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The molecular mechanism of cancer cell death caused by silver nanoparticles (AgNPs) of different sizes is

investigated. Compared with the larger nanoparticles, 13 nm AgNPs significantly inhibit the migration and

invasiveness of lung adenocarcinoma A549 cells, induce elevated reactive oxygen species and lead to

NF-kB directed cellular apoptosis.
Lung cancer is the most commonly diagnosed malignancy,
which is reported to account for about 1.82 million new cases
and 1.59 million mortalities globally in 2012.1 Non-small cell
lung cancer (NSCLC) is one deadly type of lung cancer, which
occurs in approximately 85% to 90% of all cases. Various
treatment options have been available in recent years, such as
minimally invasive surgical treatment, radiation therapy,
systemic chemotherapy and targeted therapy, however, the
treatment regimens mainly rely on the disease stage or perfor-
mance status, and the long-term survival of patients with
NSCLC is dismal. For example, only 13–36% of patients with
NSCLC survive ve years aer diagnosis.2,3 Moreover, lung
cancer, with many variants, frequently metastasize to bone,
brain, lung and liver, and drugs that target distant metastases
oen do not work in the adjuvant settings,4 or worse, wreak
havoc on healthy cells and tissues,5,6 causing poor prognosis
and high mortality.7,8 Thus, new therapies that overcome the
current obstacles such as drug resistance, side effects, and poor
specicity provide hope for the treatment of NSCLC in the
future.

During the last two decade, with the development of nano-
technology, nanoparticles have gained growing interest as
promising agents and have been applied for biomedical
research9–12 including drug manufacture, imaging, biological
tagging, anticancer drugs, drug delivery, antibiotic develop-
ment, gene transmission, tissue engineering, etc. Although
more research is necessary, various nanoparticles play an inti-
mate role in therapeutics and diagnostic agents, which has high
specic surface area and easily penetrate the cell membranes
and the biological barriers.
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Silver nanoparticles (AgNPs) are emerging as one of the
fastest growing nanotechnology-based product categories, and
they have been successfully used for both in vivo and in vitro
anticancer therapies because they are easy to make and
stable.13–15 It has been presented that AgNPs and their related
products including surgical instruments and wound dressings
show wide spectrum of biological activities and strong inhibi-
tory effect on the growth, thus suggesting their widespread
applications as nanomedicine.16–18 Nevertheless, the molecular
mechanism of cancer cell death caused by treatment of AgNPs
seem to be still under investigation, although much research
pointed out that, at the nano-scale, size is considered as one of
the important criteria that governs the physicochemical prop-
erties of nanoparticles and ultimately their biological behav-
iour. In the present study, the effects of AgNPs with different
sizes against A549 lung adenocarcinoma (a common type of
NSCLC) cells was explored, and the data demonstrated that the
smaller AgNPs (13 nm) were more toxic and signicantly sup-
pressed the migratory and invasive abilities of A549 cells, while
no such changes were observed with larger nanoparticles.
Furthermore, we found that 13 nm AgNPs inhibited the growth
and invasion of lung cancer cells in vitro by inducing apoptosis
via NF-kB signaling pathway, accompanied by the up-regulation
of pro-apoptotic proteins and the down-regulation of anti-
apoptotic proteins. These are promising observations and
provide valuable information on the size-dependent anticancer
activity of AgNPs for potential human applications against
invasion of lung adenocarcinoma.

Experimentally, AgNPs with different sizes were successfully
synthesized.19–21 SEM images of AgNPs (Fig. 1a–c) revealed that
the as-prepared AgNPs were well dispersed with uniform sizes.
By counting the nanoparticles in the SEM images, the average
particle sizes were calculated, which were 13.02, 45.21 and
92.18 nm (Fig. 1a–c, inset histograms), and termed to be 13, 45
and 92 nm in the following study. Moreover, as Fig. 1d showed,
AgNPs with the size of 13, 45 and 92 nm have surface plasmon
absorption at 388, 408 and 468 nm, respectively, which is
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 SEM images and corresponding size distributions of AgNPs. The
average particle sizes are 13.02 nm (a), 45.21 nm (b) and 92.18 nm (c).
The total numbers of particles counted for the histograms are more
than 100. Scale bar: 100 nm. (d) Extinction spectra of AgNPs with the
size of 13.02 nm (black), 45.21 nm (red) and 92.18 nm (green).

Fig. 2 AgNPs with the size of 13 and 45 nm inhibited A549 cell
migration in vitro. (a) Representative photographs of wound healing
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identical to that of the plasmon resonance absorbance signals
of AgNPs in aqueous medium.

The primary challenges of preparing nano-materials suitable
in biological-medical area are to keep the nanoparticles away
from aggregation and retain constant physicochemical proper-
ties in physiological conditions. It has been observed that there
was no signicant change in the absorption peak of AgNPs
incubated with cell medium up to 72 h (Data not shown). MTT
assay was then performed to assess the cytotoxicity of the
AgNPs. Various concentrations of AgNPs (13, 45 and 92 nm)
were incubated with A549 and L929 cells (mouse subcutaneous
connective tissue and fat broblast cell, as the normal control)
for up to 72 h, and the cell viabilities were measured. Cell
viability of L929 cells was observed to be over 80% as compared
to untreated cells at all the sizes and maximum concentration,
and no obvious changes were observed at different time
(Fig. S1†), suggested that AgNPs in the size range of 13–92 nm
and the concentration range used in this work are largely non-
toxic to normal cells. The anti-proliferation effect of AgNPs
against A549 cells was evaluated at the same experiment
condition, which showed higher cytotoxicity in dose-, time- and
size-dependent manners and smaller AgNPs increased the
toxicity against A549 cells, which is consisted with previous
report.22 Based on those results, the relatively low concentra-
tions of AgNPs (13 nm, 1.0 mg mL�1; 45 nm, 3.0 mg mL�1; 92 nm,
20 mg mL�1) were provided for the further experiments (cell
viability > 90% and 70% for L929 and A549 cells, respectively).

As known, metastasis is the main characteristic of cancer,
during which the metastatic cells migrate from the primary
tumour to a distant tissue, invade surrounding tissues for
entering blood and lymphatic circulations, and ultimately grow
into a macroscopic metastatic lesion.23–25 To evaluate the size
effect of AgNPs on migration of A549 cells, a wound healing
assay was employed. The results demonstrated that the cells
This journal is © The Royal Society of Chemistry 2019
treated with AgNPs of 13 and 45 nm migrated more slowly to
close the scratched wounds compared with that of 92 nm AgNPs
and untreated A549 group (Fig. 2).

Furthermore, a transwell invasion assay was then performed
to investigate the effect of AgNPs on the invasive abilities of
A549 cells. Fig. 3 showed that the ability of A549 cells to invade
through the matrigel matrix was signicantly decreased incu-
bated with 13 nm AgNPs, while the invasion of A549 cells was
inhibited to some extent when incubated with 45 nm AgNPs,
and no such effect was observed in 92 nm AgNPs treated or
A549-con group (Fig. 3). Taken together, these results suggested
that 13 nm AgNPs could signicantly inhibit the migratory and
invasive abilities of A549 cells in vitro, and no similar effect was
observed at the size of 92 nm.

To investigate the mechanism of the halted migratory and
invasive abilities of A549 cells caused by AgNPs, subcellular
localization of AgNPs was then performed under a dark-eld
microscope, and we could clearly observe the distribution of
AgNPs in cytoplasm of A549 cells (Fig. S2†). In the control
group, however, under the same condition, there was no
signicant number of particles except the obvious aggregated
dots driving from the non-specic adsorption, indicated that
AgNPs could successfully and efficiently entered the cells via
endocytosis and accumulated in cytoplasm. Interestingly, more
dark-eld light scattering signal was obtained in the 13 nm
AgNPs treated A549 cells due to the small size effect.

Reactive Oxygen Species (ROS) are the natural by-products of
normal metabolism and play crucial roles in cell signalling and
homeostasis, most of which are generated by oxidative phos-
phorylation (OXPHOS) in mitochondria. Increasing level of
intracellular ROS induced by chemotherapeutic drugs may
result in signicant damage to cell morphology and lead to cell
death.26 In order to determine the potential effect of AgNPs to
ROS generation, dihydroethidium (DHE) staining was then
involved (Fig. 4). DHE is a widely used probe, which shows very
weak uorescence and turns into signicant enhanced uo-
rescent signal when oxidized by ROS or some other peroxides in
cells. As shown in Fig. 4, AgNPs of different sizes showed
distinct effect on intracellular ROS level. Aer exposure to
13 nm and 45 nm AgNPs, the cells showed strong red uores-
cence (Fig. 4b and c), and the uorescence of DHE was strongest
scratch assay. (b) The bar graphs show the number of migrating cells.
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Fig. 3 Transwell migration assay. (a) Representative photographs of
transwell migration assay with A549 cells with or without pre-treat-
ment of AgNPs. Scale bar: 1000 mm. (b) Themigration cell numbers for
each group were calculated.

Fig. 4 ROS generation in A549 cells control (a), and cells treated with
13 nm (b), 45 nm (c), 92 nm AgNPs (d). Scale bar: 100 mm.

Fig. 5 Treatment with smaller size AgNPsmodulates the expression of
proteins related to NF-kB directed cell apoptosis. (a) A549 cells (1 �
106/plate) were seeded and incubated with AgNPs of different size for
24 h, total protein was isolated and subjected to immunoblot analysis
for cell survival related proteins namely p-NF-kB, BAD, Bcl-2 and Bax
followed by densitometry of immunoreactive bands. GAPDHwas used
as a loading control. (b) Bar diagram represents the p-NFkB/GAPDH,
BAD/GAPDH and Bax/Bcl-2 ratio in different treatment group. Lines
within the groups represent averages � standard errors. *p < 0.05.

Fig. 6 Scheme summarizing the anticancer effects of AgNPs through
the inhibition of migration and invasion against A549 cells and the
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in cells incubated with 13 nm AgNPs, whereas in the untreated
control cells (Fig. 4a) and that treated by 92 nm AgNPs (Fig. 4d)
quite poor uorescence was observed, suggesting that 13 and
45 nm AgNPs-treatment induced oxidative stress. As more
number of red uorescent cells have been noted during treat-
ment of the smaller AgNPs (13 and 45 nm), the size-dependent
cytotoxicity might be caused due to elevated level of ROS in A549
cells treated by smaller AgNPs, which could penetrate cell
membrane and located in the lysosome and mitochondria,27,28

and subsequently lead to cellular/DNA damages.29

To further clarify the effect of size on lung cancer cell death,
cell apoptosis studies were investigated in A549 cells treated by
AgNPs, and the protein levels of apoptosis related protein-Bax,
Bcl-2 and Bad were determined. As shown in Fig. 5, the
content of Bad, which is anti-apoptotic, increased signicantly
aer incubated with 13 nm AgNPs, while no obvious changes
were obtained when the cells were treated with larger
21136 | RSC Adv., 2019, 9, 21134–21138
nanoparticles. Similarly, 13 nm AgNPs causes a reduction in the
levels of the anti-apoptotic protein Bcl-2, while an associated
increase in the level of pro-apoptotic protein Bax was observed
(Fig. 5), leading to an increase in the ratio of Bax/Bcl-2.

Much experimental research has reported that the inhibition
of nuclear factor (NF)-kB activation can lead to the inhibition of
cell growth, invasion and apoptosis in various types of cancer
cells.31–33 Following this line, the activity of NF-kB in A549 cells
was further analysed to investigate the possible apoptotic
mechanism, and the results revealed that 13 nm AgNPs was able
to signicantly upregulate the phosphorylation of NF-kB (p-NF-
kB) in A549 cells (Fig. 5). These results suggest a potential
apoptotic effect of 13 nm AgNPs against A549 cells via the NF-kB
signalling pathway. Based on all of the above results, we spec-
ulate that, AgNPs, which are pointed out that have a sustained
release of Ag+ in an environment with lower pH (such as cancer
cells),30 may create free radicals and induce oxidative stress,
activation of NF-kB-induced apoptosis.

This journal is © The Royal Society of Chemistry 2019
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inhibit the migration and invasiveness of cells, and thus further
lead to cell apoptosis (Fig. 6). Additionally, the biological activity
of particles increases as the particle size decreases, since the
smaller particles haver larger surface area per unit mass and
increased potential for biological interaction.34

Conclusions

In conclusion, this study suggests that size of AgNPs plays
a signicant role in suppressing the migration and invasion of
lung adenocarcinoma cells in vitro, and this inhibitive effect is
most pronounced treated with 13 nm AgNPs, while the effect
starts decreasing with the size of 45 nm and completely
vanishes for 92 nm AgNPs. Further experiment is performed to
investigate the possible molecular mechanism, and the results
reveal that 13 nm AgNPs are able to induce the generation of
ROS and cell apoptosis by activating NF-kB, accompanied with
an increase in the expression of NF-kB target proteins that are
pro-apoptotic: Bad, Bax, and the decrease of anti-apoptotic
protein: Bcl-2, suggesting that 13 nm AgNPs may be a poten-
tial therapeutic target for lung adenocarcinoma therapy.
Although future studies are necessary on proving the anticancer
efficacy of AgNPs using in vivo models, the data in this work
provides strong indication that AgNPs can be effective preven-
tive agents against lung adenocarcinoma.
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