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Doxorubicin-Conjugated Immuno-Nanoparticles for
Intracellular Anticancer Drug Delivery
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By Meng Shi, Karyn Ho, Armand Keating, and Molly S. Shoichet*
A polymeric nanoparticle comprised of surface furan groups is used to bind,

by Diels–Alder (DA) coupling chemistry, both targeting anti-human epidermal

growth factor receptor 2 (anti-HER2) antibodies and chemotherapeutic

doxorubicin (DOX) for targeted, intracellular delivery of DOX. In this new

approach for delivery, where both chemotherapeutic and targeting ligand are

attached, for the first time, to the surface of the delivery vehicle, the nuclear

localization of DOX in HER2-overexpressing breast cancer SKBR-3 cells is

demonstrated, as determined by confocal laser scanning microscopy. Flow

cytometric analysis shows that the conjugated DOX maintains its biological

function and induces similar apoptotic progression in SKBR-3 cells as free

DOX. The viable cell counts of SKBR-3 cancer cells following incubation with

different nanoparticle formulations demonstrates that the combined DOX

and anti-HER2 nanoparticle is more efficacious than the nanoparticle

formulation with either DOX or anti-HER2 alone. While free DOX shows

similar cytotoxicity against both cancerous SKBR-3 cells and healthy HMEC-1

cells, the combined DOX-anti-HER2 nanoparticle is significantly more

cytotoxic against SKBR-3 cells than HMEC-1 cells, suggesting the benefit of

nanoparticle-conjugated DOX for cell type-specific targeting. The DOX-

conjugated immuno-nanoparticle represents an entirely new method for
1. Introduction
Polymeric amphiphiles self-assemble upon contact with aqueous
environments; the hydrophobic regions of the copolymers
spontaneously aggregate driven by hydrophobic association while
the hydrophilic segments form the outer corona to maximize their
contact with the aqueous environment.[1–9] The interest in
polymeric self-assembled nanoparticles as anticancer drug delivery
vehicles is growing as a result of their promise in both prolonged
circulation time—due to the nanoscale size and hydrophilic outer
shell which inhibit phagocytic and renal clearance—and selective
tumor accumulation via the enhanced permeability and retention

localized co-delivery of chemotherapeutics and antibodies.
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(EPR) effect.[10,11] Having their composition
tuned to allow functionalization, polymeric
micellar nanoparticles are designed to
incorporate targeting ligands by covalent
coupling, which combine passive and
active targeting in one platform.[2,8,9] An
immuno-polymeric nanoparticle system
that results from the self-assembly of an
amphiphilic copolymer poly(2-methyl-2-
carboxytrimethylene carbonate-co-D,L-lactide)-
graft-poly(ethylene glycol)-furan (poly(TMCC-
co-LA)-g-PEG-furan) was recently reported.[2,12]

After covalently coupling antibodies to
the nanoparticle surface, these immuno-
nanoparticles exhibit specific binding with
receptor-overexpressing cancer cells. In the
current study, the versatility of the function-
alized nanoparticle system is extended to
couple, for the first time, both antibodies
and anticancer agents on the nanoparticle
surface (Scheme 1). Through the formation
of doxorubicin (DOX) and targeting anti-
body conjugated immuno-nanoparticles, this
novel strategy delivers DOX to the cell
nucleus of receptor-overexpressing breast
cancer cells in a simple and straightforward
manner, while maintaining the pharma-
ceutical toxicity of DOX.
DOX remains as one of the most effective chemotherapeutic

anticancer drugs of the past 50 years and is crucial to the
treatment of a range of neoplasms including acute leukemia,
malignant lymphoma, and breast cancer.[13] Like all other
anticancer agents, however, the high efficacy of DOX is associated
with high systemic toxicity to healthy tissue. In particular, the
dose-dependent cardiotoxicity induced by DOX is cumulative and
life-threatening, making the development of targeted DOX-
delivery systems of particular importance.[6,8,12,14–27] Significant
progress has been made towards the design and synthesis of
polymer-based DOX-delivery systems such as amphiphilic
polymeric micelles where DOX is physically encapsu-
lated,[6,8,12,17,20,26] and polymer–DOX therapeutics where
DOX is chemically encapsulated by covalent binding to
polymers.[23–25,28–30] On the one hand, amphiphilic polymeric
micelles have hydrophobic inner cores that load and stabilize
DOX via hydrophobic association. Their core–shell nanostructure
holds promise for prolonged circulation and eventual accumula-
tion in tumor tissues; however, when physically encapsulated,
DOX rapidly diffuses out from the polymeric micelles, likely due
to its small size and poor stability in the core.[17,20] On the other
heim 1689
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Scheme 1. The preparation of co-labeled antibody- and DOX- polymeric

nanoparticles (DOX-conjugated immuno-nanoparticles) using the same

Diels–Alder (DA) chemistry for covalent surface modification.
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hand, polymer–DOX therapeutics are water soluble polymers that
have DOX conjugated via biologically defined linkers that can be
cleaved in the lysosomal/endosomal microenvironment, thereby
releasing DOX intracellularly. These polymer–DOX therapeutics
exhibit good storage stability, low systemic toxicity in circulation,
and localized drug release.[28,30] To better control the biocompat-
ibility and selective targeting with precisely structured drug
carriers, a new class of polymeric therapeutics, core–shell
polymeric nanoparticles, have been designed to have DOX
covalently bound to the hydrophobic segments and incorporated
into the inner core of the polymeric micelles during self-
assembly.[4,5,7,26,31,32] These micellar polymer–drug conjugates
combine the advantages of conventional drug-encapsulated
polymeric micelles and linear polymer–drug therapeutics. The
approach of polymer–drug therapeutics which depends on
degradable linkers to target DOX to cell nuclei is limited,
� 2009 WILEY-VCH Verlag GmbH &
however, by the complex synthesis procedures and the relatively
low efficiency of linker cleavage (e.g.<50% over 72 h under
stimulus conditions).[4] Regardless of how DOX is specifically
encapsulated, it has been incorporated inside these conventional
micellar nanoparticles where its nuclear transport is limited.

In this study, we describe the benefit of a polymeric core–shell
nanoparticle system where both DOX and antibody targeting
ligands are coupled on the nanoparticle surface via a simple
conjugation chemistry. The novel DOX-antibody-nanoparticle
formulation features the following properties as highly efficient
drug delivery vehicles: i) simple preparation obviating the
synthesis complexity associated with biodegradable linkers;
ii) DOX coupled on the nanoparticle surface favoring its intra-
cellular nuclear transport; iii) antibody targeting ligands achiev-
ing specific cellular targeting and intracellular drug delivery via
receptor-mediated endocytosis; iv) core–shell nanoscale structure
with a hydrophilic corona, promising prolonged circulation time
and selective tumor accumulation; v) stable chemical bond
between DOX and the polymer suggesting that DOX will be
bound to the nanoparticle during circulation, thereby reducing
systemic toxicity. We hypothesized that the DOX-conjugated
immuno-nanoparticles would both deliver DOX to its target
organelle (the cell nucleus) and be specifically cytotoxic to
receptor-overexpressing cells.

2. Results and Discussion

2.1. Preparation of DOX-Conjugated Immuno-Nanoparticles

The furan-functionalized amphiphilic copolymer, poly(TMCC-co-
LA)-g-PEG-furan, was synthesized as previously reported,[2] as
was its ability to self-assemble into nanoparticle structures via a
dialysis procedure.[2,12] As shown in Scheme 1, the hydrophobic
segments of the poly(TMCC-co-LA) backbone form the dense
inner core while the hydrophilic PEG chains orient toward the
aqueous solution forming the outer corona upon self-assembly in
aqueous environments. The furan functional groups, located at
the PEG termini, are easily accessible to maleimide-containing
molecules in the aqueous solution. We previously demonstrated
that antibodies can be covalently bound on the surface of the
polymeric nanoparticles via highly efficient Diels–Alder (DA)
chemistry.[2] By calculating the aggregation number of the
micellar nanoparticles, it was estimated that antibodies occupied
only a few of the PEG-furan groups on the surface, leaving
thousands of surface PEG-furan chains available for further
modification.[2] In this study, we take advantage of the mild DA
reaction conditions to couple DOX-maleimide to those unoccu-
pied PEG-furan chains by the same DA chemistry, resulting in co-
labeled DOX-antibody-nanoparticles where both chemotherapeu-
tics and targeting antibodies are on the outside of the
nanoparticles (Scheme 1).

Specifically, DOXwasmodified to introducemaleimide groups
at the 13-keto position (Supporting Information Fig. S1), while
maintaining the quinone ring intact for drug activity.[13] To
construct DOX-conjugated immuno-nanoparticles, self-assembled
nanoparticles were surface modified using furan-maleimide DA
chemistry with first anti-human epidermal growth factor receptor
2 (anti-HER2) antibodies (aka Herceptin or Trastuzumab) and
Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 1689–1696
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Figure 1. DOX–maleimide coupled to nanoparticles by DA chemistry

demonstrates a high UV absorbance associated with DOX coupling

whereas the controls have minimal UV absorbance. In Control I, the

maleimide on DOX was quenched with cysteine prior to reaction with

the nanoparticles, thereby demonstrating the DA chemistry between DOX–

maleimide and nanoparticle–furan. In Control II, the maleimide on DOX

was quenched by reaction with furfurylamine prior to reaction with the

nanoparticles, further confirming the DA chemistry. The inset picture

shows the chemical structure of maleimide-modified DOX. Data are the

mean� SD of three separate experiments. � indicates significantly different

by a t-test p< 0.01.
then DOX (Scheme 1). DOX-maleimide was coupled to the
immuno-nanoparticles in MES buffer (pH 5.5) at room
temperature, overnight. As shown in Figure 1, nanoparticles
incubated with maleimide-modified DOX showed high UV
absorbance at 495 nm (fromDOX) indicating that the maleimide-
modified DOX was coupled to the nanoparticles. There was little
to no evidence of UV absorbance on the nanoparticles in controls
I and II, where the maleimide groups were quenched with either
cysteine or furfurylamine, respectively, prior to reaction with the
nanoparticles, demonstrating that DOX was covalently bound,
and not physically adsorbed, to the nanoparticles. DOX-
maleimide reacted with 83% of the available PEG-furan groups,
resulting in DOX-conjugated immuno-nanoparticles incorporat-
ing 20� 3mg DOX per mg nanoparticle (or 2wt%), a drug
loading comparable to that achieved in other polymer-based
systems delivering DOX by either physical encapsulation[8] or
chemical attachment.[25] While higher drug loadings have been
attained with liposomes, the polymeric nanoparticles are being
pursued in clinical trials,[33,34] demonstrating the potential of this
new innovation for clinical benefit. The hydrodynamic diameter
of the DOX-conjugated immuno-nanoparticles was determined
by dynamic light scattering to be 125.5 nmwith a polydispersity of
0.207, which is a suitable size for selective tumor accumulation in
vivo.[10,11]

To test the stability of the chemical bond under physiological
conditions, DOX-conjugated immuno-nanoparticles were incu-
bated at 37 8C with one of: a pH 7.4 buffer—the extracellular pH
of normal tissue; a pH 5.0 buffer—an acidic environment of
extracellular tumor tissue[35] and the interior of lysosomes/
Adv. Funct. Mater. 2009, 19, 1689–1696 � 2009 WILEY-VCH Verl
endosomes;[4] and SKBR-3 cells in serum-containing cell
media—a HER2-overexpressing breast cancer cell line. During
a 72 h period, free DOX was detected in neither the buffer
solutions nor the cell culture medium, indicating that DOX is
stably bound to the polymers under physiological conditions and
when contacting/interacting with cells.
2.2. Intracellular Localization of DOX-Conjugated

Immuno-Nanoparticles

By flow cytometry, we previously demonstrated that the anti-
HER2 immuno-nanoparticles bind specifically with SKBR-3 cells
whereas both IgG1k isotype control nanoparticles and blank
nanoparticles exhibit little binding with SKBR-3 cells, demon-
strating minimal nonspecific interaction and physical adsorp-
tion.[2] To assess the relative internalization rates of the immuno-
nanoparticle formulations and their intracellular localization,
confocal laser scanning microscopy (CLSM) was used to visualize
the timecourse localization of Alexa 488 fluorescently labeled
nanoparticles after incubation with SKBR-3 cells in serum-
containing cell media (see Supporting Information Fig. S2 for the
fluorescent labeling of blank nanoparticles or immuno-nanopar-
ticles). Blank nanoparticles (NP) presented little surface binding
and intracellular internalization at all the time points studied
(Fig. 2A). In contrast, anti-HER2 immuno-nanoparticles (NP-
aHER2) presented high surface binding at 4 8C (but no
internalization because antibody-mediated endocytosis is inhib-
ited at 4 8C) and continuous intracellular accumulation via
antibody-mediated endocytosis at 37 8C (Fig. 2B). Since the
nanoparticles bind to the SKBR-3 cells specifically via an antibody-
mediated interaction and the nanoparticles are comprised of
several thousand polymer chains that are modified with either a
fluorescent tag or an antibody (or neither, but not both because
there is an average of one PEG graft per backbone), it is likely that
the fluorescence observed within the cells treated with NP-aHER2
is that of intact immuno-nanoparticles and not free fluorescent-
tagged polymer chains. Interestingly, the internalized NP-aHER2
accumulated predominantly in the cell cytoplasm and not the cell
nucleus, which is consistent with the intracellular fate of other
reported polymeric drug delivery systems: intact drug carriers are
internalized via receptor-mediated endocytosis and remain in the
cytoplasm[17,27,36–40] likely due to the lack of an active nuclear
transport pathway.

DOX-conjugated nanoparticles (irrespective of antibody pre-
sence) exhibited different intracellular localization behaviors:
when incubated with SKBR-3 cells at 4 8C for 30min,
nanoparticles conjugated with DOX alone (without anti-HER2)
exhibited no surface binding to SKBR-3 cells yet modest
intracellular DOX accumulation was detected (Fig. 2C), suggest-
ing a route for internalization other than antibody-mediated
endocytosis. DOX-conjugated anti-HER2 immuno-nanoparticles
(NP-aHER2-DOX) exhibited both surface binding and intracel-
lular DOX accumulation at 4 8C (Fig. 2D). Interestingly, when
incubated with SKBR-3 cells at 37 8C, the red fluorescence from
DOX was observed in both the cytoplasm and the cell nucleus for
both NP-DOX and NP-aHER2-DOX. After 6 h of incubation, the
intense DOX fluorescence was localized predominantly in the cell
nucleus where much stronger fluorescence intensities were
ag GmbH & Co. KGaA, Weinheim 1691



F
U
L
L
P
A
P
E
R

www.afm-journal.de

Figure 2. The intracellular localization in SKBR-3 cells, cultured in serum-containing media, was

visualized by confocal laser scanningmicroscopy (CLSM) over time, first at 4 8C and then at 37 8C,
for A) blank nanoparticles (NP); B) nanoparticles modified with anti-HER2 (NP-aHER2);

C) nanoparticles modified with doxorubicin (NP-DOX); D) nanoparticles modified with both

anti-HER2 and doxorubicin (NP-aHER2-DOX); E) free DOX. The blue fluorescence represents

DAPI-stained cell nuclei and the red florescence represents DOX. In (A) and (B), where DOX is

absent, the nanoparticles were labeled with Alexa 488 (green fluorescence) for visualization. For

each condition, the upper right image is a merge of all channels; the lower left is the DAPI blue

fluorescence of the cell nucleus; and the lower right is the red or blue fluorescence from DOX or

Alexa 488, respectively. Scale bars represent 20mm.
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detected for NP-aHER2-DOX than NP-DOX (Fig. 2C and D and
Supporting Information Fig. S3, the Z-stacked confocal images).
By quantifying the fluorescence intensity of DOX inside the cell
body, it was revealed that the intracellular accumulation of NP-
aHER2-DOX (3044� 381mm�2) was significantly higher than that
of NP-DOX (2203� 136mm�2) after 6 h of incubation
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
(Supporting Information Fig. S4). The time-
course CLSM images suggest that the intra-
cellular pathway that the DOX-conjugated
nanoparticles (both NP-aHER2-DOX and NP-
DOX) used to deliver DOX comprised rapid
internalization, nanoparticle localization in the
cytoplasm and DOX localization in the cell
nucleus. Importantly, the nanoparticle-conju-
gated DOX exhibited the same intracellular fate
as free DOX which exclusively stained the cell
nucleus (Fig. 2E). Using multiple-labeled DOX-
, aHER2- and Alexa 647-polymeric chains that
comprise a given nanoparticle (see Supporting
Information Fig. S5, the preparation of multi-
ple-labeled nanoparticles), we were able to
distinguish the fluorescence between DOX–
polymer and Alexa dye–polymer, even though
both are associated with the same nanoparticle,
to determine whether intact DOX–nanoparti-
cles or free DOX–polymer chains (but not
nanoparticles) were localized in the nucleus.
After a 6 h incubation of SKBR-3 cells with
nanoparticles modified with all of DOX, Alexa
647 and anti-HER2, the fluorescence associated
with Alexa 647-polymer was observed in the cell
cytoplasm while DOX fluorescence was
observed in the cell nucleus, suggesting that
it was those polymer chains conjugated with
DOX, not intact DOX–nanoparticles, that were
selectively transported to the cell nucleus
(Supporting Information, Fig. S6).

The mechanism for the nuclear localization
of DOX-conjugated polymers is likely similar to
that of free DOX because the conjugated DOX
nanoparticles have DOX exposed on the sur-
face. Free DOX penetrates through the plasma
membrane non-specifically via both electro-
static and hydrophobic interactions with phos-
pholipids[41] and then is likely translocated to
the nucleus by the formation of a DOX–
proteasome complex.[13,42] This is an active and
selective nuclear targeting process which is
essential for the drug to reach its target
organelle. In the nanoparticle–DOX system,
even though DOX is covalently bound to the
nanoparticle, it is internalized in the cell
nucleus similarly to free DOX (although not
as quickly, as shown by the time courses in
Fig. 2C–E). The surface-exposed DOX allows
the nanoparticles to pass through the cell
membrane and accumulate intracellularly even
though there is not an active targeting effect
(Fig. 2C). Once inside the cells, the polymer-
DOX may form a complex with proteasomes similarly as free
DOX, which is then selectively transported to the cell nucleus.
Notwithstanding the intracellular accumulation of NP-DOX, the
intracellular accumulation of nanoparticles modified with both
DOX and anti-HER2 was significantly greater due to the
additional internalization mechanism of HER2 receptor-
Adv. Funct. Mater. 2009, 19, 1689–1696
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mediated endocytosis (Supporting Information Fig. S4), demon-
strating the benefit of incorporating antibody targeting ligands in
the nanoparticle system.

Thus, for the first time, DOX is conjugated on the surface of
the nanoparticle delivery vehicle and demonstrates not only
intracellular DOX delivery, but also nuclear DOX delivery.
Compared to the conventional DOX delivery techniques where
drugs are incorporated inside and DOX nuclear transport is
limited, the new formulation of DOX-conjugated immuno-
nanoparticles localize DOX to the cell nucleus in a straightfor-
ward fashion, suggesting that it is a therapeutically effective drug
delivery system for nuclear DOX delivery.

2.3. Induction of Apoptosis Using DOX-Conjugated Immuno-

Nanoparticles

To investigate how the nuclear localization of polymer con-
jugated-DOX impacts its ability to induce apoptosis in vitro, a
series of flow cytometry experiments was conducted to evaluate
the extent to which samples of drug conjugated nanoparticles or
free drug induce apoptosis in SKBR-3 cells. Cells were double
stained for viability (negative for propidium iodide (PI)) and
apoptosis (positive for Annexin V-FITC). Incubated with SKBR-3
cells in serum-containing media at a concentration of 1.75mg
mL�1 DOX-equivalent for 24 h, NP-aHER2-DOX resulted in 9.5%
early apoptotic cells (positive for Annexin V-FITC only) and 15.4%
late apoptotic cells (double positive for Annexin V-FITC and PI)
(Fig. 3A), indicating that polymer-conjugated DOX induced
similar apoptotic progression in SKBR-3 cells as free DOX
(Fig. 3B) and the biological function of DOX was retained
following conjugation to the polymer. As compared to 7.2% of
cells in early apoptosis and 8.8% in late apoptosis after treatment
by NP-DOX (Fig. 3C), the enhanced apoptosis induced by NP-
Figure 3. Apoptotic cell populations determined by flow cytometric analysis w

and propidium iodide (PI) staining after incubating SKBR-3 cells, cultured in

media, with A) NP-aHER2-DOX; B) free DOX; C) NP-DOX; D) NP-aHER2;

F) media alone. The bottom-right and top-right quadrants in each panel indica

of early and late apoptotic cells, respectively.
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aHER2-DOX is likely due to the enhanced intracellular uptake
associated with antibody mediated endocytosis. Interestingly,
anti-HER2 alone and anti-HER2-nanoparticles failed to trigger
apoptosis or cell death in SKBR-3 cells (Fig. 3D and E), as the
mechanism of action of anti-HER2 with SKBR-3 cells is believed
to mainly inhibit cell growth by inducing diminished receptor
signaling.[43,44] Importantly, little apoptosis or cell death was
observed in controls that had SKBR-3 cells grown in media alone
(Fig. 3F).

2.4. Selective Reduction in Cell Viability Using

DOX-Conjugated Immuno-Nanoparticles

To gain further insight into the mechanism of NP-aHER2-DOX
activity in vitro, the viable cell counts of SKBR-3 cancer cells
following incubation with different nanoparticle formulations
were compared using a standard tetrazoliumMTS assay. Because
this assay cannot distinguish between reductions in cell number
due to cell death (DOX) versus decreased proliferation (anti-
HER2), decreases in the viable cell count normalized to the
controls represents reductions from both sources; hereafter, the
combined reduction is referred to as the effective cytotoxicity.
Figure 4 presents the effective cytotoxicity as a function of DOX-
equivalent concentration after incubating SKBR-3 cells with
nanoparticle samples or free DOX in serum-containing cell
media. NP-aHER2-DOX demonstrated greater effective cytotoxi-
city than NP-DOX at all the DOX concentrations tested. While
neither anti-HER2 nor NP-aHER2 induced apoptotic cell death
(Fig. 3D and E), effective cytotoxicity was shown in the viable cell
assessment, demonstrating that they both inhibited cell growth
(Supporting Information, Fig. S7). Thus the decreased viable cell
numbers associated with NP-aHER2-DOX vs. NP-DOX likely
reflect a combination of two mechanisms: i) apoptosis associated
ith Annexin V-FITC

serum-containing

E) free anti-HER2;

te the populations

ag GmbH & Co. KGaA,
with increased intracellular DOX delivery and
ii) inhibited cell growth associated with anti-
HER2. While free DOX showed greater
effective cytotoxicity than either NP-aHER2-
DOX or NP-DOX, the NP-aHER2-DOX
improved the effective cytotoxicity over NP-
DOX. This is further validated by the IC50

values of: NP-aHER2-DOX (5.0mg mL�1 DOX-
equivalent), NP-DOX (10.0mg mL�1 DOX-
equivalent), and free DOX (0.6mg mL�1).
NP-aHER2-DOX achieved a two-fold reduc-
tion of the IC50 value compared with NP-DOX,
demonstrating the higher efficacy of a com-
bined DOX and anti-HER2 nanoparticle. NP-
aHER2-DOX and NP-DOX are less cytotoxic
than free DOX under cell culture conditions,
likely due to their slower rate of internalization
and longer time needed for nuclear transpor-
tation relative to free DOX (which was
observed in the timecourse CLSM images in
Fig. 2). However, core–shell polymeric nano-
particles have the ability to achieve prolonged
circulation time, selective accumulation in
the tumour tissue and control of the pharma-
cokinetics of incorporated drugs, which,
Weinheim 1693
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Figure 4. Cytotoxicity of NP-DOX, NP-aHER2-DOX, and free DOX against

SKBR-3 cells, cultured in serum-containing media, as a function of DOX-

equivalent concentration, as measured by the MTS assay after 72 h of

incubation and normalized to control SKBR-3 cells that were cultured in

serum-containing media alone. Data are the mean� SD of triplicate

cultures.

Figure 5. Cytotoxicity results for breast cancer SKBR-3 cells and healthy

human microvascular endothelial HMEC-1 cells incubated, in serum

containing media, with NP-aHER2-DOX, NP-DOX and free DOX at

5.0mg mL�1 DOX-equivalents (IC50 value of NP-aHER2-DOX against

SKBR-3 cells after 72 h incubation). Data are the mean� SD of three

separate experiments; � indicates significantly different by a t-test p< 0.01.
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combined with the active targeting mechanism, promises greater
specificity to cancer tissue in vivo.

To examine the benefit of nanoparticle-conjugated DOX for cell
type-specific targeting, the effective cytotoxicity against SKBR-3
breast cancer cells versus healthy human microvascular endothe-
lial cells (HMEC-1) were compared in the presence of either
nanoparticle conjugated DOX or free DOX in serum-containing
cell media. It is well known that DOX is highly toxic to both
endothelial cells and cardiomyocytes, which accounts for some of
the adverse side effects associated with its systemic administra-
tion.[45] Since we anticipate intravenous immuno-nanoparticle
administration, it is important to limit systemic toxicity by sparing
healthy cells, and understand how nanoparticle-DOX and free
DOX delivery compare in terms of selectivity for diseased cells. At
all time points, free DOXwas both similarly cytotoxic to cancerous
SKBR-3 cells and healthy HMEC-1 cells and more cytotoxic than
either NP-DOX or NP-aHER2-DOX to SKBR-3 cells and HMEC-1
cells. AlthoughDOX-conjugated nanoparticles accumulated in the
cytoplasm and cell nucleus of HMEC-1 cells as well (see
Supporting Information, Fig. S8), interestingly, the effective
cytotoxicity of NP-aHER2-DOX and NP-DOX against HMEC-1
cells was significantly less pronounced than that against SKBR-3
cells (Fig. 5). After 24 h and 48 h incubations at a DOX-equivalent
dose of 5.0mg mL�1, NP-aHER2-DOX resulted in significantly
reduced SKBR-3 viable cell number relative to controls (78%
versus 63%, respectively) whereas similarly treated HMEC-1 cells
were not affected by exposure to NP-DOX or NP-aHER2-DOX,
maintaining the same viable cell numbers as the controls. While
DOX is more cytotoxic when ‘‘free’’ versus immobilized on the
immuno-nanoparticle, the gain in selectivity to cancerous cells is
important and significant, promising an enhanced therapeutic
efficacy due to both targeted delivery and reduced cytotoxicity to
� 2009 WILEY-VCH Verlag GmbH &
healthy cells. Importantly, in vivo doxorubicin cardiotoxicity is
believed to be caused by doxorubicinol, the primary circulating
metabolite of doxorubicin formed by the carbonyl reductase at the
13-keto position;[46–48] the lack of a C-13 carbonyl moiety of
nanoparticle-conjugated DOX prevents the formation of doxor-
ubicinol, which itself promises reduced cardiotoxicity as com-
pared to free DOX delivery.
3. Conclusions

In summary, a new method for drug delivery has been described:
DOX-conjugated immuno-nanoparticles for intracellular drug
delivery were developed where both targeting ligands (anti-HER2
antibodies) and chemotherapeutics (DOX) are coupled to a
polymeric nanoparticle surface. The nanoparticle-aHER2-DOX
formulation delivered DOX intracellularly and localized DOX to
the cell nucleus of HER2-overespressing SKBR-3 cells in vitro.
The nuclear transport of DOX-polymer was likely mediated by the
surface-conjugated DOX. Nanoparticles with both DOX and anti-
HER2 exhibited enhanced intracellular uptake and greater
apoptosis in SKBR-3 cells relative to nanoparticles with only
DOX, and significant specificity to cancerous cells versus
healthy cells in terms of cytotoxicity. The results demonstrate
the proof of concept for the feasibility of the drug-conjugated
immuno-nanoparticles as a new approach to deliver anticancer
drugs intracellularly. We expect that the unique structure of
the DOX-conjugated immuno-nanoparticles—core-shell nano-
structure with both DOX and anti-HER2 chemically conjugated
on the nanoparticle surface—may prolong the circulation time,
reduce DOX systemic toxicity, and facilitate both passive and
Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 1689–1696
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effective platform for in vivo application.
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4. Experimental

Materials: 4-(4-N-Maleimidophenyl)butyric acid hydrazide hydrochlor-
ide (MPBH) and N-hydroxysulfosuccinimide (Sulfo-NHS) were obtained
from Pierce Biotechnology (Rockford, IL). tert-Butoxycarbonyl protected
amine-PEG-activated acid (BocNH-PEG-NHS) was purchased from Nektar
Therapeutics (Birmingham, AL). Anti-HER2 (aka Herceptin or Trastuzu-
mab) was obtained from Roche (Mississauga, Ontario, Canada). Alexa
Fluor 488 C5-maleimide was purchased from Invitrogen Canada
(Burlington, Ontario). Dialysis membranes were from Spectrum Labora-
tories (Rancho Dominguez, CA). Vectashield mounting medium for
fluorescence with DAPI was from Vector Laboratories, Inc (Burlingame,
CA). CellTiter 96 AQueous One Solution Cell Proliferation Assay was from
Promega Corporation (Madison, WI). Amicon Ultra centrifugal filter
devices (MWCO 10k) were from Millipore Corporation (Bedford, MA). All
other reagents were purchased from Sigma-Aldrich (Ontario, Canada) and
used as received unless otherwise noted.

Cell Culture: The human breast cancer cell line SKBR-3 was used for
intracellular localization and cytotoxicity studies. SKBR-3 is a human
permanent hypertriploid breast cancer cell line with epithelial features that
overexpresses the HER2/c-erb-2 gene product. The cultures were
maintained in a HEPA filtered 37 8C humidity controlled incubator, with
air supplemented with CO2 (5%). Cultures were split 1:3 once they reached
70–80% confluence, with medium changes every 2–3 days in between
splits. SKBR-3 cells were maintained in T-flasks with vented caps. Their full
culturemediumwasMcCoy’s 5amedium (Gibco), supplemented with fetal
bovine serum (FBS, 10%, HyClone, lot #KPG21605), penicillin (100 U
mL�1), and streptomycin (10mg mL�1). The human microvascular
endothelial cell line HMEC-1 was used as a control cell line. HMEC-1
cells are adherent and were selected as a representative healthy cell type
that is sensitive to DOX. The cultures were maintained in a HEPA filtered
37 8C humidity controlled incubator, with air supplemented with CO2 (5%).
Cultures were split 1:5 once they reached 70–80% confluence, with
medium changes every 2–3 days in between splits. HMEC-1 cells were
maintained in T-flasks with vented caps. Their full culture medium is
DMEM:Ham’s F12 medium (Sigma D6421), supplemented with FBS
(10%), L-glutamine (0.5%, Gibco 25030), Hydrocortisone (1ug mL�1,
Sigma H0888), epidermal growth factor (EGF, 10 ng mL�1, Sigma E4127),
penicillin (100 U mL�1), and streptomycin (10mg mL�1).

Preparation of DOX-Conjugated Immuno-Nanoparticles: The copolymer,
poly(TMCC-co-LA)-g-PEG, was synthesized as previously described [2,12].
The nanoparticles were prepared by dissolving the polymer (40mg mL�1)
in a DMF/borate buffer (50mM, pH 9.0) (1:1 v/v) and dialyzing against
distilled water. The maleimide modified antibody was conjugated with the
polymeric nanoparticles by Diels–Alder chemistry [2]. Maleimide-modified
DOX was prepared by reacting MPBH with the 13-keto position of DOX.
Briefly, DOX (5mg) and MPBH (15mg) were dissolved in DMF (0.5mL).
After incubating the solution at 37 8C overnight, MES buffer (500mM, pH
5.5, 0.5mL) was added and the solution was passed through a Sephadex G-
10 column in MES buffer (500mM, pH 5.5) for purification. For the
coupling of maleimide-modified DOX to the immuno-nanoparticles or the
blank nanoparticles, nanoparticle solution (2mgmL�1 in 10mM PBS buffer
of pH 7.4, 1mL) was added to DOX (0.4mgmL�1 in 500mMMES buffer of
pH 5.5, 85mg). After incubation at RT overnight, the nanoparticle solution
was passed through a Sephadex G-25 column in PBS buffer (10mM, pH
7.4) to remove unconjugated free DOX. The conjugated DOX was
determined using a UV–vis spectrophotometer at 495 nm which is
indicative of DOX concentration by comparison to a standard curve. When
the feed mass ratio of immuno-nanoparticles to DOX was 2mg: 85mg,
47% of the initial feed DOX was coupled to the nanoparticles, resulting in
the DOX-conjugated immuno-nanoparticles having 20� 3mg DOX/mg
nanoparticle (or 2 wt%).

Intracellular Localization: To observe the nanoparticle localization in
cells, cells were incubated with nanoparticle samples under various
Adv. Funct. Mater. 2009, 19, 1689–1696 � 2009 WILEY-VCH Verl
conditions and fixed for CLSM study. Briefly, SKBR-3 or HMEC-1 cells were
seeded on glass coverslips (12mm circle) in 24-well plates and co-cultured
with free DOX or nanoparticle solution (sterile filtered through 0.22mm
filters) under various conditions. After incubation at 4 8C or 37 8C for
various time periods, the glass coverslips were taken out and washed twice
with fresh PBS to remove any free DOX or nanoparticles. The cells were
fixed with paraformaldehyde (4wt%) and stained with DAPI for nuclear
visualization. Accumulation of free DOX or nanoparticle samples in SKBR-
3 and HMEC-1 cells was detected using a Zeiss LSM510 confocal
microscope. Fluorescence observation was carried out at both 488 nm
excitation for DOX/Alexa Fluor 488 detection and 364 nm excitation for
DAPI detection.

Apoptosis Assessment by Flow Cytometry: SKBR-3 cells in double-
concentrated cell medium were seeded in sterile 6-well plates at a cell
density of 5� 105 cells per well. Equal volumes of DOX or nanoparticle
samples in double distilled water (sterile filtered through 0.22mm filters)
were added into each well for treatment with DOX (1.75mg mL�1). After a
24 h incubation period, non-adherent and adherent cells were collected and
washed with cell medium by centrifugation at 1600 rpm for 5min. After
washing using cell medium and then PBS, the cell pellets were
resuspended in 1� Annexin V binding buffer (30mL, Biosource, Camarillo,
CA) and Annexin V-FITC (2mL, BioVision Inc. Mountain View, CA). The
cells were incubated on ice for 15min. After incubation, the cell suspension
was transferred to a FACS tube containing propidium iodide (0.6mg mL�1)
and incubated on ice for 4min. Cell samples were kept on ice until flow
cytometry analysis (Cytomics FC500, Beckman Coulter, Mississauga, ON,
Canada). The first 10 000 events were acquired by CXP analysis software
V2.1.

Cytotoxicity: The cellular cytotoxicity of free DOX and nanoparticle
samples against SKBR-3 and HMEC-1 cells was evaluated using a
colorimetric MTS assay (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium). Cells were seeded in sterile 96-
well plates at a seeding density of 1.2� 104 cells per well in double-
concentrated cell medium (100mL). DOX or nanoparticle samples
containing various concentrations of DOX or nanoparticles in double
distilled water (100mL, sterile filtered through 0.22mm filters) were added
for co-culture. Controls had distilled water added instead. At the end of the
experiments, MTS (20mL) was added to each well and the plate was
incubated at 37 8C for 2 h. The number of viable cells in each well was
determined using a UV–vis spectrophotometer to measure absorbance at
490 nm, indicating cell number by comparison to a standard curve. The %
cell number vs. controls is the number of viable cells present after
incubating with either DOX or nanoparticle samples relative to those of
cells incubated in media alone (controls). The concentrations that resulted
in 50% cell viability (i.e., inhibitory concentration 50, IC50) were estimated
from the cell viability curve. Three independent experiments were
performed.
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