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A B S T R A C T

Gold nanoparticles (GNPs) radiosensitizing effect strongly depends on the tumor targeting efficacy. The aim of
this study is to identify the most ideal targeting decoration for BSA-GNPs according to tumor targeting and
biodistribution. Therefore, three well-known targeting agents (folic acid, glucose, and glutamine) were utilized
for BSA-GNPs decoration. Glucose-BSA-GNPs, glutamine-BSA-GNPs, and folic acid-BSA-GNPs were synthesized
and then, characterized by Fourier-transform infrared spectroscopy and UV-Spectrometry. Then, the GNPs were
intravenously injected 10mg/kg to 4T1 breast tumor-bearing mice to evaluate biodistribution and radio-
sensitizing effects. Folic acid and glutamine decorations could significantly increase tumor targeting efficacy of
BSA-GNPs as 2.1 and 2.4 times increase of gold accumulation was detected in comparison with BSA-GNPs. They
exhibited the highest radiosensitizing efficacy and caused about 33% decrease in tumors volume in comparison
with BSA-GNPs after 6 Gy radiation therapy. All the GNPs were completely biocompatible. Although, glutamine-
BSA-GNPs and folic acid-BSA-GNPs could significantly enhance the tumor targeting and radiosensitizing efficacy
of BSA-GNPs, did not exhibit any significant advantage over each other. Therefore, glutamine and folic acid
decoration of BSA-GNPs can significantly increase the tumor targeting and therapeutic efficacy as radio-
sensitizer.

1. Introduction

Cancers' main characterization is uncontrolled and irregular cells'
proliferation and growth (Wessler et al., 2017; Su et al., 2014). Ra-
diation therapy (RT) is a common cancer treatment approaches for both
curative and palliative intents. RT mechanism is irradiation with high-
energy radiation beams to destroy intracellular components (Baskar
et al., 2012). However, tumor's radioresistance causes RT failure and
consequent tumor relapse, especially for solid tumors. One potential
solution is the increase of local energy deposition at the tumor and
sparing surrounding normal tissues which can be achieved by radio-
sensitizers (Malik et al., 2016). Radiosensitizers are agents which make
tumor cells more susceptible to RT (Brown et al., 2017).

Gold (Z=79) is a promising radiosensitizer and gold nanoparticles
(GNPs) offer many advantages over other GNPs including small size
(1–100 nm), ability to evade the immune system, and preferential
tumor targeting (Butterworth et al., 2012). Bovine serum albumin
(BSA) is a well-known capping agent for GNPs synthesis (Murawala

et al., 2014; Jain et al., 2011; Tse et al., 2017). BSA capped GNPs (BSA-
GNPs) are significantly biocompatible, stable, and exhibit considerable
cancer cell uptake (Khullar et al., 2012; Singh, 2017; Miranda et al.,
2016; Mocan et al., 2015). Also, BSA-GNPs have received lots of at-
tention in cancer treatment due to their functionalizing ability with
various targeting agents according to BSA structure and active groups.
GNPs targeting decorations are very determinative in their efficacy
(McQuaid et al., 2016; Haume et al., 2016). Although many different
targeting decorations for GNPs have been investigated, there is no
comprehensive study to identify the most ideal targeting decoration for
tumor. Efficient tumor targeting can enhance the therapeutic ratio by
achieving a greater nanoparticle concentration within the tumor, but
also decrease normal organ toxicities. Many tumor targeting agents
have been announced which can significantly affect the GNPs efficacy
and properties (Nicol et al., 2015; Schuemann et al., 2016).

Recently, some targeting agents like glucose, glutamine, and folic
acid have received lots of attention (Pavlova Natalya and Thompson
Craig, 2016; Patil et al., 2016). Folic acid (FA) receptor is highly
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overexpressed in many cancers like breast (Hartmann et al., 2007),
ovary (Toffoli et al., 1997), lung, and colon. In addition, some other
properties like small size and structural stability for a broad range of
temperatures and pH, making it a good candidate as a targeting agent.
FA attaches to its receptors and cells starts to internalize the receptor-
FA complex plus its attached cargo via endocytosis (Reddy and Low,
1998; Zwicke et al., 2012).

Cancer cells are highly active metabolic cells. According to the
Warburg effect, they have extremely elevated glycolysis and exhibit
increased glucose dependency (Vander Heiden et al., 2009). The active
uptake of glucose by cancer cells is significantly more than normal cells
due to the extensive expression of glucose uptake pumps like GLUT-1
(Younes et al., 1997). This obvious fact constitutes the basics of 18-
fluorodeoxyglucose-positron emission tomography (FDG-PET) used in
clinical diagnose of cancer (Hamanaka and Chandel, 2012; Maddalena
et al., 2015; Venturelli et al., 2016). Glutamine is a non-essential amino
acid and a key ingredient of cell culture medium to support cancer cells
growth. Many pieces of evidence demonstrate glutamine role as a major
cellular respiratory fuel. The mitochondria use glutamine as a suitable
substrate for oxidation and to generate the metabolic intermediates
required for the cell growth (Ko et al., 2011). Cancer cells as avid
glutamine consumers compete with the host normal cells for circulating
glutamine (Wise and Thompson, 2010). Even, glutamine is more ne-
cessary than glucose for cancer cells. Many studies introduce tumors as
“glutamine traps” and cause glutamine deficiency for the other body
organs (Wise and Thompson, 2010; Lu et al., 2010).

BSA-GNPs are well-known radiosensitizers for cancer RT. However,
the main challenge is optimizing their efficacy. Although different
targeting decorations have been introduced for BSA-GNPs, identifying
the best decoration needs comprehensive investigation at the same
condition. To the best of our knowledge, this is the first comprehensive

in vivo experimental study on the different targeting decorations of BSA-
GNPs to select the best one at different aspects. In this study, BSA-GNPs
were decorated with three different well-known targeting agents (folic
acid, glutamine, and glucose) and evaluated according to radio-
sensitizers determinative criteria including tumor targeting, enhancing
of RT efficacy, and biocompatibility.

2. Material and methods

2.1. GNPs synthesis

All the GNPs were synthesized upon previously reported protocols
with slight modifications (Jingyue and Bernd, 2015).

Bovine serum albumin-GNPs (BSA-GNPs): 2 mL aqueous solution of
50mg/mL BSA was added to 50mL HAuCl4 solution (1mM) under
vigorous stirring. After 10min, NaOH solution (1M) was added drop-
wise under stirring where the pH of the solution reaches to 5. Then
100 μL NaBH4 (1 wt%) was added and the mixture was continuously
stirred at 60 °C for 6 h. Gradually, the color of the solution changes from
light yellow to red (Singh et al., 2005). At the next step, the BSA-gold
nanoparticles-folic acid (BSA-GNPs-FA), BSA-gold nanoparticles-gluta-
mine (BSA-GNPs-Glut) and BSA-gold nanoparticles-glucose (BSA-GNPs-
Glu) were synthesized. For the preparation of each suspension 100mg
glutamine, folic acid, or glucose separately was added to 15mL of
above-mentioned BSA-GNPs suspension and mixture was stirred vig-
orously for 12 h. Any unbound components were removed from the
mixture by centrifuging the solution at 10,000 rpm for 10min followed
by three times washings with 10mM phosphate buffer (pH=7.1). This
process was repeated three times.

Fig. 1. Tumor accumulation is the main determinative factor for GNPs radiosensitizers' efficacy. Therefore, different decoration of BSA-GNPs was synthesized and
their tumor targeting efficacy was evaluated in 4T1 breast tumor-bearing mice.
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2.2. GNPs characterizations

The UV–Vis absorbance spectra of synthesized gold nanoparticles
suspensions were obtained with Shimadzu UV-160 spectrophotometer.
In addition, Fourier transforms infrared spectroscopy (FT-IR) spectra
were recorded using an FT-IR spectrophotometer model JASCO
(Japan). All the nanoparticle suspensions were freeze-dried and FT-IR
spectra were recorded. In addition, transmission electron microscopy
(TEM) images were captured on a Philips EM208S 100 kV.

2.3. Cell culture

4T1 (murine mammary carcinoma) cell line was obtained from
Pastor Institute of Tehran, Iran. 4T1 cells were cultured in RPMI
(Sigma, USA) with 10% FBS. All cell culture mediums were supple-
mented with 1% penicillin, streptomycin (Sigma, USA) in a humidified

atmosphere of 5% CO2 and 95% air at 37 °C.

2.4. 4T1 breast cancer animal model

110 female BALB/c (6–8weeks, 24 ± 2) mice were purchased from
Pasteur Institute of Tehran, Iran for all the experiments. They were
maintained and handled using protocols approved by guidelines of the
Institutional Animal Care and Ethics Committee of Isfahan University of
Medical Sciences. The animals were monitored daily to ensure clean
cages, adequate food and water, and good body condition. Appropriate
number of animals per cage were housed at a 12:12 h light/dark cycle.
60 number of these mice were injected with 2× 106 cells suspended in
50 μL of DMEM-F12 into the 4th abdominal mammary fat pad sub-
cutaneously. Animals were sacrificed if they exhibited any signs of
distress like excessive weight loss (20%) or lethargy.

Fig. 2. Characterization of different decorations of BSA-GNPs. A) UV–Vis absorption spectra. B) The FT-IR spectra. C) TEM images and size biodistribution histograms
of the GNPs.
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2.5. Inductively coupled plasma optical emission spectrometry (ICP-OES)

For assessment of the GNPs biodistribution, twelve 4T1 breast
cancer-bearing mice were randomly divided in four groups (each group
contained 3 mice: n= 3) and each group was injected intravenously
with 10mg/kg GNPs. Tumor, liver, kidney, spleen, lungs, and brain of
the mice were harvested 24 h after injection. For measuring of gold
concentration, 0.5 g of each organ was weighted and dried at 105 °C
until the weight remained unchanged. The products were homogenized
in powder and solved in aqua regia solution made of 12.5 M hydro-
chloric acid and 5M nitric acid and maintained until the samples were
completely dissolved. Gold concentration in this given volume de-
termined by inductively coupled plasma optical emission spectrometry,
ICP-OES (Varian Vista-Pro, Australia).

2.6. In vivo radiation therapy

The mice were monitored daily for growth of the implanted cancer
cells and tumor formation. When the tumors became palpable, in order
to determine tumors' volume, the greatest longitudinal diameter

Fig. 3. Biodistribution of the BSA-GNPs, BSA-GNPs-FA, BSA-GNPs-Glu, BSA-
GNPs-Glut 24 h after 10mg/kg i.v. injection (n=3). (*: P ˂ 0.05, ns: not sig-
nificant).

Fig. 4. BSA-GNPs, BSA-GNPs-FA, BSA-GNPs-Glu, BSA-GNPs-Glut effect on enhancement of radiation therapy efficacy for 4T1 breast tumor-bearing mice (n=8). (*:
P ˂ 0.05, ns: not significant).
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(length) and the greatest transverse diameter (width) of the tumors
were determined every day. Tumor volume based on caliper measure-
ments were calculated by the tumor volume equation (Eq. (1))
(Faustino-Rocha et al., 2013; Jensen et al., 2008). At the 6th day after
cancer cells implantation, the tumors volumes reached 70–100mm3.
Subsequently, 48 tumor-bearing mice were randomly divided into six
groups (n=8) including PBS, Radiation therapy (RT), RT+BSA-GNPs,
RT+BSA-GNPs-FA, RT+BSA-GNPs-Glu, RT+BSA-GNPs-Glut. All
the GNPs were i.v. injected (10mg/kg) 24 h pre-irradiation. Then,

tumor-bearing mice were irradiated with the 6MV X-ray using linear
accelerator (Primus, Siemens Ltd, Germany). The source-to-surface
distance (SSD) was 100 cm, the field size of 25× 25 cm2 and delivered
total doses of 6 Gy with a dose rate of 200MU/min was prepared. To
minimize mice movement through irradiation, animals were anesthe-
tized with a combination of ketamine and xylazine (Ghahremani et al.,
2018a). After radiation therapy, the tumor diameters were measured
with a digital caliper every 3 days and tumor volumes were calculated
to evaluate the tumor growth progression at different treatment groups.

Fig. 5. Histopathological sections, blood biochemistry and hematology analyze of the mice treated with BSA-GNPs, BSA-GNPs-FA, BSA-GNPs-Glu, and BSA-GNPs-
Glut 3 days after 10mg/kg GNPs i.v. injection (n= 5). A) Blood urea nitrogen (BUN), creatinine (Cr), alanine aminotransferase (ALT), aspartate aminotransferase
(AST), total protein (TP), albumin (ALB), globulin (GLOB), and total bilirubin (TB) were measured as biochemical analyzes. B) The white blood cells (WBC), red
blood cells (RBC), hemoglobin (HGB), platelets (PLT) were measured as hematological analyzes. C) Histopathological sections from liver, kidney, brain, spleen, lung,
and bone marrow of the mice treated with BSA-GNPs, BSA-GNPs-FA, BSA-GNPs-glucose, and BSA-GNPs-glutamine (all scale bars 200 μm).
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= ×Tumor volume (Tumor length) (Tumor width) /22 (1)

2.7. Biocompatibility investigation

For evaluating organ toxicity of single dose of GNPs, 25 mice were
randomly divided in 5 groups (n= 5) and then injected with 10mg/kg
of different GNPs and sacrificed after 3 days. The blood was collected
for hematology analyzes (potassium EDTA collection tube) and the
discarded serum (lithiumheparin collection tube) was used for bio-
chemistry analyzes using a standard saphenous vein blood collection
technique. Also, the organs were harvested for histopathological exams.
The white blood cells (WBC), red blood cells (RBC), hemoglobin (HGB),
platelets (PLT) were measured as hematological analyzes. Also, blood
urea nitrogen (BUN), creatinine (Cr), alanine aminotransferase (ALT),
aspartate aminotransferase aminotransferase (AST), total protein (TP),
albumin (ALB), globulin (GLOB), and total bilirubin (TB) were mea-
sured for biochemical analyzes (Zhang et al., 2014). In addition, dif-
ferent organs were fixed in 10% formalin neutral buffer solution and
embedded in paraffin. In the next step, dehydration was done and tis-
sues 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, Japan) (Ghahremani et al.,
2018b). Moreover, for investigation of the toxicity of multiple doses of
GNPs, 25 mice were randomly divided in 5 groups (n= 5) and then
were injected with the 10mg/kg GNPs 2 times a week for one month.
The mice were closely observed for any signs of toxicity within 40 days
after the first injection. The animals were weighed every 10 days and
visual observations for mortality, appearance, behavioral pattern
changes such as weakness, aggressiveness, food or water refusal, diar-
rhea, salivation, discharge from eyes and ears, noisy breathing, changes
in activity, clonic convulsion, anorexia, cachexia, pain or any signs of
illness in each group were monitored daily (Rajeh et al., 2012). On the

40th day, all the mice were sacrificed. Vital organs such as heart, kid-
neys, liver, lung, brain, and spleen were autopsied and examined
macroscopically for any lesions or abnormalities. Body weight and
weight of the organs from the control and the treatment groups were
measured and recorded. The organ indexes were calculated using the
following Eq. (2) (Yang et al., 2014). All of the individual organs were
observed macroscopically and their appearance was compared between
both treated and control groups (Rajeh et al., 2012).

=
Organ we ght mg

Body weight g
Organ index

i ( )
( ) (2)

2.8. Statistical analysis

Statistical analyzes were performed using one-way analysis of var-
iance (ANOVA) with Tukey's post-hoc test by JMP 11.0 software. The
results were statistically significant at P < 0.05 (*: P ˂ 0.05, ns: not
significant). All values were expressed as the mean ± standard de-
viation.

3. Results and discussion

The aim of the present study is to identify the best targeting dec-
oration of BSA-GNPs between for enhancement of breast tumor tar-
geting and radiosensitizing efficacy. BSA-GNPs were decorated with
three different targeting agents (folic acid, glucose, and glutamine) and
the designed GNPs were investigated according to tumor targeting and
biodistribution (Fig. 1).

3.1. Characterization of the GNPs

The GNPs characterization was done by employing UV–Vis and FT-
IR analysis which are illustrated in Fig. 2. UV–Vis absorbance spectra of
all prepared GNPs had maximum absorbance between 533 and 542 nm
(BSA-GNPs: 539 nm, BSA-GNPs-Glut: 536 nm, BSA-GNPs-Glu: 542 nm
and BSA-GNPs-FA: 533 nm). These spectra exhibited maximum absor-
bance wavelength shift for the BSA-GNPs after decorating with gluta-
mine, glucose or folic acid that confirms the change in their structure
(Fig. 2A). As Fig. 2B illustrates, the BSA-GNPs shows the characteristic
amide I at 1680 cm−1 and amide II at 1500 cm−1. In the BSA-GNPs-FA,
BSA-GNPs-Glut, and BSA-GNPs-Glu spectra, the two characteristic
amide peaks changes can exhibit the newly formed amide bond due to
folic acid, glucose, and glutamine conjugation with BSA-GNPs. In ad-
dition, the changes in OeH and NeH broad stretch peaks can show the
formation of new hydrogen bonds in BSA-GNPs-FA, BSA-GNPs-Glut,
and BSA-GNPs-Glu spectra in comparison with BSA-GNPs. Since folic
acid, glucose, and glutamine consist of amino, carboxyl, and hydroxyl
groups, they can interact via hydrogen bonding with BSA. Also, pre-
vious studies have investigated the interaction of functional groups of
these small molecules with BSA capped GNPs and introduced hydrogen
bond as the main acting force between these molecules and BSA (Zhang
and Jia, 2006; Li et al., 2016; Bourassa et al., 2011; Jha and Kishore,
2011; Zhang et al., 2016; Zeng et al., 2018). In addition, the TEM
images and size biodistribution histograms were prepared (Fig. 2C). All
the GNPs had approximately the same core shapes and size ranges
between 10 and 18 nm (according to size biodistribution histograms:
BSA-GNPs: 13.6 ± 3.6 nm, BSA-GNPs-Glu: 13.3 ± 3.8 nm, BSA-GNPs-
FA: 12.2 ± 3.1 nm, and BSA-GNPs-Glut: 12.5 ± 3.5 nm). Therefore,
different efficacies between the GNPs in the next in vivo evaluations can
be highly attributed to their targeting decoration as they have the same
core shape and size.

3.2. Biodistribution of different targeting decorations of BSA-GNPs

Radiosensitizing efficacy of GNPs is deeply dependent on the GNPs

Fig. 6. Investigation of chronic toxicity of the GNPs according to A) body
weight B) and organ index of BALB/c mice (n= 5) following multiple doses
injection of different GNPs (10mg/kg i.v. 2 times a week for one month).
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accumulation at the tumor site. Efficient tumor targeting increase the
probability of radiation beams collision with GNPs and subsequent
energy deposition and cancer cells damage (Ali et al., 2017). Also,
appropriate tumor targeting reduces adverse effects as a consequence of
favored accumulation at target sites (Ruoslahti et al., 2010). Different
studies have utilized vast variety of i.v. doses of GNPs for radio-
sensitizing (Zhang et al., 2015). Delivering an adequately large amount
of GNPs to the tumor may be the main factor to cause significant dose
enhancement. Therefore, many studies have used high dose of GNPs
like 2700mg Au/kg body weight at in vivo studies (Hainfeld et al.,
2004). However, targeted GNPs can cause effective radiosensitization
with much lower concentrations, such as 10mg/kg (Wolfe et al., 2015).
These concentrations translate into total injection doses on the order of
1 g Au for a single human treatment. These levels are likely to be sui-
table with regards to both toxicity and financial considerations
(Schuemann et al., 2016). Also, parameters including shape, size, cap-
ping, etc. are determinative for tumor targeting efficacy of GNPs and
some studies which have employed GNPs with approximately the same
characterizations like BSA capping have reported appropriate radiation
therapy enhancement by 10mg/kg GNPs dose (Zhang et al., 2014).
Therefore, 10 mg/kg was selected as the GNPs dose in this study. To
evaluate biodistribution of different decoration of BSA-GNPs, 4T1
tumor-bearing mice were injected with 10mg/kg GNPs and after 24 h,
tumor, kidney, liver, spleen, lung, and brain gold contents were mea-
sured by ICP-OES (Fig. 3). Tumors exhibited significantly (P < 0.05)
higher gold concentration in comparison with other organs for all the
GNPs. BSA-GNPs-FA and BSA-GNPs-Glut exhibited the most effective
tumor targeting efficacy. Folic acid and glutamine decoration of BSA-
GNPs could 2.1 and 2.4 times increase BSA-GNPs tumor targeting, re-
spectively. However, no significant difference was observed between
efficacy of these two decorations for breast tumor targeting. It was in-
teresting that glutamine and folic acid decoration caused better tumor
targeting than the glucose and glucose decoration of BSA-GNPs could
not significantly enhance its targeting efficacy. Although, cancer cells
exhibit significantly higher glucose consumption than normal cells,
most of human body cells express glucose transporters on their surface
and constantly internalize glucose as the main source for energy pro-
duction (Thorens and Mueckler, 2009; Barron et al., 2016). Therefore,
normal cells all over the body are interested in internalization of glu-
cose targeted nanomaterials and can decrease the amount of GNPs
which will reach the tumor (Geng et al., 2014). In contrast to glucose
transporters, expression of folate receptors in the most of normal tissues
is low or even absent (Weitman et al., 1992; Zwicke et al., 2012; Cha
et al., 2018). In addition, glutamine is a non-essential amino acid for
non-proliferating normal cells and they synthesis their needed gluta-
mine. However, cancer cells are highly dependent to exogenous gluta-
mine and cannot proliferate or even survive in the absence of it (Zhang
et al., 2017). It seems these facts can explain the lower tumoral uptake
of glucose targeted GNPs when compared with the BSA-GNPs-FA and
BSA-GNPs-Glut.

Hepatic and renal clearance are the two main routes of nano-
particles excretion from body (Longmire et al., 2008). Many studies
have reported that nanoparticles with smaller sizes than the renal
clearance barrier which is 5.5 nm can exhibit efficient renal clearance
(Zhang et al., 2015; Longmire et al., 2008; Choi et al., 2007; Zhou et al.,
2011). Therefore, the hepatobiliary system represents the primary route
of excretion for nanoparticles> 10 nm which do not undergo renal
clearance. The liver provides the critical function of catabolism and
biliary excretion of these nanoparticles (Longmire et al., 2008; Choi
et al., 2007). The BSA-GNPs and its different decorated GNPs size were
between 10 and 18 nm. Also, as Fig. 3 illustrates, liver contained more
GNPs in compassion with kidney after i.v. injection of the GNPs.
Therefore, hepatic clearance is the most probable route for clearance of
these nanoparticles.

3.3. Radiosensitizing efficacy of different targeting decorations of BSA-
GNPs

The 4T1 syngeneic tumor model has several characteristics that
make it an appropriate experimental animal model with high similarity
with human mammary cancer. 4T1 tumor cells are easily transplanted
into the mammary gland so the primary tumor grows in the correct
anatomical site. Also, 4T1 develops spontaneous metastasis from the
primary tumor and its progressive spread to lymph nodes and other
organs is very similar to the human mammary cancer (Pulaski and
Ostrand-Rosenberg, 2000). Moreover, 4T1 tumors exhibit high simila-
rities with human breast tumors in histopathology (Cardiff and
Wellings, 1999). Therefore, many studies have utilized this syngeneic
tumor model for evaluation of different treatments' efficacies like im-
mune therapy (Chen et al., 2007), radiation therapy (Filatenkov et al.,
2014), and nanomedicine (Cun et al., 2016). In this study, for assess-
ment of different targeting decoration effect on the radiosensitizing
efficacy of BSA-GNPs, 4T1 breast tumor-bearing BALB/c mice were
utilized and their tumors' growth and survival time were investigated in
various treatment groups. Single dose 6 Gy MV radiation therapy was
utilized as the main treatment and different targeting decorations of
BSA-GNPs were injected 10mg/kg i.v. 24 h before irradiation. As Fig. 4
illustrates, the BSA-GNPs-Glut and BSA-GNPs-FA exhibited more en-
hancement of radiation therapy efficacy according to better tumor
growth inhibition (Fig. 4A) and significant increase of tumor-bearing
mice survival in comparison with BSA-GNPs and BSA-GNPs-Glu
(Fig. 4B). Mean tumor volumes of the BSA-GNPs-FA+RT and BSA-
GNPs-Glut+RT groups at the last day of follow up were respectively
about 40% and 50% lesser than BSA-GNPs+RT group. Also, these two
groups had about 33% more mean survival time in comparison with
BSA-GNPs+RT group. However, the BSA-GNPs-Glu and BSA-GNPs did
not exhibit significant difference at their therapeutic efficacy. These
observations are in consistency with tumor targeting assay results. As
gold concentration is the main determinative factor for predicting the
radiosensitizing efficacy GNPs. Glutamine and folic acid decorated BSA-
GNPs exhibited the highest tumor targeting and accumulation which
explains their significantly higher radiosensitizing efficacy.

3.4. Biocompatibility of different targeting decorations of BSA-GNPs

One of the main obstacles for clinical utilizing of nanomaterials is
their toxicity (Anselmo and Mitragotri, 2016). Therefore, exact eva-
luation of organ toxicity of nanomaterials is very important. The GNPs
were injected (10mg/kg i.v.) to BALB/c mice and the animals were
sacrificed after 3 days to investigate the toxicity of single dose of the
GNPs. Their blood and plasma were collected for biochemical (Fig. 5A)
and hematological (Fig. 5B) analyzes and, the organs histopathological
exams were done (Fig. 5C). Additionally, as the clinical application
would include multiple episodes of treatment over time, toxicity of
multiple doses of the GNPs was investigated. Therefore, BALB/c mice
were i.v. injected with 10mg/kg GNPs 2 times a week for one month
and general parameters including appearance, behavioral pattern, food
intake (Table 1S), body weight, and organ index were evaluated for
40 days after the first injection (Fig. 6). No sign of changes at the ap-
pearance and behavioral pattern of the mice after multiple doses in-
jection of different GNPs were observed (Table 1S). Also, the food
consumption, body weight, and organ index of each animal during the
entire experimental period were evaluated according to previous stu-
dies (Kim et al., 2008; De Jong et al., 2013; Yang et al., 2017). No
significant changes in food consumption and body weight were ob-
served in either of the treatment and control groups. As shown in
Fig. 6A, the mice body weight of the GNPs-treated and control groups
displayed similar increasing trends. The liver, kidney, heart, spleen,
brain, and lungs exhibited no significant differences in mass in com-
parison with the control and their macroscopic evaluations were com-
pletely normal. Therefore, single and multiple i.v. injection doses of
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these decorations of the BSA-GNPs are safe.

4. Conclusions

Cancer cells specific gold nanoparticles, especially BSA-GNPs are
gaining lots of attention for enhancement of tumor radiation therapy
efficacy as radiosensitizers. GNPs targeting decoration is significantly
determinative for their tumor targeting efficacy. Therefore, many ef-
fective decorations for enhancement of GNPs efficacy have been in-
troduced. However, a comprehensive study for selection of the best
decoration can be helpful. In the present study, three well-known tar-
geting agents (folic acid, glucose, and glutamine) for the decoration of
BSA-GNPs were evaluated according to tumor targeting, biodistribu-
tion, biocompatibility, and enhancement of radiation therapy. BSA-
GNPs decoration with glutamine and folic acid as targeting agents
significantly enhances their efficacy which is obviously related to tumor
targeting.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ejps.2019.01.037.
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