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At present, gold nanoparticles (GNPs) are widely used in biomedical applications such as cancer
diagnostics and therapy. Accordingly, the potential toxicity hazards of these nanomaterials and
human safety concerns are gaining signi¯cant attention. Here, we report the e®ects of prolonged
peroral administration of GNPs with di®erent sizes (2, 15 and 50 nm) on morphological changes
in lymphoid organs and indicators of peripheral blood of laboratory animals. The experiment was
conducted on 24 white mongrel male rats weighing 180–220 g, gold nanospheres sizes 2, 15 and
50 nm were administered orally for 15 days at a dosage of 190�g/kg of animal body weight. The
GNPs were conjugated with polyethylene glycol to increase their biocompatibility and bio-
availability. The size-dependent decrease of the number of neutrophils and lymphocytes was
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noted in the study of peripheral blood, especially pronounced after administration of GNPs with
size of 50 nm. The stimulation of myelocytic germ of hematopoiesis was recorded at morpho-
logical study of the bone marrow. The signs of strengthening of the processes of di®erentiation
and maturation of cellular elements were found in lymph nodes, which were showed as the
increasing number of immunoblasts and large lymphocytes. The quantitative changes of cellular
component morphology of lymphoid organs due to activation of migration, proliferation and
di®erentiation of immune cells indicate the presence of immunostimulation e®ect of GNPs.

Keywords: Gold nanoparticles; lymphoid organs; morphological changes; bone marrow
examination.

1. Introduction

The rapid development of nanotechnologies led to
the emergence of new nanomaterials in the elec-
tronics, food industry, pharmaceutics, cosmetics,
paints and surface coatings.1

Since gold nanoparticles (GNPs) have unique
features, the development of a variety of medical
applications has been possible. The using of GNPs
for photothermal sensitization of tumors to improve
the e±ciency and selectivity of laser treatment of
cancer is well known.2 Such applications of GNPs
require that extensive research should be conducted
to investigate the safety of nanoparticles for life in
general and man in particular. Currently, most of in
vivo data obtained after intravenous administration
of the nanoparticles, whereas data about intraperi-
toneal, respiratory and oral administration is rather
limited.

The in°uence of size, solubility and surface mod-
i¯cation on the biocompatibility of nanoparticles
and their use in biological applications is well
known.3 In 2001, Hillyer and Albrecht4 ¯rst noted
size-dependent nature of the gold biodistribution
upon oral administration, when 4, 10, 28 and 58 nm
GNPs were administered (in a concentration of
200mg/ml) for seven days with drinking water. Four
nanometer particles pass through the gastrointesti-
nal tract, absorbed by enterocytes in the villi and
have been degraded and then are distributed
through the bloodstream to organs. Penetration
through gastrointestinal tract blood decreased with
increasing of particle size.

In our work,5 the particle size e®ects on the dis-
tribution of 15 nm and 50 nm PEG-coated colloidal
gold (CG) particles and 160 nm silica/gold nano-
shells (NSs) after intravenous administration
(about 0.3mg Au/kg) were described in rats. In 24 h
after injection, the accumulation of gold in di®erent
organs and blood was determined by atomic

absorption spectroscopy. In accordance with the
published reports,6,7 we observed 15 nm particles in
all organs with rather smooth distribution over
liver, spleen and blood. By contrast, the larger NSs
were accumulated mainly in the liver and spleen.

In work of Zhang et al.8 an animal toxicity study
of 13.5 nm GNPs in mice was presented. Animal
survival, weight, hematology, morphology and
organ index are characterized at di®erent con-
centrations (137.5–2200�g/kg) over 14–28 days.
The results show that low concentrations of GNPs
do not cause an obvious decrease in body weight or
appreciable toxicity. High concentrations of GNPs
induced decrease in body weight, RBC count (the
number of red blood cells (RBCs) per volume of
blood), and hematocrit. It was also found that GNPs
administered orally caused signi¯cant decrease in
body weight, spleen index and RBC count. Among
three administration routes, the oral and intraperi-
toneal routes showed the highest toxicity, and the
tail vein injection showed the lowest toxicity.

Thus, GNPs are a promising carrier for immune
therapies because, like other nanoparticles, they
easily accumulate in the immune system organs.9–11

Despite numerous studies focused on the biodis-
tribution and toxicity of GNPs, their e®ects on the
immune system were insu±ciently studied. In pio-
neering review of Pacheco12 the e®ect of CG on the
nonspeci¯c immune response was described. It was
noted that in 2 h after intravenous administration of
5ml of CG to rabbits the total leukocyte count in
1ml blood increased (from 9900 to 19,800) with
small reduction of mononuclear forms (from 5200 to
4900) and a signi¯cant increase of segmented neu-
trophils (from 4700 to 14,900).

Chen et al.10 studied in vivo toxicity of naked
GNPs ranging from 3 to 100 nm in mice at intra-
peritoneal administration in dosage of 8mg/kg/
week and only GNPs ranging from 8 to 37 nm
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induced severe sickness in mice. Pathological ex-
amination of the major organs of the mice in the
diseased groups indicated an increase of Kup®er
cells in the liver, loss of structural integrity in the
lungs, and di®usion of white pulp in the spleen.
The pathological abnormality was associated with
the presence of GNPs at the diseased sites, which
were veri¯ed by ex vivo Coherent anti-Stoke Raman
scattering microscopy. Modifying the surface of the
GNPs by incorporating immunogenic peptides
ameliorated their toxicity. This reduction in the
toxicity is associated with an increase in the ability
to induce antibody response.

Zhang et al.11 studied in vivo toxicity of 5, 10, 30
and 60 nm PEG-coated GNPs in mice at intraperi-
toneal administration in dosage of 4000�g/kg over
28 days. The increase in spleen index and thymus
index shows that the immune system can be a®ected
by these small nanoparticles. Transmission electron
microscopic observations showed that the 5, 10, 30
and 60 nm particles located in the blood and bone
marrow cells, and that the 5 nm and 60 nm particles
aggregated preferentially in the blood cells. The
10 nm GNPs induced an increase in white blood cell
(WBC) concentration, while the 5 nm and 30 nm
particles induced a decrease of concentration of
WBCs and RBCs.

Furthermore, it is known that the GNPs and
their conjugates with antigens stimulate respiratory
activity of reticuloendothelial system cells and the
activity of mitochondrial enzymes of macro-
phages.13 This is probably one of the reasons for the
adjuvant properties of CG.

Additionally, contradictory data exist on the
immunological e®ects of GNPs once internalized by
immune system cells. GNPs were shown to induce
either pro-in°ammatory14 or anti-in°ammatory
e®ects,15,16 depending on their size, conjugation and
hydrophobicity.17

For instance, Yen et al.14 have shown that GNPs
in the 2 to 40 nm size range can induce macrophage
expression of in°ammatory genes for TNF� and IL-6
in vitro. Sumbayev et al. in turn, show that AuNPs
can suppress IL-1� dependent in°ammatory respon-
ses in vitro and in vivo in a size-dependent manner.18

The in vitro study of dendritic cells, a major
actor of both innate and acquired immune respon-
ses, shown no cytotoxicity of GNPs even at their
high concentration.15

The electron microscopy shown19 macrophage
activation at penetration of GNPs conjugated with

the peptides in their cytoplasm. It was found that
after the interaction of conjugates with TLR-4
receptors of macrophages nanoparticles penetrated
into cells, which was accompanied by the release of
in°ammatory cytokines— TNF, interleukins 1� and
6, and inhibition of macrophage proliferation ability.
After administration of GNPs the number of mac-
rophages was decreased and their size increased.14

The levels of interleukins 1� and 6 and TNF went
down. Finally, Tsai et al.16 have demonstrated that
treatment with particles of 4 to 45 nm can inhibit
macrophage toll like receptor 9 responding to CpG.

Thus, further study of immunotoxic or immunos-
timulation e®ects of GNPs are necessary for better
understanding the character of GNP interactions
with the immune system. The aim of the work was a
comprehensive in vivo study of GNPs of di®erent
sizes on the morphofunctional state of immunogene-
sis and the peripheral blood status of laboratory
animals.

2. Methods

Gold nanoparticles with average diameters of 2, 15
and 50 nm and a mass-volume concentration of
57�g/mL were synthesized as previously de-
scribed.20 In particular, 15 and 50 nm GNPs were
synthesized by the Frens method,21 and the smallest
2 nm GNPs were obtained by the Du® method.22

The corresponding 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,
Jena, Germany) in Centre of Collective Use of In-
stitute of Biochemistry and Physiology of Plants and
Microorganisms RAS. For increased biocompatibil-
ity, 15 and 50 nm GNPs were conjugated with thio-
lated polyethylene glycol mPEG-SH (Mw ¼ 5000,
Nektar Therapeutics) as described previously.23 The
smallest 2 nm GNPs were used as prepared. The
GNP-mPEG conjugates were formed by the cova-
lent 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 Center
of Collective Use of Saratov State Medical Univer-
sity (Russia) according to the University's Animal
Ethics Committee (Russia) and the relevant
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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 Sci-
ence (CIOMS&ICLAS, 2012) were followed during
the animal experiments.

The study for 24 healthy adult albino male rats
weighing 180–220 g was performed. The rats were
kept under a constant 12 h light-dark cycle at 22�C–
25�C with standard chow and water provided ad
libitum. The study of morphological changes in the
lymphoid organs was conducted after a 15 days oral
administration of GNPs of di®erent sizes. The ani-
mals were randomly divided into four groups: Three
experimental groups and a control group (six animals
in each group). Rats in experimental groups were
orally administered by 1ml of GNPs once a day for
15 days at a dosage of 190�g/kg of body weight as
follows: First group � 1–3 nm GNPs, second group
� 15 nm GNPs and third group � 50 nm GNPs. Oral
gavage was used for repeated oral administration.
Sedation prior to gavage is not necessary.24 Rats in
control group were administered orally once a day for
15 days 1ml of saline. The withdraw of animals and
sampling were performed in 24 h after the last ad-
ministration. The anesthesia with Zoletil 50 (Virbac,
France) in a dose of 0.05mg/kg was applied before
sacri¯cing of animals.

Bone marrow sampling was conducted by the
standard procedure from the femur. For morpho-
logical examination, bone marrow smears were
stained by May-Grunwald. Morphological analysis
of smears was performed under high magni¯cation
(�1000) with di®erential counts of 200 cells. Blood
sampling was performed using special tubes for he-
matology after animal decapitation. Standard he-
matologic analysis was performed on the
hematology analyzer Micros-60 ABX.

For morphological examination, the organ speci-
mens of rats (spleen, lymph nodes) were ¯xed in 10%
formalin solution, then subjected to a standard al-
cohol and acetone wiring and embedded in para±n.
After sample dewaxing, 5–7 micron thick sections
were stained with hematoxylin and eosin. Morpho-
metric analysis of the histological preparations was
conducted using the digital image analysis system
Mikrovizor medical �Vizo-101 (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 magnification�100, �400, �1000 using mor-
phometric software image analyzer in 10 ¯elds of
view on the conventional unit area (6400�m2Þ.
Digital camera SCOPETEK DCM (Hangzhou
Scopetek Opto-Electric Co., China) used to capture
histopathological images. The classi¯cation of ana-
lyzed cell elements was conducted according to re-
quired criteria and reporting. Analysis of results was
displayed in the form of histograms, charts and
tables.

The Perls reaction23 was used for the di®erential
diagnosis of hemosiderin and GNP clusters. The
reaction with methyl green pyronin by Brachet23

was used to identify and count the number of
plasma cells in the lymph nodes.

The dark-¯eld microscopy was used to identify
clusters of GNPs in samples using a Leica DM 2500
microscope with a special attachment that permits
lateral illumination at magni¯cation of � 400.

The experimental data were analyzed using a
statistical software package STATISTICA 10.0
(StatSoft Inc., USA). Preliminary statistical 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 error of the
arithmetic mean (m) were calculated for each index.
The di®erences between the samples were assessed
using Student's t-test.

3. Results

At the analysis of peripheral blood indicators of
laboratory animals it was found that the decrease in
the number of leukocytes was observed only in
groups with 15 nm and 50 nm GNPs administration
(Table 1). The decrease of WBC count of more than
two-fold (p < 0:05) was noted in the group of ani-
mals with 15 nm GNPs administration, mainly due
to decrease of lymphocyte number (p < 0:05). The
signi¯cant decrease in the number of WBCs
(p < 0:05) was found in group with 50 nm GNPs
administration due to reducing of the number of
lymphocytes (p < 0:05) and monocytes (p < 0:05).

After administration of 2 nm and 15 nm GNPs
there was a signi¯cant decrease of mean corpuscular
volume (MCV) and an increase of mean corpuscular
hemoglobin concentration (MCHC) of hemoglobin.

A. B. Bucharskaya et al.

1640004-4

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
6.

09
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 1

03
.2

40
.1

26
.9

 o
n 

10
/2

1/
18

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



In the group of animals with 50 nm GNPs the de-
crease of MCHC was also noted (p < 0:05).

The signs of stimulation of leukocyte hemopoietic
germ were observed at morphological analysis of the
bone marrow after administration of all kinds of
GNPs — the increase of the number of myelocytes,
metamyelocytes and stab leukocytes was observed
in all groups (Table 2). At the same time, the de-
crease of amount of the mature forms (segmented
neutrophils, Fig. 1) was noted after administration
of 15 nm and 50 nm GNPs, which causes the sig-
ni¯cant reduction of leukocytic-erythroblastic ratio.

At morphometric analysis, the di®erences of cell
populations from di®erent functional zones of

mesenteric lymph nodes were not revealed in group
with 1–3 nm GNPs administration compared with
control group (Table 3).

At histological examination, the increase of sec-
ondary follicles with germinal centers were found in
zone of lymph follicles after 15 nm and 50 nm GNPs
administration, which indirectly indicates the activa-
tion of lymphopoiesis. The increase of small lympho-
cytes (p < 0:05); medium lymphocytes (p < 0:05);
and immunoblasts (p < 0:05) were observed after
15nm and 50nm GNPs administration. The increase
of number ofmitotic ¯gureswas found in zone of lymph
follicles at administration of 15nm (p < 0:05) and
50nm GNPs (p < 0:05).

Table 1. Peripheral blood indicators of laboratory animals after GNP administration.

Experimental groups with GNPs administration

The indicators of blood Control group 2 nm 15 nm 50 nm

WBC (� 109/l) 12.4 � 3.9 13.0 � 8.6 5.2 � 3.5* 3.8 � 0.4*

LYM(� 109/l) 9.6 � 2.2 8.8 � 2.9 3.5 � 2.4* 2.7 � 0.5*

MON(� 109/l) 1.7 � 0.5 1.7 � 0.5 0.8 � 0.6 0.5 � 0.1*

GRA(� 109/l) 1.0 � 0.4 2.5 � 1.2 0.9 � 0.7 0.6 � 0.1

RBC(� 1012/l) 6.9 � 1.2 6.0 � 1.2 4.6 � 3.2 6.4 � 0.4

HGB (g/l) 108 � 12 109 � 23 116 � 22 111 � 10
HCT % 34.1 � 4.5 26.3 � 5.2 28.8 � 4.6 28.2 � 2.2

MCV(�m3Þ 50.5 � 3.5 44.0 � 0.8* 43.7 � 1.5* 44.5 � 1.3*

MCHC% 35.6 � 3.2 41.3 � 1.5* 40.3 � 2.1* 39.2 � 1.6

PLT(x109/l) 510.5 � 91.4 457.2 � 88.3 460.5 � 162.6 366.2 � 87.9

Note: * — The signi¯cance of di®erences with control group.

Table 2. The morphological changes in bone marrow.

Experimental groups with GNP administration

The indicators of bone marrow (%)1 Control group 2 nm 15 nm 50 nm

Myeloblasts 1.0 � 0.7 1.3 � 0.7 0.8 � 0.5 1.7 � 0.6
Neutrophil myelocytes 1.2 � 0.3 6.0 � 2.1 6.7 � 1.5* 7.0 � 1.7*
Neutrophil metamyelocytes 3.0 � 0.7* 13.3 � 2.9* 10.7 � 2.4* 11.3 � 3.3*
Neutrophil stab leukocytes 7.5 � 1.8 17.0 � 1.0* 17.5 � 1.7* 13.0 � 1.7*
Neutrophil segments 32.8 � 8.3 22.0 � 6.1 23.2 � 3.9 23.0 � 2.6
Eosinophils 1.7 � 0.7 1.7 � 0.6 1.3 � 0.9 0.7 � 0.6
Basophils 0.3 � 0.3 0.8 � 0.3 0.3 � 0.2 0.3 � 0.3
Monocytes 0.7 � 0.1 2.0 � 1.7 1.8 � 1.7 1.3 � 1.2
Lymphocytes 16.0 � 1.2 14.3 � 3.1 16.5 � 4.0 14.3 � 3.2
Erythroblasts 0 0 0.5 � 1.0 0.3 � 0.6
Basophilic normocytes 1.0 � 0.1 2.0 � 0.0 1.8 � 1.3 2.7 � 0.6
Polychromatic normocytes 12.0 � 0.2 17.7 � 4.2 13.5 � 6.4 20.0 � 4.3
Oxyphilic normocytes 3.0 � 0.3 2.7 � 1.15 3.3 � 0.5 4.7 � 1.5
Leukocytic-erythroblastic ratio 2.6 � 0.2 1.7 � 0.7 2.1 � 0.4* 1.2 � 0.3*

Notes: 1The individual cell types were counted within 200 of bone marrow cells.
* — The signi¯cance of di®erences with control group.
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The increase of small lymphocytes (p < 0:05) and
immunoblasts (p < 0:05) were found in the para-
cortical zone of mesenteric lymph nodes after 15 nm
and 50 nm GNPs administration (Fig. 2).

The medulla cords are composed of plasma cells
producing antibodies, their precursors, macro-
phages and T helper cells. The most prominent cell
in the cord is the precursor to plasma cells or
immunoblasts that came from the germinal centers

of the lymphoid follicles in the cortex of the node.
The increase of the number of plasmocytes in the
area of medulla cords of mesenteric lymph nodes
was revealed after administration of 15 nm and
50 nm GNPs.

Thus, the morphokinetics of cellular elements in
mesenteric lymph nodes at GNPs administration
was characterized by activation of lymphopoiesis and
had size-dependent nature. The most pronounced

Table 3. The morphological changes in mesenteric lymph nodes.

The number of cells
Experimental groups with GNPs administration

Zones of lymphatic nodes (within area of 6400�m2Þ Control group 2 nm 15 nm 50 nm

Lymph follicles Small lymphocytes 64.2 � 3.1 62.3 � 4.6 71.2 � 3.4* 83.3 � 4.7*
Middle lymphocytes 18.2 � 1.4 16.6 � 2.2 30.1 � 2.1* 35.3 � 3.0*
Large lymphocytes 0 0.5 � 0.1 2.2 � 0.7 9.6 � 1.2
Immunoblasts 2.5 � 0.3 2.9 � 0.2 4.8 � 0.3* 10.4 � 1.3*
Plasmocytes 0 0.1 � 0.1 0 0.4 � 0.5
Mastocytes 0 0 0.6 � 0.2 0.8 � 0.1
Mitotic ¯gures 0.2 � 0.1 0.7 � 0.1 4.0 � 0.3* 4.6 � 0.7*

Paracortical zone Small lymphocytes 60.1 � 3.2 61.2 � 5.4 66.2 � 2.1* 72.4 � 4.1*
Middle lymphocytes 12.1 � 1.1 14.3 � 1.8 19.1 � 1.8 26.6 � 2.8
Large lymphocytes 0.8 � 0.1 0.7 � 0.1 1.2 � 0.3 1.2 � 0.1
Immunoblasts 0 0 0.7 � 0.1* 2.9 � 0.1*
Plasmocytes 0.7 � 0.1 0 1.2 � 0.1 1.8 � 0.4
Mastocytes 0 0 0.3 � 0.01 2.0 � 0.6
Mitotic ¯gures 0.8 � 0.16 0.9 � 0.2 1.2 � 0.1 2.1 � 0.16

Medulla cords Small lymphocytes 20.2 � 1.3 18.3 � 1.0 12.6 � 0.1 20.8 � 0.6
Middle lymphocytes 10.2 � 1.7 10.4 � 1.0 12.7 � 1.1 22.3 � 1.2
Large lymphocytes 10.2 � 1.7 0.3 � 0.1 0.5 � 0.1 3.6 � 1.2
Immunoblasts 2.3 � 0.3 2.0 � 0.3 3.5 � 0.4 5.2 � 1.0
Plasmocytes 15.3 � 1.6 17.9 � 1.2 26.4 � 3.4* 38.4 � 3.4*
Mastocytes 0.3 � 0.01 0.1 � 0.07 1.4 � 0.1 3.4 � 0.5
Mitotic ¯gures 0.7 � 0.1 0.9 � 0.2 3.5 � 0.1 4.2 � 0.2

Note: * — The signi¯cance of di®erences with control group.

(a) (b)

Fig. 1. Bone marrow smear, May-Grunwald staining, 246:4�: control group (a); group at 50 nm GNPs administration (b); the
increase in the number of myelocytes, metamyelocytes and stab leukocytes at 50 nm GNP administration is seen.
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changes occurred at administration of 15 nm and
50nm particles.

The signs of circulatory disorders of varying se-
verity and activation of proliferative processes was
observed in the spleen at GNPs administration.
Insu±cient blood supply was noted in 75% cases in
the group of animals with 15 nm GNPs administra-
tion. In all groups of animals, the lymphoid follicles of
spleen contain bright germinal centers represented by
large blast cells, which indicate activation of prolif-
erative processes (Fig. 3). According to the morpho-
metric analysis, the average size of germinal centers
at administration of 2 nm and 50nm GNPs were
438� 20�m2 and 456� 130�m2, respectively, and
at administration of 15 nm GNPs� 365� 180�m2

(control values of 0:201� 0:01mm2; p < 0:05).

4. Discussion

The minor toxic e®ects of 15 nm and 50 nm GNPs
found in our work are consistent with the experi-
mental data by Hillyert and Albrecht,4 wherein the
biodistribution was investigated for GNPs with
diameters of 4, 10, 28 and 58 nm at peroral admin-
istration to mice for seven days with GNP suspen-
sion at a concentration of 200�g/mL.

It was found that 4 nm GNPs can be absorbed
through the digestive tract, and redistributed by in-
ternal organs in signi¯cant quantities. By increasing
the particle size, the permeability of the digestive
tract for GNPs was signi¯cantly reduced.

Findings of signi¯cant toxic e®ect of GNPs in stud-
ies8,10 were probably associated with the signi¯cantly
higher doses and absence of coating of GNPs. In Ref. 8,

(a) (b)

Fig. 2. Mesenteric lymph node histology, cortex, H&E staining, 774:0�: Control group, primary follicle (a); experimental group
under 50 nm GNP administration, germinal center of secondary follicle (b).

(a) (b)

Fig. 3. Spleen histology, H&E staining, 246:4�: control group (a), group with 15 nm GNP administration, the selected area
indicates bright germinal center in the follicle (b).

Alterations of morphology of lymphoid organs
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after 14–28 days of oral administration obvious e®ects
on organ index in mice have been observed only at high
concentration of naked 13.5nm GNPs. In Ref. 10, only
GNPs ranging from 8 to 37nm induced severe sickness
inmice after intraperitoneal injection at a dose of 8mg/
kg/week. Modifying the surface of the GNPs by incor-
porating immunogenic peptides ameliorated their tox-
icity. This reduction in the toxicity is associatedwith an
increase in the ability to induce antibody response.

Literature data on GNP e®ects on immune system
are limited and contradictory. It is known that
intraperitoneal injection of GNPs increases the
phagocytic activity of macrophages and lymphocytes
which causes their accumulation in the reticulum cells
of lymphoid tissue and determines the immunomod-
ulatory e®ect of GNPs.13 In other works, it was shown
that GNPs may induce either pro-in°ammatory14 or
anti-in°ammatory e®ects,15,16 depending on their
size,11 conjugation and hydrophobicity.17

In our study, the morphological changes in the
spleen were presented in the form of circulatory
disorders, which were characterized by insu±cient
blood supply with varying degrees of severity. In
addition, in the spleen proliferative activation pro-
cesses were found, which is consistent with data of
Małaczewska.25 After 15 nm and 50 nm GNPs
administration the sizes of spleen follicles were in-
creased due to the appearance of germinal centers,
which can be explained by immune response to
antigenic stimulation.26,27

The analysis of morphological alterations in blood
cells and bone marrow indicators showed that more
pronounced changes were observed in leukocyte
number at 15 nm and 50nm-GNP administration.
The changes in leukocyte ratio in the bone marrow
and stimulation of the granulocytic lineage of he-
matopoiesis are probably related to the decrease in
the number of leukocytes in peripheral blood after
15nm and 50nm GNP administration. These results
are consistent with the work of Zhang et al. Eleven
where the size-dependent GNP biodistribution in the
blood and bone marrow cells was noted at intraper-
itoneal injection and 5 nm and 30nm particles in-
duced a decrease of WBC population.

According to our results, the signs of strength-
ening of the processes of cell proliferation and dif-
ferentiation of lymphoid cells in lymph nodes were
revealed after 15 day administration of GNPs. This
is con¯rmed by the increase of number of cells with
mitotic ¯gures, which was manifested in various
degrees in di®erent areas of lymph nodes. The

number of small lymphocytes and immunoblasts in
zone of lymphoid follicles and paracortical area was
increased. Thus, the dynamics of di®erent forms of
lymphocytes in structural zones of the lymph nodes
was the morphological evidence of activation of the
proliferation and di®erentiation of immune cells.

Our results agree with the data of other studies
which found that the immune response to GNPs
may therefore be tissue dependent, as well as par-
ticle size-dependent,28 and future studies should be
expanded upon these ¯ndings.

5. Conclusion

In this work, we have studied the basic hemato-
logical parameters and morphological changes in
lymphatic organs after a prolonged oral adminis-
tration of di®erent sized GNPs. The main idea be-
hind the present study was to evaluate the possible
immunostimulation or immunotoxical e®ects in
terms of alterations noticed in lymphoid organs and
blood of animals exposed to GNPs of di®erent size.
To the end, 2, 15 and 50 nm GNPs were adminis-
tered for 1mL of GNPs once a day for 15 days at a
dosage of 190�g/kg of body weight. The main
results of the study are as follows.

The main results of the study are as follows. In
peripheral blood, we observed the size-dependent
dynamics manifested as a reduction of the number of
WBCs, lymphocytes for both, 15 and 50nm GNPs
and in number of monocytes for 50 nm GNPs. The
morphological examination of the bone marrow in-
dicated stimulation of myelocytic germ of hemato-
poiesis under 15 nm and 50nm GNP administration.
Speci¯cally, we have recorded statistically signi¯cant
increase in neutrophil metamyelocytes and neutro-
phil stab leukocytes for all GNP sizes and in neu-
trophil myelocytes for 15 and 50nm GNPs. Finally,
in the lymph nodes, the signs of strengthening of the
processes of proliferation and di®erentiation of cel-
lular elements were revealed, that could be related to
the presence of immunomodulation e®ect of 15 nm
and 50nm GNPs, especially for the immune cells of
the lymph nodes. In particular, for 15 and 50nm
GNPs, statistically signi¯cant increase in the number
of cells per area of 6400�m2 has been observed for
small and middle lymphocytes, immunoblasts and
mitotic ¯gures in lymph follicles, as well as in small
lymphocytes in paracortical zones.

To summarize, further studies are needed to
follow the GNP-mediated the innate (phagocytosis,

A. B. Bucharskaya et al.
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cytokine response, complement activity, etc.) and
adaptive immune responses such as speci¯c anti-
body secretion, cytotoxic e®ect, cytokine synthesis
etc. Further, the morphological changes in periph-
eral blood and lymphoid nodes under prolonged
exposure to GNPs and the time-dependent revers-
ibility of those changes seem to be desired addi-
tional studies. We plan to investigate these issues in
future studies. Some parts of this plan are under
way.
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