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Abstract

Glioblastoma (GBM) is the most common and aggressive primary brain tumor resulting in high rates of morbidity and mortality. A
strategy to increase the efficacy of available drugs and enhance the delivery of chemotherapeutics through the blood brain barrier (BBB) is
desperately needed. We investigated the potential of Cisplatin conjugated gold nanoparticle (GNP-UP-Cis) in combination with MR-guided
Focused Ultrasound (MRgFUS) to intensify GBM treatment. Viability assays demonstrated that GNP-UP-Cis greatly inhibits the growth of
GBM cells compared to free cisplatin and shows marked synergy with radiation therapy. Additionally, increased DNA damage through
γH2AX phosphorylation was observed in GNP-UP-Cis treated cells, along with enhanced platinum concentrations. In vivo, GNP-UP-Cis
greatly reduced the growth of GBM tumors and MRgFUS led to increased BBB permeability and GNP-drug delivery in brain tissue.

Our studies suggest that GNP-Cis conjugates and MRgFUS can be used to focally enhance the delivery of targeted chemotherapeutics to
brain tumors.
© 2018 Elsevier Inc. All rights reserved.
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Glioblastoma (GBM) is the most common and aggressive
primary brain tumor.1 Even following maximum resection,
radiation therapy (RT) and chemotherapy, the median survival is
only 15 months.2 Within the capillary bed of the brain
parenchyma, the movement of ions, molecules and cells is
highly regulated via the BBB, posing a major obstacle for
obtaining effective drug concentrations within the tumor.3,4

Hence, adequate penetration of therapeutic agents is only
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survival of GBM patients, but only by about 2 months.2

Cisplatin (Cis) is one of the most commonly used and effective
anti-cancer drugs with well-described cytotoxic effects, and is a
known radio-sensitizer.6,7,8 However, high doses of Cis are often
needed to penetrate the BBB, which often involve intolerable
systemic adverse effects.7 Additionally, about 90%-95% of Cis
becomes irreversibly bound to plasma proteins, leaving only
5%-10% of the drug fraction free to exert anti-tumor effects.9,10

One strategy to alter drug effects is to use gold nanoparticles
(GNPs) as carriers andmodifiers, offering the potential for targeted
and increased delivery without redesigning a drug’s molecular
structure.11 GNPs have gained increasing interest as modifiers of
conventional drugs, in addition to their role as radiosensitizers.12

Moreover, they are already being used in FDA approved clinical
trials.13,14 GNPs can reliably be produced at different sizes and
shapes. Their highly tunable surfaces allow various coatings to
increase biocompatibility and facilitate functionalization for
diagnostic and therapeutic purposes.11

GNPs have repeatedly been shown to enter tumor cells and
markedly accumulate in cancer tissue.15,16 However, the
infiltrative zone of brain tumors, as the most common site of
tumor recurrence, demonstrates an intact BBB and prohibits
significant GNP transfer.17 We have previously demonstrated
that by using focused ultrasound (FUS), functionalized GNPs
can traverse the cerebral capillaries into the normal brain
parenchyma.18,19 In this study, we evaluated the use of
GNP-bound Cis as a possible strategy to increase drug efficacy
and growth inhibition in experimental GBM. To treat the
infiltrative tumor zone, we further assessed the usefulness of
targeted non-invasive Magnetic Resonance-guided Focused
Ultrasound (MRgFUS) to transiently disrupt the otherwise intact
BBB and increase the GNP-drug delivery.
Methods

GBM cell lines

All cells were cultured at 37°C and 5% CO2. Human GBM
cell lines (U87, U251, T98G, U138) were grown in Dulbecco’s
Modified Eagle Media (DMEM) + 10% Fetal Bovine Serum
(FBS) (Wisent Inc.).

Gold nanoparticles

Size-certified 7 nm spherical gold nanoparticles (GNPs)
coated with polyacrylic acid (PAA) were purchased from
Nanopartz ™ (Loveland, CO). Four different GNP compounds
were applied: Non-functionalized GNPs (D11-10-NC-Bulk),
GNPs functionalized with Cis (GNP-Cis) (DRE11-10-CIS-50),
GNPs functionalized with a cell uptake peptide (GNP-UP)
(PKKKRKV, SV40 antigene, nuclear localization signal,
DRE11-10-CU-50),22,23 and GNPs with uptake peptide (UP)
conjugated with Cis (GNP-UP-Cis) (DRE11-10-CIS-CU-50). A
covalently bonded porous polymer was used as the backbone for
loading the cisplatin through ionic adsorption. This provided an
optimized loading efficiency in a polymer that only adds 1-2 nm
in diameter. In the constructs that include the cell uptake peptide,
a mixed monolayer was used on the nanoparticles. Here the
cisplatin was loaded using the scheme above, whereas the cell
uptake peptide was covalently bound through a proprietary 8
carbon thiol based backbone. The colloidal gold solution was
delivered at a pH of 7.0 containing an average of 1.70 E+15 nps/ml
(Molarity 2.71 μM). Functionalized GNPs carried an estimated
375 cisplatin molecules and/or 350 uptake polypeptides per
nanoparticle. TEM images were provided by Nanopartz™ to
verify that nanoparticles were not aggregated (Figure S1, D).
Zeta potential at pH 7 ranged from −35 mV (non-functionalized)
to + 15mV (GNP-UP-Cis). (Figure S1 and S2).

Cell viability assays

Alamar blue cell viability assay (Invitrogen) was used to
assess drug toxicity to GBM cells. Cells were plated into 96-well
dishes at a density of 2000 cells/well, using 6 wells as replicates
for each condition for statistical analysis. Drug was incubated for
1 to 6 days. For radiation treatment, cells were incubated for 24 h
with drug/GNP and exposed to 6 Gy. Viability was assessed 1
day after radiation treatment.

Assessment of cell uptake of Cis

0.1 × 106 cells/well of U251 and U87 cells were exposed to a
low dose, non-toxic concentration of 0.33 μMcisplatin for 2 h, 4 h,
and 12 h (n = 3 wells for each condition). Cells were detached and
pelleted into a 1.5ml Eppendorf tube. The cell pellet was dissolved
in aqua regia (3:1 HCL/HNO3) in borosilicate glass tubes. After
dilution in milliQ water the platinum content was analyzed by
inductively coupled mass spectroscopy (ICP-MS, PerkinElmer
NexION 300/350i).

Confocal microscopy

Cells were exposed to saline, Cis, GNP-UP, or GNP-UP-Cis
for 48 h, fixed with 4% PFA and permeabilized with 0.5% Triton
X-100. 5% BSA block was applied for 1 h at 37 °C. Incubation
with the primary antibody (γH2AX 1:1000 Millipore) was
performed overnight at 4 °C and secondary antibody (Alexa-488,
1:500 Abcam) for 1 h at room temperature. Actin was stained with
Phalloidin-594 (ThermoFisher Scientific) and nucleus with DAPI
(Vectashield Mounting Medium). Cellular localization of GNP was
imagedusing silver enhancement staining (Cytodiagnostics). Images
were captured using Zeiss LSM700 and quantified with ImageJ
software. The area ratio γH2Ax/DAPI was calculated using
Volocity 6.3 software, analyzing at least 60 cells per condition
at 20× magnification.

Transmission electron microscopy (TEM)

5 × 106 U251 cells were seeded in 10 cm2 dishes and
incubated with GNP-UP-Cis (ratio of 4 × 106 nanoparticles: 1
cell) overnight. Dissociated cells were fixed in 250 μL of 2%
glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.3 for 1 h
at room temperature. Samples were post-fixed in 1% osmium
tetroxide in buffer, dehydrated in a graded ethanol series
followed by propylene oxide, and embedded in Quetol-Spurr
resin. Sections 100 nm thick were cut on an RMC MT6000
ultramicrotome, stained with uranyl acetate and lead citrate and
viewed in an FEI Tecnai 20 electron microscope (Hillsboro,
OR).



Figure 1. In vitro results of GNP testing on different GBM cell lines. (A) Growth inhibition observed in all cell lines. IC50 ranging between 1.7 and 16.7 μM.(B)
GNP-Cis shows an increased growth inhibitionwhen compared toCis alone at all tested concentrations in slow-duplicatingGBMcell lines (U87, U138), and at higher
concentrations for fast-duplicating cell lines (U251, T98G). (C) Functionalization with uptake peptide (GNP-UP-Cis) further increased dose-dependent growth
inhibition when compared to GNP-Cis and Cis alone. (D) GNP-UP-Cis exhibited a significantly stronger cell inhibitory effect compared to an equivalent mixture of
unconjugatedGNP-UP and Cis. (E) Enhanced inhibition of cell proliferation by GNP-UP-Cis was sustained over several days when compared to Cis alone. (F) Effect
of RT and GNP-UP-Cis on two cell lines (A) U87 and (B) U251. The synergistic cytotoxic effect of RT and non-functionalized GNPs exceeded the response found
with RT and Cis when administered by themselves. Growth inhibition was further amplified when GNP-UP-Cis was used. Equivalent concentrations of GNPs were
used as that found in 1 μM (a), 2.5 μM (b) and GNP-UP-Cis (c). One-way ANOVA with Tukey post-hoc analysis, Pb0.05*, Pb0.01**, Pb0.001***.
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Orthotopic xenotransplantation of GBM

All animal procedures were approved by the Animal Care
Committee at Sick Kids Hospital Research Institute, Toronto
Centre for Phenogenomics (TCP) and Sunnybrook Health
Sciences Centre. Animal-use-protocols are in accordance with
the guidelines established by the Canadian Council on Animal
Care and the Animals for Research Act of Ontario, Canada.

NOD SCID Gamma (NSG) female mice were injected with
0.5 × 106 U251-Luc cells (see Supplementary Methods for
characteristics of U251-Luc) into the right frontal lobe. Mice
were randomized to one of four treatment arms: Saline (n=4),
GNP-UP (n=4), Cis (n=5), GNP-UP-Cis (n=6). Bioluminescence
(Perkin Elmer, IVIS Spectrum Optical In-vivo Imaging System)
images were taken at day 9 after cell implantation and treatments
were initiated on day 10. A total of 5 intravenous injections were
given every other day: GNP-UP (2.46 μM Au), Cis (1.5 mg/kg)
and GNP-UP-Cis (1.5 mg/kg cisplatin; 2.46 μM Au). Mice were
sacrificed when 15% of bodyweight was lost or when neurological
or behavioral impairment was observed. Images were analyzed
using the software Living Image 4.5 (PerkinElmer).
Histological and immunohistochemistry (IHC)

Hematoxylin and Eosin (H&E) staining was used to
determine the histopathological features. Ki67 (Abcam 1:1500)
and Caspase 3 (Cell signaling 1:1000) were used to evaluate
tumor cell proliferation and apoptosis respectively. A silver
enhancement kit (Ted Pella) was used to visualize distribution of
GNPs in tissues. Sections were imaged using a 3D Histech
Pannoramic 250 slide scanner. Ki67 and Caspase 3 was
quantified with 3D Histech Pannoramic Image Analysis
Software, using a colorimetric algorithm to calculate the
percentage of positive pixels over a designated tissue area,
defined as relative mask area (rMA).

Tumor targeting with MRgFUS

NSG mice were anesthetized with isofluorane and placed
supine in a mount for transcranial sonication and MR imaging
(Figure S4). The exposed scalp was positioned on a gel pad
overlying a well, filled with degassed water allowing coupling of
acoustic waves (See Supplementary Methods). Prior to sonica-
tion, animals were injected with 0.02 ml/kg of lipid-coated

Image of Figure 1


Figure 2. Assessment of efficacy of GNP-UP-Cis through immunofluorescence and electron microscopy in U251 GBM cells. (A) Confocal IF microscopy
showing GNP internalization via silver stain (transmitted light), along with staining for DAPI to show nuclei (blue), γΗ2ΑΧ for DNA damage (green) and
phalloidin for actin filaments (red). An increase in the phosphorylation of γΗ2ΑΧ in cells treated with GNP-UP-Cis was observed, compared to Cis alone. No
change in cell morphology and only minor γΗ2ΑΧ foci could be detected in cells exposed to drug-free GNP-UP. (B) Quantification of positive γΗ2ΑΧ cells
showed an increase in the relative DNA damage of cells treated with GNP-UP-Cis compared to drug alone (one way ANOVA with Tukey post hoc analysis,
Pb0.001***). (C) TEM of U251 cells showed that both GNP-UP-Cis and GNP-UP were located in perinuclear vesicular organelles (arrow head) without any
apparent GNPs in the nucleus (N).
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Figure 3. Concentration of internalized Cis quantified by ICP-mass spectrometry in (A) U87 and (B) U251. GBM cells were exposed to cisplatin, GNP-Cis or
GNP-UP-Cis for 2 h, 4 h and 12 h. Both GNP-Cis conjugates showed an increasing drug (Pt) uptake over time when compared to Cis alone, while adding the
uptake peptide resulted in enhanced uptake for GNP-UP-Cis (one-way ANOVA with Tukey post hoc analysis, Pb0.01**, Pb0.001***).
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echogenic microbubbles (Definity, Lantheus Medical Imaging,
Saint-Laurent, Québec) via tail vein followed by either Cis
(0.5mg/kg) or GNP-UP-Cisplatin (0.5 mg/kg). Subsequently,
gadolinium 0.1 ml/kg (Gadovist) was injected followed by 0.2 ml
saline flush. For localized BBB-disruption, a spherically focused
transducer (1.68 MHz, 75 mm aperture, focal-number = 0.8) was
used with standard BBB opening parameters (10-ms bursts, 1-Hz
burst repetition frequency, 120 s duration).20 The acoustic pressure
was modulated burst to burst during the 120 s sonication based on
the detection of sub and ultraharmonic microbubble emissions, as
previously described.18 Contrast-enhanced T1-weighted images
(500/10) were used to confirm BBB opening. 24 h after injection/
sonication, the animals were deeply anesthetized with ketamine/
xylazine and blood samples were collected via cardiac puncture. All
animals were perfused with 0.9% saline prior to the harvesting of
organs (brain, liver, kidney, and spleen). The platinum (for cisplatin)
and gold content was analyzed by inductively coupled mass
spectroscopy (ICP-MS, PerkinElmer NexION 300/350i).
Results

Characterization of GBM cell line sensitivity to Cis and GNP-Cis

The sensitivity of GBM cells to Cis was assessed in 4
different human GBM lines: U251, T98G, U87, and U138. All
cell lines showed a dose dependent inhibition of growth with the
IC50 ranging from 1.7 to 16.7 μM Cis (Figure 1, A). Cells were
then exposed to Cis, GNP, or GNP-Cis, at equivalent doses of
Cis and GNP respectively. The GNP-Cis compound revealed
significantly higher dose-dependent growth inhibition when
compared to Cis alone (Figure 1, B). At higher concentrations,
non-functionalized GNPs also showed slight growth inhibition,
consistent with previous studies showing that unmodified GNPs
can inhibit proliferation of cancer cells. 15,21 Aiming to further
enhance the efficacy of the GNP drug compounds, we
functionalized the nanoparticles with an uptake peptide
(GNP-UP-Cis). GNP-UP-Cis showed a distinctively increased,
dose-dependent growth inhibition compared to GNP-Cis and Cis
alone (Figure 1, C). The IC50 of GNP-UP-Cis of U87 and U251
was markedly below 1 μM and showed higher levels of toxicity
when compared to GNP. We repeated the same experiment with
a mixture of GNP-UP and Cis at an equivalent concentration to
GNP-UP-Cis to assess whether the observed cell response to
GNP-UP-Cis was a result of separate effects of functionalized
GNP and Cis. The results show that the increased effect of
GNP-UP-Cis cannot solely be explained by separate actions of
GNP-UP and Cis and that GNP-UP-Cis acted as a distinct entity
(Figure 1, D). Furthermore, enhanced inhibition of cell
proliferation by GNP-UP-Cis was sustained over several days
at a greater degree than Cis alone (Figure 1, E).

Image of Figure 3


Figure 4. Orthotopic GBM brain tumor mouse model to assess therapeutic properties of GNP-UP-Cis in vivo. Stereotactic implantation of luciferase transfected
U251 cells in the right frontal lobe. (A) Timeline demonstrating the intracranial injection of U251-Luc cells followed by the treatments. (B) Total flux measured
before treatment. (C) Bioluminescence imaging of tumors at Day 9 pre-treatment and on treatment days 12, 16 and 20. (D) Percent increase of total flux measured
of tumors on treatment days 12, 16 and 20, relative to Day 9 pre-treatment measurement showing markedly higher flux increase for saline vs. GNP-UP-Cis, most
notably on treatment day 20 (one-way ANOVA with Tukey post hoc analysis, Pb0.05*).
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Effects of RT on GBM cell lines

As both Cis and GNPs are recognized as radiosensitizing
agents,7,12 we examined whether the superior cell inhibition of
GNP-UP-Cis was retained when cells were exposed to ionizing
radiation. The synergistic effect of radiotherapy andCis-free GNPs
exceeds the response found with Cis alone (Figure 1, F). Growth
inhibition was further amplified when GNP-UP-Cis was used.

GNP-UP-Cis versus Cis in inducing DNA damage

Western blot analysis confirmed the expression of γΗ2ΑΧ in
GBM cells exposed to higher doses of Cis (Figure S5, A). In
comparison, GNP-UP-Cis was more effective in inducing DNA
damage and cell apoptosis than Cis and GNP-Cis (Figure S5, B).
Drug free GNP and GNP-UP did not affect cellular DNA during
the time of exposure, as inferred by the absent upregulation of p53.
Confocal IF microscopy confirmed the increased phosphorylation
of γΗ2ΑΧ in cells treated with GNP-UP-Cis (Figure 2, A and B).
No change in cell morphology and no increased γΗ2ΑΧ foci were
apparent when non-functionalized GNPs were used. We conclude
that GNPs themselves did not significantly alter cell homeostasis
during the time of exposure.

Intracellular GNP localization

As indicated by silver staining (Figure 2, A), GNP-UP-Cis
particles accumulated around the nucleus and were undetected
within the nucleus itself. This was confirmed by TEM, which
showed that both GNP-Cis and GNP-UP-Cis were located in
perinuclear vesicular organelles (Figure 2, C). Therefore, the
observed superior efficacy of GNP-UP-Cis over GNP-Cis cannot
be explained by a more direct drug deposition into the nucleus.
DNA damage was only appreciated when cells were exposed to
GNP-UP-Cis and not to GNP-UP (Figure 2, A), and
GNP-UP-Cis has been shown to be more efficacious than a
mixture GNP-UP + Cis (Figure 1, D).

Cellular internalization of Cis

To determine the time-dependent cell uptake of Cis for
GNP-Cis, GNP-UP-Cis and Cis alone, platinum (Pt) content

Image of Figure 4


Figure 5. Histological effects of drug treatments on GBM xenografts: (A) Representative H&E images of brains after 5 treatments showing the histological
features of U251 GBM xenograft. (B) Quantification of tumor size as from coronal H&E sections. Statistical analysis via two-tailed t test, GNP-UP-Cis vs other
groups. (C) Light microscopic images of silver-enhanced stained sections showing the distribution of GNPs in brain tumors. (D) Quantification of positive area
of silver staining in the brain relative to the entire tumor area. Measurements are also reported for the liver relative to entire liver section. Mean ± S.D., two-tailed
t test, brain GNP-UP-Cis vs GNP-UP. (E) IHC staining shows significant increase in the number of apoptotic Cleaved Caspase 3 positive cells in the tumor
region. (F) Graph shows quantification of immuno-positive cells for cleaved Caspase 3 relative to cell number in entire tumor region. Mean ± S.D., two-tailed t
test, GNP-UP-Cis vs the rest of groups. (G) IHC staining shows high expression of Ki67 in tumors. (H) Quantification of Ki67 positive cells relative to entire
tumor region. Mean±S.D., two-tailed t test, GNP-UP-Cis vs the rest of groups, PN0.1 NS. (I) Representative H&E images of liver after treatments. (J)
Silver-enhanced stained liver sections showing nanoparticle distribution. (K) Representative H&E images of kidneys after treatments. (L) Silver-enhanced
stained kidney sections showing no apparent intraparenchymal nanoparticle distribution.Pb0.01**, Pb0.005***.
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within the cells was assessed by ICP-MS. As shown in Figure 3,
no increase of Pt internalization of cells exposed to Cis could be
detected after 2 h, indicating a steady state between the
medium and the intracellular compartment. Both GNP-Cis
conjugates showed a higher drug uptake when compared to
Cis alone. Interestingly, GNP-UP-Cis shows the highest
uptake, reflecting the higher cell toxicity as previously shown
(Figure 1).

Image of Figure 5
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Image of Figure 6
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GNP-UP-Cis inhibits GBM growth in vivo

Ten days after tumor implantation, animals were treated with
IV injection of therapeutic compounds. Animals were imaged
between injections and sacrificed after 5 injections (Figure 4, A).
Before treatment, GBM tumors did not significantly differ in size
(Figure 4, B). Animals injected with saline showed the greatest
tumor growth, followed by the GNP-UP and Cis group. Only
tumors in animals treated with GNP-UP-Cis showed minimal to
no tumor growth (Figure 4, C and D). H&E images revealed
histological features of U251 GBM xenograft including necrosis,
invasion and hypercellularity (Figure 5, A and B). Interestingly,
GNP-UP-Cis treated mice demonstrated greater accumulation of
GNPs within the tumor compared to GNP-UP treated animals
(Figure 5, C and D), while both groups showed equivalent
accumulation of GNPs in the liver (Figure 5, D and J). No GNPs
were detectable in non-tumor brain tissue or in kidneys (Figure 5,
C and L). Furthermore, GNP-UP-Cis treatment resulted in
significant increase of activated Caspase 3 in the tumor tissue, in
contrast to other treatment groups. Caspase 3 positive cells were
diffusely distributed throughout the GNP-UP-Cis treated tumor,
while in other treatment groups Caspase 3 positive cells were
only found close to necrotic areas (Figure 5, E and F). There was
however no significant difference in the expression level of
mitotic activity across all treatment groups (Figure 5, G and H).
No apparent morphological damage could be detected in the
examined liver, kidney and spleen of animals treated with GNPs
(Figure 5, I and K).

Increasing drug delivery with MRgFUS

MRgFUS induced increased Gd extravasation and thus
increased BBB permeability at the tumor margin of sonicated
mice (Figure 6, A). The animals did not show any neurological or
behavioral sequelae from MRgFUS treatment. Histological
samples revealed increased GNP deposition within the tumor
and around the tumor margin with MRgFUS (Figure 6, B). In a
second assessment, we sought to quantify the MRgFUS-induced
increase of drug delivery compared to normal brain tissue with
an intact BBB. MRgFUS requires increased volumes of fluid to
be injected intravenously which includes microbubbles, drug,
Gd, and flushes. As such, these may interfere with drug volumes
in mouse models. Based on these limitations, we used a
GNP-UP-Cis concentration of 0.5mg/kg and compared this
with 0.5 mg/kg and 5 mg/kg Cis. We compared the Pt (drug) and
Au (GNP) concentrations in the sonicated right frontal lobe
versus the non-sonicated left frontal lobe (Figure 6,C). MRgFUS
increased the Cis (Pt) and consequently the Au concentration in
the brain 2-3.5-fold (Figure 6, D).

With MRgFUS, the tissue concentration achieved when using
0.5mg/kg Cis was comparable to the concentration achieved with
Figure 6. (A) Increased extravasation of Gd is observed post FUS (white circle) ar
(red circles) deposit within the tumor and around the tumor margin (green border
frontal lobe. Application of MRgFUS leads to Gd extravasation and thus BBB disr
brain tissue by ICP-MS following delivery of Cis (0.5 mg/kg) and GNP-UP-Cis (
equal amount of cisplatin in brain tissue after 0.5 mg/kg of cisplatin and FUS, com
was measured to be bound to plasma and RBC with GNP-UP-Cis administration,
liver and spleen following GNP-UP-Cis administration. (H) Pt load corresponded
5 mg/kg cisplatin in the non-sonicated brain (Figure 6, E). The
biodistribution of Cis was altered when bound on GNPs.
ICP-MS analysis indicated that when conjugated to GNPs, there
was no relevant binding of Pt to plasma proteins or red blood
cells, as opposed to findings for free Cis injections (Figure 6, F).
Given that protein-bound Cis is considered non-effective for
tumor treatment, this finding may add to the explanation of
higher tumor inhibition for the GNP bound Cis (Figures 4 and 5).
GNP accumulation was highest in the liver and spleen (Figure 6,
G), and therefore harbored the highest Pt load (Figure 6, H).
Interestingly, using GNP-UP-Cis, the tissue concentration of Cis
in the kidney was markedly lower when compared to injections
with Cis alone (Figure 6, H). In our study, the histology of
organs harvested after a total administration of 7.5mg/kg free and
GNP-UP-Cis over 8 days showed no morphological alterations
(data not shown).
Discussion

For most patients with GBM, current chemotherapies fail to
substantially target the tumor and achieve long-term control. The
development of new agents geared towards various molecular
and genetic drivers is at an early stage with uncertain output.37

Parallel efforts should be undertaken in optimizing the efficacy
and delivery of well-established and successfully applied
anticancer drugs.31 We showed that Cis conjugated to GNPs
offers a promising strategy to enhance tumor inhibition, while
altering the systemic biodistribution of the drug and possibly
improving biocompatibility. Increased inhibition of tumor
growth by GNP-UP-Cis compared to Cis alone was confirmed
in vitro and in vivo. In addition, MRgFUS successfully increased
the drug delivery in the brain parenchyma with an intact BBB.

Previous studies have examined GNP-Cis, or related
Pt-conjugates, in the treatment of other cancers. Kumar et al
showed that a Pt-conjugated GNP had anti-cancer activity
against prostate cancer cells in vitro, while Comenge et al
studied the effect of Cis-conjugated GNPs in a mouse xenograft
model of lung carcinoma.32,38 Recently, Setua et al showed that
a GNP-Cis conjugate could induce DNA damage and apoptosis
in human GBM cells, and enhance radiotherapy-induced
killing.23 In Setua’s study, the GNP-Cis conjugate synergized
with radiotherapy more than control GNP particles. Thus, the
combination of GNP-Cis with radiotherapy could prevent the
emergence of radio-resistant clones.

Recently, Timbie et al51 demonstrated that cisplatin-loaded
nanoparticles up to 60 nm in diameter were capable of crossing
the BBB using MRgFUS. Our work is in congruence with this
study which demonstrates an enhanced delivery of cisplatin
using nanoparticles and MRgFUS. However, to our knowledge,
we present the first study using gold nanoparticles to
ound tumor border. (B) Silver stained sections reveal increased GNP-UP-Cis
) with FUS. (C) MRI imaging showing sonication in 4 spots in mouse right
uption (arrow). (D) Quantification of platinum (Pt) and gold (Au) amounts in
0.5 mg/kg) in the brain using MRgFUS. (E) Quantification of Pt showed an
pared to 5 mg/kg of cisplatin. (F) A significantly reduced amount of cisplatin
as compared to Cis alone 24 h post treatment. (G) Au load was highest in the
to Au load following GNP-UP-Cis or Cis administration.
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demonstrate efficacy of GNP-Cis conjugates in the treatment of
GBM in vitro and in vivo. GNPs functionalized with Cis
(GNP-Cis) showed superior inhibition of GBM cell growth in
vitro compared to free Cis. By coupling GNPs to an uptake
peptide and Cis (GNP-UP-Cis), we further increased the efficacy
of GBM growth inhibition, DNA damage, and cell death. This
enhanced efficacy appears to be due to the combined functional
platform of the GNP-UP-Cis particle, and not the separate
actions of GNP-UP and Cis.33 Consistent with Setua’s
observations on radiotherapy, we confirmed the synergistic
effect of GNP-UP-Cis with radiotherapy as an enhancement to
inhibit growth of GBM cells.24

The uptake peptide (PKKKRKV) attached to GNP-UP-Cis is
believed to increase nanoparticle internalization and to act as a
nuclear localization signal (NLS).22,23 Consistent with this, we
found greater cell uptake of GNP-UP-Cis than either GNP-Cis
or free cisplatin. However, we could not verify penetration of
GNP-Cis or GNP-UP-Cis into the nucleus. In order to facilitate
uptake into the nucleus, NLS has to bind to transport molecules
such as importin, which enable entry through the nuclear pore
complex.39 To our knowledge, the potential for nuclear
localization of PKKKRKV has not yet been assessed in GNPs
conjugated with Cis. Therefore, it is possible that surface
interactions between Cis and PKKKRKV might have impeded
the binding of GNPs to transport molecules required for nucleus
penetration. As demonstrated by our zeta-potential assessment
(Figure S1), we hypothesize that the cationic surface charge on
GNP-UP-Cis contributed to the increased cell internalization and
that Cis is released from the GNP platform in the low pH
environment of the late endosomes and/or lysosomes, and
diffuses into the nucleus.34

In our in vivo models, GNP-UP-Cis showed minimal to no
tumor growth, in striking contrast to treatment with saline, free
Cis, and GNP-UP. Significant differences in uptake of the GNPs
and distribution of apoptotic GBM cells within the tumor
indicate that GNP-UP-Cis has a distinct functional activity when
compared to GNP-UP or Cis. Notably, GNP-UP-Cis was well
tolerated by mice as indicated by weight maintenance and intact
behavior, and did not induce morphological alterations in any of
the analyzed organs.

Given these promising results, future studies are needed to
determine the long-term biocompatibility of such compounds, in
terms of both altering the Cis load and accumulation of
non-biodegradable Au in various organs. Ideally, GNPs should
be designed to preferentially accumulate in tumor tissue while
the excess is eliminated from the body. From various factors
such as shape, coating and surface charge, GNP size is most
crucial in determining renal clearance.27,29,30 At a size less than
5-6 nm diameter, GNPs show efficient renal clearance, which
prevents accumulation in the body and thus potential adverse
long-term effects on healthy organs.36 Then again, larger GNPs
at sizes between 10 and 100 nm exhibit longer blood circulation
time, which is favorable when aiming to increase the therapeutic
efficacy of conjugated drugs.40 Based on this observation, we
chose smaller GNPs with an intermediate size of 7 nm in contrast
to what has previously been published,51 which offers some of
the above-mentioned advantages regarding clearance and blood
half time.29
As stated previously, the BBB presents a major obstacle to
systemic drug delivery to the brain. Given that capillaries which
arise from ‘cancer induced neovascularization’ show increased
permeability, GNPs can penetrate and accumulate in most tumor
tissue, including brain tumors.15,16 However, in order to
effectively treat brain tumors, the infiltrative zone, which is not
amenable to surgical resection and where the highly selective
BBB is more or less intact, has to be approached. We showed
that MRgFUS could successfully permeabilize the BBB and
increase delivery of both Cis and GNP-UP-Cis to normal brain
tissue in the mouse. Future studies will evaluate the extent to
which the FUS-induced boost of cisplatin and GNP-UP-Cis
concentration translates into increased treatment effect on the
tumor. However, our data are consistent with preclinical studies
showing increased drug delivery with MRgFUS, and we
hypothesize that increased drug delivery may lead to enhanced
tumor control and prolonged survival in GBM models.41–43

After FDA approval of ablative MRgFUS for procedures in
patients with essential tremor and Parkinson disease44 and
following multiple animal studies attesting to the safety of
repeated MRgFUS,35,45 the first clinical trials on FUS-enabled
drug delivery started in 2014.46 High toxicity to GBM cells as
noted in numerous in vitro studies together with Pt’s demon-
strably low BBB penetrance25,26,47 makes well-known Pt-based
agents ideal drugs to explore the usefulness of MRgFUS-induced
drug delivery in brain tumors. In an ongoing phase I/IIa study on
patients suffering from relapsing GBM,MRgFUS is being used to
increase the delivery of carboplatin.46 Preliminary results indicate
that in patients with confirmed extended BBB opening, the region
encompassed by the ultrasonic beam did not show tumor
progression on follow-up MRIs at this early stage in the study.

Results from preclinical and clinical studies suggest that
augmented drug delivery throughMRgFUS offers great potential
to enhance tumor growth inhibition and/or decrease adverse side
effects, given that lower systemic dosage is needed to obtain
equivalent concentration in the region of interest. In this regard,
combining MRgFUS with drug carriers such as GNPs often
exhibits an enhanced permeability and retention within the tumor
along with longer circulation times compared to the free drugs.28

This synergism allows the potential reduction in the frequency of
drug administration. This is especially attractive when consid-
ering the marked radiosensitizing effect of GNPs, which is based
on their strong absorption of ionizing radiation resulting in
increased release of electrons and finally formation of reactive
free radicals.12,48

Our results show the growth-inhibitory effects of
Cis-conjugated GNPs in both in vitro and in vivo models of
GBM. A large body of data now confirms the clinical safety of
MRgFUS,46,49,50 making this technology easier to translate to
the patient. Our future work will examine the efficacy of FUS
plus systemic administration of GNP-cisplatin conjugates for
treatment of GBM, with the ultimate goal of assessing this
treatment in clinical studies.
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