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Aim: To elucidate the interactions, uptake mechanisms and cytotoxicity profile of glucose-functionalized
gold nanoparticles (2GF-GNPs), for expanding and advancing the recently proposed technology of
metabolic-based cancer detection to a variety of cancer diseases. Methods: Several cell types with differ-
ent metabolic features were used to assess the involvement of GLUT-1 and different endocytosis pathways
in 2GF-GNP uptake, and the cytotoxicity profile of 2GF-GNPs. Results: Cellular uptake of 2GF-GNP strongly
correlated with GLUT-1 surface expression, and occurred mainly through clathrin-mediated endocytosis.
2GF-GNPs showed no toxic effect on cell cycle and proliferation. Conclusion: These findings promote de-
velopment of metabolic-based cancer detection technologies, and suggest that 2GF-GNPs may enable
specific cancer detection in a wide range of tumors characterized by high GLUT-1 expression.
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Over the past decade, great efforts have been invested in fabrication of nanomaterials that can improve the diagnosis
and treatment of cancer. A variety of biomolecules are typically incorporated within nanomaterials to achieve
therapeutic abilities, or used as coating elements for active tumor targeting [1–4]. Carbohydrates are among the
most widespread biomolecules in living systems. Their important multifaceted roles in many biological processes,
together with their polyvalency, biocompatibility and small size, make them an advantageous component for
incorporation in nanobiosystems [5]. The most common simple carbohydrate, and the primary source of metabolic
energy in human cells, is glucose. Glucose-functionalized nanomaterials are emerging as a highly effective technique
for specific tumor targeting [6], by exploiting the Warburg effect – the increased glucose consumption and glycolysis
rate of tumor cells [7].

We have recently developed glucose-functionalized gold nanoparticles (GF-GNPs), utilized as metabolically
targeted computed tomography (CT) contrast agents [6]. We demonstrated, both in vitro and in vivo, that the coating
glucose molecules were recognized by head and neck cancer cells (A431) only when conjugated to GNP through their
second carbon position (2GF-GNP), leading to significant uptake by the highly metabolically active head and neck
tumor but not by highly metabolically active inflammatory regions, due to dissimilarities in angiogenesis occurring
under different pathologic conditions. This, in contrast to the prevalently used 18fluorodeoxyglucose-PET imaging
technique, which cannot distinguish between cancer and inflammation (Figure 1) [6]. Thus, 2GF-GNPs provide a
solution for specific tumor cell targeting, and thereby sensitive tumor detection and precise differentiation between
cancer and inflammatory processes, with CT imaging. In addition, several recent studies have demonstrated in vitro
the feasibility of different glucose-coated nanoparticles as tumor targeting agents [8–11]. However, the underlying
mechanism responsible for the uptake and functionality of glucose-coated particles is still not fully understood.

Cellular uptake of endogenous glucose molecules is mainly associated with GLUT-1 [12–14]. However, because
glucose-functionalized nanomaterials are considerably larger than the small glucose molecule, additional mech-
anisms are likely involved in cellular uptake. Extensive evidence shows that uptake of nanoparticles by cellular
systems can occur through various endocytosis pathways [15–18]. Moreover, according to some reports [17,19,20], the
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Figure 1. Glucose-functionalized gold nanoparticles as a metabolic-targeted computed tomography contrast agent for specific tumor
detection. (A) Schematic diagram of the glucose-functionalized gold nanoparticles (2GF-GNPs) based imaging process. 2GF-GNPs are
intravenously injected into a combined tumor-inflammation mouse model, followed by computed tomography (CT) scan. This strategy
enables specific tumor detection, based on the tumor metabolic profile, and distinguishes the tumor from metabolically active
inflammation processes. (B) 2GF-GNP-based technology shows superior abilities compared with commonly used fluorodeoxyglucose-PET.
Both CT imaging and quantitative Au measurements show clear distinction between tumor and inflammation, in contrast to
fluorodeoxyglucose-PET, which shows neither visible nor quantitative differentiation between the two.
Adapted with permission from [6] C© ACS Publications (2016).

same nanoparticle can show different endocytosis pathways in different cell types. Each endocytic pattern results
in distinct internalization and intracellular fate. Endocytosis through clathrin-coated pits (receptor-mediated) or
uncoated pits (fluid phase) leads to the lysosome, while caveolae-mediated endocytosis translocates the substances
to the endoplasmic reticulum, Golgi or passage through the cell by trancytosis [16,21]. Hence, understanding the
underlying uptake patterns of metabolic-targeted glucose-functionalized nanoparticles, as well as elucidating their
cytotoxicity profile, is essential for advancing their future clinical use as specific tumor imaging agents.

To this aim, we performed a comprehensive in vitro study examining cytotoxicity and potential uptake mecha-
nisms of 2GF-GNPs in cancer cell lines with different metabolic profiles, exhibiting high or low GLUT-1 expression.
We found a significant dependence of 2GF-GNP uptake on GLUT-1 overexpression, as well as a strong correla-
tion between GLUT-1 surface expression and clathrin-mediated endocytosis of the particles. This indicates that
interaction between 2GF-GNPs and GLUT-1 serves to trigger particle endocytosis through the clathrin-mediated
pathway. Moreover, 2GF-GNPs were found to have no cytotoxic effect on the various cell lines. These findings
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are critical for further promoting the technology of metabolic-based cancer detection and differentiation between
tumor and inflammation (Figure 1) to clinical application.

Methods
GF-GNP synthesis & characterization
Synthesis of 20 nm spherical GNPs was carried out on the basis of Enüstün & Turkevic’s methodology [22]. A total
of 414 μl of 50% w/v HAuCl4 solution was added to 200 ml purified water, followed by heating in an oil bath
until boiling. Then, 4.04 ml of 10% solution of sodium citrate tribasic dihydrate (Sigma-Aldrich, Rehovot, Israel)
were added, followed by 10 min stirring. After cooling to room temperature, 120 μl of 50 mg/ml PEG7 solution
(O-(2-Carboxyethyl)-O′-(2-mercaptoethyl) heptaethylene glycol) (Sigma-Aldrich) were added, and the solution
was stirred for 4 h. The, the solution was centrifuged to get rid of excess PEG7. Following centrifugation, 200 μl of
10 mg/ml 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide HCl (EDC) solution (Thermo Scientific) and 200 μl
of 10 mg/ml N-Hydroxysulfosuccinimide sodium salt (NHS) solution (Sigma-Aldrich) were added. The following
glucosamine molecules were used for glucoseamine conjugation: b-D-Glucopyranosyl amine (Carbosynth) and
2-Amino-2-deoxy-D-glucose HCl (Sigma-Aldrich). Each of these glucosamine molecules was added individually
in excess to yield 1GF-GNP and 2GF-GNP, respectively. The nanoparticles solution was centrifuged until a final
Au concentration of 30 mg/ml [3,6,23,24]. Characterization of GF-GNPs was performed using transmission electron
microscopy (TEM, JEM-1400, JEOL), ζ potential (ZetaSizer 3000 HS; Malvern Instruments, Malvern, UK) and
dynamic light scattering.

Cellular uptake experiments
Qualitative studies

Head and Neck squamous cell carcinoma (A431) cells, lung carcinoma (A549) cells and 3T3 fibroblast cells were
cultured in 3 ml Dubleco’s Modified Eagle’s Medium containing 5% FCS, 0.5% Penicillin and 0.5% Glutamine.
Prostate adenocarcinoma (LNCaP; lymph node carcinoma of the prostate) cells were cultured in 3 ml Roswell
Park Memorial Institute medium containing 5% FCS, 0.5% Penicillin and 0.5% Glutamine. For fluorescence
microscopy experiments, 10 μl of fluorescent-coated (Rhodamine B, Sigma, Israel) 2GF-GNPs were added to the
medium for 30 min at 37◦C and cells were imaged using live imaging microscopy (Axio Observer Z1). Images were
taken at 10 min. For live streaming of cellular uptake, 2 μl of fluorescent-coated 2GF-GNPs were added to A431
cells. Imaging was conducted over 10 min incubation, and Fiji (ImageJ) was used for video analysis. Expanded
information can be found in the Supplementary Methods.

Quantitative studies

Quantitative uptake experiments were carried out for all cell types (A431, A549, LNCaP and 3T3). A total
of 0.3 mg of 1GF-GNPs or 2GF-GNPs were added to the medium, following by 30-min incubation at 37◦C. Each
experimental group consisted of three samples, 2 × 106 cells each. After incubation, the medium was removed
and cells were washed twice with PBS, followed by trypsin treatment. The cells were centrifuged twice and finally,
aqua-regia acid (a mixture of nitric acid and hydrochloric acid in a volume ratio of 1:3) was added to the cells for
atomic absorption spectroscopy (flame atomic absorption spectroscopy, FAAS) gold detection.

Atomic absorption spectroscopy analysis
Atomic absorption spectroscopy (AA 140; Agilent Technologies, CA, USA) was used to determine gold concentra-
tions in the investigated samples. Cell samples were dissolved in 100 μl aqua regia acid and diluted with purified
water to a total volume of 3 ml. After filtration, gold concentrations were determined according to absorbance
values, with correlation to calibration curves.

GLUT-1 inhibition test
For GLUT-1 inhibition, cells (all types mentioned above) were preincubated with cytochalasin B (Cayman Chem-
ical) for 2 h at 100 μg/ml final concentration, based on previous studies which showed that this concentration
can induce efficient GLUT-1 inhibition without affecting cell viability [6,25]. Then, the medium was removed
and the cells were washed twice with PBS before adding the GNPs. Incubation with GNPs was performed for
30 min at 37◦C, followed by trypsin treatment and quantitative FAAS analysis. In addition, qualitative scanning
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electron microscope (SEM) images were taken for A431 cells after incubation with 2GF-GNPs, with or without
CB treatment.

Endocytosis inhibition
Endocytosis was first inhibited by preincubating of the cells for 30 min at 4◦C, followed by incubation with 2GF-
GNPs for 30 min at 4◦C. In addition, to investigate the endocytosis pathway of 2GF-GNP internalization, cells were
preincubated for 1 h at 37◦C with the following inhibitors individually, at concentrations which efficiently inhibit
endocytic pathways, with no toxic effect on the cells, based on prior literature [16,26]: 7 μg/ml of chlorpromazine
hydrochloride (Sigma) to inhibit the clathrin- mediated endocytosis, 25 μg/ml of nystatin (Sigma) to inhibit
caveolae-mediated endocytosis, or 50 μM amiloride hydrochloride (Sigma) to inhibit macropinocytosis. Following
preincubation with the inhibitor solutions, the medium was removed and freshly prepared medium containing
2GF-GNPs and inhibitors at the same concentrations was added for further 30 min incubation. Cell samples that
were treated with 2GF-GNPs but without inhibitors were used as control, and their uptake was expressed as 100%.

Flow cytometry for detection of GLUT-1 surface expression
Flow cytometry was applied to investigate the expression levels of GLUT-1 on the surface of the various cell lines.
For surface staining, cells were incubated with GLUT-1 primary antibody (R&D Systems) at 4◦C for 30 min in
buffer made of PBS and 2% BSA. Then, cells were washed with buffer solution followed by 30 min incubation with
secondary antibody Alexa488 (Jackson) in the dark at 4◦C. In order to detect non-specific staining, controls stained
with only secondary antibody were used. Cells were analyzed on a FACSAria III flow cytometer. Mean fluorescence
intensity (MFI) derived from fluorescence histogram was used to study the level of cell surface GLUT-1 expression.
For comparison between the different cell lines, delta MFI (dMFI) was calculated as dMFI = (MFI(GLUT-1)-
MFI(control))/MFI(control).

Scanning electron microscopy
A431 cells were seeded on glass coverslips and incubated with 2GF-GNPs for 30 min, with or without cytochalasin
B (100 μg/ml final concentration). Following incubation, cells were washed twice with PBS and then fixed with
karnovsky’s fixative. After fixation, samples were incubated in 1% buffered osmium tetroxide for 90 min at 4◦C.
Samples were dried with 30, 50, 75 and 95% ethanol, and then absolute ethanol. Images were taken using scanning
electron microscope (Inspect, FEI) in secondary electron (SE) mode and high contrast back-scattered electron
(BSE) mode.

Cytotoxicity experiments
Cells were incubated at 37◦C with different amounts of 2GF-GNPs for 24, 48 and 72 h. Cell proliferation was
studied at the different time points by hemocytometer-based cell quantitation with trypan blue viability assay. In
addition, cell cycle analysis was performed for cells after 24-h incubation with 2GF-GNP using flow cytometry.
Following incubation, cells were harvested and washed twice in cold PBS. Then, cells were fixed for 24 h at 4◦C,
using 4 ml cold ethanol (-20◦C, 70%). For propidium-iodine (PI) staining and flow cytometric analysis, fixed cells
were washed and centrifuged in 500 ×g, for 5 min. Cell pellet was then resuspended in 400 μl PBS supplemented
with 8 μl RNAse (1 μg/ml) and 4 μl PI (2 μg/ml). Samples were incubated for 10 min in the dark before analyzed
by flow cytometry.

Statistical analysis
One-way analysis of variance followed by Bonferroni’s multiple comparison was performed for comparison between
the different cell types or inhibitor treatments. Differences between two groups were analyzed using Student’s t-test.
Correlations were analyzed using Pearson’s correlation coefficient.

Results & discussion
GF-GNP synthesis & characterization
We synthesized two types of GF-GNPs, 20 nm in diameter, coated with glucose via a PEG linker. The glucose
molecule was covalently attached through different carbon atoms, C-2 or C-1, to yield 2GF-GNP and 1GF-GNP,
respectively. This minor molecular difference has a substantial effect on the biological function of glucose-coated
GNPs, as it has been previously demonstrated that position C-1, as opposed to C-2, is critically important for
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Figure 2. Glucose-functionalized gold nanoparticle characterization. (A) Schematic diagram of the
glucose-functionalized gold nanoparticles (GF-GNPs), showing that they have the same physicochemical characteristic,
and therefore differ only in their glucose conjugation site. (B) Transmission electron microscope image of gold
nanoparticles with a mean diameter of 20 ± 3 nm. Scale bar: 50 nm. (C) Dynamic light scattering measurements
(hydrodynamic diameter) of the GF-GNPs following each conjugation level. (D) ζ-potential measurements of the
GF-GNPs following each conjugation level. Results presented as mean ± standard deviation.

glucose binding to GLUT-1 [6,27]. Thus, chemical conjugation to the GNP through this position (C-1) prevents the
interaction with GLUT-1. Therefore, 1GF-GNP was utilized as a control particle for the quantitative experiments.
The GF-GNPs were characterized using TEM, dynamic light scattering and ζ potential (Figure 2).

TEM showed that spherical, uniformly distributed GNPs at a diameter of 20 ± 3 nm were obtained. The increase
in the hydrodynamic diameter and reduction of negative ζ potential following glucose conjugation confirmed
the efficacy of the chemical coating, and demonstrated that the two GF-GNP types, while differing in their
intramolecular glucose conjugation site, have the same physicochemical characteristics.

Cellular uptake of 2GF-GNPs
The uptake of GF-GNPs into cancer cells was examined in four different cell lines with different expression of
GLUT-1: A431 head and neck squamous cell carcinoma, A549 non-small-cell lung carcinoma, LNCaP prostate
adenocarcinoma and 3T3 fibroblasts. The first two are known for high GLUT-1 expression, while the latter two
are known for low GLUT-1 expression [28–32].

First, we qualitatively examined the uptake of 2GF-GNPs (30 mg/ml, 10 ml), marked with Rhodamine B, into
the different cell types. Fluorescence live cell microscopy showed that 2GF-GNPs were internalized into all four
cell types, without penetrating the nuclei (Figure 3). Interestingly, cellular uptake was observed within seconds
after incubation, and was essentially completed within 3 min (Supplementary Videos 1 & 2). Average fluorescence
intensity in representative A431 cells over time is plotted in Figure 4 (based on the region of interest [ROI] set,
Supplementary Figure 1), showing rapid internalization and stabilization of the signal within the cells.
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Figure 3. Cellular uptake of Rhodamine-B-conjugated 2-glucose-functionalized nanoparticles. Representative
images of: (A) A431 cells; (B) A549 cells; (C) LNCaP cells; and (D) 3T3 cells treated with Rhodamine B
2-glucose-functionalized nanoparticles (10 min). Top: Bright field image of the cells. Bottom: Rhodamine
B-conjugated 2-glucose-functionalized nanoparticles (red). Scale bar: 20 μm.
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Figure 4. Kinetics of 2-glucose-functionalized nanoparticle uptake. Mean fluorescence intensity vs time in
representative A431 cells. Mean intensity is normalized to intensity at the first time point.

The degree of GLUT-1 expression affects 2GF-GNP uptake
We next examined a possible correlation between 2GF-GNP uptake and GLUT-1 expression. GLUT-1 surface
expression in the different cell types was evaluated by fluorescence-activated cell sorting, using GLUT-1 antibody.
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Figure 5. Glucose-functionalized gold nanoparticle uptake as a function of GLUT-1 expression. Glucose-functionalized gold nanoparticle
(GF-GNP) uptake was examined in high GLUT-1-expressing cells (presented by blue bars) as compared with low GLUT-1-expressing cells
(red bars). (A) GLUT-1 surface expression in the different cell types as measured by flow cytometry, using GLUT-1 antibody. **p < 0.01 for
both A431 and A549 versus LNCaP and 3T3; one-way ANOVA followed by Bonferroni post hoc. (B) 2-Glucose-functionalized nanoparticle
(2GF-GNP) uptake in the various cells, measured by flame atomic absorption spectroscopy. *p < 0.05, A431 versus LNCaP, and A549 vs 3T3;
**p < 0.01 A549 vs LNCaP. (C) Relative difference between cellular uptake of 2GF-GNP and 1GF-GNP, defined as:
dr = 100*(2GF-GNP-1GF-GNP)/2GF-GNP. *p < 0.05, A431 versus LNCaP and 3T3, and A549 versus LNCaP; **p < 0.01 A549 vs 3T3. Results
presented as mean ± scanning electron microscopy. (D–F) Correlation between GLUT-1 expression and (D) 2GF-GNP uptake, (E) 1GF-GNP
uptake and (F) dr(2GF-GNP,1GF-GNP).

Next, the cells were incubated with 2GF-GNPs for 30 min and gold concentrations were quantitatively determined
by FAAS.

We found that GLUT-1 expression in A549 and A431 cells was significantly higher as compared with LNCaP
and 3T3 cells (p < 0.01), with the highest GLUT-1 expression observed for A549 cells (Figure 5A). Cellular uptake
of 2GF-GNP corresponded with these results, showing significantly higher uptake in the high-GLUT-1-expressing
cells as compared with low GLUT-1-expressing cells (p < 0.05–0.01); the highest uptake was seen in A549 cells
(Figure 5B). Uptake of 1GF-GNP was lower than that of 2GF-GNP in all cell lines (1.9 vs 4.8 pg/cell; 2.2 vs
10.6 pg/cell; 0.7 vs 1.1 pg/cell, and 2.3 vs 3 pg/cell for A431, A549, LNCaP and 3T3 cells, respectively). The
relative difference (dr) between uptake of 2GF-GNP and 1GF-GNP was calculated (dr = 100 × (2GF-GNP-1GF-
GNP)/2GF-GNP), showing that dr was significantly greater in GLUT-1-overexpressing cells (Figure 5C). This
finding was consistent with the dr observed in additional cell lines, PC3 prostate cancer cells and B16 melanoma
cells, which are known for high GLUT-1 expression (Supplementary Figure 2) [32,33].

We further found a high correlation between 2GF-GNP uptake and GLUT-1 expression (Pearson’s coefficient,
R2 = 0.9303), as well as between dr and GLUT-1 expression (R2 = 0.9656), while 1GF-GNP uptake showed very
low correlation with GLUT-1 expression (R2 = 0.2303) (Figure 5D, E & F). These results confirm the strong
dependence of GF-GNP uptake on GLUT-1 expression, specifically when glucose is conjugated to GNP through
the second carbon position. Interestingly, our results are in accord with other studies showing that cellular uptake
of 18FDG, which is also modified at the second carbon position, highly correlates with GLUT-1 expression [29,31].

To further examine the involvement of GLUT-1 in the binding and uptake process of 2GF-GNPs, cells were
incubated with GF-GNPs after pre-incubation with Cytochalasin-B (CB; 100 μg/ml), a well-known GLUT-1
inhibitor [34,35].

First, the effect of CB on cell surface binding was examined using SEM, in cells with or without CB pre-
treatment and 2GF-GNP incubation. Figure 6A presents cell morphology of representative A431 cells (using
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Figure 6. Effect of GLUT-1 inhibitor on glucose-functionalized gold nanoparticle uptake. (A) Scanning electron microscope (SEM)
secondary electron (SE; top) images and back-scattered electrons (BSE; bottom) images of A431 cells (i) without 2-glucose-functionalized
nanoparticles (2GF-GNPs); (ii) with 2GF-GNPs; (iii) with 2GF-GNPs after pretreatment with Cytochalasin-B (CB). The back-scattered-electron
imaging images show gold nanoparticles as white dotted areas (indicated by arrows). Untreated cells show higher amounts of 2GF-GNPs
on their surface as compared with cells pretreated with CB. (B) Cellular uptake of GF-GNPs with or without GLUT-1 inhibitor (CB), in high
GLUT-1-expressing cells (blue bars) or low GLUT-1-expressing cells (red bars), as measured by flame atomic absorption spectroscopy.
Results presented as mean ± SEM; n = 3. One-way analysis of variance followed by Bonferroni post hoc. **p < 0.01, A431 and A549 (high
GLUT-1) with 2GF-GNPs versus CB treated cells or cells with 1GF-GNP; and 3T3 with 2GF-GNP versus 3T3 with 1GF-GNP.

secondary electron imaging) and GNPs in bright contrast upon the cells (using high-contrast backscattered-
electron imaging). It was clearly visible that CB had a considerable effect on cell surface 2GF-GNP binding: In
cells treated with 2GF-GNP only, clusters of gold are seen on the cell surface, while in cells pre-incubated with
CB, only small amounts of gold are observed on the surface, probably due to GLUT-1 blocking which prevents
the specific glucose-GLUT-1 interaction.
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2GF-GNP uptake at 37◦C is expressed as 100% and defined as control. ***p < 0.001, *p < 0.05; Student’s t-test. Results
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To quantitatively measure the effect of GLUT-1 inhibition on gold uptake, we analyzed gold amounts in cells
after CB pretreatment, using FAAS. Our results show that CB pretreatment significantly inhibited uptake of
2GF-GNP into high-GLUT-1 A431 and A549 cells (p < 0.01), but had no effect on 2GF-GNP uptake into
low-GLUT-1 LNCaP and 3T3 cells. Likewise, as opposed to 2GF-GNP, uptake of the control particle 1GF-GNP
which is unable to interact with GLUT-1, was not affected by CB in all cell lines, demonstrating its nonspecific
cellular uptake (Figure 6B).

GLUT-1 triggers clathrin-mediated endocytosis of 2GF-GNP
Despite the specific interaction between 2GF-GNP and GLUT-1, we assumed that the large size of 2GF-GNP,
as compared with a simple glucose molecule, prevents its direct transport across the membrane via GLUT-1.
Additionally, previous TEM images of A431 cells after incubation with 2GF-GNP showed accumulation of well-
defined nanoparticles inside an endosome [6]. Therefore, we hypothesized that 2GF-GNP internalization might be
completed by a second step, probably endocytosis.

In contrast to simple diffusion or the facilitated diffusion through GLUT-1, endocytosis is an energy-dependent
process. Therefore, we first conducted temperature-dependence experiments to examine the effect of impediment of
endocytic pathways. Cells were incubated with 2GF-GNP for 30 min at either 37or 4◦C, and gold concentrations
were then quantitatively measured by FAAS. We found that significant, but not full reduction in 2GF-GNP uptake
occurred in all cell types at a low temperature of 4◦C as compared with 37◦C, demonstrating a basal passive uptake
of 2GF-GNP in all cells. However, a more robust reduction effect can be seen in the high-GLUT-1 cells, A431 and
A549 (p < 0.05, p < 0.001; Figure 7), suggesting that a lower percentage of passive transport occurs in these cells,
probably due to the higher degree of specific interactions with GLUT-1.

As cellular processes other than endocytosis, such as diffusion, are also impeded at low temperatures, we next
treated the cells with selective endocytosis inhibitors, both to generally confirm endocytosis, as well as reveal the
specific pathways involved in uptake. Endocytosis can occur through different pathways, mediated by different
factors. Clathrin-mediated endocytosis occurs through ligand-receptor recognition; the cargo is packaged into
vesicles, and enters the cell with the aid of a clathrin coat [36]. Caveolae-mediated endocytosis, unlike clathrin-
mediated endocytosis, is one type of receptor-independent endocytosis in which internalization through caveolae is a
triggered event involving complex signaling [37]. Fluid-phase pinocytosis is another nonspecific process, characterized
by bulk uptake of solutes in exact proportion to their concentration in the extracellular fluid [38].
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Figure 8. Effect of endocytosis inhibitors on 2-glucose-functionalized nanoparticle internalization. (A)
2-Glucose-functionalized nanoparticles (2GF-GNPs) were incubated with high (blue bars) and low (red bars)
GLUT-1-expressing cells, which were pretreated with either chlorpromazine (inhibitor of clathrin-mediated
endocytosis), nystatin (inhibitor of caveolae-mediated endocytosis) or amiloride (inhibitor of fluid-phase pinocytosis).
Uptake of 2GF-GNPs without inhibitors was expressed as 100% and defined as control. Results presented as mean ±
standard error of the mean (n = 3). *p < 0.05; one-way analysis of variance followed by Bonferroni’s post hoc. (B)
Correlation between GLUT-1 expression on the cell types and percentage of reduction in uptake induced by the
clathrin-mediated endocytosis inhibitor. Mean fluorescence intensity (MFI) derived from fluorescence histogram was
used to find the level of cell surface GLUT-1 expression. For comparison between the different cell lines, delta of
mean fluorescence intensity (dMFI) was calculated as (MFI(GLUT-1)-MFI(control))/MFI(control). Results show that the higher
the GLUT-1 surface expression, the higher the involvement of clathrin-mediated endocytosis in 2GF-GNP uptake.

Blocking of clathrin-dependent endocytosis was achieved using chlorpromazine (7 mg/ml), which causes clathrin
accumulation in late endosomes, thereby inhibiting coated pit endocytosis [16]. Caveolae-mediated endocytosis
was blocked using nystatin (25 mg/ml), which disruptes caveolae structures by binding cholesterol, a major
caveolae component [26,39]. Fluid-phase pinocytosis was blocked using amiloride (50 μg/ml), which inhibits the
Na+/H+ exchange required for macropinocytosis [26]. Inhibitor concentrations were determined according to the
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Figure 9. Cell proliferation during 72-h exposure to 2-glucose-functionalized nanoparticle. The four cell types were incubated with
2-glucose-functionalized nanoparticle at two concentrations. Cells were counted using a hemocytometer. (A) A431 cells (B) A549 cells (C)
LNCaP cells (D) 3T3 cells. Results presented as mean ± standard error of the mean (n = 3).

literature [16,26]. Cells were treated with the different blockers for 1 h at 37◦C, then incubated with 2GF-GNPs
(30 min). Gold uptake was examined by FAAS.

We found that the cellular uptake pathway of 2GF-GNPs depends on cell type; moreover, more than one
endocytic pathway can be simultaneously involved in the 2GF-GNP uptake mechanism (Figure 8A). For A431
cells, chlorpromazine and nystatin showed reduced 2GF-GNP uptake, by ∼35% and ∼25%, respectively, as
compared with untreated control cells (p < 0.05 for chlorpromazine; nystatin showed a trend toward significance,
p = 0.069). Amiloride, however, did not affect uptake in these cells. For A549 cells, chlorpromazine significantly
reduced 2GF-GNP uptake by ∼75% (p < 0.05). These results indicate that for high GLUT-1-expressing cells,
clathrin-mediated endocytosis is the main mechanism involved in 2GF-GNP internalization. However, caveolae-
mediated endocytosis may also be involved to a certain degree in A431 cell uptake. The lack of caveolae involvement
in 2GF-GNP uptake in A549 cells concurs with the literature, which shows low expression of caveolin in A549
cells [40].

In contrast, LNCaP and 3T3 cells remained unaffected by the various inhibitors, suggesting that their low
2GF-GNP uptake occurs via different processes, which probably mainly involve diffusion.

Interestingly, we found that the involvement of clathrin-mediated endocytosis in 2GF-GNP uptake strongly
correlates with GLUT-1 surface expression (R2 = 0.9812; A549 gt; A431 gt; LNCaP, 3T3; Figure 8B). This implies
that GLUT-1 has a major role in 2GF-GNP uptake by triggering endocytosis via the clathrin-mediated pathway.
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Figure 10. Cell-cycle analysis after 24 h incubation with 2-glucose-functionalized nanoparticle. Cells were incubated
with 2-glucose-functionalized nanoparticle at two concentrations. Data were analyzed using flow cytometry. G0/G1,
S-phase, G2 are shown in (A) A431 cells (B) A549 cells (C) LNCaP cells (D) 3T3 cells. No significant differences were
found between treated cells and control, for all cell types. Result presented as mean ± standard error of the mean.

Cytotoxicity profile of 2GF-GNPs
To test the cytotoxicity profile of 2GF-GNPs, we evaluated their effect on cell proliferation and cell cycle. The
four cell types were incubated with 2GF-GNPs for 72 h, and proliferation was assessed at several time points
using the hemocytometer-based trypan blue dye exclusion cell quantitation and viability assay. In addition, the
cells were incubated with 2GF-GNPs for 24 h, and cell cycle analysis was performed using PI staining followed
by flow cytometry. After 72-h exposure to 2GF-GNPs at the concentration used above (30 mg/ml, 10 μl), as well
as when increased twofold, cell proliferation remained similar to non-exposed controls, in all cell lines (Figure 9).
Moreover, no significant effect on cell life cycle (G0/G1, S-phase, G2) was observed for both concentrations, in
all cell lines (p > 0.05; Figure 10). Given that the in vivo use of 2GF-GNP is intended for cancer detection rather
than treatment, the noncytotoxicity of 2GF-GNP is highly advantageous.

Conclusion
In the present study, we investigated the uptake mechanism and cytotoxicity profile of glucose-functionalized GNPs
in different representative cell lines, namely, the high GLUT-1-expressing cells A431 head and neck squamous
cell carcinoma and A549 non-small-cell lung carcinoma, and the low GLUT-1-expressing cells LNCaP prostate
adenocarcinoma and 3T3 fibroblasts. We found that the cellular uptake of 2GF-GNP, but not 1GF-GNP, strongly
depends on GLUT-1 surface expression. The increased uptake of 2GF-GNP by cancer cells is likely based on
high glucose consumption, similar to FDG, which is also taken up by GLUT-1. This suggests that 2GF-GNPs
can serve as an effective metabolically targeted agent, alternative to FDG, for many cancer types exhibiting high
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overexpression of GLUT-1. Future studies should examine this approach in various animal models of high-GLUT-1
expressing tumors, in addition to its proven in vivo efficacy for head and neck tumors [6].

We further show that the internalization of 2GF-GNPs into high GLUT-1-expressing cells occurs mainly through
clathrin-mediated endocytosis, triggered by interaction with GLUT-1. This in addition to the basal, nonspecific
internalization of 2GF-GNPs, this also occurs in low GLUT-1-expressing cells. Moreover, we show that 2GF-GNPs
are noncytotoxic, as they do not impair viability and cell cycle processes of the different cells.

In conclusion, this study provides fundamental insights into the uptake mechanism of glucose-functionalized
GNPs. The results of this study suggest that our technology for metabolic-targeted imaging of cancer can provide a
reliable and highly effective alternative to FDG, and may allow specific cancer detection in a wide range of tumors
with high metabolic profiles. These findings can also advance the development of glucose-based nanoparticle
systems for many other diagnostic and therapeutic applications.

Future perspective
The findings described in this paper are crucial for further development of GF-GNP-based technology for metabolic-
based cancer imaging. Although this study showed no cytotoxicity of 2GF-GNP, its long-term in vivo toxicity and
full clearance mechanism should be extensively investigated before implementing this platform in the clinic.
However, despite these issues have yet to be addressed, 2GF-GNP appears to have a high potential as a promising
future alternative to FDG.

Summary points

• A total of 20 nm gold nanoparticles (GNP) were synthesized and coated with glucose, by conjugation through its
second or first carbon position, to yield 2-glucose-functionalized nanoparticle (2GF-GNP) or control particle
1-glucose-functionalized GNP (1GF-GNP), respectively.

• Qualitative experiments showed that 2GF-GNPs were rapidly internalized into different cell types, without
penetrating the nuclei.

• GLUT-1 surface expression in the different cell types was measured and quantitative experiments were performed
in order to examine a possible correlation between GF-GNP uptake and GLUT-1 expression.

• We found a strong correlation between 2GF-GNP uptake and GLUT-1 expression, while control particle, 1GF-GNP,
showed very low correlation with GLUT-1 expression.

• GLUT-1 inhibition experiments demonstrated significant involvement of GLUT-1 in 2GF-GNP uptake only within
high-GLUT-1 expressing cells. In contrast, 1GF-GNP uptake was not affected by GLUT-1 inhibition in all cell types.

• Endocytosis blocking experiments revealed that the main internalization pathway of 2GF-GNP is the
clathrin-mediated endocytosis, which is triggered by specific interaction between 2GF-GNP and GLUT-1.

• The cytotoxicity profile of 2GF-GNPs was evaluated. No toxic effect of 2GF-GNPs on cell proliferation and cell life
cycle was observed.

• The results indicate a direct association between the underlying mechanisms of our nanoparticle-based
technology and those of fluorodeoxyglucose-PET. Therefore, 2GF-GNP can provide a reliable alternative to 2-[18
F]-2-Deoxy-D-Glucose, and may allow specific cancer detection in a wide range of tumors with high metabolic
profiles.

Supplementary Materials

A Supplementary video is available as an accompaniment to this paper. To view the Supplementary video, please visit the journal

website at: www.futuremedicine.com/doi/full/10.2217/nnm-2018-0022

The video shows time-lapse imaging of the cellular uptake of 2GF-GNP marked with rhodamine B into A431 cells.

Supplementary Figures and Methods are also available to view here: www.futuremedicine.com/doi/suppl/10.2217/nnm-2018-

0022
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