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ABSTRACT

Background: Gold nanoparticle (GNP) levels in the blood of rats in vivo have not been previously docu-
mented. This study aimed to evaluate the influence of size and exposure duration of GNPs on the gold
levels in the blood of rats in vivo.

Methods: Thirty rats were divided into five groups, NG = control group, G1A: infusion of 10 nm GNPs
for three days, G1B: 10 nm GNPs for seven days, G2A: 50 nm GNPs for three days and G2B: 50 nm
GNPs for seven days. Fifty microlitres of GNPs dissolved in aqueous solution were administered
intraperitoneally every day for three and seven days. Gold concentrations in different samples were meas-
ured using inductively coupled plasma-optical emission spectrometer (ICP-OES).

Results: The percentage normalized value of 50nm GNPs increased in the blood of rats in both three and
seven days when compared with 10 nm GNPs.

Conclusions: It became evident from the results of this study that the alterations in GNP levels were size
dependent, with the smaller ones inducing the most toxic effects and related to the time of exposure of
GNPs. The results might indicate that the smaller GNPs are mostly taken up and accumulate in the dif-
ferent rat organs, suggesting their toxic effects, while the 50 nm GNPs are retained in the blood of rats
for a long time. These conclusions are further supported by the histological investigation.
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Las Alteraciones en los Niveles de Nanoparticulas de Oro Son Dependientes del
Tamaio, Induciendo las Mas Pequeiias los Efectos Mas Toxicos, y Guardan

Relacion con el Tiempo de Exposicion de las Nanoparticulas de Oro
MAK Abdelhalim

RESUMEN

Antecedentes: Los niveles de nanoparticulas de oro (AuNP) niveles en la sangre de ratas in vivo no han
sido documentados con anterioridad. Este estudio persigue evaluar la influencia del tamario y la dura-
cion de la exposicion de las AuNP sobre los niveles de oro en la sangre de ratas in vivo.

Métodos: Treinta ratas fueron divididas en cinco grupos: NG = grupo de control, G14 = infusion de 10
nm de AuNP durante tres dias, GIB = 10 nm de AuNP durante siete dias, G2A = 50 nm de AuNP durante
tres dias, y G2B = 50 nm de AuNP durante siete dias. Cincuenta microlitros de AuNP disueltos en solu-
cion acuosa fueron administrados por via intraperitoneal todos los dias durante tres y siete dias. Las
concentraciones de oro en diferentes muestras se midieron con el espectrometro de emision optica de
plasma acoplado inductivamente (ICP-OES).

Resultados: El valor de porcentaje normalizado de 50 nm de AuNP aumenta en la sangre de las ratas en
tres y siete dias en comparacion con el AuNP de nm 10.

Conclusiones: A partir de los resultados de este estudio, se hizo evidente que las alteraciones en los ni-
veles de AuNP son en primer lugar dependientes del tamario, induciendo las mas pequerias los efectos
mads toxicos, y en segundo lugar guardan relacion con el tiempo de exposicion de las AuNP. Los resulta-
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dos podrian indicar que las AuNP mas pequerias son en su mayoria absorbidas, acumulandose en los di-
ferentes organos de las ratas, lo que sugiere sus efectos toxicos, mientras que por otra parte las AuNP
de 50 nm 50 son retenidas en la sangre de las ratas durante mucho tiempo. Estas conclusiones son ade-

mas avaladas por la investigacion histologica.

Palabras claves: Sangre de ratas, duracion de la exposicion, cancer, nanoparticulas de oro, in vivo

INTRODUCTION

The use of gold nanoparticles (GNPs) for detecting and treat-
ing cancer is a new and exciting field of research. The current
methods of cancer diagnosis and treatment are costly and can
be harmful to the body. Gold nanoparticles, however, offer an
inexpensive route to targeting cancerous cells (1).

The particle size-dependent distribution of GNPs by
organ has been studied in vivo (2-5). Orally administered
GNPs appeared in various organs in mice and the absorbance
and distribution were inversely correlated with the particle size
(2). The small size of GNPs results in physical and chemical
properties that are very different from those of the same mate-
rial in the bulk form. These properties include a large surface
to volume ratio, enhanced or hindered particle aggregation de-
pending on the type of surface modification, enhanced pho-
toemission, high electrical and heat conductivity and improved
surface catalytic activity (6-9).

Toxicity has been thought to originate from nanoma-
terial size and surface area, composition and shape. The
nanoparticle size plays a role in how the body responds to, dis-
tributes and eliminates materials (2, 5). The particle size can
also affect the mode of endocytosis, cellular uptake and the ef-
ficiency of particle processing in the endocytic pathway (10,
11). The GNPs show several features that make them well
suited for biomedical applications, including straightforward
synthesis, stability and the potential for surface modification
with active biological molecules such as peptides or proteins
(12). Semmler-Behnke et al have observed that a considerable
percentage of 18 nm GNPs are removed from the blood and
are trapped predominantly in the liver and spleen (13).

The GNPs can be used in various biomedical applica-
tions; however, very little is known about their particle size
and exposure duration dependence in vivo. To explore the po-
tential role of GNPs in therapeutic and diagnostic applications,
we evaluated the levels of different GNP sizes for periods of
three and seven days following intraperitoneal administration
in rats.

SUBJECTS AND METHODS

Gold nanoparticles of different sizes (10 and 50 nm; MKN-
Au-010 and MKN-Au-050, respectively; MK Impex Corp,
Mississauga, Canada) were purchased and used in this study.
The mean size and morphology of GNPs were evaluated using
transmission electron microscopy (TEM).
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Animals

Healthy male Wistar-Kyoto rats were obtained from the Lab-
oratory Animal Center (College of Pharmacy, King Saud Uni-
versity). The rats were 8—12 weeks old (approximately 250 g
body weight) and housed in pairs in humidity and temperature-
controlled ventilated cages on a 12-hour day/night cycle.
Thirty rats were divided as follows: control group (NG: n =
10), G1A: infusion of 10 nm GNPs for three days; n=5; G1B:
10 nm GNPs for seven days; n = 5; G2A: 50 nm GNPs for
three days; n =5 and G2B: 50 nm GNPs for seven days; n=>5.
Fifty microlitres of GNPs dissolved in aqueous solution were
only administered intraperitoneally to the rat-treated groups
(G1A, G1B, G2A and G2B) for three and seven days; while
the control rat group was not administered GNPs and/or aque-
ous solution. All experiments were conducted in accordance
with the guidelines approved by King Saud University Local
Animal Care and Use Committee.

Inductively coupled plasma optical emission spectrometer
Inductively coupled plasma optical emission spectrometry
(ICP-OES) was designed to determine the composition of a
wide variety of materials with excellent sensitivity. Instrument
preparation was thus: radiofrequency power (RF) 1150W,
nebulizer gas flow 0.70 L/min, argon gas pressure 60 psi, flush
pump rate 25 rpm, analysis pump rate 50 rpm, auxiliary gas
flow 0.5 L/min, coolant gas flow 12 L/min, purge gas flow nor-
mal and number of replicates 3 (Fig. 1).

Fig. I: Biological samples preparation for determination of trace elements

using inductively coupled plasma emission spectrometer (ICP/ES).
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Preparation of samples

The samples were prepared by accurately weighing 200-2000
mg of samples into a dry and clean Teflon digestion beaker;
6 mL of nitric acid (HNO;), 2 mL sulphuric acid (H,SO,) and
2 mL perchloric acid (HCIO,) were added to the beaker.
Samples were digested on the hot plate at 120150 °C for
approximately 40 minutes. The resulting digest was not clear,
so it was filtered through Whatman filtered paper no. 42. The
filtered digest was transferred to a 50 mL plastic volumetric
flask and made up to mark using deionized water. A blank
digest was carried out in the same way.

Reagents

Nitric acid (69% v/v) of super purity grade was from Romil,
England, sulphuric acid (98% v/v) and prechloric acid (70%
v/v) were supra-pure from Merck Germany. High purity water
obtained from Millipore Milli-Q water purification system was
used throughout the work.

Calibration

The ICP-OES calibration was carried out with blank solution
and three working standard solutions (20, 40, 60 and 80 pg/L)
for 10 nm and 50 nm GNPs. Starting from a 1000 mg/L single
standard solution, it was then diluted suitably using 1% nitric
acid, aspirated and then nebulized using a quartz Meinhard
micro-concentric type nebulizer into the argon plasma via a
peristaltic pump with a flow rate of approximately 0.9-1.0
mL/min.

The mass spectral acquisitions were carried out using
pulse-counting scanning mode with the following instrumen-
tal parameters: mass range scanned 190-220 m/z with 19 chan-
nels per mass, three points per peak and 10.24 ms dwell time
on each isotopic mass. The instrument control, methods pro-
cedures and the data system, including calculations and statis-
tics, were operated via a personal computer with Plasma Vision
Software. Nitric acid (1%) blanks were run in between samples
to correct the background levels.

Histological investigation

Fresh portions of liver, heart, kidney and lung from each rat
were cut rapidly, fixed in neutral buffered formalin (10%) and
were then dehydrated with grades of ethanol (70, 80, 90, 95
and 100%). Dehydration was then followed by clearing the
samples in two changes of xylene. Samples were then im-
pregnated with two changes of molten paraffin wax, then
embedded and blocked out. Paraffin sections (4—5 um) were
stained with haematoxylin and eosin (the conventional histo-
logical stain) according to Pearse (14). Stained sections of con-
trol and treated rats were examined for alterations in the
hepatocytes for the presence of inflammatory, fatty change and
Kupfter cells hyperplasia and necrosis.

RESULTS

Size and morphology of different GNPs

The 10 and 20 nm GNPs showed spherical morphology with a
narrow particle size distribution when dispersed in the solu-
tion. The mean size for these GNPs was calculated from the
TEM images. The mean measured size was 9.45 + 1.33 nm for
10 nm GNPs and 20.18 + 1.80 nm for 20 nm GNPs. Gold
nanoparticles of 50 nm diameters, in contrast, were not spher-
ical but hexagonal in TEM images (Figs. 2 and 3).

100 nm
|
50 nm
Fig. 2: Transmission election microscopy images for different gold nanopar-
ticle samples (15).
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Fig. 3: The size of 10, 20 and 50 nm gold nanoparticles measured using

transmission election microscopy images (15-17).

We determined an accurate distribution of the GNP
levels in the rats’ blood using ICP-OES and the amounts of
gold detected in blood were different. After the intraperitoneal
administration of 10 and 50 nm GNPs at the dose of 50 ul for
three days, we found that the percentage normalization in-
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creased in the blood with 50 nm GNPs compared with 10 nm
GNPs (Fig. 4). This suggested that the administered 10 nm
GNPs were absorbed into the systemic circulation and distri-
buted into organs while the 50 nm GNPs were retained in the
blood.
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Fig. 4:  The concentration of gold nanoparticles (GNPs) for 10 and 50 nm for

three and seven days in the blood.

Figure 4 indicates the concentration of 10 and 50 nm
GNPs for three days in the blood of rats. It became evident that
the percentage normalization increased in the blood with 50
nm GNPs with the increase in exposure duration when com-
pared with 10 nm GNPs.

The administration of smaller 10 nm GNPs induced
prominent inflammation, central vein intima disruption, fatty
change, Kupffer cells hyperplasia, cloudy swelling, cytoplas-
mic hyaline vacuolation, polymorphism, binucleation, kary-
opyknosis, karyolysis and necrosis (16, 17, 18) [Fig. 5].

(A) - ®
Fig. 5: A) Gold nanoparticle (GNP)-normal rat demonstrated normal hepato-
cytes. B) GNP-treated rat who received 50 pl of 10 nm particles for
seven days demonstrated Kupffer cells hyperplasia (16, 17, 18).

The administration of smaller 10 nm GNPs also induced
disarray of heart muscle, haemorrhagic changes, chronic in-
flammatory cells infiltrated by small lymphocytes, cytoplas-
mic vacuolization and congested and dilated blood vessels, in
addition to cardiac organ damage (19) [Fig. 6].

(C;40x5)

Fig. 6: A) Gold nanoparticle (GNP)-normal rats demonstrated benign, blunt-
looking heart muscle with various heart muscle orientations and no
pathological findings. B) GNP-treated rats who received 50 pl of 10
nm particles for three days demonstrated extravasation of red blood
cells with few scattered lymphocytic infiltrate. C) GNP-treated rats
who received 50 pl of 10 nm particles for seven days demonstrated
scattered foci of haemorrhage with extravasation of red blood cells
and a few scattered cytoplasmic vacuolization (19).

In the lung, the administration of smaller 10 nm GNPs
induced pneumonia, fibrosis, chronic inflammatory cell infil-
trates, congested and dilated blood vessels and haemosiderin
granule and emphysema foci (20, 21) [Fig. 7].

(B; 100 x 1

Fig. 7: A) Control group: Microscopic pictures show gold nanoparticle (GNP)-
normal rats demonstrated well-formed and open alveoli with normal
spate, few scattered small lymphocytes and minimal eosinophils. B)
GNP-treated rats who received 50 ul of 10 nm GNPs for three days
demonstrated more diffuse interstitial pneumonia, dense inflamma-
tory cell infiltrates of small lymphocytes, fibrosis and more promi-
nent extravasation of red blood cells. C) GNP-treated rats who
received 50 pl of 10 nm particles for seven days demonstrated promi-
nent chronic inflammatory cell infiltrates surrounded by dilated and
congested blood vessels, scattered dense extravasation of red blood
cells and foci of haemosiderin granules (20, 21).
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The administration of smaller 10 nm GNPs induced renal
cell cytoplasmic degeneration and nuclear destruction (22)
[Fig. 8]. Vacuolization of the renal cells was seen and in-
creased in severity in the renal tubules of rats who received
100 pl of 10 or 20 nm GNPs, with less or no vacuolar degen-
eration with 50 nm particles. More vacuolar degeneration was
observed in the renal cells of rats exposed to seven days than
the ones exposed to three days (Fig. 8).

(B) ©
Fig. 8: A) Gold nanoparticle (GNP)-treated rat who received 100 pl of 50 nm
particles for seven days demonstrated normal renal tubules. B) GNP-
treated rat who received 50 pl of 10 nm particles for three days
demonstrated glomerular congestion. C) GNP-treated rat who re-
ceived 50 pl of 10 nm particles for three days showed vacuolar de-
generation (22).

DISCUSSION

The high electron density and homogeneous shape and size of
the GNPs make them highly conspicuous under the TEM
(15-17). Cho et al have demonstrated that the gold concen-
tration in organs is time-dependent after injection, and after in-
travenous injection of 13 nm GNPs, the gold was found in
various organs just three days after injection. However, the
blood gold levels were not increased proportional to the dose,
indicating that GNPs are taken up and accumulate in organs
(23).

Our method is identical or similar to what occurs in
haemodialysis in kidney failure patients. Abdelhalim (16, 17,
20, 21) has indicated that the amount of accumulated GNPs in
the organ reflected the toxicity. These histological alterations
were size dependent, with smaller ones inducing the most ef-
fects and related to time of exposure of GNPs.

The liver and spleen are considered two dominant or-
gans for bio-distribution and metabolism of GNPs (19, 24). If
GNPs are larger than renal filtration cutoff, they are not ex-
creted in urine; instead, they are eliminated from the blood by
the reticuloendothelial system and thus tend to accumulate in
the spleen and liver (24).

The proximal renal tubules are more affected than the
distal ones. This could be because the proximal convoluted
tubules are the primary sites of reabsorption and active trans-

port leading to higher concentration of the nanoparticles, es-
pecially the smaller ones in the epithelial lining of these
tubules. Vacuolated degeneration is a result of ion and fluid
homeostasis that lead to an increase of intracellular water (16).
The vacuolated swelling of the cytoplasm of the renal cells of
the GNP-treated rats might indicate acute and subacute renal
injury induced by these nanoparticles (NPs). The organ dis-
tributions of GNPs are size dependent, and small GNPs of 5—
15 nm have a wider organ distribution than that of large GNPs
of 50-100 nm (13, 24). It has been found that GNPs with a
long blood circulation time can accumulate in the liver and
spleen and significantly affect the gene expression (25). Thus,
the hepatotoxicity of GNPs may be attributed to accumulation
of GNPs in liver.

The cytotoxicity and apoptosis in human breast epithe-
lial MCF-7 cells using GNPs up to 200 pg/mL for 24 hours
have been examined. Concentration-dependent cytotoxicity
and significant apoptosis in MCF-7 cells via p53, bax/bcl-2
and caspase pathways have been observed (26).

The results of this study indicate that the decrease in
GNP size produces an exponential increase in surface area rel-
ative to volume, which may make the GNPs more self-reac-
tive (ie may promote aggregation) and more prone to
interactions with surrounding molecules (biological compo-
nents). Moreover, increased uptake of GNPs may lead to
accumulation in certain tissues, where the particles may inter-
fere with critical biological functions (3).

The present results suggest that the larger 50 nm GNPs
may be highly cleared via urine and bile. Nanoparticles for
therapeutic use need to have a long retention time in order to
encounter and interact with the desired target. However, a long
retention time can result in toxic effects in vivo. Thus, route
and rate of nanomaterial clearance is an important issue (17).
The absorbed nanoparticles in the systemic circulation can be
excreted through various routes, such as the kidneys or bile.
Renal clearance of solid nano-sized materials is known to be
influenced by particle size and surface charge (17). The
smaller 10 nm GNPs have shown a propensity to accumulate
in several rat organs following injection. The rat organ distri-
bution of GNPs was size and exposure duration dependent; the
smaller GNPs showed the most widespread organ accumula-
tion and distribution, while the bigger 50 nm GNPs were re-
tained in the blood for a long time.

This study gives a new therapeutic tool for blood cancer
(leukaemia) by exposing blood to 50 nm GNPs and to a source
of light. This idea is similar to the idea of haemodialysis,
which is utilized in kidney failure patients. We can expose the
blood of the patients with leukaemia in vivo after administra-
tion of 50 nm GNPs to any source of light and then the blood
can be returned to the patient again to kill the malignant cells.

CONCLUSIONS

The GNP levels were evaluated in several rat organs by ICP-
OES. The GNPs levels increased in all the examined organs
with G1A and G1B, while the GNP levels increased in rat
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blood with G2A and G2B. Our results indicate that the smaller
10 nm GNPs are mostly taken up and accumulate in the dif-
ferent rat organs, suggesting the induced toxic effects, sup-
ported by histological investigation, while the larger 50 nm
GNPs are retained in the rats’ blood. This study suggests that
the therapy of blood cancer might be done by using the larger
GNPs.
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