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Glioblastoma multiform (GBM) is among the deadliest forms of brain cancers, yet few
effective advances in treatment have emerged in the last several decades.[!-2] Inefficient
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delivery of therapeutic drugs across the blood brain barrier and/or the blood brain tumor
barrier (BBB and BBTB) and non-specific delivery to brain stroma are in general the major
obstacles in brain cancer treatment in the clinic.[>4! Nanoparticle-drug delivery systems
offer various strategies, including the targeting of certain cell surface proteins, to overcome
the difficulties of systemic drug administration to treat brain tumors.l5-7! In this work, we
examine the hypothesis that EGF-targeted gold nanoparticles will be effective at delivering a
noncovalently adsorbed hydrophobic drug molecule into brain tumors.

Colloidal gold nanoparticles (Au NPs) with low toxicity, tuneable size, shape, and
wellestablished surface chemistry have been explored as drug delivery systems.[8-11]
Rational design of the architecture of the Au NP overcomes the current delivery barriers,
such as the BBB and BBTB, for therapeutic drugs with regard to treatment of brain cancers.
Previously reported polyethylene glycol (PEG)-coated Au NPs provide an excellent
platform to deliver therapeutic drugs into cancer cells.[%:12-141 The PEGylated Au NP surface
acts as an amphiphilic reservoir that can adsorb and stabilize hydrophobic molecules, such
as hydrophobic drugs, in aqueous media.[%13] It provides a uniquely efficient drug delivery
approach for therapeutics without the need to further modify the molecular drug structure. In
addition, these PEGylated Au NPs have long circulation life-times in the blood with reduced
uptake by the reticulo-endothelial system.[!5] Permeability and retention into solid tumors
can be achieved through passive targeting, the so called enhanced permeability and retention
(EPR) effect.l1>-17] Further, the surface of Au NPs can be modified to improve targeting to
cancer cells. Overexpression of cancer biomarkers related to uncontrolled cell proliferation
and cell death are attractive targets. Active targeting can be achieved by using moieties, such
as peptides and antibodies, that are conjugated to the Au NP surface. The targeted-Au NPs
can then identify and target cancer cells and therefore improve the drug efficacy and
minimize potential side-effects to the healthy tissue.[14]

Photodynamic therapy (PDT), a non-invasive treatment using light, has the promise of
improving treatment for brain cancers by selectively targeting tumor tissue via localized
light activation and thereby reducing side effects to the normal brain tissue.[!8-20] The most
effective PDT drugs are hydrophobic and tend to localize in the lipophilic environment of
organelles such as mitochondria and endoplasmic reticulum.[21] However, it is inherently
difficult to transport hydrophobic PDT drugs into the brain and selectively target brain
tumors by systemic administration, which so far has greatly hampered the broad application
of anticancer drugs for brain cancers.[?2] A strategy combining both selective delivery of the
PDT drug and application of light to the brain tumor provides a great opportunity to improve
PDT efficacy.

In the present study, we demonstrate the rational design of a non-covalent Au NP drug
delivery platform which can cross the BBB/ BBTB and selectively deliver therapeutic drug
to brain glioma tumors for PDT. Scheme 1 shows the design of the EGF-Au NP-Pc 4
conjugates.

Without chemical modification of phthalocyanine 4 (Pc 4), a hydrophobic PDT drug which
is currently in clinical trials,[23] the active drug is spatially encaged and photophysically
quenched through adsorption on the PEGylated Au NPs while being transported to the target
tissue. The PEG ligand on the Au NPs creates excellent water miscibility, biocompatibility
and long circulation in the blood of the conjugate system.!l13] PEG also prevents protein
agglomeration on the NP surface. More importantly, the PEG layer provides bifunctionality
to conjugate epidermal growth factor (EGF) peptides, which are internalizing and non-
mitogenic, to recognize EGFRs on the glioma cancer cell surface. The core of Au NPs is
designed to be 5 nm in diameter which is large enough on which to load drug molecules, but
small enough to be eventually excreted by renal clearance.[2]
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PEGylated Au NPs were synthesized and modified with a mixture of 20% hetero-
bifunctional COOH-PEG-SH (MW 3000) and 80% monofunctional mPEG-SH (MW 5000)
(Scheme 1). The EGF peptide with the 12 amino acid sequence YHWYGYTPQNVI-amide
was linked to the carboxyl group on bifunctional PEG layer via the amide bond. Au NPs
with the surface plasmon resonance band at 522 nm were well dispersed and stable in
aqueous solution before and after conjugation as shown in Figure 1.

Pc 4 is then adsorbed to the Au NP surface through N-Au bonding by the terminal amine
group on the Pc 4 axial ligand. Since PEG does not contain any unconjugated reactive
groups to facilitate this amine attachment, it is likely that the Pc 4 is adsorbed to the surface
of the Au NP.[] This adsorption occurs as a result of both hydrophobic and electrostatic
interactions in the PEG corona, close to the gold surface. Synthesis and characterization of
the particles is described by Cheng et al., 2010.126] Pc 4 absorption measurements at 679 nm
in the UV-vis spectra (Figure 1) determined that 30+3 Pc 4 molecules were adsorbed per Au
NP. The conjugates showed emission at 685 nm due to the intrinsic fluorescence property of
Pc 4, which allows detection of drug accumulation via in vitro and in vivo fluorescence
imaging. According to TEM analysis (Figure 1D), the average size of the Au NP core was
~5 nm in diameter. The hydrodynamic diameter of the EGF-Au NP-Pc 4 conjugates was
measured to be 42+2 nm by dynamic light scattering (DLS). The EGF-Au NP-Pc 4
conjugates were found to be effectively neutral as indicated by zeta-potential measurements.
Gel electrophoresis studies demonstrated clear changes between the COOH functionalized
Au NP, EGF-Au NPs and the conjugates (Figure 1) indicating successful conjugation.
Typically, the samples moved toward the negative electrode in an agarose gel
electrophoresis experiment. This is mainly due to electro-osmosis under the applied electric
field, which we have recently quantified.[?7]

Figure 2 shows that the PDT drug on the Au NPs is inactive and no toxicity could be
detected without irradiation. The activity of Pc 4 on the Au NPs is quenched as measured by
photodecomposition of 1,3-diphenylisobenzofuran (DPBF), a commonly used singlet
oxygen trap. However, after Pc 4 releases from the Au NPs, the drug activity can be
recovered. It can be excited by using near infrared light to transfer the absorbed energy to
molecular oxygen and to generate reactive oxygen species such as singlet oxygen to damage
surrounding tissues.!23] The dark toxicity and phototoxicity of the EGF-Au NP-Pc 4
conjugates were evaluated with MTT assays and trypan blue staining (Figure 2C). No
toxicity was observed upon incubation with the conjugates in the dark. Upon light exposure,
the EGF-Au NP-Pc 4 conjugates showed excellent cytotoxicity. Over 90% of cancer cells
were killed with 0.5 or 1 J/cm? light exposure at 1 M drug concentration. Also, a PDT
effect of the conjugates could be obtained at half the initial drug concentration, although
30% of the cancer cells survived upon 1 J/cm? light exposure at this lower concentration.

Due to the non-covalent attachment, efficient drug release of the EGF-Au NP-Pc 4
conjugate was found in vitro (Figure 3). As shown in previous studies, Pc 4 localized in
hydrophobic sites such as the lipid bilayers of mitochondria in cells.[?8] The water-toluene
two-phase system provides a simplified model to study the drug release and transfer from
the aqueous phase into a less polar environment. Significant drug release into the organic
phase was detected within 4 hours as shown in Figure 3A, driven by the hydrophobic
interaction between the drug and water. The hydrophobic drug was delivered into the
toluene rapidly with a time constant of 78+15 min. Similar to the phase transfer studies, the
efficient drug uptake into the glioma cancer cells was also observed within 4 hours of
incubation with the conjugates, as observed by confocal microscopy (Figure 3B). Pc 4
fluorescence was observed mainly in the cytoplasm and vesicles of the cancer cells.
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The free EGF peptide has a specific binding to the EGFR with a dissociation constant of 22
nM.[29] After targeting the Au NPs with the EGF peptide, we found that receptor-mediated
endocytosis was the dominant pathway and the drug was taken up into the glioma cancer
cells through endocytosis with virtually no uptake of the NPs. The conjugate uptake
mechanism was studied by TEM, graphite furnace atomic absorption spectroscopy
(GFAAS), UV-vis spectrometry, epi-fluorescence microscopy, and confocal fluorescence
microscopy. In contrast to free Pc 4, which is known to locate in the mitochondria,[?8] the
EGF-targeted Au NP-Pc 4 conjugates altered the drug delivery pathway to early endosomes
in the glioma cells (Figure 3C).

TEM imaging showed little Au NP uptake into the cells, in agreement with previous reports
of PEGylated Au NP drug delivery systems (Figure S1).139 In addition, few NPs were found
attached or adjacent to the plasma membrane of the cells (Figure S1). The amount of Au
NPs in the cancer cells was also quantified by GFAAS, which confirmed the very low
uptake of EGF-Au NPs by the cells at 4 and 24 hours after incubation (Figure S2) with
increased NP uptake after 24 hours incubation. The amount of Pc 4 in EGF-targeted Au NP
cells was quantified by UV-vis spectroscopy (Figure S2). Despite the relatively low uptake
of Au NPs, as demonstrated by TEM and GFASS, we found that the Au NPs had different
pharmacokinetics as compared to Pc 4 (Figure S2). The Pc 4 to Au NP ratio in the cells was
(13.8+1.0)x103:1 after 4 hours incubation and (7.3£1.9)x103:1 after 24 hours incubation
times (Figure S2). To confirm this drug uptake mechanism, the cells were preincubated with
free EGF peptide, effectively blocking the receptor-mediated pathway. Fluorescence signal
from Pc 4 in the cells decreased in comparison to the control without peptide blocking
(Figure S3), demonstrating that the drug release takes place when the EGFAu NP-Pc 4
conjugates interact with the EGF receptors on the cell surface.

Animal studies showed that the EGF-Au NP-Pc 4 could pass through the BBB/ BBTB and
targeted drug delivery to the brain tumor (Figure 4). The drug biodistribution was monitored
via its fluorescence. Human glioma cells were implanted and grown in the right hemisphere
of the brain of mice. Four hours after intravenous injection with either the EGF-Au NP-Pc 4
or untargeted Au NP-Pc 4 conjugates, the mice were euthanized and sacrificed, as reported
previously.[3!] The brains were removed and then serially transected. In contrast to the
untargeted Au NPs, a striking accumulation of the drug in the brain tumor was observed in
the EGFR-targeted conjugate injected mice as shown in the fluorescence images of the serial
transections in Figure 4. A 10-fold increase of the drug accumulated in the tumor as
quantified by fluorescence molecular tomography compared to that of the untargeted ones
(Figure S4). The EGF peptide-modified conjugates therefore pass through the BBB/BBTB
efficiently and transport the drug into the brain. It should also be noted that the conjugates
were small enough to leak through the BBTB, which restricts the total Au NP size to 100 nm
or less, and selectively accumulated in the tumor region by additional EPR effect and
receptor-mediated endocytosis. Only tumor regions showed increased Pc 4 fluorescence
with extremely low Pc 4 accumulation in the healthy brain tissue (Figure 4). Biodistribution
studies have demonstrated that most tissues, including the tumor, reached maximum Au NP
accumulation by 4 hours followed by a gradual decrease over time. An exception to this was
observed in the spleen where accumulation of the Au NPs continued over time to reach a
maximum at the latest time point measured, 7 days, where liver and spleen together showed
a maximum Au NP accumulation of 20 % of the injected dose. Gold content was found in
the urine samples which indicated the excretion of Au NPs through renal clearance.

In conclusion, we demonstrate that EGF targeting of Pc 4-loaded Au NPs to the cell surface
receptor significantly improves their capacity to deliver drug cargo into brain tumors. These
results are interesting and novel in two respects. First, our data suggest that increased drug
delivery occurs with significant increases in the uptake of Pc 4 by targeted tissues. The
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increase in drug delivery occurs via a novel mechanism. Very few Au NPs can be found
within targeted cells suggesting that the EGF-peptide receptor interaction likely allows for a
prolonged interaction of the particles at the cell surfaces, allowing the hydrophobic Pc 4 to
transfer to the cellular membrane. Untargeted Au NPs were 10-fold less effective at
delivering the drug to cells in vivo. Second, when conjugated to EGF-targeted Au NPs,
therapeutic levels can be realized within 4 hours after administration and the drug is
internalized through early endosomal compartments. These studies demonstrate the rational
and successful design of a non-covalent drug delivery system to brain tumors using targeted
Au NPs.

Experimental Section

Au NPs were synthesized based on a modified Brust-Schiffrin method.[32-33] The untargeted
Au NP-Pc 4 conjugates were synthesized as reported and coated with mPEG-SH (MW 5000,
Laysan Bio). To synthesize the targeted conjugates, Au NPs were etched and shielded by the
mixture of mPEG-SH (MW 5000) and HS-PEG-COOH (MW 3000, Rapp Polymere) with a
4:1 ratio for 48 hours. The carboxyl functionalized Au NPs were purified by centrifugation
with 50,000 Dalton molecular weight cutoff filtration membranes. The EGF peptide was
attached on the carboxyl functionalized NP surface through the amide bond. COOH- groups
on the Au NPs were activated with EDC (1-ethyl-3-[3 dimethylaminopropyl]carbodiimide)
and Sulfo-NHS (N-hydroxysulfosuccinimide) in MES (2-[morpholino]ethanesulfonic acid)
buffer at pH 4.7 for 15 minutes at room temperature. Then the buffer pH was increased
immediately above 7 using concentrated PBS (phosphatebuffered saline). The Sulfo-NHS-
activated NPs were well mixed with the EGF peptide at 1:1 ratio for 4 hours at room
temperature. Excess reactants were separated from the EGF peptide functionalized Au NPs
(EGF Au NPs) by centrifugation with 50,000 Dalton molecular weight cutoff membranes.
The purified EGF Au NPs were re-dissolved in chloroform and a 40 fold excess Pc 4 was
added into the solution. After 48 hours mixing at room temperature, the solvent was
removed under vacuum. The EGF Au NP-Pc 4 conjugates were suspended in aqueous
solution and purified by centrifugation and 200 nm pore filters.

The average cell viability in the dark and under light exposure was evaluated by the MTT
assay (Cell Proliferation Kit I by Roche). 9L.E29 rat glioma cancer cells, engineered to
overexpress EGFR, were added (10,000 per well) in three 96-well plates and incubated for
24 hours at 37°C and 5% CO,. The EGF Au NP-Pc 4 conjugates and free Pc 4 were
incubated with the cells in the dark for 4 hours. After three times washing, one plate was
placed in the dark. The other two plates were irradiated under light of wavelength >550 nm
at 0.5 J/em? and 1J/cm?2, respectively. The plates were incubated for another 24 hours and
10 [ yellow tetrazolium salt MTT labeling reagent was added into each well. After 4 hours
incubation, the purple formazan crystals were formed by metabolic active cells. 100 L of
the solubilization solution per well was added to dissolve the cells and placed into the
incubator overnight. The absorbance at 550 nm (the formazan salt) and 690 nm as reference
wavelength was measured with a Tecan Infinite 200 microplate reader. 8 replicates were
used for each condition.

Pc 4 in the cells was extracted with ethyl acetate and quantified with UV-vis spectroscopy.
After digesting the cells with 70% HNO3, Au NPs were quantified with graphite furnace
atomic absorption spectroscopy (GFAAS). And localization of Au NPs in cells was detected
by Transmission Electron Microscopy (TEM). After 24 hours incubation with the
conjugates, the cells were fixed in 2.5% glutaraldehyde for 1 hour after incubation with the
conjugates. After washes with PBS, the samples were stained with 2% osmium tetroxide and
0.5% uranyl acetate. The samples were gradually dehydrated in ethanol and embedded in
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Epon-Propylene oxide. Thin sections were obtained with an ultramicrotome and deposited
onto TEM grids. The images were taken on a JEOL JEM-1200 EX electron microscope.

Animal experiments were performed according to [ACUC policies and guidelines of the
animal care and use committee at Case Western Reserve University. Female athymic mice
were obtained from the Athymic Animal Core Facility of the Cancer Research Center of
Case Western Reserve University. Human glioma (Gli36 [5) cancer cell lines were
implanted on the right parietal lobe of the posterior of the brain using a stereotactic rig
designed for mice. Animals were continuously monitored for any signs of discomfort, and
tumors were allowed to grow up to 12 days prior to any systemic injection. Animals were
fed exclusively on a special rodent diet (Tekland 2018S; Harlan Laboratories, Inc.) to reduce
auto-fluorescence. Ex vivo brain images were obtained with the Maestro In Vivo Imaging
System (Cambridge Research and Instrumentation, Inc., Woburn, MA), and tomographical
fluorescent images were acquired using the VisEn Translational Fluorescence In Vivo
Imaging System, the FMT 2500 (VisEn Medical, Inc., Bedford, MA). FMT 2500 analysis
began by calibrating the system to the specific fluorescent profile of Pc 4 by imaging a
known concentration and volume of Pc 4 in VisEn’s calibration probe to correlate intensity
of fluorescence with actual concentration of Pc 4 (in pmol). Mice with tumors were
anaesthetized with isoflurane and injected intravenously via the tail with either EGF Au NP-
Pc 4 or Au NP-Pc 4 conjugates at a dosage of Img kg-1 of Pc 4 per total mouse body
weight.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Characterization of EGF-Au NP-Pc 4 conjugates (A-D). (A) Absorbance spectra of COOH-
functionalized Au NPs, EGF-Au NPs and EGF-Au NP-Pc 4 conjugates in water. (B) The
fluorescence spectrum and (C) 1% Agarose gel at 120 V for 4 hours in TAE buffer. From
left to right: COOH-functionalized Au NP, EGF-Au NPs and EGF-Au NP-Pc 4 conjugates.

(D) TEM image of the conjugates.
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Figure 2.

Toxicity study of the EGF-Au NP-Pc 4 conjugates in the dark and under light exposure. (A)
PDT effect of the EGF-Au NP-Pc 4 conjugates after 4 hours incubation measured with an
MTT assay. (B) Bright field images of the conjugate-incubated cancer cells before and (C)
after light exposure. Dead cells are colored blue due to the staining by trypan blue.
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Figure 3.

In vitro studies of the PDT drug release from EGF-Au NPs. (A) Time dependent drug
release in the water-toluene system. The absorption (in black, left scale) and fluorescence (in
red, right scale) of the PDT drug in the toluene phase was monitored within a 4 hour time
window. The inset shows the drug release kinetics into the hydrophobic environment. (B)
Confocal image of live glioma cancer cells after 4 hours incubation with the conjugates, Pc
4 fluorescence is shown in red color. (C) Confocal fluorescence images of fixed glioma cells
after incubation for 24 hours with EGF-Au NP-Pc 4, [Pc 4] =1 M. Pc 4 is measured by
direct fluorescence of Pc 4 in the Cy5 channel (red). Anti-EEA1 recognizes early endosomes
(green). DAPI shows nuclei (blue). The yellow color in the combined image shows the co-
localization of Pc 4 in early endosomes.
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Figure 4.

Targeting effect of EGF-Au NP-Pc 4 conjugates compared to untargeted Au NP-Pc 4
conjugates in brain tumor-bearing mice. Fluorescence imaging of extracted brains with
tumors (A) and the overlay of fluorescence (shown in red) and monochromatic images (B).
The white circle indicates the tumor position in the brain. Slice thickness is 2 mm.
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Scheme 1.

Design of targeted delivery of the PDT drug Pc 4 via EGF-labeled Au NP conjugates.
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