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Recently gold nanoparticles (GNPs) have been actively studied as photothermal converters, drug
carriers, and imaging agents in a wide range of applications in cancer diagnosis and therapy. The
prolonged peroral administration of GNPs in a range of sizes was performed to investigate the
morphological changes and their reversibility in the internal organs of laboratory animals. In this
study, GNPs with average diameters of 2 nm, 15 nm and 50 nm were administered during 30 days,
and the reversibility of morphological changes was investigated 14 days after administration.
After the prolonged administration of GNPs, the severity of morphological changes in the liver,
kidney, spleen and lymph nodes depended on the nanoparticle size. Speci¯cally, 50 nm nano-
particles caused the most pronounced dystrophic and necrobiotic e®ects, whereas the smallest
2 nm nanoparticles caused proliferative changes. Most importantly, the development of patho-
logical processes was reversible, as evidenced by the gradual restoration of the organ structure at
14 days after the end of GNPs administration.
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1. Introduction

Over the past two decades, active development and
applications of inorganic nanomaterials1 and gold
nanoparticles (GNPs)2 in particular have been ob-
served in various ¯elds of nanomedicine for diag-
nostic and therapeutic purposes.3–6 Due to the small
size and plasmon-resonant properties of GNPs, they
can act as local heaters and light-scattering or opto-
acoustic labels, while due to surface functionaliza-
tion they can be used as targeted carriers of tar-
geting molecules, drugs, peptides, DNA and RNA
for applications such as biological sensing, imaging,
and photodynamic, photothermal and genomic
therapies.7,8 Two drugs for intravenous adminis-
tration — AurImmuneTM and AuroLaseTM — have
already passed the clinical trials for rheumatoid
arthritis.9,10 Extensive material has also published
on the clinical trials of the gold-based drug
Aurasolr in tablet form for the treatment of severe
rheumatoid arthritis.11

Toxicity concerns arose almost simultaneously
with the beginning of applications of GNPs and
other nanomaterials to nanomedicine. It is currently
believed that the biological and toxic e®ects of
nanoparticles depend on several critical parameters
such as the particle size and shape, the nature of
surface functionalization, the dose and the route of
administration.6,12–14 Although several reports on
the possible genotoxicity of small GNPs have been
published,15–17 other authors did not con¯rm these
¯ndings.18 However, there is a satisfactory consen-
sus on signi¯cant accumulation of GNPs in the liver
and spleen of animals with very slow clearance ki-
netics.6 Moreover, ¯rst reports have been published
on the penetration of GNPs through the placental
barrier in pregnant mice19,20 and rats.21 It should be
emphasized that the toxicity of GNPs can be de-
termined by various surface stabilizing agents
rather than the gold nanomaterial per se. For in-
stance, cetyltrimethylammonium bromide (CTAB)
is a typical surface stabilizer for as-prepared gold
nanorods, and CTAB is a known toxic surfactant in
its free state.13

Numerous reports on the biodistribution, toxici-
ty5,6,14 and cellular uptake of GNPs22 have been

published over the past decade. There has been
wide variation in experimental design, including the
size and shape of particles, methods of functionali-
zation, types of animals, dose and route of admin-
istration of the particles. Accordingly, wide
variation in the data and ¯ndings was observed in
the levels and kinetics of the biodistribution and
toxicity assessments. Regarding the administration
route, oral administration may cause some e®ects
on the digestive system, while tail vein injection
mainly acts on the blood and related organs. Indeed,
Hillyer and Albrecht23 showed that the oral ad-
ministration of GNPs could result in strong gas-
trointestinal persorption e®ects. It has also been
shown that the oral delivery of nanoparticles may
a®ect the mucosa due to the morphological and
physiological absorption barriers in the gastroin-
testinal tract.24 Therefore, gastrointestinal reaction
and absorption would play an important role in the
oral administration of GNPs. Despite numerous
reports on the biodistribution and toxicity of GNPs
after intravenous administration, the current un-
derstanding of morphological e®ects caused by
GNPs after prolonged oral administration and data
on possible reversibility of morphological changes in
organs remain limited.

This study is aimed at a comparative evaluation
of morphological changes in the internal organs in
rats and the reversibility of those changes after
prolonged oral administration of GNPs with di®er-
ent average sizes.

2. Materials and Methods

GNPs with average diameters of 2 nm, 15 nm and
50 nm and a mass-volume concentration of 57�g/
mL were synthesized as previously described.25 In
particular, 15 nm and 50 nm GNPs were synthesized
by the Frens method,26 and the smallest 2 nm GNPs
were obtained by the Du® method.27 The corre-
sponding particle number concentrations are
8:8� 1013, 1:7� 1012, and 4:5� 1010 particles/mL,
respectively. The average size of the GNPs was
determined from electron microscopic images
obtained using a Libra-120 microscope (Carl Zeiss,
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Germany) in Centre of Collective Use of Institute of
Biochemistry and Physiology of Plants and Micro-
organisms RAS (Russia).

For increased biocompatibility, 15 nm and 50 nm
GNPs were conjugated with thiolated polyethylene
glycol mPEG-SH (Mw ¼ 5000, Nektar Therapeu-
tics) as described previously.25 The smallest 2 nm
GNPs were used as prepared. The GNP-mPEG
conjugates were formed by the covalent binding of
thiol groups to the surface of GNPs. The resulting
conjugates were washed twice by centrifugation to
remove excess reaction products and resuspended in
0.9% sodium chloride solution.

The experimental study was conducted in Centre
of Collective Use of Saratov State Medical Univer-
sity (Russia). The experiment was performed using
40 healthy adult albino male rats weighing 180–
220 g. The rats were kept under a constant 12 h
light-dark cycle at 22–25�C with standard chow and
water provided ad libitum. The experiment was
divided into two series. The ¯rst series included the
study of morphological changes in the organs during
a 30-day oral administration of GNPs of di®erent
sizes. Three experimental groups and a control
group of animals were formed randomly (10 animals
in each group). 30 days after, half of the animals in
each group were deduced from the experiment. 14
days after the end of GNP administration, we ex-
amined the reversibility of the detected changes in
remaining animals. For morphological examination,
the organ specimens of rats (liver, kidney, spleen,
lymph nodes) were ¯xed in 10% formalin solution,
then subjected to a standard alcohol and acetone
wiring and embedded in para±n. After sample
dewaxing, 5–7 micron thick sections were stained
with hematoxylin and eosin (H-E). Morphometric
analysis of the histological preparations was con-
ducted in 30 ¯elds of view at magni¯cation 774.0�
using the digital image analysis system Mikrovizor
medical �Vizo-103 (LOMO, Russia).

Counting of cell elements of mesenteric lymph
nodes were carried out in the various functional
areas of the lymph node by the standard method
with magni¯cation 1000� using morphometric
software Image Analyzer in 10 ¯elds of view on the
conventional unit area (6400�m2). Digital camera
SCOPETEK DCM (Hangzhou Scopetek Opto-
Electric Co., China) is used to capture histopatho-
logical images. The classi¯cation of analyzed cell
elements was conducted according to required cri-
teria and reporting. Analysis of results was

displayed in the form of histograms, charts and
tables.

The Perls reaction28 was used for the di®erential
diagnosis of hemosiderin and GNP clusters. The
dark-¯eld microscopy was conducted in Centre of
Collective Use of Institute of Biochemistry and
Physiology of Plants and Microorganisms RAS
(Russia). Leica DM 2500 microscope with a special
attachment that permits lateral illumination at
630.0� and 1500.0� magni¯cations was used to
identify clusters of GNPs in tissue sections.

The reaction with methyl green pyronin by
Brachet28 was used to identify and count the
number of plasma cells in the lymph nodes.

The immunohistochemical method was per-
formed using rabbit polyclonal antibodies (Anti-
Ki67, Abcam, United Kingdom) to study the
proliferative activity of hepatocytes. A REVEAL—

Biotin-Free Polyvalent DAB system (Spring Bio-
science, USA) was used for visualization of the
immunohistochemical reactions.

The experimental data were analyzed using a
statistical software package application, STATIS-
TICA 10.0 (StatSoft Inc., USA). Preliminary sta-
tistical data processing was performed by the
Kolmogorov–Smirnov test to verify compliance of
distribution forms to normal, and the equality of the
population variance was determined using the
Fisher F-test. The null hypothesis was rejected
when p < 0:05. The arithmetic mean (M) and the
standard deviation (�) were calculated for each
index. The di®erences between the samples were
assessed using Student's t-test.

3. Research Involving Animals

Two series of animal experiments were conducted
according to the University's Animal Ethics Com-
mittee and the relevant national agency regulating
experiments in animals. The international guiding
principles for biomedical research involving animals
of the Council for the International Organization of
Medical Sciences and International Council for
Laboratory Animal Science (CIOMS and ICLAS)
were followed during the animal experiments.29

4. Results and Discussion

In the histological study of stomach mucosa sec-
tions, morphological changes were unidirectional in

Morphological changes in the internal organs of laboratory animals
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nature in the animal groups with of administration
2 nm, 15 nm and 50 nm GNPs, and gross defects in
the structure were not detected. The mucosa was
maintained in all experimental groups. The surface
of the gastric mucosa was lined with a single layer of
prismatic epithelium. The gastric pits had normal
depth and were lined by columnar epithelium. The
mucosal in¯ltration by eosinophils was noted in all
experimental groups. The submucosa was not
changed and consisted of loose connective tissue
with blood vessels. The stomach glands were lo-
cated in the lamina propria of the mucosa, and thin
layers of loose ¯brous connective tissue lay between
the glands. Vessels of the mucosa and submucosa
had normal structure, although there was some-
times a slight congestion.

14 days after 30-day administration of GNPs the
gastric mucosa exhibited normal histological struc-
ture in all experimental groups, and no accumula-
tion of eosinophils and conglomerates of GNPs was
revealed.

The most pronounced morphological changes
were found in the liver, most likely due to the de-
toxi¯cation function of the organ. It should be
noted that conglomerates of GNPs were absent in
the liver in all cases. We recorded only indirect signs
of their presence in the form of dystrophic and ne-
crotic changes of the parenchyma and activation of
the monocyte-macrophage system.

The administration of 2 nm and 50 nm GNPs
caused the most pronounced morphological changes
in the liver: the absence of a beam structure and
marked vacuolar degeneration of hepatocytes were
revealed compared with control (see Figs. 1(a) and
1(b)). The beam structure of hepatocytes was pre-
served in the group that received 15 nm GNPs, but

moderate degeneration of the parenchyma was
noted (Fig. 1(c)).

To study the in°uence of GNPs on the liver
morphology, morphometric analysis was conducted
using such indicators as the parenchyma normali-
zation coe±cient (PNC) and counting of the num-
ber of lymphocytes, Kup®er cells, Ito cells and
binucleated hepatocytes. The PNC was counted as
the ratio of the number of normal hepatocytes to
hepatocytes in a state of degeneration and necrosis.
PNC is an important criterion in the morphological
assessment of the liver structure because it allows to
estimate the intensity of dystrophic and necrobiotic
changes in the liver.30

Morphometric analysis revealed signi¯cant
reductions in the amount of unaltered hepatocytes
and the PNC after 30-day peroral administration of
GNPs (Table 1). The minimum value of the PNC
(0.09 � 0.03) was obtained after prolonged peroral
administration of 50 nm GNPs. In all experimental
groups, the numbers of lymphocytes and of Kup®er
and Ito cells in the liver were higher than the control
values.

The partial restoration of the morphological
structure of organs in all groups was noted in the
reversibility study: the severity of degeneration was
reduced 14 days after prolonged peroral adminis-
tration of GNPs (see Fig. 3(a)). According to mor-
phometric analysis at 14th day after GNP
administration, PNC increased more than six times
in all test groups but remained below the control
values (Table 1). The changes in the monocyte-
macrophageal system had a size-dependent charac-
ter. Further increase in lymphocytes and Kup®er
cells were recorded in the group of animals with
administration of 2 nm GNPs, whereas a decrease in

(a) (b) (c)

Fig. 1. (a) Liver in control group of animals. (b) Expressed degeneration and necrosis of hepatocytes after 30-day administration of
50 nmGNPs. (c) Dystrophic changes in hepatocytes after 30-day administration of 15 nmGNPs. H-E staining, magni¯cation 774.0�.
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cell numbers to the initial value was noted 14 days
after prolonged administration of 15 nm and 50 nm
GNPs. The number of binucleated hepatocytes in-
creased in all experimental groups.

By immunohistochemical study, after 30-days
administration of GNPs the signi¯cant di®erences
was noted in all test groups compared to control
values (see Fig. 2(b)). The marked positive reac-
tion with the marker Ki-67 was observed in all test
groups, indicating a high proliferative activity of
hepatocytes — up to 70–80% cells with positive
expression (the control value was 4.1%). In the
reversibility study, the number of hepatocytes
with positive expression had decreased in all test
groups to 30–40% cells with Ki-67 positive expres-
sion at 14th day after the 30-day administration of
GNPs.

We regarded the increasing number of binucle-
ated hepatocytes as a development of regenerative
processes, contributing to the restoration of liver
tissue by increasing the number of hepatocytes. We
agree with the authors31 that the increase in the
number of binucleated hepatocytes indicates in-
creased protein-synthetic function of the liver,
which can be regarded as a single compensatory-
adaptive mechanism aimed at normalizing the
structure and functions of the organ.

The morphological changes in the kidney pre-
sented mostly moderate vascular hyperemia of the
cortex, with degenerative and necrotic changes in
the epithelium of the convoluted tubules of mild to
moderate severity. The most pronounced morpho-
logical changes (expressed hyperemia of glomerular
capillaries, marked degeneration and fragmentation

of the cytoplasm from the epithelium of the con-
voluted tubules, necrosis of epithelial cells) were
found in the group administered 50 nm GNPs (see
Fig. 3). Dystrophy of the epithelium of the convo-
luted tubules was noted in the animal groups with
30-day administration of 2 nm and 15 nm GNPs. In
the study of the reversibility of morphological
changes in the kidneys, the severity of degeneration
of the epithelium of convoluted tubules decreased in
the groups of animals administered 2 nm and 15 nm
GNPs and remained severe in the group adminis-
tered 50 nm GNPs. It should be noted that GNP
conglomerates in the kidneys were not found by
dark-¯eld microscopy.

In the spleen in all groups, the boundary between
the red and white pulp was not clearly distinct,
lymphoid follicles were signi¯cantly increased in
size, containing bright germinative centers repre-
sented by large blast cells. In the study of revers-
ibility in the spleen, decreased size of lymphoid
follicles was observed upon administration of 2 nm
and 15 nm GNPs, and the germinative centers were
not noted. In the group of animals administered
50 nm GNPs, the sizes of the lymphoid follicles
increased, and the bright germinative centers
remained, represented by large blast cells.

In all experimental groups of animals, the accu-
mulation of black pellets was noted in the red pulp
of the spleen. Using the Perls reaction, the granules
(hemosiderin) were stained in blue while the other
part (GNPs) remained black (see Fig. 4(a)). The
unpainted granules showed a red color in dark-¯eld
microscopy of preparations stained by Perls (see
Fig. 4(b)).

(a) (b)

Fig. 2. (a) The signs of degeneration of hepatocytes 14 days after 15 nm GNP administration. H-E staining, magni¯cation 774.0�
(b) Marked expression of nuclear antigen Ki-67 protein in hepatocytes after 30-day administration of 15 nm GNPs. Immunohis-
tochemical staining, magni¯cation 774.0�.
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In the mesenteric lymph nodes, after 30-days
administration of GNPs the changes in cellular
composition were observed in all experimental
groups. In groups administered 2 and 50 nm GNPs,
the changes were found in all functional areas of
lymph nodes: increased lymphoid follicles with ger-
minative centers representing immunoblasts, mac-
rophages and mitotic ¯gures were noted in the
cortex (Table 2); the medulla cords increased due to
increased number of plasma cells; increased number
of small, middle and large lymphocytes was revealed
in the paracortical zone. In the group administered
15 nm GNPs more pronounced changes were found
in the paracortical area than in the areas of lym-
phoid follicles and medulla cords.

Under dark-¯eld microscopy, conjugates of
GNPs were found in the cytoplasm of macrophages
(see Fig. 5) and lymphocytes predominantly in the
mantle zone of the lymphoid follicles and in medulla
cords in the groups administered 15 nm and 50 nm
GNPs. Extracellular accumulation of GNPs was
detected in medulla sinuses. It should be noted that
2 nm GNPs were not recorded by available methods
in any zones of the lymph nodes.

In the reversibility study, after cessation of ad-
ministration of 15 nm and 50 nm GNPs, the number
of cell elements of lymph node corresponded to the
control values. Only in the group administered 2 nm
GNPs, the changes in cellular composition persisted
in all functional areas of the lymph nodes.

(a) (b)

Fig. 4. (a) Two types of particles in the spleen: granules of hemosiderin are blue, while conglomerates of GNPs are black. Staining
by Perls, magni¯cation 774.0� (b) Glow of GNPs due to intensive light scattering. The arrows demonstrate conglomerates of GNPs.
Dark-¯eld microscopy, magni¯cation 630.0�.

(a) (b)

Fig. 3. (a) Severe degeneration and necrosis of the epithelium of the convoluted tubules of kidney after 30-day administration of
50 nm GNPs. (b) Dystrophy of the epithelium of convoluted tubules of kidney after 30-day administration of 15 nm GNPs. H-E
staining, magni¯cation 774.0�.

Morphological changes in the internal organs of laboratory animals
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In work32 on melanoma-bearing mouse model the
real-time lymphatic mapping and detecting metas-
tasis in sentinel lymph nodes were done using 30 nm
spherical polyethylene glycol (PEG) coated mag-
netic nanoparticles and golden carbon nanotubes as
contrast agents for noninvasive photoacoustic
techniques. The detection and photothermal treat-
ment of nonpigmented breast cancer cells in sentinel
lymph nodes were achieved by previous labeling
them with nanoparticles. In this study and in recent
work,33 the enhancement of imaging depth in lymph
nodes were demonstrated by using of optical clear-
ing techniques.

Previously, we demonstrated that after single
and repeated intraperitoneal administration of
magnetite nanoparticles, their assemblages have
been found at sites of injections and in lymph nodes
of abdominal cavity.34 Under continuous adminis-
tration, the accumulation of nanoparticles is so
pronounced that lymph nodes showed up con-
trasted on MRI.

In this study, we showed that prolonged peroral
administration caused accumulation of GNPs in
mesenteric lymph nodes. In the future research, it
may be used for hyperthermia of mesenteric lymph
nodes containing tumor cells (metastasis), and
abdominal carcinomatosis.

5. Conclusions

In this work, we have studied the morphological
changes in internal organs after a prolonged oral
administration of GNPs. The main idea of the

present study was to evaluate the reversibility of
alterations noticed in internal organs of animals
exposed to GNPs of di®erent size. In particular,
2 nm, 15 nm, and 50 nm GNPs were administered
for 1mL of GNPs once a day for 30 days at a dosage
of 190�g/kg of body weight and the reversibility of
morphological changes was assessed 14 days after
the end of 30-days oral administration of GNPs.
The main results of the study are as follows.

After the prolonged administration of GNPs, the
severity of morphological changes in the liver, kid-
ney, spleen and lymph nodes depended on the GNP
size. In the liver and kidneys, the administration of
GNPs led mainly to the development of venous
hyperemia and edema as well as dystrophic and
necrobiotic processes of varying severity. In the
liver, spleen and lymph nodes, the activation of
proliferation and di®erentiation of immune cells and
macrophages was observed. The 50 nm GNPs
caused the most pronounced dystrophic and necro-
biotic processes, and 2 nm GNPs caused prolifer-
ative changes. The development of pathological
processes was reversible, as evidenced by the res-
toration of the organ structure at 14 days after the
end of GNP administration, the degree of revers-
ibility depended on the size of the GNPs.

Thus, the reversibility of morphological changes
in internal organs after prolonged peroral adminis-
tration of GNPs indicates a low level of GNP tox-
icity at large time scale. Accordingly, GNP can be
recommended for application to diagnostic and
therapeutic treatment including in vivo noninvasive
detection and treatment of metastases in sentinel
lymph nodes.

(a) (b)

Fig. 5. (a) Conglomerates of 50 nm GNPs in the cytoplasm of macrophage in cortex of lymph node. H-E staining, magni¯cation
1500.0�. (b) Glow of 50 nm GNPs due to intensive light scattering. The arrow demonstrate conglomerates of 50 nm GNPs in the
cytoplasm of macrophage. Dark-¯eld microscopy, magni¯cation 1500.0�.

Morphological changes in the internal organs of laboratory animals
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