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Abstract

Nanoparticles (NPs) for targeted therapy are required to have appropriate size, stability, drug
loading and release profiles, and efficient targeting ligands. However, many of existing NPs such
as albumin, liposomes, polymers, gold NPs, etc. encounter size limit, toxicity and stability issues
when loaded with drugs, fluorophores, and targeting ligands. Furthermore, antibodies are bulky
and can greatly affect the physicochemical properties of the NPs, whereas many small molecule-
based targeting ligands lack specificity. Here, we report utilization of biocompatible,
biodegradable, small (~30 nm) and stable iron oxide NPs (IONPs) for targeted delivery of
paclitaxel (PTX) to HER2/neu positive breast cancer using an anti-HER2/neu peptide (AHNP)
targeting ligand. We demonstrate the uniform size and high stability of these NPs in biological
medium, effective tumour targeting in live mice, as well as their efficient cellular targeting and
selective killing in human HER2/neu-positive breast cancer cells.

Breast cancer is the most common cancer in women. Despite significant advances in breast
cancer therapy over the past two decades, breast cancer still results in approximately 40,730
deaths per year in the US alone.! Along with surgery, breast cancer is commonly treated
with radiation, chemo, hormone, and/or targeted therapies.24 However, survival from
metastatic breast cancer remains low (23.3%) and thus innovative treatment strategies are
urgently needed.® Nanotechnology-based strategies for targeted therapies have recently
shown promise in breast cancer therapy, including albumin, polymeric, silica, and gold,
carbon, and lipid-based nanoparticles (NPs), and some are currently in clinical use.8-11 For
example, paclitaxel (PTX) loaded albumin-stabilized NPs (Abraxane) is an FDA-approved
formulation for breast cancer treatment. Abraxane improves the treatment effectiveness and
reduces side effects of PTX. However, these NPs have a size of ~130 nm,8 larger than the
size range (10-100 nm) for optimal in vivo navigation of nanomedicines and have no active
targeting mechanism to promote target cell internalization.12-14 Furthermore, NPs made of
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gold, polymeric, silica and carbon materials and liposomes often suffer issues of toxicity,
biodegradability, size limit, and stability when loaded with the drugs, fluorophores, and/or
targeting ligands required for effective therapy.1 16

Anti-human epidermal growth factor receptor 2 (HER2/neu) monoclonal antibodies are
commonly used for breast cancer targeting as ~25% of breast cancer patients display
overexpression of HER2/neu, and have been used for targeted therapy.1”: 18 Many HER2-
targeting NP-based drug/gene delivery systems utilize anti-HER2/neu antibodies such as
trastuzumab as targeting ligands.19-21 Monoclonal antibodies have distinct advantages as
targeting ligands over small molecules, proteins, and aptamers due to their homogeneity,
affinity, and specificity. However, their large size can dramatically alter the physicochemical
properties of NPs and affect pharmacokinetics when they are attached to NPs. The anti-
HER2/neu peptide (AHNP) is a small exocyclic peptide derived from the anti-
p185HER?2/neu monoclonal antibody, trastuzumab. The peptide binds to the HER2/neu
receptor with high affinity (300 nM) and also inhibits the kinase activity.22 Attachment of
AHNP to NPs or drugs has been shown to provide effective targeting and internalization into
HER2/neu+ cells.23: 24 However, none of existing AHNP-based NP drug delivery systems
have demonstrated effective /n vivo tumour targeting and selective HER2 positive cancer cell
killing. Herein, we report an AHNP-conjugated and PTX-loaded iron oxide NP (IONP-PTX-
AHNP) for targeted treatment of HER2/neu positive breast cancer that maintains high
stability and biocompatibility. We also conjugated carboxymethylated-p-cyclodextrin (CM-
B-CD) onto IONPs to allow hydrophobic loading of PTX (Figure 1). IONP can aid in
tumour imaging and treatment monitoring through magnetic resonance imaging (MRI).25: 26
We characterized NPs with transmission electron microscopy (TEM), dynamic light
scattering (DLS), and high performance liquid chromatography-mass spectroscopy (HPLC-
MS). We also evaluated their stability and drug release behaviour as well as in vivo tumour
targeting efficiency. selective cellular uptake and cancer cell killing activities of IONP-PTX-
AHNP.

Polyethylene glycol (PEG) monolayer-coated IONPs (IONP-PEG-NH2) were prepared
according to our previously reported approach,2’ followed by the chemical attachment of
AHNP and CM-B-CD following a similar procedure reported previously.28 PTX was loaded
into the NPs through hydrophobic interaction with CD to obtain IONP-PTX-AHNP. The
resulting IONP-PTX-AHNP was imaged with transmission electron microscopy (TEM) with
and without negative staining with uranyl acetate (Fig. 2). TEM images showed that IONP-
PTX-AHNP had a uniform core size of ~12 nm. Without negative staining, some surface
coating could be observed surrounding the iron cores (Fig. 2a, left, inset). With negative
staining, the surface coating was not stained and could be visualized as a ~2.5 nm white
border surrounding the iron core. DLS showed IONP-PTX-AHNP had a hydrodynamic
diameter of 30.2 nm in PBS with high monodispersity (PDI = 0.08). To be an effective
cancer treatment, NPs must maintain stability in biologically relevant buffers. IONP-PTX-
AHNP was added into cell culture medium containing serum proteins and maintained for
two weeks while the hydrodynamic size was monitored. Results show that these NPs had
great stability in the biological medium as evidenced by their minimal change in
hydrodynamic size (Fig. 2b and c), similar to our previous study using IONPs for brain
cancer treatment.28 The zeta potential of IONP-PTX-AHNP was slightly negative, which is
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ideal for a targeting NP.29: 30 |_oading of PTX was quantified by high-performance liquid
chromatography (HPLC) after acetonitrile extraction from NPs (Fig. 2d), which revealed
that there were ~274 PTX molecules per NP (based on ~0.64 nmol NP per mg Fe). The
percentage of PTX loading was ~14.7% (mg PTX/mg Fe), which falls in the range of many
other NP systems.31-33 Additionally, there were ~170 AHNP molecules per NP as quantified
by HPLC-MS (Fig. S1).

Drug release was accessed using dialysis and quantified by HPLC. At pH 7.4, IONP-PTX-
AHNP showed a slow release profile with only 66.7% of PTX released after 48 h incubation.
However, at pH 5.4, an increased drug release was observed with a ~90% of PTX released
after 48 h incubation, and a burst release of ~13% PTX after 1 h incubation. This result
indicates that the release of PTX in blood would be slow, but greatly accelerate once
entering acidic cellular compartments such as endosomes. Since PTX does not have any
ionisable groups with pKa values in the physiological range, the lower pH would not be
expected to change the ionic state of the drug and thus its dissociate constant from CM--
CD.34 Rather, the pH change likely affected hydrogen bonding between PTX and CM-B-CD
and the physical stability of PTX on NP.35 According to their chemical structures, PTX has
4 hydrogen bond donors and 14 acceptors, and the native g-CD has 21 donors and 35
acceptors. Many of these hydrogen bonds may contribute to the pH-responsive drug release.
Drug release during the first hour was faster than the following hours, which was likely due
to a higher initial drug gradient between NPs and solution. As drug gradually was released,
the gradient declined and the rate decreased. In vivo targeting of AHNP-conjugated IONPs
was tested in a human HER2/neu+ SK-BR-3 breast cancer xenograft mouse model.36 A
near-infrared dye, Cy5.5-NHS, was conjugated onto free amine of IONPs after AHNP
conjugation (IONP-AHNP-Cy5.5) for imaging purposes. Cells were inoculated into flanks
of athymic nude mice and NPs were injected nine days after the inoculation when tumours
were observed and approximately 42 mm3 in size. The AHNP-targeting NPs accumulated in
tumours within 6 hrs after the injection and were retained for at least 72 hrs (red dashed
circles in Fig. 3a). Fluorescence signal was also detected in other organs such as brain, liver,
spleen and spine. These signals started to decline at 96 h suggesting elimination. We also
applied a non-targeting NP control to separate active targeting from passive targeting caused
by the enhanced permeability and retention (EPR) effect. With the control NPs, minimal
signal was observed in tumour. The signal from tumours and whole bodies were quantified
and the radiant efficiency ratios of tumour to whole body were compared between targeting
and control groups. The targeting group showed drastically higher ratios than the controls
group, showing a 2.5-fold increase in signal for the targeting NPs as compared to the non-
targeting NPs. This shows AHNP provides excellent targeting /7 vivo when attached to
IONPs. AHNP was covalently conjugated onto IONPs, and not designed to release in the
blood or tumours according to the conjugation chemistry. Therefore, fate of free AHNP
would not affect the in vivo behaviour of IONP-AHNP-Cy5.5. Indeed, AHNP has a very
short blood half-life (< 30 min).3” Therefore, the free peptide would be mostly cleared from
blood at the first measurement time point (i.e., 6 h after NP injection).

To evaluate the therapeutic efficacy of the NPs, in vitro studies were conducted using two
human breast cancer cell lines: SK-BR-3 and MDA-MB-231. These two cell types are
reported to have high (SK-BR-3) and low (MDA-MB-231) HER2/neu expressions and have
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been widely used in HER2 targeting studies.38: 38 To visualize cell uptake, IONP-PTX-
AHNP was labelled with Cy5. IONP-PTX-AHNP-Cy5 was incubated with cells for 1 hr at
40 pg Fe/mL in cell culture medium. Uptake of NPs into cells was imaged with confocal
laser scanning microscopy (CLSM) using a Leica SP8 microscope. Significant targeting was
achieved in SK-BR-3 cells where fluorescence was observed within cells incubated with
NPs. MDA-MB-231 cells showed no fluorescence from the NPs indicating uptake was
specific to HER2/neu+ cells. To quantify the difference in cell uptake, we used flow
cytometry to analyse the fluorescence intensity of treated cells. The mean fluorescence
intensity in SK-BR-3 cells showed a 4-fold increase over MDA-MB-231. This result is
consistent with CLSM images and indicates uptake of AHNP targeted NPs is specific to
HER2/neu expressing cells.

An Alamar Blue cell viability assay was used to test the cell killing of free PTX, IONP-
PTX-AHNP and IONP-AHNP (NP control without PTX) with the two breast cancer cell
lines. Cells were treated with free PTX or IONP-PTX-AHNP at the same concentrations of
PTX for 3 days. For cells treated with IONP-AHNP, identical iron concentrations as IONP-
PTX-AHNP were used. Result showed that IONP-AHNP alone didn't affect cell viability at
all concentrations indicating its biocompatibility. Both PTX and IONP-PTX-AHNP showed
effective cell killing in both cell lines. However, IONP-PTX-AHNP showed enhanced cell
killing only in SK-BR-3 cells whereas free PTX showed similar cell killing in both cell
lines. At a PTX concentration of 2.5 nM, IONP-PTX-AHNP induced nearly 30%
enhancement of killing in SK-BR-3 cells compare to MDA-MB-231 cells. Although the
IC50s of PTX in two cell lines were both ~10 nM, the 1IC50 of IONP-PTX-NP in MDA-
MB-231 cells was ~14 nM, ~20-fold higher than that in SK-BR-3 cells (~0.7 nM). This
indicates that the enhanced cell uptake mediated by the targeting ligand AHNP to PTX-
loaded IONP was able to improve treatment of HER2/neu+ breast cancer cells. As breast
cancer patients have a widely-varied HER2 expression levels,36 further in depth study using
cell lines with different HER2 expression levels will be required to fully elucidate minimum
HER?2 expression for effective targeted therapy.

Conclusions

In summary, we have explored an IONP-based, anti-HER2/neu peptide conjugated and PTX-
loaded NP that possesses small size and uniform shape, and great stability in biological
medium. Significantly, this NP formulation showed great in vivo and in vitro targeting
capability towards human HER2/neu-positive breast cancer cells and significant
enhancement in cell killing.
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Schematic illustration of IONP-PTX-AHNP synthesis.
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Fig. 2.

Characterization of IONP-PTX-AHNP. a. TEM micrographs of NPs without (left) and with
(right) negative staining. Insets: enlarged images; Scale bars: 50 nm; b. DLS analysis of NPs
in PBS; c. Stability of NPs in complete cell culture medium (DMEM + 10% FBS +
antibiotics); d. HPLC analysis of PTX extracted from NPs; e. cumulative drug release of
PTX from NPs at pH 7.4 (green line, PBS + 0.1% Tween 80) and pH 5.4 (red line, sodium
acetate buffer + 0.1% Tween 80); f. Properties of IONP-PTX-AHNP.
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Fig. 3.

Ef%ective in vivo targeting of HER2/neu+ SK-BR-3 breast cancer in living mice by AHNP-
conjugated IONPs. IONP-AHNP-Cy5.5 or IONP-Cy5.5 was injected into mice
intravenously (NPs amount equivalent to 0.5 mg Fe). Fluorescence images were taken
immediately before NP injection and 6, 24, 48, 72 and 96 h after injections. a. Fluorescence
images of mice after NP injections. Fluorescence intensity at different time points and two
groups was normalized to same scale. Red and yellow dashed circles indicate tumours; b.
Percentages of radiant efficiency in tumour to whole body at different time points. Error bars
represent standard deviation and are from three independent measurements.

Nanoscale. Author manuscript; available in PMC 2016 November 21.

4.5
4.0

00l x Apoq ajoymunown}
sojjes Aous|oyye Juejpey



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mu et al.

Q

Cell Viability (%)

©

®
A
fai)]
=
=
@)
=
50 um
«?
14
@
v
7))
Free PTX
120
100
80
60
40
20
0 1 10 100 1000
PTX dose (nM)
Fig. 4.

Medium

e

Cell Viability (%)

120
100,
80
60
40
20

IONP-PTX-AHNP-Cy5

Page 10

IONP-PTX-AHNP

400 - :
ol =y s

10 ng/mL 40 ug/mL
A A
N ‘\
| ' I| ‘ ‘
=
= || [
S| ||| 1N
=] | | | | \ ‘ |
O [ A1 || {
(]} | | [ ]
|
[\ | ||
/ \f I. | |1
JEAAGEN / A\
o 100 o 1w , o 10 w0° 10! 1w0*
Intensity Intensity
w— MDA-MB-231 medium MDAMB-231 IONP-PTXAHNP-Cy5S
SK-BR-3 medium SK-BR-3 IONP-PTX-AHNP-Cys
C 2400
[_1MDA-MB-231
20001 | ] sK-BR-3
1600
1200
=

Medium

f

10 pg/mL 40 pg/mL

IONP-AHNP

PTX dose (nM)

1201

Cell Viability (%)
3

100___...¢:>~¢-—u=<:><

40
20 —a— MDA-MB-231
—o— SK-BR-3
SR— 0
1000 0 1 10 100 1000

PTX dose (nM)

In vitro evaluation of NPs. A. CLSM images of cells incubated with medium or IONP-PTX-
AHNP-Cy5. Blue: cell nucleus (DAPI); Green: cell membrane (WGA-Alexa Fluor 555,
false-coloured); Red: IONP-PTX-AHNP-Cy5 (false-coloured); b. analysis of cell uptake of
NPs in two cell lines by flow cytometry; c. MFI of two cell types incubated with NPs; d-f,
viability of MDA-MB-231 (green curves) and SK-BR-3 (red curves) after 72 hrs treatment
of free PTX (d), IONP-PTX-AHNP (e) or IONP-AHNP (f). PTX doses were 1800, 600, 200,
66.7,22.2,7.4,2.5,0.82 and 0.27 nM for PTX and IONP-PTX-AHNP. Iron concentrations
of IONP-AHNP were equivalent to those in IONP-PTX-AHNP treatments.
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