid carbocyclic ring in
the heptamethine chain enhances photostability and fluorescence
quantum yield, as well as decreases aggregation of the dye in solu-
tion.”*”” Furthermore, the meso-chlorine substituent in the cyclo-
hexene ring provides a reactive site for the fluorophore moiety, al-
lowing for easy functionalization with various nucleophiles.””® The
chlorine in the heptamethine cyanine dye 6 was displaced upon
treatment with 2-methylaminoethanol to form the meso-N-meth-
ylethanolamino-substituted cyanine dye 7 as a dark-blue solid, in
61% yield. Dye 7 was characterized by 'H NMR spectroscopy (Fig-
ures S1b and S66) through the presence of the new triplet signals at
4.04 and 3.93 ppm assigned to the methylene groups of the M-meth-
ylethanolamine moiety, as well as a singlet at 3.53 ppm correspond-
ing to the hydrogens of the methyl group adjacent to the nitrogen
atom. The formation of dye 7 was further confirmed by *C NMR
spectroscopy (Figure $67) and by mass spectrometry (ESI-QTOF-
MS) by its molecular ion peak [M]* at 662.5021 m/z (calcd. for
C4sHeiN3O = 662.5043 m/z)

Scheme 2. Synthetic route employed for the preparation of NIR
fluorescent monomer Nb-dye (M3).
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The final synthetic step shown in Scheme 2 involved the EDC-
mediated coupling of the carboxylic acid group of norbornene pre-
cursor 2 with the hydroxyl group of dye 7 using EDC+HCl and cata-
lyticamounts of DMAP. Purification of the monomer containing the
meso-amino derivatized cyanine dye (Nb-dye, M3) was achieved by
extraction into dichloromethane and column chromatography on
silica gel. The desired monomer Nb-dye has been isolated in high
purity as confirmed by 'H and *C NMR spectroscopies (Figures S68
and $69). The 'H NMR spectrum of Nb-dye (Figures S1c and S68)
showed the characteristic signals of the norbornene: §'= 6.20 ppm
(H.), 3.16 ppm (H), 2.58 ppm (H,),1.42-1.37 ppm (H), and 1.10
ppm (Hv), as well as signals assigned to the protons of the fluoro-
phore moiety and linker. The methylene protons “H.” at 4.35 ppm
shifted downfield in comparison to the corresponding ones of dye 7
(at 4.04 ppm), supporting the successful coupling reaction. Mono-
mer Nb-dye was further characterized using mass spectrometry
(ESI-QTOF-MS) by its molecular ion peak [M]* at 921.6216 m/z
(calculated for CeoHsiN4O4= 921.6252 m/z).

Synthesis of the Clickable Bioactive Derivatives. The prepara-
tion of the clickable derivative (12, BCN-PPT) of the natural prod-
uct piplartine (8, PPT) is outlined in Scheme 3. 4-Hydroxypiplartine
(9, 4-HOPPT) was synthesized in five steps, according to method-
ologies previously described by our group.’*”” We have chosen to
modify the 4-hydroxy analogue of PPT because it enables the conju-
gation of linkers or other moieties to its structure in a simple and



versatile way without compromising any essential residue for the
PPT antitumor activity. The hydroxyl group in 9 was esterified to the
carboxylic acid 10 in moderate yield (50%) through opening of glu-
taric anhydride in presence of catalytic amounts of DMAP in di-
chloromethane (DCM) under reflux.

Scheme 3. Synthesis of clickable piplartine derivative BCN-PPT
(12).
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The synthesis of derivative 12 was accomplished in moderate
yield (43%) by the Steglich esterification of carboxylic acid 10 with
commercial (1R 859S)-bicyclo[6.1.0]non-4-yn-9-ylmethanol
(BCN-OH, 11) in the presence of the 1-hydroxybenzotriazole
(HOBt) as the M-acylurea suppressing additive in addition to DCC
and DMAP in the dark. Compound 12 was characterized by 'H and
*C NMR spectroscopies (Figures $73 and S$74), and HRMS. The
presence of a hydrolytically labile ester linker between the bioactive
PPT moiety and the cyclooctyne partner was included due to its sus-
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ceptibility to cleavage in the biological environment. We hypothe-
size that the cleavable ester linkage would undergo enzymatic hy-
drolysis releasing the anticancer compound 4-HOPPT (9) from the
nanocarrier in diseased regions.

Design and Synthesis of Amphiphilic BBCPs via ROMP. To
generate the desired amphiphilic BBCPs with precise molecular
weight (MW) and unimodal MW distribution, we first screened a
series of conditions to be used in the ROMP reactions. The living
character of the ROMP of monomer Nb-Br (M2) and Nb-dye
(M3), and their polymerization times were investigated through ki-
netic studies using in situ "H NMR spectroscopy. These kinetic ex-
periments were conducted at constant initial monomer concentra-
tion with the initiator G3, in 1,2-dichloroethane (DCE) at room
temperature, and monomer conversions were monitored by the dis-
appearance of the resonance corresponding to the olefinic protons
of the norbornene (at 6.3 — 6.1 ppm) and simultaneous appearance
of broad olefinic signals (at 5.9 - 5.2 ppm) assigned to the brush pol-
ymer.

According to the "H NMR spectra showed in Figures S2b — S4b,
as well as data in Figures S2c — S4c, all monomers polymerized quan-
titatively at room temperature within 45 minutes for Nb-PEG (M1),
15 minutes for Nb-Br (M2) and 60 minutes for Nb-dye (M3).

Figures S2d — S4d demonstrate the first-order kinetics and excellent
molecular weight control provided by ROMP with G3, confirming
their living character with absence of chain transfer and chain termi-
nation.

Taking into consideration the polymerization behavior of all
monomers, a series of amphiphilic BBCPs (Table 1: entries 1-10)
was synthesized via one-pot two- or three-step sequential ROMP of
hydrophilic macromonomer Nb-PEG (M1) and hydrophobic mon-
omers Nb-Br (M2) and Nb-dye (M3) initiated by G3 at room tem-
perature (Figure 2a). The effect of several parameters on the prop-
erties of the final BBCPs was investigated, including molar feed ra-
tios of monomers to catalyst, solvent polarity, and order of block se-
quences. The results are summarized in Table 1. After the last block
was completely formed, excess of ethyl vinyl ether (EVE) was added
to the solution to quench ROMP polymerization. Polymers were
isolated by multiple precipitations into diethyl ether, followed by di-
alysis against acetone for 48 hours.

Studies have shown the significant effect that different solvents
have on the polymerization rates of ruthenium catalysts and, conse-
quently, on the polymer characteristics.”” The three monomers and
G3 are soluble in DCM and DCE, which are among the preferred
solvents for ROMP. As weakly polar solvents they can promote the
ligand dissociation and act as non-coordinating solvents. Table 1
shows that changing the solvent from DCM (e = 9.1) to DCE (e =
10.4) has no significant effect. In all cases monomer conversions are
higher than 95%, the polymers have experimental M, values compa-
rable to the theoretical ones, and the dispersities (£)are in the typi-
cal ranges for living ROMP of highly branched BBCPs. Slightly lower
D values were observed in DCE in comparison to DCM, which is
probably related to the faster initiation observed in more polar sol-
vents.”

When a sequential hydrophilic/hydrophobic molar feed ratio of
around 50:50 was employed (assuming [G3] = 1 equiv.), the result-
ing AB brush diblock copolymer (PNbPEG)so-b-(PNbBr)4s
(BBCP?7) exhibited a low dispersity, and a monomodal trace was
displayed in the GPC chromatogram (Figure SSb). The number-av-
erage degree of polymerization (DPxcrc) and number-average mo-
lecular weight (A, crc) values obtained by GPC were found to be in
agreement with the theoretical ones. The small difference between
the values can be attributed to different physical characteristics of
the highly branched polymer studied in comparison to the linear
poly(styrene) (PS) standards used for GPC calibration. 'H NMR
spectra (Figure SS¢) confirmed that the sequential addition of mon-
omers proceeded with their sequential incorporation into each
block. The experimentally determined DPuxur (obtained from 'H
NMR spectra in Figure S77) was then used to calculate the M xwr
which was again very close to the theoretical value (Table 1). The in
vitro studies were conducted using the BBCP (PNbPEG)so-5-
(PNDBr) s as the representative brush diblock copolymer.

Table 1. Characterization Data of Amphiphilic Brush Block Copolymers (BBCPs) Synthesized by ROMP.

BBCP Experimental Composition’ M, (kDa)
Type Solvent B | fomnc’
Code [Target Composition’] Theor.? GPC¢ NMR?
1 ap | (PNPPEG)ao-b-(PNbBr)sy* DCM 95.0 90.9 N.D# 145 0.752
[(PNBPEG)30-5-(PNbBr)70] ' ' o ' ’
2 AB (PNbPEG)42-b-(PNbBr)4s° DCM 132.9 112.7 N.D. 1.56 0.847




[(PNbPEG)so-5-(PNbBr)so]

3 BA (PNbBr)w-b-(PNbPEG)&C DCM 170.7 159.4 N.D 1.96 0.904
[ (PNbBr)30-b-(PNbPEG )70 ' ' o ' ’
(PNbBr)¢s-b-(PNbPEG)s,°

4 BA DCM 132.9 143.5 N.D. 1.50 0.820
[(PNbBr)so-b-(PNbPEG)so]

(PNbBr)77-b-(PNbPEG ) 30°

S BA DCM 95.0 97.4 N.D. 1.48 0.607
[(PNbBr)70-b-(PNbPEG)30]

(PNbPEG)3;-b-(PNbBr)76°

6 AB DCE 95.0 104.3 N.D. 1.42 0.721
[(PNbPEG)s0-b-(PNbBr)70]

(PNbPEG)so-b—(PN—bBr)mc’d
7 AB [(PNbPEG) b(PNbB ) ] DCE 132.9 132.3 131.7 1.46 0.861
50~ T )50
(PNbPEG)70- - (PNbBr)25°

8 AB DCE 170.7 170.8 N.D. 1.64 0.935
[(PNbPEG)70-b-(PNbBr)30]

(PNbPEG)so-b—(PNbBr)w-b—(PNbdye)12“"1

9 ABC DCE 141.0 110.7 140.1 1.70 0.812
[(PNDBPEG)so-5-(PNbBr)3s-5-(PNbdye )15 ]

(PNbBr)17-b-(PNbPEG )4s-5-(PNbdye )15

10 BAC DCE 141.0 924 122.9 1.90 0.834
[(PNbBr)3s-b-(PNbPEG)so-b-(PNbdye) 5]

“Experimental composition is used to identify polymers throughout text. “Theoretical values were calculated from the initial monomer-to-G3 molar
ratio assuming [G3] = 1 equiv. and complete monomer conversion. Target number-average degree of polymerization (DPx) values are subscripted
after each block. “Determined via GPC calibrated with poly(styrene) standards (room temperature, 0.03 M LiClin DMF, 1 mL min™). ‘A% of the BBCP
was estimated by first assuming complete conversion of Nb-PEG (M1) (as observed by GPC and '"H NMR spectroscopy after polymerization of M1)
and then comparing the integrations of selected "H NMR resonances of the hydrophobic segments to those of PEG at §3.60-3.40 ppm (—~CH.CH.-)
(see Supporting Information for integrated spectra). “Pis the dispersity. “Hydrophilic fraction based on experimental composition. ¢ N.D. = not deter-

mined.

Concomitantly, ABC and BAC brush triblock copolymers were
also synthesized employing sequential copolymerization of the
monomers Nb-PEG, Nb-Br, and Nb-dye (Figure 2a). The Dvalues
for ABC and BAC BBCPs were 1.70 and 1.90 (Table 1), respec-
tively., similarly to the values of other triblock copolymers reported
in the literature.”® Considering the lower dispersity obtained for
(PNbPEG)so-b—(PNbBI‘)«)-b-(PNbdye)12 (BBCP9), Which is an
important parameter for drug delivery systems, we chose it as the
representative brush triblock polymer for subsequent studies. Step-
by-step analysis of the 'H NMR spectra along the growing of the pol-
ymeric chain (Figure 2b) indicated the presence of typical signals of
PEG chain at §3.72-3.48 ppm (-OCH.CH.O-), alkyl bromide
chain at § 3.37 ppm (—CH:Br), and cyanine dye moiety at &
7.58-6.99 ppm (aromatic H), providing evidence of the successful
formation of the desired BBCP (PNbPEG)so-b-(PNbBr)40-5-
(PNbdye)1.. '"H NMR spectroscopy also revealed high monomer
conversions. For the first and second blocks, the measured A, crc
were similar to the theoretically expected ones; however, the experi-
mental M, crc after incorporation of the third block was underesti-
mated in comparison to the theoretical M heor. value. We hypothe-
size that this is due to strong interactions between the GPC column

and the polymer, in particular the block containing the cyanine dye.
Thus, the DP, of each block of the ABC polymer was estimated by
assuming complete monomer conversion of Nb-PEG (M1) (as ob-
served by '"H NMR spectroscopy) and then comparing the integrals
of the peaks at 3.37 ppm (~CH:Br of the second block) and 7.58
ppm ( Huromatic of the third block) to those at 3.61 ppm of PEG meth-
ylene protons (Figure S79); close agreement between the theoreti-
cal and the experimentally measured block composition was ob-
served (Table 1).

Synthesis of Azide-Functionalized BBCPs via Bromide-Azide
Substitution. Following ROMP, we carried out a post-polymeriza-
tion bromide-azide exchange reaction to generate the azide-func-
tionalized BBCP (PNbPEG)5o-b-(PNbN3)4o-b-(PNbdye)12, as il-
lustrated in Figure 3a. The same methodology was employed for the
synthesis of (PNBPEG)so-5-(PNbN:)4s. Excess sodium azide (S
equiv. relative to bromide content) was used to ensure complete
conversion of each bromide to azide. After substitution, each azide-
functionalized polymer was purified via dialysis against deionized
water to remove excess sodium azide and DMF.
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Figure 2. (a) Schematic representation of synthesis of amphiphilic BBCPs by sequential graft-through ROMP reactions. (b) '"H NMR spectra of the
brush homopolymer (PNbPEG)so (Block A), the diblock (PNbPEG )so-b-(PNbBr)40 (Block AB) and the final BBCP (PNbPEG)so-5-(PNbBr)40-b-
(PNbdye)12in CDCl; (600 MHz). Green dots correspond to PEG resonance signals, red dots correspond to the alkyl bromide chain signals and blue
dots represent signals from the cyanine dye block. (c) GPC traces showing the step-by-step formation of (PNbPEG)so-b-(PNbBr)40-5-(PNbdye)12.

* Indicates peak corresponding to small amounts of unconverted monomer.

Spectroscopic analysis ("H NMR and FT-IR) of the obtained az-
ide-functionalized di- and triblock BBCPs was used to demonstrate
the successful conversion of the pendant bromides into azides. The
'H NMR spectrum of (PNbPEG)so-5-(PNbBr)4«o-b-(PNbdye):.
(red line in Figure 3b) shows a triplet peak at §3.37 ppm corre-
sponding to the methylene hydrogens adjacent to the terminal bro-
mide (CH:Br). After substitution of the halides with azide groups,
the signal at §'3.37 ppm disappeared and a new triplet upfield ap-
peared at §3.22 ppm (blue line in Figure 3b), which is assigned to
the CH:N; protons of (PNbPEG)so-5-(PNbN;)40-5-(PNbdye)1..
In addition, the FT-IR spectrum of the polymer after the halide-az-
ide exchange (blue traces in Figure 3c) show a new absorption band
at 2096 cm', which is characteristic of azide groups, confirming the
successful generation of BBCP-Ns. The extent of azides incorpo-
rated into the copolymer was determined via 'H NMR spectroscopy
(CDCls, 600 MHz) from the comparison of peak integrations of the
CH:N; protons at §3.22 ppm with the methylene protons of PEG
entity at §3.67-3.57 ppm (see integrated 'H NMR spectra of BBCP-
N; in the Supporting Information, Figure S83). The results indicate
that the conversion of the pendant bromides into azides was quanti-
tative. Similar spectroscopic analysis was also carried out for the cor-
responding brush diblock copolymers (PNbPEG)so-5-(PNbBr)4s
and (PNbPEG)so-b-(PNbN:)4s (see spectra in the Supporting

Information), which showed a quantitative generation of the azide-
functionalized polymer.

Synthesis of Drug-Functionalized BBCPs via Click Chemistry.
Copper-free strain-promoted alkyne-azide cycloaddition (SPAAC)
was used to covalently attach the clickable derivative BCN-PPT
(12) to the azide-functionalized BBCPs (Figure 3a). Clickreactions
are appealing for their orthogonality, mild reaction conditions, and
quantitative yields."! We employed SPAAC instead of the classical
copper-catalyzed alkyne-azide cycloaddition (CuAAC) to avoid
copper(I) contamination, which is a recognized cytotoxic ele-
ment.***** Moreover, this copper-free reaction has proven useful
for the quantitative functionalization of nanomaterials with wide-

spread bioapplications.®**

Successful formation of the BBCP-PPT conjugates was verified by
FT-IR spectroscopy. FT-IR spectra were acquired at different time
points to monitor the SPAAC coupling (see the final FT-IR spectra
of the di- and triblock conjugates in the Supporting Information).
The azide asymmetric stretching at 2096 cm™, present in the FT-IR
spectrum  of (PNbPEG)so-5-(PNbN3)s0-b-(PNbdye):.  (blue
traces in Figure 3c), is completely absent from the final drug-func-
tionalized BBCP (PNbPEG)so-b—(PNbPPT)w-b—(PNbdye)u
spectrum (green traces in Figure 3c), suggesting the completion of
the click reaction after 36 hours.
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Figure 3. (2) Schematic representation of the synthesis of BBCP-drug conjugates via post ROMP functionalization (bromide-azide substitution fol-
lowed by SPAAC reaction). (b) "H NMR spectra, and (c) FT-IR spectra comparing the corresponding bromide- ((PNbPEG)so-5-(PNbBr)40-5-
(PNbdye)1z, red traces), azide- ((PNbPEG)so-b-(PNbN3)0-b-(PNbdye) 1, blue traces) and drug-functionalized ((PNbPEG)so-5-(PNbPPT) - b-

(PNbdye)12, green traces) BBCPs.

According to 'H NMR spectroscopy (green line in Figure 3b), the
peak corresponding to the CF:N; protons at & 3.22 ppm disap-
peared, also indicating consumption of the azide after 36 hours. Ad-
ditionally, functionalization of the BBCP is evidenced by the pres-
ence of the peaks in the "H NMR spectrum originating from both
polymer and PPT portions. The integration ratio of signal at §6.02
ppm, corresponding to an olefinic proton of the PPT moiety, with
respect to the signal of the methylene protons of PEG chain
(-OCH.CH:0-) at §3.67-3.57 ppm suggest quantitative incorpo-
ration of the BCN-drug derivative into the BBCP (see Supporting
Information for integrated "H NMR spectra of the BBCP-PPT con-
jugates).

Self-Assembly of BBCPs in Aqueous Media. An attractive fea-
ture of amphiphilic brush copolymers is their ability to behave as
macrosurfactants even at very dilute concentrations. Owing to the
amphiphilic nature of the synthesized BBCPs containing relatively
long hydrophilic PEG side chains and short, similar length hydro-
phobic side chains, one can hypothesize that they spontaneously as-
semble in selected solvents into spherical micelles, as proposed by
Rzayev and coworkers.*,we hypothesized that they might spontane-
ously assemble in selected solvents into a variety of morphologies,
including spherical and cylindrical micelles. The formation of such
highly ordered molecular assemblies is controlled by the balance be-
tween the hydrophilic and hydrophobic contents of the copolymer
compositions, and can be predicted according to the equation devel-
oped by Discher et al:*

Fbite= X Nphiic phitie/ S Nowiic Mphitic +5 NohobicMphobic  €q. (1)

where fhiic is the hydrophilic fraction, i and mphobic are the mon-
omer mass of the hydrophilic and hydrophobic blocks that stablish
the total molecular weight of the polymer, respectively, and Npni
and Nphobic are the repeating unit numbers for the hydrophilic and
hydrophobic blocks, respectively. Block copolymers are expected to
form spherical micelles when £ > 0.5, worm-like micelles when 0.5
< Loniic < 0.4, vesicles for 0.4 < fiic < 0.25, and planar structures for
Lnite < 0.25. The values of fuiic reported in Table 1 indicate that all
BBCPs synthesized should self-assemble into spherical micelles.

We used nanoprecipitation followed by solvent exchange to in-
duce assembly of the brush copolymers into micellar aggregates with
a final concentration of 1 mg mL". Transmission electron micros-
copy (TEM) and dynamic light scattering (DLS) analyses were uti-
lized to characterize the formed micelles, and the results are summa-
rized in Table 2. Morphological investigation of the self-assembled
aggregates was carried out by TEM after dropping the aqueous solu-
tion onto carbon-coated copper grids following drying at room tem-
perature. As shown in Figure 4, TEM images confirmed that spheri-
cal nanosized micelles were obtained in all cases, suggesting that the
high side chain asymmetry in the brush structure dictated their pack-
ing mode.*

The hydrodynamic diameter, size distribution, and {-potential of
micelles in aqueous medium were determined by DLS analysis (Fig-
ure 4 and Table 2). Results show that the average size of the AB mi-
celles, namely blank@AB and PPT/AB micelles, is 38 + 19 nm and
52 + 31 nm, respectively, with polydispersity indices (PDI) of 0.26
and 0.35, which was smaller than their corresponding ABC micelles



(blank@ABC micelles: size = 48 + 30 nm, PDI = 0.39 and
ABC/PPT micelles: size = 80 + 42 nm, PDI = 0.28).
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Figure 4. Representative TEM images and DLS size distribution curves of: (a,b) Blank@AB, (c,d) PPT/AB, (e,f) PTX@AB, (gh) Blank@ABC, (i)
PPT/ABC, and (k1) PTX@ABC assembled BBCP micelles in aqueous medium. See Table 2 for more details. DLS results are presented in percentage

by number and were collected in triplicate.

Table 2. Characterization data of self-assembled micelles based on BBCPs with and without paclitaxel (PTX).*

Micelle Name BBCP Composition size’ (nm) PDI’ | {-potential’ (mV) LC(%) | EE%(%)
Blank@AB (PNbPEG)so-b-(PNbBr) s 38+ 19 026 | 21+08 - -
PPT/AB (PNbPEG)so-b-(PNbPPT) 52131 035 | -1.5+05 - -
PTX@AB (PNbPEG)so-b-(PNbBr) s 89 +39 020 | 21+03 2210 93+1
Blank@ABC (PNbPEG)so-b-(PNbBr)o0-5-(PNbdye)12 48 +30 039 | -1.5+07 - -
PPT/ABC (PNbPEG)so-b-(PNbPPT)so-5-(PNbdye)» | 80+ 42 028 | -09+04 - -
PTX@ABC (PNbPEG)so-b-(PNbBr)0-5-(PNbdye)12 102 + 53 027 | -19+07 2210 94+ 1

“Abbreviations: PDI = polydispersity index; LC = loading content; EE = encapsulation efficiency. “In 0.01 M PBS (pH 7.4). “Determined using DLS
analysis. ‘LC (wt %) = (weight of PTX in the micelles/ weight of PTX-loaded micelles) x 100. “EE (wt %) = (weight of PTX in the micelles/ weight of
PTX in feed) x 100. “Determined using RP-HPLC measurements. Each value is expressed as mean + SD from three independent measurements.

Since both AB and ABC micelles present an equal length of the hy-
drophilic PEG block, larger micelles were produced possibly due to
the presence of the bulky cyanine dye moieties in the ABC micelles,
which are expected to be in their core because of the increased hy-
drophobicity brought by the two C6-alkyl chains. Nanomaterials
with hydrodynamic sizes of 10-200 nm can greatly reduce their

kidney clearance, capture by the macrophages, and prolong blood
circulation, thereby accumulating at the tumor site through the EPR
effect.’

The nanoscale size presented by the assembled micelles in aque-
ous solution allows them to be used as carriers for other hydrophobic
anticancer compounds, like the potent drug paclitaxel (PTX). Thus,



as a demonstration of the versatility of our nanosystems, we selected
blank@AB and blank@ABC micelles to encapsulate PTX to evalu-
ate the behavior of PTX-loaded micelles in in vitro cytotoxicity stud-
ies. During micelle formation, PTX was encapsulated into the hydro-
phobic core. The resulting micelles (PTX@AB and PTX@ABC)
were spherical in nature (Figures 4e and 4k, respectively) with aver-
age sizes of 89 + 39 nm and 102 * 53 nm, respectively (Table 2, and
Figures 4f and 41). The average sizes of PTX-loaded AB and ABC
micelles are larger when compared to their corresponding
blank@AB and blank@ABC micelles, suggesting successful encap-
sulation of PTX. Furthermore, representative TEM images showed
that encapsulation did not disturb the spherical micellar structures.
High loading contents (LC) of 22% were obtained, as well as high
encapsulation efficiencies (93% and 94%) for PTX@AB and
PTX@ABC micelles, respectively. We suggest that these results can
be attributed to the presence of hydrophobic interactions between
the hydrophobic anticancer drug and the hydrophobic core.

According to {-potential measurements (Table 2), all micelles
have a neutral surface charge, which is consistent with the dense
outer PEG shell. Particles with low {-potential values (-10 mV to
+10mV) rapidly tend to aggregate. The steric stabilization provided
by PEG chains, however, avoids micelle aggregation, as confirmed
by DLS and TEM results (Figure 4).

The stability of the nanoformulations is a key parameter for their
use in drug delivery applications. While nanosystems should be sta-
ble under physiological conditions to protect drugs from premature
degradation and release, a stimuli responsive behavior, such as pH-
responsiveness, is desirable to trigger the drug release when the
nanosystem reaches the acidic tumor environment. We assessed the
stability of our blank micelles under three different conditions at 37
°C: (i) 0.01 M PBS, pH 7.4, (ii) cell culture medium (RPMI) sup-
plemented with 10% fetal bovine serum (FBS), pH 7.4, and (iii) 0.1
M acetate buffer, pH $.5, through monitoring their sizes over a pe-
riod of three days, using DLS measurements. No significant changes
in the average sizes of both micelles were observed in 0.01 M PBS
solution (pH 7.4) during the 72 hours (Figure Sa). Whereas, a slight
increase of around 10 nm in micelles size was observed in RPMI +
10% FBS over the same period. These findings demonstrate the
good colloidal stability of the micelles under physiological condi-
tions, and the low tendency to aggregate even in a protein-enriched
medium, likely due to the highly dense PEG surface coverage. The
presence of PEG on the nanoparticle (NPs) surfaces is well-recog-
nized to shield the surface from aggregation, inhibiting nonspecific
interactions with serum proteins and consequently reducing macro-
phage uptake, leading to a prolonging of NPs systemic circulation
time.’

Incubation in 0.1 M acetate buffer (pH $.5) mimicking the mildly
acidic microenvironment of tumors and endosomal/lysosomal com-
partments resulted in an increase of around 25 nm in the hydrody-
namic size of blank@ABC micelles over 48 hours (Figure Sb). Ag-
gregates with larger sizes and broader size distributions also emerged
during this period, indicating some disassembly in the nanosytem
promoted by the weakly acidic pH and, thus, a pH-responsive char-
acter of these micelles in solution.

In Vitro Drug Release. To simulate the drug release under bio-
logical conditions, the in vitro drug release profile of the PPT-
conjugated and PTX-loaded micelles over time upon exposure to
mildly acidic and physiological buffered conditions at 37 °C was in-
vestigated. As depicted in Figure Sc, PTX@AB and PTX@ABC mi-
celles displayed minimal PTX release (ca 5%) at 0.01 M PBS (pH

7.4), which can be attributed to the escape of weakly interacting PTX
molecules in the core of the NPs. These results corroborate those
obtained in the stability studies, confirming that the self-assembled
micelles are stable under physiological conditions. In turn, drug re-
lease profile at pH 5.5 reveals that 44% and 48% of PTX were re-
leased in a sustained manner from PTX@AB and PTX@ABC mi-
celles, respectively, within 48 hours. These results clearly demon-
strate that the release rates of PTX from PTX-loaded micelles are ac-
celerated at acidic medium, presumably due to the pH-induced de-
stabilization of the micellar structures, which leads to a faster drug
leakage through the micellar scaffold.
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Figure S. (a) Size changes of blank@AB and blank@ABC micelles over
time under physiological conditions at 37 °C by DLS measurements. (b)
Size changes of blank@ABC micelles over time at pH 5.5 at 37 °C by
DLS measurements. (c) In vitro drug release profile of PTX from
PTX@AB and PTX@ABC micelles at pH 5.5 and pH 7.4 at 37 °C dur-
ing 48 h.

From an in vivo point of view, the low drug release at physiological
pH along with the relatively elevated and sustained release of PTX at
mildly acidic condition are useful features for preventing premature
release in the blood stream and ensuring that the loaded drug may
be effectively released inside the target tumor cells, respectively.
Overall, the incomplete amount of drug released from the micelles
at pH 5.5 over 48 hours suggests strong hydrophobic interactions
between PTX and the hydrophobic core, and stable micelles, in

agreement with previous reports about micellar drugs.*****’



For PPT/AB and PPT/ABC micelles, negligible amount of PPT
under acidic and physiological conditions at 37 °C over 48 hours was
observed. In this case, we expect that an efficient release of PPT from
these micelles in the tumor microenvironment occurs via enzymatic
degradation upon cell internalization.

Photophysical Studies. The triblock brush copolymers contain a
short block containing an NIR dye designed to easily follow cellular
uptake and localization of our nanosystems. The photophysical
properties of monomer Nb-dye (M3), as well as the precursor cya-
nine dyes 6 and 7 in different organic solvents were investigated. The
complete set of NIR-UV-vis absorption and emission properties for
the synthesized cyanine dyes is displayed in the Supporting Infor-
mation (Figures S20 — $33, and Table S1).

Monomer Nb-dye displayed an absorption band with maximum
absorption wavelength (Amw) at 709-727 nm depending on the sol-
vent (Figures $34 — S40, and Table S1). Also, high molar extinction
coefficients (&) were obtained for this monomer, ranging from S x
10°*M" em™in THF to 14 x 10* M cm™ in DCM. Contrary to some
reported cyanine dyes that are known to aggregate in solution
through plane-to-plane stacking forming H-type aggregates, or
through head-to-tail arrangement leading to J-type aggregates,” our
results demonstrate no tendency of monomer Nb-dye to form J-
type aggregates and only limited amounts of H-type aggregates can
be found in bands at shorter wavelength region (hypsochromic
shift) in most of the studied solvents. Similar behavior was also re-
cently reported by us for a similar cyanine dye.”

The emission spectrum of monomer Nb-dye in the NIR region
shows a maximum emission peak around 800 nm in all solvents. As
expected, monomer Nb-dye displayed Stokes shifts of ~ 90 nm that
are much larger than the typical Stokes shifts of other fluorescent
dyes, like its precursor meso-chloro cyanine dye 6 (Table S1). The
large Stokes shift observed in amino-substituted cyanine dyes is fre-
quently assigned to an intramolecular charge transfer (ICT) be-
tween donor and acceptor in the dyes, although clear experimental
evidence of this photophysical feature has not been fully reported.*”
20838 Notwithstanding, this makes it less susceptible to self-quench-
ing and a promising candidate to be used as the fluorophore in drug
delivery systems.

The NIR-UV-vis absorption and emission spectra of the cyanine
dye-functionalized BBCPs in DCM and dimethylsulfoxide
(DMSO) displayed the same maxima locations (absorption and
emission) and band shape as the Nb-dye, confirming the successful
introduction of the cyanine moiety into the polymers without inter-
fering in its optical properties (Figures S41 — S46, and Table S1).
The absorption and emission spectra of the micelles, in 0.01 M PBS
buffer at pH 7.4 (Figures $47 — $47), demonstrate successful preser-
vation of optical characteristics of monomeric dye (Nb-dye) in
aqueous conditions. Interestingly, NIR-UV-vis absorption spectrum
of blank@ABC micelles exhibited low tendency for H-aggregation
in buffered aqueous solution (Figure S47).

Cellular Uptake Assay. Confocal laser scanning microscopy

(CLSM) was employed to investigate the cellular uptake of NIR flu-
orescent blank@ABC and PPT/ABC micelles in tumor and normal

cells. The nuclei of the cells were stained with Hoechst 33382 (pre-
sented in blue), whereas Alexa Fluor 555 Phalloidin allowed to label
the cytoskeleton (presented in red) through the binding of phal-
loidin to F-actin. Green color was chosen in the confocal software
for representing the fluorescence of the NIR-dye present in the
blank@ABC and the PPT/ABC micelles.

As shown in Figure 6, after eight hours of incubation with
blank@ABC micelles, treated MCF-7 cell line showed some inten-
sity of NIR fluorescence, as represented by green color, indicating
that micelles were quickly internalized into the cell membrane and
diffused in both cytoplasm and the cell nuclei. Using the same set-
tings during acquisition of images it can be observed that the inten-
sity of fluorescence signal of blank@ABC micelles inside cells sub-
stantially increased with prolonged incubation time (24h).

The cellular uptake of PPT/ABC micelles was also investigated in
MCF10A, MCEF-7 and PC3 cells. In Figure 7a it can be noticed that
MCE-7 breast cancer cells and PC3 prostate cancer cells presented
stronger intracellular fluorescence signal than the normal breast cells
MCFI10A after 24 hours. Indeed, the mean fluorescence intensity of
green color analyzed by Image J software (Figure 7b) confirms that
PPT/ABC micelles were uptaken more efficiently by cancer cells
(MCF-7 and PC3) than by healthy cells (MCF10A).

To further support the cellular uptake of both blank@ABC and
PPT/ABC micelles, orthogonal projections of CLSM images
showed in Figures 6 and 7a were built (Figures S108-S111). The im-
ages confirm the previous findings, indicating the presence of green
fluorescence from micelles inside cell nuclei and cytoplasm.

CLSM was used only as a supporting tool to demonstrate cell up-
take for this proof-of-concept study. Due to restrictions of the con-
focal laser scanning microscopy instrument, an excitation laser of
633 nm for cyanine dye channel was used, and its fluorescence was
detected at 661-759 nm, which are significantly far from the maxima
absorption and fluorescence wavelengths in their spectra (Figures
S47 — $49). As consequence, a weak fluorescence intensity of both
micelles was observed, in contrast to the intense fluorescence in their
emission spectra. Nevertheless, the results indicate the potential of
our nanosystems as probes for biomedical imaging.

In Vitro Cytotoxicity Assay. The cytotoxicity of the blank, PPT-
conjugated and PTX-loaded micelles was assessed by colorimetric
assay using the Cell Counting Kit-8 (CCK-8 assay), after incubation
of cells for 48 hours with varied concentrations of each compound.
The in vitro experiments were performed using cultured monolayers
of human healthy and cancer cell lines: MCF-7 (breast adenocarci-
noma), PC3 (prostate adenocarcinoma), MCF10A (normal breast
cells), PNT2 (normal prostate cells), and MDA-MB-231 (triple
negative breast cancer cells).

Blank@AB and blank@ABC micelles displayed no significant cy-
totoxicity in the different cell lines over the range of concentrations
analyzed, with cell viabilities above 80% after 48 hours treatment
(Figures 8 and S88, respectively), even when the concentration of
the micelles was as high as 1 mg mL". These data are encouraging
because they suggest an inherent non-toxicity and good biocompat-
ibility of the blank micelles towards a panel of different cell lines.
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Figure 6. Confocal laser scanning microscopy images of MCE-7 cells showing the subcellular localization of nuclei (Hoechst 33342 stained, blue chan-
nel), F-actin cytoskeleton (Alexa Fluor 555 Phalloidin, red channel) and blank@ABC micelles (green channel). The cells were incubated with
blank@ABC micelles for 8 hours and 24 hours at 37 °C. Scale bars represent 20 pm.
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Figure 7. (a) Confocal laser scanning microscopy images of MCF10A, MCF-7, and PC3 cells showing the subcellular localization of nuclei (Hoechst
33342 stained, blue channel), F-actin cytoskeleton (Alexa Fluor 555 Phalloidin, red channel) and PPT/ABC micelles (green channel). The cells were
incubated with PPT/ABC micelles for 24 hours at 37 °C. Scale bars represent 20 pm. (b) Mean fluorescence intensity of green color between different
groups (calculated using Image J software). One-way ANOVA was performed for group comparison and significant differences were observed among
all groups (***p<0.05). Data are reported as mean + SD.
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Figure 8. Cell viability of different cell lines treated with blank@ABC

micelles at varying concentrations for 48 hours. Data are presented as
mean * SD of two independent experiments, each one performed in trip-
licate. One-way ANOVA followed by Tukey’s post-hoc test did not re-
veal a significant difference (ns) for all comparisons (p>0.05).

PPT-conjugated and PTX-loaded micelles exhibited similar high
cytotoxicity as the free piplartine (PPT) and paclitaxel (PTX)
against cancer cells (Table 3). We also used the cytotoxic 4-hydroxy-
piplartine (4-HOPPT) as positive control, which after enzymatic hy-
drolysis should be released from the PPT-conjugated micelles.
PPT/AB and PPT/ABC micelles displayed ICso values of 3.0 £ 0.1
puM and 5.5 £ 0.7 pM, respectively, on PC3 cells, which are slightly
lower than the ICso value of free PPT (7.2 + 0.4 pM). No significant
difference in ICso values were observed for the two micelles and PPT
against MCF-7 cells. These PPT-conjugated micelles were less cyto-
toxic than the pristine drug on normal MCF10A cells, ze. free PPT
destroyed these normal cells unselectively, while treatment with the
micelles could maintain higher cell viability after 48 hours, as
demonstrated by the higher S.I. values for the micelles. Similar out-
comes were also obtained for the PTX-loaded micelles. While no sig-
nificant decrease in cytotoxicity was observed for PTX@AB and
PTX@ABC micelles in comparison to PTX against MCF-7 cells, mi-
celles were more selective than the free drug against breast cancer
cells. These comparative studies not only strongly suggest that mi-
celles are effective to penetrate cell membrane and perform con-
trolled drug release triggered by the tumor-specific environment,
but also show the potential application of micelles from BBCPs as
selective anticancer drug nanocarriers both via drug conjugation and
encapsulation. Our nanosystems demonstrated the desirable fea-
tures to minimize the side-effects of two cytotoxic compounds while
slightly increased the maximal therapeutic effect for targeted dis-
eases. Moreover, the selectivity index is expected to be amplified in
in vivo studies due to the addition of the EPR effect and higher tu-
mor accumulation of the nanosystems.

Table 3. In vitro cytotoxic activities of studied micelles and free
anticancer compounds against different human cell lines® using
CCK-8 assay.

Sample 1Cs0 (M) SLe
MCE-7 | MCFI10A PC3
PPT 5.3+04 5.5+0.1 72104 1.0
4HOPPT | 73%L1 | 56%00 | 54201 | 07
AB/PPT | 55:02 | 79%06 | 30x0.1 | 14
ABC/PPT | 6300 | 121£08 | 55%07 | 19
PTX 25£00 | 33%05 ND. 13
PTX@AB | 27+13 | 52%09 ND. 19
PTXg‘)AB 26+11 | 67+06 N.D. 26

2MCF-7: breast cancer cell line; MCF10A: normal breast cell line; PC3:
prostate cancer cell line. * The half maximum inhibitory concentration
(ICs0) values are the mean + SD from two independent experiments per-
formed in triplicate per plate. © SI: selectivity index defined as the ratio
between the ICso value in the normal cell line MCF10A to the ICso value
in the cancer cell line MCF-7: SI= ICso (MCF10A)/ ICso (MCEF-7).
ND: not determined.

CONCLUSIONS

In summary, We have demonstrated the successful synthesis,
characterization, and self-assembly of multifunctional amphiphilic
poly(norbornene) brush block copolymers for drug delivery and bi-
ological imaging was demonstrated. A detailed investigation of the
ROMP behavior of all norbornene-functionalized monomers initi-
ated by Grubbs’ third generation initiator, including their livingness
and polymerization times, was carried out. Using optimized
polymerization conditions and a combination of one-pot sequential
grafting-through ROMP of the norbornene-based monomers, fol-
lowed by halide-azide substitution and copper-free SPAAC, well-de-
fined amphiphilic brush block copolymers containing hydrophilic
PEG, the anticancer compound piplartine and/or a NIR fluorescent
cyanine dye in their side-chains were obtained. The aqueous self-as-
sembly behavior of these amphiphilic brush block copolymers was
investigated, which revealed spherical micelles with nanoscale sizes
with the capacity to efficiently encapsulate the anticancer drug
paclitaxel. The amphiphilic brush block copolymers were self-as-
sembled into spherical micelles in aqueous medium, using a nano-
precipitation method and solvent exchange, with particle sizes rang-
ing from 30 to 110 nm and low polydispersities. The efficient encap-
sulation of paclitaxel into the micelles during self-assembly was also
achieved evaluated and high loading content and encapsulation effi-
cacy were obtained. The micelles demonstrated excellent preserva-
tion of photophysical properties of monomeric dye (Nb-dye), such
as large Stokes shifts and strong fluorescence in the NIR region, as
well as exhibited high colloidal stability at physiological conditions
and a pH-induced destabilization under mildly acidic condition. Re-
lease studies at 37 *C over 48 hours showed that 40-50% of PTX was
released in a controlled manner at pH 5.5, while less than 10% mini-
mal amount of the drug was released at pH 7.4, suggesting a pH-re-
sponsive behavior. Inn vitro assays show the low toxicity of blank mi-
celles even at high concentrations of 1 mg mL". In turn, the micelles
containing attached piplartine or encapsulated paclitaxel in their
structures exhibited similar cytotoxicity but enhanced selectivity to-
wards human cancer cells (MCF-7 and PC3) in comparison to the
free drugs. CSLM images unambiguously showed that both
blank@ABC and PPT/ABC micelles were efficiently internalized
into the cancer cells. Overall, the results obtained with show that our



micelles make them are promising nanosystems for nan-
otheranostics and encouraging for further evaluation of in vivo anti-
cancer activity in systemic delivery taking advantage of the EPR ef-
fect. Further research in our group will also is exploringe the design
of novel stimuli-responsive linkers, the attachment of brush block
copolymers BBCPs via Click chemistry with of other functionalities
(e.g., targeting moieties), incorporation of degradable units within
the brush copolymer backbone, as well as and the encapsulation of
other bioactive compounds, providing access to new multifunctional
brush block copolymers with potential for nanomedicine applica-
tions.
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