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| Abstract: The present study aimed to disclose the histological alterations and cyto-genotoxic potential induced by citrate- and chitosan-capped AuNPs on liver of
adult Swiss albino mice. Animals were randomly divided into 8 groups. The first two groups were intraperitoneally (i.p) injected with physiological saline once and
left for 10 days and every other day for 21 days, respectively, and kept as negative control groups. While the third and fourth groups were injected i.p with a single
dose of 2 mg/kg of citrate- and chitosan-capped AuNPs, respectively, and left for 10 days. The fifth and sixth groups were injected i.p every other day for 21 days
with 200 pg/kg of citrate- and chitosan-capped AuNPs, respectively. Animals of the seventh and eighth groups were injected i.p with 50 mg/kg cyclophosphamide
once and left for 10 days and with 20 mg/kg cyclophosphamide every other day for 21 days, respectively. The livers of mice were dissected and processed for mi-
croscopic examination and for analyzing the expression of inflammation-related genes using RT-PCR. In addition, bone marrow samples were taken to investigate
the mitotic index and the chromosomal aberrations. The present study showed various degrees of structural changes in the liver of animals received AuNPs. Such
changes were more prominent in animals treated with a single dose of AuNPs, particularly with citrate-capped AuNPs as compared to chitosan-capped AuNPs.
Furthermore, genotoxic analysis did not reveal any genotoxicity for AuNPs with both coats. Therefore, chitosan-capped AuNPs were less hepatotoxic than citrate-

capped ones. However, it has not been proven that AuNPs are genotoxic by both coats.
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Introduction

Nanotechnology is the technology dealing with the
matter at a small scale with a diameter smaller than 100
nm (1). It is applied on different levels starting from
materials passing by devices reaching to systems. The
nanomaterials level is the most advanced at present,
both in scientific and in commercial applications (2).
Nanoparticles are defined as being smaller than 100 nm
in at least one dimension (3). They are used in different
medical applications, including drug carrier systems,
(4) and tissue engineering (5).

In general, the nanosize of nanoparticles permits
them to enter to different cells and cellular components,
which may lead to some hazardous and toxic effects de-
pending on various factors such as size, shape, compo-
sition and surface functionalization (6). There has been
an increasing interest in the use of gold nanoparticles
(AuNPs) in the field of medicine. AuNPs are one of the
promising nanoparticles (NPs) in diagnostic and thera-
peutic purposes (2). They have special optical proper-
ties as they have unique interaction with light. Although
gold is considered to be inert, AuNPs exhibit higher
reactivity as a result of the high surface area to volume
ratio at a nanoscale, which may accordingly increase

their toxicological outline (7).

Functionalization (coating or capping) of nanomate-
rials with different molecules is a useful trend to prepare
new materials with more beneficial properties. Functio-
nal groups on NPs surfaces are main director of many
important properties, such as solubility and interactions
with cell surface (8). Similarly, AuNPs with different
capping may behave in different ways at cellular level
by interacting with cell membrane, mitochondria or
nucleus and can impart adverse effects like organelle
or DNA damage (9). Capping of the AuNPs could help
making the particles more biocompatible (10). Thus,
synthesizing AuNPs with lesser toxicity is now one of
the primary interests in the field of nanotechnology (11).
Citrate is used as the classical chemical for preparing
AuNPs, giving them an anionic coat (12). Chitosan is a
polysaccharide derivative of chitin. It has been included
into medical research and applications due to its low
toxicity, high biocompatibility and its ability to interact
and permeate cellular membranes (13). Chitosan conju-
gated to AuNPs has been presented as a suitable tool for
biosensing (14) in drug delivery (10), as antibacterial
(15) and antifungal agents (16), and for tumor targeting
(17). According to biodistribution studies, liver was
reported as one of the organs that AuNPs accumulate
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mostly in after systemic administration, showing the
importance to evaluate AuNPs toxicity on such tissue
(18).

Great deal of attention has been paid to evaluate the
impact of both natural and unnatural nanomaterials used
in medical applications. For AuNPs there are few stu-
dies about their genotoxicity, in addition that the exis-
ting reports are still questionable. Some have reported
that AuNPs could cause DNA damage in vitro and in
vivo (19, 20). While others, did not record any obvious
genotoxic damage from AuNPs in vitro and in vivo ex-
periments (21-23). The present study therefore aimed at
disclosing the potential histological changes in the liver
of adult Swiss albino mice as well as cyto-genotoxicity
induced by AuNPs coated by two different coats; citrate
as a chemical anionic coat, and chitosan as a natural
cationic one.

Materials and Methods

Synthesis of AuNPs

AuNPs of 80 to less than 100 nm in size were used
in this work. Citrate capped AuNPs were synthesized
as described by McFarland et al. (24), 20 ml of 1.0 mM
chloroauric acid (HAuCl,) were prepared and the solu-
tion was heated till boiling. Then, 2 ml of a 0.4% solu-
tion of trisodium citrate dihydrate (Na,C H.0O,.2H,0)
were added as a reducing agent. It was removed from
heat when it turned deep red. While chitosan- capped
AuNPs were synthesized by preparing a solution of 100
ml of 1.25x10" M of HAuClI, (25). The solution was
boiled and 100 ml of a 0.2% solution of chitosan pre-
pared in 1% acetic acid were added as reducing agent.
When the solution has turned deep red, it was removed
from heat.

All chemicals were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The mean particle size and sur-
face charge (zeta potential) of AuNPs were determined
using Nano-Zeta sizer particle analyzer (Malvern, UK).
The wavelength of highest absorption was determined
using ultraviolet UV-6800UV\VIS Spectrophotometer
(Jenway—Germany). The shape and size of the prepared
nanoparticles were determined by transmission electron
microscope (TEM) (Jeol 100 CX, Tokyo, Japan).

Ethics statement

Maintenance of animals, experimental design and
investigation protocols were approved by Ethics Com-
mittee, Faculty of Medicine, Alexandria University
(ECFM-AU/SN-020513), in accordance with the guide
for care and use of laboratory animals in research. Mice
used in this study were acclimatized for two week be-
fore the beginning of the experiment and all efforts were
made to minimize animal suffering during the investiga-
tion procedures.

Animals and treatment protocols

The study was conducted on 140 Swiss albino adult
male mice, aged 2-3 months and weighing 30-40 grams.
The animals were maintained under standard laboratory
conditions of temperature and humidity and 12 hours
light/dark cycle. Water and feed were provided ad libi-
tum. The mice were fed with standard mouse pellets.

Animals were randomly divided into 8 groups. The

first two groups were intraperitoneally (i.p) injected
with physiological saline once and left for 10 days and
every other day for 21 days, respectively, and kept as
negative control groups. While the third and fourth
groups were injected i.p with a single dose of 2 mg/kg
of citrate- and chitosan-capped AuNPs, respectively,
and left for 10 days (26). The fifth and sixth groups were
injected i.p every other day for 21 days with 200 pg/
kg of citrate- and chitosan-capped AuNPs, respectively
(27). Animals of the seventh and eighth groups were
injected i.p with 50 mg/kg cyclophosphamide once (28)
and left for 10 days and with 20 mg/kg cyclophospha-
mide every other day for 21 days (29), respectively, and
kept as positive control groups for genotoxic evaluation.
At the end of the experiment, mice were sacrificed and
livers were dissected and processed for microscopic
examination and for analyzing the expression of inflam-
mation-related genes, such as IL-18, IL-6, TNF-a, iNOS
and COX-2 using RT-PCR. Also, bone-marrow samples
were taken to analyze chromosomal aberrations and
mitotic index whereas blood samples were obtained to
assess the biomarker enzymes, such as aspartate amino-
transferase (AST) and alanine aminotransferase (ALT).

Histological examination

Livers were excised and cut into 2 specimens, one
was immediately cut into small pieces (1/2-1 mm’),
fixed in 3% gluteraldehyde solution and processed to get
ultrathin sections for TEM examination (30). The other
specimen was fixed in 10% formol saline, processed to
get 6 um thick paraffin sections and then stained with
H&E stain for light microscopic examination (31, 32).

Activity of transaminases

Blood samples were collected from the retro-orbital
venous plexus of animals early in the morning before
feeding on the day of sacrifice, allowed to stand undis-
turbed for 2 hours and then centrifuged at 3000 r/min
for 10 min. Serum was separated and stored at -80°C.
The activity of aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) was measured spectro-
photometrically in serum by the method of Chaisera et
al. (33) using commercial kits (Diamand diagnostics,
MDSS GmbH, Germany). Enzyme activity was chec-
ked for accuracy by concurrent analysis of control sera
for ALT and AST and expressed as International Units
per liter (IU/1).

Gene expression analysis

The biomarker expressions of mRNAs for the in-
flammation-related genes (pro-inflammatory genes)
such as IL-1, IL-6, TNF-q, iNOS and COX-2 genes ex-
pression were carried out by using RT-PCR assay (34).
Total RNA extraction was isolated from mouse liver tis-
sues (approximately 30 mg) using EZ-10 Spin Column
Total RNA Mini-Preps Kit (Bio Basic Inc., Markham,
ON, Canada). The extracted RNA was dissolved in 30
pL nuclease-free distilled water and stored at -20°C.
RT-PCR was performed in a single step reaction using
Verso-1-Step—RT-PCR Hot Start kit (Thermo Scienti-
fic) on 30 ng of total RNA using the respective primers
(Table 1). RT-PCR amplifications were performed using
a Biometra thermal cycler (Biometra, Germany) under
the following cycling conditions: 25-28 cycles of 94°C
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Table 1. Primer sequences of inflammation-related genes employed for the genetic analysis of citrate- and chitosan-capped gold nanoparticles.

Pri
rimer name Forward (5'-3')

Nucleotide sequence

Reverse (5'-3")

IL-18 CAGGATGAGGACATGACACC
iNOS AGCTCCTCCCAGGACCACAC
TNF-a TTGACCTCAGCGCTGAGTTG
COX-2 AAGAAGAAAGTTCATTCCTGATCCC
IL-6 GTACTCCAGAAGACCAGAGG
Actin GGCGGACTATGACTTAGTTG

CTCTGCAGACTCAAACTCCAC
ACGCTGAGTACCTCATTGGC
CCTGTAGCCCAGGTCGTAGC
TGACTGTGGGAGGATACATCTCTC
TGCTGGTGACAACCACGGCC
AAACAACAAATGTGCAATCAA

for 1 min, 55°C for 1 min, and 72°C for 1 min. PCR pro-
ducts were loaded on a 2% agarose gel and band inten-
sity was analyzed using Scion Image software (release
Alpha 4.0.3.2, NIH). Actin mRNA was used as a hou-
sekeeping gene.

Analysis of chromosomal aberration in bone mar-
row cells and mitotic index (MI) assay

This assay characterizes any gross structural or nu-
merical chromosomal alterations induced by AuNPs. On
the day of scarification, animals were injected by col-
chicine in tail vein to arrest the cell cycle at metaphase.
The bone marrow cells were collected from both tibiae
according to Brusick (35), transferred to phosphate buf-
fered saline, centrifuged and then slides were prepared
and stained with Giemsa stain. Bone marrow samples
were subsequently analyzed by the light microscope
using oil emersion lens (1000X) to assess the mitotic
index and chromosomal abnormalities based upon their
individual structure and number. For each mouse, 1000
cells were counted and the mitotic index was computed
as the ratio of the dividing cells to the total examined
cells multiplied by 100.

Statistical analysis and scoring of data

Data are expressed as Mean + SEM. Statistical anal-
ysis was performed using IBM SPSS software package
version 20.0 (36). Analysis of variance (ANOVA) and
Student’s -test were used to assess the variability among
treatment groups. The distributions of quantitative va-
riables were tested for normality using Kolmogorov-
Smirnov, Shapiro-Wilk and D'Agstino tests. Post Hoc
test (LSD) and Tukey were used for comparison among
different treatment groups. For abnormally distributed
data, comparison were done using Mann Whitney test
while Kruskal Wallis test was used to compare between
different groups and pair wise comparison was assessed
using Mann-Whitney. Significance of the obtained re-
sults was judged at *p<0.05, **p<0.01.

Results

Characterization of citrate-capped and chitosan-
capped AulNPs

TEM imaging of AuNPs showed that they were
spherical in shape with smooth surface, where the
citrate-capped AuNPs were in the size range of 70.6-
90.8 nm (Figure 1a) and the chitosan-capped AuNPs in
the size range of 76.6-97.6 nm (Figure 1b). UV-visible
spectrophotometer revealed that the plasmon absorption
of the prepared AuNPs was clearly visible with maxi-
mum absorption peak at 550 nm (Figure 2a) and 548
nm (Figure 2b) for citrate- and chitosan-capped AuNPs,
respectively. Nano Zeta sizer particle analyzer revealed

sssss - ey

Figure 1. (a) Electron micrograph of citrate-capped AuNPs of size
range 70.6-90.8 nm (b) Electron micrograph of chitosan-capped
AuNPs of size range 76.6-97.6 nm.
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Figure 2. (a) Absorption spectrum of citrate-capped AuNPs
(Amax= 550 nm) (b) Absorption spectrum of chitosan-capped Au-

NPs (Amax= 548 nm).

a venm Kt Wonoy) b e o W
Zeta Potestial (VY. -16.7 Peakt: 230 0 (1] et Potential (nvg 139 Pekt: 139 100 o
Zeta Deniaton mVy: 255 Peak2 211 09 59

oty e 117 Peky U9 n 59

oaboviton il 657 Pask2 000 ] 0
Condutity St 0170 Peak 000 1] (1]

IesPtrt Dt et Dtdon

Figure 3. (a) Zeta Potential curve for citrate- capped AuNPs. (b)
Zeta Potential curve for chitosan- capped AuNPs.
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Figure 4. (a) The particle size distribution curve for citrate- capped
AuNPs. (b) The particle size distribution curve for chitosan- cap-
ped AuNPs.

that the mean zeta potential of citrate- and chitosan-
capped AuNPs was -16.7 and 23.9, respectively (Figure
3). While, the mean particle size was 93.18 nm for ci-
trate-capped AuNP (Figure 4a) and 97.14 nm for chito-
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e control gr

(first and second groups), received physiological saline. (a) Pho-
tomicrograph of normal mouse liver architecture. (b) Photomi-
crograph shows cords of hepatocytes (black arrow) radiating from
central vein (CV). PV; a branch of portal vein in portal tract. (c)
A higher magnification of photomicrograph (b); showing compo-
nents of portal tract; branch of the portal vein (PV), branch of the
hepatic artery (h) and a bile duct (dt). (d) Photomicrograph shows
hepatocytes (black arrow) arranged in cords radiating from cen-
tral vein (CV) separated by blood sinusoids lined by endothelial
cells (white arrow) and Von Kupffer cells (arrow head). They are
polyhedral in shape with slightly vacuolated acidophilic granular
cytoplasm and vesicular nuclei. Some binucleated hepatocytes are
also seen (BN). (H&E stain).

san-capped AuNPs (Figure 4b).

Histological results

Light microscopic examination of the liver sections
of control groups (first and second group) revealed al-
most the same normal hepatic architecture; the hepatic
lobules appeared to be made up of hepatocytes arranged
in cords radiating from the central veins. The hepato-
cytes are polyhedral in shape with granular acidophilic
cytoplasm and rounded vesicular centrally located nu-
clei, some cells were binucleated. In between the hepat-
ic cords, the hepatic sinusoids appeared as narrow spac-
es lined by flattened endothelial cells and Von Kupffer
cells. The portal tracts were seen at the periphery of the
hepatic lobules. They showed one bile duct radical, a
branch of the hepatic artery and a branch of the portal
vein, all are enclosed by scanty amount of connective
tissue (Figure 5).

Animals injected with AuNPs showed various de-
grees of structural changes in the liver. The liver sec-
tions of animals injected with a single dose of 2 mg/
kg citrate-capped AuNPs and left for 10 days showed
many areas of disturbed hepatic architecture. Portal
tracts showed dilated and congested branches of portal
vein as well as dilatation and proliferation of bile ducts.
Mononuclear cellular infiltration was seen around portal
tracts and in between hepatocytes. Moreover, there was
dilatation of blood sinusoids with numerous Von Kupf-
fer cells. Hepatocytes showed either hypereosinophilic,
vacuolated or dark homogenous cytoplasm. Some hepa-
tocytes’ nuclei were enlarged, others were karyolytic,
few were pyknotic and some showed margination of
chromatin. Many binucleated cells were noticed (Figure
6).

Liver sections of animals received 2 mg/kg of chito-

Figure 6. Photomicrographs of a mouse liver of the third group,
received single dose (2 mg/kg) of citrate-capped AuNPs. (a,b)
Photomicrographs show disturbed liver architecture. Portal tracts

2t

show dilated and congested branches of portal vein (PV) and dila-
tation and proliferation of bile ducts (dt). Intercellular and peri-
portal mononuclear cellular infiltration are noticed (black arrow).
Area (1) shows wide sinusoids while area (2) has narrower ones.
(c,d) Photomicrographs show hypereosinophilic hepatocytes.
Some hepatocytes are swollen with vacuolated cytoplasm (*) and
few with dark homogenous cytoplasm and pyknotic nuclei (blue
arrow). Nuclei with marginated chromatin giving it a ring shape
appearance (white arrow), karyolitic (red arrow) and large nuclei
(EN) are also noticed. Sinusoids are dilatated with numerous Von
Kupfter cells (arrow head). Binucleated hepatocytes (BN) are no-

ticed. (H&E stain). )

, 7S I A
Figure 7. Photomicrographs of a mouse liver of the fourth group,
received single dose (2 mg/kg) of chitosan-capped AuNPs. (a)
Photomicrograph shows normal liver architecture. CV; central
vein, PV; branch of portal vein. (b) Photomicrograph shows dila-
ted congested central veins (CV1) surrounded by mononuclear cel-
lular infiltration. Portal areas show dilatation of branches of portal
vein (PV1) and proliferated dilated bile ducts (dt) surrounded by
mononuclear cellular infiltration. Notice mild dilatation of blood
sinusoids in areas (1) compared to narrower or even obliterated
ones in areas (2). (¢) Photomicrograph shows a dilated central
vein (CV2). Blood sinusoids are dilated with many Von Kupffer
cells (arrow head). Hepatocytes show hypereosinophilia with dark
homogenous cytoplasm in some cells (blue arrow) and vacuolation
in others (*). Hepatocytes with marginated heterochromatin (white
arrow) and pyknotic nuclei (Pn) are noticed. (d) Photomicrograph
shows many binucleated hepatocytes (BN). Hepatocytes in area (3)
have hypereosinophilic granular cytoplasm while in area (4) have
vacuolated cytoplasm. Notice hepatocytes with karyolytic nuclei
(red arrow). (H&E stain).

san-capped AuNPs as a single dose and left for 10 days,
showed nearly preserved liver architecture (Figure 7a)
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Figure 8. Pho

received repeated doses of (200 pg/kg) citrate-capped AuNPs.
(a) Photomicrograph shows normal liver architecture with mini-
mal periportal mononuclear cellular infiltration (black arrow).
The branches of portal veins (PV) and the central veins (CV) are
mostly of normal caliber but show congestion. Hepatocytes show
hypereosinophilia. (b) Photomicrograph shows hepatocytes with
enlarged nucleus (EN), margination of nuclear chromatin (white
arrow) and karyolytic nuclei (red arrow). Swollen hepatocytes
with vacuolated cytoplasm (*) and binucleated cells (BN) are well
noticed. (H&E stain).

except for few areas revealed findings similar to ani-
mals received 2 mg/kg of citrate-capped AuNPs (Figure
7b-d). Whereas, the liver sections of animals received
every other day 200 pg/kg of citrate- and chitosan-cap-
ped AuNPs for 21 days revealed almost preserved liver
architecture except for few focal areas showed changes
similar to animals received 2 mg/kg of citrate-capped
AuNP (Figures 8-9).

Electron microscopic examination of liver of con-
trol group showed normal hepatocytes with nuclei of
regular smooth contour and prominent nucleoli. The cy-
toplasm showed intact organelles including numerous
mitochondria and multiple arrays of rER (rough endo-
plasmic reticulum) in addition to glycogen particles
appeared as electron dense aggregates. Few lipid dro-
plets and few vacuoles were also noticed. Bile canali-
culi were seen with microvilli protruding into the lumen
enclosed between two adjacent hepatocytes and firmly
bounded by desmosomes. Perisinusoidal space of Disse
was observed with many microvilli of hepatocytes pro-
truding into it. Von Kupffer cells with heterochromatic
irregular nuclei, many lysosomes and vacuoles were
seen lining the blood sinusoids (Figure 10). On the other
hand, groups received AuNPs showed various degrees
of changes in the hepatocytes. In animals injected with
2 mg/kg of citrate-capped AuNPs, hepatocytes showed
different changes, where rarefaction of the cytoplasm
and mitochondria with either bizarre shaped, swollen
or dense with unapparent cristac were noticed. Also,
endoplasmic reticulum was proliferated. Lysosomes
containing electron dense materials most probably Au-
NPs were seen as well. Some hepatocytes’ nuclei were
shrunken showing condensed chromatin and irregular

;‘ﬁ_. ]
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Figure 9. Photomicrographs of a mouse liver of the sixth group,
received repeated doses of (200 pg/kg) chitosan-capped AuNPs.
(a) Photomicrograph shows preserved liver architecture with mini-
mal focal mononuclear cellular infiltration in between hepatocytes
(black arrow). The branch of portal vein (PV) and the central vein
(CV) appear normal while hepatocytes show hypereosinophi-
lia. Notice areas showing sinusoidal dilatation with apparently
increased number of Von Kupffer cells (arrow head). (b) Photo-
micrograph shows ballooned hepatocytes with cytoplasmic vacuo-
lation (*) Notice hepatocytes with karyolytic nuclei (red arrow),

enlarged nuclei (EN) and pyknotic nuclei (Pn). (H&E stain).

by}

500 500 mm

Figure 10. Electron micrographs of a mouse liver of the control

groups (first and second groups), received physiological saline. (a)
Electron micrograph shows a binucleated hepatocyte. (a,b,c) Elec-
tron micrographs show euchromatic nuclei (N) of regular outline
and visible nucleoli (Nu). The cytoplasm shows parallel arrays of
rER (RE), sER (SE), numerous mitochondria (m), glycogen gra-
nules (arrow head), lipid droplets (L) and vacuoles (V). Notice bile
canaliculus (b) enclosed between two adjacent hepatocytes and
bounded by desmosomes (D). (d) Electron micrograph shows a
Von Kupffer cell (Kp) lining the blood sinusoid. It has heterochro-
matic irregular nucleus (N1) and its cytoplasm shows lysosomes
(Ly), vacuoles (V1) and some mitochondria (m1). Part of a hepa-
tocyte is seen with many microvilli protruding into the space of
\Disse (Ds). (Uranyl acetate/lead citrate stain).
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Figure 11. Electron micrographs of a mouse liver of the third group
received single dose of (2mg/kg) citrate-capped AuNPs. (a,b,c)
Electron micrographs show hepatocytes with rarified cytoplasm
(*), lysosome (Ly) with electron dense material, bizarre-shaped
(m1) and swollen mitochondria (m2). (¢) Electron micrograph re-
vealing a hepatocyte with a small nucleus (N) having a condensed
chromatin and irregular outlines. (d) Electron micrograph shows
endothelial cell (EN) lining the blood sinusoid. Notice apoptotic
body (Ap), red blood cell (R1) and lymphocytes (LP1, LP2) in the
blood sinusoid. () Electron micrograph shows a large Von Kupffer
cell (Kp) lining the sinusoid with lysosomes inside it (Ly1). No-
tice rarified cytoplasm of an adjacent hepatocyte (*). (f) Electron
micrograph shows dilated bile canaliculi (b) with short microvilli
protruding into the lumen. The hepatocytes’ cytoplasm revealing
bizarre shaped dense mitochondria with unapparent cristae (m3)
and lysosomes (Ly) with electron dense materials. RE; rER, SE;
sER, R2; red blood cell, Nt; neutrophil, Ds; space of Disse, L; lipid
droplets, V; vacuole, D; desmosome. (Uranyl acetate/lead citrate
stain).

outline. Apoptotic bodies containing aggregated cyto-
plasmic organelles were seen inside blood sinusoids.
Dilated bile canaliculi with few microvilli protruding
into the lumen enclosed between two adjacent hepato-
cytes and bounded by desmosomes were seen. The Von
Kupffer cells lining blood sinusoids were hypertrophied
and revealed heterochromatic nuclei and multiple lyso-
somes (Figure 11).

In animals injected with 2 mg/kg of chitoson-capped
AuNPs, the cytoplasm of some hepatocytes was denser
when compared to adjacent hepatocytes revealing the
dark-light cell phenomena. Many mitochondria were
swollen and only some showed dense matrix with unap-
parent cristae. Endoplasmic reticulum was proliferated
where TER (RE) was partially degranulated and sER
(SE) was dilated. Lysosomes showed similar changes
as animals injected with 2 mg/kg of citrate-capped Au-
NPs. Some of the hepatocytes’ nuclei were shrunken
with irregular outlines, some showed deep indentations
while others showed margination of heterochromatin

500

Figure 12. Electron micrographs of mouse liver of the fourth
group, received single dose of (2 mg/kg) chitosan-capped AuNPs.
(a-d) Electron micrographs show proliferated endoplasmic reticu-
lum where rER (RE) is partially degranulated and sER (SE) is dila-
ted. Swollen (m1), dense (m2) mitochondria and lysosomes (Ly)
with electron dense materials are noticed. (a) Electron micrograph
shows part of two adjacent hepatocytes enclosing dilated bile cana-
liculi (b) with microvilli protruding into the lumen and bounded
by desmosomes (D). Notice denser cytoplasm in hepatocye (H1)
when compared to hepatocyte (H2). V; vacuole. (b) Electron mi-
crograph revealing binucleated hepatocyte, one of the nuclei (N1)
shows deep indentations with margination of heterochromatin and
apparent nucleolus (Nul). Notice dilated stalks of Golgi apparatus
(GA). (c) Electron micrograph revealing a hepatocyte with margi-
nated nucleolus (Nu2). N2; a nucleus with marginated chromatin.
Ds; space of Disse. (d) Electron micrograph shows a hepatocyte
with shrunken irregular nucleus (N3) and marginated nucleolus
(Nu3). Myelin figures (F) in an apoptotic body (Ap) are noticed.

(Uranyl acetate/lead citrate stain).

and margination of nucleoli. In addition, dilated bile ca-
naliculi and apoptotic bodies containing myelin figures
were revealed (Figure 12).

Moderate changes in the cytoplasm and the nuclei
were noticed in animals received 200 pg/kg of either
citrate- or chitoson-capped AuNPs for 21 days. The cy-
toplasm of only few hepatocytes revealed the dark-light
cell phenomena (Figures 13, 14). Animals received 200
ng/kg chitoson-capped AuNPs for 21 days showed mul-
tiple hepatocytes’ nuclei with margination of nucleoli
(Figure 14a).

AST and ALT levels

The mice injected by citrate- and chitosan-capped
AuNPs at 2 mg/ kg once and left for 10 days showed,
significantly increased mean serum levels of AST and
ALT, while mice injected every other day with citrate-
and chitosan-capped AuNPs at 200 ug/kg for 21 days
showed no significant increase in the mean serum levels
of AST and ALT when compared to control group (re-
ceived physiological saline) (Table 2). However no sig-
nificant differences were noticed in mean serum levels
of AST and ALT when comparing the groups injected
by citrate-capped to those injected by chitosan-capped
AuNPs. Mean serum levels of AST and ALT in mice
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Table 2. Biochemical parameters in mice exposed to citrate- and chitosan-capped AuNPs ; single and repeated doses.

Groups Single dose Repeated doses
AST ALT AST ALT
Control group 12.51 + 2.15* 459+ (0.88* 10.50+ 1.75 5.65+ 1.52
Citrate- capped AuNPs 30.12 £5.02* 14.40 + 2.88* 11.08 + 2.02 5.60 + 1.60
Chitosan- capped AuNPs 25.19+ 2.51* 10.93 + 0.92* 10.50 = 4.63 533+ 1.67

AST: Aspartate transaminase (unit/ml); ALT: Alanine transaminase (unit/ml). Data was represented as mean + SD. Significance of

difference where all treated groups were compared with control group (received physiological saline) at P<0.05*.

Figure 13. Electron micrographs of mouse liver of the fifth group,
received repeated doses of (200 pg/kg) citrate-capped AuNPs.
(a-c¢) Electron micrographs show hepatocyte with swollen (ml)
and bizarre shaped enlarged mitochondria with unapparent cris-
tae (m2). Dilated sER (SE) is also seen. (a) Electron micrograph
shows a binucleated hepatocyte. The nuclei (N1), (N2) and (N)
depict irregular outlines and margination of the chromatin. (b)
Electron micrograph shows two adjacent hepatocytes, hepatocyte
(H1) shows denser cytoplasm when compared to the cytoplasm
of hepatocyte (H2). H1 exhibits shrunken nucleus (N3) with a
condensed chromatin. (b,¢) Dilated bile canaliculi (b) bounded
by desmosomes (D) are seen. (d) Electron micrograph shows an
apoptotic body (Ap) with electron dense substances inside it. A
shrunken small cell (W) with heterochromatic nucleus is noticed
inside a blood sinusoid. An active Von Kupffer cell (Kp) with irre-
gular heterochromatic nucleus and lysosomes (Ly) with electron
dense substance is seen. RE; rER, Nu; nucleolus, L; lipid droplet,
V; vacuole, R; Red blood cell in blood sinusoid. (Uranyl acetate/
lead citrate stain).

treated once with 2 mg/ kg AuNPs were significantly
higher than those of mice treated with 200 pug/ kg every
other day for 21 days (Table 2).

mRNA expression of inflammation—related genes

Injection of citrate- and chitosan-capped AuNPs
at 2 mg/kg once and left for 10 days, caused statisti-
cally significant increase of IL-1, IL-6, TNF-alpha and
iNOS mRNA levels (P>0.01, P>0.05) in the liver tissue,
whereas the levels of COX-2 mRNA increased in mice
treated with citrate-capped AuNPs but not in chitosan-
capped AuNPs treated ones (Figure 15).

In case of animals injected with 200 pg/kg of either
citrate- or chitosan-capped AuNPs every other day for
21 days, the induction of mRNA expression of inflam-
mation-related genes IL-1 and TNF-alpha was similar
to controls. On the other hand, IL-6 and iNOS mRNA
levels were significantly elevated after both citrate- and
chitosan-capped AuNPs exposure, while the levels of

Figure 14. Electron micrographs of mouse liver of the sixth group,

received repeated doses of (200 pg/kg) chitosan-capped AuNPs.
(a-¢) Cytoplasm of hepatocytes reveals proliferated endoplasmic
reticulum where sER (SE) is slightly dilated. Bizarre shaped mito-
chondria (m) and dense mitochondria with unapparent cristae (m1)
are seen. (a) Electron micrograph shows three adjacent hepato-
cytes. One hepatocyte (H1) reveals denser cytoplasm compared to
the adjacent hepatocyte (H2). Notice nuclei (N) with marginated
nucleoli (Nu) in hepatocytes (H2& H3). Von Kupffer cell (Kp)
with lysosomes (Ly) having electron dense material is seen lining a
blood sinusoid. (b) Electron micrograph shows dilated bile canali-
culi (b) bounded by desmosomes (D) with myelin figures (F) in the
lumen. (¢) Electron micrograph of a hepatocyte with indented nu-
cleus (N1). Notice the presence of glycogen granules (arrow head).
(d) Electron micrograph shows apoptotic body (Ap) in a blood
sinusoid containing aggregated cytoplasmic organelles, myelin
figure (F1) and an electron dense material (arrow). ER; rER, L;
lipid droplet, V; vacuole, Ds; space of Disse, EN; endothelial cell,

R; red blood cell. (Uranyl acetate/lead citrate stain).

COX-2 mRNA increased in mice treated with citrate-
capped AuNPs only (Figure 16). The housekeeping
gene, action was not changed by AuNPs treatment in
all groups.

Cytogenetic studies

Chromosomal aberration assay

Chromosomal aberrations were identified in bone
marrow dividing cells in all treated animals. As com-
pared to normal metaphase plate (Figure 17a), various
types of chromosomal aberrations were detected such as
stickiness, end to end associations, deletions, ring chro-
mosomes, centromeric attenuation, breaks, gaps, centro-
meric fusions, hypoploidy and endomitosis (Figure 17,
b-f). The total number of chromosomal aberrations was
counted in 1000 dividing cells per animal. The mean
total chromosomal aberrations in animals treated once
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Relative mRNA level

Figure 15. (A) Gene expression in groups received single dose of
2mg/kg of AuNPs by either coats, for IL1, TNF- a, IL-6, INOS,
and COX- 2 mRNA in mouse liver. (B) mRNA transcription was
detected by RT-PCR analysis using the respective primers, actin
mRNA was used a housekeeping gene. CI; citrate, CH; Chitosan,
C; control group (received physiological saline). Data are present-
ed as the mean + SD (n=3) of three independent experiments. Sig-

nificant difference between groups at *p<0.05, **p<0.01.

with 2 mg/kg either citrate- or chitosan-capped AuNPs
and animals treated every other day for 21 days with
200 pg/kg either citrate- or chitosan-capped AuNPs,
showed significant rise when compared to negative con-
trol group but not significantly higher than positive con-
trol results (Table 3).

Non-significant increase in the frequency of abnor-
malities was noticed in mice treated every other day for
21 days with 200 pg/kg citrate-capped AuNPs when
compared to that treated once with 2 mg/kg. On the
other hand, the mean total chromosomal aberrations in
mice treated for every other day for 21 days with 200
ug/kg chitosan-capped AuNPs was significantly higher
than that of the group treated with 2 mg/kg as a single
dose. However, non-significant difference was found
between the mean total chromosomal aberrations in ani-
mals treated with citrate-capped AuNPs when compared
to those of chitosan-capped AuNPs (Data not shown).

Mitotic index

The results obtained for the mitotic index (MI)
showed that, there were no significant differences in val-
ues of mitotic indices in mice treated with a single dose
(2 mg/kg) of either citrate-capped AuNPs (6.60+ 0.82)

19 a C mCH oCl

Rolative mRNA lovel

- SRR

ACTIN
Figure 16. (A) Gene expression in groups received repetitive dose

(200 pg/kg) of AuNPs by either coats, for IL1, TNF- a, IL-6, iNOS,
and COX- 2 mRNA in mouse liver. (B) mRNA transcription was
detected by RT-PCR analysis using the respective primers, actin
mRNA was used a housekeeping gene. CI; citrate, CH; Chitosan,
C; control (received physiological saline). Data are presented as
the mean + SD (n=3) of three independent experiments. Significant
difference between groups at *p<0.05, **p<0.01.

gueeen ()
GRS : : N,

Figure 17. Photomicrograph of ﬁletaphase complements showing
normal set of chromosomes (a) and chromosomal aberrations like
stickiness (ST), end to end associations (EEA), deletions (DL),
ring chromosomes (RN), centromeric attenuation (CA), breaks
(Br), gaps (GP), centromeric fusions (CF), hypoploidy (HP) and
endomitosis (Ed). (Geimsa stain) (b-f).

Table 3. Mitotic index and chromosomal aberration of the bone marrow cells of mice exposed to single and repeated doses of citrate-

and chitosan- capped AuNPs.

Single dose Repeated doses
Groups
MI CA MI CA
NC 8.23 £2.65 14.0+£3.61% 8.03 £2.67* 13.50 +4.09*
Citrate-capped AuNPs 6.60 £ 0.82 77.67 £ 25.74* 10.03 +0.90 92.33 £9.45%
Chitosan-capped AuNPs 6.50 £ 0.46 74.0 £7.21% 13.27 £2.15% 99.67 £ 2.89*
PC 5.97+1.51 66.33 £27.02 6.50 £ 1.25* 71.0£26.0

MI: mitotic index; CA: chromosomal aberration; NC: negative control; PC: positive control. Data was represented as mean + SD.
Significance of difference where all treated groups were compared with control group (received physiological saline) at P<0.05%*.
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or chitosan-capped AuNPs (6.50+ 0.46) compared to the
positive and negative control groups (5.97+ 1.51; 8.23+
2.65), respectively. Similarly, there were no significant
differences in values of MI in mice treated every other
day for 21 days with 200 pg/kg of citrate-capped AuNPs
(10.03 £ 0.90) compared to positive and negative con-
trol groups (6.50 = 1.25 and 8.03 & 2.67), respectively.
While mice treated every other day for 21 days with 200
ug/kg chitosan-capped AuNPs, a significant increase
in MI (13.27 £ 2.15) was recorded (Table 3). In addi-
tion, non significant differences were found between
the mean MI in mice treated with citrate-capped AuNPs
when compared to that of chitosan-capped AuNPs by
either doses. Highly significant values of MI were re-
corded in mice treated with 200 pg/kg every other day
for 21 days when compared with that treated once with
2 mg/kg for either coats (Data not shown).

Discussion

AuNPs have broad biomedical applications in drug
delivery, gene therapy, photothermal and radio-therapy
(37). Despite their huge potential benefits, insufficient
information is known about their health effects. Reports
have shown that synthesized NPs can circulate in the
body for extended periods of time without being rejec-
ted by the body's immune system. The size, shape and
surface charges of NPs are responsible for their beha-
viors inside the body and should be considered during
synthesis and applications of AuNPs, as they may be of
health risk (38).

The present framework aimed to evaluate the cy-
to-genotoxicity induced by AuNPs and the potential
histological changes in adult Swiss albino mice, as a
mammalian model. The liver was selected to evaluate
the cytotoxic effect because of its major role in metabo-
lism of foreign substances (39) as well as a significant
percentage of systemically administered AuNPs are
trapped predominantly in the liver and spleen (40, 41).
Moreover, the primary site of AuNPs accumulation in
human is the liver (42). Unfortunately, little is known
about the biodistribution, accumulation and toxicity of
AuNPs after repeated administration (43, 44). The bio-
distribution and biological processes after exposures
depend on a great extent to the surface physiochemical
properties (45). Therefore, the attributes of AuNPs and
its coated surface charges must be examined with care
to ascertain toxicities (46).

During the path of metal nanoparticle preparation, it
is important to use protective agents to stabilize nano-
particles. The most common strategy is to protect the
nanoparticles with protective agents that can be absor-
bed on or bind onto the nanoparticle surface making a
coat to the nanoparticle, avoiding their agglomeration
(47, 48). Metal nanoparticles can be prepared by chemi-
cal approach using reducing agents to form small metal
aggregates (47). With respect to the nature of reducing
agent, chemical methods may be subdivided into classi-
cal chemical, using the well-known chemical reducing
substances (citrate, sodium borohydride, hydrogen,
etc.) and those using non deleterious solvent and natu-
rally occurring reducing agent such as polysaccharides
or plants extracts (48). Thus, this study aimed to evalu-
ate the toxic effect of AuNPs prepared by two different

reducing agents, giving the AuNPs two coats of two dif-
ferent natures. Citrate; a chemical anionic coat (41) and
chitosan; a natural polysaccharide cationic coat (49). In
addition, this study was targeted to test pro- inflamma-
tory genes expression in the liver. Expression of pro-
inflammatory genes might indicate ROS (reactive oxy-
gen species) release. ROS stimulate the transcription of
pro-inflammatory genes to produce cytokines (50&51).

The genotoxic effect of AuNPs on bone marrow
cells, as it did not take much concern in research work.
One of the ways to test the genotoxicity of a pharma-
ceutical is by testing its clastogenecity. This refers to the
formation of breaks in chromosomes, which results in
sections of a chromosome being deleted or rearranged
giving rise to chromosomal abnormalities. These abnor-
malities contribute significantly to genetic diseases,
congenital anomalies and malignancies. Thus, the term
clastogen is used for agents giving rise to structural
chromosomal aberrations (52). The reason for choosing
mice in the present work, and not rats, is that mice are
generally more sensitive than rats in performing geno-
toxic tests (35, 53).

In this study, citrate-capped AuNPs were synthesized
with sizes ranging from 80-100 nm using conventional
techniques for aqueous synthesis of AuNPs involving
Turkevitch process of reduction of Au(Ill) with triso-
dium citrate (54). This process gives uniform and fair-
ly spherical particles (24, 55). Citrate caps the AuNPs
through the negatively charged carboxylate groups in
a way to counter balance the attraction forces between
colloidal particles in liquids providing the particles with
Coulombic repulsion. Thus, citrate forms a negatively
charged layer around the colloidal particles (56). Chito-
san-coated AuNPs were prepared by reducing HAuCl,
solution in the presence of chitosan. The ability of
chitosan to complexate with gold originates from NH.-
groups present in the B-(1-4)-glucosamine units of the
polymer. Its hydroxyl groups also interact with metal,
but to lesser extent (57, 58).

The color change of the gold solution during pre-
paration was from pale yellow to red or purple due to
the Surface Plasmon Resonance (SPR). The plasmon
absorption spectra of prepared AuNPs were measured
by UV-visible spectrophotometer and the results obtai-
ned revealed that, the plasmon absorption of prepared
AuNPs was clearly visible and their maximum absorp-
tion peaks were at 550 nm and 548 nm for citrate and
chitosan- capped AuNPs respectively. These results
were in accordance with a previous study carried out by
Link and El-Sayed (59). They revealed that the plasmon
absorption studied for 9, 15, 22, 48, and 99 nm AuNPs
in aqueous solution was 517, 521, 533, and 575 nm res-
pectively. In addition, Pedersen and Duncan (60), also
found that the plasmon absorption for a “cherry red”
gold nanoparticle solution was between 510 - 575 nm
with a peak equal to 517.87 nm. Zeta potential of AuNPs
was determined using nano zeta sizer particle analyzer,
to estimate the surface charge of nanoparticles in solu-
tion (+ 30.9 mV + 4.8). The zeta potential of citrate-
capped AuNPs was (-16.7 mV) and of chitosan-capped
AuNPs was (23.9 mV), indicating their negative and
positive charge respectively.

The particle size distribution of AuNPs in solution
was determined using particle size analyzer. Results
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showed that the mean particle sizes were of 93.18 nm
and 97.14 nm for citrate-capped AuNPs and chitosan-
capped AuNPs respectively, with polydispersity index
of 0.504 and 0.534 respectively. Polydispersity index
less than 1 indicates the homogeneous nature of the
formulation (61). The TEM of the prepared citrate-cap-
ped AuNPs showed that the particles were completely
spherical in shape with smooth surface within the size
range of (70.6-90.8 nm) and the prepared chitosan-cap-
ped AuNPs were also spherical in shape with smooth
surface within the size range of (76.6-97.6 nm).

The light microscopic examination of liver tissues
of the animals treated with single dose of citrate-capped
AuNPs revealed vacuolation of the hepatocytes’ cyto-
plasm and cellular swelling. This pattern of hydrobic
changes occurs in vacuolar degeneration as a result of
exposure to injurious substances (62). Nanoparticles are
able to enter cells and interact with subcellular struc-
tures. Oxidative stress is usually a response to cell inju-
ry (50, 63). Many in vivo and in vitro studies suggested
that nanoparticles of various compositions (fullerenes,
carbon nanotubes and quantum dots) create ROS (64).
Similarly, it was reported that AuNPs increase ROS and
deplete antioxidant enzyme suggesting that oxidative
stress is the major mechanism responsible for the toxic
manifestations of AuNPs (65, 66). Thus, the swelling of
liver cells could be attributed to the presence of ROS
which damage the energy-dependent ion pumps in the
plasma membrane leading to intracellular accumulation
of sodium with consequent entry of water into the cells
(62).

In addition, the light microscopic examination of
mice treated with single dose of citrate-capped AuNPs,
showed hypereosinophilic and dark homogenous cyto-
plasm together with margination of chromatin, karyo-
lytic and pyknotic nuclei indicating that the cells were
undergoing degeneration and apoptosis (62). NPs create
ROS that modulate intracellular calcium concentrations
through activation of macrophages. ROS and calcium
depletion stimulate the transcription of pro-inflamma-
tory genes to produce cytokines producing inflamma-
tion and tissue damage (67). Tissue damage will induce
more cytokine production which will lead to more in-
flammation (68). Thus, inflammation is controlled by a
complex series of intracellular and extracellular events.
These hydrobic and nuclear changes in hepatocytes
were also reported by Abdelhalim and Jarrar (69) who
exposed rats to AuNPs with different sizes (10, 20 and
50 nm) for 3 or 7 days.

It was also observed, that in many areas narrow
blood sinusoids were noticed and in other areas wide
ones were seen. This could be due to the quickly remo-
ving of dead degenerated cells by phagocytic system,
disappearance of these cells makes bridging, so portal
tracts and central veins come nearer to each other and
blood sinusoids become narrower or even obliterated
in these areas. On the other hand, far blood sinusoids
become dilated to overcome this faced obstruction. All
these lead to distortion of liver architecture; so called lo-
bular disarray. Increased binucleated cells were noticed,
which is a sign of regeneration, in a trial to compen-
sate for the cell loss (62, 70). Moreover, Von Kupffer
cell hyperplasia and infiltration of the portal tracts with
inflammatory cells, together with congestion and dila-

tation of the branches of the portal vein were noticed.
These all are signs of inflammation in liver tissue (62).
These inflammatory changes were also found by other
researchers when different sizes of AuNPs on liver tis-
sue were studied. Inflammation might be attributed to
ROS induced by AuNPs (69). Besides, bile duct dilata-
tion and proliferation were prominent microscopic fin-
dings. Such findings are present in extrahepatic biliary
obstruction, but also observed in some liver diseases
caused by infectious or toxic agents (71). It might be
due to an increase in the mitotic activity of bile ducts
with a corresponding increase of their number (72).
In mice treated with a single dose of chitosan-capped
AuNPs, similar findings were revealed to those treated
with citrate-capped AuNPs, but only in the form of iso-
lated affection dispersed all over the liver tissue with
preserved liver architecture in most areas.

Electron microscopic examination of the liver tissue
of groups received single dose of AuNPs, goes hand
in hand with the findings revealed by the light micros-
cope. It revealed changes involving both cytoplasm and
nuclei. In animals treated with a single dose of citrate-
capped AuNPs, rarefaction of the cytoplasm of many
hepatocytes was noticed. This could be a result of the
cellular swelling (vacuolar degeneration). On the other
hand, in chitosan-capped AuNPs single dose-treated
mice the cytoplasm appeared denser in some hepato-
cytes and lighter in others revealing the dark-light cell
phenomena. This phenomenon was demonstrated in
experimentally damaged livers and has been interpreted
as a pathological change by hepatotoxic agents (73, 74).

The mitochondria in mice treated once with AuNPs
were bizarre in shape; some were swollen while others
were dense with unapparent cristae. These findings
were in accordance with Pan et al., (75) who considered
the mitochondria to be the major cell organelle that can
be deleteriously affected by NPs' toxicity. This might
also be due to oxidative stress produced by NPs, where
excessive oxidative stress may induce an excessive or
prolonged increase in mitochondrial permeability (76,
77). The stress response was the predominant factor in
mitochondrial changes leading to increased ROS, mito-
chondrial cytochrome-c release and mitochondrial da-
mage. Moreover, Ghadially, (74) stated that the entry of
water or solutes into the mitochondria causes its enlar-
gement and swelling. Numerous toxic agents can lead to
cell damage and death by this mechanism.

Endoplasmic reticulum showed proliferation with
dilatation of sER and partial degranulation of rER.
Degranulation of the rER was also noticed by other
researchers in hepatocytes exposed to hepatonoxious
drugs (74, 78). The noticed proliferation of sER might
be due to degranulation of rER. In addition, prolifera-
tion and dilatation of SER occur in a trial to metabolize
and detoxify drugs and carcinogens (79). Ghadially,
(74) stated that similar pictures appear in the liver on
administration of hepatocarcinogens like aflatoxins and
carbon tetrachloride. Furthermore, it was stated that the
endoplasmic reticulum responds very early when the
cell is injured; it swells due to an intake of water (74).
Mitochondrial swelling together with endoplasmic reti-
culum swelling, constitute the major changes in cloudy
swelling (74). ROS and NPs themselves expose the
cell to a stressful situation. This leads to what is cal-
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led endoplasmic reticulum stress; where impairment in
rER function occurs, resulting in the accumulation of
unfolded or misfolded proteins. To overcome this, the
cell expands their ER volume. Severe or long-lasting
stress favors activation of a proapoptotic module that
leads to cell death (80).

The present work also revealed electron dense mate-
rial most probably AuNPs in lysosomes of hepatocytes
and Von Kupffer cells in mice treated once with AuNPs.
AuNPs reveal high electron density and are highly ho-
mogenous in shape. This helped their ease identifica-
tion among other cellular components on using TEM
(81). Such finding came in agreement with other stu-
dies, which found AuNPs in endosomes and lysosomes
of hepatocytes and Von Kupffer cells (82). Dilated bile
canaliculi with few microvilli protruding into their lu-
men were seen in the present study. This might be due to
stasis. In addition, white blood cells were seen in blood
sinusoids and in between hepatocytes. This might indi-
cate the occurrence of inflammation to the liver tissue
(83).

Some of the hepatocytes’ nuclei, in mice treated
once by AuNPs with either coats, were shrunken with
irregular outline and dense chromatin. These changes
occur when the cell is undergoing pyknosis. In animals
treated with a single dose of chitosan-capped AuNPs,
some hepatocytes’ nuclei showed margination of hete-
rochromatin. This appears to be an early change that
occurs in the nucleus after irreversible injury leading to
cell death. In addition, margination of nucleoli was also
noticed in this group. Nucleolar margination is a sign
of increased protein synthesis and is frequently seen in
variety of cancer cells (78, 84). The histological picture
of animals treated once with AuNPs, suggests that both
citrate- and chitosan-capped AuNPs produce noxious
effects to the liver. This might be because AuNPs in-
teract with proteins and enzymes of the hepatic tissue
interfering with the antioxidant defense mechanism and
leading to ROS generation which in turn may induce
stress in the hepatocytes to undergo atrophy and death
(6). The appearance of apoptotic bodies containing ag-
gregated cytoplasmic organelles inside blood sinusoids,
in these groups, denotes the fact that hepatocytes were
subjected to cell death by apoptosis (78).

The histological alterations in the liver structure of
the animals treated with a single dose of AuNPs in the
present study were confirmed by the biochemical re-
sults. Serum liver enzyme levels (AST, ALT) showed a
significant rise in animals treated by either coats of Au-
NPs when compared to the control one. It is known that
in some diseases such as hepatitis the serum liver en-
zyme levels (AST, ALT) increase (85). Similarly, Zahng
et al. (86) documented a significant increase in AST and
ALT levels in mice injected i.p by PEG-coated AuNPs.
They stated that the increase in ALT indicates damage
to liver cells. As ALT and AST are mainly distributed in
liver cells, and their serum levels rise with death of liver
cells, thus the serum levels of these enzymes correspond
well with the extent of liver cell damage, and are com-
monly used as indicators of liver function (86).

Regarding, the light microscopic results of animals
treated with repeated doses of AuNPs with either caps,
they were nearly similar, presenting, almost preserved
liver architecture. Few focal areas showed findings si-

milar to those of the animals treated with a single dose
but to a lesser extent. This goes in parallel with the bio-
chemical results. This is in accordance with the work of
Lasagna-Reeves et al. (27) who, stated that no evidence
of liver toxicity was observed when different doses of
AuNPs (40, 200, and 400 pg/kg/day) were administra-
ted intraperitonealy in mice every day for 8 days. Simi-
larly, when male Sprague Dawley rats were repeatedly
intravenously treated with colloidal suspensions of 14
nm AuNPs weekly for 7 weeks, followed by a 14-day
washout period, histopathological examination showed
no hepatotoxicity (87).

For the electron microscopic findings of the animals
treated every other day for 21 days, changes in the ul-
trastructure of the liver tissue were similar to those trea-
ted with a single dose but to a lesser extent. This might
be an indication that AuNPs when given in smaller
doses on a longer duration produce less affection to liver
tissue compared to its toxic effect when given in a large
single dose. While liver tissues in mice treated with a
single dose of citrate-capped AuNPs are more affected
than those in chitosan-capped AuNPs. This emphasizes
the idea that the citrate; the chemical anionic coat might
be more toxic to liver tissue than the chitosan; the natu-
ral polymer cationic coat. On the other hand, in animals
treated with repetitive doses, no great differences were
noticed between the toxicity produced in anionic char-
ged citrate-capped AuNPs group and those in cationic
charged chitosan-capped AuNPs group. These results
were in agreement with the results of Yang et al., (12)
and Masotti et al., (88). A study by Goodman et al. (89)
investigated the hazardous effect of AuNPs modified
with an amine and carboxyl groups on several cell lines.
Their results showed that anionic AuNPs species were
non-toxic to cells, whereas cationic species can cause
moderate toxicity in all cells lines. Another report car-
ried out by Schaeublin et al. (90) has shown that both
cationic and anionic AuNPs were toxic to cells. They
revealed that both positively and negatively charged
AuNPs can alter the mitochondrial membrane poten-
tial resulting into oxidative stress. The oxidative stress
according to Oikawa et al. (91) enhances the production
of reactive oxygen species, various immunologic stimu-
li and inflammation. Apart from these, the anionic and
cationic surface charges of AuNPs can stimulate lym-
phoid cell phagocytosis to an extent greater than neutral
AuNPs (92).

RT-PCR analysis of inflammation-related genes
showed that results of both groups treated with a sin-
gle dose of AuNPs revealed a significant rise in relative
mRNA levels when compared to the control. Where,
relative levels of IL-16, TNF-a, IL-6, iNOS and COX-2
mRNA in citrate-capped treated animals were signifi-
cantly higher than the control. On the other hand, in
animals treated with a single dose of chitosan-capped
AuNPs, only levels of IL-18, TNF-a, IL-6 and iNOS
were significantly higher than the control group. Also,
significant rise in levels of mRNA of IL-16, TNF-a,
IL-6 and COX-2 in animals treated with a single dose of
citrate-capped AuNPs when compared to animals treat-
ed with a single dose of chitosan-capped AuNPs was
recorded. This expression of mRNA of different inflam-
matory cytokine genes might be due to their exposure to
AuNPs, which lead to transcription of pro-inflammatory
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genes as a result of ROS production (6). The expressed
pro-inflammatory genes’ mRNA will be translated to
inflammatory cytokines leading to more inflammation
of the liver. Thus, AuNPs in groups treated with a single
dose, induce inflammation to liver cells which is more
prominent in citrate-capped AuNPs groups. These re-
sults are concomitant with the biochemical and histolo-
gical findings of this work. These results are similar to
what Khan et al. (8) proved, as they studied the effects
of AuNPs on expression of IL-18, IL-6 and TNF-a in
rat liver. Real-time PCR analysis showed that AuNPs
significantly increased cytokine gene expression on
day 1 and this had subsided by day 5. Whereas the ani-
mals treated with repeated doses revealed that, relative
mRNA levels of IL-6, iNOS, and COX-2 in animals
exposed to citrate-capped AuNPs were significantly
higher than the control. While in animals exposed to
chitosan-capped AuNPs, levels of IL-6 and iNOS only
were significantly higher than the control. Comparing
animals treated with citrate-capped AuNPS to those of
chitosan, a significant rise in relative levels of mRNA
of COX-2 was noticed. Thus, repetitive doses of AuNPs
induced inflammation to liver cells which was slightly
more prominent in animals exposed to citrate-capped
AuNPs, as more inflammatory genes were expressed.
When comparing this with the biochemical results, it
was found that the animals treated with repetitive doses
showed no significant rise in liver enzymes. This fin-
dings assumes that detecting pro-inflammatory genes is
a more accurate method for assessing the inflammatory
impact of NPs and drugs generally on different tissues
than detecting serum biochemical markers.

The mitotic index revealed that single dose of Au-
NPs didn’t significantly increase the rate of division
compared to the control group, while the repetitive
doses showed an increase in the mitotic index. This rise
was only significant in chitosan-capped treated animals
when compared to control group. This rise in mitotic in-
dex in animals treated by repeated doses is significantly
higher than those treated by a single dose. This might
be due to the prolonged exposure that leads to more cell
damage and thus increases the cell division as a nor-
mal compensatory mechanism (93). It was also repor-
ted that, mitotic index increases in cancer cells, giving
an indication that using AuNPs for prolonged durations
might be carcinogenic (94, 95). However, the present
work revealed that, there was no significant difference
between mitotic index of citrate-capped AuNPs groups
when compared to chitosan-capped AuNPs ones.

The chromosomal aberration test was used to detect
genotoxicity of the examined materials, as it proved to
be a sensitive indicator for monitoring the genotoxicity
of environmental chemicals (52). All groups were com-
pared to a negative control group and a positive control
one. The positive control group received cyclophospha-
mide. Cyclophosphamide is a widely used antineoplas-
tic agent, used in the treatment of various leukemias and
different types of solid tumors as; breast cancer and lung
cancer. It is used as a positive control due to its known
clastogenic action (96, 97). In vitro and in vivo studies
showed that NPs of various materials (diesel, carbon
black, welding fumes, transition metals) are genotoxic
in humans or rats (98). Due to the different properties of
NPs, they may have unpredictable genotoxic properties.

They may cause DNA damage indirectly, by promoting
oxidative stress and inflammatory responses (99). Alter-
natively, if small enough, they may pass through cel-
lular membranes and gain access to the nucleus where
they may interact directly with DNA, causing damage
(100, 101). Additionally, if nanomaterials are able to
accumulate within a cell but not necessarily gain access
to the nucleus, they may still come into direct contact
with DNA during mitosis when the nuclear membrane
breaks down, providing ample opportunity for DNA
aberrations to arise (102).

The mean total chromosomal aberrations found in
mice bone marrow cells of the two groups treated with
a single dose of AuNPs, showed significant rise when
compared to the negative control groups but when com-
pared to the positive control group; that was treated with
cyclophosphamide, the rise was not significant. This in-
dicates that although AuNPs with both coats increased
the mean total chromosomal aberrations but they are
not genotoxic. Results should be significantly higher
than that of positive control group to proof genotoxi-
city of these nanoparticles (103). This was also clear in
the results of the groups treated with repetitive doses
of AuNPs, as the mean total chromosomal aberrations
found in mice bone marrow cells of animals treated with
either citrate- or chitosan-capped AuNPs, showed signi-
ficant rise when compared to negative control group but
not when compared to positive control group. This rise
in mean total chromosomal aberrations may be due to
many factors rather than genotoxicity. It might be due
to environmental conditions, mode of administration
or different charges on NPs either positive or negative
charges (104). In addition, the genotoxicity analysis
revealed no significant difference between citrate-cap-
ped AuNPs groups when compared to chitosan-capped
AuNPs groups, neither when treated with single nor
repeated doses. This means that they have more or less
similar impact on the genetic element. When compa-
ring results in animals received single dose of AuNPs
to those treated with repetitive doses, it was found that,
repetitive doses revealed a rise in total number of chro-
mosomal aberrations. This rise was significant only in
chitosan-capped AuNPs groups. This might be contri-
buted to the duration of administration, assuming that
the longer is the duration of treatment with AuNPs the
more chromosomal damage will occur rather than being
dose related. However, further studies are needed to elu-
cidate the real mechanism(s) that underline this effect.
Similarly, in vivo genotoxicity of AuNPs has been in-
vestigated by Schulz et al. (105) by introducing single
intratracheal instillation of AuNPs with different sizes
in rats. Their study proved that AuNPs are not geno-
toxic. On the other hand, AuNPs seem to be genotoxic
under in vitro conditions (106). Hong et al. (107) tried
to study the effect of different coats of NPs on DNA
and revealed that positively charged coats of iron oxide
NPs resulted in increased DNA strand breaks of fibro-
blasts, while negatively charged coats did not show any
significant genotoxicity. As an explanation for this be-
havior, the authors assumed that only positively charged
particles penetrated the nucleus and interacted with the
DNA (107).

Concerning chitosan-capped AuNPs groups, the re-
sults of the present work, revealed dilatation and hyper-
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trophy of sER. This picture appears also in the liver on
administration of hepatocarcinogens (74). Margination
of the nucleolus which was also noticed in these groups,
is a feature of malignant cells (74). These together with
the increased mitotic index significantly when compare
to control groups may give an indication that chitosan
might be a carcinogenic substance and it must be sub-
jected to more investigations either to proof or to rule
out this issue (94, 95).

AuNPs provoked biochemical alteration and his-
tological changes in the mice hepatocytes particularly
with a single large dose. Chitosan as a natural cationic
coat showed to be moderately less cytotoxic than citrate
coat. AuNPs did not proof to be genotoxic by either
coats with different durations of administration. How-
ever, the mean number of chromosomal aberrations was
higher in the repeated doses, assuming that the longer is
the duration of treatment with AuNPs the more chromo-
somal damage will occur rather than being dose related.
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