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ARTICLE INFO ABSTRACT

Keywords: The development of various cost-effective multifunctional contrast agent for specific targeting molecular ima-
Molecular CT imaging ging of tumors presents a great challenge. We report here the in vivo targeting imaging of folic acid (FA) gold
Folic acid nanoparticles (AuNPs) through cysteamine (Cys) linking for targeted of human nasopharyngeal head and neck
g:rlier;anoparticles cancer by computed tomography (CT). The toxicity of nanoparticles in kidney, heart, spleen, brain and liver was

evaluated by H&E (hematoxylin and eosin) assay. We showed that the formed FA-Cys-AuNPs with an Au core
size of “13 nm are non-cytotoxic in the particle concentration of 3 x 10° ug/ ml. The nude mice were scanned
using a 64-slice CT scan with parameters (80 kVp, slice thickness: 0.625 mm, mAs: 200, pitch: 1). CT scan was
performed before and after (Three and six hours) .V (Intra Venous) injection of AuNPs and FA-Cys-AuNPs. The
distribution of nanoparticles in the nude mice was evaluated by imaging and coupled plasma optical emission
spectrometry (ICP-OES) analysis. The findings clearly illustrated that a small tumor, which is undetectable via
computed tomography, is enhanced by X-ray attenuation and becomes visible (4.30-times) by the molecularly
targeted AuNPs. It was further demonstrated that active tumor cells targeting (FA-Cys-AuNPs) is more specific
and efficient (2.03-times) than passive targeting AuNPs. According to the results, FA-Cys-AuNPs can be em-
ployed as a promising contrast agent in CT scan imaging and maybe in radiotherapy that require enhanced
radiation dose.

1. Introduction

In 2005, molecular imaging techniques were defined as the tech-
niques that enable us to directly or indirectly monitor and record the
temporal-spatial molecular distribution or cellular processes for bio-
chemical, biological, diagnostic and therapeutic applications(Mao
et al., 2018; Thakur and Lentle, 2005). In 2007, molecular imaging was
recommended to the Nuclear Medicine Society (NMS) where molecular
imaging could measure and monitor biological processes and display
biological features at the cellular and molecular levels in humans and
other living organisms (Mankoff, 2007). Presently, the molecular ima-
ging methods that are used include: nuclear medicine, magnetic re-
sonance imaging (MRI), fluorescence imaging, and computed tomo-
graphy (CT). The major concern associated with fluorescence imaging
the lower spatial resolution of fluorescence, the limited tissue
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penetration depth, which limited their further applications in vivo
study and cannot provide 3D tissue detail. MR imaging is a noninvasive
and powerful imaging technology able to realize multi-parameter
imaging. It is free from ionizing radiation and good for soft tissue
imaging, but disadvantages include the expense and long scan time. CT
scan has a better spatial and density resolution, lower cost and higher
accessibility, allows three-dimensional visual reconstructions of tissue,
requires less time for imaging and the most commonly utilized diag-
nostic tool in clinic (Abed et al., 2019; Huang et al., 2019; Jiang et al.,
2017; Keshavarz et al., 2018; Lee et al., 2013; Long et al., 2016; Xu
et al.,, 2017; Zhang et al., 2015). A better resolution, especially when
imaging the head and neck, is much more revealing. Head and neck
tumor, especially nasopharyngeal (KB cells), is one of the most un-
detectable tumors in the head and neck region, which is often confused
with many illnesses. So, there is need for a diagnostic method that
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recognizes the tumor at an early stage. Contrast agents are often re-
quired for effective CT scan imaging. Today, iodine contrasts are used
for CT scan imaging, which are eliminated from the bloodstream in a
short period of time, so the physician has little time for imaging and
may need to use further contrast. The iodine contrasts are distributed
throughout the body evenly and do not specifically target the tumor
(Hainfeld et al., 2006). Among all metals with high atomic number, we
have chosen the gold nanoparticles (AuNPs) as they have a better
biocompatibility and high circulation time as a result of more molecular
weight than iodine. They also have a higher atomic number than iodine
due to weakening of X-ray intensity, and simpler surface chemistry due
to their attachment to other ligands (Beik et al., 2017). Due to the
targeting of AuNPs by other ligands, vitamins or genes etc., we have
shifted our focus toward molecular imaging. In this study, folic acid
(FA) was used to confer targeting ability to AuNPs. FA is a type of vi-
tamin with a molecular weight of 480 Daltons. Cancer cells require
more FA vitamin due to their higher metabolism, and there is more FA
receptor on the surface of tumor cells than normal cells (Beik et al.,
2017; Missbach-Guentner et al., 2011; Samadian et al., 2016). For this
reason, FA as a targeting factor has been attached to AuNPs by cy-
steamine (Cys) linker. Cys is a type of non-toxic linker, which easily
attaches itself to AuNPs due to its SH group and does not require pre-
thiolation. On the other hand, the other end of Cys is amino group,
which is easily attached to the carboxylic group of FA. Therefore, FA
makes targeted imaging possible. In the previous study (Khademi et al.,
2018a), AuNPs attached to folic acid via cysteamine (FA-Cys-AuNPs)
were well synthesized, and characterization tests, including UV-vis,
Transmission electron microscopy (TEM), FTIR, and ICP-OES were
carried out. In addition, the AuNPs and FA-Cys-AuNPs with the size of
13 and 15 nm were synthesized. Then, the toxicity of the nanoparticles
was measured at the concentrations of 0-500 uM by flow cytometry,
colony, MTT, and H&E assays, which indicated no toxicity. Weakening
X-radiation tests were performed in the in vitro model. The development
of various easy approaches to produce targeted gold NPs with improved
cytocompatibility remains a great challenge. Literature reports have
shown that by conjugating onto the surface of the gold NPs, targeted CT
imaging of tumor in vivo can be achieved. In this study, we tried to
show the presence of AuNPs and FA-Cys-AuNPs in the in vivo model by
using molecular CT imaging. Before imaging, folic acid-bound nano-
particles were injected into a mice and its toxicity in the brain, heart,
kidney, liver and spleen was assessed by histopathology assay, which
showed no toxicity at all. Imaging of the animal was performed before
the injection, and 3 and 6 h after the injection of AuNPs and FA-Cys-
AuNPs, which showed a greater amount of AuNPs in the tumor at 3h
after the injection than 6 h. On the other hand, the presence of FA-Cys-
AuNPs resulted in a 2.03-fold increase in the attenuation of X-rays
compared to AuNPs in the tumor. Six hours after the injection, the
nanoparticles were separated from the organ and the ICP-OES test was
performed to evaluate the distribution of nanoparticles in different
organs. The results showed that, most of FA-Cys-AuNPs were present in
the tumor, and the rest were present in the liver, lungs, spleen and
kidney of the animal.

2. Materials and methods
2.1. Materials

Water used in all the experiments was purified using a Milli-Q Plus
185 water purification system (Millipore, Bedford, MA) with a re-
sistivity of 18.2 MQ cm. Cell culture was done according to the previous
study (Khademi et al., 2018a). In brief, KB cells and human dermal
fibroblasts (HDFs) were acquired from Pasteur Institute in Tehran, Iran
and cultured in DMEM medium with 10% FBS, incubator temperature
of 37 °C and 5% CO,. MTT, folic acid (FA), gold salt (HAuCl,), dimethyl
sulfoxide (DMSO) were obtained from Sigma Aldrich, USA.
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2.2. Synthesis of gold nanoparticles attached to folic acid

2.2.1. Preparation of folic acid-bound cysteamine

Synthesis of gold nanoparticles attached to folic acid was performed
according to the previous study (Khademi et al., 2018a). In brief, the
activated folic acid N-hydroxysuccinimide (FA-NHS) was synthesized
using the Van Steenis and Peggy Chan method with a little modification
(Chan et al., 2007). Initially, the dimethyl sulfoxide (DMSO) and trie-
thylamine solution underwent heater stirrer at 100 to 1 ratio for
10 min. Then, 0.25 g of FA was added to the mixture in a very gradual
process and underwent heater stirrer in a dark condition for one night.
FA was then subjected to heater stirrer with 0.1g of dicyclohex-
ylcarbodiimide and 0.1 g of N-hydroxysuccinimide for 24 h. Then, the
dicyclohexylurea (DCU) was filtered off and DMSO and triethylamine
were also removed due to vacuum toxicity. In the second step, to pre-
pare the FA attached to the cysteamine (Cys), the FA attached to the
NHS was dissolved in a mixture of 2 to 1 DMSO and triethylamine, and
0.1 g of Cys was added to the mixture under stirrer and was subjected to
heater stirrer for 24 h. The resulting yellow solution was filtered and
washed twice with ethylether. Cys is an ideal non-toxic linker and an
effective material in the treatment of neurological disorders. Cys also
acts as one of the important factors in the metabolism of the body.
Considering the presence of amine group at the Cys level, it has the
possibility to attach to the carboxylic group of FA. On the other hand, it
facilitates the attachment of SH (thiol) Cys to gold group, so it does not
require etiolation. The thiol group produces sulfhydryl bond with gold.

2.2.2. Attaching the gold nanoparticles to folic acid bound cysteamine (FA-
Cys-AuNPs)

Attaching the gold nanoparticles to the folic acid bound cysteamine
(FA-Cys-AuNPs) was accomplished in two steps (Gao et al., 2012):

First step: The AuNPs were synthesized: First, all containers were
washed with solution (3 to 1 solution of chloride acid to nitric acid) and
washed by distilled water and dried in an oven. Then, the mixture
containing 5 ml of gold salt (HAuCl,) and 90 ml of deionized water was
placed in a 3 valve balloon and underwent heater stirrer. When the
solution reached boiling temperature, 5 ml of sodium citrate trihydrate
was added quickly. The color of the solution turned from pale yellow to
red. After observing the change in color, the solution remained under
steady temperature for another 15 min.

The second stage, after cooling of the produced spherical nano-
particles, the FA attached to Cys, which was dried, was added to the
solution gradually and was kept under heater stirrer for another 4 h.
Then, to remove excess toxic substances, the produced solution was
purified by centrifugation and washed twice with deionized water.

2.3. Characterization techniques

TEM was performed using a Zeiss EM 900 and used to investigate
morphology and size of AuNPs. UV-vis spectra were recorded using a
SPEKOL 2000 (Analytik Jena, UK) spectrophotometer. The concentra-
tions of AuNPs in pg/ml were measured by the ICP-OES.

2.4. In vivo CT imaging of a KB tumor model

Animal experiments and animal care were done according to pro-
tocols approved by the Ethics Committee for Animals, in accordance
with the laws of National Ministry of Health. Four to six weeks nude
male mice were subcutaneously injected with 10 x 10° cells per mice in
the back of the right leg. When tumor size reached 0.1 cm? after 3
weeks, the mice were scanned using a 64-slice CT scan (GE, imam
Khomeini hospital) with parameters (80 kVp, slice thickness:
0.625 mm, mAs: 200, pitch: 1). CT scan was performed before and after
IV (intra venous) injection with a concentration of 3 x 10° ug/ ml
AuNPs and FA-Cys-AuNPs. Three and six hours after the injection,
imaging was performed and the distribution of nanoparticles in the
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mice was evaluated.

2.5. In vivo bio-distribution of AuNPs and FA-Cys-AuNPs after intravenous
injection

Six hours after the injection of AuNPs and FA-Cys-AuNPs in the
animals and CT scan imaging, the mice were killed. Then their tumor,
liver, lungs, heart, left and right kidneys and spleen were removed and
weighed. The organs were cut into 1-2 mm slices and were incubated in
aquilegia solution for 4 h. The amount of gold in different organs was
measured by ICP-OES.

2.6. Histological studies

To investigate the toxicity of FA-Cys-AuNPs in different organs of
the mice, the mice were killed 2 weeks after the injection of AuNPs and
their liver, brain, spleen, and kidney were quickly separated and placed
in 10% formalin buffer solution. The organs were hydrated and em-
bedded with paraffin. Paraffin-embedded specimens were cut into
3 mm slices by microtome. Sections were then washed with PBS. For H&
E (hematoxylin and eosin assay), the organs were placed in a Coplin jar
containing hematoxylin for 2-3 min. Then, the specimens were washed
with water and placed in 1% eosin Y solution for one minute. Finally,
the cover slips were hydrated and placed on the slides before being
observed with an optical microscope.

2.7. Statistical analysis

One-way analysis of variance (ANOVA) was used to determine the
significance level of the obtained data. P-value of less than 0.05 was
considered as the level of statistical significance.

3. Results and discussion
3.1. Synthesis and characterization FA-Cys-AuNPs and AuNPs

In the previous study, the AuNPs and FA-Cys-AuNPs were synthe-
sized and reported (Khademi et al., 2018b). In this section, the results of
injection of AuNPs and FA-Cys-AuNPs in the nude mice model are in-
vestigated. AuNPs suspensions were synthesized by the protocols de-
scribed before. UV-vis spectroscopy and TEM images are presented in
Fig. 1. UV-vis spectrometry was utilized to characterize the synthesized
FA-Cys-AuNPs. It is clear that the FA-Cys-AuNPs displays a typical
surface plasmon broadened band at 705 nm, indicative of the formation
of AuNPs (the unmodified AuNPs display a characteristic surface
plasmon absorption at 520 nm). The size and morphology of the formed
nanoprobe were characterized using TEM (Mohandes and Salavati-
Niasari, 2014a, 2014b) (Fig. 1). It can be noted that the formed FA-Cys-
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Fig. 2. Fourier transform infrared (FTIR) spectra of FA-Cys-AuNPs and FA.

AuNPs has a spherical shape with mean diameter of "15 nm.

Conjugation of folic acid to AuNPs was verified by comparing the
FTIR spectra of FA-Cys-AuNPs and FA (Fig. 2); the band at 1315 cm ™!
corresponds to asymmetric stretching vibration of -NH2 in folic acid
and at 1627 cm ™~ ! and 1677 cm ! relate to C—O stretching in carboxyl
acids. While the band at 1516 cm ™ * belongs to the C—O bond stretching
vibration of —CONH-group. The bands between 3000 and 3500 cm ™!
are due to the O—H stretching and NH-stretching vibration bands of FA
and Cys, respectively (Khademi et al., 2018a). In addition, the absence
of absorption band at 2100-2300 cm ' is attributed to characteristic
absorption of —SH of cysteamine to the surface of AuNPs, suggesting
that -SH coordinates with Au on the surface of the particles. The band at
2850-2927 cm ! relates to asymmetric and symmetric C—H stretching
vibrations of —CH2.

3.2. Cytocompatibility assays

We evaluated the effects of incubation time on toxicity of KB and
HDF cells at different time point (6, 12, and 24 h; Fig. 3) and found that
cell viability by MTT assay (Amiri et al., 2018) of KB and HDF cells
decreased with increasing time point, but it was not significant. These
results propose good cytocompatibility of the FA-Cys-AuNPs.
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Fig. 1. UV-vis spectra showing a shift in the surface plasmon resonance of AuNPs due to adsorption of FA-Cys (A). TEM images (B) and size distribuations of Cys-

AuNPs (C).
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Fig. 3. (A) MTT viability of KB cells (a) and HDF cells after treatment with FA-Cys-AuNPs at different concentrations (0-500 uM) (n = 3).
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Fig. 5. X ray attenuation of AuNPs and FA-CysAuNPs in various organs after 3h (A) and 6 h (B) after IV injection.
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Table 1
Summary of in vivo studies in which FA-AuNPs have been used as a CT contrast agent.
Reference Size (nm) Time point Tumor model X-ray Energy Delivery method CT number enhancement
®) (kvp)
(Auv.s. control) (F-Au v.s. (F-Au v.s.
control) Au)
Wang et al. (2013) 3 6 Lung adenocarcinoma 80 LV NI 2 NI
LP NI 1.50 NI
Liu et al. (2013) 5 1 Nasopharyngeal adenocarcinoma 120 jAY 1.30 1.45 1.15
Chen et al. (2013) 4 24 Nasopharyngeal adenocarcinoma 80 LV 1.07 2.50 2.06
Peng et al. (2013) 3 6 Nasopharyngeal adenocarcinoma 100 LV 1.28 2 1.16
LP 1.24 2 1.14
Zhou et al. (2016) 2 2.5 Nasopharyngeal adenocarcinoma 80 LT 6.05 6.90 1.20
Lu et al. (2016) 6 6 Human Cervical Cancer (Hela 100 LV 1.30 1.50 1.15
cells)
This study 13 3 Nasopharyngeal adenocarcinoma 80 LV 2.11 4.30 2.03
This study 13 6 Nasopharyngeal adenocarcinoma 80 LV 1.77 3.30 1.85

I.P: Intraperitoneal; I.V: Intravenous; I.T: Intratumoral; Time point stands for the time interval between nanoparticles injection and CT imaging. "NI" indicates Not
Informed.

Intravenous injection

Kidney

Heart

Spleen

Liver

Brain

Fig. 6. H&E staining of the various organs in nude mice before (A) and after (B) injection of FA-Cys-AuNPs after 2 weeks.

3.3. Targeted CT imaging of a KB xenografted tumor model in vivo time points. Fig. 3 shows the representative coronal sectional CT images
and CT values of the KB tumor in nude mice before and after injection
We next explored the possibility to use the formed FA-Cys-AuNPs with FA-Cys-AuNPs and AuNPs (3 x 10° pg/ ml, 200uL) via in-

for targeted and non-targeted AuNPs CT imaging of tumor cells in vivo. travenous administration at 3, and 6 h post injection. It can be seen in
After intravenous injection of the targeted FA-Cys-AuNPs and non- Fig. 4(A, B) that in all cases, the injection of the AuNPs (either non-
targeted AuNPs, the mice were scanned using a CT system at different targeted or targeted) leads to enhanced CT contrast of the tumor area,
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Table 2
In vivo biodistribution of AuNPs and FA-Cys-AuNPs after intravenous injection
at 3 x 10® pug/ml concentration.

Tissue Au Mass per gram of tissue (ppm)

Non-Targeted Targeted
Heart 41.50+3.50 28.58+18.28
Spleen 88.50+4.50 73.47+£5.47
Liver 116.80+3.19 90.00+10.00
Lung 171.50+3.50 142.50+10.50
Right kidney 47.49+1.69 33.62+5.84
Left kidney 59.77+8.23 28.61+5.09
Tumor 547.65+392.10 848.90+109.13

and 3h post injection enables the maximum CT enhancement of the
tumor area. When the FA-Cys-AuNPs were injected to the mice, the
amount of attenuation in X-ray intensity was about 2.03 times more
compared to a group of AuNPs alone. Due to the abundance of folic acid
receptor on the surface of the tumor cells, AuNPs enter the cell through
endocytosis process, resulting in an increase in the attenuation of X-ray
intensity. AuNPs that have not been given a targeting ability increased
the passive intensity of X-ray through the enhanced permeation and
retention (EPR) phenomenon. The results showed that, with increasing
time after the injection, the amount of attenuation in X-ray intensity
decreased in the tumor.

Fig. 5(A, B) shows the amount of attenuation in X-ray intensity in
various organs. In both cases, the AuNPs and the FA-Cys-AuNPs, the
highest levels of attenuation in X-ray intensity are seen.

In order to compare this study with other studies, Table 1 is sum-
marized. In this table, size of nanoparticles, time point, delivery
method, tumor model, X-ray energy and CT number enhancement of
AuNPs with and without FA in different studies are compared (Chen
et al., 2013; Liu et al., 2013; Lu et al., 2016; Wang et al., 2013; Zhou
et al., 2016). Our results clearly indicate that the developed FA-Cys-
AuNPs have great potential to be used as promising contrast agent for
targeted CT imaging of cancer cells. It is important to note that these
findings were obtained using a clinical CT scan, which has a relativity
low resolution (0.625 mm) compared to micro-CT (45 pM) resolution;
so, as micro-CT has not been actually used in medicine, these results
have a high potential for clinical applications.

3.4. Histological studies

To investigate the influence and metabolism of FA-Cys-AuNPs
(3 x 10° pg/ ml, 200mL) in healthy BALB/C nude mice after in-
travenous injection for one month, HE staining of tissue section of
major organs (kidney, heart, spleen, brain and liver) were performed
and observed using an optical microscope (Fig. 6). Compared to the
control group without treatment, the morphologies of major organs do
not seem to have appreciable changes and had no significant difference
with the control group, suggesting that the injected FA-Cys-AuNPs with
an Au core size of "13 nm via intravenous injection do not display ap-
parent in vivo toxicity to the organs.

3.5. In vivo biodistribution of AuNPs and FA-Cys-AuNPs after intravenous
injection

The results indicated the highest tissue intake at 6 h after injection
of AuNPs to tumor, lung, liver, spleen, left kidney, right kidney and
heart, respectively, and also 6h after injection of FA-Cys-AuNPs to
tumor, lung, liver, right kidney, left kidney, spleen and heart (Table 2).
In both of nanoparticles tumor has the highest Au Mass per gram of
tissue (ppm) through ICP (Mohandes and Salavati-Niasari, 2014a,
2014b) analysis.
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4. Conclusion

In summary, the FA-Cys-AuNPs, with a size of 15nm, were well
synthesized in the previous study. In this study, the toxicity of nano-
particles with a concentration of 3 x 10 pg/ ml in different organs of
nude mice was investigated by histopathologic testing. FA-Cys-AuNPs
in different organs of the mice were non-toxic and had a good bio-
compatibility. The amount of attenuation in X-ray intensity in the
presence of AuNPs and FA-Cys-AuNPs in an animal's KB tumor showed
that, targeted AuNPs were able to attenuate X-ray intensity by about
2.03 times that of AuNPs. On the other hand, with an increase in time
after the injection from 3 to 6 h, the intensity of X-radiation decreased
in the tumor. Therefore, due to the increase in the amount of at-
tenuation in X-ray intensity in the presence of FA-Cys-AuNPs and their
good biocompatibility, these nanoparticles can be used as effective
nanoprobes for targeted imaging. On the other hand, this nanoparticle
can be used in radiotherapy where it is necessary to increase the in-
tensity of X-rays for treatment.
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