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Gold nanoparticle imaging and radiotherapy of brain

Aim: To test intravenously injected gold nanoparticles for x-ray imaging and radiotherapy enhancement of
large, imminently lethal, intracerebral malignant gliomas. Materials & methods: Gold nanoparticles
approximately 11 nm in size were injected intravenously and brains imaged using microcomputed tomography.
A total of 15 h after an intravenous dose of 4 g Au/kg was administered, brains were irradiated with 30 Gy
100 kVp x-rays. Results: Gold uptake gave a 19:1 tumor-to-normal brain ratio with 1.5% w/w gold in tumor,
calculated to increase local radiation dose by approximately 300%. Mice receiving gold and radiation (30 Gy)
demonstrated 50% long term (>1 year) tumor-free survival, whereas all mice receiving radiation only died.
Conclusion: Intravenously injected gold nanoparticles cross the blood—tumor barrier, but are largely blocked
by the normal blood-brain barrier, enabling high-resolution computed tomography tumor imaging. Gold
radiation enhancement significantly improved long-term survival compared with radiotherapy alone. This
approach holds promise to improve therapy of human brain tumors and other cancers.
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KEYWORDS: brain tumor
gold nanoparticle

cancer

Every year, more than 22,000 people in the
USA are diagnosed with primary brain tumors,
with 13,000 deaths. The 5-year survival rate is
24%. Primary brain tumors account for 20%
of cancers in children. However, metastases to
the brain from other cancers are much more
common, resulting in 130,000 deaths each year
in the USA, accounting for 20% of all cancer
deaths. New drugs and methods have yielded
incremental advances and it is now recognized
that cancer stem cells are particularly drug resist-
ant [1]. Surgical intervention and radiotherapy
provide only temporary life extension, especially
for glioblastoma [2]. More effective treatments are
desperately needed. Newer approaches include
gene therapy, vaccine therapy, immunotherapy,
locally applied venom toxin and ultrasound drug
delivery [2-4].

A new approach involves the use of
gold nanoparticles (AuNPs) to enhance
radiotherapy (s-10]. High atomic number
elements absorb x-rays efficiently and deposit
this energy locally, mostly by the emission of
photoelectrons, Compton scattering and Auger
electrons. Similarly to using lead in order to
shield radiation, gold also absorbs x-rays. This
high atomic number local dose enhancement
effect has been known for over 60 years [11].
Iodine was shown to increase the dose to cells
in culture [12], and iodine contrast medium
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directly injected into tumors followed by
kilovolt x-rays suppressed tumor growth in
mice [13]. A CT scanner was modified to deliver
tomographic 140 kVp x-rays to spontaneous
canine brain tumors after intravenous (iv.)
injection with iodine contrast medium and
resulted in longer survival [14]. This apparatus
was then used in a Phase I human trial of
brain tumors using iv. injection of iodine
contrast medium, which demonstrated the
method to be safe and potentially beneficial
(15]. Monochromatic synchrotron x-rays are
currently being considered for iodine-enhanced
treatment of brain tumors [16-18]. However,
the difficulty with the low-molecular-weight
iodine agents involves achieving a high enough
concentration in tumors [16]. With respect to
gold, a radiation enhancement of more than
100 was demonstrated in cells irradiated on a
gold foil with a range of 10 pm [19]. Calculations
indicated that if a tumor is loaded with gold
at attainable levels, the local radiation dose
can be at least doubled [20]. Micron-sized gold
particles directly injected into tumors were
tested, but did not disperse within the tumor
(21]. However, 1.9 nm AuNPDPs iv. injected into
mice with subcutaneous tumors followed by
26 Gy (250 kVp) x-rays led to 86% long-term
survival (>1 year) compared with 20% survival
with radiation alone [5]. Subsequent trials
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also demonstrated that AuNPs were effective
in enhancing radiation treatment of tumors
in vivo [22]. Many theoretical studies have
also appeared studying the use of AuNPs for
radiation enhancement. Herein, the use of iv.
injected AuNPs for x-ray imaging and enhanced
radiotherapy of an otherwise lethal intracerebral
malignant mouse glioma is reported.

Methods & materials
Tumors & mice

A highly malignant brain tumor, Tu-2449, was
chosen owing to its similarity to aggressive
human gliomas [23,24]. A total of 5000 Tu-2449
cells derived from GFAP-v-src transgenic
mice were implanted 2.5-3.0 mm deep at the
middle of the left coronal suture of the skull
into the striatum of syngeneic black B6C3f1
mice [24]. A total of 10 days later, tumors were
3-5 mm in diameter. AuNDPs were injected via
the tail vein at specified doses. For some mice,
vardenafil (10 mg/kg) [25] was given orally by
gavage 30 min prior to iv. injection of AuNPs.
For therapy, mice were injected with AuNPs
9 days after tumor initiation and irradiated
15 h later. A total of 17 mice were used for
AuNPs plus irradiation, 18 mice with radiation
alone, ten mice with AuNDPs alone and 18 mice
with no treatment; all mice had implanted
gliomas. Animal experiments were conducted
according to NIH guidelines, and approved by
the authors’ institutional animal care and use
committee before the start of the study.

Gold nanoparticles
AuNPs were obtained from Nanoprobes (NY,
USA; Cat. No.: 1115), supplied as a 200 mg
Au/ml solution in phosphate-buffered saline.
Particles were further concentrated with a
100-kDa centrifugal filter (Millipore, MA,
USA) to 400 mg Au/ml.

Electron microscopy
AuNPs were water washed using a 100-kDa filter
to remove salt, diluted in 50% ethanol, applied
to a carbon-coated grid, air dried and imaged
in a FEI Tecnai™ G2 Spirit BioIl' WIN (FEI,
OR, USA) transmission electron microscope
operating at 120 kV. AuNP sizes were analyzed
using Image] software [101].

MicroCT
A pCT40 and VivaCT 40 (SCANCO Medical
AG, Briittisellen, Switzerland) were used,
operating at 45 kVp with 0.5 mm Al filtering,

sampling with 15 x 15 x 15-pm voxels in a
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30-mm diameter field. Three millimeter stacks
of 200 sections at 2000 projections/revolution
and an integration time of 300 ms/projection
were collected, each stack requiring 20 min.
Typical scans were 15 mm in length, thus taking
100 min. Images were quantified and presented
using Amira® software (Mercury Computer
Systems, MA, USA). Mice were anesthetized
with isoflurane gas during imaging.

Irradiations

Mice were anesthetized with 140 mg/kg
ketamine and 3 mg/kg xylazine in phosphate-
buffered saline given intraperitoneally in
approximately 0.06 ml. The head and body
were protected by a 3.4-mm-thick lead shield
with a notch that enabled irradiation 6.0 mm
caudally from the posterior canthus of the left
eyelid and dorsally from the dome of the palate
to above the calvarium (Ficure 14). Irradiations
were performed using an RT100 x-ray generator
(Philips, Amsterdam, The Netherlands)
operating at 100 kVp with a 1.7-mm Al filter.
Dose was calibrated using an ion chamber
(Radcal, CA, USA). To prevent lethal brain
edema, dexamethasone (5 mg/kg) was injected
intraperitoneally every 12 h starting on the day
before irradiation, five times in total [26].

Gold quantification

Microcomputed tomography

Concentrations of gold were measured from
microcomputed tomography (microCT) images
as previously described [27]. Briefly, standard
gold solutions (0, 1, 2, 5, 10, 20 and 60 mg
Au/ml) were placed in 1.5-ml Eppendorf tubes
surrounded by water (15 mm in diameter).
MicroCT intensity values were plotted versus
concentration. The linear attenuation coefficient
of the sample in Hounsfield units (HU) was
plotted versus gold concentration using Equation 1:

HU = 1000 x (image intensity - image
intensity of water)/image intensity of water (1)

Mice without gold injection were scanned, in
order to determine the average image intensity
value of normal brain tissue. Image intensity from
gold in the tumor showed a sharp decline outside
the tumor and this edge was used to manually
encircle the tumor for each scan section. The
image intensity values were then integrated over
either the whole tumor or equivalent volumes
away from the tumor (for normal brain uptake)
and averaged. The tissue intensity value from the
normal brain without gold was subtracted from
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Figure 1. Irradiation and tumor dissection. (A) Irradiation setup showing mouse with a lead
collimator. (B) Mouse brain and glioma at necropsy 10 days after tumor initiation and 4 h after
gold nanoparticle intravenous injection (4 g Au/kg). The tumor (curved arrow) was removed
(place of removal: straight arrow). The removed tumor was black compared with normal brain
tissue due to gold nanoparticle uptake.

tumor intensity, and the difference was used to
read from the calibration graphs to determine
the gold concentration and HU. Six mice were
analyzed for statistics.

Atomic absorption spectroscopy

For comparison and confirmation, four mice were
imaged by microCT, then immediately dissected,
placing brain tumor, normal brain tissue and
other tissues in preweighed vials. Tissues were
then digested with aqua regia and gold content
measured by graphite furnace atomic absorption
spectroscopy (PerkinElmer 4100Z, PerkinElmer,
MA, USA).

W Statistical analysis

Significance between treatment groups (p < 0.05)
was assessed by a log-rank (Mantel-Cox) survival
analysis test with 95% Cls using GraphPad Prism®
software (GraphPad Software, Inc., CA, USA).

Results

The spherical AuNPs were imaged by electron
microscopy and a statistical evaluation found a
size distribution of 11.2 + 8.6 nm. AuNPs were
injected via the tail vein. After 4 h, necropsies
revealed that the tumor had turned black
due to AuNP uptake, whereas normal brain
tissues remained pink (Ficure 1B). MicroCT
imaging further revealed highly specific tumor
uptake of the AuNPs (Ficures 24-2C). A total of
15 h after iv. AuND injection (corresponding
to the time of irradiation), gold contrast was

distributed throughout the tumor, but not
homogeneously (Ficures 2B & 2C). At earlier times
(1 h, Ficures 2D-2F), gold could be seen escaping
from the angiogenic blood vessels in the tumor,
but not from vessels in normal brain tissue
that had an intact blood—brain barrier. Tumor
vessels 30 pm in diameter could be discerned.
‘Hot spots’ (focal dots of gold accumulation)
could also be seen (arrows, Ficure 2E). Some
tumor vessels showed segmental leakage
(arrows, Ficure 2F). The AuNDPs accumulated in
the tumor by the enhanced permeability and
retention effect [28] and could be followed for
several days after iv. injection (Ficures 3A-3C).
The AuNPs appeared to expand with tumor
growth, albeit with dilution of intensity, but
still defined the tumor boundary. Internal to
the tumor, the AuNPs condensed from a more
uniform distribution at day 1 (Ficure 34) to more
focal spots at day 3 and later (Ficures 3B & 3C).

In contrast to subcutaneous tumors,
day 1 after iv. injection of the AuNDPs, the
distribution in these orthotopic brain tumors
was distributed throughout the tumor
including its center (Ficure 44) compared with
the AuNDP distribution in a subcutaneous
tumor model, which showed iv. injected AuNDPs
predominantly at the peripheral growing edge
with poor penetration into the tumor center
after iv. injection (Ficure 4B) [27].

Because the authors found that these AuNPs
have an LD, (lethal dose, 50%; the dose that
kills 50% of the animals) of >5 g Au/kg in
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Figure 2. Microcomputed tomography imaging of brain tumors after intravenous gold nanoparticle injection. (A-C) Live
mouse microcomputed tomography images of brain tumors 9 days postimplantation and 15 h after intravenous (iv.) gold nanoparticle
(AuNP) injection. (A & B) Same mouse (A) before and (B) 15 h after iv. injection (4 g Au/kg). (C) Larger tumor imaged after iv. injection
of 1.7 g Au/kg. (D-F) Live mouse microcomputed tomography images of a typical brain tumor 9 days postimplantation and 1 h after iv.
AuNP injection (1.7 g Au/kg). (D) Individual blood vessels in the tumor could be discerned. (E) Focal spots of gold were also observed
(arrows). (F) AuNP leakage was very irregular in some vessels (arrows).

mice, the dose was increased to 4 g Au/kg.
This resulted in a corresponding increase
in tumor uptake (measured by calibrated
microCT [27]) to 1.5 + 0.2% w/w gold, to
the authors’ knowledge the highest gold
concentration ever achieved in a tumor by iv.
administration. For comparison, mice just after
microCT were dissected and gold content was

measured alternatively by atomic absorption
spectroscopy. This gave a tumor uptake of
1.2 £ 0.1% w/w gold (10.0 + 0.6% injected dose
per gram of tumor), and a tumor-to-normal
brain ratio of 18.8:1. The microCT showed
higher tumor uptake (1.5 £ 0.2% w/w gold),
probably due to some surrounding nontumor
tissue included in the dissection/atomic

A

Figure 3. Tumor imaging time course over 8 days after intravenous gold nanoparticle injection. The same live mouse
microcomputed tomography tumor images taken (A) 1 day, (B) 3 days and (C) 8 days after intravenous injection of gold nanoparticles
(2 g Au/kg). Note how the gold expands with the tumor boundary, but becomes more punctuate and condensed internally. (C) Tumor is
also infiltrating the scalp.
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absorption spectrometry measurement. The
average increase in radiodensity of the tumor
15 h after AuND injection was 1050 HU. The
AuNP blood half-life was measured to be 24 h.

The 1.5% gold delivered to the tumor was
calculated [20] to give a radiotherapeutic dose-
enhancement factor of approximately 3.4. To
test this, mice were iv. injected at this dose, and
15 h later, mounted (Ficure 14) and irradiated with
30 Gy using 100 kVp x-rays. Tumor volumes
at treatment were 12—15% of the whole brain
volume. Controls were: the same irradiation
without AuNPs; unirradiated, tumor-bearing
mice; and tumor-bearing mice given AuNPs
without irradiation. AuNP treatment without
radiation (control) showed no abatement in
tumor growth. Resultant survival rates are
shown in Fieure 5A. Radiation (without AuNDPs)
prolonged life, but all animals were dead by day
150. Radiation plus gold resulted in 50% long-
term survival (>1 year). In a second experiment
using 35 Gy, long-term survival was 56% with
AuNPs plus radiation versus 18% with radiation
alone (Ficure 5B). Combining both experiments,
the radiation plus AuNP treatments were
statistically distinct from the radiation-only

groups (p = 0.014).

Discussion
An important opportunity exists in
radiotherapy: no tissues can survive a dose of
approximately 90 Gy, but such a high dose
cannot be used clinically due to ancillary
damage. Boosting the dose specifically in the
tumor above this threshold permits lower,
sparing doses in surrounding tissue while
delivering a completely ablative dose to the
tumor. AuNPs provide a way to approximate
this favorable condition. Being able to
preferentially increase the radiation dose
in the tumor by twofold or more compared
with normal tissue would be highly desirable
clinically.

Several factors may be improved upon in
additional trials: in this preliminary study,
tumor imaging for focusing the irradiation
to just cover the tumor was not performed
and irradiation was unidirectional. Intensity-
modulated radiotherapy would minimize
normal brain damage while focusing on the
tumor; the optimal time to irradiate after
AuNP administration was not explored.
This could maximize the tumor-to-normal
brain—gold ratio and further enhance results.
Furthermore, the murine tumors used occupied
a much larger fraction of the brain (Ficure 2C)

future science group

Figure 4. Microcomputed tomography sections comparing glioma versus
subcutaneous tumor gold nanoparticle distribution after intravenous
injection. Thin microcomputed tomography sections through the center of tumors
of live mice bearing (A) an orthotopic brain tumor or (B) two subcutaneous
tumors, one on each leg, see arrows. (A) Note how the gold nanoparticles (white
contrast) are distributed throughout the brain tumor, even in its center, whereas (B)
the subcutaneous tumors have gold nanoparticles predominantly at their periphery.

than do most human brain tumors undergoing
therapy.

Images shown in Ficures 2-4 were without
vardenafil, but mice undergoing therapy were
predosed with vardenafil since that had been
reported to increase drug delivery to brain
tumors. However, our subsequent preliminary
study (n = 3) did not show a significant change
in tumor or normal brain uptake of these
AuNPs when vardenafil was used, perhaps due
to the larger size of the AuNPs compared with
low-molecular-weight drugs.

Several days after iv. AuNDP injection, focal
concentrations of gold appeared that may
indicate regions of necrosis, allowing the
AuNPs to pool. The distribution of gold after
iv. injection was different in brain tumors
compared with subcutaneous carcinomas. Gold
was distributed throughout the brain tumor
instead of localizing primarily to the periphery
of subcutaneous tumors (Ficure 4) [27]. This
seems to indicate a difference in tumor and
vasculature growth patterns, perhaps indicating
that brain tumor cells are more migratory, thus
not severely compressing central blood vessels,
limiting internal blood flow.

The mechanism of this enhanced treatment
is by the interaction of x-rays with gold,
predominantly by absorption of x-rays, which
ejects inner shell electrons (photoelectrons)

www.futuremedicine.com
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Figure 5. Kaplan-Meier survival graphs of mice with brain tumors after various
treatments. (A) Groups: radiation only (30 Gy); radiation (30 Gy) plus intravenous (iv.) gold
nanparticles (AuNPs; 4 g Au/kg); no treatment; and iv. AuNPs only (4 g Au/kg). Long-term survival
(>365 days) was 50% in the gold plus radiation group (n = 8), and 0% in the untreated (n = 10),
gold-only (n = 10) and radiation-only (n = 7) groups. (B) Repeat of experiment shown in (A), except
using 35 Gy instead of 30 Gy. Groups: no treatment; radiation only (35 Gy); and radiation (35 Gy)
plus iv. AuNPs (4 g Au/kg). Long-term survival (>365 days) was 56% in the gold plus radiation group
(n=9), 18% in the radiation-only group (n = 11) and 0% in the untreated group (n = 8).

and by Compton scattering, which also results
in ejected electrons. These electrons can travel
tens of microns, depositing dose along their
paths. Furthermore, vacant shells are then filled
with electrons from upper shells, which releases
energy resulting in Auger electron emission that
predominantly has a short range (nanometers)
and fluorescent photon emission, some of
which may escape typical tumor sizes. Such
emissions cause ionizations and free radicals
that then damage cells, much the same as the
mechanism of x-rays interacting with water or
tissue without gold. Gold by itself, without
radiation, did not result in any measurable
difference in tumor growth compared with

control (untreated mice) (Ficure 54), indicating
that this concentration of gold does not have a
drug or toxic effect. It has also been reported
that gold plus radiation is more effective with
tumor cells compared with normal cells [7],
and that gold is effective in enhancing dose at
megavoltages 29] where the photoelectric effect
is very small, indicating that further study of
the mechanism is warranted.

The magnitude of the effective dose
enhancement predicted, approximately 3.4x
for a tumor loading of 1.5% w/w gold, comes
from the Monte Carlo analysis presented by
Cho [20]. In that work, tumors were modeled
with between 0.7 and 3% gold and a standard
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140 kVp x-ray generator. The dose enhancement
was linear over this range, yielding a value of
3.4 for 1.5% gold. The authors used 100 kVp,
which would actually give a slightly higher
dose enhancement due to the increased
photoelectric effect at the lower beam energy.

For clinical use, AuNPs could provide the
following benefits: accurate determination
of tumor position for treatment planning;
quantification of tumor and nontumor gold
uptake to predict local x-ray doses; enable
submillimeter spatial resolution for earlier
diagnosis [2730-32]; render microsurgical
resection of tumors near clinically eloquent
structures less difficult due to the intense
tumor coloring (33); and may only require a
single irradiation for treatment (as performed
here) instead of the usual lengthy fractionation
regimen.

The main radiation enhancement by gold
is attributable to secondary photoelectron
production, which is best with orthovoltage
x-rays (~100-400 kVp). However, these
penetrate less than 6-25 mV x-rays currently
used for radiotherapy. Nevertheless,
calculations show that gold plus 150 kVp
x-rays with 1% gold loading and a 10:1
tumor:nontumor ratio would be superior to
15 mV linear accelerator treatment for the
majority of human brain tumors [9]. Other
factors to be considered are whole-body
clearance of AuNPs and their possible toxicity.
While initial results indicate low toxicity for
AuNPs [34-36], additional studies are indicated.

Targeting the AuNPs using antibodies
(27.32], peptides or other agents could provide
additional specificity for imaging and therapy.
This new approach could also be combined with
chemotherapy to enhance specific drug delivery
through radiation-damaged tumor endothelium.

Conclusion

In summary, results from this mouse study
demonstrate that: iv. injected AuNDPs specifically
localize in brain gliomas in a 19:1 tumor-to-
normal brain ratio; the AuNDPs enabled exquisite
high-resolution tumor imaging by microCT; the
amount of gold delivered was high enough to
multiply a radiotherapy dose in the tumor by
a calculated factor of approximately 300%; a
single radiotherapy dose of 30-35 Gy resulted in
an average of 53% long-term (>1 year), tumor-
free survival compared with an average of 9%
using radiation alone; and that this new method
potentially provides a way to more effectively
treat brain tumors and other cancers.
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Future perspective

Nanotechnology continues to be an exploding
field filling the gap between single molecules
and micron-sized particles. For medicine, these
constructs provide new materials with favorable
pharmacokinetics for imaging, targeting, drug
delivery and drug release not formerly possible.
AuNPs are of interest due to the inherent low
toxicity of gold, with the caution that some
AuNDPs may be toxic depending on their
organic coating, size and other parameters.
AuNPs are already being examined clinical
trials as absorbers of near infrared for heating
and ablating tumors, and as drug carriers using
the biodistribution of AuNPs to target tumors.
More AuNP constructs should be expected to
enter into clinical use in future years. AuNPs
enable exquisite high-resolution and high-
contrast imaging of blood vessels, organs, tissues,
tumors, lymph nodes, malformations and other
structures, and their use as x-ray contrast agents
in animal studies should increase. However, for
clinical use, problems with poor whole-body
clearance (a problem with most nanoparticles),
skin coloration at high doses and cost are current
obstacles that need to be overcome, especially
for diagnostic procedures and screening of
asymptomatic persons. It may be expected
that other high-atomic-number nanoparticles
of lower cost will be developed in the coming
years. For cancer treatment, these restrictions are
relaxed and some level of harmless side effects or
additional cost may be acceptable. The high level
of radiation dose enhancement achievable in
tumors demonstrated in this study and supported
by theoretical calculations indicates that many
tumors could be more effectively treated using
AuNPs. Appropriate orthovoltage intensity-
modulated radiation therapy sources for optimal
treatment using AuNPs should be developed by
x-ray device manufacturers once the benefits are
confirmed by additional studies. High-current,
orthovoltage x-ray generators suitable for AuNT
therapy have, in fact, already been developed
for airport baggage scanning. Tumor dose
enhancement with high-Z nanoparticles is also
obtained with particle beams such as protons [37]
and with energy-matched brachytherapy seeds
(38], and these applications should increase.
Malignant brain tumors are fatal, but, as shown
here, efficacious treatments appear feasible.
Clinical translation should be evaluated, but
must progress through the necessary critical
evaluation steps, including showing efficacy in
larger animals and humans, with more complete
toxicity studies assuring safety.
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Executive summary

Background

= Current brain tumor treatments are poorly effective, resulting in many cancer deaths. Here, it has been demonstrated that by combining
gold nanoparticles (AuNPs) with radiotherapy, long-term (>1 year), tumor-free survival from aggressive, imminently lethal, intracerebral

= In this study, the authors demonstrate that intravenously injected core-shell AuNPs specifically localize to brain gliomas compared with

gliomas could be obtained in mice.
Results

normal brain tissue in a mouse model.

The large x-ray absorption coefficient of gold provides high-contrast tumor imaging by microcomputed tomography, revealing individual
tumor blood vessels. Irregular tumor shapes are accurately delineated by the AuNPs. Glioma growth can be followed over the days
following AuNP injection, showing that the AuNPs expand with the tumor boundary and become more condensed in the tumor interior.
Tumor loading of AuNPs in these orthotopic gliomas was found to be initially distributed throughout the tumor, very different from

subcutaneous tumors where AuNPs are largely confined to the tumor periphery.

Without obvious toxicity, gliomas could be loaded with 1.5% gold by weight with a 19:1 glioma:normal brain ratio. This is calculated to

give a radiation dose enhancement of approximately 300%.

Application of 30 Gy at 100 kVp after intravenous injection of AuNPs resulted in 50% long-term (>1 year) survival compared with 0%

survival with radiation only. A repeated experiment using 35 Gy gave similar results.
Discussion

Potential drawbacks of this approach include long-term retention of some nanoparticles, especially in the liver, spleen and even in skin,
and the high cost of gold. For therapy, high-power orthovoltage intensity-modulated radiation therapy machines need to be optimized

for use with AuNPs.

Clinical translation for brain tumor therapy in humans awaits testing in larger animals to further assess safety and efficacy.
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