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Nanoscale silver has been increasingly applied to commercial products for their antimicrobial function as antibiotics and
disinfectants. In this work, the different sizes of silver nanoparticles (AgNPs) were studied not only in Methylobacterium spp.
for their antimicrobial potential but also in human peripheral blood mononuclear cells (PBMCs) for their cytotoxicity in order
to determine responses dependent on their particle size. Size controlled silver particles were prepared by chemical reduction of
silver cations (Ag") and then dispersed in water for their physicochemical characterization using transmission electron microscopy
(TEM), dynamic light scattering (DLS), and zeta potential measurements. To ascertain antimicrobial response, water-soluble silver
nanoparticles were mixed into Methylobacterium spp. cultured for two days and the sample from the broth was spread on the agar
plate for colony counting. 10 nm nanoparticles showed more antimicrobial activity than 100 nm particles at which concentrations
were equivalently controlled. Increased cytotoxic effect of smaller silver nanoparticles was also observed in PBMCs cocultured with
particles. Silver ions released from 10 nm particles might be correlated with upregulated antimicrobial and cytotoxic properties of

AgNPs.

1. Introduction

Lethal thermal burning and critical infections were a major
concern of death in the medieval ages. Since then, silver
has been introduced and obtained attention for centuries
in health care because of their growth inhibitory capacity
against microorganisms. In 1960s, silver sulfadiazine was first
used, as an antimicrobial compound, to cure burn patients [1-
3] and has also been used for a long time to deal with various
diseases like cauterization, pleurodesis, and skin wounds
[1, 4, 5]. The silver nitrate solution often called as “Credé’s
prophylaxis” that is preventive treatment using the instillation
of silver nitrate solutions into the conjunctiva of newborns
is now regarded as a standard practice in obstetric studies,
wound healing applications [6, 7], and biomaterial develop-
ments [8, 9]. Because of its fluent antimicrobial action, the
number of reported silver usages in the environment as well
asin the body has been increasing. Their effect of boosting the
number of white blood cells, for example, was demonstrated
already [10].

Nanotechnology has opened new and improved modal-
ities of AgNPs in biomedical applications. Compared with
macro- or microscale silver materials, nanoscale silver is
able to readily release Ag" ions. Before the nanostructured
silver is introduced, the applications of silver products have
been considerably limited due to their potential side effects
which resulted from material defects, impurities, and so
forth. Nanotechnology currently is employed as a tool for
producing highly purified and well-defined AgNPs, and it
has greatly helped to minimize the possible side effects.
Enhanced antimicrobial function of AgNPs has promoted
active application and commercialization of them in a wide
variety of fields and products: catheters, bandages, water
filtering, socks, toothpaste, and so forth ([11], see [12] for a
database).

Toxicological studies of silver products have been
reported actively and scrutinized their safe usages [13-17].
Literatures have been discussing the biological response of
AgNPs since year 2000 [13, 14]. The essence of those studies
is that the size of AgNPs could be an important factor in



that smaller particles would have larger surface area where
it can potentially release more silver ions as a key player for
observed toxicity. Also, there is a necessity to demonstrate
whether smaller particles have the easier route of endocytosis
and exocytosis into cellular membranes and in or out of
tissue, blood vessels, and so forth [18-20]. Since the possible
mechanisms of the antibacterial property of nanoscale silver
has not been clearly shown, however, there is an unmet need
to address questions; what the safe range of concentration
would be applied to animal/human model, and what the key
factors would be to kill bacteria efficiently while maintaining
their biocompatibility.

Since blood compatibility might be the first requirement
for any biomedical device and for commercial products
including AgNPs, here, we report assessment of cytotoxicity
of AgNPs which interacted with human PBMCs following
physicochemical characterization of prepared AgNPs. We
cocultured AgNPs with human PBMCs and continuously
observed the number of dead cells which resulted from the
constant interaction. Since a particle size might be one of the
most significant factors affecting particle interactions with
cells, we prepared two different sizes of AgNPs (10 and 100 nm
in average diameters) with identical citric acid-terminated
surface. Different concentrations of those nanoparticles were
evaluated to the PBMCs respectively, and then, the maximum
concentration showing biocompatibility to the PBMCs was
obtained, empirically. In order to probe antimicrobial func-
tion of the AgNPs that have been previously demonstrated
for their safety to human blood cells, we introduced particles
to the Methylobacterium spp. and assayed the inhibition
responses of AgNPs dependent on different sizes and concen-
tration.

2. Experimental Methods

2.1. Silver Particles Preparation. Sodium citrate and silver
nitrate were obtained from Sigma-Aldrich. AgNPs were
prepared by the well-known Turkevich method [21, 22]. A
solution of silver nitrate (1.0 x 10™* M) was heated and the
droplets of sodium citrate were added to the solution. The
reduction of silver ions occurred as monitored by the solution
color change to yellow. Less amount of sodium citrate was
added (0.05%) to the silver nitrate solution to obtain larger
particles. The citrate ions act as both a reducing agent and a
capping agent resulting in the citrate terminated AgNPs.

2.2. Characterization. The AgNPs were characterized by
TEM and DLS measurement. TEM and high-resolution TEM
(HRTEM) images were obtained using a JEOL JEM-2100F
microscope. The TEM samples were prepared by drying a
droplet of the AgNPs suspension on 300 mesh-size carbon
film-coated copper grid. The size and zeta potentials of nano-
particle suspension were measured using DLS (Zetasizer
Nano, Malvern, Westborough, MA).

2.3. Cytotoxicity Test. The effects of AgNPs on the viability
of PBMCs (ATCC co.) were evaluated using a LIVE/DEAD
viability/cytotoxicity kit. Human PBMCs were plated in 6 well
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FIGURE 1: (a) Schematic representation of in vitro cytotoxicity test
and (b) antibacterial property assay of AgNPs.

plates (1 x 10° cells per well) in RPMI supplemented with
10% (v/v) fetal bovine serum and 1% sterile antibiotics. The
cells were cultured at 37°C in a humidified atmosphere of 5%
CO,/95% air for 8 h-12h. Subsequently, untreated control,
DMSO, and 0.1 to 1.0 mg/mL AgNPs were added to the cells
in serum free medium and cultured for 8 hours. Results are
quantified as relative values to those of the negative control.

2.4. Antibacterial Tests. The antibacterial activity of the
AgNPs was evaluated against Methylobacterium spp. (KCTC
12618, South Korea) bacteria. A 100 uL volume of each
cultured bacteria was inoculated in R2A broth (MBcell,
U.S.A.) and subsequently incubated with untreated control,
methanol, and 0.1 to 1.0 mg/mL AgNPs. After incubation
under shaking conditions (180 r.p.m.) at 30°C for 24 hours,
100 uL triplicate samples of decimal dilutions were spread on
R2A agar (MBcell, U.S.A.) plates. After incubation at 30°C for
48 h, the colonies on the plates were counted.

Statistical Analysis. One-tailed Mann-Whitney U test was
performed using GraphPad Prism (version 5 for Mac OS X,
GraphPad Software, San Diego, CA, USA, http://www.graph-
pad.com/).

3. Results and Discussion

In Figure 1, we showed a schematic drawing of assay pro-
cedures for in vitro cytotoxicity and antimicrobial proper-
ties of AgNPs. The possible mechanism for cytotoxicity of
AgNPs would be that the intact of particles on the cell
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FIGURE 2: Size and shape of AgNPs measured by TEM and DLS (a—c). Comparison of nanoparticle sizes obtained by two different
measurement techniques, image analysis of the particles’ TEM results and DLS of particle suspension. Smaller nanoparticles (< 10 nm) can be
observed in TEM image analysis results ((a), left) as well as in DLS result ((b), white bars). Lager particles are also shown in a TEM result ((a),
right) and in DLS spectra ((b), black bars). (c) Summaries of the physicochemical characteristics of AgNPs tested in the study. Polydispersity
indexes of two different size particles were similar at the values of 0.21 for 10 nm and 0.32 for 100 nm AgNPs. Size of particles varies depending
on the measurement technique applied. Strong negativity of zeta potentials for AgNPs solution is because of the citrates on the surface of them.

wall subsequently ruptured the cell membrane or that silver
ions blocked the ion channels of cells. Also, it would be
possible that AgNPs and their released silver ions promote
denaturation, which cleavages disulfide bonds in cell surfaces,
or oxidization of cells. These processes may be responsible
for the causes that the cell (or bacteria) loses its control
on exposure to the oxidation reactions. Therefore, AgNPs
generate reactive oxygen species in water that would degrade
the integrity of cell walls.

We prepared different sizes of AgNPs for their effects
and each particle was characterized first to compare their
differences in physicochemical properties. The size and shape
of AgNPs are studied by the TEM. Representative images
taken from TEM are shown in Figure2(a) (Left: 10 nm
AgNPs, Right: 100nm AgNPs). Image analysis of TEM
taken for nanoparticles reveals the average diameters of
two preparations of AgNPs (Figure 2(a)). To confirm the
size distribution and mean values observed from TEM, the
measurement of particle sizes was also performed in water by
using a DLS (Figure 2(b)). Figure 2(c) describes a comparison
of nanoparticle sizes between two preparations of AgNPs.
Analogous point between two measurement techniques is
that they have similar results in particles mean diameter.
However, there are also differences between two methods.

First, smaller particles in nanoparticle suspensions (<10 nm)
may only be seen in TEM. In TEM image analysis, each
particle recognized by software can be recorded for their size
and registered for their presence. However, in DLS, particles
should be able to scatter the light strongly enough to be
read by a detector. If the sample is polydisperse, weak light
scattering particles (smaller particles) would not be seen by
DLS because strong light scattering particles (larger particles)
will mask any weak scatterings. Nevertheless, DLS is useful
to quickly measure mean size of particles since TEM image
analysis usually requires a massive work of image processing.
Furthermore, one cannot ignore that the particles in TEM
image may not represent the entire samples (biased in a small
region). Since each method has its own merits and demerits,
one should not rely on the single method of characterization
to confirm the mean size of nanoparticles.

In order to study the effects of citrate-covered surface
of AgNPs, zeta potentials of each particle were measured in
water. The citrated terminated AgNPs would be deprotonated
in neutral water carrying enough surface charges to disperse
each other. Citrate is a conjugate base of citric acid (2-
hydroxypropane-1,2,3-tricarboxylic acid) which is a common
surfactant for nanoparticles to prevent them from aggrega-
tion by providing electrostatic force. It also helps particles to
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FIGURE 3: Cytotoxicity test of AgNPs to PBMCs and antimicrobial effect to Methylobacterium spp. (a) The numbers of live (blue) and dead (red)
cells were counted for each sample. (b) 10 nm AgNPs displayed increased cytotoxicity in 0.5 mg/mL concentration between two different size
particles. 1.0 mg/mL of 10 nm AgNPs showed the highest cytotoxicity to PBMCs comparable to the one from the positive control (DMSO). (c)
Antimicrobial test of AgNPs against Methylobacterium spp. Both 100 and 10 nm AgNPs displayed strong antimicrobial effects in 0.5 mg/mL or
higher concentration coincubated with the bacteria. 1.0 mg/mL of 10 nm AgNPs showed the equal killing efficiency as to the positive control
(methanol). “P < 0.05, ** P < 0.01, one-tailed Mann-Whitney U test.

be dispersed better in water and to protect the core material
from degradation or decomposition.

Figure 2(c) summarizes the size and zeta potential values
of each sample. The highly negative zeta potential (-18.9~
-32.4mV) for both preparations of AgNPs in water is due to
citrates on the particle surface deprotonated in neutral water.

Figure 3 summarizes the cytotoxicity and antimicrobial
activity caused by AgNPs to human PBMCs and Methylobac-
terium spp. These results demonstrated that the cytotoxicity

was clearly depending on the concentration of nanoparticles
added in the cell culture (Figures 3(a) and 3(b)). Antibacterial
tests were performed against Methylobacterium spp. with
different concentrations of AgNPs (from 0.1 to 1 mg/mL)
(Figure 3(c)). In the negative control, Methylobacterium spp.
have average number of 1 x 10° colonies, while the positive
control only contains 4 x 10% colonies. A similar number
of colonies as that of the positive control are registered
in groups with 1.0 mg/mL of both 10 and 100 nm AgNPs.
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Although slightly higher antimicrobial properties of AgNPs
are observed in 10 nm particles, 1.0 mg/mL AgNPs for both
particles is selected as an optimal concentration that can
statistically hinder the growth of Methylobacterium spp. as
good as the positive control does.

Between two different size preparations of AgNPs,
smaller particles (10 nm average in diameter) showed a
higher cytotoxicity when two particles were compared in
the same concentration. Smaller particles have a larger
surface area when the concentrations of two groups are
equally maintained. Large surface area could promote more
interactions between particles and cells as well as faster
release of silver ions. Citrates on the surface of AgNPs may
prevent particles from direct, physical contact with cells
in smaller surface area (<10cm?®) but it may not keep up
with the increasing silver ion release in larger surface areas
(>10 cm?) resulting in that cytotoxicity of 1.0 mg/mL of 10 nm
AgNPsbecomes the highest. Larger surface area also provides
higher reactivity of particles and better chances of interacting
with solvent ions that will eventually draw more ions from
particles.

It has been reported that the silver ions are responsible
for AgNPs" antibacterial properties [23-25]. It is an open
question whether cytotoxicity happened in an analogous
way by the silver ions. Silver ions are able to bind to any
sulthydryl group of the cell wall. Sulthydryl groups especially
in the enzyme systems can be degraded by these silver ion
conjugations. Conjugated silver ions can prevent cells from
a normal energy and electron transport [23-25]. It is also
reported that silver ions can damage bacteria’s respiratory
chain by conjugating with proteins responsible for it. More
studies are required to fully understand whether PBMCs can
be lysed by the similar mechanisms that silver ions do for
microorganisms.

Further questions regarding the cytotoxicity and antimi-
crobial property caused by AgNPs are first clarifying which
proteins of cells’ enzyme system are responsible for conjuga-
tion with silver ions. Anion exchanger 1 (AE1) which is trans-
porter of chloride and bicarbonate across plasma membrane
and glycophorin C (GYPC) which is the membrane protein of
erythrocytes are examples of protein responsible for binding
with silver ions released from AgNPs. Another question will
be whether other forms of silver (e.g., silver plates) could also
cause the similar effects as observed from AgNPs. In order to
probe that, systematic study of silver ion release from various
morphologies of silver materials should be preceded. In many
cases, the metallic silver materials have a poor solubility
so that the silver ions released from them could be scarce.
However, any new morphology of silver materials introduced
by nanotechnology should also be tested for their silver ion
release.

In this study, we focused on the role of Ag" ions in
antimicrobial and cytotoxic activities but we may further
investigate whether the particles by themselves are responsi-
ble for a death of PBMCs. Localization of AgNPs inside the
cells may answer this issue since PBMCs are notorious for
their insufficient cellular systems prepared for an endocytosis.
Internalized particles by a membrane rupture would be

strong evidence that the PBMCs are lysed by Ag particles. In
the same sense, lactate dehydrogenase (LDH) assay would be
additional tool for probing cytotoxicity by marking the pres-
ence of LDH enzyme diffused out of membrane-degraded
PBMC:s in the solution with AgNPs. Finally, the observed
cytotoxic properties of AgNPs should be carefully analyzed
in a scale of either human or small animals’ body weights
to correctly predict their health risks. Recent studies about
AgNPs coated catheters did find a significant release of silver
ions in the course of time but the total amount calculated in
a body weight was small enough to be negligible for causing
a health risk [25].

4. Conclusion

Two different size preparations of AgNPs were prepared
and assayed for their antimicrobial and cytotoxic properties.
10nm AgNPs displayed more cytotoxic and antimicrobial
effect compared to 100 nm sized particles with similar sur-
face chemical composition and the same concentration.
A concentration-dependent effect on both cytotoxic and
antimicrobial function was observed with substantive killing
efficiency occurring at the highest nanoparticle concentra-
tions (>0.5 mg/mL). These data suggest that the average size
of AgNPs is a key factor and blood-contact medical devices
and commercial products that contain AgNPs should be
carefully monitored for the size and amount applied and their
correlating potential safety concerns.
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