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Correlation of biocapping agents with cytotoxic effects
of silver nanoparticles on human tumor cellst

Wang Chunyan and Suresh Valiyaveettil*

Metal nanoparticles are used in a wide range of commercial products such as cosmetics, food packaging
and household detergents. Owing to interesting antimicrobial properties, silver nanoparticles (Ag NPs) are
commonly used in many commercial products. Recently, green approaches using plant extracts at room
temperature have been developed for the synthesis of Ag NPs. Here we explored a one-pot approach,
which combines capping, reducing agents and templates in one bioextract for synthesizing water soluble
Ag NPs. Ginger, coffee and mint extracts were used for the synthesis of water soluble Ag NPs. The as-
synthesized nanostructures were characterized using transmission electron microscopy and UV-Vis
spectroscopy. The toxicity of Ag NPs with different capping agents was studied using hepatocellular liver
carcinoma cells (HepG2) and human cervical cancer cells (HeLa). The level of toxicity was evaluated using
changes in cell morphology, cell viability and oxidative stress studies. Ag NPs caused a decrease in the
amount of ATP in cells while plant extracts alone did not have significant effect on the amount of ATP. It is
interesting to note that bioextract capped Ag NPs do not increase but decrease production of reactive
oxygen species (ROS) in a dose dependent manner, which could mostly be attributed to the antioxidant
activity of biocapping agents on the surface of nanoparticles. Ag-mint, Ag-ginger and Ag-coffee NPs
treatment caused cell cycle arrest in the G2/M phase and Ag—mint NPs exposure resulted in cell cycle arrest
in the sub G1 stage. Annexin-V propidium iodide staining showed a large amount of apoptosis in Ag-mint
NPs treated cells. A possible mechanism of toxicity of Ag NPs resulted from interruption of ATP synthesis,
which further caused DNA damage and cell death through apoptosis. A complete elimination of toxicity,
especially at higher concentrations of Ag NPs has not yet been achieved.

Owing to their antimicrobial activity, Ag NPs have been
used in a wide range of consumer products ranging from

Nanotechnology is being explored in a wide range of
applications in different communities ranging from military,
industrial, and medical to academic laboratories."™ Compared
to their bulk counterparts, nanomaterials have unique
chemical, optical, mechanical, electronic and magnetic prop-
erties, which enable them to have many potential applications
in wide areas of medicine, energy, environment and consumer
goods.”® Metallic nanoparticles (NPs) have been used for
several biomedical applications for the last 20 years.® An
organic capping agent with functional groups is used to fine-
tune solubility, stability, surface charges, and interactions of
NPs with other molecules. The nature of the capping agent
influences both the physical properties and biological proper-
ties of NPs.”'! Recently, there has been growing interest in
developing environmentally friendly and multifunctional
biomaterials as capping agents for nanoparticles to reduce
toxicity.">™"”
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cosmetics to household products and medical applications
including imaging, drug delivery and disinfection. Ag NPs
impregnated catheters'® and wound dressings'® are used in
therapeutic applications. However, previous studies have
indicated that nanoparticles have a size-, time- and dose-
dependent cytotoxicity, where smaller particles with longer
exposure time at higher concentrations showed the highest
toxicity.”*® A possible mechanism of cytotoxicity of Ag NPs
involves disruption of the mitochondrial respiratory chain,
increase of ROS production and interruption of ATP synthesis,
which in turn cause DNA damage.”® To the best of our
knowledge, little is known about the influence of capping
agents on the bioactivity of Ag NPs.*""*

Green approaches have been employed for the synthesis of
NPs in which plant extracts were used as reducing agents and
capping agents.>>”>” Here we use common ginger,”® mint and
coffee® extracts as reducing and capping agents to control the
size and surface functional groups for the synthesis of water
soluble Ag NPs. In addition, the bioextracts may also affect the
toxicity of the Ag NPs. The characterization of Ag NPs was done
using UV-Vis and TEM and the effects of exposure time and
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dosage affecting cellular uptake and cytotoxicity of the
prepared Ag NPs in human cancer HeLa and HepG2 cells
were studied.

Experimental

Materials

Silver nanoparticle synthesis was carried out using a standard
procedure through the reduction of silver nitrate.>® All
glassware used for the synthesis was treated with piranha
solution (30% hydrogen peroxide/concentrated sulphuric acid
in 3:1 ratio) and washed thoroughly in ultrapure water
(Millipore Corporation). Dry mint leaves and ginger rhizome
were purchased from local Chinese traditional medicine
shops, while pure soluble coffee (Nescafe Gold), 100% freeze-
dried soluble coffee (Nestle Korea Ltd.) was purchased from a
local supermarket in Singapore. Silver nitrate (99%) was
purchased from Sigma-Aldrich.

The selection of these extracts as reducing agents and
capping agents was based on enhancing the solubility and
stability of Ag NPs in the cell culture medium. All extracts
reduced silver nitrate to Ag NPs at room temperature without
the need for other reducing agents.”>** Ag NPs showed high
dispersion and solubility at high concentrations during the
cell viability studies.

Synthesis of Ag NPs

Dried mint leaves (5 g) were washed 3 times with 200 mL
Millipore water before boiling in 350 mL water until the
volume was reduced to 150 mL, and the final solution was
filtered with filter paper. The extract was kept in a —20 °C
fridge overnight before freeze drying to obtain a dry powder.
No attempt was made to purify or isolate compounds in the
extracts. Finally, the appropriate amount of mint extract
powder was weighed and dissolved in Millipore water to
obtain a standard mint extract solution. Ag NPs were
synthesized by reducing silver nitrate solution with mint
extract solution at the ratio mag/Mmine = 1/5 under constant
stirring at room temperature. The color of the solution
changed to yellowish brown with time (Fig. 1), indicating
nanoparticle formation. The mixture was stirred for an
additional 2 h. Ag NPs were purified using repeated centrifu-
ging and washing with water to remove any traces of unbound
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Fig. 1 Optical images (A) and UV-Vis spectra (B) of Ag—mint, Ag—coffee and Ag—
ginger NPs solutions. The concentration of the solution in (A) is 0.1 mg mL™".
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mint extracts, dispersed in pure water and used for structural
characterization.

Ginger extract was generated from dried ginger rhizome
following the above procedures while pure soluble coffee
(Nescafe Gold) was used directly for the coffee extract. Ag—
ginger and Ag-coffee NPs were synthesized as described above
for the Ag-mint NPs.

Characterization of Ag NPs

The morphology of the Ag-mint, Ag-coffee and Ag-ginger NPs
was observed with a JEOL 2010-F Field Emission Transmission
Electron Microscope (FETEM). Briefly, an aqueous solution of
Ag NPs (10 pL) was dropped onto the copper grids and left to
dry in air. Then the samples were imaged using TEM. Dynamic
light scattering (DLS) and zeta potential measurements of the
Ag NPs aqueous solution were performed using a Malvern
Zetasizer Nano-ZS90 at room temperature. The absorption
spectrum of the Ag NPs was measured using a UV-Vis
spectrophotometer (Shimadzu UV-1601PC). Elemental analysis
of the freeze-dried Ag-mint, Ag-ginger and Ag-coffee NPs was
performed for their respective elemental compositions. The
presence of carbon, hydrogen and nitrogen was detected using
an Elementar Vario Micro Cube. Inductively-coupled plasma
(ICP) analysis (Dual-view Optima 5300 DV ICP-OES) was used
for the determination of the silver level in the digested
solutions of Ag NPs.

Cell culture

HeLa and HepG2 cells were purchased from commercial
sources, American Type Culture Collection, USA. Cells were
maintained in Dulbecco’s modified eagles medium (DMEM,
HyClone) supplemented with 10% fetal bovine serum (FBS,
GIBCO) and 1% penicillin streptomycin (Gibco, Invitrogen).
Cells were maintained in a 5% CO, incubator at 37 °C.

CytoViva optical microscopy

Morphology observations of the cells treated with extracts
alone were performed on HepG2 cells, which were cultured in
a 24-well plate (Griener Bio-one GmbH) with one sterilized
microscope cover glass (Marlenfeld GmbH) laid at the bottom
of the well. The cover glass was soaked with 70% ethanol for 2
min and washed with sterile phosphate buffered saline (PBS,
Vivantis) twice before the addition of 6000 cells with 1 mL of
media into each well with overnight incubation at 37 °C in a
5% CO, atmosphere. Spent media was removed the next day
and replaced with fresh media along with mint, ginger or
coffee extracts (20 pg mL™*). Control cells were grown under
identical conditions in medium only. The cover glasses were
removed from the wells after 24 h and rinsed with sterile PBS
before placing face-down onto a clean glass slide for
observation. Changes in the morphology of HepG2 and HeLa
cells treated with Ag NPs (20 ug mL~ ") with different capping
agents were checked with a similar procedure to that described
above.

Cell viability assay

The viability of cells treated with Ag-mint, Ag-coffee and Ag-
ginger NPs was measured using a CellTiter-Glo luminescent
cell viability assay (Promega) following the manufacturer’s
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instructions. This assay determines the number of viable cells
in a cell culture based on quantification of the adenosine-
5'-triphosphate (ATP) present, which signals the presence of
metabolically active cells.”® The assay is based on the
conversion of luciferin to oxyluciferin by a recombinant
luciferase in the presence of ATP. The observed luminescence
is proportional to the quantity of ATP in the cells.

The experiments were performed in 96-well plates (Corning,
Costar). For the ATP assay, 3000 cells were plated in each well
and incubated in 100 pL of media overnight for the cells to
adhere to the bottom of the well. Spent media was removed the
next day and replaced with fresh media and the cells were
treated with different concentrations of Ag NPs (0, 10, 25, 50
and 100 pg mL~ ") for 24, 48, and 72 h. At certain time points,
100 pL of CellTiter-Glo viability assay pre-warmed to room
temperature was added into each well and mixed properly.
After 15 min, luminescence readings were measured using a
Tecan Infinite F200 micro-plate reader.

The dependence of toxicity on Ag NPs was studied using
mint, ginger and coffee extract stock solutions. Cells were
treated with mint, ginger and coffee extracts (100 pg mL™ ") in
96-well plates for different incubation periods (24 h, 48 h and
72 h).

Detection of reactive oxygen species (ROS) production

The generation of ROS was evaluated by employing
2',7'-dichlorodihydrofluorescein diacetate (DCF-DA,
Invitrogen) staining.**** In the presence of H,0, or hydroxyl
radicals, DCF-DA is converted to highly fluorescent
2',7'-dichlorodihydrofluorescein (DCF). The ROS assay was
performed using the supplier’s instructions. Approximately
5000 cells incubated with Ag NPs (0, 10, 25, 50, and 100 pg
mL™") for 24 h in a 96-well plate were washed with PBS twice
and incubated with 10 uM DCF-DA for 30 min at 37 °C in the
dark. Then the cells were washed twice with PBS and analyzed
by a microplate reader (BioTek, Synergy 4) at an excitation
wavelength of 485 nm and an emission wavelength of 530
nm.**

Annexin-V staining

Annexin-V staining was performed to determine apoptotic and
necrotic cell death induced by Ag NPs. Annexin-V, a family of
calcium-dependent phospholipid-binding proteins, has a high
affinity for phosphotidyl serine (PS). Upon initiation of
apoptosis, PS is translocated from the inner to the outer
leaflet of the plasma membrane, thus exposing PS to the
external cellular environment. Use of propidium iodide (PI)
staining helps to differentiate between apoptosis and necrosis,
which is attributed to the difference in permeability of PI
through the cell membranes of live and damaged -cells.
Approximately 2.5 x 10°> HepG2 and HeLa cells were placed
ina 60 x 15 mm tissue culture dish (Falcon, Franklin Lakes),
and then treated with Ag NPs (20 ug mL™") for 24 h. Treated
cells were harvested and washed twice in Dulbecco’s phos-
phate buffered saline (DPBS, Sigma-Aldrich) and stained
(annexin-V FITC apoptosis detection kit, Sigma-Aldrich) as in
the manufacturer’s instructions before detection with flow
cytometry (Epics Altra, Beckman and Coulter). Data was
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collected for 1 x 10* gated cells and analyzed using Summit
V4.3.02 software.

Cell cycle analysis

Cell cycle analysis was performed by staining DNA with
propidium iodide (PI, Sigma-Aldrich). Cell numbers, concen-
trations, and culture conditions were similar to the annexin-V
analysis. Following treatment of cells with the Ag NPs for 24 h,
the cell medium was removed and stored. The cells were
washed in PBS, trypsinized, harvested in the stored medium,
and centrifuged. The pellet was washed twice in PBS, fixed in
freshly prepared ice-cold ethanol (70%), and stored at —20 °C
overnight. Thereafter, the cells were washed in PBS, and
stained with PI in RNase (40 pg mL™ ' PI and 100 pg mL '
RNase A) at 37 °C for 30 min, followed by incubation at 4 °C
until analysis. Flow cytometry analysis was performed at an
excitation wavelength of 488 nm and emission wavelength of
610 nm (Epics Altra, Beckman and Coulter). Data collected for
1 x 10" cells for HepG2 cells and HeLa cells was analyzed
using Summit V4.3.02 software.

Statistical analysis

Statistical analyses of data for all experiments are expressed as
means and standard deviations. The data were analyzed using
Student’s t-test (Microsoft Excel, Microscoft Corporation).
Differences were considered as statistically significant when
the P value was <0.05.

Results and discussion

The separation and identification of various components in
coffee, ginger and mint extracts have been reported in the
literature.>®*?**>*! The extracts from the above materials
contain polyphenols,*”™** which can form complexes with
silver ions in solution and reduce them to Ag NPs.>* Some
other compounds existing in the extracts may also help to
stabilize the Ag NPs in solution, which include caffeine,
sucrose and amino acids in coffee extract,*® and ascorbic acid
in both ginger and mint extracts.*®*® All Ag NPs capped with
plant extracts were synthesized at room temperature, and
purified by repeated centrifuging and washing. These Ag NPs
were stable at room temperature for long periods of 6 months
or more. Ag-mint, Ag-ginger and Ag-coffee NPs showed good
solubility in water with bluish yellow, brownish yellow and
light brownish yellow colors, respectively (Fig. 1A). From the
elemental analysis of the lyophilized particles, it appears that
Ag-mint had a slightly higher Ag content (48.76 wt%) than Ag-
ginger (41.33 wt%) and Ag-coffee (41.46 wt%). Ag NPs exhibit
unique surface plasmon resonance (SPR) properties which
could be detected by UV-Vis spectroscopy (Fig. 1B); a
characteristic absorbance band of Ag NPs is dependent on
the size of the nanoparticles. Ag-mint NPs showed a
maximum absorbance at 460 nm, while Ag-coffee NPs and
Ag-ginger NPs showed absorption maxima at 442 nm and 424
nm, respectively (Table 1).
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Table 1 Chemical composition (in wt%), DLS results, zeta potentials and SPR peaks of Ag-mint, Ag-coffee and Ag-ginger NPs

Element Ag C H N O (estimate) Z-average (nm) Zeta potential (mV) SPR peak (nm)
Ag-mint NPs 48.76 10.45 1.45 2.38 36.96 97 —10.1 460
Ag-coffee NPs 41.46 37.04 3.23 5.63 12.64 54 —27.1 442
Ag-ginger NPs 41.33 19.31 3.35 5.43 30.58 118 —10.2 424

TEM analysis of Ag NPs

TEM images show that Ag NPs of varying size were formed
using different natural material extracts (Fig. 2A-C). For Ag-
mint NPs, the size distribution was in the range of 5 to10 nm
with a few larger NPs with sizes of 50 nm (Fig. 2A); for Ag-
ginger NPs, the NPs were distributed in the range of 5 to 10
along with some large particles ranging from 30 to 40 nm
(Fig. 2B); while for Ag-coffee NPs, the size of Ag NPs was much
larger and more uniform, with the majority in the range of 30
to 40 nm (Fig. 2C). The calculated size distribution histograms
are shown in Fig. 2D-F.

The size of Ag NPs depends on the efficiency of the reducing
agent and the binding ability of the capping agent. Smaller Ag
NPs could be obtained through slow reduction,*” or in the
presence of a strong capping agent.*® In our experiment, mint,
ginger and coffee extracts were used as both reducing agents
and capping agents. Among the three Ag NPs prepared under
similar conditions, Ag-mint NPs were smaller while Ag-coffee
NPs were much larger (Fig. 2), indicating that the mint extracts
were more active towards reduction of Ag' ions and capping
the nanoparticles.

DLS and zeta potential measurements

The hydrodynamic diameters of the Ag NPs were determined
using a Malvern Zetasizer Nano System. All Ag NPs are
dispersible in water owing to the hydrophilic capping agents
which can prevent individual particles from aggregating. As
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can be seen in Table 1, DLS measurements showed that the
mean hydrodynamic diameters were 97 nm, 118 nm and 54
nm for Ag-mint, Ag-ginger and Ag-coffee, respectively. TEM
images give the diameters of the NPs in the dry state, while
DLS offers the hydrodynamic size distribution which includes
the core particle, its organic layers (capping agents) and the
hydration shell.** The zeta potential values of Ag-mint and Ag-
ginger NPs were —10.1 mV and —10.2 mV while that of Ag-
coffee NPs was —27.1 mV (Table 1). The high negative charge
of the Ag-coffee NPs could enhance the stabilization, which
led to smaller hydrodynamic diameters compared to the other
two NPs.

Elemental analysis

As can be seen in Table 1, it is apparent that the ratio of
capping agent to silver in Ag-coffee was high. On the contrary,
the lowest carbon content was observed for Ag-mint NPs. The
silver content (48.8%, 41.3% and 41.5%) of all three samples
were comparable which enables a fair comparison between
these three NPs in cell viability testing. The oxygen content of
the Ag-mint NPs was found to be higher than expected due to
its hygroscopic nature.

Dark field microscopy

The first readily noticeable effect seen after exposure of cells to
toxic materials is the alteration in cell shape or morphology.
The experiment was first performed by treating HepG2 cells

Frequency
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Size(nm)

Fig. 2 Typical TEM images of Ag-mint (A), Ag—-ginger (B) and Ag—coffee (C) NPs and the size distribution histograms of Ag-mint (D), Ag—-ginger (E) and Ag—coffee (F)

generated using images (A-C) captured with a JEOL JSM 2010F.
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Fig. 3 Optical images of HepG2 cells untreated (A) and treated with mint
extracts (B), coffee extracts (C) and ginger extracts (D). Concentration of extracts
=20 pug mL".

with mint, coffee and ginger extracts alone for 24 h and
comparing them with the untreated cells which served as a
control. As can be seen in Fig. 3, the plasma membrane,
nuclear envelopes, cellular contents and organelles of all the
cells could be observed in dark field microscopy. However,
untreated cells showed much clearer plasma membranes
compared to those treated with mint, coffee and ginger
extracts which become less distinct from each other, although
they still appeared to maintain their structural integrity as the
membranes remained intact.

The morphology changes of the HepG2 cells treated with Ag
NPs (20 pg mL ™", 24 h) were also compared with the untreated
cells (Fig. 4). Images of the treated cells showed distinct
morphological changes indicating unhealthy cells, whereas
the control cells appeared normal. Ag-mint NPs treated cells
appeared to be slightly elongated as compared to the untreated
cells. This could be due to the disturbances in the cytoskeletal
framework as a consequence of the nanoparticle treatment.
Untreated cells showed a small number of bright, round-
shaped spots distributed throughout the cells. These bright
specks (green arrows) could be transport vesicles (endosomes)
or organelles which contain high concentrations of ions and
proteins (Fig. 4A). Such bright specks should not be mistaken
for Ag NP aggregates (yellow arrows) which are randomly-
shaped. Ag NPs are so small that they could not be observed
directly under an optical microscope. Therefore, the bright
objects seen in these images should be considered as scattered
light from nanoparticles. It is also clearly found that Ag NPs
entered the cytoplasm but not the nucleus, which is consistent
with findings in the literature.®® Ag-mint treated cells showed
more sparkling specks with visible cell morphology changes
indicating that they could penetrate the cell membrane more
efficiently (Fig. 4B) owing to their smaller size. In contrast,
cells treated with Ag-coffee NPs and Ag-ginger NPs showed no
morphology changes along with sparking specks inside the
cells (Fig. 4C and 4D) which can be interpreted that such Ag
NPs are less toxic than Ag-mint NPs. Similar results were also
observed for Ag NPs treated HeLa cells (Fig. S1, ESIf). Many
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Fig. 4 Optical images of HepG2 cells untreated (A) and treated with Ag-mint
(B), Ag—coffee (C) and Ag-ginger (D) NPs. Concentration of Ag NPs = 20 pug
mL~". Green arrows point to cellular components such as endosomes and
lysosomes, while yellow arrows point to big Ag NPs aggregates.

papers from different laboratories have reported that uptake of
nanoparticles is size-dependent.”***! It has been shown that
the optimal nanoparticle radius for endocytosis is in the order
of 25-30 nm.”" Smaller particles (<10 nm) are known to pass
through various pores in the cell membrane. The cellular
uptake of nanoparticles was also dependent on the nature of
the capping agent.” Generally, the smaller water soluble
nanoparticles with targeting groups (e.g. transferrin, folic
acid, galactose) are absorbed faster into the cell as compared
to those capped with nontargeting capping agents such as PVP
and PEG.”®* The dark field images also show that Au NPs
could be selectively delivered into the cell nucleus by using
RGD (arginine-glycine-aspartic acid) and nuclear location
sequence (NLS) peptides or the cytoplasm region using RGD
alone, while the PEG conjugated Au NPs did not enter into the
cells.>® Further the cellular uptake of nanoparticles was also
dependent on the cell lines.”® Recently, we reported that
platinum nanoparticles capped with PVP showed higher
cellular uptake in HeLa cells than in MCF7 and IMR90 cells.>
The strong reflection from Ag NPs observed in our study could
be attributed to many factors, such as size or capping agents.
Moreover, similar results were also found in Ag NPs capped
with tea extract.”’ Ag NPs capped with epicatechin alone
showed minimal interaction with human keratinocyte cells
(HaCaT) while Ag NPs capped with tea extract showed
extensive interaction (at the 1 : 1 ratio of water to tea extract).>!
Furthermore, the interaction between cells with Ag NPs
decreased with a decreasing concentration of tea extract.

Viability assay

Viability assays are important for identifying toxicity that
indicates the cellular response to a toxic chemical and gives
information on cell death, survival and metabolic activities. A
concentration- and time-dependent study was performed to

find out the effect of Ag NPs on cell viability. Commonly used
viability assays such as MTT or MTS assay were used to study

RSC Adv., 2013, 3, 14329-14338 | 14333


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/C3RA41346B

Open Access Article. Published on 16 May 2013. Downloaded on 8/13/2025 1:40:21 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

the viability and the proliferation of cells through monitoring
the absorbance of a formazan product formed in living cells.
However, nanomaterials which show similar optical properties
to a formazan product caused errors during the quantitative
analysis. In our experiments, Ag NPs solution which showed
distinct UV-Vis absorption peaks gave inaccurate results when
MTT or MTS assays were used. Such absorbance-based
methods are considered not suitable for Ag NPs treated cells.
The Cell Titer-Glo luminescent cell viability assay was used in
our experiment which could monitor cytotoxicity as well as cell
proliferation. This assay measures the amount of ATP present
in the culture medium, which is proportional to the number of
viable cells. It is more sensitive with short waiting times
(minutes) compared to other assays such as resazurin assay
and MTS (1 to 4 h or more).””

The viability trends of Ag-mint, Ag-ginger and Ag-coffee
treated cells were similar across different cell types. Generally,
the viability of cells decreased with an increase in the
concentration of Ag NPs and with exposure time from 24 h
to 72 h (Fig. 5). HepG2 cells showed high ATP content (>70%)
when treated with all three Ag NPs at a lower dosage (10 pg
mL "), however, the ATP level decreased more significantly for
cells treated with higher concentrations of Ag-mint NPs than
the others. HepG2 cells treated with Ag-mint NPs showed low
ATP content (20% or even less) at the dosage 25 ug mL™" or
higher. Ag-ginger treated cells showed ATP depletion of close
to 0 at a concentration of 50 pg mL™" or higher. However, for
cells treated with Ag-coffee NPs, ATP was nearly 50% and 30%
at concentrations of 50 pg mL™' and 100 pg mL™Y,
respectively. This observation suggests that among all the
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Fig. 5 Viability of HepG2 cells treated with Ag-coffee NPs (A), Ag-ginger NPs
(B), Ag—mint NPs (C) and Hela cells treated with Ag—coffee NPs (D), Ag—ginger
NPs (E), Ag—-mint NPs (F) at different concentrations; * represents P < 0.05.
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Fig. 6 Comparison of viability of HepG2 (A) and Hela (B) cells treated with
coffee, ginger and mint extracts (100 pg mL™"); * represents P < 0.05.

three NPs screened, Ag-mint NPs were found to be the most
toxic, followed by Ag-ginger NPs, and Ag—coffee NPs showed
the least toxicity. Compared to HepG2 cells, HeLa cells treated
with Ag NPs seem to have higher viability at the same
concentration, indicating that Ag NPs showed different toxicity
to different cell lines. The cytotoxicity of Ag NPs with different
capping agents was also explored on human normal cell line:
human dermal fibroblast (HDF, Gibco, Life Technologies) cells
(Fig. S2, ESIf). Similar results were also observed in HDF cells.
After exposure to Ag NPs for 24 h, the toxicity of all three Ag
NPs to the cells was dependent on the dose. Furthermore, of
all three Ag NPs, Ag-mint NPs were the most toxic, followed by
Ag-ginger NPs and then Ag-coffee NPs. All the data put
together suggest that a change in the capping agent of the Ag
NPs not only changes the extent of toxicity in human cancer
cells but also in normal cells. When natural material extracts
alone were used as a control, they showed no significant
cytotoxicity in HepG2 cells even at high concentrations (100 pg
mL™", Fig. 6A). However, coffee and ginger extracts were more
toxic to HeLa cells at 72 h (Fig. 6B). A low ATP value does not
always represent cell death and it could be due to the
inhibition of metabolic processes in the cells. No significant
cell death was observed in the presence of Ag NPs at low
concentrations. The absence of a large number of floating cells
in the culture medium implies a possibility of metabolic
arrest. Hence, it is of great importance to analyze the cell cycle
to interpret the viability data fully.

Detection of ROS production

Oxidative stress was reported to play an important role in
nanoparticle toxicity.’® It is known that a small size and large
surface area of nanoparticles could generate ROS. Oxidative
stress represents an imbalance between the production and
manifestation of ROS, which has specific effects in the cells
such as oxidative damage to protein, lipids and DNA.>® All
three extracts used in our experiments were reported to have
antioxidant components.***”®! The antioxidant components
of the coffee extracts were polyphenols and melanoidins.®* The
major constituents of mint leaf extract include terpenes
(a-menthol, neomenthol) and flavonoids (quercetin, euge-
nol).®* Similarly, the ginger extracts contain gingerols,
shogaols and some related phenolic ketone derivatives.*’
Ginger extracts are reported to possess antioxidant character-
istics and known to scavenge superoxide anion and hydroxyl
radicals.®® To check the effect of capping agents on the surface
of Ag NPs in the production of ROS, DCF-DA staining methods

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 ROS production from DCF-DA staining of HepG2 (A) and Hela (B) cells
treated with Ag—coffee NPs, Ag—ginger NPs and Ag—mint NPs for 24 h.
Untreated cells were a negative control. All the data are significantly different
from the control, as all the P values are <0.05.

were conducted in HepG2 and HeLa cells. In the presence of
ROS, DCF-DA is promptly oxidized to 2',7’-dichlorodihydro-
fluorescein (DCF), which is highly fluorescent.”®
significant increase was observed when cells were treated with
different Ag NPs (Fig. 7). On the contrary, the analysis showed
a decrease of ROS in both cell lines, which is proportional to
concentration of Ag NPs. Even at a low concentration of 10 nug
mL~", the ROS level was less than 20% as compared to the
control cells for all three Ag NPs. For Ag-mint and Ag-ginger
treated cells, the ROS level decreased drastically as the
concentration of NPs increased. For Ag-mint NPs (100 pg
mL~ ") treated cells, the ROS concentration of HepG2 cells was
less than 20% while 30% of ROS was observed in HeLa cells.
For Ag-ginger NPs (100 pg mL~ ') treated cells, an approxi-
mately 60% reduction of ROS was observed in both cell lines.
The ROS data shows that Ag-mint NPs had the highest
antioxidant capacity, followed by Ag-ginger NPs. ROS produc-
tion was reported to be dependent on the nanoparticle surface
functionalization.®® Ag NPs with other capping agents such as
PVP, starch, citrate or tannic acid were reported to induce
cytotoxicity through ROS production.’*®®"®® The decreased
ROS in cells treated with our Ag NPs could be attributed to the
antioxidant effect of the capping agents.

However, no

Mechanism of toxicity

The differences in toxicity of Ag-mint, Ag-ginger and Ag-
coffee NPs could be due to many factors such as size of
nanoparticles, silver content and nature of capping agent.
Small nanoparticles showed high toxicity due to enhanced
uptake into the cells and large surface area for interaction with
biological molecules’® or generation of ROS.”" The majority of
Ag-mint and Ag-ginger NPs were in the range of 5 to 10 nm
while Ag-coffee NPs were in the range of 30 to 40 nm. The
silver content of Ag-mint was higher (49%) compared to that
in Ag—coffee (42%) and Ag-ginger (41%). Under slightly acidic
conditions, Ag’ can be converted to Ag”, which is believed to
be responsible for ROS production and the cause of the cell
damage.®>®®

ROS was reported to have the potential to inhibit or promote
cell proliferation by modulating the cell signaling pathways.””
ROS is produced in response to a variety of extracellular and
intracellular stimuli, whose reactivity and regulation could be
controlled by antioxidants.”® Zhang et al. have reported that
apoferritin-encapsulated platinum nanoparticles can improve

This journal is © The Royal Society of Chemistry 2013
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Fig. 8 Annexin-V staining of human cancer calls HepG2 and Hela treated with
20 ug mL~" Ag NPs for 24 h to detect the mode of cell death. The percentage of
cells stained with Pl alone represents necrotic cells, whereas the percentage of
cells stained with FITC alone represents early apoptosis. Cells in the final stages
of apoptosis take up both stains.

the viability of the cells by decreasing the H,O,-induced
intracellular ROS level.”* However, ROS is also a normal
product of cellular metabolism, which is an indispensible
component in cell signaling and homeostasis.”> The cell
signaling pathways can be disturbed at low levels of ROS,
which in turn cause cell damage and ultimately cell death.”® In
our study, the ROS level decreased drastically when cells were
treated with all three Ag NPs, especially for Ag-ginger and Ag-
mint NPs. The viability data is consistent with the decreased
ROS levels in the cells, which is attributed to the antioxidant
effect of the capping agents.

Apoptosis and necrosis

Apoptosis and necrosis, the most preferred responses for cell
death among various mechanisms,*>”® were investigated to
access the extent and mode of cell death upon exposure to Ag
NPs. Annexin-V FITC was used as a marker for apoptosis while
PI was utilized to detect plasma membrane integrity to
recognize necrotic cell death. Statistical data were acquired
from dot plots (Fig. S3 and S4, ESIf), based on the percentages
of unstained cells (viable cells), and those stained with PI
(necrotic cells), FITC (apoptotic cells), and dual stained cells
(late apoptosis). The results are shown in Fig. 8.

For Ag-ginger and Ag-coffee NPs treated HepG2 cells, a
decrease in the percentage of viable cells (3-8%) and early
apoptosis cells (3-4%) was observed as compared to control
cells (Fig. 8). Moreover, a 7-12% increase was found in the
percentage of later apoptosis cells, indicating that Ag-ginger
and Ag-coffee NPs were only slightly toxic to HepG2 cells at a
concentration of 20 pg mL™*. However, a significant decrease
in the percentage of live cells (42%) was observed for Ag-mint
NPs treated cells, accompanied by an increase in both early
apoptosis (17%) and later apoptosis (25%) stages. This
confirmed that Ag-mint NPs are the most toxic, which is
consistent with cell viability results.
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The response of HeLa cells to Ag NPs was quite similar to
that for HepG2 cells. A decrease of the percentage of live cells
along with an increase in the percentage of later apoptosis
cells was observed for HeLa cells treated with all three Ag NPs.
Only small changes were observed on both Ag-ginger and Ag-
coffee NPs treated cells, which indicates that these two NPs
were less toxic at low concentrations. However, around 30%
increase in later apoptosis cells along with a 20% decrease in
live cells was observed for Ag-mint NPs treated cells, which
indicates that Ag-mint NPs were toxic to cells even at a low
concentration. Moreover, no significant increase of necrotic
cells was observed in both cell lines. Necrosis is usually related
to loss of the lysosomal membrane integrity and uncontrolled
release of inflammatory cellular contents,”” while apoptosis is
associated with the generation of ROS and JNK activation,”®
mitochondrial fusion/fission machinery,”® caspase activa-
tion,®* calcium overload®" or caused by death-inducing
signals.®” Oh et al.* reported that the apoptosis and necrosis
observed among silica-titania hollow nanoparticles interna-
lized macrophages were size-dependent and surface function-
ality-dependent, which agrees with other experimental
results.”" Small changes in particle size and functional groups
on the surface affect the mechanism of cell death.
Furthermore, these factors may also have significant influence
on the nanoparticle and membrane interaction, nanoparticle
internalization and degradation within cells.

Effect of Ag NPs on cell cycle

Earlier reports have emphasized a bidirectional effect of ROS
on genomic stability.®* High intracellular ROS levels in CTAB-
coated Au nanorods treated cells induced mitochondrial
damage which led to changes in the cell cycle and increased
apoptosis.®” Intracellular ROS levels can be decreased drama-
tically by the addition of a high dose of antioxidants.
Furthermore, DNA damage from low level ROS in stem cells
treated with antioxidants was reported to be concentration
dependent.®® Moreover, the early effect of DNA damage was
seen in the cell cycle progression. Cells with damaged DNA
accumulated in the gap 1 (G1), DNA synthesis (S), or in gap 2/
mitosis (G2/M) phase while cells with irreversible damage
accumulated in the sub G1 phase.** By detecting parameters
such as apoptosis, cell cycle arrest and evidence of DNA
damage, the toxicity of Ag NPs to the cells is established.
The influence of Ag NPs on the percentage of cells in each
phase of the cell cycle was analyzed (Fig. 9). Both the HeLa and
HepG2 cell lines showed a decrease in the G1 phase, followed
by a G2/M arrest, except Ag-mint treated HeLa cells which
showed a decrease in the G2/M stage and significant increase
in the sub G1 stage. There was an increase in sub G1 stage for
Ag-mint treated cells, which indicated that the cells were
seriously damaged as a result of irreversible DNA damage.
Thus, Ag-mint treated cells showed damage through both
apoptosis and G2/M arrest. Only small increases in the sub G1
stage of HepG2 cells with Ag-ginger and Ag-coffee treatment
were observed while no changes were found in HeLa cells. The
proportion of cells in the S phase was less affected as
compared to the G2/M population. The absence of changes
in the number of cells in sub G1 for HeLa cells indicates that
no significant cell death via apoptosis occurred when cells
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were treated with Ag-ginger or Ag-coffee NPs. In other words,
both Ag-ginger and Ag-coffee treated cells only showed
reversible DNA damage with G2/M arrest.

Several reports suggest that Ag NPs could induce cell cycle
arrest in the G2/M phase and enhance apoptosis.>**>#¢ The
absence of a large amount of apoptosis and necrosis for Ag-
ginger and Ag-coffee NPs treated cells accompanied by G2/M
arrest (Fig. 9) indicates retarded cell proliferation, allowing
cells extra time to repair DNA damage prior to segregation of
chromosomes. However, the DNA repair could be affected by
the reduction of the ATP content (Fig. 6) after Ag NPs
treatment, as ATP plays multiple roles in the repair of DNA
damage.®” "% Excessive ROS production has been reported to
be harmful to DNA, while low levels of ROS affect cell signaling
particularly at the level of redox modulation.’® Relatively low
levels of ROS have been observed to promote cell proliferation
rather than cell degeneration or death.”*°" Low levels of ROS
have also been reported to induce DNA damage in cells®* and
similar results were observed in our study.

Conclusion

In this study, a green synthesis of Ag NPs using mint, ginger,
and coffee extracts as reducing and capping agents was
developed. The cellular uptake and toxicity of Ag NPs was
determined using the changes in cell morphology, cell viability
and oxidative stress. Ag-mint, Ag-ginger and Ag-coffee NPs
were found to be more toxic to HepG2 than to HeLa cells.
Among all the Ag NPs, Ag-mint were the most toxic, followed
by Ag-ginger and Ag-coffee were the least toxic. Morphology
changes and cellular uptake observed among Ag NPs treated
cells were considered as the first indication of toxicity. A
significant decrease in cell viability was observed as a result of
reduction in ATP. Surprisingly, bioextracts capped Ag NPs did
not increase but decreased the production of ROS in a dose

This journal is © The Royal Society of Chemistry 2013
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dependent manner, which can be attributed to the antioxidant
activity of biomaterial extracts on the surface. The low levels of
ROS are believed to be the trigger for DNA damage. No large
amount of apoptosis or necrosis and G2/M arrested cells were
observed for the cells exposed to Ag-ginger and Ag-coffee NPs,
suggesting an active DNA repair pathway operating inside the
damaged cells. On the other hand, a significant increase in
apoptosis and arrest in the sub G1 stage was observed for Ag-
mint NPs treated cells, indicating irreversible DNA damage.
The higher toxicity of Ag-mint NPs to cancer cells could be
further explored for evaluating their potential use in cancer
therapy.

In summary, the results indicate that the cytotoxicity of Ag
NPs was strongly related to their compositions and capping
agents. Among the three Ag NPs investigated, Ag-mint NPs
were much more toxic compared to Ag-ginger and Ag-coffee
NPs. Exposure of cells to Ag NPs led to low levels of ROS which
caused DNA damage followed by cell arrest in the G2/M stage
and eventually cell death through apoptosis.
complete elimination of toxicity, especially at higher concen-
trations, has not yet been achieved and needs further studies.

However,
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