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Gold nanoparticles (AuNPs) possess considerable biocompatibility and therefore gaining more attention
for their biomedical applications. Previous studies have shown the transient increase in pro-
inflammatory cytokines expression in different organs of rats and mice exposed to AuNPs. Structural
changes in the spleen of mice treated with AuNPs have also been reported. This investigation was aimed
to study the immunostaining of IL-1b, IL-6 and TNF-a in mice treated with different sizes of AuNPs. The
animals were divided into 7 groups of 4 animals in each group. One group received saline and served as
control. Two sets of three groups were treated with 5 nm, 20 nm and 50 nm diameter AuNPs. One set was
sacrificed on day 1 and the other on day 7 following the AuNPs injections. Spleens were dissected out and
promptly fixed in formalin for 3 days and then processed for IL-1b, IL-6 and TNF-a immunostaining using
target-specific antibodies. The immunoreactivities of IL-1b and IL-6 were increased with the increase of
AuNP size. The immunostaining of IL-1b in spleen of 20 nm AuNP treated mice was subsequently
decreased on day 7 whereas it persisted in 50 nm AuNP group. The increase in the immunoreactivity
of IL-6 on day 1 was decreased on day 7 in the spleens of mice treated with 20 nm or 50 nm AuNPs.
The immunostaining of TNF-a was found to be negative in all the treatment groups. In conclusion, the
size of AuNPs plays an important role in the expression of proinflammatory cytokines in mouse spleen;
small size (5 nm) AuNPs caused minimal effect, whereas larger (50 nm) AuNPs produced intense
immunostaining.
� 2020 Published by Elsevier B.V. on behalf of King Saud University. This is anopenaccess article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

During this decade, the field of nanotechnology has flourished
with the synthesis of novel nanomaterials and their enormous
scope in areas like medicine, engineering, environment and indus-
try (Ashraf et al., 2020; Zhang et al., 2016; Nurunnabi et al., 2015;
Nafiujjaman et al., 2015; Khatun et al., 2015; Kang et al., 2015;
Eswar et al., 2014). Besides the continued research on exploring
the novel avenues for biomedical and other applications of
nanoparticles (Lopes et al., 2019; Ibrahim et al., 2018a, 2018b,
2018c, Khan et al., 2018) voices have also emerged about studying
the side effects and toxicities of different kinds of nanomaterials
(Adewale et al., 2019; Khan and Shanker, 2005; Arif et al., 2012).
Among various types of metal nanoparticles, gold nanoparticles
(AuNPs) have gained higher interest for biomedical usage such as
targeted drug delivery (Mioc et al., 2019; Perni and Prokopovich,
2014; Craig et al., 2012) and imaging (Han et al., 2019;
Depannemaecker et al., 2019). By virtue of its completely filled
d-subshells, gold exhibits chemical inertness and regarded as a
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noble element due to its resistance to corrosion and oxidation.
Because of their chemical inertness, AuNPs possess considerable
degree of biocompatibility as compared to other metal nanoparti-
cles (Bailly et al., 2019).

Although metallic gold is inert in reactivity, its conversion into
nano-scale size imparts unique properties, particularly the activa-
tion of immune response because the body considers AuNP as a
foreign antigen. Exposure to AuNPs has been shown to cause some
degree of toxicity in different organs of experimental animals
(Patel et al., 2019; Bahamonde et al., 2018; Ibrahim et al., 2018a,
2018b, 2018c; Khan et al., 2012) as well as cell lines (Enea et al.,
2019; Lee et al., 2019). Several reports have suggested an acute
phase expression of proinflammatory cytokines in different organs
of rats (Khan et al., 2017; 2016, 2013a, 2013b; Al-Harbi et al., 2019)
and mice (Khan et al., 2019; Ibrahim et al., 2018a, 2018b, 2018c). It
was also observed that AuNP-induced expression of proinflamma-
tory cytokines at mRNA level was transient and normalized after
one week. However, the time-course expression pattern of these
cytokines at protein level was not reported and therefore investi-
gated in this study. We chose spleen as the preferred organ
because of its immense role in activation and control of immune
response (Lewis et al., 2019; Bronte and Pittet, 2013). Previous
studies have shown the accumulation (Buzulukov et al., 2014)
and structural changes (Ibrahim et al., 2018a, 2018b, 2018c) in
the spleen of animals treated with AuNPs. In this study, we con-
ducted the immunohistochemistry for IL-1b, IL-6 and TNF-a
expression in spleens of mice at day 1 and day7 following the
exposure of 5 nm, 20 nm and 50 nm AuNPs.
2. Materials and methods

2.1. Animals

Adult female Swiss albino mice, weighting 28–32 g were
divided into 7 groups of 4 animals in each group. The animals were
kept in polycarbonate cages with sawdust bedding and maintained
at 12 h light/dark cycles. All the animals had free access to stan-
dard laboratory food and drinking water and were acclimatized
for 3 days before starting the AuNPs treatment. The experimental
study was approved by the Institutional Review Board.

2.2. Dosing of AuNPs

All the AuNPs used in this study were purchased fromMK Nano,
Canada. The commercial preparations of all the AuNPs were in the
form of aqueous suspension with Au concentration of 0.01%. The
commercial solutions of different sized AuNPs were vortexed and
sonicated before diluting with sterile normal saline. The control
group received a single intraperitoneal (IP) injection of normal sal-
ine (100 ml). The remaining 6 groups were assigned into two sets.
Mice in both the sets received a single IP injection of 5 nm,
20 nm or 50 nm diameter AuNPs, respectively. The AuNPs dose
was adjusted so as each animal received a single injection of 5 mg
Au/100 ml. Although all the mice in treatment groups (except con-
trol) received the same amount of Au, they were exposed to differ-
ent counts of AuNPs depending on the size of AuNPs. The mice in
one set were sacrificed on day 1, whereas the animals in another
set were sacrificed on day 7, following AuNPs injection. Spleen
samples were removed and kept immersed for fixation in 10% neu-
tral buffered formalin for at least 3 days.

2.3. Immunohistochemistry

The pre-fixed spleen samples were processed overnight using
an automated tissue processor (Sakura, Japan). An embedding sta-
tion (Sakura, Japan) was used for embedding the processed spleen
samples in paraffin blocks. We used a rotary microtome (Leica-
RM2245, Germany) for cutting 4 mm thick sections of spleen spec-
imens. The sections were then mounted on super frosted glass
slides.

The paraffinized sections were passed through xylene, ethanol
(graded concentrations) and distilled water for de-paraffinization.
Microwave heating of the sections for 5 min in citrate buffer was
used to prime them for efficient antigen retrieval. We used a
HRP/DAB Detection kit (Abcam) for immunohistochemistry. The
proinflammatory cytokines’ primary antibodies were used in the
following dilutions: IL-1b 1:500, IL-6 1:400, and TNF-a 1:100.
The sections were incubated with primary antibodies, followed
by their incubation with horseradish peroxidase (HRP) conjugate
and then with the DAB substrate. Finally, the sections were sub-
jected to counterstaining with Mayer Hematoxylin for light micro-
scopy examination. The immunostaining color intensity of was
graded from 0 (no staining) to 5 (highest intensity and larger area)
scale. The detailed protocol of immunohistochemistry has been
reported earlier (Khan et al., 2017).

2.4. Statistics

The results of semi-quantitative grading of immunostaining in
different treatment groups were analyzed by one-way analysis of
variance (ANOVA) followed by Dunnett’s multiple comparison test
using SPSS software. P values less than 0.05 were considered as sta-
tistically significant.
3. Results

The immunohistopathology of control spleen showed almost
negligible immunostaining for IL-1b (Fig. 1). A single injection of
5 nm AuNPs caused mild immunostaining for IL-1b on day 1 that
persisted with similar intensity on day 7. Administration of
20 nm AuNPs caused intense immunostaining for IL-1b on day 1
that subsided after one week. The spleen of mice treated with
50 nm AuNPs showed moderate immunostaining for IL-1b on
day 1 that turned to highly intense on day 7 (Fig. 1).

There was no immunostaining for IL-6 in the spleen of control
mice (Fig. 2). Administration of the 5 nm, 20 nm, and 50 nm AuNPs
showed a size-dependent increase in IL-6 specific staining in the
spleens of mice on day 1. Although the intensity of IL-6 immunos-
taining in the spleens of mice treated with the 5 nm AuNPs was
slightly increased on day 7, mice treated with the 20 nm and
50 nm AuNPs showed a gradual decrease in IL-6 immunostaining
on day 7 (Fig. 2).

The immunostaining for TNF-a was absent in the spleens of
control as well as AuNPs treated groups irrespective of AuNPs sizes
and exposure times, except one animal in 5 nm AuNP group
showed very light immunostaining at few points (Fig. 3). The
results of semi-quantitative analysis of immunostaining for differ-
ent proinflammatory cytokines are summarized in Table 1.
4. Discussion

The results of this study showed that the spleens of control
mice did not indicate any staining specific to IL-6 and TNF-a, while
very light immunostaining was observed for IL-1b in control
spleens. In a previous study, we compared the sensitivity of
immunohistochemistry and real-time PCR for the expression anal-
ysis of these cytokines at protein and mRNA level, respectively. We
noticed that real-time PCR is comparatively more sensitive because
it successfully detected all the cytokines mRNA expression in con-
trols (Khan et al., 2016). The high sensitivity of real-time PCR was



Fig. 1. Immunostaining of IL-1b in spleen of mice treated with AuNPs. Original magnification �200.
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attributed to the exponential amplification of the target gene as
well as to the variations in the half-life of mRNA and the translated
protein.

The small size AuNPs (5 nm diameter) did not affect the expres-
sion of proinflammatory cytokines in mice spleen whereas both
medium (20 nm) and large (50 nm) AuNPs caused intense
immunostaining of IL-1b and IL-6. The inability of 5 nm AuNPs to
induce the expression of proinflammatory cytokines in spleen
can be associated to their fast clearance of smaller AuNPs through
renal filtration as the pore size of glomerular basement membrane
is around 8 nm (Balasubramanian et al., 2010). Naz et al. (2016)
showed that smaller AuNPs (2–10 nm) were slowly excreted
through urine without causing any systemic toxicity in mice after
a single intravenous injection of a high dose (1250 mg/kg). An



Fig. 2. Immunostaining of IL-6 in spleen of mice treated with AuNPs. Original magnification �200.
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important role of size of AuNPs in induction of proinflammatory
cytokines expression in different organs such as liver, kidney and
brain of rodents has been reported earlier (Khan et al., 2013a,
2018, 2019). In a multi-organ histopathological study, spleen was
found to be the preferential target of both 20 nm and 50 nm AuNPs,
as they significantly affected the cellular architecture of spleen and
produced pathological alterations after 24 h that also persisted
after one week (Ibrahim et al., 2018a, 2018b, 2018c).
The immune response is greatly influenced by the nanoparticle
size due to variation in the deposition of complement proteins
according to the size of nanoparticles. The complement system is
known to play a key role in modulation of proinflammatory
immune response besides its active involvement in the uptake
and removal of nanoparticles (Pondman et al., 2015). Not only
the size of AuNPs but their surface charge also affected the biodis-
tribution and clearance of AuNPs in mice, as the distribution of



Fig. 3. Immunostaining of TNF-a in spleen of mice treated with AuNPs. Original magnification �200.
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positively charged AuNPs was comparatively higher in spleen,
heart and lung whereas negatively charged AuNPs mainly targeted
liver (Lee et al., 2015). Shape is another important determinant of
AuNPs biodistribution, accumulation, persistence and toxicity in
mice. Intravenous injections (0.5 mg/kg) of gold nanomaterials of
different shapes such as nanoclusters, nanorods and nanospheres
showed wide variations in their biodistribution and toxicity profile
in mice (Zhang et al., 2014).
In conclusion, 5 nm AuNPs did not affect the expression of
proinflammatory cytokines in mouse spleen whereas 20 nm and
50 nm AuNPs significantly increased the immunostaining of IL-1b
and IL-6. The inflammatory response was evident as early as day
1 following AuNPs exposure and persisted to varying degrees
after one week. These findings suggest an important role of
nanoparticles size on the acute phase immune response in mice
spleen.



Table 1
Semi-quantitative analysis of immunostaining for IL-1b, IL-6 and TNF-a in spleen of mice treated with AuNPs.

Groups IL-1b IL-6 TNF-a

Day 1 Day 7 Day 1 Day 7 Day 1 Day 7

Control 0.75 ± 0.25 0.25 ± 0.25 0.00 ± 0.00
AuNP-5 nm 1.50 ± 0.28 2.25 ± 0.25* 1.25 ± 0.25 2.75 ± 0.25* 0.00 ± 0.00 0.25 ± 0.25
AuNP-20 nm 3.75 ± 0.25** 2.50 ± 0.28* 2.75 ± 0.25* 2.25 ± 0.25* 0.00 ± 0.00 0.00 ± 0.00
AuNP-50 nm 3.50 ± 0.28** 4.50 ± 0.28** 3.50 ± 0.28** 2.25 ± 0.25* 0.00 ± 0.00 0.00 ± 0.00

*P<0.05 and **P<0.01 versus control group using Dunnett’s test.
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