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Drug-encapsulated controlled release nanoparticles (NPs) have
the potential to improve current cancer chemotherapies by in-
creasing drug efficacy, lowering drug toxicity, and maintaining
a relatively high concentration of drug at the site of interest.[1–3]

Encapsulating drugs within NPs can improve the solubility and
pharmacokinetics of drugs, and, in some cases, enable further
clinical development of new chemical entities that have stalled
because of poor pharmacokinetic properties. The breakthrough
potential of cancer nanotechnology is becoming more apparent
with several examples of untargeted NP platforms in current
clinical use. These include Abraxane (paclitaxel–albumin),[4] Doxil
(doxorubicin–liposomes),[5] DaunoXome (daunorubicin–lipo-
somes),[6] Cyclosert (camptothecin–cyclodextrin),[7] and Genexol-
PM [paclitaxel–methoxypoly(ethylene glycol)-poly(d,l-lactide)].[8]

The functionalization of untargeted NPs with ligands that bind
the extracellular domain of tumor-associated transmembrane
antigens may further increase the therapeutic index of cytotoxic
drugs by selectively targeting drugs to diseased cells.

The first examples of targeted NPs were reported in 1980,
and despite nearly three decades of research, targeted NPs
have made a limited impact on human health. This partially
because the optimal bio-physicochemical properties of the
NPs, including the choice of a suitable ligand for targeting, has
remained elusive.[9–11] These include the use of targeting ap-
proaches that go beyond antibodies, which themselves have
several drawbacks, including their large hydrodynamic size,
which limits both intratumoral uptake and homogeneous dis-
tribution in the tumor, thus adversely affecting pharmacokinet-

ic properties. Furthermore, the use of an antibody as a compo-
nent of a multifunctional nanoparticle adds an additional level
of complexity to the scale-up and manufacturing of the result-
ing targeted NPs. There is a clear need for new methods of tar-
geting that are compatible with the size of NPs and their man-
ufacture. Additionally, although monoclonal antibodies have
shown some promise, their effects tend to be variable and ulti-
mately not curative. Attempts to develop immunoconjugates,
which add the therapeutic benefit of a drug, toxin, or radio-ACHTUNGTRENNUNGnuclide, have not met with much success either, and this is
likely due to low drug content per antibody molecule. Howev-
er, the combination of the targeting capacities of an antibody
without the inherent limitations of antibodies[12] as mentioned
above, and a controlled release system using a payload that
consists of a small-molecule chemotherapeutic may proveACHTUNGTRENNUNGadvantageous.

The anti-[human epidermal growth factor receptor 2] (HER-
2) affibody has many merits as a targeting ligand in contrast to
an anti-HER-2 monoclonal antibody. Its small size (Mr~15 kDa)
results in a favorable ratio of binding site to ligand size, bear-
ing in mind that the molecular weight of an anti-HER-2 mono-
clonal antibody is typically ~150 kDa; it promotes an endocy-
tosis-dependent internalization mechanism;[13, 14] it has a func-
tional end group distanced from its active site for chemical
conjugation; it has high in vitro and in vivo stability; and the
total chemical synthesis allows facile, large-scale production.
The anti-HER-2 affibody (Z-HER2: 342 affibody) has shown high
binding affinity (KD~22 pm) to the recombinant extracellular
domain of the HER-2 protein (HER-2-ECD).[15] In addition,
Orlova et al.[15] have shown that this class of molecule can se-
lectively bind to HER-2-overexpressing cell lines (SKBR-3 and
SKOV-3). All of these characteristics make the affibody a poten-
tially viable ligand for targeted drug delivery.

To develop HER-2-targeted drug-encapsulated NPs, we con-
jugated the anti-HER-2 affibody to the thiol-reactive maleimide
group of the poly-(d,l-lactic acid)–poly(ethylene glycol)–malei-
mide (PLA-PEG-Mal) copolymer of the previously formed NPs
through a stable thioether bond, and evaluated the targeting
specificity and efficacy using fluorescence microscopy. We sub-
sequently encapsulated paclitaxel into the targeted polymeric
NPs and examined whether this system could increase the
drug’s cytotoxicity in two HER-2-positive cell lines: SKBR-3 and
SKOV-3. We chose to deliver the taxane paclitaxel owing to its
poor water solubility, which results in a decreased therapeutic
index for intravenous administration of the free drug in a clini-
cal setting.

We began with the synthesis of the PLA-PEG-Mal copolymer,
which consists of a hydrophobic block [poly-(d,l-lactic acid)] , a
hydrophilic block [poly(ethylene glycol)] , and a maleimide ter-
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minal group. The copolymers then form negatively charged
NPs with a core–shell structure in an aqueous environment
through the nanoprecipitation method. The hydrophobic cores
of the NPs are capable of carrying pharmaceuticals, especially
those with poor water solubility. The hydrophilic shell provides
not only a “stealth” layer,[16] which together with the surface
charge property (z potential ; z=�10�5 mV)[17, 18] improves
the stability and circulation half-life of these drug-delivering
NPs, but also functional maleimide groups for affibody conju-
gation (Figure 1 A). Lack of protein adsorption in solutions con-
taining 10, 20, and 100 % serum (data not shown) demonstrat-
ed the stability of NP size (<100 nm). We also evaluated the
freeze-drying process for NP storage in a dry state, as de-
scribed previously.[19] We were able to reconstitute NPs with a
similar original size after lyophilization, confirming the stability
of this type of carrier to this process.

The anti-HER-2 affibody molecule was previously selected
against the HER-2-ECD[20] and further modified by affinityACHTUNGTRENNUNGmaturation and dimerization.[14, 15] The anti-HER-2 affibody is

commercially available and has high binding specificity and af-
finity in vitro and in vivo as a targeted imaging agent.[15, 21, 22]

Therefore, the multiple advantages of the combination of bio-
degradable polymeric NPs and targeting anti-HER-2 affibody
molecules led to our interest in developing a targeted, con-
trolled release drug-delivery system for cancer therapy aimed
at HER-2-positive cells. Particle size and surface charge (z po-
tential) of PLA-PEG-Mal NPs both with and without affibody
were characterized by using laser light scattering, the ZetaPALS
system, and electron microscopy (Figure 1 A). The addition of
affibody molecules on the surface of the NPs did not signifi-
cantly affect the size, size distribution, or surface charge of the
NPs (NP 1: 70�5 nm, NP–affibody 1: 85�5 nm). The chemi-
cal conjugation of the affibody molecules at the surface of the
PLA-PEG-Mal NPs was confirmed by UV imaging (Figure 1 B)
and 1H NMR spectroscopy in [D6]DMSO (Figure 1 C). To visualize
the presence of affibody molecules on the NPs, we labeled affi-
body molecules with the fluorescence probe Alexa fluor 532
and subsequently conjugated them to the PLA-PEG-Mal NPs at

various affibody/PLA-PEG-Mal
molar ratios (0, 1, 2, 5, and 20 %).
The NP–affibody bioconjugates
were then exposed under UV light
to observe their fluorescence. As
shown in Figure 1 B, no fluores-
cence is observed from the NPs
without fluorescently labeled affi-
body; however, the fluorescence
intensity from those NPs with fluo-
rescent affibody continuously in-
creases with an increasing molar
ratio of affibody/PLA-PEG-Mal. The
1H NMR spectrum of the purified
PLA-PEG–affibody in [D6]DMSO
shows the characteristic peaks of
PLA-PEG: d~1.4 ppm (�CH3 of the
PLA backbone), d~3.6 ppm (�CH2

of the PEG backbone), and d~
5.2 ppm (�CH of the PLA back-
bone) (Figure 1 B). Also evident are
the characteristic peaks of the affi-
body molecule in the chemical
shift region of d= 7–8 ppm that
represents the amide bonds (NH�
CO) within the affibody polypep-
tide molecule. The NMR results
suggest successful conjugation of
the affibody at the surface of PLA-
PEG-Mal NPs.

We next demonstrated the effi-
cient binding and internalization of
targeted NP–affibody bioconju-
gates to HER-2-positive cancer
cells using three cell lines: Capan-1
(Figure 2 B1), SKBR-3 (Figure 2 B2),
and SKOV-3 (Figure 2 B3). After in-
cubating NBD dye encapsulated

Figure 1. A) Schematic diagram of the PLA-PEG-Mal NP–affibody bioconjugates with encapsulated drug. The
hydrophilic poly(ethylene glycol) (PEG) chains on the surface limit protein absorption at the hydrophobic poly-
meric surface to form “stealth” nanoparticles. B) Fluorescence images of fluorescent affibody (Alexa fluor 532,
red) conjugated to NPs. After washing the NP–affibody bioconjugates, the fluorescence signal increases with
an increased amount of fluorescent affibody (0!20 % polymer/affibody molar ratio) at the NP surface, con-
firming the efficiency of the chemical conjugation. C) 1H NMR spectrum of the PLA-PEG–affibody bioconju-
gates showing proton assignments to the polymer and the affibody polypeptide (d= 7–8 ppm), confirming
chemical conjugation of the affibody to the polymeric NPs.
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NP–affibody bioconjugates with the cells for 2 h at 37 8C and
removing excess bioconjugate, we observed a large amount of
green dots in a punctuate pattern inside the targeted cells,
suggesting an efficient targeting and internalization mecha-
nism of the ~80-nm NP–affibody bioconjugates to the HER-2-
positive cells. In contrast, untargeted PLA-PEG NPs were only
slightly taken up by the cell lines after the same duration of in-
cubation (Figure 2 A1, A3). To minimize the cell passage effect
on the observed results, this experiment was repeated four
times with different cell passages, and all of them gave the
same results. We also verified the cellular localization of the
NP–affibody bioconjugates using z axis scanning fluorescence
microscopy and 3D image reconstitution. The rotated cross
section of the 3D reconstitution images of a SKBR-3 cell dem-
onstrated the internalization of targeted NP–affibody bioconju-
gates to the cell (Figure 3).

Orlova et al.[15] demonstrated the binding ability of anti-HER-2
affibody within 1 h using an immunofluorescence method. Our
results are consistent with their findings and suggest a recep-
tor-mediated endocytosis mechanism. Internalization through
endocytosis was previously described for anti-HER-2 monoclo-
nal antibodies[23] and is consistent with the kinetics of our tar-
geted NPs entering the cells within 2 h.

Similarly, targeted drug delivery to integrins with RGD pep-
tide sequences has also shown efficient binding and internali-
zation in multiple types of cancers. In addition to efficient
binding and internalization, the anti-HER-2 approach also
offers greater cancer disease specificity than the RGD ap-
proach, with high affinity to HER-2 cell membrane receptors
expressed in multiple cancer types.[24] We prepared drug-con-
taining and drug-free NPs, and targeted NPs to evaluate their
relative cytotoxicities using in vitro cell viability assays (MTS
assays) with breast cancer (SKBR-3) and ovarian cancer cells
(SKOV-3), which overexpress the HER-2 cell membrane recep-
tors. In this study, we incubated various NP formulations with

SKBR-3 and SKOV-3 cells for 2 h in OptiMEM, washed cells with
phosphate-buffered saline (PBS) to remove excess NPs, and
supplemented with fresh cell growth medium. We incubated
the cells for a further 3 days before carrying out the MTS assay
to quantify cell viability, which was normalized to that of the
cells in the absence of NPs.

The results show that drug-encapsulated targeted NPs have
the highest cytotoxicity toward both SKBR-3 and SKOV-3 cell
lines; cell viability was 70�5 % and 59�5 %, respectively
(Figure 4). The ANOVA test indicates that the cell viability of
drug-containing targeted NPs differs significantly from that of
drug-containing NPs (p<0.05). In contrast, free drug and NPs
without encapsulated drugs are not toxic toward either cell

Figure 2. Fluorescence microscopy of NP–affibody bioconjugates incubated
with HER-2-positive cell lines. Capan-1 cells, SKBR-3 cells, and SKOV-3 cells
were grown on chamber slides and incubated in OptiMEM medium supple-
mented with 50 mg NBD fluorescent dye encapsulated into PLA-PEG–affi-
body bioconjugate NPs (shown in green) with (upper row) or without affi-
body (lower row) for 2 h prior to imaging with fluorescence microscopy
(60 � magnification). Cell nuclei and the actin cytoskeleton are stained blue
(4’,6-diamidino-2-phenylindole) and red (Alexa fluor phalloidin 488), respec-
tively. The deconvolved fluorescence images represent the mid-cross-section
of the cells after wash (3 � ), permeabilization, and staining steps.

Figure 3. Combined fluorescence images (60 � magnification) of a single
SKBR-3 cell to reconstruct a 3D image of the cell. A1–A4 (upper row) repre-
sent the mid-cross-section of the same SKBR-3 cell rotated at 308 intervals
along the y axis. A4 is an image of the cell rotated 908 along the y axis to
demonstrate particles in green (NBD dye encapsulated) that are internalized
inside the cell. Cell nuclei and the actin cytoskeleton are stained blue (4’,6-
diamidino-2-phenylindole) and red (Alexa fluor phalloidin 488), respectively.
B1–B4 (lower row) show fluorescence images of the same SKBR-3 cell as
shown in the upper panel without actin cytoskeleton staining, confirming
cell internalization of the NP–affibody bioconjugates.

Figure 4. Cell viability (MTS) assay to evaluate the difference in toxicity be-
tween paclitaxel (Ptxl) encapsulated into targeted (NP–Affb) and untargeted
(NP) nanoparticles, relative to controls: free paclitaxel, and NPs with and
without affibody conjugated (as indicated). In this assay, the NP formulations
were incubated for 2 h, and cells were subsequently washed and incubated
in cell growth media for additional 72 h before quantifying the NP formula-
tion toxicities against two cancer cell lines expressing HER-2 (SKBR-3 and
SKOV-3). ANOVA test: *p<0.01, **p<0.05.

ChemMedChem 2008, 3, 1839 – 1843 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org 1841

www.chemmedchem.org


line. These results are consistent with our previous studies
using targeted NP–aptamer bioconjugates to deliver drugs to
prostate cancer cells.[25–28] Therefore, this NP–affibody bioconju-
gate system has the potential for use as a biocompatible and
biodegradable targeted drug delivery platform for the treat-
ment of multiple cancer types. Furthermore, the modularity of
the delivery system allows tuning of the various parameters of
the bioconjugates, such as NP size, surface charge, and affi-
body packing density, in order to optimize the drug delivery
pharmacokinetics and its targeting efficiency for optimumACHTUNGTRENNUNGspecific therapeutic applications.

In summary, this is, to our knowledge, the first example of a
targeted controlled release NP–affibody bioconjugate for drug
delivery to HER-2-positive cancer cells. Using US Food and
Drug Administration (FDA)-approved polymers to form nano-
particles, we have demonstrated that the nanoparticle–affi-
body bioconjugates reported herein are specifically and effi-
ciently internalized to HER-2-positive cancer cells (i.e. , ovarian,
breast, and pancreatic cancer), thereby providing a promising
way to deliver chemotherapeutic drugs in a selective manner.
This HER-2-targeted drug delivery platform can be tuned to
encapsulate a variety of drug types and combinations, increase
drug loading, and optimize the surface coverage of the affi-
body targeting ligands for specific therapeutic applications.
Additional in vivo biodistribution and efficacy studies are re-
quired to further evaluate the potential of the NP–affibody bio-
conjugates for each therapeutic application as a systemic orACHTUNGTRENNUNGlocally administered drug delivery system.

Experimental Section

Nanoparticle characterization : Size (diameter) and surface charge
(z potential) of NPs were evaluated by quasi-elastic laser light scat-
tering (QELS) using a ZetaPALS dynamic light-scattering detector
(15 mW laser, incident beam l= 676 nm; Brookhaven Instruments,
Holtsville, NY, USA). Nanoparticles (200 mg) were dispersed in solu-
tion (~2 mL), and measurements were performed in triplicate at
room temperature.

Conjugation and characterization of nanoparticle–affibody bio-
conjugates : PLA-PEG-Mal polymeric NPs were incubated, while
stirring, with anti-HER-2 affibody (15 kDa) at a molar ratio (affi-
body/PLA-PEG-Mal) of 5 % to form a stable bioconjugate. The NP–
affibody bioconjugates were purified to remove free affibody using
an Amicon Ultra centrifuge (Mr size exclusion: 100 kDa). Formation
of the thioether bond between PLA-PEG-Mal NPs and the affibody
was subsequently characterized with 1H NMR (600 MHz, Bruker Ad-
vance). Chemical attachment of the fluorescent affibody was also
confirmed by UV imaging (Kodak Electrophoresis Documentation
and Analysis System 120). The affibody was labeled with a red fluo-
rescent probe (Alexa fluor 532; Invitrogen), purified, and subse-
quently conjugated to PLA-PEG-Mal polymeric NPs at various affi-
body/PLA-PEG-Mal molar ratios ranging from 0 to 20 %. The puri-
fied NP–affibody bioconjugate suspensions were then imaged
using a UV Kodak camera equipped with a red filter to show the
visible effect of the fluorescent affibody conjugated to nonfluores-
cent polymeric NPs.

Uptake assays of targeted and untargeted nanoparticles : The
human ovarian adenocarcinoma (SKOV-3, American-Type Culture
Collection (ATCC)), human breast adenocarcinoma (SKBR-3, ATCC),

and human pancreatic adenocarcinoma (Capan-1, ATCC) were the
HER-2-positive cell lines used for cytotoxicity and uptake efficacy
studies of the NP–affibody bioconjugates. HER-2-positive cell lines
were grown in chamber slides (Cab-Tek II, eight wells ; Nunc) within
their growth medium [modified McCoy’s 5a (ATCC) supplemented
with aqueous penicillin G (100 units mL�1), streptomycin
(100 ug mL�1), and fetal bovine serum (FBS, 10 %)] to 70 % conflu-
ence (50 000 cells cm�2) over 24 h in an incubator at 37 8C under
5 % CO2. On the day of the experiment, cells were washed with
pre-warmed PBS and incubated with pre-warmed phenol-red-
reduced OptiMEM media for 30 min before adding 50 mg of NPs or
NP–affibody bioconjugates loaded with the same amount of green
fluorescent 4-fluoro-7-nitrobenz-2-oxa-1,3-diazole (NBD) dye. NP
formulations were incubated with cells for 2 h at 37 8C, washed
with PBS three times, fixed with 4 % paraformaldehyde, blocked for
30 min at room temperature with 1 % BSA/PBS, permeabilized with
0.01 % Triton-X for 3 min, counterstained with Alexa fluor phalloi-
din–rhodamine (cytoskeleton staining), 4’,6-diamidino-2-phenylin-
dole (DAPI, nucleus staining), mounted in fluorescence-protecting
imaging solution, and visualized with fluorescence microscopy
(DeltaVision system, Olympus IX71). Digital images of green, red,
and blue fluorescence were acquired along the z axis at intervals
of 0.2 mm using a 60 � oil immersion objective and DAPI, FITC, and
rhodamine filters, respectively. Images were overlaid, deconvolut-
ed, and 3D reconstruction was performed using Softwork software
for acquisition and analysis.

In vitro cellular toxicity assay of paclitaxel encapsulated into tar-
geted and untargeted NPs : SKBR-3 and SKOV-3 cells were grown
in 96-well plates at concentrations leading to 70 % confluence in
24 h (50 000 cells cm�2). Defined amounts of paclitaxel were encap-
sulated into targeted and untargeted nanoparticles (1 % w/w) and
incubated with cell lines (5 mg paclitaxel per well) in OptiMEM for
2 h. Next, cells were washed, and fresh media was supplemented.
The cells were then allowed to grow for 72 h, and cell viability was
assessed colorimetrically with MTS reagents (Invitrogen).
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