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Abstract

The aim of the present study is to investigate folic acid and BSA decorated gold nanoclusters (FA-AuNCs) effect on the enhancement of
intracranial C6 glioma tumors radiation therapy (RT) efficacy. Inductively coupled plasma optical emission spectrometry (ICP-OES)
measurements exhibited about 2.5 times more FA-AuNCs uptake by C6 cancer cells (32.8 ng/106 cells) than the normal cells. FA-AuNCs
had significantly higher concentration in the brain tumors (8.1 μg/mg) in comparison with surrounding normal brain tissue (4.3 μg/mg).
Moreover, FA-AuNCs exhibited dose enhancement factor (DEF) of 1.6. The glioma-bearing rats' survival times were almost doubled at
radiation therapy + FA-AuNCs (25.0 ± 1.5 days) in comparison with no-treatment group (12.8 ± 0.7 days). The Ki-67 labeling index was
48.89% ± 9.93 for control, 29.98% ± 8.32 for RT, and 11.53% ± 7.65 for RT + FA-AuNCs. Therefore, FA-AuNCs can be effective
radiosensitizers for intracranial glioma tumors RT.
© 2018 Elsevier Inc. All rights reserved.
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Glioblastomamultiform (GBM) is themost commonmalignancy
of the glial cells.1 GBM patients' prognosis is extremely poor with
about one-year survival.2 Although radiation therapy (RT) is the
main modality for GBM therapy, clinical and experimental studies
have shown considerable treatment failure and unsatisfying
outcomes due to GBM radioresistance.3 Therefore, novel ap-
proaches for enhancing the GBM radiation therapy efficacy have
received lots of attention.

Use of nanoparticles as radiosensitizer can significantly
enhance the radiation therapy efficacy for different tumors.4
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However, there is a big obstacle for efficient delivery of
nanoparticles to the intracranial tumors like GBM which is the
blood–brain barrier (BBB).5 This barrier restricts the transfer of
systemic injected anticancer agents to intracranial tumors.
Crossing the BBB is the first obstacle and nanoparticles should
also have the ability to target the cancer cells in the brain tissue.6

Gold nanoparticles (GNPs) are an important category among
the radiosensitizers with nanostructure, due to their high
stability,7 biocompatibility,8 high atomic number,2 and the
ability to be synthesized at diverse sizes and characterizations.9
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GNPs can be designed to provide desirable functionalities.10

Appropriate decoration can enhance the internalization of GNPs
into the brain through the increase of their interactions with
specific molecules which are expressed on the luminal side of
BBB endothelial cells.11 High concentration of GNPs in the
cancer cells in comparison with the normal surrounding tissue
causes significant deposition of radiation beams’ energy at the
tumor and consequent cancer cell damage and enhancement of
radiation therapy efficacy.12

The aim of the present study is to introduce an effective gold
nanostructure as a functionalized radiosensitizer for improving
the intracranial tumors radiation therapy efficacy. For this
purpose, gold nanoclusters with specific characterizations
including ultra-small size and smart decoration for BBB transfer
and intracranial glioma tumor targeting were designed and
synthesized. Subsequently, their efficacy as glioma radio-
sensitizer was assessed according to tumor targeting efficacy,
brain tissue biocompatibility, radiosensitizing effect for inhibi-
tion of tumors growth and proliferation and increase of the
glioma tumor-bearing rats' survival.
Methods

Folic acid-bovine serum albumin-gold nanoclusters synthesis
(FA-AuNCs)

Synthesis of blue-emitting (λ = 450 nm) small gold
nanoclusters was done based on previously published studies.13

Briefly, folic acid was prepared as 5% (m/v) stock solution in
sodium carbonate buffer (20 mM, pH 8.5). Folic acid stock
solution was added into BSA solution (5 mg/mL) with a molar
ratio 800:1 (FA: BSA). NHS and EDC were added to achieve
high efficiency of amidation with a molar ratio of 1:1.5:20 (FA:
NHS: EDC). Folic acid was attached onto BSA through
amidation with amino-groups on BSA (FA-BSA). Subsequently,
5 mL of FA-BSA was added to 5 mL aqueous solution of
HAuCl4 (10 mM) under vigorous stirring at 37 °C. Fifty
microliters of ascorbic acid (0.35 mg/mL) was added dropwise
to trigger the formation of gold nanoclusters (FA-AuNCs). Then
the solution pH was adjusted at 9 with NaOH.

FA-AuNCs characterization

A FT-IR spectrophotometer (JASCO, Tokyo, Japan) was
employed for characterizing the Fourier transform infrared (FT-IR)
spectra of FA-AuNCs. UV–Vis and fluorescence were evaluated by
UV-160 and RF-5301PC Spectrofluorometers (Shimadzu, Tokyo,
Japan), respectively. In addition, the nanoclusters’ size was
determined by dynamic light scattering (DLS) technique using
Vasco nanoparticle size analyzer (Cordouan Technologies, Pessac,
France). The fluorescence quantum yield (QY) of the synthesized
nanoclusters was determined using the reference point method by
comparing their excitation and emission with fluorescein as a
standard fluorescent compound.14

Cell culture

C6 (rat glioma) and L929 (normal fibroblast) cell lines were
obtained from Pastor Institute of Tehran, Iran. L929 cells were
cultured in Roswell Park Memorial Institute medium 1640
(Sigma, CA, USA) with 10% fetal bovine serum (Sigma, CA,
USA). The C6 cells were grown in DMEM-F12 containing FBS
and horse serum to the final concentration of 2.5% and 15%,
respectively.

Cell viability assay

MTT assay was utilized to assess the cytotoxic effect of
different concentrations of FA-AuNCs. Moreover, the C6 and
L929 cell lines were used as the cancer and normal cells,
respectively. 96-well plates were used and each well was seeded
with 104 cells. The plates were incubated at standard cell culture
condition for 24 h. Different concentrations of FA-AuNCs (10,
20, 40, 80,160, and 320 μg/mL) were added to the wells. Each
well's final volume reached 200 μL with addition of suitable
culture media. The cells' viability was evaluated after 24 h with
an MTT assay kit according to the manufacturer's instructions.15

All samples were performed in triplicate.

Fluorescence microscopy

105 C6 cells were seeded at 6-well culture plates and
incubated for 24 h. Then, 160 μg/mL FA-AuNCs were added to
wells and were incubated for another 24 h. The cells were
washed 3 times with phosphate buffered saline (1×, pH 7.4) to
remove non-internalized nanoclusters and the FA-AuNCs
internalization was estimated by fluorescence microscope
(Olympus, Tokyo, Japan).

Flow cytometry

5 × 105 C6 cells were seeded at 6-well culture plates and
incubated for 24 h. The cells were incubated with 160 μg/mL
FA-AuNCs. After 24 h incubation with the FA-AuNCs, the cells
were washed 3 times with PBS and then detached by trypsin
(Sigma, CA, USA). The flow cytometer (BD FACS Calibur, CA,
USA) was employed to evaluate the FA-AuNC incubated cells.
The final data were analyzed using FlowJo Software. All
samples were performed in triplicate.

Clonogenic cell survival assay

The enhancement of radiation therapy efficacy by the
radiosensitizing effect of FA-AuNCs was assessed by clono-
genic cell survival assay. The method of calculation was based
on previous studies.16 105 cells were seeded in 35 mm2 dishes
and after 24 h, FA-AuNCs were added and the cells were
incubated for another 24 h. Then, cells were irradiated with
different doses of X-rays (0, 2, 4, 6, and 8 Gy). The cells were
washed with PBS and then, trypsinized to have a single cell
suspension. These procedures were done immediately after
irradiation. After exact cell counting, the appropriate number of
cells was reseeded in triplicates in 100 mm2 Petri plates for 2-
3 weeks at normal cell culture condition. After this time period,
methanol was used to fix the cancer cells colonies. Then, crystal
violet (0.5%) was used to stain the fixed colonies. The stained
colonies were counted by a loupe microscope (Olympus, Tokyo,
Japan).16,17 The survival curves were drawn to obtain the dose
enhancement factor (DEF).10 For more details please refer to our
previous publication.15



Figure 1. Schematic view of FA-AuNCs mechanism of action for BBB penetration, brain tumor targeting, and enhancement of brain tumors radiation therapy efficacy.
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Ethics statement

This study was approved by institutional review committee of
Arak University of Medical Sciences and all procedures were
reviewed and approved by Institutional Animal Care and Ethics
Committee of Arak University of Medical Sciences according to
their guidelines for care and use of the laboratory animal.

Intracranial tumor implantation

Female Wistar rats (6-8 weeks old) were purchased from the
Pasteur Institute of Tehran, Iran. Rats were obtained for 1 week
and maintained at standard conditions: 24 ± 2 °C temperature,
50% ± 10% relative humidity, and 12 h light/12 h dark. All rats
were fed sterilized standard chow and water ad libitum. The rats
were anesthetized by intraperitoneal injection of ketamine/
xylazine mixture. Then, rats were immobilized on the stereotactic
frame.At first, the cranial skinwas cut at the sagittal direction and skin
borders were pulled over to reveal cranial bones. A hole was drilled
into the skull which was located at 2 mm posterior and 1.5 lateral to
the bregma by 0.45 mm burr drill. 1 × 106 C6 cells suspended in
Hanks' buffered saline (Sigma, CA, USA) were injected into the burr
hole at a depth of 3 mmslowly. The needlewas left in place for 3 min
and then withdrawn slowly with careful drying of the skull using a
microsurgical sponge spear to remove any tumor containing fluid that
might reflux out of the burr hole during implantation. Finally, bone
wax was applied and skin borders sutured. Survival was calculated
from the date of cancer cells implantation and the survival data were
plotted using Kaplan–Meier curve.

FA-AuNC biodistribution

For evaluation of the FA-AuNC intracranial distribution, tumor-
bearing rats were injected intravenously (i.v) with 10 mg/kg
FA-AuNCs after one week from the C6 cells’ intracranial
implantation. Rats were scarified by an overdose of pentobarbital
sodium 24 h after injection and the brain, kidney, liver, spleen, and
lung were harvested. 500 mg of these organs, brain tumor, and
also, its surrounding normal brain tissue were prepared for
measuring gold concentration. The samples were dried at 105 °C
until no change at their weights was observed. The products were
homogenized in powder and a solution containing 12.5 M
hydrochloric acid and 5 M nitric acid was added to each sample.
The samples were kept at room temperature until complete
dissolving of powdered tissues. The Au concentrations in the
tumor and normal brain tissue in this given volume were measured
by Inductively Coupled Plasma Optical Emission Spectrometry,
ICP-OES (Varian Vista-Pro, Australia).

In vivo radiation therapy

After one week from intracranial implantation of C6 cancer cells,
the tumor-bearing ratswere divided into four groups (n = 8) including
1) treated with PBS, 2) treated with the FA-AuNCs, 3) treated with
radiation alone, and 4) the FA-AuNCs plus radiation therapy. In the
first group, tumor-bearing ratswere injectedwith PBS (100 μl per rat).
For the second and fourth groups, 10 mg/kg FA-AuNCs were i.v.
injected and the fourth group of tumor-bearing rats was irradiatedwith
a single dose of 6 Gy.Also, the third group just was treatedwith 6 Gy
radiation dose. Irradiations were performed using a Compact linear
accelerator (Primus, Siemens Ltd., Germany) with a source-surface
distance (SSD) of 100 cm and a field size of 20 × 20 cm2. To
minimize animals' movement through irradiation, they were
anesthetized with the combination of ketamine and xylazine.

Histopathology and blood biochemistry exams

For evaluating toxicity of FA-AuNCs, rats were injected with
10 mg/kg FA-AuNCs (n = 3) and sacrificed after 3 days. Their
blood was collected and plasma was discarded for alanine
transaminase (ALT), aspartate transaminase (AST), blood urea
nitrogen (BUN), creatinine (CREA) analyzes. Also, the brain,
lung, spleen, kidney, and liver were harvested and fixed in 10%
formalin neutral buffer solution and embedded in paraffin for
histopathology investigations. In the next step, dehydration was
done and samples were blocked. Thin sections about 5 μm were
prepared and stained by hematoxylin and eosin. Histological
photographs were obtained using a digital light microscope
(Olympus, Tokyo, Japan). All the histopathological studies were
done by blinded evaluation from a board-certified pathologist.

Immunostaining

The tumor-bearing rats were sacrificed 3 days after radiation
therapy (n = 3). The brain tumors (n = 3) from the PBS treated
group, treated with radiation alone, and FA-AuNCs plus radiation
therapy were harvested and prepared for immunohistochemistry
(IHC). Briefly, paraffin-embedded brain tumor tissues were
sectioned, deparaffinized, rehydrated, incubated in 3% H2O2, and
blocked with 5% bovine serum albumin.18 IHCwas conducted with



Figure 2. Characterization of the FA-AuNCs. (A)UV–Vis absorption spectrum. (B) The hydrodynamic size of the FA-AuNCs. (C) The FT-IR spectra of BSA, FA, and
FA-AuNCs. (D) The fluorescence spectrum of the FA-AuNCs. (E) Photographs of FA-AuNCs vials under the normal (left) and ultraviolet (right) lamps.
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biotinylated rabbit anti-mouse IgG, streptavidin-horseradish perox-
idase, 1,3-diaminobenzidine (DAB) tetrahydrochloride, anti-Ki-67
antibody (Abcam, CA, USA), and hematoxylin. Microscopic fields
were randomly selected and their images were captured at ×400
magnification. Immuno-positive cells were quantified by a board-
certified pathologist at a blinded evaluation. Histological photo-
graphs were obtained using a digital light microscope (Olympus,
Tokyo, Japan).
Statistical analysis

JMP 11.0 software was employed for performing the statistical
analyzes. All data were analyzed by One Way ANOVA and
P b 0.05 was set as statistical significance. All experiments were
repeated at least 3 times and the results were shown as mean ±
standard deviation. (*: P b 0.05, **: P b 0.005, ***: P 0.001,
ns: not significant).



Figure 3. The optimum concentration for using FA-AuNCs in vitro. The C6 and L929 cells were incubated for 24 h with different concentrations of FA-AuNCs
(10, 20, 40, 80, 160, 320 μg/mL). A significant decrease in the normal cells' viability is apparent at 320 μg/mL concentration of FA-AuNCs (*: P b 0.05). For
each concentration, 3 wells were evaluated and the experiment was replicated 3 times.
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Results

The main purpose of the present study is to utilize FA-AuNCs
as brain tumor-specific radiosensitizers for enhancement of
radiation therapy efficacy. FA-AuNCs not only can penetrate the
BBB but also target the cancer cells in the brain tissue. Efficient
accumulation of FA-AuNCs at the malignant cells increases
radiation beams’ interaction with gold atoms and subsequently,
causes more deposition of energy at the tumor. (See Figure 1.)

Characterization of FA-AuNCs

FA-AuNCs exhibit a continuous absorption band without any
obvious peak in the UV–Vis absorption spectrum (Figure 2,A). The
DLS analyses exhibit 5.5 ± 0.4 nm hydrodynamic size and 0.005
polydispersity index for FA-AuNCs (Figure 2, B). Figure 2, C
illustrates the FT-IR spectrum of BSA, FA, and FA-AuNCs. The
characteristic amide I band of BSA is apparent at 1683 cm−1 as was
predictable for a protein with a high proportion ofα-helix. The band
appearing at 1587.00 cm−1 can be attributed to strong primary
amine scissoring, whereas the band centered at 3456.98 cm−1 can be
attributed to primary amines. The 2940.79 cm−1 band corresponds
to C–H vibration and the broad band at 720.65 cm−1 can be
attributed to −NH2 and −NH wagging. In FA-AuNCs spectrum,
C–H stretching at 2943.00 cm−1 and aromatic ring stretch of the
pyridine and p-amino benzoic acid moieties in the range of 1300-
1700 cm−1 which are characteristic vibrational modes associated
with FA can be obviously seen. The line broadening appearing
over 1700-1300 cm−1 is revealing the covalent linkage of FA with
BSA.19 Fluorescence spectrum (Figure 2, D) shows a maximum
emission at 450 nm with 360 nm excitation wavelength. The
photograph of the FA-AuNCs suspension under the ultraviolet
lamps is illustrated in Figure 2, E.

The optimum concentration of FA-AuNCs for in vitro experiments
according to its cellular toxicity

Toxicity is a big challenge in utilizing nanomaterials.20

Therefore, the highest dose of the FA-AuNCs which had
acceptable toxicity for normal cells was selected for further
experiments. Also, an ideal concentration of FA-AuNCs should
more significantly affect cancer cells than normal cells. The
effect of FA-AuNCs’ different concentrations on cancer and normal
cells’viabilitywas investigatedbyMTTassay (Figure 3). The increase
of the FA-AuNCs’ concentrations up to 160 μg/mL exhibited low
toxicity for both cell lines (viability percentage N 70%). However,
significant toxicity was observed for the normal cells (P b 0.05) at
320 μg/mLconcentration. Therefore, the 160 μg/mLconcentration as
the highest dose with appropriate toxicity for the normal cells was
utilized for all the further in vitro experiments.
FA-AuNCs has significant uptake by the glioma cancer cells in
vitro and in vivo

Nanomaterials’ effectiveness as radiosensitizer has a direct
relationship with their internalization by the target cancer cells.
For evaluating FA-AuNC uptake by C6 cancer cells, the cells
were incubated with FA-AuNCs (160 μg/mL) for 24 h and their
internalization was investigated by fluorescent microscopy and
flow cytometry. The FA-AuNCs treated cancer cells exhibited a
blue appearance at the fluorescence microscope images as FA-
AuNCs emitted blue fluorescent light at the inner of the cancer
cells (Figure 4, E and F). In addition, FA-AuNCs’ uptake
significantly increased cancer cells' side scatter due to increase
of their granularity (Figure 4, A, B, C and Table 1). Also, an
increase in the mean fluorescent intensity of the cancer cells was
observed due to the fluorescent emission of the internalized FA-
AuNCs in comparison with PBS treated C6 cells (P b 0.05)
(Figure 4,D), which is favorable with the fluorescent microscope
observations. These observations demonstrate efficient uptake of
FA-AuNCs by the glioma cells which can cause a determinative
effect on their radiosensitizing efficacy.

For quantitative assessment of FA-AuNCs’ uptake by the
cancer and normal cells, the C6 and L929 cells were incubated
for 6, 12, and 24 h with FA-AuNCs (160 μg/mL). As Figure 5
illustrates, ICP-OES evaluations demonstrated that the cancer
cells internalized FA-AuNCs much more than the normal cells,



Figure 4. Assessment of FA-AuNC uptake by the cancer cells according to flow cytometry and fluorescent microscopy analyzes. (A) The cancer cells’ dot plot
after incubation with PBS. (B) The cancer cells’ dot plot after 24 h incubation with FA-AuNCs (160 μg/mL). (C) The SSC histogram of the cancer cells with and
without incubation with FA-AuNCs (160 μg/mL, 24 h). (D) The fluorescent intensity histogram of the cancer cells with and without FA-AuNCs incubation
(160 μg/mL, 24 h). The glioma cancer cells exhibited a considerable increase in cellular granularity and fluorescent intensity after 24 h incubation with FA-
AuNCs. (E) Light microscope photograph of C6 cancer cells 24 h after incubation with FA-AuNCs. (F) Fluorescent microscope photograph of the same field.
Blue emission of the cancer cell at fluorescent microscope after FA-AuNCs uptake was observed. These observations can strongly demonstrate the efficient
uptake of FA-AuNCs by the glioma cancer cells.

Table 1
Evaluation of FA-AuNCs uptake by the cancer cells according to flow
cytometry parameters analysis.

Groups SSC mean Mean fluorescent intensity

PBS 528 ± 46.1 4.7 ± 0.6
FA-AuNCs 780 ± 93.6⁎ 10.3 ± 2.2⁎

PBS: phosphate buffer solution, SSC: side scatter.
⁎ P b 0.05.
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especially after 24 h incubation. Cancer cells exhibited more
interest for the FA-AuNCs uptake as they had more intracellular
gold content in all the time points in comparison with the normal
cells (P b 0.05). It should be noticed that the normal cells’ gold
content increased by time passing, but always cancer cells had
higher intracellular gold content (P b 0.05). The most intracel-
lular gold content for the cancer cells was detected after 24 h
(32.85 ± 4.31) which was significantly (P b 0.05) higher than
the normal cells’ gold content at the same time (13.15 ± 2.75).

The main goal of this study is to conquer the BBB and better
gold delivery to intracranial glioma tumors for improvement of
radiation therapy efficacy. Therefore, the gold concentration at
the intracranial C6 glioma tumors is very determinative which
will deeply affect the radiation therapy outcome. The FA-AuNCs
(10 mg/kg) were injected intravenously and gold concentration
was measured by ICP-OES at the normal brain tissue and tumors
24 h after injection. As Figure 5 illustrates, significantly higher
gold concentration was detected at tumoral tissue in comparison
with the normal brain tissue. Therefore, FA-AuNCs not only can
penetrate the BBB but also target the C6 cancer cells in the brain
tissue. Also, FA-AuNCs’ toxicity for brain tissue was evaluated
by histopathology exams three days after i.v. injection of 10 mg/kg
FA-AuNCs (n = 3). There was no sign of brain tissue damage
at FA-AuNCs injected rats' brain histopathology (Figure 5, D
and E). Therefore, the FA-AuNCs can be considered safe for brain
tissue.

FA-AuNCs significantly enhance radiation therapy efficiency

FA-AuNCs’ effect on enhancement of radiation therapy
efficacy was investigated by clonogenic cell survival assay. As
shown in Figure 6, A, a significant enhancement in the radiation
therapy efficiency was observed for the FA-AuNCs treated cells



Figure 5. Assessment of FA-AuNCs uptake by the normal and cancer cells in vitro and in vivo. (A) The cancer and normal cells gold content at different time
points after FA-AuNCs incubation. ICP-OES exhibited significantly more FA-AuNCs internalization by the C6 cancer cells in comparison with the normal cells,
especially after 24 h incubation (P b 0.05). (B)AC6 brain tumor (indicated by black arrows). (C) Intracranial distribution of FA-AuNCs, 24 h after i.v. injection
(10 mg/kg). In addition, to evaluate the FA-AuNCs toxicity for brain tissue, normal rats were i.v. injected with 10 mg/kg FA-AuNCs and their brains were
harvested 3 days after injection and were stained with H&E (n = 3). (D) Control brain tissue histopathology image. (E) Brain tissue histopathology photograph
3 days after FA-AuNCs injection.
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as the acquired DEF factor for FA-AuNCs was 1.6. This fact can
be attributed to efficient FA-AuNC internalization by the glioma
cells. The more intracellular gold content of cancer cells
enhances more interaction with radiation beams which induces
DNA damage and subsequent cancer cells' apoptosis.21,22

To have a better simulation of the clinical condition, C6 glioma
intracranial tumor animal model and megavoltage radiations as the
most common clinical radiation were utilized. This animal model is
very similar to human glioblastoma tumors due to its fast
proliferation and invasion.23 C6 cancer cells were implanted into
the Wistar rats' brain and the tumor-bearing rats were irradiated
3 days after the tumor implantation. FA-AuNCs were injected
(10 mg/kg i.v.) 24 h before radiation therapy. As Figure 6, B
illustrates, radiation therapy increased tumor-bearing rats' survival
about 5 days in comparison with no-treatment group (n = 8,
P b 0.05). The FA-AuNCs didn't affect the rats' survival per se.
However, combination of FA-AuNCs as radiosensitizer with
radiation therapy caused significant increase (P b 0.001, 12 days)
in the rats' survival time (Table 2) in comparison with radiation
therapy group (n = 8). Therefore, FA-AuNCs not only can
impressively target the intracranial tumors but also cause significant
enhancement of radiation therapy efficacy.

Ki-67 is a marker which indicates the proliferating cells and
quantitatively estimates the tumors' growth, thereby aiding in
identifying the prognosis of patients and the treatment efficacy.24,25

The Ki-67 labeling index was 48.89% ± 9.93% for control group
(n = 3), 29.98% ± 8.32% for RT group (n = 3), and 11.53% ±
7.65% for FA-AuNCs + RT (n = 3). Therefore, RT + FA-AuNCs
could significantly decrease the Ki-67 index in comparison with no-
treatment (P b 0.001) and RT (P b 0.05) groups. The proliferating
cells' number was significantly decreased when the FA-AuNCs
were utilized as radiosensitizers and caused enhancement of
radiation therapy efficacy (Figure 6, C, D, E). These results are
consistent with the tumor-bearing rats' survival test in which their
main death reason isC6 cancer cell proliferation. Therefore, effective
inhibition of cancer cell proliferation in the RT + FA-AuNCs group
is the main reason for their survival time increase.

FA-AuNCs’ presence at the normal brain tissue doesn't cause
toxicity per se and in combination with radiation therapy

Although the brain tumors exhibited high FA-AuNCs
content, low concentration of gold nanoclusters was detected at
the brain's normal tissue (Figure 5, C). Some concerns may rise
due to the FA-AuNCs’ presence at the brain's normal tissue
including long term side effects or increase of radiation damage
to the brain. Therefore, to evaluate the effect of FA-AuNCs on
the brain, two groups of rats were i.v. injected with 10 mg/kg and



Figure 6. Enhancement of radiation therapy efficacy by utilizing FA-AuNCs at clonogenic survival assay and C6 tumor-bearing rats' treatment. In addition, the
brain tumor samples were stained by Ki-67 specific antibody to identify proliferating cells. (A) The acquired DEF factor for the FA-AuNCs was 1.6. (B) Tumor-
bearing rats' survival time in different treatment groups. The FA-AuNCs treatment didn't inhibit tumor growth per se as FA-AuNCs had the same survival time
as the PBS treated groups. However, FA-AuNCs exhibited significant radiosensitizing effect which was apparent at the difference between the RT and RT + FA-
AuNCs treated rats’ survival time. (C) Immunostained sections of brain tumors of PBS treated group (n = 3). (D) RT group (n = 3). (E) FA-AuNCs +6 Gy RT
treated group (n = 3). All magnifications are ×400.

Table 2
Tumor-bearing rats' survival time at different treatment groups.

Groups Mean survival time (days) Median survival time (days)

PBS 12.8 ± 0.7 13.5
FA-AuNCs 13.1 ± 0.7 12.5
RT 18.3 ± 1.0 18
FA-AuNCs + RT 25.0 ± 1.5 24.5

PBS: phosphate buffer solution, RT: radiation therapy.
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one of the groups was irradiated with 6 Gy radiation 24 h after
the FA-AuNC administration. The rats were observed for
20 days and their weight was monitored. Smallest damages at
the brain can cause significant disruption at the rats' behaviors
and cause anorexia, weight loss, or even central nerve system
dysfunction like ataxia.26,27 No sign of anorexia, weight loss,
cachexia or death was observed (Figure 7). Therefore, presence
of FA-AuNCs at the brain tissue does not cause considerable
damage even after radiation therapy.

Biodistribution and biocompatibility of FA-AuNCs

FA-AuNCs were i.v. injected (10 mg/kg) to the normal rats
(n = 3) and the gold concentration at different organs was
investigated after 24 h by ICP-OES. As Figure 8, A illustrates,
kidney, liver, spleen, and lung exhibited approximately the same
gold content (P N 0.05). Accumulation of the nanomaterials at
the vital organs may cause toxicity. Therefore, rats (n = 3) were
i.v. injected with FA-AuNCs (10 mg/kg) and sacrificed after
3 days to investigate the FA-AuNCs effect by blood biochem-
istry (Figure 8, B) and histopathology (Figure 8, C) exams. No
sign of liver and kidney function test disruption was observed. In
addition, the histopathological evaluations exhibited no toxicity for
vital organs. It is obvious that intravenous injection of FA-AuNCs is
completely safe and has no toxicity for the body organs.
Discussion

RT is the most common therapeutic approach for brain tumors.
However, brain tumors' radioresistance can significantly decrease
the RT outcomes.28 Although different radiosensitizers have been
utilized for the enhancement of RT efficacy, brain tumors'
sensitizing to the radiation therapy has a big obstacle which is the
inability to deliver radiosensitizers to the brain due to BBB.
Overcoming this challenge is very determinative in improving brain
tumors' RT efficacy.29 In addition, efficient targeting of malignant
cells in the brain tissue can significantly enhance the therapeutic
efficacy of RT and decrease the side effects.6,30

GNPs have been synthesized with a vast variety of
decorations and characterizations. They are well-known radio-
sensitizers because of their high atomic number which causes a
more efficient interaction with radiation beams.2 However, the
sufficient uptake and internalization of GNPs by cancer cells are
the most determinative parameters for radiosensitizing efficacy.31

This fact becomesmore prominent in the brain tumors in which their



Figure 7. Assessment of FA-AuNCs effect on normal brain tissue per se and in combination with radiation therapy. Two groups of rats were i.v. injected with
10 mg/kg. One of the groups was irradiated with 6 Gy radiation, 24 h after FA-AuNCs administration. (A) No sign of weight loss or (B) death was observed in
both groups (n = 5).

181A. Kefayat et al / Nanomedicine: Nanotechnology, Biology, and Medicine 16 (2019) 173–184
decoration should have the ability to cross the BBB. Subsequently,
more accumulation of GNPs at the tumoral tissue by efficient
targeting of cancer cells can significantly enhance radiation therapy
efficacy.32,33

The BBB consists of brain capillary endothelial cells and their
tight junctions are adhering them together. Its main function is to
act as a selective barrier which separates the brain from
circulating toxins and potentially harmful chemicals and
allowing access to a small subset of molecules with the
appropriate properties.34–36 Hence, more than 98% of small
molecular drugs and almost all large molecules are barred from
the brain tissues.37 Three major mechanisms are involved in the
penetration of nanoparticles through BBB including passive
diffusion, endocytosis, and carrier-mediated transport.29,38

These mechanisms can be employed in various modalities to
enhance internalization of nanomaterials into the brain. Several
studies have improved brain tumors' targeting by decorating
nanoparticles with ligands that are substrates for BBB
transporters.12,38–40 Receptor-mediated transport can enter
large molecules and some vitamins into the brain. Our designed
radiosensitizer is self-targeting with folic acid (FA). FA is a low
MW vitamin (441 Da) and one of the most promising ligands
that have been used as a tumor-targeting agent.41 Folate
receptors are highly overexpressed on the surface of a wide
variety of human carcinomas; head and neck, breast, ovary,
kidney, lung, and brain.42–45 But, distribution of this receptor in
the normal tissue is extremely restricted.40,46 Also, many studies
have demonstrated the expression of folate receptors on the
luminal side of BBB endothelial cells which can facilitate the
transit of FA decorated nanomaterials through BBB.47 There-
fore, in this study, FA was selected as the targeting decoration of
nanoclusters for more efficient transfer from the BBB and brain
tumor specific-targeting.

Modification of GNPs with organic materials such as bovine
serum albumin (BSA) can cause enhanced permeation retention
(EPR) effect and subsequently increase the nanoparticles’
accumulation in tumors.15,48 BSA protein acts as a stable
capping agent in synthesis of ultra-small GNPs46,49 with uniform
size and stability under physiological conditions.50 In addition,
BSA is a promising cap for nanoclusters formation. The metal
core of gold nanoclusters has significantly higher surface to
volume ratio in comparison with other gold nanostructures
including nanoparticles, nanostars, and nanorods due to the
unique gold atoms’ arrangement.51 This fact is very determina-
tive in metal radiosensitizers’ efficacy as the interaction of
radiation beams with gold atoms’ surface causes high energy
deposition and consequent damage of cancer cells. Therefore, the
gold nanoclusters may be the most appropriate form of gold
nanostructures for radiosensitizing purposes and enhancement of
radiation therapy efficacy. However, extremely rare studies have
focused on their radiosensitizing ability.52

The size of the nanoparticles, as well as their surface
decoration, can affect their ability to cross BBB. The
accumulation of GNPs in the tumor is size-dependent. Several
studies demonstrated the effect of nanoparticles size on their
tumor targeting ability.53,54 In addition, smaller GNPs were able
to penetrate deeply into tumor rather than largerGNPs.55 Decreasing
the nanoparticle size can enhance the delivery efficiency in tumor



Figure 8. Biodistribution and biocompatibility of FA-AuNCs. (A) Biodistribution of FA-AuNCs (n = 3), 24 h after i.v. administration (10 mg/kg). (B) Blood
biochemical exams of rats (n = 3) for liver and kidney function, 3 days after FA-AuNCs i.v. injection (10 mg/kg). (C) Images of H&E stained tissue sections
from spleen, liver, kidney, and lung of rats (n = 3), 3 days after FA-AuNCs i.v. injection (10 mg/kg).
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tissue and improve the radiation therapy efficacy.56,57 In addition, it
was reported that smaller GNPs (2 and 6 nm) were distributed in the
cytoplasm and nucleus of cancer cells, while larger GNPs (15 nm)
were located only in the cytoplasm.57 Therefore, the smaller GNPs
can reach the main action site of radiation which means nucleus and
cancer cells' DNA. Gold nanoclusters had exhibited many
advantages over other gold nanostructures due to their ultra-small
size including significant tumor targeting efficacy,58 intratumoral
penetration,57 efficient renal clearance to prevent unwanted organs
accumulation,59 evading from RES trapping60 and subsequently,
more tumor accumulation.

Overall, folic acid targeted andBSAcappedAuNCswere applied
as targeted radiosensitizers for improving brain tumor radiation
therapy efficacy. To havemore translatable results for clinical usage,
routine clinical MV radiation dose and one of the most similar
animal brain tumor models to human glioblastoma were utilized.
The ultra-small FA-AuNCs with biocompatible and stable bovine
serum albumin copping were designed and were conjugated with
folic acid for more effective BBB crossing and intracranial cancer
cells’ targeting. This complex system had significant targeting
efficacy for intracranial glioma tumors and undeniable effect on
increase of brain tumor-bearing rats' survival time.
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