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Abstract
Polymer nanoparticles (PNPs) possessing a high density of drug payload have been successfully
stabilized against aggregation in biological buffers after amine modification, which renders these
PNPs positively charged. The resulting charge-stabilized PNPs retain their original narrow particle
size distributions and well-defined spherical morphologies. This stabilization allows these PNPs to
have an improved anti-proliferative effect on MDA-MB-231-Br human breast cancer cells
compared to non-functionalized PNPs. As a non-cytotoxic control, similar surface-modified PNPs
containing cholesterol in place of doxorubicin did not inhibit cell proliferation, indicating that the
induced cytotoxic response was solely due to the doxorubicin release from the PNPs.

Introduction
In recent years, drug-loaded nanoparticles have been investigated extensively for anticancer
therapy due to their promise as carriers for chemotherapeutics,1 proteins,2 and peptides.3

However, the lack of stability in ionic aqueous media has proven to be a major challenge for
several of these delivery systems, including polycaprolactone nanoparticles,4 iron-oxide
nanoparticles,5 carbon nanotubes,6 and graphene oxide,7 rendering them impractical for in
vivo8 and clinical9 studies. In our own work, the aggregation of doxorubicin-containing
polymer nanoparticles (PNPs) under physiologically relevant conditions (i.e., in PBS buffer
where [NaCl] ~150 mM) has greatly limited their application as an in vivo therapeutic
delivery platform,10 even though they have been shown to have good in vitro activity
against cancer cells.11 Thus, we set out to explore modification strategies (Scheme 1) that
can improve the dispersion stability of our PNPs in ionic, biological media.

The dispersibility of nanoparticles in solution is strongly dependent on the ability of the
media to stabilize them against attractive interparticle interactions.12 Specifically, the
Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory suggests that nanoparticles will
stay dispersed in media if repulsive interactions between the nanoparticles dominate over
attractive van der Waals forces.13 To this end, both steric7, 14, 15 and electrostatic7, 16, 17

repulsion have been used to stabilize several types of nanoparticles in buffer solutions. As
shown herein, the flexibility of our PNP fabrication method18 allows us to easily implement
both of these strategies in our quest to prevent PNP aggregation. Given that positively
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charged nanoparticles are known to exhibit enhanced uptake in cell studies,19 we were
particularly interested in the possibility to additionally improve the cellular uptake, and
hence cytotoxicity, of our doxorubicin-containing PNPs upon engendering them with
cationic groups. In this paper, we report the stable dispersion of positively charged
doxorubicin-containing PNPs, synthesized via the modification of tosyl-functionalized PNPs
with primary amines. Notably, these modified PNPs exhibited a better anti-proliferative
effect in comparison to the parent PNPs.

Results and Discussion
As illustrated in Scheme 1, our doxorubicin-containing PNPs can be modified either before
or after nanoparticle formation. In the pre-nanoparticle-formation protocol, the length of the
poly(ethylene glycol) (PEG) side chain in the hydrophilic component of the amphiphilic
doxorubicin-containing block copolymer can be increased to improve the dispersibility of
the resulting PNPs in buffer (Scheme 1a, top). Similarly, a charged block copolymer can be
synthesized by modifying the ends of the PEG side chains (Scheme 1b, top).

In the post-nanoparticle-formation case (Scheme 1a, bottom), an amphiphilic block
copolymer such as Poloxamer 188 can be physically adsorbed onto the surface of the PNPs
after their formation. The resulting adsorbed polymer layer has been known to impart a
steric barrier and prevent nanoparticle destabilization.9 More attractive, however, is the
introduction of tunable cationic groups to the surface of the PNPs via the displacement of a
surface leaving group with amines: a wide range of available amine nucleophiles, with
different substituents and degrees of substitution, can be used to modify a single PNP
material (Scheme 1b, bottom). Such tunability would allow us to quickly determine the
cationic groups (CGs) that provide the best stability to our PNPs in ionic media.

As additional design criteria, it is essential that the modification process maintains the high
drug-to-mass ratio (~50 wt%)18 of the doxorubicin-containing PNPs without increasing their
sizes and densities. High drug loadings are deemed desirable in nanoscale delivery
platforms, especially in extended-release applications.20 Not increasing the size or density of
the PNPs is also important because larger21–23 and heavier24–27 particles have been known
to adversely affect cellular uptake profiles.

Previously, we demonstrated that monodisperse drug-containing amphiphilic block
copolymers such as methoxy-terminated 215-b-315 (Scheme 2a) can undergo directed
assembly into therapeutically active core-shell PNPs with uniform, tunable diameters.18, 28

Because 215-b-315 could not be modified further, it cannot be used as a single starting
material for evaluating the effectiveness of the aforementioned modification methods in
maintaining the dispersibility of our doxorubicin-containing PNPs. For such a purpose, we
need to employ a single copolymer material that can be used to create several PNP
formulations. Hence, we incorporated a third tosyl-functionalized monomer 4 into our
amphiphilic copolymer, wherein the tosylate groups can be easily displaced by nucleophilic
reagents to create surface cationic groups.

Preparation of tosyl-functionalized doxorubicin-containing PNPs
Monomers 2 and 4 (for characterization data, see Fig. S1 in the ESI† and the associated
discussion) were first copolymerized using the 1st-generation Grubbs’ catalyst 5, followed
by the sequential addition and polymerization of monomer 3 (Scheme 2b).10 The resulting

†Electronic Supplementary Information (ESI) available: General descriptions of materials and instrumentation, characterization data
for the monomers and polymers, data from control experiments, and additional data as referenced in the text. See DOI: 10.1039/
b000000x/
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block copolymer, (2-co-4)15-b-315 (for characterization data, see Fig. S2 in the ESI† and the
associated discussion), contains a block of the hydrophilic comonomers 2 and 4 and a
second block of the hydrophobic monomer 3 (first block theoretical Mn = 9000, observed
Mn = 10000, polydispersity index (PDI) = 1.11; final polymer theoretical Mn = 19000,
observed Mn = 19000, PDI = 1.13). As previously observed, 18 copolymerization reactions
initiated with the hydrophobic monomer 3 did not proceed to completion (see Fig. S3 in the
ESI† and the associated discussion), necessitating the need for the hydrophilic monomers to
be copolymerized first. To maintain an optimal balance between the ability to synthesize a
monodisperse, well-defined copolymer and the charge-stabilization of the final PNP
(Section III in the ESI†), we employed a 1:1 stoichiometric ratio of monomers 2 and 4.

Following our previously established strategy,28 an aqueous suspension of tosyl-
functionalized, doxorubicin-containing PNPs was obtained by dropwise addition of water to
a DMSO solution of copolymer (2-co-4)15-b-315, followed by exhaustive dialysis against
ultrapure deionized water (Scheme 2b). Dynamic light scattering (DLS) measurements
indicated a narrow size distribution (PDI = 0.036) of particles centered at DH = 211 nm
(Scheme 2b, right inset). Transmission electron microscopy (TEM, Scheme 2b, left inset)
also confirmed the homogeneous spherical morphology of these PNPs with diameters of
~200 nm.

PNP aggregation and attempted steric stabilization route
As mentioned in the introduction, we previously observed the aggregation of methoxy-
terminated, doxorubicin-containing PNPs derived from copolymer 215-b-315 in cell-culture
media, which resulted in a non-uniform cellular uptake.11 Attempts to disperse these PNPs,
or the tosyl-functionalized, doxorubicin-containing PNPs derived from copolymer (2-
co-4)15-b-315, in PBS buffer (10 mM, pH 7.4, 150 mM [NaCl]) also led to PNP aggregation
(Table 1, cf entries 1–2, Fig. S4 in the ESI†).

We first investigated the use of a surface stabilizer to reduce the aggregation of doxorubicin-
containing PNPs and maintain their dispersion stability in PBS buffer.29–31 Poloxamer 188
(Pluronic F68),31 a well-known biocompatible triblock copolymer, was successfully
incorporated into both methoxy- and tosyl-functionalized PNP matrices (215-b-315 and (2-
co-4)15-b-315, respectively), either during the PNP fabrication or post-particle formation
(Fig. S5 in the ESI†). While the resulting Poloxamer-incorporated PNPs were stable in
water, re-suspending them in PBS buffer afforded only aggregated structures, as observed
by both DLS and TEM (Figs. S6–S8 in the ESI†). Even at 100 wt% Poloxamer
incorporation, which drastically decreases the drug loading capacity per particle (50 wt% to
25 wt%), the steric protection was inadequate to prevent aggregation.

We also attempted to achieve steric stabilization of PNPs by replacing the PEG group of
hydrophilic monomer 2 with a much longer side chain (PEG 1000 instead of PEG 282;32 for
characterization data, see Figs. S9–S11 in the ESI† and the associated discussion).
Unfortunately, doxorubicin-containing PNPs prepared with this new monomer 7 are also
unstable in PBS buffer. TEM analysis suggests that these PNPs have highly irregular surface
features (Fig. S11 in the ESI†), which may contribute to their inability to resist aggregation
in buffer.

Electrostatic stabilization of PNPs
We then turned to electrostatic stabilization as a means to stabilize PNP dispersion.
Nanoparticles with |zeta potential| >30 mV have been found to maintain good colloidal
stability in buffers and can be used for in vitro studies.33 While the surface of our PNPs can
be modified with either cationic or anionic charged groups, negatively charged nanoparticles
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are known to suffer from poor cellular uptake due to their low affinity towards the
negatively charged cell membrane.34 In contrast, cationic nanoparticles would have stronger
electrostatic interactions with the cell membrane and a better chance to translocate.35

Indeed, positively charged nanoparticles have been shown to have an enhanced ability to
penetrate the cell membrane and undergo cellular internalization.36–39

To introduce positive charges on the PNP surface, we initially synthesized a cationic
polymer from the parent tosyl-bearing copolymer (2-co-4)15-b-315 by converting its tosylate
groups to cationic ammonium moieties (for characterization data, see Fig. S12 in the ESI†

and the associated discussion). The reaction of excess diethylamine with (2-co-4)15-b-315
afforded ~80% ammonium groups. While this ionic copolymer can be processed into PNPs,
the polydispersity is high (0.22, see Fig. S13 in the ESI†), prompting us to pursue an
alternate path that would engender the PNP surface with cationic moieties.

Since doxorubicin-containing PNPs with exposed tosyl groups on the surface can be made
easily with low dispersity,10 we reasoned that exposing these to amines could result in new
PNPs with cationic surface ammonium groups that are buffer-stable. Indeed, treating the
aforementioned tosyl-bearing PNPs, derived from block copolymer (2-co-4)15-b-315, with
aqueous solutions of triethylamine, diethylamine, ethylamine, 2-methoxyethylamine, or 2-
methylthioethylamine over a period of 72 h (Scheme 3) resulted in materials that do not
visibly aggregate in PBS buffer (Figs. S14–S18 in the ESI†), in contrast to that observed for
the parent PNPs. TEM image (Scheme 3a; see also Figs. S14a-S18a in the ESI†) and size
distribution plot as obtained by DLS (Scheme 3b; see also Figs. S14b-S18b in the ESI†)
demonstrates the retention of the discrete and spherical morphology of these PNPs with
diameters of ~200 nm and low PDI (0.004–0.080). The zeta potentials of these PBS-
resuspended PNPs are positive (Table 1, cf entries 3–7), suggesting that the nucleophilic
amines were covalently linked to the PNP surface by displacement of the tosyl leaving
groups, resulting in PNPs functionalized with cationic ammonium moieties.

As shown in Table 1, the presence of charged groups on the ammonium-modified PNPs
induces interparticle repulsion and increases their dispersibility in buffer solutions. The
observed decrease in the surface zeta potential as the steric environment at the amine
nitrogen becomes more hindered (Table 1, cf entries 3–5) is suggestive of a smaller number
of charged groups on the PNP surface. That the three most stable doxorubicin-containing
PNPs (see below) possess surface zeta potentials that are close to that of indomethacin-
containing PNPs (Table 1, entry 8a), known to be dispersible in PBS buffer,40 is perhaps not
coincidental. When compared to the surface zeta potential of the parent tosyl-functionalized
PNPs (−16 mV),41 these values (52 to 55 mV) mirror the stark contrast in dispersibilities
between the ammonium-modified materials and their parent PNPs: the low surface charge
associated with the latter is perhaps insufficient to ensure its dispersibility in PBS buffers.
Supporting this hypothesis is the observation that when the indomethacin-containing PNPs
were modified with negative surface groups to reduce their intrinsically positive surface zeta
potential, their dispersibilities are dramatically reduced (Table 1, cf entries 9–10).42

To estimate the number of surface cationic charges on the PNP surface, the parent tosyl-
functionalized doxorubicin-containing PNPs were modified with three different
propargylamines in increasing degree of substitutions (1°, 2°, 3°). The resultant “clickable”
PNPs were then treated with folate-PEG-azide43 following a previously published
protocol44 (Fig. 1, for characterization data, see Fig. S20 in the ESI† and the associated
discussion). As expected, the propargylamine-modified PNPs were the most readily
modified, with approximately 1200 coupled folate groups. As the steric environment around
the amine nucleophile becomes more crowded, the number of coupled folate groups steadily
decreased (Fig. 1), with ~650 for the methylpropargylamine-modified PNP and ~320 for the
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dimethylpropargylamine-modified PNP. Since the propargylamine-modified PNPs have
similar zeta potentials (Fig. S20 in the ESI†) and are sterically and electronically analogous
to those that have been modified with ethylamines, we assumed that the degree of surface
amine modification is similar in both series of PNPs.

The aforementioned difference in conjugation efficiency for the propargyl amines can be
attributed to the steric environment at the amine nitrogen: a hydrophobic, bulky
trialkylamine is less likely to displace tosylate groups on the PNP surface under aqueous
conditions compared to a more hydrophilic, smaller primary amine. As such, the use of
trialkylamine modifiers may lead to insufficient coverage of charged groups on the PNP
surface and cause premature aggregation. Additionally, the secondary and tertiary amine-
modified PNPs would also be more hydrophobic overall in comparison to the primary
amine-modified PNPs (there are more alkyl groups per charge), making them less stable in
buffer.

To determine whether the number of surface ammonium groups affects PNP dispersibility,
the size distributions of these modified PNPs in buffers were analyzed by DLS over a period
of time. Indeed, it was found that the primary amine-modified formulations, with 1200
charged ammonium groups/nanoparticle, can maintain PNP stability in biological buffers for
at least 96 h (Figs. S22c-S22e in the ESI†) while the other lower-charge formulations were
not as stable (Figs. S22a and S22b in the ESI†).

Importantly, the amine modification does not significantly change the size and mass of our
parent NPs, or their drug loading capacities. Although the primary amine modification
afforded the highest number of ammonium groups on the PNP surface, it is only 1% of the
total number of tosyl groups and added merely 0.02 wt% of mass to the PNP. Such an
inconsequential increase in the overall PNP mass did not affect the original per-particle drug
loading and is expected to result in only small changes in the total number of surface
charged groups, thus minimizing charge-induced toxicities (see below). Together, these
features make amine modification the most attractive stabilization strategy that we have
explored in this study.

Determination of effect on cell viability and cellular localization of surface-modified
doxorubicin-containing PNPs

The cytotoxicities of the parent tosyl-functionalized doxorubicin-containing PNPs and their
ammonium derivatives were evaluated against MDA-MB-231-Br, a highly metastatic
variant of MDA-MB-231 breast cancer cells.45 The relative cell viabilities were measured
using MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) assay over a period of 72 h. The half-maximum inhibitory
concentrations (IC50) of the PNPs were determined by plotting cell viability as a function of
equivalent doxorubicin concentration and fitting the data to a model of dose-dependent
inhibition of growth. The ethylamine-, 2-methoxyethylamine-and 2-methylthioethylamine-
modified PNPs were effective in inhibiting cell growth with IC50 values of 19.1 ± 3.0 μM,
13.1 ± 3.3 μM, 12.9 ± 3.5 μM, respectively (Fig. 2). Under the same conditions, the cell
viability plots for diethylamine- and triethylamine-modified PNPs (Fig. S26 in the ESI†)
suggest that these formulations have no significant cytotoxicity, presumably due to their
lower stabilities in the cell culture media (see above). We note that IC50 values could not
even be obtained for the parent tosyl-modified PNPs or the methoxy-terminated PNPs due to
their fast aggregation in cell culture media.

Positively charged nanoparticles have been known to have some in vitro cytotoxicity due to
their surface charges.46 In addition, the size and the type of nanoparticle may also induce
any observed toxicity of the material.47 To determine whether the cationic nature of the
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charge-stabilized, doxorubicin-containing PNPs was causing the inhibitory effect in cell
growth, a series of analogous ammonium-modified, cholesterol-containing PNPs were
synthesized (for characterization data, see Figs. S24 and S25 and Table S1 in the ESI† and
the associated discussion). Because we have previously employed cholesterol as an inert
drug payload in the PNP platform,18 the use of these materials as a control should reveal
whether a moderately charged PNP such as ours would have any cytotoxicity. As shown in
the ESI† (Fig. S26), none of the cholesterol-containing PNP formulations exhibit cytotoxic
effects over the tested concentration range (0.39–100 μM), indicating that doxorubicin was
the active agent responsible for the observed cytotoxic response of ethylamine-, 2-
methoxyethylamine-, a n d 2-methylthioethylamine-modified PNPs. This low toxicity is
similar to those observed for other cationic nanoparticle systems with comparable surface
zeta potentials.48, 49

That the anti-proliferative effect of the primary amine-modified PNPs may be attributed to
their better dispersibilities in cell culture media, and presumably better cellular localization,
is supported by confocal laser-scanning fluorescent microscopy (CLSM) experiments. As
shown in Fig. 3 (see also Fig. S27 in the ESI†), CLSM images of MDA-MB-231-Br cells
exposed to these formulations reveal that the surface-stabilized PNPs appeared to not only
localize at the cancer cells, but also had uniform distribution throughout the cellular
population (Fig. 3b), in clear contrast to the parent tosyl-functionalized PNPs (Fig. 3a).

Conclusions
In summary, we have demonstrated that the dispersibility of doxorubicin-containing PNPs in
biologically relevant media can be greatly increased through an electrostatic stabilization
route that is easily implemented after nanoparticle formation. While the flexibility of our
PNPs fabrication allows us to explore both electrostatic and steric stabilization through
many different modification protocols, post-nanoparticle-formation modification is the most
convenient protocol because it eliminates the additional synthesis of new monomers/
polymers and potential challenges encountered in the formation of PNP from new polymer
compositions.

Our data clearly indicates that per an added-mass basis the levels of stabilization afforded by
charge repulsion were significantly better than those provided by steric hindrance. While
significant PNP aggregation in ionic media still occurs in the presence of large amounts of
Poloxamer (100 wt% of the drug-containing copolymer), good stabilization can be achieved
with minimal amine modification of tosyl-functionalized PNP (only 0.02 wt% of mass was
added in the case of ethylamine). Most importantly, the small number of charged groups
introduced on the PNP surface via this method did not trigger charge- induced toxicity.

Among the amines explored for surface modification in this study, primary amines were the
most effective in stabilizing PNPs. Presumably, the smaller steric demand of primary amines
results in their higher coverage on the PNP surface and better PNP stabilization. These
primary-amine-modified PNPs exhibited improved and uniform cellular localizations in
cancer cells, leading to an enhanced inhibition of cell proliferation. Together with the
aforementioned low charge-induced toxicity, this data suggests that post-synthesis
modification with charged groups can be a highly useful strategy for increasing the
biocompatibility and therapeutic potential of nanoparticle delivery systems.

Materials and methods
1-[4-({Bicyclo[2.2.1]hept-5-en-2-yloxy}methyl)phenyl]-2,5,8,11,14,17-
hexaoxanonadecan-19-ol (1),40 1-[4-({bicyclo[2.2.1]hept-5-en-2-
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yloxy}methyl)phenyl]-2,5,8,11,14,17,20-heptaoxahenicosane (2),18 and
bicyclo[2.2.1]hept-5-en-2-yl-N-(3-hydroxy-2-methyl-6-{[3,5,12-trihydroxy-3-(2-
hydroxyacetyl)-10-methoxy-6,11-dioxo-1,2,3,4,6,11-hexahydrotetracen-1-yl]oxy}oxan-4-
yl)carbamate (3)18 were prepared according to literature procedures.

Synthesis of 1-[4-({bicyclo[2.2.1]hept-5-en-2-yloxy}methyl)phenyl]-2,5,8,11,14,17-
hexaoxanonadecan-19-yl 4 methylbenzene-1-sulfonate (4)

4-Toluenesulfonyl chloride (1.17 gm, 15.2 mmol) was added as a solid to a solution of 1-[4-
({bicyclo[2.2.1]hept-5-en-2-yloxy}methyl)phenyl]-2,5,8,11,14,17-hexaoxanonadecan-19-ol
(1, 150 mg, 0.303 mmol) in dry DCM (25 mL) in a 50-mL Schlenk flask. After the addition
of triethylamine (0.93 mL, 6.67 mmol) using a gas-tight syringe, the reaction mixture was
allowed to stir for 15 min at 0 °C. The resulting solution was allowed to stir at room
temperature overnight before being concentrated and purified by flash chromatography
(95:5 v/v CH2Cl2:MeOH) to afford monomer 4 as a dark yellow oil (178 mg, 90% yield).
See the ESI† for 1H NMR, 13C NMR, and ESIMS data.

Synthesis of block copolymer (2-co-4)15-b-315

In an inert-atmosphere glovebox, monomers 2 (11.8 mg, 0.0231 mmol) and 4 (15 mg,
0.0231 mmol) were dissolved in an anhydrous mixture of CHCl3:MeOH (9:1 v/v, 2 mL) in a
20-mL scintillation vial equipped with a magnetic stirring bar. A stock solution of catalyst 5
(5 mg) in CH2Cl2 (5 mL) was prepared separately and a portion of which (2.54 mL, 3.08
μmol) was added to the vial containing the mixture of monomers 2 and 4 under vigorous
stirring. The resulting reaction mixture was stirred at room temperature for 30 min, at which
time an aliquot (100 μL) was removed and quenched with excess ethyl vinyl ether. A
portion of this quenched aliquot was evaporated to dryness, redissolved in CDCl3, and
analyzed by 1H NMR spectroscopy, which indicated complete consumption of the
monomer. The remaining portion was evaporated to dryness, dissolved in HPLC-grade THF,
and subjected to GPC analysis (Mn = 10000 (theoretical Mn = 9000), PDI = 1.11).

Immediately after aliquot removal, a solution of monomer 3 (30.4 mg, 0.0447 mmol) in a
mixture of CHCl3:MeOH (9:1 v/v, 1.5 mL) was added to the reaction vial and the resulting
polymerization mixture was stirred for an additional 45 min before being terminated with
the addition of ethyl vinyl ether (1 mL). The reaction mixture was added quickly into
vigorously stirred cold (−10 °C) pentanes (200 mL), and the resulting precipitate was
isolated via vacuum-filtration and washed thoroughly with fresh pentanes to afford the
product copolymer quantitatively as a dark red solid (GPC: Mn = 19000 (theoretical Mn =
19000), PDI = 1.13). See the ESI† for 1H NMR data..

General procedure for the preparation of nanoparticle dispersions
Aqueous suspensions of the polymer nanoparticles were prepared by dialysis following a
modification of the published procedure.28 An aliquot (2.5 mL) of a stock solution of the
block copolymer (2-co-4)15-b-315 (0.01 wt%) in DMSO was transferred to a 4-mL
scintillation vial and set to stir vigorously. Ultrapure deionized water was added to this
stirring copolymer solution at a rate of 1 drop (10 μL, 0.35 wt%) every 10 s using a 2–20 μL
micropipette until the mixture contained 18 wt% water. The resulting cloudy mixture was
placed in a 3-mL dialysis cassette and dialyzed against ultrapure deionized water (500 mL),
with the dialate changed every 2 h. Complete absence of DMSO in the dialate after 48 h was
verified by UV-vis spectroscopy as indicated by the disappearance of the UV cut-off for
DMSO at 268 nm. DLS analysis of the final PNP aqueous suspension revealed narrowly
dispersed PNPs with an average diameter (DH) of 211 ± 18 nm and a corresponding PDI of
0.036 (Scheme 2b right inset). TEM analysis indicated a uniform size distribution for the

Krovi et al. Page 7

J Mater Chem. Author manuscript; available in PMC 2013 December 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PNPs in the solid-state, with an average diameter of ~200 nm that is consistent with the DLS
data (Scheme 2b left inset). See Fig. S23 in the ESI† for doxorubicin release profile.

General procedure for tosylate displacement on PNPs
In a 1.5-mL safe-lock Eppendorf tube, an aliquot (10 μL ) of the appropriate amine (NEt3,
HNEt2, H2NEt, 2-methoxyethylamine, or 2-methylthioethylamine) was added to an aliquot
(500 μL) of the PNPs derived from block copolymer (2-co-4)15-b-315. The resulting mixture
was incubated on a platform shaker (Thermomixer R, Eppendorf, Hauppauge, NY, USA))
and allowed to agitate (1150 rpm) at room temperature for 72 h. The reaction mixture was
then centrifuged for 30 min (Eppendorf centrifuge 5804R set at 10K rpm) to a solid pellet.
The supernatant, containing majority of the excess amine, was removed and the PNPs were
resuspended in PBS buffer (500 μL, 10 mM, pH = 7.4, [NaCl] = 150 mM). See the ESI† for
DLS, TEM, and stabilization investigation studies.

Cell Culture
MDA-MB-231-Br cells (both GFP-producing and nonproducing), highly metastatic variants
of MDA-MB-231 cells, were provided as a generous gift to Prof. Vincent L. Cryns (Dept. of
Medicine, University of Wisconsin at Madison) by Dr. Patricia S. Steeg (National Cancer
Institute, National Institutes of Health). Cells were maintained in Dulbecco’s Modified
Eagle’s Medium, supplemented with Fetal Bovine Serum (10 vol%), L-glutamine (4 mM),
and penicillin/streptomycin (100 units/mL). All media, sera, and supplements were
purchased from Invitrogen (a division of Life Technologies, Grand Island, NY, USA). Cells
were maintained at 37 °C in a humidified atmosphere with 5% (v/v) CO2 during these
experiments.

Cellular toxicity investigation
To evaluate the inhibitory effects of the charge-stabilized PNPs, MDA-MB-231-Br cells (1.5
× 104 cells/mL) were seeded in 96-well tissue culture plates (Grenier Bio One North
America, Monroe, NC, USA) for 24 h prior to drug treatment. The adhered cells were then
incubated with serial dilutions of the doxorubicin-containing PNPs for 72 h, starting at 100
μM doxorubicin. After treatment, relative cell viability was determined using CellTiter 96
AQueous Non-Radioactive Cell Proliferation (MTS) assay (Promega Corporation, Madison,
WI, USA). The data was fitted to a model of dose-dependent inhibition of growth
(GraphPad Prism, GraphPad Software, Inc., La Jolla, CA).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Top: A schematic illustration of the modification of alkyne-functionalized PNPs with folate-
PEG-azide in the presence of a Cu/NaAsc catalyst system. Bottom: A comparison of the
degree of modification of the different alkyne-functionalized PNPs with folate-PEG-azide,
showing that maximum modification is achieved with propargylamine-modified PNPs. This
is indicative of propargylamine being the most efficient in tosylate displacement on the PNP
surface.
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Fig. 2.
In vitro cyctotoxicity profiles of: ( ) ethylamine- (IC50 = 19.1 ± 3.0 μM), ( ) 2-
methoxyethylamine- (IC50 = 13.1 ± 3.3 μM), and ( ) 2-methylthioethylamine-modified
PNPs (IC50 = 12.9 ± 3.5 μM) against MDA-MB-231-Br cells. Cells were exposed to the
PNPs for 72 h at 37 °C.
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Fig. 3.
Representative differential interference contrast and fluorescence microscopy images, based
on the fluorescence of doxorubicin, of MDA-MB-231-Br cells incubated with (a) tosyl-
functionalized PNPs and (b) ethylamine-modified PNPs showing the ability of the latter to
localize at cancer cells more effectively than the former.

Krovi et al. Page 13

J Mater Chem. Author manuscript; available in PMC 2013 December 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 1.
Schematic illustration of possible steric and electrostatic strategies for stabilizing
doxorubicin-containing PNPs in biological buffers: Steric stabilization through: (a, top)
increasing the length of the hydrophilic block and (a, bottom) using polymer stabilizer
Pluronic F68. Electrostatic stabilization through: (b, top) introducing charged groups in the
hydrophilic block prior to PNP formation and (b, bottom) using amino surface modifiers.
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Scheme 2.
(a) The preparation of PNPs from methoxy-terminated 215-b-315 block copolymer. (b) The
preparation of PNPs from tosyl-functionalized (2-co-4)15-b-315 block copolymer. At the end
of each sequence, the first image is a representative TEM image of the PNP (see Fig. S4 in
the ESI† for an expanded TEM image of the PNPs prepared from (2-co-4)15-b-315) and the
second image is a plot of its DH distribution, as measured by DLS.
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Scheme 3.
The modification of tosyl-functionalized, doxorubicin-containing PNPs with amines. (a) a
representative TEM image and (b) the DH distribution measured by DLS upon re-
suspending the ethylamine-modified PNPs in PBS buffer (10 mM, pH 7.4, 150 mM [NaCl]).
See Figs. S14–S18 in the ESI† for the data for other amine-modified materials, including
expanded TEM images.
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