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ABSTRACT: This contribution describes the design and synthesis of multifunc-
tional 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 grafting-through ring-opening
metathesis polymerization (ROMP) of norbornene-based macroinitiators. The
norbornenes employed contain a poly(ethylene glycol) 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 strain-promoted azide−alkyne cycloaddition
(SPAAC) allowed for the functionalization of the BBCPs with the 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
analysis and transmission electron microscopy. During self-assembly, paclitaxel (PTX) could be effectively encapsulated into the
hydrophobic core to form stable PTX-loaded micelles with high loading capacities and encapsulation efficiencies. The NIR
fluorescent dye-containing micelles exhibited remarkable photophysical properties, excellent colloidal stability under physiological
conditions, and a pH-induced disassembly under slightly acidic conditions, allowing for the release of the drug in a controlled
manner. The in vitro studies demonstrated that the micelles without the drug (blank micelles) are biocompatible at concentrations of
up to 1 mg mL−1 and present a high cellular internalization capacity toward 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
into the tumor environment upon cellular internalization. Furthermore, the drug-functionalized micelles exhibited higher selectivity
than the pristine drugs and preferential cellular uptake in human cancer cell lines (MCF-7 and PC3) when compared to the normal
breast cell line (MCF10A). This study provides an efficient strategy for the development of versatile polymeric nanosystems for drug
delivery and image-guided diagnostics. Notably, the easy functionalization of BBCP side chains via SPAAC opens up the possibility
for the preparation of a library of multifunctional systems containing other drugs or functionalities, such as target groups for
recognition.

■ INTRODUCTION
Chemotherapy is currently the most widely adopted strategy
for treating various types of cancer, playing a fundamental role
both in cure and in extension of patients’ survival.1,2 Owing to
the lack of targeting capability and non-specific accumulation,
however, chemotherapeutic agents attack non-cancer cells,
leading to acute side effects. In addition, since most anticancer
compounds have low water solubility and consequently limited
bioavailability, they require to be solubilized using high
concentrations of surfactants or co-solvents, frequently leading
to adverse effects.3,4 These limitations compromise the success
of treatments, and recent research efforts have focused on
developing new and more precise delivery strategies.
Research in cancer nanomedicine has achieved significant

progress in recent years through the development of
nanocarriers that improve the biodistribution, effectiveness,
tumor targeting, and accumulation, thereby enabling the

enhancement of the balance between the therapeutic efficacy,
selectivity, and overall toxicity of chemotherapeutic drugs.5−9

Since the successful development of Doxil (PEGylated
liposomes containing doxorubicin) as the first FDA-approved
nanodrug,10 a range of nanomedicines have received regulatory
approval or are under clinical investigation for the treatment of
various types of cancer.11−13 Nanomaterial-based drug delivery
systems have shown prominent accumulation in tumors
mediated by the enhanced permeability and retention (EPR)

Received: September 12, 2021
Revised: October 21, 2021
Published: November 15, 2021

Articlepubs.acs.org/Biomac

© 2021 American Chemical Society
5290

https://doi.org/10.1021/acs.biomac.1c01196
Biomacromolecules 2021, 22, 5290−5306

D
ow

nl
oa

de
d 

vi
a 

PU
R

D
U

E
 U

N
IV

 o
n 

D
ec

em
be

r 
27

, 2
02

1 
at

 1
6:

05
:3

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carolyne+B.+Braga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ronaldo+A.+Pilli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Catia+Ornelas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marcus+Weck"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.biomac.1c01196&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01196?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01196?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01196?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01196?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01196?fig=abs1&ref=pdf
https://pubs.acs.org/toc/bomaf6/22/12?ref=pdf
https://pubs.acs.org/toc/bomaf6/22/12?ref=pdf
https://pubs.acs.org/toc/bomaf6/22/12?ref=pdf
https://pubs.acs.org/toc/bomaf6/22/12?ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Biomac?ref=pdf
https://pubs.acs.org/Biomac?ref=pdf


effect, which is based on the high permeability of the tumor
vasculature to nanomedicines due to disordered endothelial
cells and large fenestrations, in addition to the poorly
lymphatic drainage in tumor tissues that causes the retention
of the nanomaterials.5,7,9 To exploit the EPR-based tumor
targeting following systemic delivery, physicochemical proper-
ties of nanocarriers such as the size, surface charge, and shape
have to be controlled to allow for selective extravasation into
tumors based on anatomical differences between normal and
diseased tissues to avoid unspecific interactions with blood
components, to extend their circulation half-life and to prevent
fast clearance.14,15 Typical nanocarrier systems that address
these issues include liposomes, vesosomes, dendrimers,
polymeric nanoparticles, interlocked nanomaterials, and
polymeric micelles.16−23

Polymeric micelles self-assembled from amphiphilic block
copolymers represent a promising platform for drug delivery
applications since their size is on the nanoscale (∼10−200
nm), therefore, effectively and selectively penetrating tumor
tissues. Polymeric micelles are fabricated rapidly from a large
library of inexpensive starting materials and have tunable
solubilization/dispersion properties to engineer in vivo
performance.24−26 The properties of such micellar assemblies
are strongly dependent on the architecture of their
corresponding polymeric building blocks and, ultimately, the
method employed in their synthesis. A variety of amphiphilic
block copolymers with unique architectures have been
investigated for drug delivery applications, including linear
block copolymers and complex architectures such as brush and
star-like polymers.27−30

Living ring-opening metathesis polymerization (ROMP) is
one of the most powerful methods for synthesizing well-
defined amphiphilic block polymers with controlled molecular
weights (MW) and low dispersities (Đ).31,32 The sequential
ROMP of norbornene-based monomers following the
“grafting-through” strategy is an effective methodology for
the preparation of highly branched amphiphilic brush
copolymers (also known as molecular brushes or bottlebrush
copolymers) with unique self-assembly, drug delivery, and

imaging capabilities.29,32−38 This is possible due to the
exceptional functional group tolerance of highly active Grubbs
initiators and the mild reaction conditions required.39

A few reports have explored amphiphilic brush diblock and
ABA-triblock copolymers synthesized via sequential ROMP for
both drug delivery and imaging applications.40−44 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.42 Cheng et al. reported poly-
(norbornene) diblock brush co-polymer−paclitaxel conjugates
with acid-sensitive cyclic acetal-based linkages, which exhibited
a sustained delivery of paclitaxel (PTX) into cancer cells.43

Random ABC brush copolymers prepared through statistical
ROMP have also been reported.45 Despite these advances, the
preparation of well-defined amphiphilic poly(norbornene)
brush triblock copolymers via sequential ROMP for drug
delivery applications is very limited.46−48 Diblock and ABC-
triblock copolymers with well-defined architectures designed to
self-assemble into stimuli-responsive and near-infrared (NIR)
fluorescent micelles that carry anti-cancer drugs, as the
prepared ones in this work, 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(norbornene) copoly-
mers in vitro.
Natural products are an invaluable source of therapeutic

agents and have driven drug discovery due to their broad
spectrum of biological activity and specific molecular target.49

Piplartine (PPT, also known as piperlongumine, Figure 1) is a
naturally occurring alkaloid isolated from Piper longum L. (long
pepper) that possesses multiple pharmacological activities such
as anti-inflammatory, anxiolytic, antidepressant, antileishma-
nial, neuroprotective, antiplatelet, and antineoplastic activ-
ities.50−52 PPT has been studied as a potential anticancer agent
since it exhibits cytotoxicity against different types of cancer
cells50,51,53−58 and presents antitumor properties in animal
models.57,59,60 PPT induces cell death preferentially by
elevating reactive oxygen species (ROS) levels in the

Figure 1. Schematic illustration of the synthesis of well-defined amphiphilic brush block copolymers (BBCPs) and the preparation of
multifunctional fluorescent polymeric micelles from BBCPs.
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intracellular medium.55,61,62 Additionally, 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.53,61 Studies on the structure−activity
relationship (SAR) have indicated that the α,β-unsaturated δ-
lactam moiety, acting as a Michael acceptor for nucleophiles
available in the biological environment, is the key pharmaco-
phore essential to its cytotoxicity and ROS-generating activity,
whereas the exocyclic olefin is important for its potency.63 This
potential anticancer characteristic of PPT makes it an
appealing compound for further development. One short-
coming of PPT, however, is its poor water solubility (26 μg/
mL)64 that affects its bioavailability and toxicity toward 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 delivery
system enables us 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 BBCPs bearing both therapeutic and imaging
functionality into a single system for nanotheranostics (Figure
1). The polymerization behavior of all new norbornenes,
including their living character throughout the polymerization,
was evaluated, and the ROMP conditions were optimized to
tune the ratios of hydrophilic to hydrophobic chains. The well-
defined AB-diblock and ABC-triblock BBCPs were synthesized
through a one-pot multi-step sequential grafting-through
ROMP initiated by a Grubbs’ third-generation 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 fluorescent cyanine dye moieties in its side
chains. Drug functionalization was accomplished by converting
the terminal bromide groups to azides followed by the copper-
free strain-promoted azide−alkyne cycloaddition (SPAAC)
attaching a PPT derivative to the polymeric nanocarrier via an
ester linker designed to undergo enzymatic hydrolysis in the
tumor microenvironment. The BBCPs were characterized by
1H NMR spectroscopy, Fourier transform infrared (FT-IR)

spectroscopy, and gel-permeation chromatography (GPC).
The self-assembly of these BBCPs was investigated by dynamic
light scattering (DLS) and transmission electron microscopy
(TEM). In addition, we also investigated the potential of these
micellar assemblies to encapsulate the anticancer drug PTX.
The photophysical properties of the NIR fluorescent micelles
in aqueous solution, 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.

■ EXPERIMENTAL SECTION
Materials and Methods. All reagents were purchased from

commercial suppliers and used as received unless otherwise specified.
All solvents were purchased with “certified ACS” grade or higher
quality. Anhydrous solvents were either prepared with a solvent
purification system by filtration of HPLC grade solvents through
alumina or purchased in sealed bottles and used under an inert
atmosphere. Column chromatography was performed using silica gel
60 Å (230−400 mesh) from Sorbent Technologies. Dialysis was
performed using a Spectra/Por 6 dialysis membrane with a molecular
weight cutoff (MWCO) of 8000 kDa after ROMP and 3500 kDa after
azide−halide exchange and SPAAC reactions. RPMI-1640, Dulbec-
co’s modified phosphate-buffered saline (DMPBS, pH 7.4), and
0.25% trypsin−EDTA solution (Gibco) were purchased from
ThermoFisher Scientific (Itapevi, SP, Brazil). Fetal bovine serum
(FBS) was purchased from Cultilab Materiais para Cultura de Ceĺulas
(Campinas, SP, Brazil). Cell Counting Kit-8 (CCK-8) was purchased
from Sigma-Aldrich. Hoechst 33342 and Alexa Fluor 555 Phalloidin
were obtained from Life Technologies. Instrumentation information
can be found in the Supporting Information.

Synthesis of Norbornene-Based Monomers and Their
Precursors. All monomers and their precursors used in this study
were synthesized from cis-5-norbornene-exo-2,3-dicarboxylic anhy-
dride (1). Detailed procedures for these syntheses are described in the
Supporting Information.

Synthesis of the Clickable PPT Derivative and Its
Precursors. Detailed procedures for these syntheses are described
in the Supporting Information.

General Procedure for Sequential ROMP Polymerization.
All bromo-functionalized brush (homo-, di-, or triblock) (co)-
polymers were synthesized as follows. The brush triblock copolymer
(PNbPEG)50-b-(PNbBr)40-b-(PNbdye)12 is given as an example.
First block: in a glovebox filled with N2, the monomer Nb-PEG (M1)

Table 1. Characterization Data of Amphiphilic BBCPs Synthesized by ROMP

Mn (kDa)

BBCP code type experimental compositiona [target compositionb] solvent Theor.a GPCc NMRd Đc,e

1 AB (PNbPEG)30-b-(PNbBr)59
c [(PNbPEG)30-b-(PNbBr)70] DCM 95.0 90.9 N.D.f 1.45

2 AB (PNbPEG)42-b-(PNbBr)45
c [(PNbPEG)50-b-(PNbBr)50] DCM 132.9 112.7 N.D. 1.56

3 BA (PNbBr)40-b-(PNbPEG)63
c [(PNbBr)30-b-(PNbPEG)70] DCM 170.7 159.4 N.D. 1.96

4 BA (PNbBr)68-b-(PNbPEG)52
c [(PNbBr)50-b-(PNbPEG)50] DCM 132.9 143.5 N.D. 1.50

5 BA (PNbBr)77-b-(PNbPEG)30
c [(PNbBr)70-b-(PNbPEG)30] DCM 95.0 97.4 N.D. 1.48

6 AB (PNbPEG)33-b-(PNbBr)76
c [(PNbPEG)30-b-(PNbBr)70] DCE 95.0 104.3 N.D. 1.42

7 AB (PNbPEG)50-b-(PNbBr)48
c,d [(PNbPEG)50-b-(PNbBr)50] DCE 132.9 132.3 131.7 1.46

8 AB (PNbPEG)70-b-(PNbBr)29
c [(PNbPEG)70-b-(PNbBr)30] DCE 170.7 170.8 N.D. 1.64

9 ABC (PNbPEG)50-b-(PNbBr)40-b-(PNbdye)12
c,d [(PNbPEG)50-b-(PNbBr)35-b-(PNbdye)15] DCE 141.0 110.7 140.1 1.70

10 BAC (PNbBr)17-b-(PNbPEG)45-b-(PNbdye)15
c,d [(PNbBr)35-b-(PNbPEG)50-b-(PNbdye)15] DCE 141.0 92.4 122.9 1.90

aExperimental composition is used to identify polymers throughout the text. bTheoretical 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 (DPn) values are
subscripted after each block. cDetermined via GPC calibrated with poly(styrene) standards (room temperature, 0.03 M LiCl in DMF, 1 mL min−1).
dMn of the BBCP was estimated by first assuming complete conversion of Nb-PEG (M1) (as observed by GPC and 1H NMR spectroscopy after
polymerization of M1) and then comparing the integrations of selected 1H NMR resonances of the hydrophobic segments to those of PEG at δ
3.60−3.40 ppm (−CH2CH2−) (see the Supporting Information for integrated spectra). eD̵ is the dispersity. fN.D. = not determined.
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(233.8 mg, 0.103 mmol, 50 equiv) was carefully added to the bottom
of a small vial containing a stirring bar. Anhydrous and degassed 1,2-
dichloroethane (DCE, 1755 μL) was added directly over the white
solid via a micropipette, and the resulting solution (at a concentration
of 0.059 M) was stirred gently to ensure complete dissolution of
monomer M1. In another vial, a stock solution of Grubbs third-
generation initiator (G3, 5 mg G3 mL−1, in DCE) was freshly
prepared. The appropriate volume of solution of the G3 initiator (300
μL, 2.06 × 10−6 mol, 1 equiv) was quickly added to the vial
containing the monomer M1 solution under stirring, achieving a final
M1 concentration of 0.05 M. The solution immediately turned from
green to light brown, indicating the initiation of the polymerization.
The viscous reaction mixture was capped and stirred at room
temperature for 45 min until complete conversion of the first
monomer. If only the brush homopolymer is desired, the polymer-
ization can be quenched with excess of ethyl vinyl ether (EVE).
Second block: after the first block preparation, 100 μL of a freshly
prepared stock solution (0.686 M) of monomer Nb-Br (M2) (26.2
mg, 6.86 × 10−5 mol, 35 equiv) in anhydrous and degassed DCE was
quickly added just above the top of the stirring polymerization
mixture. Once all the monomer M2 has been added, the reaction vial
was capped, and the stirring at room temperature was continued for
further 15 min. If only the brush diblock copolymer is desired, the
polymerization can be quenched with an excess of EVE. Third block:
after the complete conversion of the second monomer, 100 μL of a
freshly prepared stock solution (0.279 M) of monomer Nb-dye (M3)
(29.3 mg, 2.79 × 10−5 mol, 15 equiv) in anhydrous and degassed
DCE was quickly added just above the top of the stirring
polymerization mixture. Once all the monomer M3 has been added,
the reaction vial was capped and stirred at room temperature for 60
min until complete consumption of the monomer. The polymer-
ization was quenched with a drop of EVE, and the reaction mixture
was stirred for 15 min. The solvent was removed by rotary
evaporation. The triblock brush copolymer was initially precipitated
from DCM (∼2 mL) into cold diethyl ether (∼300 mL), filtered, and
the solvent was removed in vacuo. This was repeated three times using
a fresh volume of cold diethyl ether each time. Finally, the resulting
solid was dissolved in 10 mL of acetone and dialyzed against 1 L of
acetone for 48 h with a cellulose membrane tubing (MWCO 8000
Da). The solvent was refreshed multiple times. Once dialysis is
completed, the contents of the dialysis tubing were filtered through a
0.45 μL PTFE syringe filter, and the solid was dried under high
vacuum until constant weight. The pure brush triblock copolymer
(PNbPEG)50-b-(PNbBr)40-b-(PNbdye)12 was obtained as a fluffy
dark blue solid. GPC data are provided in Table 1 and Figure S14.
The 1H NMR spectrum is given in Figure S79. The FT-IR spectrum is
shown in Figure S80.
General Procedure for the Halide−Azide Exchange Reac-

tion. Brush di- and triblock copolymers were functionalized with
azides as follows. The synthesis of the azide-functionalized brush
triblock copolymer (PNbPEG)50-b-(PNbN3)40-b-(PNbdye)12 is
given as an example. A solution of purified bromide-functionalized
BBCP (PNbPEG)50-b-(PNbBr)40-b-(PNbdye)12 (300 mg) in
anhydrous DMF (1 mL) was degassed by three freeze−pump−thaw
cycles. The Schlenk flask was backfilled with argon, and sodium azide
(NaN3, 5 equiv relative to the moles of bromide in the polymer) was
added. The flask was placed in an oil bath at 40 °C, and the reaction
mixture was stirred for 48 h. After complete conversion of all side
chain bromides to azides, as monitored by 1H NMR and FT-IR
spectroscopy, the reaction mixture was diluted with deionized water
(5 mL), transferred to a cellulose membrane bag (MWCO 3500 Da)
and stirred against deionized water for 48 h to remove excess of NaN3
and DMF. The solvent was refreshed multiple times. After removal of
the solvent under high vacuum, the azide-functionalized brush
copolymer (PNbPEG)50-b-(PNbN3)40-b-(PNbdye)12 was obtained
as a fluffy dark blue powder. GPC data are provided in Table 1 and
Figure S17. The 1H NMR spectrum is given in Figure S83. The FT-IR
spectrum is shown in Figure S84.
General Procedure for the SPAAC Reaction. Brush di- and

triblock copolymers were functionalized with PPT as follows. The

azide-functionalized brush triblock copolymer (PNbPEG)50-b-
(PNbPPT)40-b-(PNbdye)12 is given as an example. The azide-
functionalized BBCP (PNbPEG)50-b-(PNbN3)40-b-(PNbdye)12 (0.1
g) and the compound BCN-PPT (12) (1.3 equiv. relative to the
moles of azide in the polymer) were dissolved in DCM (1 mL) and
stirred for 36 h at room temperature in the dark. Dialysis using a
cellulose membrane tubing (MWCO 3500 Da) in acetone for 36 h
and in water for additional 48 h, followed by removal of the solvent
under high vacuum in the dark provided the pure drug-functionalized
BBCP (PNbPEG)50-b-(PNbPPT)40-b-(PNbdye)12. GPC data are
provided in Table 1 and Figure S19. The 1H NMR spectrum is given
in Figure S87. The FT-IR spectrum is shown in Figure S88.

General Procedure for the Self-Assembly of BBCPs.
Polymeric micelles were prepared by a nanoprecipitation process,
followed by the membrane dialysis method. In brief, a solution of the
BBCP in acetone (1 mL) at a concentration of 5 mg mL−1 was added
dropwise into 5 mL of 0.01 M PBS (pH 7.4) under vigorous stirring
to give a final concentration of the polymer of 1 mg mL−1. The
mixture was stirred for approximately 30 min and then further
dialyzed against the buffered solution for 48 h at room temperature.
The medium was replaced every 2 h for the first 8 h and then replaced
every 8 h. The micellar solution was filtered through a 0.45 μm
syringe filter to remove aggregated particles. The filtrate was
lyophilized, and the resulting powder was stored in a fridge until
further experiments.

General Procedure for the Self-Assembly of BBCPs
Encapsulating PTX. Polymeric micelles encapsulating PTX were
prepared using the same procedure described above, with one
modification. Briefly, PTX and the corresponding BBCP were
dissolved in acetone (1 mL) at concentrations of 1.5 and 5 mg
mL−1, respectively, and this organic solution was added dropwise into
1 mL of 0.01 M PBS (pH 7.4) under vigorous stirring to give a final
concentration of the polymer of 1 mg mL−1 and a final concentration
of PTX of 0.3 mg mL−1. The mixture was further stirred for around 30
min and then dialyzed against the buffered solution for 48 h at room
temperature, with the medium refreshed as aforementioned. The
micellar solution was filtered through a 0.45 μm syringe filter to
remove aggregated particles or any insoluble PTX (non-encapsu-
lated). The filtrate was lyophilized, and the resulting powder was
stored in a fridge until further experiments.

Drug Loading and Encapsulation Efficiencies. The quantifi-
cation of PTX encapsulated in the micelles was determined in
triplicate by high-performance liquid chromatography (HPLC,
Shimadzu), using a reverse phase C18 column (4.6 × 250 mm, 5
μm particle size). PTX was measured at 227 nm using a mobile phase
consisting of a mixture of acetonitrile and water (3:1, v/v) at a flow
rate of 1.0 mL min−1. For each measurement, 100 μL of solution of
PTX-loaded micelles previously prepared (with a final concentration
of the polymer of 1 mg mL−1 and a target concentration of PTX of 0.3
mg mL−1) was dissolved in 0.9 mL of acetonitrile under vigorous
vortexing. The concentration of PTX was determined by using a
standard curve of pure PTX solutions (1.5−10 mM) in acetonitrile
and water (3:1, v/v). The results are given as mean ± standard
deviation (SD) based on three independent measurements. A solution
of PTX-free micelles was prepared following the same procedure and
used to measure the presence of a background signal.

The loading content (LC) and encapsulation efficiency (EE) of
PTX in the micelles were defined according to the following equations

LC (%) weight of PTX encapsulated in micelles

/total weight of PTX loaded micelles 100

=

‐ × (1)

EE (%) weight of PTX encapsulated in micelles

/total weight of PTX originally added 100

=

× (2)

In Vitro Stability Study. To assess the stability of the micelles
under different conditions, the changes in their hydrodynamic
diameters were monitored over time. The micelles (1 mg mL−1)
were incubated under mildly acidic (0.1 M acetate buffer, pH: 5.5)
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and physiological (0.01 M PBS buffer, pH: 7.4, and RPMI containing
10% FBS, pH: 7.4) conditions at 37 °C with constant gentle stirring.
At pre-designed time intervals, aliquots were withdrawn from the
solutions, and the hydrodynamic diameter was measured by DLS
analysis. The results are given as mean ± SD based on three
independent measurements.
In Vitro Drug Release Study. The drug release profiles were

evaluated in either neutral (0.01 M PBS buffer, pH: 7.4) or acidic (0.1
M acetate buffer, pH: 5.5) conditions as follows: micelles were
dissolved in the buffered solution (1 mg mL−1) and placed in a
dialysis bag (MWCO: 8,000). Then, the whole bag was immersed in
50 mL of the same buffer solution and kept under gentle stirring at 37
°C. At specified time intervals, an aliquot was withdrawn from each
different system and replenished with an equal volume of the fresh
buffer solution to maintain an equal total volume. Quantification of
PTX released was performed by RP-HPLC with detection at 227 nm,
whereas 4-HOPPT was quantified by UV−vis spectroscopy at 325
nm; based on pre-plotted calibration curves. The release profile of the
drug from the micelles was obtained by plotting cumulative drug
release versus time.
Cell Culture Methods. The human MCF-7 (breast cancer),

MCF-10A (normal breast), MDA-MB-231 (metastatic breast cancer),
PC3 (prostate cancer), and PNT2 (normal prostate) cell lines were
cultured in RPMI-1640 culture medium supplemented with 10% FBS
and 1% antibiotics (penicillin at 100 U mL−1 and streptomycin at 100
μg mL−1). Cells were cultured at 37 °C under a 5% CO2 humidified
atmosphere, and the culture medium was changed every 2−3 days.
When the cell monolayer from each culture flask reached about 80%
confluency, the adhered cell lines were detached with 0.25% trypsin−
EDTA solution and homogenously distributed into the wells of the
96-well culture plates. All cell lines were purchased from Rio de
Janeiro Cell Bank.
In Vitro Cytotoxicity Assay. The cellular viability of micelles was

evaluated using the CCK-8 assay according to the manufacturer’s
instructions. Briefly, cells were seeded in a 96-well plate at a density of
7500 cells per well in 200 μL of cell culture medium and incubated at
37 °C in a humidified atmosphere with 5% CO2 for 24 h. Then, the
medium was replaced by a fresh one (200 μL per well) containing
various concentrations of different drug-conjugated and drug-loaded
micelles (PPT/AB, PPT/ABC, PTX@AB, and PTX@ABC micelles),
and the cells were incubated for further 48 h under the same cell
culture conditions. Afterward, 10 μL of CCK-8 solution was added to
each well, followed by incubation for another 3 h. The absorbance of
the solution in each well was determined at a wavelength of 450 nm
using a multi-well plate reader (FlashScan 530 Analytik Jena). The
negative control was designated as untreated cells, which exhibited a
cell viability of 100%. The cytotoxicity of free PPT and PTX, used as
positive controls, as well as of blank micelles was evaluated in the
same manner. The half-maximal inhibitory concentration (IC50)
values, expressed as mean ± SD, and their 95% confidence intervals
(CI = 95%) from at least two different experiments carried out in
triplicate were obtained by nonlinear regression using the GraphPad
Prism 5.0 (GraphPad Software Inc.).
Cellular Uptake Assay. Confocal laser scanning microscopy

(CLSM) was employed to observe the internalization of NIR
fluorescent polymeric micelles into cells. MCF-7, PC3, and
MCF10A cells were separately seeded on glass cover slides inside
the wells of six-well plates at a density of 3 × 105 cells/well in 3 mL of
complete growth culture medium. After incubation for 24 h at 37 °C
in a humidified atmosphere with 5% CO2, the cells were treated with
non-cytotoxic concentrations of the polymeric micelles and incubated
for further 8 and 24 h. After the incubation period, the growth
medium was removed, and cells were gently washed three times with
1× PBS, fixed with 1× PBS containing 4% p−formaldehyde for 15
min at room temperature, and washed again with 1× PBS. Afterward,
fixed cells were permeabilized with 1× PBS containing 0.2% Triton X-
100 for 5 min, washed with 1× PBS, and incubated with Hoechst
33342 to stain the nuclei and with Alexa Fluor 555 Phalloidin for
labeling the actin, according to instructions provided by the
manufacturer. Finally, the slides containing the cells were rinsed

once again with 1× PBS and mounted with one drop of the antifade
reagent Prolong (Invitrogen). The fluorescence images were acquired
using an Upright LSM780−NLO Zeiss confocal laser scanning
microscope equipped with 405, 458, 488, 514, 561, and 633 nm laser
excitation sources. The experiments were performed using an oil-
immersion objective EC Plan-Neofluar 40×/1.30 Oil DIC. Hoechst
33342 was excited at 405 nm and emitted at 410−487 nm, whereas
561 nm laser and 568−639 nm were used to excite and emit Alexa
Fluor 555 Phalloidin, respectively. The NIR fluorescent micelles were
excited using a 633 nm laser, and its fluorescence was measured at
661−759 nm.

Statistic Analysis. All experimental data were repeated three
times and are expressed as the mean ± SD. One-way analysis of
variance (ANOVA) followed by the Tukey’s post-test was performed
to evaluate the differences in parameters across groups, with p < 0.05
as significantly different.

■ RESULTS AND DISCUSSION
Design and Synthesis of Monomers. We designed three

different monomers incorporating (i) a PEG chain to confer
water solubility, biocompatibility, and neutral surface charge to
the nanoparticle, (ii) a NIR fluorescent cyanine dye to be used
as an imaging agent of the nanocarrier, and (iii) a primary alkyl
bromide to allow easy further functionalization such as the
attachment of an anticancer compound. We have chosen exo-
norbornene-derived imides as monomers to generate the
BBCPs because of their known fast polymerization kinetics,
easy functionalization, and absence of irreversible chain-
transfer, which allows for living ROMP.65,66

cis-5-Norbornene-exo-2,3-dicarboxylic anhydride (1), the
common precursor for the monomers M1 (Scheme 1), M2

(Scheme 1), and M3 (Scheme 2), was prepared by a Diels−
Alder reaction of commercial cyclopentadiene and maleic
anhydride at 200 °C followed by multiple recrystallizations
(5×) from boiling toluene.67 Isolation of the exo-isomer 1 from
the exo/endo mixture, in 26% yield, was essential to maintain
stereochemistry throughout the steps to monomers M1, M2,
and M3. Exo-monomers have shown faster reaction times,
higher conversion rates, and better control of ROMP
compared to the exo/endo mixture or endo-form.66,68

Macromonomer Nb-PEG (M1) was synthesized in two
steps from 1 following a literature procedure69 starting with the
preparation of carboxylic acid 2, in 91% yield. EDC-mediated

Scheme 1. Synthetic Routes Employed for the Preparation
of Monomers Nb-PEG (M1) and Nb-Br (M2)
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esterification of 2 with commercially available PEG methyl
ether (Mn = 2000 Da) yielded the macromonomer Nb-PEG in
67% yield (Scheme 1).
Considering that the Grubbs’ third-generation initiator (G3)

is incompatible with azides and alkynes,70 we synthesized
monomer Nb-Br (M2) carrying an alkyl bromide for facile
conversion to azide in a post-ROMP 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 post-ROMP functionalization. Monomer M2 was
obtained in two steps from 1 (Scheme 1) through nucleophilic
addition−elimination of 1 using ammonium acetate affording
the corresponding imide 3 in 95% yield. Subsequently,
compound 3 was converted to the alkyl halide M2, in 93%
yield, through a N-alkylation reaction with 1,10-dibromode-
cane in DMF in the presence of potassium carbonate.
We have designed the BBCPs to include a short block

containing a NIR dye that allows for the direct visualization of
the nanosystem inside cells. We focused on the synthesis of a
dye from the tricarbocyanine family because this class of
compounds has demonstrated strong fluorescence in the NIR
region, high photostability, and low cytotoxicity, making them
ideal NIR probes.71−75 The five reactions employed for the

synthesis of the monomer Nb-dye (M3) are outlined in
Scheme 2.
The preparation of the iminium salt 4 involved the

Vilsmeier−Haack formylation of cyclohexanone. The Vilsme-
ier−Haack reagent was generated from phosphorus(V)
oxychloride and N,N-dimethylformamide, which reacted in
excess with cyclohexanone, giving an iminium intermediate.
Hydrolysis of this intermediate provided a dialdehyde, which
was further transformed into iminium salt 4 by treatment with
aniline. In parallel, the indolenium derivative 5 was prepared
by N-alkylation of commercially available 2,3,3-trimethylindo-
lenine with 1-bromohexane in refluxing acetonitrile, followed
by refluxing with excess of sodium chloride to substitute the
counterion. The condensation of the quaternary ammonium
salts 4 and 5 carried out under refluxing ethanol in the
presence of anhydrous sodium acetate afforded the meso-chloro
heptamethine cyanine dye 6 as a bright-green solid in 96%
yield.
Studies have shown that the presence of a rigid carbocyclic

ring in the heptamethine chain enhances the photostability and
fluorescence quantum yield, as well as decreases aggregation of
the dye in solution.76,77 Furthermore, the meso-chlorine
substituent in the cyclohexene ring provides a reactive site
for the fluorophore moiety, allowing for easy functionalization
with various nucleophiles.75,78 The chlorine in the heptame-
thine cyanine dye 6 was displaced upon treatment with 2-
methylaminoethanol to form the meso-N-methylethanolamino-
substituted cyanine dye 7 as a dark-blue solid, in 61% yield.
Dye 7 was characterized by 1H NMR spectroscopy (Figures
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 N-
methylethanolamine moiety, as well as a singlet at 3.53 ppm
corresponding to the hydrogens of the methyl group adjacent
to the nitrogen atom. The formation of dye 7 was further
confirmed by 13C NMR spectroscopy (Figure S67) and by
mass spectrometry (ESI-QTOF-MS) by its molecular ion peak
[M]+ at 662.5021 m/z (calcd For C45H64N3O = 662.5043 m/
z).
The final synthetic step shown in Scheme 2 involved the

EDC-mediated coupling of the norbornene precursor 2 with
the dye 7. 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 1H and 13C NMR spectros-
copies (Figures S68 and S69). The 1H NMR spectrum of Nb-
dye (Figures S1c and S68) showed the characteristic signals of
the norbornene: δ = 6.20 ppm (Hs), 3.16 ppm (Ht), 2.58 ppm
(Hu), 1.42−1.37 ppm (Ha′), and 1.10 ppm (Hb′), as well as
signals assigned to the protons of the fluorophore moiety and
linker. The methylene protons “Hr” at 4.35 ppm shifted
downfield in comparison to the corresponding ones of dye 7
(at 4.04 ppm), supporting the successful coupling reaction.
Monomer Nb-dye was further characterized using mass
spectrometry (ESI-QTOF-MS) by its molecular ion peak
[M]+ at 921.6216 m/z (calcd for C60H81N4O4 = 921.6252 m/
z). See the Supporting Information for the synthesis and
characterization of all compounds presented in Schemes 1 and
2.

Synthesis of the Clickable Bioactive Derivative. The
preparation of the clickable derivative (12, BCN-PPT) of the
natural product piplartine (8, PPT) is outlined in Scheme 3. 4-
Hydroxypiplartine (9, 4-HOPPT) was synthesized in five

Scheme 2. Synthetic Route Employed for the Preparation of
NIR Fluorescent Monomer Nb-Dye (M3)
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steps, according to methodologies previously described by our
group.54,79 We have chosen to modify the 4-hydroxy derivative
of PPT because it enables the conjugation 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 the
opening of glutaric anhydride in the presence of catalytic
amounts of DMAP in dichloromethane (DCM) under reflux.
The synthesis of derivative 12 was accomplished in

moderate yield (43%) by the Steglich esterification of
carboxylic acid 10 with commercial (1R,8S,9S)-bicyclo[6.1.0]-
non-4-yn-9-ylmethanol (BCN−OH, 11) in the presence of 1-
hydroxybenzotriazole (HOBt) as the N-acylureasuppressing

additive in addition to DCC and DMAP in the dark.
Compound 12 was characterized by 1H and 13C NMR
spectroscopy (Figures S74 and S75) and HRMS. The presence
of a hydrolytically labile ester linker between the bioactive PPT
moiety and the cyclooctyne partner was included due to its
susceptibility to cleavage in the biological environment. We
hypothesize that the cleavable ester linkage would undergo
enzymatic hydrolysis, 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 a
precise molecular weight (MW) and unimodal MW distribu-
tion, we first screened a series of conditions to be used in the
ROMP reactions. The living character of the ROMP of
monomers Nb-Br (M2) and Nb-dye (M3), and their
polymerization times were investigated through kinetic studies
using in situ 1H NMR spectroscopy. These kinetic experiments
were conducted at constant initial monomer concentration
with the initiator G3, in 1,2-dichloroethane (DCE) at room
temperature, and monomer conversions were monitored by
the disappearance 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 polymer.
According to the 1H NMR spectra shown in Figures S2b−

S4b, as well as data in Figures S2c−S4c, all monomers
polymerized quantitatively within 45 min for Nb-PEG (M1),
15 min for Nb-Br (M2), and 60 min for Nb-dye (M3). Figures

Scheme 3. Synthesis of Clickable PPT Derivative BCN-PPT
(12)

Figure 2. (a) Schematic representation of the synthesis of amphiphilic BBCPs by sequential graft-through ROMP reactions. (b) 1H NMR spectra
of the brush homopolymer (PNbPEG)50 (Block A), the diblock (PNbPEG)50-b-(PNbBr)40 (Block AB), and the final BBCP (PNbPEG)50-b-
(PNbBr)40-b-(PNbdye)12 in CDCl3 (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)50-b-
(PNbBr)40-b-(PNbdye)12. * indicates the peak corresponding to small amounts of unconverted monomer.
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S2d−S4d demonstrate the first-order kinetics and excellent
molecular weight control provided by ROMP with G3,
confirming their living character with the absence of chain
transfer and chain termination.
Taking into consideration the polymerization behavior of all

monomers, a series of amphiphilic BBCPs (Table 1: entries 1−
10) were synthesized via one-pot two- or three-step sequential
ROMP of hydrophilic macromonomer Nb-PEG (M1) and
hydrophobic monomers Nb-PEG (M1), Nb-Br (M2) and Nb-
dye (M3) initiated by G3 at room temperature (Figure 2a).
The effect of several parameters on the properties of the final
BBCPs was investigated, including the molar feed ratios of
monomers to the catalyst, solvent polarity, and order of block
sequences, and the results are summarized in Table 1.
Studies have shown the significant effect that different

solvents have on the polymerization rates of ruthenium
catalysts and, consequently, on the polymer characteristics.70

The three monomers and G3 are soluble in DCM and DCE,
which are among the preferred solvents for ROMP. As weak
polar solvents, they can promote the ligand dissociation and
act as non-coordinating solvents. Table 1 shows that changing
the solvent from DCM (ε = 9.1) to DCE (ε = 10.4) has no
significant effect. In all cases, monomer conversions are higher
than 95%, and the polymers have experimental Mn values

comparable to the theoretical ones. Slightly lower Đ values
were observed in DCE in comparison to DCM, which is
probably related to the faster initiation observed in more polar
solvents.70

When a sequential hydrophilic/hydrophobic molar feed
ratio of around 50:50 was employed (assuming [G3] = 1
equiv), the resulting AB brush diblock copolymer
(PNbPEG)50-b-(PNbBr)48 (BBCP7) exhibited low dispersity,
and a monomodal trace is displayed in the GPC chromatogram
(Figure S5b). The number-average degree of polymerization
(DPn,GPC) and number-average molecular weight (Mn,GPC)
values obtained by GPC were found to be in agreement with
the theoretical ones. The small difference between these values
can be attributed to different physico-chemical characteristics
of the highly branched polymer studied in comparison to the
linear poly(styrene) (PS) standards used for GPC calibration.
1H NMR spectra (Figure S5c) confirmed that the sequential
addition of monomers proceeded with their sequential
incorporation into each block. The experimentally determined
DPn,NMR (obtained from the integrated 1H NMR spectrum
shown in Figure S77) was then used to calculate the Mn,NMR,
which was again very close to the theoretical value (Table 1).
The in vitro studies were conducted by using the BBCP

Figure 3. (a) Schematic representation of the synthesis of BBCP-drug conjugates via post-ROMP functionalization (bromide−azide substitution
followed by SPAAC reaction). (b) 1H NMR spectra and (c) FT-IR spectra comparing the corresponding bromide- ((PNbPEG)50-b-(PNbBr)40-b-
(PNbdye)12, red traces), azide- ((PNbPEG)50-b-(PNbN3)40-b-(PNbdye)12, blue traces), and drug-functionalized ((PNbPEG)50-b-(PNbPPT)40-
b-(PNbdye)12, green traces) BBCPs.
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(PNbPEG)50-b-(PNbBr)48 as the representative brush diblock
copolymer.
Concomitantly, ABC and BAC triblock brush copolymers

were also synthesized employing sequential copolymerization
of the monomers Nb-PEG, Nb-Br, and Nb-dye (Figure 2a).
The Đ values for ABC and BAC BBCPs were 1.70 and 1.90
(Table 1), respectively. Considering the lower dispersity
obtained for (PNbPEG)50-b-(PNbBr)40-b-(PNbdye)12
(BBCP9), which is an important parameter for drug delivery
systems, we have chosen it as the representative brush triblock
copolymer for subsequent studies. Step-by-step analysis of the
1H NMR spectra along the growth of the polymeric chain
(Figure 2b) indicated the presence of typical signals of the
PEG chain at δ 3.72−3.48 ppm (−OCH2CH2O−), alkyl
bromide chain at δ 3.37 ppm (−CH2Br), and cyanine dye
moiety at δ 7.58−6.99 ppm (aromatic H), providing evidence
of the successful formation of the desired BBCP (PNbPEG)50-
b-(PNbBr)40-b-(PNbdye)12.

1H NMR spectroscopy also
revealed high monomer conversions. For the first and second
blocks, the measured Mn,GPC was similar to the theoretically
expected ones; however, the experimental Mn,GPC after
incorporation of the third block was underestimated in
comparison to the theoretical Mn,theor. value. We hypothesize
that this is due to strong interactions between the GPC column
and the polymer, in particular the block containing the cyanine
dye. Thus, the DPn of each block of the ABC polymer was
estimated by assuming complete monomer conversion of Nb-
PEG (M1) (as observed by GPC and 1H NMR spectroscopy)
and then comparing the integrals of the peaks at 3.37 ppm
(−CH2Br of the second block) and 7.58 ppm (Haromatic of the
third block) to those at 3.61 ppm of PEG methylene protons
(Figure S79); close agreement between the theoretical and the
experimentally measured block composition was observed
(Table 1).
Synthesis of Azide-Functionalized BBCPs via Bro-

mide−Azide Substitution. Following ROMP, we carried
out a post-polymerization bromide−azide exchange reaction to
generate the azide-functionalized BBCP (PNbPEG)50-b-
(PNbN3)40-b-(PNbdye)12, as illustrated in Figure 3a. The
same methodology was employed for the synthesis of
(PNbPEG)50-b-(PNbN3)48.
Spectroscopic analysis (1H NMR and FT-IR) of the

obtained azide-functionalized di- and triblock BBCPs was
used to demonstrate the successful conversion of the pendant
bromides into azides. The 1H NMR spectrum of
(PNbPEG)50-b-(PNbBr)40-b-(PNbdye)12 (red line in Figure
3b) shows a triplet peak at δ 3.37 ppm corresponding to the
methylene hydrogens adjacent to the terminal bromide
(CH2Br). After substitution of the halides with azide groups,

the signal at δ 3.37 ppm disappeared and a new triplet upfield
appeared at δ 3.22 ppm (blue line in Figure 3b), which is
assigned to the CH2N3 protons of (PNbPEG)50-b-(PNbN3)40-
b-(PNbdye)12. In addition, the FT-IR spectrum of the polymer
after the halide−azide exchange (blue traces in Figure 3c)
show a new absorption band at 2096 cm−1, which is
characteristic of azide groups, confirming the successful
generation of BBCP-N3. The extent of azides incorporated
into the copolymer was determined via 1H NMR spectroscopy
(CDCl3, 600 MHz) from the comparison of peak integrations
of the CH2N3 protons at δ 3.22 ppm with the methylene
protons of PEG entity at δ 3.67−3.57 ppm (see the integrated
1H NMR spectrum of BBCP-N3 in the Supporting
Information, Figure S83). The results indicate that the
conversion of the pendant bromides into azides was
quantitative. A similar spectroscopic analysis was also carried
out for the corresponding brush diblock copolymers
(PNbPEG)50-b-(PNbBr)48 and (PNbPEG)50-b-(PNbN3)48
(Figures S77 and S81, respectively), which showed a
quantitative generation of the azide-functionalized polymer.

Synthesis of Drug-Functionalized BBCPs via Click
Chemistry. Copper-free strain-promoted akide−alkyne cyclo-
addition (SPAAC) was used to covalently attach the clickable
derivative BCN-PPT (12) to the azide-functionalized BBCPs
(Figure 3a). We employed SPAAC instead of the classical
copper-catalyzed azide−alkyne cycloaddition (CuAAC) to
avoid copper(I) contamination, which is a recognized cytotoxic
element.80−83 Moreover, this copper-free reaction has proven
useful for the quantitative functionalization of nanomaterials
with widespread bioapplications.84

Successful formation of the BBCP-PPT conjugates was first
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, Figures S86 and S88, respectively).
The azide asymmetric stretching at 2096 cm−1, present in the
FT-IR spectrum of (PNbPEG)50-b-(PNbN3)40-b-(PNbdye)12
(blue traces in Figure 3c or Figure S84), is completely absent
from the final drug-functionalized BBCP (PNbPEG)50-b-
(PNbPPT)40-b-(PNbdye)12 spectrum (green traces in Figure
3c, or Figure S88), suggesting the completion of the click
reaction after 36 h.
According to 1H NMR spectroscopy, the peak correspond-

ing to the CH2N3 at δ 3.22 ppm disappeared, also indicating
consumption of the azide after 36 h (green line in Figure 3b) .
Additionally, functionalization of the BBCP is evidenced by the
presence of peaks in the 1H NMR spectrum originating from
both the polymer and PPT portions. The integration ratio of
the signal at δ 6.02 ppm, corresponding to an olefinic proton of

Table 2. Characterization Data of Self-Assembled Micelles Based on BBCPs with and without PTXa,b

micelle name BBCP composition sizec (nm) PDIc ζ-potentialc (mV) LCd (%) EEe (%)

blank@AB (PNbPEG)50-b-(PNbBr)48 38 ± 19 0.26 −2.1 ± 0.8
PPT/AB (PNbPEG)50-b-(PNbPPT)48 52 ± 31 0.35 −1.5 ± 0.5 9.7f

PTX@AB (PNbPEG)50-b-(PNbBr)48 89 ± 39 0.20 −2.1 ± 0.3 22 ± 0g 93 ± 1g

blank@ABC (PNbPEG)50-b-(PNbBr)40-b-(PNbdye)12 48 ± 30 0.39 −1.5 ± 0.7
PPT/ABC (PNbPEG)50-b-(PNbPPT)40-b-(PNbdye)12 80 ± 42 0.28 −0.9 ± 0.4 7.9f

PTX@ABC (PNbPEG)50-b-(PNbBr)40-b-(PNbdye)12 102 ± 53 0.27 −1.9 ± 0.7 22 ± 0g 94 ± 1g

aAbbreviations: PDI = polydispersity index; LC = loading content; EE = encapsulation efficiency. bIn 0.01 M PBS (pH 7.4). cDetermined using
DLS analysis. dLC (wt %) = (weight of the drug in the micelles/weight of drug-loaded micelles) × 100. eEE (wt %) = (weight of PTX in the
micelles/weight of PTX in feed) × 100. fDetermined by 1H NMR spectroscopy. gDetermined using RP-HPLC measurements. Each value is
expressed as mean ± SD from three independent measurements.
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the PPT moiety, with respect to the signal of the methylene
protons of the PEG chain (−OCH2CH2O−) at δ 3.67−3.57
ppm suggests the quantitative incorporation of the BCN-drug
derivative into the BBCP (see integrated 1H NMR spectra of
the BBCP−PPT conjugates in the Supporting Information,
Figures S85 and S87). Thus, (PNbPEG)50-b-(PNbPPT)40-b-
(PNbdye)12 has a Mn,NMR of 160.6 kDa, with 7.9 wt % of PPT
(Table 2). For (PNbPEG)50-b-(PNbPPT)48, Mn,NMR is 156.7
kDa, with 9.7 wt % of PPT (Table 2).
Self-Assembly of BBCPs in Aqueous Media. An

attractive feature 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 hydrophobic side
chains, one can hypothesize that they spontaneously assemble
in selected solvents into spherical micelles, as proposed by
Rzayev and co-workers.85

We used nanoprecipitation followed by solvent exchange to
induce assembly of the brush copolymers into micellar
aggregates with a final concentration of 1 mg mL−1. TEM
and DLS analyses were utilized to characterize the formed
micelles, and the results are summarized in Table 2.
Morphological investigation of the self-assembled aggregates
was carried out by TEM after dropping the aqueous solution
onto carbon-coated copper grids, followed by drying at room
temperature. As shown in Figure 4, TEM images confirmed
that spherical nanosized micelles were obtained in all cases,

suggesting that the high side chain asymmetry in the brush
structure dictated their packing mode.85

The hydrodynamic diameter, size distribution, and ζ-
potential of micelles in aqueous medium were determined by
DLS analysis (Figure 4 and Table 2). The results show that the
average size of the AB micelles, namely, blank@AB and PPT/
AB micelles, is 38 ± 19 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).
Since both AB and ABC micelles present an equal length of

the hydrophilic 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 hydrophobicity 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 prolonged blood circulation, thereby
accumulating at the tumor site through the EPR effect.9

The nanoscale size presented by the assembled micelles in
aqueous solution allows them to be used as carriers for other
hydrophobic anticancer compounds, such as the potent drug
PTX. Thus, as a demonstration of the versatility of our
nanosystems, we selected blank@AB and blank@ABC micelles
to encapsulate PTX to evaluate the behavior of PTX-loaded
micelles in in vitro cytotoxicity studies. During the micelle
formation, PTX was encapsulated into the hydrophobic core.

Figure 4. Representative TEM images and DLS size distribution curves of (a,b) blank@AB, (c,d) PPT/AB, (e,f) PTX@AB, (g,h) blank@ABC, (i,j)
PPT/ABC, and (k,l) PTX@ABC assembled BBCP micelles in an aqueous medium. See Table 2 for more details. DLS results are presented in
percentage by number and were collected in triplicate.
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The resulting micelles (PTX@AB and PTX@ABC) were
spherical in nature (Figure 4e and 4k, respectively) with
average sizes of 89 ± 39 and 102 ± 53 nm, respectively (Table
2, and Figure 4f and 4l, respectively). 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 encapsulation 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 ζ-potential measurements (Table 2), all

micelles have a neutral surface charge, which is consistent
with the dense outer PEG shell. Particles with low ζ-potential
values (−10 to +10 mV) 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 stable 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)
supplemented with 10% FBS, pH 7.4, and (iii) 0.1 M acetate
buffer, pH 5.5, through monitoring their sizes over a period 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 h (Figure 5a). Whereas a
slight increase of around 10 nm in micelle size was observed in
RPMI +10% FBS over the same period. These findings
demonstrate the good colloidal stability of the micelles under
physiological conditions, 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 (NP) surfaces is well-recognized to shield the
surface from aggregation, inhibiting nonspecific interactions
with serum proteins and consequently reducing macrophage
uptake, leading to a prolonging of the NP systemic circulation
time.9

Incubation in 0.1 M acetate buffer (pH 5.5) mimicking the
mildly acidic microenvironment of tumors and endosomal/
lysosomal compartments resulted in an increase of around 25
nm in the hydrodynamic size of blank@ABC micelles over 48
h (Figure 5b). After 72 h, a more significant increase in size of
approximately 65 nm was also observed. Aggregates with larger
sizes and broader size distributions also emerged during these
periods, indicating some disassembly in the nanosystem
promoted by the weakly acidic pH and, thus, a pH-responsive
character of these micelles in solution. Under such lower pH
condition (pH 5.5), it can be hypothesized that the tertiary
amines of the cyanine moiety in the hydrophobic block, for
instance, are partially protonated and become positively
charged, repelling each other in the hydrophobic core, thus
leading to disentanglement of polymeric chains and conse-
quent micelle disassembly in solution.
In Vitro Drug Release. To simulate the drug release under

biological 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 investigated. As depicted in Figure 5c, PTX@AB
and PTX@ABC micelles 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, the drug release profile
at pH 5.5 reveals that 44 and 48% of PTX were released in a
sustained manner from PTX@AB and PTX@ABC micelles,
respectively, within 48 h. These results clearly demonstrate
that the release rates of PTX from PTX-loaded micelles are
accelerated at the acidic medium, presumably due to the pH-
induced destabilization of the micellar structures, which leads
to a faster drug leakage through the micellar scaffold.

Figure 5. (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 during 48 h.
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From an in vivo point of view, the low drug release at
physiological pH along with the relatively elevated and
sustained release of PTX under mildly acidic conditions is a
useful feature for preventing premature release into 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 h suggests strong hydrophobic interactions
between PTX and the hydrophobic core, and stable micelles,
in agreement with previous reports about micellar drugs.86,87

For PPT/AB and PPT/ABC micelles, a negligible amount of
PPT under acidic and physiological conditions at 37 °C over

48 h was observed. In this case, we expect that an efficient
release of PPT from these micelles in the tumor microenviron-
ment occurs via enzymatic degradation upon cell internal-
ization.

Photophysical Studies. The triblock brush copolymers
present 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 cyanine 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

Figure 6. images of MCF-7 cells showing the subcellular localization of nuclei (Hoechst 33342-stained, blue channel), 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 and 24 h
at 37 °C. Scale bars represent 20 μm.

Figure 7. (a) CLSM 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 h at 37 °C. Scale bars represent 20 μm. (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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dyes is displayed in the Supporting Information (Figures S20−
S33, and Table S1).
Monomer Nb-dye displayed an absorption band with a

maximum absorption wavelength (λmax) at 709−727 nm
depending on the solvent (Figures S34−S40, and Table S1).
Also, high molar extinction coefficients (ε) were obtained for
this monomer, ranging from 5 × 104 M−1 cm−1 in THF to 14
× 104 M−1 cm−1 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,77 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 the shorter wavelength region
(hypsochromic shift) in most of the studied solvents. A similar
behavior was also recently reported by us for a similar cyanine
dye.73

The emission spectrum of monomer Nb-dye in the NIR
region shows a maximum emission peak at 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 frequently assigned to an
intramolecular charge transfer (ICT) between the donor and
the acceptor in the dyes, although clear experimental evidence
of this photophysical feature has not been fully reported.88,89

Notwithstanding, this makes it less susceptible to self-
quenching 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 dimethyl
sulfoxide displayed the same maxima locations (absorption and
emission) and a band shape as the Nb-dye, confirming the
successful introduction of the cyanine moiety into the
polymers without interfering 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 S47−
S49), also demonstrate the successful preservation of optical
characteristics of the monomeric dye (Nb-dye) under aqueous
conditions. Interestingly, the NIR−UV−vis absorption spec-
trum of blank@ABC micelles exhibited low tendency for H-
aggregation in buffered aqueous solutions (Figure S47).
Cellular Uptake Assay. CLSM was employed to

investigate the cellular uptake of NIR fluorescent blank@
ABC and PPT/ABC micelles in tumor and normal cells. The
nuclei of the cells were stained with Hoechst 33382 (presented
in blue), whereas Alexa Fluor 555 Phalloidin allowed us to
label the cytoskeleton (presented in red) through the binding
of phalloidin to F-actin. Green color was chosen in confocal
software for representing the fluorescence of the NIR dye
present in blank@ABC and the PPT/ABC micelles.
As shown in Figure 6, after 8 h of incubation with blank@

ABC micelles, the treated MCF-7 cell line showed some
intensity of NIR fluorescence, as represented by the green
color, indicating that micelles were quickly internalized into
the cell membrane and diffused in both the cytoplasm and the
cell nuclei. Using the same settings during the acquisition of
images, it can be observed that the intensity of the fluorescent
signal of blank@ABC micelles inside cells substantially
increased with a prolonged incubation time (24 h).
The cellular uptake of PPT/ABC micelles was also

investigated in MCF10A, MCF-7, and PC3 cells. In Figure

7a, it can be noticed that MCF-7 breast cancer cells and PC3
prostate cancer cells presented a stronger intracellular
fluorescence signal than the normal breast cells MCF10A
after 24 h. 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 shown in Figures 6 and 7a were built (Figures S108−
S111). The images confirm the previous findings, indicating
the presence of green fluorescence from micelles inside the cell
nuclei and cytoplasm.
CLSM was used only as a supporting tool to demonstrate

cell uptake for this proof-of-concept study. Due to restrictions
of the CLSM instrument, an excitation laser of 633 nm for the
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−S49). As a 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 the
colorimetric assay using the Cell Counting Kit-8 (CCK-8
assay), after incubation of cells for 48 h 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 adenocarcinoma), 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 signifi-

cant cytotoxicity in different cell lines over the range of
concentrations analyzed, with cell viabilities above 80% after
48 h treatment (Figures 8 and S89, respectively), even when
the concentration of the micelles was as high as 1 mg mL−1.
These data are encouraging because they suggest inherent non-
toxicity and good biocompatibility of the blank micelles toward
a panel of different cell lines.

Figure 8. Cell viability of different cell lines treated with blank@ABC
micelles at varying concentrations for 48 h. Data are presented as
mean ± SD of two independent experiments, each one performed in
triplicate. One-way ANOVA followed by Tukey’s post-hoc test did
not reveal a significant difference (ns) for all comparisons (p > 0.05).
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PPT-conjugated and PTX-loaded micelles exhibited similar
high cytotoxicity as free PPT and PTX against cancer cells
(Table 3). We also used the cytotoxic 4-hydroxy-piplartine (4-

HOPPT) as positive control, which after enzymatic hydrolysis
should be released from the PPT-conjugated micelles. PPT/
AB and PPT/ABC micelles displayed IC50 values of 3.0 ± 0.1
and 5.5 ± 0.7 μM, respectively, on PC3 cells, which are slightly
lower than the IC50 value of free PPT (7.2 ± 0.4 μM).
No significant difference in IC50 values was observed for the

two micelles and PPT against MCF-7 cells. These PPT-
conjugated micelles were less cytotoxic than the pristine drug
on normal MCF10A cells, that is, free PPT destroyed these
normal cells unselectively, while treatment with the micelles
could maintain higher cell viability after 48 h, as demonstrated
by the higher S.I. values for the micelles. Similar outcomes
were also obtained for the PTX-loaded micelles. While no
significant decrease in cytotoxicity was observed for PTX@AB
and PTX@ABC micelles in comparison to PTX against MCF-
7 cells, micelles were more selective than the free drug against
breast cancer cells. These comparative studies not only
strongly suggest that micelles are effective to penetrate the
cell membrane and perform controlled 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 features to minimize
the side effects of two cytotoxic compounds while slightly
increased the maximal therapeutic effect for targeted diseases.

■ CONCLUSIONS
In summary, the successful synthesis, characterization, and self-
assembly of multifunctional amphiphilic poly(norbornene)
BBCPs for drug delivery and biological imaging were
demonstrated. Using optimized polymerization conditions
and a combination of one-pot sequential grafting-through
ROMP of the norbornene-based monomers, followed by
halide-azide substitution and copper-free SPAAC, well-defined
amphiphilic BBCPs containing hydrophilic PEG, the anti-
cancer compound PPT, and/or a NIR fluorescent cyanine dye
in their side chains were obtained. The aqueous self-assembly
behavior of these amphiphilic BBCPs was investigated, which

revealed spherical micelles with nanoscale sizes with the
capacity to efficiently encapsulate the anticancer drug PTX.
Overall, the results obtained show that our micelles are
promising nanosystems for nanotheranostics and encouraging
for further evaluation of in vivo anticancer activity in systemic
delivery taking advantage of the EPR effect. Further research in
our group explores the design of novel stimuli-responsive
linkers, the attachment of other functionalities (e.g., targeting
moieties), incorporation of degradable units within the brush
copolymer backbone, and the encapsulation of other bioactive
compounds, providing access to new multifunctional BBCPs
with potential for nanomedicine applications.
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