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Abstract

Microbial resistance represents a challenge for the scientific community to develop new bioactive compounds. Nosocomial infections
represent an enormous emerging problem, especially in patients with ambulatory treatment, which requires that they wear medical devices
for an extended period of time. In this work, an evaluation of the antimicrobial activity of both silver and titanium nanoparticles was carried
out against a panel of selected pathogenic and opportunistic microorganisms, some of them commonly associated with device-associated
infections. Cytotoxicity assays monitoring DNA damage and cell viability were evaluated using human-derived monocyte cell lines. We
show that silver-coated nanoparticles having a size of 20–25 nm were the most effective among all the nanoparticles assayed against the
tested microorganisms. In addition, these nanoparticles showed no significant cytotoxicity, suggesting their use as antimicrobial additives in
the process of fabrication of ambulatory and nonambulatory medical devices.

From the Clinical Editor: In this study, antimicrobial activity of silver and titanium nanoparticles was evaluated against a panel of selected
pathogenic and opportunistic microorganisms. Silver-coated nanoparticles of 20–25 nm size were the most effective among all the
nanoparticles without significant cytotoxicity, suggesting their use as antimicrobial additives in the process of fabrication of ambulatory and
nonambulatory medical devices.
© 2010 Elsevier Inc. All rights reserved.
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In recent years the application of nanoparticles in various
fields has expanded considerably. Nanoparticles possess unique
physicochemical characteristics, such as a high ratio of surface
area to mass, high reactivity, and sizes in the range of nanometers
(10–9 m).1 Nanoparticles have been successfully used in
nanochemistry to enhance the immobilization and activity of
catalysts,2 in medical and pharmaceutical nanoengineering for
delivery of therapeutic agents,3 in chronic disease diagnostics,

and in sensors.4 Nanoparticles have been also used in clothing
and in the food industry to limit bacterial growth.5,6

The continuing appearance of antibiotic resistance in
pathogenic and opportunistic microorganisms obliges the
scientific community to constantly develop new drugs and
drug targets. Few new antibiotics have been introduced by the
pharmaceutical industry in the last decade, and none of them
have improved the activity against multidrug-resistant bacteria.7

Because nanoparticles have demonstrated antimicrobial activi-
ties, the development of novel applications in this field makes
them an attractive alternative to antibiotics. For instance,
nanoparticles have been examined for their ability to reduce
microbial infections in skin8 and burn wounds,9 and also to
prevent bacterial colonization on various surface devices such as
catheters10 and prostheses.11 Silver has been used extensively in
topical preparations and to saturate bandages so as to restrict
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bacterial growth in injured skin.12,13 Although the antimicrobial
effects of silver derivatives are well documented, the mechan-
isms by which it exerts its bioactivity are not known. Some
reports have proposed the formation and deposition of silver-
sulfur granules on the microbial cell wall,14 whereas other
reports attribute its toxic effect to the inactivation of essential
enzymes by forming complexes with the catalytic sulfur of thiol
groups in cysteine residues.15,16

Although most of the studies are focused on nanoparticle
applications, studies describing the impact of nanoparticles on
human health are limited.17-19 For instance, toxic effects of
silver nanoparticles have been reported in mammalian cells,
including alteration of the normal function of mitochondria, the
increase of membrane permeability, and the generation of
reactive oxygen species.20,21

In this work we report the synthesis of 15 nanoparticles with
different physicochemical characteristics and sizes. We assessed
their antimicrobial activities using a panel of bacterial and fungal
pathogenic and opportunistic strains, and evaluated their
cytotoxic effects by DNA damage and cell survival assays
using a human-derived monocyte cell line.

Methods

Reagents

Titanium dioxide (TiO2) particles were purchased from
Ti-Pure R-902 (Dupont, Wilmington, Delaware) and Degussa
P25 (Degussa, Parsippany, New Jersey) (Table 1). Silver nitrate
(AgNO3), sodium borohydride (NaBH4), gallic acid, and
ammonium hydroxide (NH4OH) 30% (wt/wt) aqueous solution
were purchased from Sigma-Aldrich (St Louis, Missouri).

Synthesis and characterization of metallic nanoparticles

Nanoparticles used in this work were synthesized as follows.

20- to 25-nm silver nanoparticles
A total of 100 mL of 0.001 M AgNO3 was placed in a 250-

mL reaction vessel. Under magnetic stirring, 10 mL of deionized
water containing 0.01 g of gallic acid were added to the AgNO3

solution. The pH of the solution was immediately adjusted to 11
using 1.0 M sodium hydroxide (NaOH).

80- to 90-nm silver nanoparticles
A total of 100 mL of 0.001 M AgNO3 prepared in deionized

water was placed in a 250-mL reaction vessel inside an
ultraviolet (UV) light reactor. Under magnetic stirring, 0.01 g
of gallic acid in 10 mL of deionized water was added to the
AgNO3 solution, and the mixture was irradiated with UV light
(254 nm, 15 W) for 30 minutes.

TiO2-Ag nanoparticles
The purchased TiO2 particles were filtered, and dried.

Hereafter, Ti-Pure R-902 particles were named Ti1, and Degussa
P25 particles were named Ti2. These nanoparticles served as the
basic units to synthesize three different nanoparticles with TiO2/
Ag molar ratios of 10:1, 25:1, and 50:1. Nanoparticles were
synthesized as follows: 0.2 g (2.5 mmol) of Ti1 or Ti2 particles
were dispersed by ultrasound in 100 mL deionized water for 5
minutes. Immediately afterward, the 10:1, 25:1, and 50:1 molar
ratios were obtained by adding 0.0425 g (0.25 mmol), 0.0169 g
(0.1 mmol), or 0.00845 g (0.05 mmol) of AgNO3. The solution
was magnetically stirred for about 30 minutes at pH 7, and then,
0.1 mmol or 0.25 mmol NaBH4 (reducing agent), previously
dissolved in 10 mL of deionized water, was added. The pH of
the reaction was adjusted to 10 by adding NH4OH and
magnetically stirring for another 30 minutes. In the nanoparti-
cles synthesis using UV light as an activating agent, the
procedure was as follows: 0.2 g (2.5 mmol) of Ti1 or Ti2

particles were dispersed by ultrasound in 100 mL deionized
water for 5 minutes. Immediately afterwards, the 10:1, 25:1, and
50:1 molar ratios were obtained by adding 0.0425 g (0.25
mmol), 0.0169 g (0.1 mmol), or 0.00845 g (0.05 mmol) of
AgNO3. The solution was magnetically stirred for about 30
minutes at pH 7 inside a UV reactor with UV lamps of
wavelength 354 nm. Afterwards, the pH of the reaction was
adjusted to 9–10 by adding NH4OH, and then, UV lamps were
turned on and the solution was magnetically stirred for another
30 minutes. The conditions used in this preparation were
carefully selected to control the size and the distribution of
nanoparticles.22 The vigorous chemical reduction yielded a
brownish dispersion, and the particles obtained were filtered,
washed, and dried for further characterization.

Nanoparticle characterization

Synthesized nanoparticles were characterized by UV-visible
spectroscopy using an S2000 UV-Vis spectrophotometer from
OceanOptics Inc. (Dunedin, Florida) Zeta potential measure-
ments were carried out in ultrasonicated dispersions of 0.001 g
nanoparticles in a 100 mL solution of sodium nitrate (1 mM) at
room temperature (22-24°C). The pH of the dispersion was
adjusted with either NaOH or nitric acid to obtain the desired pH
value, which ranged between 2 and 11. Dynamic light scattering
analysis was performed in aMalvern Zetasizer Nano ZS (Malvern
Instruments, Worcestershire, United Kingdom) (Figure 1)
operating with a He-Ne laser at a wavelength of 633 nm, and
at a detection angle of 90 degrees. Samples were analyzed during
60 seconds at 25°C. Transmission electron microscopy analysis
was performed on a JEOL JEM-1230 (JEOL, Tokyo, Japan) at
an accelerating voltage of 100 kV. X-ray diffraction patterns
were recorded with a GBC-Difftech MMA diffractometer

Table 1
Crystal structure characteristics of TiO2 particles used in this work

Nanoparticle Anatase (%) Rutile (%)

Ti-Pure R-902 (Ti1) – 100
Zeta potential –27 mV
Degussa P25 (Ti2) 75 25
Zeta potential –31 mV
Parameters:
Cell dimensions (Å)
a 3.793 4.594
c 9.51 2.958
Number of molecules per cell
Z value 4 2
Volume (Å3) 136.82 62.43
Density (g/cm3) 3.88 4.25
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(Dandenong, Australia). The nickel-filtered CuKa (k = 1.54 Å)
radiation was used at 34.2 mA and 35 kV. All the characteriza-
tion analyses except x-ray diffraction were made using the
obtained aqueous dispersions of silver nanoparticles.

Microbial strains and culture media

The following gram-negative microorganisms were evaluated:
Escherichia coli (ATCC 25922), Acinetobacter baumanii (ATCC
BAA-747), and Pseudomonas aeruginosa (ATCC 27853).
Among gram-positive microorganisms, Bacillus subtilis (ATCC
6633), Mycobacterium smegmatis (ATCC 700084), Mycobac-
terium bovis BCG (ATCC 35374), Staphylococcus aureus
(ATCC 25923), and S. aureus methicillin-resistant (MRSA)
(ATCC 700698) were assayed. Candida albicans (ATCC 14053),
Cryptococcus neoformans (donated by Dr. James Kronstad,
Michael Smith Laboratories, University of British Columbia,
Vancouver, BC, Canada), and Aspergillus niger (ATCC 32656)
were used as representatives of fungi. All organisms were grown
in brain heart infusion broth (BD Biosciences, San Jose,
California) with the exception of M. smegmatis and fungi,
which were grown in Middlebrook 7H9 (BD Biosciences)
supplemented with 10% OADC (BD Biosciences) and Sabour-
aud (BD Biosciences) Dextrose broths, respectively. Solid
medium was obtained by adding 1.5% (wt/vol) agar.

Antimicrobial test

The microdilution method for estimation of minimum
inhibitory concentration (MIC) values was carried out to
evaluate the antimicrobial activity. The MIC values were
determined on 96-well microdilution plates and according to
published protocols.23,24

MICs were determined by incubating the organisms in 96-
well microplates for 24 hours at 37°C with the exception of
fungi, which were cultured at 28°C.M. bovis strain BCG, a slow-
growing strain, was cultured on sealed plates (to avoid dehydra-
tion) at 37°C for 3 weeks, whereasM. smegmatis, a fast-growing
strain, was cultured at 37°C for 48 hours. Microorganisms were
exposed to serial dilutions of the nanoparticles, and the end
points were determined when no turbidity in the well was
observed. The antibacterial activities of the nanoparticles were
compared to gentamicin, amikacin, and rifampicin, and ampho-
tericin B was used as positive control for fungi. The turbidity
background showed by nanoparticles was subtracted from the
final reading. All assays were carried out in triplicate.

Measurement of nanoparticle cytotoxicity

Monocytic cell line THP-1 (ATCC 202) was cultured in
RPMI 1640 (Hyclone, Logan, Utah) supplemented with 5%
fetal calf serum (Hyclone), and 2 mM L-glutamine (StemCell
Technologies, Vancouver British Columbia, Canada). Cells
were dispensed in 96-well microplates at a density of 3 × 105

Figure 1. Characteristics of selected nanoparticles used in this work.
Transmission electron micrographs of the composites synthesized. (A) Silver
nanoparticles no. 1 (20–25 nm); (B) silver nanoparticles no. 15 (80–90 nm);
(C) TiO2-Ag nanoparticles no. 9 (250–300 nm). Insets: distribution of the
nanoparticles according to size using dynamic light scattering.
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cells per well. Ten different concentrations were tested for each
nanoparticle, in a final volume of 200 μL/well. Microplates
were incubated at 37°C in a humidified atmosphere supple-
mented with 5% CO2 for 24 hours. THP-1 cells treated for 6
hours with 5% hydrogen peroxide were used as positive
controls, and untreated cells were used as negative control. The
toxicity of the nanoparticles was measured by staining the
monocytes with propidium iodide (PI) (Sigma-Aldrich) and
according to published protocols.25 The viability of the cells
was assayed by Trypan blue (Sigma-Aldrich) staining, and
cells were used only when a viable population of at least 95%
was measured. PI emission was detected at 610–625 nm using
the FL3 gate of a BD FACS Vantage SE Turbo sort cell sorter
(BD, Mississauga, Ontario, Canada).

The effectiveness of the nanoparticles was expressed as the
therapeutic index (TI), which is defined as the amount of a
therapeutic agent that causes a therapeutic effect of 50% in the
population. The TI estimates the extent to which the adminis-
tration of a drug is safe, and it is calculated as TI = LD50/MIC,
where LD50 is the median lethal dose at which 50% of the cells
die.26 In this work we used the THP-1 toxicity as the values for
LD50, and the MICs for each microorganism.

Alkaline comet assay

DNA single-strand breaks and alkali-labile lesions were
detected using the alkaline comet assay.27 THP-1 monocyte
cells were treated for 24 hours with the nanoparticles no. 1 and
no. 10. Samples of untreated cells and positive controls
consisting of cells exposed to 8-Gy x-rays were included in
the experiment. Single cells were embedded in low-tempera-
ture-gelling agarose and pipetted onto an agarose-coated
microscope slide. After 1 hour, cells were lysed using 0.26 M
NaOH, 1.2 M sodium chloride, 0.1% N-lauroylsarcosine, and
100 mM EDTA. Cells were washed by rinsing the slides with
an alkaline solution (0.03 M NaOH, 2 mM EDTA, pH 12.3)
and subjected to alkaline gel electrophoresis using the same
alkaline solution as the running buffer. Resulting comets were
stained with 2.5 μg/mL PI and analyzed by epifluorescence
according to published protocols.8 For each sample, 50 comets
were analyzed on average.

Results

Characteristics of nanoparticles

A total of 15 different nanoparticle typeswere studied: 2 prepared
from silver (no. 1 and no. 2), 1 from TiO2 (no. 3), and 12 from a
mixture of both silver and TiO2 using a combination of different
molar ratios. The sizes of the nanoparticles were determined and
varied between 20 and 300 nm (Table 2 and Figure 1).

Antimicrobial activities

To assess the antimicrobial activities of the nanoparticles
synthesized in this work, a panel of selected strains of
microorganisms was assayed, comprising both pathogens and
opportunistic pathogens frequently encountered colonizing
medical devices. The panel included gram-positive, gram-

negative, and fungal strains. Only nanoparticles that showed
significant antimicrobial activities are displayed in Table 3. The
silver nanoparticles no. 1 with a size of 20–25 nm showed the
highest activity among all the nanoparticles tested (Table 3), with
MIC averages ranging between 0.4–1.7 μg/mL and 3–25 μg/mL
when bacterial and fungal strains, respectively, were tested
(Figure 2). When the TiO2 nanoparticles were tested against
bacterial strains alone or combined with silver, no significant
activities were observed when compared to the silver nanopar-
ticles no. 1 (data not shown). The activity of the silver
nanoparticles no. 1 showed MICs comparable to those achieved
with commercial antibiotics. For example, MICs of 0.53, 0.37,
and 0.74 μg/mL were measured when the silver nanoparticles no.
1 were tested against E. coli, P. aeruginosa, and S. aureus,
whereas MICs of 0.83, 1.33, and 0.42 μg/mL were recorded for
gentamicin, respectively (Table 3). In addition, the combined
TiO2 and silver nanoparticles (no. 10 and no. 15) showed a
significant activity specific to fungal strains and ranged between
3 and 25 μg/mL. For example, C. albicans showed a MIC of
6 μg/mL when the silver nanoparticles no. 1 were assayed,
performing better than fluconazole (64 μg/mL), and similar to
ampothericin B (0.25 μg/mL) (Figure 3 and Table 3). The silver
nanoparticles no. 1 also showed high activity against M. smeg-
matis, with a MIC of 0.46 μg/mL compared to 0.85 μg/mL of
rifampicin (Figure 4 and Table 3).

Cytotoxicity and LD50 calculation

THP-1 monocytes were used to determine the cytotoxic
effects of nanoparticles. Ten different concentrations of the
nanoparticles no. 1, no. 10, and no. 15 were assayed at 37°C for
24 hours using flow cytometry. The toxic effect of the
nanoparticles no. 1 was dose-dependent as measured by the
death rate of monocytes. Concentrations b2 μg/mL showed no
significant toxicity as less than a 20% death rate of monocytes

Table 2
Characteristics of the nanoparticles used in this work

Nanoparticles
no.

Nanoparticle
composition⁎

Molar ratio
(TiO2/Ag)

Size
(nm)

Concentration
(μg/mL)

TiO2 Ag

1 Ag – 20–25 – 107.8
2 Ag – 80–90 – 107.8
3 TiO2 – 250–300 400 –
4 Ti1-Ag NaBH4 10:1 250–300 90.00 10
5 Ti1-Ag UV 10:1 300 90.00 10
6 Ti1-Ag NaBH4 25:1 250–300 99.50 0.5
7 Ti1-Ag UV 25:1 250–300 99.50 0.5
8 Ti1-Ag NaBH4 50:1 250–300 99.65 0.35
9 Ti1-Ag UV 50:1 250–300 99.65 0.35
10 Ti2-Ag NaBH4 10:1 250–300 90.00 10
11 Ti2-Ag UV 10:1 250–300 90.00 10
12 Ti2-Ag NaBH4 25:1 250–300 99.50 0.5
13 Ti2-Ag UV 25:1 250–300 99.50 0.5
14 Ti2-Ag NaBH4 50:1 250–300 99.65 0.35
15 Ti2-Ag UV 50:1 250–300 99.65 0.35

⁎ NaBH4, NaBH4 used as reducing agent; UV, UV light used as
activating agent.
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was observed (Figure 5). However, concentrations N5 μg/mL
showed a significant increase in toxicity, reaching monocyte
death rate of N50%. In contrast, nanoparticles no. 10 and no. 15,
showed a very slight toxicity showing a monocyte death rate
varying between 15% and 25% even when the highest
nanoparticle concentration (25 μg/mL) was assayed.

The cytotoxicity experiment allowed us to determine the LD50

of THP-1 cells exposed to the selected nanoparticles. Results
showed that this parameter ranged between 10 and 367 μg/mL
(Table 4). Moreover, these results were used to calculate the TI of
these nanoparticles, which measures the effectiveness of a
compound. Results showed that the silver nanoparticles no. 1
possessed the highest TI calculated for bacterial strains (Table 4)
but the lowest TI value for fungal strains.

Analysis of DNA damage using the alkaline comet assay

For the analysis of DNA damage we chose the nanoparticles
no. 1, because they show significant activity when tested against

the assayed organisms, and the nanoparticles no. 10, because of
their activity against fungal strains and their high LD50 and TI
values. Results showed no evidence of the production of DNA
single-strand breaks above the background level (Table 5) when
THP-1 cells were exposed for 24 hours. The small reduction in
tail moment and percentage of DNA in the comet tail was a result
of a decrease in the percentage of S-phase cells that exhibit
breaks at replication forks (Figure 5). Therefore, at doses that are
bactericidal or fungicidal, there was no evidence that nanopar-
ticles produced DNA damage in mammalian cells.

Discussion

In this work we report the synthesis and characterization of 15
types of nanoparticles using silver, TiO2, or a combination of
both compounds. We assayed these nanoparticles against a panel
of opportunistic and pathogenic bacteria and fungal strains. We
focused especially on those commonly associated with medical
devices such as catheters and prostheses. Our results showed that
the silver nanoparticles of 20–25 nm (nanoparticles no. 1)
possess the highest antibacterial activity among all of the
nanoparticles assayed. These nanoparticles have MICs ranging
from 0.4 to 1.7 μg/mL and are comparable to the MICs of
commercial antibiotics. These nanoparticles exhibited limited
antifungal activity, with the exception of C. neoformans, which
was killed by them at MICs of 3 and 3.1 μg/mL for the
nanoparticles no. 1 and no. 15, respectively. TiO2 nanoparticles
showed limited antifungal activity. However, when they were
conjugated to silver under specific conditions during their
synthesis, increased antifungal activity was observed. The
synthesis conditions that facilitated antifungal activity included
exposure of the TiO2 to either NaBH4 or UV light, in a molar
ratio of 50:1 (TiO2/Ag). It is noteworthy that these antimicrobial
activities were observed only with the TiO2 nanoparticles from
Degussa (Ti2) and not from Ti-Pure R-902 (Ti1). The difference
observed in the bioactivity between both TiO2 particles may be
explained by their mineral composition. Although both particles
show similar crystal structures of octahedrons, Ti1 is prepared
from the mineral form of titanium TiO2, rutile, whereas Ti2

contains another mineral form of TiO2 termed anatase (manufac-
turer's technical information). Although we are not able to
determine the exact reason for the difference observed in their

Table 3
Minimum inhibitory concentrations (μg/mL ± SD) of nanoparticles showing antimicrobial activities

Nanoparticle
no.

Gram positive Gram negative Fungi

BS MB MS MRSA SA AB EC PA AN CA CN

1 1.7 ± 0.2 1.1 ± 0.0 0.5 ± 0.3 0.5 ± 0.2 0.7 ± 0.2 0.4 ± 0.1 0.5 ± 0.2 0.4 ± 0.1 25 ± 0.0 6 ± 0.4 3 ± 0.0
10 86 ± 46 ND N100 N100 N100 N100 N100 N100 25 ± 0.0 12.5 ± 0.0 12.5 ± 0.0
15 54 ± 0.0 11 ± 0.0 5 ± 2.4 54 ± 0.0 54 ± 0.0 20 ± 9.5 5.9 ± 0.5 20 ± 9.5 12.5 ± 0.0 6 ± 0.4 3.1 ± 0.0
PC 32 (G) 0.5 (R) 0.85 (R) 64 (G) 1 (G) 0.06 (Ak) 0.5 (Ak) 1 (Ak) 2 (A) 0.2 (A) 2 (A)

Gram-positive organisms: BS, B. subtilis; MB, M. bovis; MS, M. smegmatis; MRSA, methicillin-resistant S. aureus; SA, S. aureus.
Gram-negative: AB, A. baumanii; EC, E. coli; PA, P. aeruginosa.
Fungi: AN, A. niger; CA, C. albicans; CN, C. neoformans.
PC, positive control; ND, not determined; R, rifampicin; G, gentamicin; Ak, amikacin; A, amphotericin.

Figure 2. MICs of nanoparticles against bacterial strains. Serial dilutions of
nanoparticles no. 1 were exposed to bacterial strains. Only nanoparticles
no. 1 and selected bacterial strains are shown as an example of MIC
determination. SA, Staphylococcus aureus; MRSA, methicillin-resistant
Staphylococcus aureus; EC, Escherichia coli; PA, Pseudomonas aerugi-
nosa; AB, Acinetobacter baumanii; MS, Mycobacterium smegmatis; BS,
Bacillus subtilis. C, No nanoparticles added. Black bars denote the MICs
for this specific experiment.
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antimicrobial activities, it may be related to the intrinsic crystal
parameters of both mineral forms (Table 1).

We and others have found that the sizes of the silver
nanoparticles play an important role in their antimicrobial
activity.24,28,29 For example, a higher antimicrobial activity was
observed only in silver nanoparticles measuring 20–25 nm but
not in those measuring 80–90 nm. Previous studies have shown
that silver nanoparticles of 29 nm showed MICs of 13 and 17 μg/
mL against E. coli and S. aureus, respectively.30 However, here

we report an approximately 25-fold increase in the activity
against the same strains (0.5 and 0.7 μg/mL, respectively) when
the size of the nanoparticles was reduced to 20–25 nm (Table 3).
This suggests that there is a close association between size and
activity and is in agreement with previous reports.24,28,29

In our study we report more efficient antibacterial activities
for silver nanoparticles with MICs in a range between 0.4 and
1.7 μg/mL, whereas other reports have shown lower antibac-
terial activities with MICs in a range between 1.69 and 13.5 μg/
mL using a similar broad spectrum of gram-negative and gram-
positive strains, and a similar nanoparticle size, but prepared
using maltose as a reducing agent.31 Other groups have reported
inferior antibacterial activities of silver nanoparticles using
E. coli strains as a model. For instance, Thiel et al32 reported
that the synthesis of silver-doped titania nanoparticles using a
sol-gel technique inhibited the growth of the nonpathogenic E.
coli strain BL-21 at concentrations of 25.46 μg/cm2, whereas
we reported a 100-fold increase in the antibacterial activity
against the uropathogenic E. coli with an antibacterial effect of
0.24 μg/cm2 as compared to the area of individual wells used in
our experiments. Zhang and Chen33 reported that concentra-
tions greater than 2.4 μg/mL suppressed the growth of E. coli
using a silver nanocomposite powder [Ag (7.4 wt%)/TiO2],
whereas Sondi and Salopek-Sondi reported a bacterial inhibi-
tion of 70% using a concentration of 10 μg/mL nanoparticles
(∼12 nm).18 Interestingly, Lok et al28 reported a slightly
superior antibacterial activity (3 μM as compared to a calculated
4.6 μM in our study) using smaller nanoparticles (∼9 nm) but
testing an E. coli strain isolated after selection against
increasing concentrations of AgNO3.

According to the results reported here, the nanoparticles no.
1 showed promising results as an antimicrobial agent against

Figure 4. Cytotoxic effects of nanoparticles on THP-1 cells. Determination
of the cytotoxic effects of nanoparticles no. 1 (squares), no. 10 (triangles),
and no. 15 (inverted triangles) on THP-1 cells. Dashed lines represent
treatment with 5% H2O2 (upper line) (positive control), and no treatment
(lower line) (negative control). Shown is the mean ± SD of three
independent experiments.

Figure 3. MICs of nanoparticles against Mycobacterium bovis and fungal strains. (A) Serial dilutions of nanoparticles no. 1 were exposed to M. bovis strain
BCG. Numbers indicate the concentration of the nanoparticles (μg/mL) spread on each quarter of the plate. +, No nanoparticles added; –, no bacteria added. (B)
Serial dilutions of nanoparticles no. 1 and no. 10 exposed to fungal strains, and shown as an example. AF, Aspergillus fumigatus; CN, Cryptococcus
neoformans; CA, Candida albicans. C, No nanoparticles added. NP, nanoparticle. Black bars denote the MIC for this specific experiment.
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gram-positive and gram-negative bacteria. Noteworthy is its
activity against the aggressive MRSA strain, and against M.
bovis, suggesting that an alternative treatment against M.
tuberculosis based on novel delivery systems may be
developed. Although the antifungal activity was not as high
as the antifungal used as references, more studies are
necessary to test the possible application of these nanoparticles
combined with other chemotherapies or nanoparticles with
different composition.

We further analyzed the cytotoxic effect of the reported
nanoparticles on THP-1 cells and found that a significant
increase in their cytotoxicity was observed at concentrations
greater than 5 μg/mL (Figure. 4). Our findings are in agreement
with other research groups, which showed that silver nanopar-
ticles are cytotoxic in murine macrophages19 and in fibroblasts17

at concentrations of 10 and 50 μg/mL, respectively. We extended
the studies of the cytotoxic effects of our nanoparticles by
measuring the DNA damage in THP-1 cells using a comet assay.
Results obtained from this experiment showed that no DNA

damage was observed upon exposure of nanoparticles to THP-1
cells (Figure 5).

In conclusion, the antimicrobial activity of the nanoparticles
showed that the silver nanoparticles no. 1 (20–25 nm) have great
potential to be used as antimicrobial agents against microorgan-
isms. In this work we showed that with a decrease in the size of
the silver nanoparticle from 29 nm to 20–25 nm, their
antimicrobial activities increased considerably. For instance,
the development of metallic nanoparticles covering the surfaces
of ambulatory and other medical devices would provide an
alternative means to decrease the microorganism colonization
and device-associated infection, including ventilator-associated
pneumonia, central venous catheter infections, and catheter-
associated urinary tract infections.

Table 4
Median lethal dose (LD50) and therapeutic index values

Nanoparticle
no.

LD50 ± SD
(μg/mL)

Therapeutic index ± SD

Gram positive Gram negative Fungi

1 10 ± 3.4 13.86 ± 1.31 23.25 ± 0.63 0.9 ± 0.35
10 367.3 ± 13.1 2.6 ± 0.56 2.56 ± 0.32 22.1 ± 0.19
15 55.9 ± 0.4 1.57 ± 0.487 5.03 ± 0.68 10.7 ± 0.11

Table 5
Data collection of comet assay using THP-1 cells

THP-1 Cells

Negative
control

Positive control
(8 Gy)

Nanoparticles
no. 1
(3.5 μg/mL)

Nanoparticles
no. 10
(8 μg/mL)

DNA
content

9.44 ± 2.54 6.34 ± 2.04 9.8 ± 3.24 9.33 ± 2.68

Tail
moment

2.08 ± 2.20 19.6 ± 2.78 2.23 ± 1.37 3.29 ± 4.44

Percentage
in tail

18.4 ± 11.4 76.6 ± 4.98 19.3 ± 10.9 23.1 ± 17.0

Tail length
(mm)

18.7 ± 5.94 26.9 ± 4.14 18.7 ± 6.05 19.4 ± 5.71

Figure 5. Detection of DNA damage on THP-1 cells exposed to nanoparticles. THP-1 cells were examined using alkali method. Shown are results from (A)
negative control, (B) after 8-Gy x-ray exposure (positive control), (C) high concentration of nanoparticles no. 1, and (D) low concentration of nanoparticles
no. 1.
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