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ABSTRACT
Due to the abundance of silver nanoparticles in the nanotechnology consumer market, "nanosilver"
has become a major concern in the scientific community. This investigation attempts to model and quantify
the toxicity of nanosilver under a range of environmental conditions and to measure the reliability of a
nanosilver consumer product for consumer and environmental safety. In Phases I and II of this investigation,
a novel, high-throughput bacterial toxicity assay was developed to quantify the toxicity of nanosilver,
defined as the percentage of cells that died in excess of that due to the natural death of cells. Phase III
investigated the assertion that silver nanoparticles are more reliable and less environmentally hazardous than
commonly used antimicrobial agents, such as silver ions. The bacterial toxicity assay was applied to the
filtered waters of a model nanosilver water filtration system and showed that nanosilver passed through a
0.45-micron filter so that filtered water may contain these particles. This would allow them to exert their
toxic effects on the aquatic environment. This investigation demonstrated three essential concepts. First, the
novel bacterial toxicity assay technique provided a reliable, reproducible estimate of the potential toxicity of
silver nanoparticles. Second, silver nanoparticles induced significantly greater toxic effects than silver ions.
Finally, the toxicity assay substantiated the efficacy of silver nanoparticles, but questioned the reliability of
nanosilver consumer products for preventing nanosilver from entering the aquatic environment.
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1. INTRODUCTION
Since 1959 when Professor Richard P. Feynman unveiled the revolutionary concept of
nanotechnology, it has advanced into a new field of science and engineering focused on “the understanding
and control of matter at dimensions of roughly 1 to 100 nanometers, where unique phenomena occurring
only at that scale enable novel applications.”1, 2 With over 1000 products currently in the consumer market,
the potential environmental detriments of this $3-trillion dollar industry are unavoidable. 3
Potential Risks of Nanotechnology
Despite the modern success of nanotechnology, the potential health and environmental risks associated
with these applications are unknown. Prompted by the discovery that nanoparticles can enter the human body
and accumulate in the environment, government agencies have begun to support research into
“nanotoxicology”. In September 2006, the National Nanotechnology Initiative reported the intent to
investigate methods of evaluating the toxicity of nanoparticles to the environment and the human body.4, 5
This critical information need is also the primary focus of the United States Environmental Protection
Agency research on nanotechnology.6
Potential Toxicity of Silver Nanoparticles
Silver nanoparticles are derivatives of metallic silver that inherit the antimicrobial properties of the
silver ion. Silver ions exhibit antimicrobial activities at concentrations of less than 10-6 moles per liter. These
sub-micromolar concentrations of silver ions reduce the cell’s transmembrane pH gradient and terminate its
proton motive force. Since the proton motive force drives all enzymatic activities in living cells, its absence
causes the cell to rupture and die. Likewise, researchers hypothesize that silver nanoparticles, though mostly
sparingly soluble, dissolve enough to create a thin, submicromolar layer of silver ions around the particle.
Thus, like silver ions, the silver nanoparticles exhibit antimicrobial potential.7
1
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August 2007)
2
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(accessed 24 August 2007)
3
Service, Robert F. “Nanomaterials: Promise or Peril”. ScienceNOW Daily News.
http://sciencenow.sciencemag.org/cgi/content/full/2007/817/3?etoc (accessed 23 August 2007)
4
Henig, Robin Marantz. “Our Silver-Coated Future”. On Earth (Fall 2007): 22 – 29.
5
National Nanotechnology Initiative. “Environmental, Health, and Safety Research Needs for Engineered
Nanoscale Materials: September 2006”. http://www.nano.gov/NNI_EHS_research_needs.pdf (accessed 23 August
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6
Environmental Protection Agency. “Nanotechnology”. http://es.epa.gov/ncer/nano/index.html (accessed 29 August
2007)
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In the 1980s, silver pollution from a processing plant endangered the population of Macoma balthica
clams in South San Francisco Bay. These detrimental effects of silver pollution may be a warning of future
nanosilver pollution in the environment. From wound dressings to nanosilver teapots, silver nanoparticles
could eventually enter the aquatic environment, killing the bacteria that are important to all ecosystems.
Although scientists, such as Simon Silver, have investigated the bacterial resistance to silver nanoparticles,
no successful attempts have been made to evaluate the potential risks of silver nanoparticles.8 Thus, a
systematic assay to quantify and analyze the bacterial toxicity of silver nanoparticles in environmental
conditions is needed.
2. OBJECTIVE AND SCOPE OF WORK
The research was divided into three main areas: (1) develop a rapid assay to quantify silver
nanoparticle bacterial toxicity, (2) analyze the potential toxicity of silver nanoparticles on a model
environmental bacterium, and (3) create a practical application to test the reproducibility and practicality of
the novel assay.
Task 1
Preliminary experiments were conducted at a range of times and concentrations to determine the
optimum conditions for performing the toxicity assay. A novel technique for quantifying bacterial toxicity
was established.
Task 2
Two surrogate environmental bacterial strains were used: Pseudomonas putida and Bacillus subtilis.
Exposure of P. putida, a common Gram-negative, and B.subtilis, a common Gram-positive bacterium, to the
silver nanoparticles was used to simulate environmental effects. The two types of bacteria, with different cell
structures, were used to create a broad evaluation of environmental toxicity.9, 10 Furthermore, because both
of these bacteria are commonly found in soil, they are ideal species to use for simulating the impact of silver
nanoparticles on the environment.
Antimicrobial Activity of Ag+ in Vibrio cholerae. Antimicrobial Agents and Chemotherapy (August 2002): 2668
2670.
8
Silver, Simon; Phung, Le T.; and Silver, Gregg. Silver as Biocides in Burn and Wound Dressings and Bacterial
Resistance to Silver Compounds. Journal of Industrial Microbiology Biotechnology (2006): 627 - 634
9
Cann, Alan. “Pseudomonas putida”. MicrobiologyBytes. http://www.microbiologybytes.com/video/Pputida.html (accessed 26
August 2007)
10
JGI Microbes. “Pseudomonas putida F1”. The Regents of the University of California.
http://genome.jgi-psf.org/finished_microbes/psepu/psepu.home.html (accessed 26 August 2007)
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To determine the mechanisms of toxicity, the same assay and quantification technique for bacterial
toxicity was applied to suspensions of silver nanoparticles and solutions of silver ions. Evaluation of the
effects of the silver nanoparticles compared to those of silver ions not only showed the relationship between
the antimicrobial efficacies of the two particles, but also revealed how the silver nanoparticles affected the
viability of the cells. In order to facilitate the analysis of potential toxicity, a Java computer program was
written to calculate the potential toxicity of each experiment from fluorescence intensity and to graph the
potential toxicity as a function of the log of the molar concentration of nanosilver.
Task 3
The final task of this investigation was to create a practical application that reflected the potential
toxicity of silver nanoparticle products in the consumer market. A generic water filtration system was
created, using a natural coagulant from Moringa oleifera, various concentrations of silver nanoparticles, a 1micron filter, and a 0.45-micron filter. The assay was applied to the filtered water to determine the toxicity of
the residual silver nanoparticles in the filtered water. The application enhanced the reproducibility and
demonstrated the practicality of the assay.
3. METHODOLOGY
The modeling of silver nanotoxicology under environmental conditions required a multistep process:
(1) cultivate the bacteria, Pseudomonas putida, and create bacterial suspensions; (2) prepare the silver
nanoparticles suspensions and silver ion solutions; (3) conduct the preliminary experiments (Phase I); (4)
apply the method to a high throughput assay (Phase II); (5) write the computer program to facilitate the
toxicity analyses (Phase II); and (6) apply the assay to a practical situation (Phase III).
A. Cultivation and Creation of Bacterial Suspensions
P. putida was cultured at 30 oC for 45 hr in an autoclaved TSB liquid culture medium on a shaker plate
(Labline Orbit, Environ Shaker) at 200 revolutions per min. The B. subtilis was cultivated at 37 oC for 4 hr in
an autoclaved LB liquid culture medium on a shaker plate at 200 revolutions per min.
After the culture period, the bacterial cells were harvested and washed by centrifuging 4000
revolutions per minute for five consecutive periods at 8 min using a Marathon 21K Centrifuge (Fisher
Scientific). The bacterial suspension was created by suspending the harvested bacterial cells in 20mL
deionized water. The cell count of a 250-fold dilution of the bacterial suspension was made on a 0.1
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microliter (µL) hemacytometer. The bacterial cell concentration per mL (Cell Concentration = cell count x
10 4 x dilution factor) of the original bacterial suspension was determined from the cell count.
B. Preparation of Suspensions and Solutions
For comparative purposes, in this investigation, the concentrations of the silver nanoparticle
suspensions and silver ion solutions were equated by mass. Assuming that the molecular mass of silver
nanoparticles is 169.87 g/mole, a suspension of concentration of 1.0 M was obtained by suspending 0.8400 g
solid silver nanoparticles in 4.94mL deionized water. To decrease the concentration by a magnitude of 10,
1mL 1.0 M stock suspension was added to 9mL deionized water. Tenfold dilutions were made to produce 12
concentrations of silver nanoparticle suspensions between 1.0 M and 0.01 nanomolar (nM). This process was
repeated to prepare silver ion solutions from solid silver nitrate.
Phase I: Preliminary Beaker Experiment
Only P. putida was used to conduct the preliminary experiments. For this preliminary experiment,
two factors were varied: particle concentration and time (Table 1).
Beaker
Suspension/
Solution
Concentration
(µM)
Presence of
P. putida

1
Nanosilver

2
Silver Ion

3
Nanosilver

4
Silver Ion

5
Deionized Water

100.0

100.0

0.1

0.1

--none--

Yes

Yes

Yes

Yes

Yes

Table 1. Preliminary Experiment, Beaker Designation. Beakers 1 and 3 represented the super- and submicromolar concentrations of silver nanoparticle suspensions. Beakers 2 and 4 represented the super- and
sub-micromolar concentrations of the silver ion solutions. Beaker 5 served as a control.

The original bacterial suspension was diluted 250-fold and 5-mL of this diluted suspension was placed in a
beaker containing 5-mL of the nanoparticle suspension.
After 1 hr, a 0.5mL sample was taken from each beaker and stained with 0.5mL SYTO 9 staining
solution (stains live cells, green fluorescence) and 0.5mL of the Propidium Iodide staining solution (stains
dead cells, red fluorescence). After a 10-min incubation period, a 50µL sample from each stained sample
was placed on five separate microscope slides. Using the standard light microscope and the fluorescence
applications, one black and white image with green fluorescent light (illuminates live cells) and one with red
fluorescent light (illuminates dead cells) were taken. Subsequently, the respective green or red colors were
loaded on to the images to show the fluorescence of the stained cells. This process was repeated after 24 hr to
Copyright ©2008 Water Environment Federation. All rights reserved.
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show the effects of time on toxicity. This provided the basis for expanding this method to a high throughput
bacterial toxicity assay.
Phase II: Bacterial Toxicity Assay
After the preliminary trial, the method for evaluating the potential toxicity of silver nanoparticles was
expanded and applied to a high-throughput bacterial toxicity assay using four 96-well microplates.

1

2
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4

5

6
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8

9
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a
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c

d
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g

h

Figure 1. 96-Well Microplate, Illustration
96-well microplate used for the high throughput bacterial
toxicity assay. Each column (1-12) represents one set of eight
trials for a particular condition.

Trays 1 and 2 modeled the effects of nanosilver and silver ions on P. putida and Trays 3 and 4
modeled the effects on B. subtilis. Each column (1-12) had a designated concentration and each plate, a
designated bacterial suspension. One well of each column (1-12) was randomly chosen as a control for the
spontaneous death of the bacterial cells. After 3 hr on the shaker plate, each well was stained with 50µL of
the SYTO 9 dye staining solution and 50µL of the Propidium Iodide staining solution. After the incubation
period, the intensity of the green and red fluorescence from each well was read using the Flex Station II
Fluorescence Microplate Reader (Molecular Devices, Life Science Instrumentation). The excitation
wavelength was centered at 485 nm, the emission wavelength for the green fluorescence was set at 530 nm,
and the emission wavelength of the red fluorescence was set at 630 nm.
Phase II: Toxicity Analysis – Computer Programming
A novel technique was developed to quantify toxicity as a function of concentration. From the
calibration curve of the Flex Station II, an equation derived to calculate the percentage of dead cells relative
to the live to dead ratio. For the purposes of this investigation, the difference between the percentage of dead
cells in the experimental wells and that of the control wells was defined as potential toxicity.
To facilitate the analyses of toxicity, a computer program was written in Java to calculate the toxicity
from given average experimental and control live to dead ratios and to generate a graph of the potential
toxicity as a function of concentration.
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Phase III: Practical Application – Water Filtration System
To show the practicality of the assay, a generic water filtration system containing nanosilver and a
natural coagulant was engineered. The only toxicity-related variable in this application was the concentration
of silver nanoparticles: 1.0 nM, 1.0 µM, 1.0 mM, and 1.0 M. Coagulation was promoted through rapid
shaking at 100 rpm for 1 min and flocculation was promoted through slow mixing at 20 rpm for 15 min.
Mixing was terminated and the flocs settled for 1.5 hr. The water was then filtered through a 1-micron and a
0.45-micron filter.
To test for the efficiency of adding nanosilver, the turbidity and conductivity of the original raw water
and that of the filtered waters were measured. To detect the presence of nanosilver, the assay from Phase II
was applied to each filtered solution, using B. subtilis as an environmental indicator. In this case, filtered raw
lake water containing the natural coagulant from Moringa oleifera was the control. The toxicity of the
filtered waters was attributed to the presence of silver nanoparticles in the filtered waters.
4. RESULTS
Three sets of data were produced during this investigation: (1) preliminary experimental results; (2) bacterial
toxicity assay results; and (3) practical application results. The first two sets of data revealed trends in the toxicity of
silver nanoparticles and silver ions as a function of particle concentration. The data from the practical application
experiments reflected the potential toxicity of commercial products that contain silver nanoparticles.
Phase I: Preliminary Beaker Experiment
The preliminary beaker experiment tested the effects of various concentrations of nanosilver particles
and time. The P. putida and B. subtilis bacterial cell count concentrations varied from 8.0 x 109 to 9.0 x 109
cells/mL. This bacterial cell concentration was kept constant for both the preliminary beaker experiments and
the assays.
Quantification of the number of live cells and the number of dead cells in each of the five samples
were conducted after 1 hr and 24 hr. A live to dead cell ratio for each sample at each time period was
obtained by dividing the total number of live cells by the total number of dead cells in each sample (Table 2).
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Particle, Concentration
Silver Nanoparticles
0.1 μM
Silver Nanoparticles
100.0 μM
Silver Ions
0.1 μM

Time Period (hr)

Live: Dead
Ratio

Toxicity
(%)

1

1.54

23.3

24

1.78

4.52

1

0.951

29.0

24

0.917

12.8

1

1.65

22.2

24

2.99

7.19

Silver Ions
100.0 μM

1

2.96

9.60

24

1.86

3.71

Bacteria P. putida

1

3.96

N/A

24

2.25

N/A

Table 2. Quantification of Live and Dead Cells, Live: Dead Ratio
The five samples were analyzed at time periods of 1 hr and 24 hr. The ratio derived from the total count of live
cells and the total count of dead cells approximates the ratio of live to dead cells in the entire sample. The live
to dead ratio of the samples at 24 hr was lower than the live to dead ratio of the samples at 1 hour, indicating
further bacterial cell death between 1 and 24 hr.

For the preliminary experiment, the samples with 100.0 μM of silver nanoparticles and samples with
100.0 μM of silver ions had relatively higher toxicities than their 0.1 μM counterparts. The only exception to
this was the ratio for the 0.1 μM of silver ions, 2.99 (time = 24 hrs); this ratio was higher than the ratio of
live to dead cells in the bacterial control sample at 24 hr, 2.25. It is apparent that the live to dead ratio of the
control experiment was greater than that of the beaker with 100.0-μM of nanosilver after 1 hr. Due to the
decrease of toxicity from 1 hr to 24 hr, a time between, approximately 3 hr, would yield better results given
the intent of this investigation.
Phase II: Bacterial Toxicity Assay
The preliminary beaker experiment provided a foundation for this high throughput bacterial toxicity
assay. For the purposes of this investigation, toxicity was redefined as the percentage of dead cells in excess
of the percentage of the dead cells resulting from spontaneous death. (Table 3)
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Concentration

Tray 1 Toxicity
(%)
Nanosilver +
P. putida

0.01 nM
0.1 nM
1.0 nM
0.01 µM
0.1 µM
1.0 µM
0.01 mM
0.1 mM
1.0 mM
0.01 M
0.1 M
1.0 M

30.3
31.3
36.8
34.2
57.
55.0
58.6
67.8
68.3
71.9
71.5
73.3

Tray 2
Toxicity (%)
Silver Ions +
P. putida

Tray 3 Toxicity Tray 4 Toxicity
(%)
(%)
Nanosilver +
Silver Ions +
B.subtilis
B. subtilis

30.7
6.66
42.8
56.2
48.9
56.9
64.7
63.8
65.3
75.4
72.7
79.8

0.896
1.36
2.11
5.47
4.65
5.22
6.14
10.6
15.5
18.1
18.7
21.1

0.666
1.34
1.26
5.15
4.789
6.93
15.3
15.8
16.5
16.7
19.1
19.7

Table 3. Toxicities of Silver Nanoparticles and Silver Ions (Avg), 96-well Assay
The Fluorescence Microplate Reader provides the fluorescence emission intensity of the green
fluorescent light, which indicates live bacterial cells, and the fluorescence emission intensity of
the red fluorescent light, which indicate dead bacterial cells. The toxicities shown here are the
averages from several trials of the same design. The formula for the toxicity (%), based on live: dead
ratio is as follows:
Toxicity (%) = (11.0 – live: dead ratio)
0.1037

Figure 2a. Tray 1
(nanosilver, P.putida)

Figure 2b. Tray 2
(silver ions, P.putida)

Best Fit Line:
T = 52.45 + 4.50 * log(C)
r2 = 0.907

Best Fit Line:
T = 56.03 + 4.07 * log(C)
r2 = 0.957

Figure 2. Toxicity as a Function of Log (Concentration), Tray 1-4
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Figure 2c. Tray 3
(nanosilver, B.subtilis)

Figure 2d. Tray 4
(silver ions, B.subtilis)

Best Fit Line:
T = 8.173 + 1.95 * log(C)
r2 = 0.922

Best Fit Line:
T = 9.262 + 2.01 * log(C)
r2 = 0.928

Figure 2. Toxicity as a Function of Log (Concentration), Tray 1-4 (Cont.)
Graphs (a-d) portray the relationship between the log value of the particle concentration by
mass and the toxicity of the particles on P. putida (2a, 2b) and B. subtilis (2c, 2d). All
graphs were generated by the Java computer program from Phase II.

Trends between the toxicity ratings as a function of log of concentration were developed (Figure 2). Graphs
(2a) and (2b), representing the toxicity of silver nanoparticles and silver ions (respectively) onto P. putida,
have similar trends. The same observation can be made for graphs (2c) and (2d), representating the toxicity
to the B. subtilis. The difference between the toxicity to P. putida and B. subtilis may be attributed to the
inherent differences between Gram-positive and Gram-negative bacteria. Gram-positive bacteria have thicker
peptidoglycan cell walls than Gram-negative bacteria which may prevent the silver nanoparticles from
penetrating the cell wall and disrupting cell activity.
Phase III: Practical Application – Water Filtration System
The practical application of the water filtration system showed that there were environmental risks
from using nanosilver products. Six beakers were used to present the control and experimental aspects of this
practical application: (1) lake water; (2) lake water + M. oleifera coagulant; (3) lake water + M. oleifera
coagulant, 1.0 nM nanosilver; (4) lake water + M. oleifera coagulant, 1.0 μM nanosilver; (5) lake water + M.
oleifera coagulant, 1.0 mM nanosilver; and (6) lake water + M. oleifera coagulant 1.0 M nanosilver. Four
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pieces of data were collected: pH, turbidity, conductivity, and toxicity. Toxicity was then related to the
concentration of nanosilver by using Figure (2c) (Table 4, 5).
Beaker
1
2
3
4
5
6
RAW

Turbidity
(NTU)
8.20
2.89
3.50
4.00
1.29
1.62
10.10

Residual
Turbidity (NTU)
-0.19
-7.21
-6.60
-6.10
-8.81
-8.48
-----

pH
6.70
6.56
6.88
6.91
6.96
6.92
6.64

Conductivity
(μS/cm)
290
301
479
421
411
392
292

Table 4. Turbidity, pH, and Conductivity of Filtered Waters
The data attests to the efficacy of adding silver nanoparticles to lake water containing a M. oleifera
-base coagulant. There was a larger decrease in turbidity when silver nanoparticles were present. The
most effective concentration was 1.0 mM.

Beaker
Control 1
2
3
4
5
6

Toxicity (%,
Filtered)
----0.0011
1.35
6.32
12.5
11.3

Concentration
(Filtered)
----0.066 nM
0.330 nM
0.113 μM
0.156 mM
0.040 mM

Toxicity (%,
Unfiltered)
----0.0021
3.01
4.88
14.3
23.5

Concentration
(Unfiltered)
----0.066 nM
0.002 μM
0.021 μM
0.001 M
0.065 dM

Table 5. Toxicity and Concentration of Filtered and Unfiltered Waters
The toxicities were obtained from a toxicity assay and the concentrations were obtained from
the best fit line equation from Figure (2c). Since B. subtilis was used as the surrogate bacterium
in this practical application of the water filtration system, it was appropriate to use that equation
as an approximation of the concentration of nanoparticles in the waters.

The results presented in Table 4 show that the water filtration system was an efficient water purification

technique. When the concentration of silver nanoparticles was 1.0 mM, the turbidity decreased more than
80% from 10.1 NTU to 1.29 NTU. However the toxicity assay on the filtered and unfiltered waters showed
that there still was excess cell death in the experimental beakers (2 – 6) that could, at least partially, be
attributed to silver nanoparticles. An approximation of the silver nanoparticle concentration remaining in the
filtered waters was determined from its toxicity and showed the insignificant decrease of silver nanoparticles
by filtering the water through 0.45 micron filters. Thus even with a relatively highly efficient water filtration
system there still was a toxic concentration of silver nanoparticles in the filtered water. Furthermore, the
toxicity of the unfiltered waters (which can model direct contact between silver nanoparticle products and the
Copyright ©2008 Water Environment Federation. All rights reserved.
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environment) pointed to a concentration of silver nanoparticles that was consistent with the original dosages
applied to the filtration.
5. DISCUSSION AND CONCLUSIONS
The primary focus of this investigation was to develop a structured, high-throughput assay that
quantified the potential toxicity of silver nanoparticles. The secondary focus was to execute the assay and
analyze the toxicity of silver nanoparticles and silver ions on the model bacteria, P. putida and B. subtilis. A
computer program was written to facilitate the calculation of the toxicities of particular concentrations of
silver nanoparticles or silver ions on the model bacteria from the fluorescence intensity in a toxicity assay.
The third, and final, focus was to create a practical application of the bacterial toxicity assay that could
imitate the behavior of silver nanoparticles in consumer products in water filtration systems.
Phase I: Preliminary Beaker Experiment
The preliminary experiment proved the validity of the general method for determining toxicity.
Although all concentrations of silver nanoparticles and silver ions were effective in disinfecting or killing the
P. putida, a concentration of 100.0 μM had the highest toxicity to the bacterial cells (Toxicity = 2.0%).
While lower concentrations of silver nanoparticles and silver ions had a resultant live to dead ratios of
greater than 1.5, the 100.0 μM of silver nanoparticles maintained the extremely low live to dead ratio of
0.952 after 1 hr and 0.917 after 24 hr. These results showed that higher concentrations of silver nanoparticles
are the most toxic to bacterial cells. The general trend of increasing toxicity over increasing time suggests
that silver nanoparticles will continue to exert toxic effects when discharged into the environment.
Phase II: Bacterial Toxicity Assay
The bacterial toxicity assay shown to be successful in Phase 1 was adapted to provide a reproducible,
rapid throughput method employing 90-well plates. For P. putida more than 70% of cells were shown to be
dead after 3 hr exposure to a nanosilver concentration of 0.01M. When exposed to the same amount of
nanosilver for the same time the maximum cell death of B.subtilis was 21.1%.
There was a direct logarithmic relationship between toxicity increase and increase in the
concentration of silver nanoparticles or silver ions (Table 3 and Figure 2). .
Best fit lines for the logarithmic relationships of silver and nanosilver toxicities for P.putida showed
that the toxicities of equal concentrations of silver ions and nanosilver were the same. The same conclusion
can be reached for the toxicities of silver ions and nanosilver to B.subtilis.
Copyright ©2008 Water Environment Federation. All rights reserved.
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Phase III: Practical Application—Water Filtration System
The behavior of silver nanoparticles in a model a water filtration system was determined as an
example of the practical application of this assay. The toxicity of filtered waters derived from raw water
containing nanosilver was lower than that of the raw water, but still measurable. Indeed the filtered water
was still toxic to B. subtilis even after being filtered twice through a 1-micron filter and then a 0.45 micron
filter. This practical application illustrated the reproducibility and applicability to practical systems of the
bacterial toxicity assay and showed that consumer products containing nanosilver products could have
environmental risks.
Future Research
This investigation was successful in developing a high-throughput assay to quantify the toxicity of
silver nanoparticles using surrogate environmental bacteria. Since silver nanoparticles are also used for
medical purposes, their effects on human cell lines also should be investigated to determine their toxicity to
humans. Longer-term experiments would useful both with environmental microbial communities and human
cell lines to determine chronic effects. These types of experiment and the ones discussed in this research
should also be used to determine potential toxicity of other nanoparticles, such as carbon nanotubes and
quantum dots.
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research with an appropriate career.
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