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ABSTRACT: One of the main limitations of the highly used cancer imaging technique,
PET-CT, is its inability to distinguish between cancerous lesions and post treatment
inflammatory conditions. The reason for this lack of specificity is that [18F]FDG-PET
is based on increased glucose metabolic activity, which characterizes both cancerous
tissues and inflammatory cells. To overcome this limitation, we developed a
nanoparticle-based approach, utilizing glucose-functionalized gold nanoparticles
(GF-GNPs) as a metabolically targeted CT contrast agent. Our approach demonstrates
specific tumor targeting and has successfully distinguished between cancer and
inflammatory processes in a combined tumor-inflammation mouse model, due to
dissimilarities in angiogenesis occurring under different pathologic conditions. This
study provides a set of capabilities in cancer detection, staging and follow-up, and can
be applicable to a wide range of cancers that exhibit high metabolic activity.
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Cancer detection is based on both structural and
functional imaging techniques. Structural techniques
(e.g., US, MRI and CT) identify anatomic details and

provide information on tumor location, size and spread, based
on endogenous tissue contrast. However, they are not
sufficiently sensitive for detecting critically small tumors or
metastases since they lack structural manifestation. The
development of the main clinically applicable functional
imaging technique, positron emission tomography (PET)
using the glucose analog 18F-2-fluoro-2-deoxy-D-glucose
([18F]FDG) has revolutionized the field of medical oncology.
[18F]FDG-PET is based on the increased metabolic profile of
malignant cells, and provides the ability to discern molecular
and cellular alterations associated with pathological conditions,
even before structural modifications occur. However, since
there are biological processes other than cancer that exhibit
increased glucose metabolic activity, such as infectious diseases
or inflammatory conditions, high rates of false positive findings
are reported in [18F]FDG-PET imaging.1,2 In addition,
[18F]FDG-PET lacks anatomical information, and thus
necessitates the incorporation of an additional structural
imaging modality such as CT or MRI in order to obtain an
accurate anatomic localization of the foci of increased metabolic
activity. The combination of PET with CT (PET-CT) enables

both functional and anatomical information in a single setting.
However, in view of the relatively high cost of PET scans, the
dependence on the short-lived [18F]FDG (T1/2 < 2 h) and its
nonspecificity for cancer, the development of a single modality
which will overcome these drawbacks is highly desirable.
In the present work we demonstrate the development of a

novel metabolic-based CT imaging technique using GF-GNPs,
which provides simultaneous functional (metabolic) and
structural imaging capabilities, with the most widely available
imaging modality−the CT.
GNPs are ideal CT contrast agents,3−11 due to the relatively

high X-ray attenuation of gold and the stability of gold colloids.
In addition, GNPs are easy to synthesize, and their size and
shape can be precisely controlled.11−15 Previous studies have
revealed that GNPs are safe, as they caused minimal
impairment of cell viability and functionality in vitro,16,17 and
no evidence of toxicity has been observed for them in vivo.18

On the basis of previous knowledge that newly formed blood
vessels in growing tumors differ from those in different
pathologic conditions, including inflammation,19 we hypothe-
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sized that the proposed nanoparticle-based technique may
provide the ability to differentiate tumors from nonmalignant
metabolically active processes (inflammations and infections).
Although both inflammatory lesions and tumor tissues exhibit

an enhanced permeability and retention (EPR) effect,20−23

tumor vasculatures have unique characteristics, as they are
irregular in size, shape, and branching pattern.24 In addition,
they do not have a normal vascular hierarchy25 and they exhibit

Figure 1. Schematic diagram of the four distinct GF-GNPs, with the same shape and size, differing only in the intramolecular glucose
conjugation site (C1, C2, C3, and C6).

Figure 2. Selective uptake of 2GF- GNPs. (A) Cellular uptake of GF-GNPs into A431 SCC cell line, as measured by atomic absorption
spectroscopy. Results presented as mean ± SEM. Cancer cells demonstrate increased uptake while the glucose molecule is connected to the
GNP through its 2′ carbon position. (B) In vivo tumor uptake of GF-GNPs, as measured by atomic absorption spectroscopy. 2GF-GNP
exhibits increased tumor uptake. Results presented as mean ± SEM. (C) CT volume-rendered images of five mice; one without injection of
nanoparticles (left), and four mice at 3.5 h post IV injection of the four types of GF-GNPs. Upper images: whole body volume-rendered
images. The tumor area is marked with a white dashed rectangle. It is demonstrated that the tumor cannot be identified without injection of
GNP (upper left image), while a signif icant accumulation of GNP can be observed following injection of 2GF-GNP. Some accumulation of GNP
can be observed in the tumor area following injection of 1GF-GNP, 3GF-GNP and 6GF-GNP, which can be attributed to the passive targeting
mechanism. For all mice, CT contrast is observed also in the digestive system due to food. In addition, in mice which were injected with
GNPs, nanoparticles can be identified in the abdomen, as they accumulate in the kidneys, liver, and spleen according to their well-described
clearance mechanism.49,50 Bottom images are enlarged images of the white marked tumor area.
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defects in endothelial cell barrier function, which enhance
vessel leakiness.26 Furthermore, while inflammation is charac-
terized by increased blood flow and development of an
expanded network of lymphatics, most blood vessels in tumors
exhibit marginal blood flow and highly impaired lymphatic
drainage, enabling retention of macromolecules in the
tumor.19,27−32 These dissimilarities have led us to hypothesize
that GF-GNPs may accumulate and retain in tumors to a
greater extent than in inflammatory lesions, allowing a
differentiation between the two. Indeed, our approach has
demonstrated specific tumor targeting and has successfully
distinguished between cancer and inflammatory processes in a
combined tumor-inflammation mouse model.

RESULTS AND DISCUSSION

GF-GNP Synthesis and Characterization. First, we have
synthesized four types of GF-GNPs, wherein the GNP was
attached selectively to one of four possible intramolecular

glucosamine sites. The hydroxyl groups (−OH) of glucose can
be substituted by amine groups (−NH2) at different and
specific molecular sites, denoted 1, 2, 3, or 6 (C-1, C-2, C-3 and
C-6, respectively). Identically, 20 nm GNPs were synthesized
and linked selectively to each of the 4 glucosamine sites, one at
the time, resulting in four distinct GF-GNPs of the same shape
and size, differing only in the intramolecular glucose site being
functionalized (Figure 1). Twenty nanometer GNPs have been
chosen due to their ability to accumulate in the tumor site33,34

as well as their biocampatability and low toxicity.17,18

Characterization of the particles was performed using TEM,
UV−vis spectroscopy, dynamic light scattering (DLS) and Zeta
potential (Supplementary Figure S1).

In Vitro and In Vivo Evaluation of the Interaction
between GF-GNPs and Cancer Cells. In order to examine
the interaction between the GF-GNPs and cancer cells, we first
performed an in vitro study, focusing on the question of
whether the glucose molecule (∼1 nm) retains some of its

Figure 3. Differentiation between cancer and inflammation: Green arrowheads indicate location of inflammation; red arrowheads indicate
location of A431 tumors. (A) Representative image of a combined tumor and inflammation mouse model, after 2GF-GNP injection. (B)
[18F]FDG-PET/CT slice images of a representative mouse at 40−60 min post injection. [18F]FDG accumulates equally in both tumor and
inflammation, and does not distinct between them. (C) CT surface-rendered images of the same mouse at 3.5 h post IV injection of 2GF-
GNP. Gold accumulation is observed in the tumor, yet not in the inflammation, allowing a clear distinction between the two. (D)
Quantification of [18F]FDG concentration in the tumor and inflammatory lesion. (E) Atomic absorption spectroscopy measurements of 2GF-
GNP accumulation in tumor and inflammation. Results presented as mean ± SEM.
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Figure 4. Internalization mechanism of 2GF-GNPs. (A) 2GF-GNPs internalization after incubation at 37 °C in comparison to 4 °C: (i)
Representative histograms of GNP binding and uptake in cancer cells determined by flow cytometry (FACS). Red: control cancer cells
(without GNPs); orange: cancer cells loaded with GNPs at 4 °C; blue: cancer cells loaded with GNPs at 37 °C. (ii) Atomic absorption
spectroscopy mesurements. 2GF-GNPs were internalized to a significantly lesser extent when kept at 4 °C compared to 37 °C. (B) (i−iii)
Confocal images of A431 cells after 30 min incubation with Rhodamine B-2GF-GNP complex: (i) bright field image of the cells, (ii)
fluorescent-coated 2GF-GNPs (red), (iii) combined images. (iv−v) TEM images of A431 cancer cells: (iv) A431 cells without GNPs, and (v)
after 30 min incubation with 2GF-GNP. White arrow points at the accumulation of well-defined nanoparticles inside the endosome. (C)
Saturation with free glucose: 2GF-GNP uptake after incubation with high glucose medium (10 mg/mL) was significantly lower than after
incubation with normal glucose levels (4.5 mg/mL). (D) Cytochalasin B inhibition test: preincubation with CB has significantly inhibited the
uptake of 2GF-GNP. Results presented as mean ± SD (*p < 0.05 by t test).
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activity and can be recognized as glucose by cells, when
conjugated to a “large” GNP (20 nm). The four types of GF-
GNPs were incubated with squamous cell carcinoma (SCC)
human epidermoid A431 cancer cells (n = 3 per group) for 30
min, and atomic absorption spectroscopy was used to
quantitatively determine the amount of internalized Au.
Interestingly, despite their identical shapes and sizes, a
significantly higher uptake was observed for the GNPs that
were conjugated to glucose through its 2′ carbon position
(denoted as 2GF-GNP). The uptake was about 3 times greater
than that of 3GF-GNP and 6GF-GNP, and about 5 times
greater than that of 1GF-GNP (Figure 2A). In correlation with
these quantitative results, confocal microscopy images have also
showed higher cellular internalization for 2GF-GNP (Supple-
mentary Figure S2). The same trend was observed also in vivo.
GF-GNPs were intravenously (IV) injected into mice bearing
human A431 tumors (n = 5 for each group), and gold
concentration in the tumor was quantitatively measured by
atomic absorption spectroscopy. Results showed that the
uptake of 2GF-GNP was about 3 times greater than that of
the other three GF-GNP conjugates (2.7, 3.8, and 2.9 times
greater than 1GF-GNP, 3GF-GNP and 6GF-GNP, respec-
tively) (Figure 2B). Given that the four nanoparticle types are
of the same material (gold), coated by the same molecule
(glucosamine) and have the same physicochemical character-
istics, while differing only in the intramolecular glucose
conjugation site, one would expect to obtain similar tumor
uptake values of the four GNP types. Unexpectedly though,
both in vitro and in vivo experiments showed a remarkably
selective accumulation of one of the four isomer-conjugates.
This difference in uptake provides evidence that the 2GF-GNPs
are recognized and preferred by cancer cells, probably because
of the specificity of the glucose coating. Interestingly, the 2′
carbon position is also the one to which the 18F is attached in
[18F]FDG, supporting our result that chemical modification of
the 2′ carbon position does not prevent glucose recognition by
cells. In addition, it has been previously demonstrated that the
1′, 3′ and 6′ carbon positions, as opposed to the 2′ carbon
position, are critically important in glucose binding to one of
the major glucose transporters, GLUT-1.35,36 The differential
uptake in vivo also underscores the distinction between passive
targeting of the 1GF-GNP, 3GF-GNP and 6GF-GNP, which is
due to the EPR effect, and metabolically active targeting of the
2GF-GNP.
In Vivo CT Experiments with Tumor Bearing Mice. CT

scans of the tumor bearing mice which were IV injected with
the GF-GNPs were performed preinjection and at 3.5 h
postinjection of the GF-GNPs. The results markedly showed
that the uptake of 2GF-GNP was significantly higher than that
of the other three GF-GNP conjugates (Figure 2C). The mean
density values within the tumors (range: 0−255, obtained by
ImageJ) were 0.5 ± 0.1, 23.5 ± 1.4, 95.9 ± 3.7, 51.6 ± 6.3, 18.8
± 4.5, for mice without GNP injection, and after injection of
1GF-GNP, 2GF-GNP, 3GF-GNP and 6GF-GNP, respectively.
In addition, it can be seen that small tumors (approximately 4−
5 mm in diameter), which were undetectable by CT without
the use of GNP contrast agents (Figure 2C, left image), became
clearly visible and detectable following administration of 2GF-
GNP, which like [18F]FDG can detect glucose metabolic
activity while inducing distinct contrast in CT imaging.
Evaluation of the Ability of 2GF-GNP to Differentiate

between Cancer and Inflammation In Vivo. To evaluate
the specificity of 2GF-GNPs for cancer, we compared the

abilities of 2GF-GNPs and of [18F]FDG to differentiate A431
tumors from turpentine-induced inflammation in a combined
tumor-inflammation mouse model. Inflammation was estab-
lished in mice bearing A431 tumors (n = 14) by a subcutaneous
injection of turpentine oil, and 4 days post turpentine injection,
2GF-GNP or [18F]FDG were IV injected. It has been
previously demonstrated that maximum uptake of [18F]FDG
occurs at 4 days post injection in this inflammation model,37,38

and therefore, this time point was selected for imaging.
Subsequently, CT scans were performed at 3.5 h after 2GF-
GNP injection, and after sacrifice, gold concentration in the
tumor, in the inflammatory lesion and in the main organs were
quantitatively measured by atomic absorption spectroscopy
(Figure 3E and Supplementary Figure S3). Interestingly, both
CT and atomic absorption spectroscopy results showed high-
density accumulation of gold in the tumor, while practically no
gold was detected in the inflammation region. The mean
density values in the tumor and inflammation regions were 97.7
± 1.0 and 1.6 ± 0.5, respectively (obtained by ImageJ). For
comparison, [18F]FDG PET-CT scans were performed on four
mice at 40−60 min after [18F]FDG injection, showing no
differentiation between cancer and inflammation, which
exhibited equal accumulation of the radioactive tracer, with
no visible nor quantitative differentiation between the two
(Figure 3).

Cellular Study of the Internalization Mechanism of
2GF-GNPs. In order to reveal insights into the underlying
mechanism that triggers the preferential uptake of 2GF-GNPs
by tumors, we have peformed an in vitro study with A431 cells.
Since the uptake of both glucose and [18F]FDG is closely
related to the GLUT-1 glucose transporter,39−41 and since
GLUT-1 has been found to be highly overexpressed in the
majority of cancers which present high [18F]FDG avidity,40 we
hypothesized that GLUT-1 plays a key role in the uptake
mechanism of 2GF-GNP. We further hypothesized that while
the relatively large size of the 2GF-GNP (compared to that of
glucose) prevents its uptake through glucose transporters, the
GLUT-1 triggers a cascade of events that eventually leads to the
increased uptake of the 2GF-GNP complex by cancer cells,
possibly through endocytosis. Therefore, we focused our
experiments on investigating the effect of GLUT-1, as well as
on validating the endocytic pathway. An initial step toward
investigating the internalization mechanism of 2GF-GNP was
done by incubating them with A431 cells at 4 and 37 °C (n = 3
per group), given that endocytosis is an energy-dependent
process. As demonstrated by atomic absorption spectroscopy
and FACS analysis, 2GF-GNPs were internalized to a
significantly lesser extent when kept at 4 °C compared to 37
°C (Figure 4A), suggesting that internalization into the cells
occurs, at least partially, through an endocytic pathway. The
mechanism of the remaining uptake can be attributed to
diffusion. 2GF-GNP internalization into A431 cells was further
verified by confocal microscopy and TEM, which clearly
showed accumulation of nanoparticles inside the cells (Figure
4B). Focusing on GLUT-1, we performed a competitive
experiment at high concentrations of glucose, which occupies
and saturates GLUT-1 at the cell surface. In addition, we
examined the effect of Cytochalasin B (CB), a well-known
GLUT-1 inhibitor,42,43 on the cellular uptake of 2GF-GNP. As
demonstrated by atomic absorption spectroscopy measure-
ments, saturation of the medium with free glucose has
significantly reduced the cellular uptake of 2GF-GNP in
comparison to that obtained at lower glucose levels, by 44%
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and 25%, after 20 and 120 min incubation with the 2GF-GNPs,
respectively (Figure 4C). Similarly, preincubating the cells with
CB has inhibited the cellular uptake of 2GF-GNPs by 44% and
28% following the same incubation times (Figure 4D). To
validate that the inhibition is not due to cytotoxicity of CB, the
cellular viability following CB treatment was determined using
trypan blue test, showing more than 96% viability. The
observed decrease in the extent of inhibition with the increasing
incubation period can be attributed to the nonspecific
internalization of the GNPs, which is more likely to occur
during the long-period incubations. The internalization
mechanism of 2GF-GNPs was further investigated with the
standard fibroblast 3T3 cell line (Supplementary Figure S4). As
expected, the uptake in these cells was lower than in A431
cancer cells. In addition, incubation at 4 °C as well as saturation
with free glucose and preincubation with CB, have demon-
strated the same trend as in A431 cells, but with lower degrees
of reduction.
Altogether, these results point to a specific uptake

mechanism, influenced by recognition of the glucose molecule
at the GNPs surface by GLUT-1, which is overexpressed on
A431 cell membranes. The interaction between GLUT-1 and
the glucose coating triggers the second step of internalization,
apparently through an endocytic pathway, as demonstrated by
the temperature-dependent internalization.

CONCLUSIONS

In the present study, we demonstrate a novel nanoparticle-
based CT imaging methodology that overcomes the main
drawbacks of the currently used [18F]FDG-PET: (1) 2GF-GNP
is cancer-specific and allows the distinction between cancer and
inflammatory processes, (2) it offers cancer detection and
imaging with no dependence on short-lived radio-tracers, and
(3) it provides simultaneous anatomical and functional
information using CT. In addition, unlike specific immune-
targeting approaches, this imaging modality does not target the
expression of one molecule, but provides unique data about the
functional state of the tumor tissue.
We further showed that despite the conjugation to the GNP,

the glucose molecule preserves some of its activity, allowing
glucose recognition and cellular internalization, probably by
receptor mediated endocytosis. In addition, we showed that
due to the unique characteristics of tumor vasculatures and
dissimilarities between cancer and inflammatory processes,
accumulation of GNPs occurs in the tumor and not in the
inflammatory lesion, thus preventing false-positive results.
Future research should be done to optimize the system, such
as optimization of GNPs’ size which may play an important role
in view of the EPR effect.
Finally, our new concept of functional CT imaging provides a

new set of capabilities in cancer detection, staging and follow-
up, and can be applicable to a wide range of cancers that exhibit
high metabolic profiles.

METHODS
Gold Nanosphere Synthesis, Conjugation and Character-

ization. Synthesis. Synthesis of 20 nm spherical GNPs was carried out
using sodium citrate as a reducing agent, based on Enüstün and
Turkevic’s methodology.44 414 μL of 50% w/v HAuCl4 solution were
added to 200 mL purified water, and the solution was heated in an oil
bath on a heating plate until boiling. Then, 4.04 mL of sodium citrate
tribasic dihydrate (Sigma-Aldrich) 10% solution were added, and the
solution was stirred for 10 min. After cooling to room temperature, the

solution was centrifuged until separation between nanoparticles and a
redundant clear solution.

Conjugation. 120 μL of 50 mg/mL PEG7 solution (O-(2-
carboxyethyl)-O′-(2-mercaptoethyl) heptaethylene glycol) (Sigma-
Aldrich) were added to the nanoparticles solution, and the solution
was stirred for 4 h at room temperature. Following this step, 200 μL of
10 mg/mL EDC solution (1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide HCl) (Thermo Scientific) and 200 μL of 10 mg/mL
NHS solution (N-hydroxysulfosuccinimide sodium salt) (Sigma-
Aldrich) were added to the nanoparticle solution. The following
four glucosamine molecules were used for glucosamine conjugation: β-
D-glucopyranosyl amine (Carbosynth), 2-amino-2-deoxy-D-glucose
HCl (Sigma-Aldrich), 3-amino-3-deoxy-D-glucose HCl (Carbosynth)
and 6-amino-6-deoxy-D-glucose HCl (Appolo Scientific). Each of these
glucosamine molecules was added in excess, one at the time, resulting
in four types of GF-GNPs (denoted as 1GF-GNP, 2GF-GNP, 3GF-
GNP and 6GF-GNP). Centrifugation was performed until a final Au
concentration of 30 mg/mL was reached.

Characterization. Transmission electron microscopy (TEM, JEM-
1400, JEOL) was used to measure the size and shape of the GNPs,
which were further characterized using ultraviolet−visible spectroscopy
(UV−vis; UV-1650 PC; Shimadzu Corporation, Kyoto Japan), Zeta
potential (ZetaSizer 3000HS; Malvern Instruments, Malvern, UK),
and Dynamic light scattering (DLS) following each level of coating.

In Vitro Cell Binding Study. Human SCC A431 cells (1 × 106)
were cultured in 5 mL glucose-free Dulbecco’s modified Eagle’s
medium (DMEM) medium containing 5% FCS, 0.5% Penicillin and
0.5% Glutamine. Then, excess amounts of GNPs (four types,
mentioned above) were added and incubated with cells for 30 min
at 37 °C. For temperature dependence experiments, incubation of the
cells with 2GF-GNPs was carried out at both 37 and 4 °C, for 30 min.
In the case of incubation at 4 °C, the cells were also preincubated at 4
°C for 30 min before treatment with the GNPs. For competitive
experiment with high glucose level, A431 cultures were saturated with
free glucose (10 mg/mL final concentration in comparison to an
original concentration of 4.5 mg/mL) for 30 min before adding the
GNPs, and throughout the incubation with the GNPs. Incubation with
the GNPs in this assay was for 20 and 120 min. For Cytochalasin B
inhibition test, cytochalasin B (Cayman Chemical) was added to the
medium (100 μg/mL final concentration) for 2 h incubation. Then,
the medium was removed and the cells were washed three times with
phosphate buffered saline (PBS) before adding the GNPs. Inhibition
was examined after 20 and 120 min incubation with the GNPs.
Additional experiments with 3T3 cell line have been performed with
the same conditions, while incubation with 2GF-GNPs was for 30 min
for all assays. In all these experiments, after incubation with the GNPs
the medium was washed twice with PBS, followed by trypsin
treatment. The cells were centrifuged twice (7 min at 1000 rpm) in
order to dispose of the unbound nanoparticles. Finally, aqua-regia was
added to the cells for atomic absorption spectroscopy gold detection.
Trypan blue viability test for the cells which were incubated with CB,
was performed by staining the cells with 0.4% trypan blue at a dilution
of 1:9 and counting using a hemocytometer. All these in vitro
experiments were run in triplicate for each experimental group.

Confocal Microscopy Experiment. Fluorescent coated (Rhod-
amine B, Sigma, Israel) GF-GNPs were incubated with A431 cells for
30 min at 37 °C. The cells were subsequently washed three times in
PBS prior to confocal imaging using Leica TCS SP5 with Acousto-
Optical Beam Splitter microscope to acquire fluorescent and bright
field images.

Sample Preparation for TEM. Four Petri dishes were seeded with
500 000 A431 human squamous cell carcinoma cells per dish. Five mL
DMEM (glucose-free) was added to each dish. Cells were incubated at
37 °C for 48 h without medium replacement. Following DMEM
removal, cells were fixed with 2 mL glutaraldehyde per dish. The cells
were incubated for 1 h at room temperature, followed by scraping of
the cells with a rubber policeman into Eppendorf tubes. Cells were
then washed with Cacodylate buffer, 1% osmium, 70%, 90% and 100%
alcohol washing twice, and 1:0, 3:1, 1:3 propylene oxide:AGAR
washing.
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Fluorescence-Activated Cell Sorter (FACS) Analysis of
Nanoparticle Cellular Uptake. Cells were incubated with 2GF-
GNPs for 15 min at 37 and 4 °C and then washed with PBS, followed
by trypsin treatment. Then, cells were centrifuged twice (5 min in
1000 rpm) to wash out unbound nanoparticles. In the case of
incubation at 4 °C, cells were kept on ice for 10 min prior to the
experiment, to inhibit endocytosis, and all the solutions were
precooled on ice to maintain experimental conditions strictly at 4
°C. Cells were harvested using trypsin and analyzed for cell-associated
NPs using FCM scatter measurements (FACSAria III cell sorter; BD
Biosciences, San Jose, CA, USA). FCM data were analyzed with the
FACSDiva software (version 4.0; BD Biosciences) according to a
published protocol.45,46 Side scatter (SSC) and forward scatter (FSC)
were determined concurrently with the 488 nm blue laser, measure-
ments were performed using a 561 nm laser with 582/15 nm filter.
Animal Model and In Vivo Experiments. In Vivo Tumor

Uptake of GF-GNP. A431 cells (2 × 106) were injected subcutaneously
into the back flank area of nude mice aged 6 weeks. When the tumor
reached a diameter of 4−5 mm, the four types of GF-GNPs (200 μL,
30 mg/mL) were intravenously injected into their tail vein (5 mice per
group). Experimental procedure was identical for all four GF-GNP
types. At 3.5 h post IV injection, the animals were scanned by micro-
CT scanner and then sacrificed. Gold concentration in the tumor and
major organs (kidney, liver, spleen and plasma (data not shown) was
quantitatively measured by atomic absorption spectroscopy.
Differentiation between Tumor and Inflammation. Human SCC

xenografts and inflammation were established in 14 mice. First, mice
were inoculated subcutaneously in the left hind leg with 2 × 106 SCC-
A431 cells. Once the tumor reached the appropriate size of 4−5 mm,
inflammation was established in the back, posterior to the lungs, by a
subcutaneous injection of 100 μL of turpentine oil. Four days post
turpentine injection, [18F]FDG (5.2 ± 0.2 MBq) was IV injected into
four mice, and 1 h dynamic PET acquisitions were started concomitant
to the IV injection. In addition, 2GF-GNPs were IV injected to all
mice. CT scans were performed before injection and at 3.5 h post
injection. Then, mice were sacrificed and gold concentration was
quantitatively measured in the tumor and within the inflammatory
lesion by atomic absorption spectroscopy.
CT Analysis. CT scans were performed using a micro-CT scanner

(Skyscan High Resolution Model 1176) with nominal resolution of 35
μm, 0.2 mm aluminum filter, and tube voltage of 45 kV.
Reconstruction was done with a modified Feldkamp47 algorithm
using the SkyScanNRecon software accelerated by GPU.48 Ring
artifact reduction, Gaussian smoothing (3%), and beam hardening
correction (20%) were applied. Volume rendered three-dimensional
(3D) images were generated using an RGBA transfer function in
SkyScan CT-Volume (“CTVol”) software and in SkyScan CT-Voxel
(“CTVox”) software.
[18F]FDG-PET/CT. Mice were anesthetized with isoflurane (1% −

2.5% in O2) and maintained normothermic using a heating pad.
Following a CT attenuation-correction scan, PET acquisitions were
carried out in list-mode using an Inveon MM PET-CT small animal-
dedicated scanner (Siemens Medical Solutions, USA). [18F]FDG was
injected IV trough the lateral tail-vein, and 1 h dynamic PET
acquisitions were started concominant to the IV injection. Emission
sinograms were normalized and corrected for attenuation, scatter,
randoms, dead time and decay. Image reconstruction was performed
using Fourier rebinning and two-dimensional ordered-subsets expect-
ation maximization (2D-OSEM), with a voxel size of 0.776 × 0.776 ×
0.796 mm3. Image analysis and quantification of [18F]FDG
concentration in the tumor and inflammatory lesion were done
using Inveon Research Workplace 4.2 (Siemens).
Atomic Absorption Spectroscopy Analysis. Atomic absorption

spectroscopy (AA 140; Agilent Technologies, Santa Clara, CA) was
used to determine amounts of gold in the investigated samples. Cell
samples from the in vitro experiments were dissolved in 100 μL aqua
regia acid (a mixture of nitric acid and hydrochloric acid in a volume
ratio of 1:3) and diluted with purified water to a total volume of 4 mL.
For the in vivo experiment, dissected tissues were melted with 1 mL
aqua regia acid and then evaporated and diluted to a total volume of 4

mL. After filtration of the samples, gold concentrations were
determined according to absorbance values, with correlation to
calibration curves, constructed from solution with known gold
concentrations.
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