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Abstract 
Nanotechnology has pushed boundaries and enabled revolutionary progress in many avenues including water treatment, textile engineering, 

medical implants, drug delivery, materials science engineering, food storage, and packaging. The tremendous potential offered by these nano-sized 
particles over their micro and macro counterparts has resulted in a surge in nanoparticle production to meet the demand of multiple sectors. While 
the production and use of nanoparticles are on a steady increase, their effects on living systems including simple bacterial systems remain elusive. 
In this study, we explore how nanoparticles can enter the environment and present the effects of the most commonly produced nanoparticles on 
bacterial growth and survival. While titanium oxide, copper oxide, silver and zinc oxide exhibited inhibitory effects on bacteria others like silicon 
oxide, aluminum oxide and cerium oxide nanoparticles did not. The results of this study will aid in the understanding of nanotoxicology and in 
the promotion of using the benefits of nanoparticles. The findings can be leveraged strategically to ensure the responsible and sustainable use of 
nanomaterials.
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Background and Motivation 

Nanotechnology has allowed for unimaginable progress in 
various avenues including water treatment, textile engineering, 
construction, medical implants, drug delivery, materials science 
engineering, food storage, and packaging [1-6]. The tremendous 
potential offered by nano-sized particles over their micro and macro 
counterparts has resulted in a surge in nanoparticle production 
to meet the demand of multiple sectors. The Woodrow Wilson 
institute reports over 1500 commercial products available for 
purchase that contain nanoparticles [7-10] while the nanodatabase 
reports over 5000 products that contain nanoparticles. Owing to 
their unique properties and remarkable potential, the production 
of nanoparticles will only keep increasing to meet the demand for  

a suite of medical, industrial, commercial, and other applications. 
These engineered nanoparticles will inevitably find a way into the 
environment [2, 5, 11-14].  

Once in the environment, the fate, transport, and interactions 
of engineered nanoparticles will take a different course which was 
originally not intended. The probable pathways through which 
nanoparticles may enter the environment, their fate, and the 
environmental impact of these engineered nanoparticles remain 
ambiguous [6, 11]. In this study, we provide a simplistic pathway 
analysis to examine the various entry points for nanoparticles into 
the environment and thereby demonstrate possible exposure to 
humans over the life cycle of these nanomaterials. Also importantly, 
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engineered nanoparticles in the environment will result in imminent 
exposure to living organisms. The effect of nanoparticles on living 
systems including the simplest systems is poorly understood [15-
20]. It is critical to examine the effect of nanoparticles on bacteria 
as these organisms are crucial to multiple environmental processes 
[21,11,22]. Several studies have been conducted to evaluate the 
effect of various nanoparticles on bacteria. The studies have used 
various experimental methods, different conditions, and employed 
diverse bacteria [18,23-28]. Most studies performed have focused on 
studying the effect of one or two types of nanomaterials on bacteria. 
The results of these studies do not allow for direct comparison 
with each other due to varying experimental conditions and there 
is a lack of consensus around the findings. For example, there are 
conflicting results on the effect of cerium oxide nanoparticles on 
bacteria where some conclude that cerium oxide nanoparticles are 
toxic to bacteria while other studies claim no effect on bacteria and 
still other studies conclude that they offer protection to bacteria [29-
31,16,32-34]. Similarly, some studies have shown that aluminum 
oxide nanoparticles exhibit minimum toxicity while others have 
shown that the presence of aluminum oxide nanoparticles can 
result in genetic modifications and DNA fragmentation [35-40]. 
These findings highlight the impact of experimental conditions 
(pH, medium composition, and bacterium) and characteristics of 
nanomaterials on the overall bacterial response to the presence 
of nanomaterials. In this study, we identify the most commonly 
employed metal oxide nanoparticles through a literature review 
and examine their effect on BOD utilization by E.coli that served 
as the model bacterium. We also present a method to compare the 
effect of different nanoparticles on bacteria simultaneously.

To enable the sustainable and responsible use of nanotechnology, 
its effects on bacterial systems and other forms of life need to 
be understood. The study will aid in the choice of nanoparticles 
for various applications, in the design of environmentally 
safe nanoparticles, and in the prevention and management of 
unintentional exposure to toxic nanoparticles.

To provide the necessary foundation for the current research, 
the following sections discuss preliminary research developments.

Nanoparticle Identification

Nanoparticles are gaining application in diverse fields 
resulting in the production of a variety of nanoparticles. Although 
there is limited research on nanoparticle production volumes, 
a literature review allowed us to recognize the most widely 
used and manufactured nanoparticles [13,5,11,2,21,17,14]. 
Table 1 reproduces a modified summary table of the most 
widely manufactured nanoparticles from [41]. Titanium oxide 
nanoparticles are among the most widely produced for various 
applications due to their photocatalytic, optical, refractive, and 
conductive properties [42,5,43,2,44]. Silicon dioxide nanoparticles 
are used widely in packaging, paints, coatings and as an additive in 
concrete as their presence enhances mechanical and anticorrosion 
properties. Silicon oxide nanoparticles are also widely used 
as a food additive due to their non-toxic and biocompatible 
nature to humans [45,5,1,46,2,47]. Silver, silver salts, and ions 
have been used extensively for their antimicrobial and anti-
inflammatory properties. Thereby, their nanoparticle counterpart 
has been successfully used in medical implants, drug delivery 
systems, catheters antimicrobial coatings, and even sports attire 
[48,5,49,2,42]. Cerium oxide nanoparticles have multiple industrial 
uses and are being explored for application in biomedicine. 
Their applications include being used in catalytic converters for 
automobiles, as abrasives, as a fuel additive, and in fuel cells. The 
thermal, catalytic, electrical, and photochemical properties of zinc 
oxide nanoparticles have resulted in its increased production and 
use recently. Like titanium oxide nanoparticles these are widely 
used in cosmetics, toothpastes, and paints [50,51,52,2]. Aluminum 
oxide nanoparticles are used widely in electronics, heat transfer 
fluids, ceramics, abrasives, and polishing materials due to their 
extraordinary hardness and thermal stability [53,54,40,55]. Copper 
oxide nanoparticles are widely used in electronics, heat transfer 
fluids, gas sensors and lubricant additives [56-59,2]. Carbon-
based nanotubes are widely used for their high tensile strength 
and flexibility by incorporation as composite additives. They are 
additionally employed in batteries, energy storage, ceramics, 
biomedicine, and filtration devices [60,62,2].

Table 1: Commonly used nanoparticles and their predominant applications.

Nanoparticle Common Applications References

Titanium oxide Sunscreens, lotions, paints, deodorizers, cleaning, food additive [89, 5, 5,; 43, 2]

Silicon dioxide Paints, packaging, coatings, drug delivery, food additive [1,5,2,45,46]

Silver Medical implants, dentistry, wound care, drug delivery, textiles, sensors [2,28,17,93,88,5,48,49]

Cerium dioxide Sensors, polishing, Fuel additive, uv absorbance, anti-corrosive, pharma, catalysis [16, Alpaslan et al. 2017, 51,52,2]

Zinc oxide Chemical/mechanical polishing and planarization, solid oxide fuel cells, corrosion cont-
rol, glass additive, pharmacology, agriculture [5,90, 86,2, 87,92]

Aluminum oxide Abrasives, protective coatings, polishing materials, ceramics, insulators, catalysts [54,40,55,37,53]

Copper oxide Heat transfer fluids, gas sensors, electronics, batteries, solar energy convertors, super-
conductors [56-59, 2]

Carbon nanotubes 
(CNT) Microelectronics, batteries, composites, filter media,tissue engineering, biosensors [62,2,91,60,61]
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Nanoparticle Entry Into the Environment

While much research has focused on understanding the benefits 
and the possibilities of employing nanoparticles for applications, 
research on understanding nanoparticle pathways is ongoing 
[63,41,64,65; 66,67]. With the surge in nanoparticle production 
volumes to meet the demand of the multiple avenues, the entry 
of nano-engineered materials into the environment is inevitable. 
The release of nanoparticles into the environment can proceed in 
any of the multiple phases during the nanoparticle’s life cycle as 
demonstrated in Figure 1. [13,16,17,68]). Nanoparticles may be 
released during the production phase primarily through sprays, 
dust, spills, and waste streams [69,66,70]. After manufacture, these 
nanoparticles are packaged and transported to either their point 
of direct use or to facilities in which they may be incorporated into 
commercial, medical, industrial, and additional products. During 
packaging, spills, dust, and waste streams may again be generated 
that release the nanomaterials into the environment [11]. Provided 
packaging is well done and that the packages incur no damage 
during handling, transportation, and storage, little to no further 
release of nanomaterials may occur at this stage. Nanomaterials 
if used directly or indirectly after incorporating into products 
can again be released into the environment during the use stage 
by consumers [11,71,70]. For example, disposal can either occur 
as a phase overlapping with the use phase like nanoparticles in 
toothpaste and shampoo that are disposed immediately after use; 
or can occur after short intervals of time like after the application of 
cosmetics, disposal of paint, and discarding of abrasive containers. 
In other cases, disposal occurs after a prolonged period. This may 
be when the product containing nanoparticles such as electronics, 
or a concrete pillar strengthened with nanoparticles reaches the 

end of its lifetime.

Once in the environment, nanoparticles can move from 
one compartment to the other [13,14,12,2,71,20]. For example, 
nanoparticles in water may be applied on the soil during irrigation 
and nanoparticles from landfills can leach out as part of the leachate 
and enter the groundwater system.

Figure 1 provides insight into how nanoparticles may move 
within the ‘water’ compartment of the environment. The figure also 
demonstrates the possible exchange of nanoparticles between the 
compartments. Nanomaterials that enter into the drain from the use 
of products like cosmetics, shampoos, toothpaste, and textiles that 
may shed the particles during laundry enter into the wastewater 
collection system of the city. They enter the wastewater treatment 
facility and will eventually end up in either the effluent that is 
released into a surface water source or in the sludge released from 
the wastewater facility. The sludge may be used as a land additive 
or fertilizer or be placed in a landfill with or without incineration. 
On the other hand, the nanomaterials may also be released into a 
surface water body.

Nanomaterials that are released intentionally or unintentionally 
on land due to land applications and being placed in landfills 
can enter the water system through pathways via surface or 
groundwater. Similarly, airborne nanoparticles may land on water 
for example due to wind and precipitation. At the same time, water-
borne nanoparticles may enter the ‘air’ compartment during sprays 
generated by recreational activities like water sports. It is to be 
noted that nanoparticles may undergo transformation processes 
including degeneration and phase transfers like uptake by plants 
when in the environment [13,72-74].

Figure 1: demonstrates the movement of nanoparticles through the water compartment of the environment.
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Exposure

When nanoparticles deviate from the pathway that they were 
originally designed for by either unintentional release during any 
of the life cycle phases or intentional disposal, exposure to living 
systems is inevitable. Exposure to living systems can occur in 
manifold ways-inhalation, ingestion, dermal uptake, and in much 
rarer circumstances through intravenous entry [75,44,76,77]. In 
the case of occupational exposure to humans during production, 
packaging, or product development, exposure can primarily occur 
via inhalation and dermal contact [16,14]. In case of exposure to 
microorganisms in the environment, exposure occurs via direct 
contact and ingestion. Exposure of humans to nanoparticles that 
may be present in surface water can happen during recreational 
activities via ingestion and dermal contact. All other living 
organisms like algae, aquatic plants, fish, animals, and birds that 
ingest the surface water containing nanoparticles, can experience 
exposure. With the increased production of nano-engineered 
materials, concentrations of nanoparticles that may be present 
in the environment will gradually but steadily increase unless we 
develop better management systems.

Research Objectives and Contributions

As discussed above, while the benefits of nanoparticles are 
unquestionable the effect of these particles on living systems like 
bacteria is still not completely understood. More studies have 
been performed on the effect of nanoparticles on cell lines than 
entire living systems. To determine the effect of nanoparticles on 
microorganisms and facilitate the comparison of the effects, the 
most widely used nanoparticles were identified and the effect of 
their presence on E.coli was studied. 

Materials and Methods

A novel method of studying the effect of contaminants of 
concern using the biochemical oxygen demand was adopted. 
This method allows us to run simultaneous experiments to 
compare bacterial growth at control conditions and experimental 
conditions of interest using a reactor system. Biochemical oxygen 
demand (BOD) experiments were used to determine the growth 
of bacteria in the presence of various nanoparticles. Biochemical 
oxygen demand is defined as the amount of oxygen required by 
bacteria while stabilizing decomposable organic matter under 
aerobic conditions. The BOD test is widely used to determine the 
pollution strength of domestic and industrial wastewaters in terms 
of the oxygen that they will require if discharged into natural 
watercourses in which aerobic conditions exist. Here, we use it to 
comparatively study the BOD exerted by bacteria in the absence 
and presence of nanoparticles.

Bacterial cultivation

E.coli K-12 (ATCC 29181) served as a model organism for the 
BOD experiments. E.coli was grown at 30 ºC in 250 ml of sterile LB 
broth in an Erlenmeyer flask and harvested by centrifugation after 
20 hours during the exponential growth phase. The bacterial sample 
was washed twice by centrifugation at 3500x rpm for 15 minutes 

and the pellet was re-suspended in phosphate buffer saline solution 
(PBS) at pH 7.74. 10 ml of the prepared bacterial solution served as 
the seed solution for each bottle in the BOD experimentation.

Experimental methods

BOD experimentation was done using the HACH BOD trak II 
system. The BOD bottles were labeled and an equal mass of glucose 
was added to each bottle.10 ml of seed bacterial solution was added 
to all bottles. Dilution water was added to make up the volume to 
300 ml. The nanoparticles were all purchased from US Research 
Nanomaterials Inc and their particle size was between 30 nm to 
70 nm. Varying mass of nanoparticles of 5.5mg/L, 0.55 mg/L, 0.055 
mg/L and 0.0055mg/L were weighed out carefully and added to 
the BOD bottles while one bottle served as the control without any 
nanoparticles. Nutrients provided in nutrient buffer pillows with 
the HACH system and a stir bar were added and the bottles were 
sealed with lithium hydroxide in the seal cups that functioned as 
a scrubber system. The HACH system was turned on and the BOD 
experiment was performed using standard HACH procedure over 
5 days. The readings were then extracted and data was collected 
for analysis. The experimental methodology was carefully repeated 
with the different nanoparticles studied.

Results and Discussion

As discussed above, the effect of the different nanoparticles in 
varying concentrations on the biochemical oxygen demand exerted 
by E.coli was determined. The results and findings are presented 
below.

Titanium oxide

The effects of titanium oxide nanoparticles on E.coli are 
presented in Figure 2a. Titanium oxide nanoparticles exerted no 
effect on the microbial BOD at the lower concentration of 0.0055mg/L 
and 0.055mg/L. With a further increase in the concentration of 
nanoparticles, the total BOD exerted over 5 days was reduced. 
At 0.55mg/L and 5.5mg/L nanoparticle concentration, the total 
BOD exerted was reduced to 92mg/L and 81 mg/L respectively 
compared to almost 120mg/L in the absence of any nanoparticles. 
Also, at the highest 5.5mg/L concentration the bacteria experienced 
an extended lag period of approximately 1.7 days compared to the 
bacteria exposed to no and lower concentrations of nanoparticles 
that exhibited no noticeable lag period. The data obtained 
demonstrate that at lower concentrations the effect of titanium 
oxide nanoparticles on microbial growth is negligible. When the 
concentration of nanoparticles in the environment increases, the 
bacteria are subject to stressful conditions as portrayed by the lag 
phase at 5.5 mg/L. Therefore, at higher concentrations, titanium 
oxide nanoparticles can impact microbial growth and function.

Silicon oxide

The experimental data in the presence of silicon oxide 
nanoparticles is presented in Figure 2b. The different curves at 
varying nanoparticle concentrations show minimal deviation from 
the control that had no nanoparticles. The data demonstrated 
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the non-toxic nature of silicon oxide nanoparticles on E.coli. At 
all concentrations, the curves plateaued at around 2 days, and 
maximum BOD levels were obtained in all samples.

Silver

The experimental data with silver nanoparticles shown in 
Figure 2c demonstrates the antimicrobial properties for which 
silver is widely used. At 0.0055 mg/L, the lowest concentration of 
silver nanoparticles, the BOD curve has a lag period of about 0.4 
days but the remaining data on the curve is similar to that in the 
absence of nanoparticles. The data for the samples at 0.55mg/L 
and 5.5mg/L demonstrates a prolonged lag period of over 3.25 
days. Also, the bacteria exposed to the higher concentrations of 
nanoparticles (0.055 mg/L, 0.55mg/L, and 5.5 mg/L) are unable to 
exert the complete BOD present as bacterial growth is suppressed 
by the silver nanoparticles. The data demonstrates that minor 
antimicrobial effects from the presence of silver nanoparticles 
may be experienced from environmental concentrations as low as 
0.0055mg/L. This makes silver nanoparticles an ideal choice for 
antimicrobial applications.

Cerium oxide

The experiment performed in the presence of varying 
concentrations of cerium oxide nanoparticles exhibited no variation 
from the BOD curve obtained in the absence of nanoparticles. All 
samples were able to achieve the maximum BOD level exerted by 
the control as depicted in Figure 2d. The data demonstrates the 
non-toxic effect of cerium oxide nanoparticles on the growth of 
bacteria in the wide range of concentrations studied. 

Zinc oxide

Although data with 0.0055mg/L nanoparticles and 0.055mg/L 
nanoparticles exhibited minor variations from each other, both 
samples experienced delayed and reduced rate of logarithmic 
growth when compared to the control. The curve obtained at 
0.55mg/L showed a further reduced slope during the exponential 
phase. It is also to be noted that at 5.5 mg/L the bacteria experienced 
a longer lag period while the bacterial samples exposed to lesser 
nanoparticle concentration had shorter lag periods. Overall the 
experimental data in the presence of zinc oxide nanoparticles show 
that the presence of nanoparticles reduced the slope of the BOD 
curve with an increase in nanoparticle concentration present. As 
per Figure 2e, the data also demonstrates that, despite the overall 
curves being different, the maximum BOD was exerted in all 
samples. The time taken to plateau out increased with an increase 
in nanoparticle concentration. The overall growth and BOD exertion 
were slowed down by the presence of nanoparticles demonstrating 
that zinc oxide nanoparticles have the potential to interfere with 
growth and normal BOD patterns.

Aluminum oxide

Experimental data obtained in the presence of aluminum oxide 
nanoparticles as presented in Figure 2f did not show deviation 
from the control. The curves obtained demonstrate that aluminum 
oxide nanoparticles had no effect on bacterial growth and function 

in the concentration range employed.

Copper Oxide

The data obtained in the presence of copper oxide nanoparticles 
show that the presence of the nanoparticles was detrimental to the 
bacteria as shown in Figure 2g. With an increase in nanoparticle 
concentration the bacteria experienced longer lag periods and 
decreased rate of growth. The bacteria were also unable to achieve 
the maximum BOD levels exhibited by the control. The bacteria 
exposed to 5.5 mg/L of nanoparticles exhibited a lag period of 
around 1.7 days. Also, the maximum BOD exerted by this sample was 
22 mg/L when compared to the standard that had a maximum BOD 
level of 123 mg/L. The data clearly demonstrates the antimicrobial 
behavior by copper nanoparticles.

Carbon Nanotubes (CNT)

Finally, the bacteria exposed to carbon nanotubes shown in 
Figure 2h also exhibited an inhibitory responses to the increase 
in nanoparticle concentration present in the system. As the 
nanoparticle concentration increased the time to reach exponential 
growth increased and the maximum BOD exerted decreased. The 
sample at the highest concentration of nanoparticles exhibited a 
total BOD of about 90mg/L while the control exhibited a maximum 
BOD of 128mg/L. The data demonstrates the antibacterial 
properties exhibited by the carbon nanotubes.

Experimental results indicate that some nanoparticles can 
induce inhibitory effects on microbial growth while others can 
have no effect on growth and kinetics. Based on the above results, 
Silicon, aluminum, and cerium oxide nanoparticles do not have an 
observable negative effect on microbial growth while silver, copper 
oxide, zinc oxide, and carbon nanotubes can compromise microbial 
growth. Titanium oxide nanoparticles exert an inhibitory response 
from bacteria at higher concentrations and have minimal effect at 
lower concentrations. 

Sometimes, it is essential to compare the effect of two or more 
nanoparticles on microorganisms. Figure 3 demonstrates the 
deviation of BOD from the control for the various nanoparticles 
that exhibited adverse effects at the minimum 0.0055mg/L and the 
maximum 5.5mg/L concentrations. The normalized values were 
calculated by dividing the BOD value associated with the presence 
of the nanoparticle by the corresponding BOD of the control value 
in the absence of nanoparticles to present deviation of behavior 
from control conditions. A value of 0 denotes maximum inhibition 
while a value of 1 denotes an absence of adverse effects. Based 
on the results depicted in Figure 3a, at the lower 0.0055mg/L 
concentration, bacteria exposed to CNT and titanium exhibited the 
lowest adverse response with the bacteria achieving maximum 
BOD by 0.06 days and 0.2 days. Bacteria in the presence of silver 
nanoparticles showed an initial delay in growth but achieved BOD 
levels similar to that of the control by 0.92 days. Bacteria exposed to 
zinc nanoparticles achieved maximum BOD levels at about 3.4 days 
and those exposed to copper nanoparticles exhibited the highest 
negative impact on the BOD without attaining the maximum BOD 
levels but plateauing after 4 days. 
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Figure 3b allows for comparison of bacterial response across 
nanoparticles at the maximum 5.5mg/L concentration tested. 
Bacteria exposed to zinc nanoparticles demonstrated inhibited 
activity until about 4 days while those exposed to titanium, silver, 
copper, and CNT continued to experience stressful conditions 
without achieving maximum BOD. The data demonstrates that silver 
and copper evoked maximum adverse response from the bacteria. 
Bacteria in the presence of CNT and Titanium also experienced 
delayed and inhibited growth that plateaued at around 2.8 days.

The method of normalizing BOD levels at a specific concentration 
of nanoparticles with the control permits the comparison of the 
effect of various nanoparticles on bacterial growth. The method 

requires all experiments with the different nanoparticles to be 
performed at uniform conditions. The same method can be extended 
to study the effect of alternate nanoparticles, other concentrations 
of interest, or the same nanoparticles employing different bacteria 
as desired.

Study Implications

As discussed in the article, a surge in nanoparticle production 
volume is certain in the future. These nanoparticles will eventually 
enter the environment and result in exposure to living organisms. 
The BOD experiments were performed across a wide concentration 
range that are relevant today. The lower concentrations may be 

Figure 2: demonstrates the effect of varying concentrations of the different nanoparticles on the biochemical oxygen demand (mg/L) exerted 
over time (days). Figure 2a refers to titanium, 2b to silicon, 2c to silver, 2d to cerium, 2e to zinc, 2f to aluminum, 2g to copper and 2h to CNT.
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representative of nanoparticle concentrations in surface waters 
and waste water effluents at present. Limited studies have 
demonstrated the presence of nanoparticles in water [78].  Up 
to 16µg/L titanium oxide nanoparticles were detected in surface 
waters in Switzerland and up to 4 µg/L was detected in surface 
water in Colorado, USA while 86 µg/L titanium oxide nanoparticles 
was detected in surface water in China. While one study has 
detected over 40 µg/L of titanium dioxide nanoparticles in waste 
water treatment plant effluents other studies have detected about 

20 µg/L of titanium oxide nanoparticles [79-81]. Another study has 
detected a maximum of 10.16 mg/L of silver nanoparticles in river 
water and 20.02 mg/L of silver nanoparticles in sewage in Malaysia 
[78]. The higher concentrations examined in this study may also be 
representative of concentrations at points of entry of nanoparticles 
or areas of accumulation in the environment. Considering current 
trends these higher concentrations of nanoparticles may be 
representative of surface and waste water in the near future.

Figure 3 a and 3b: allow comparison of the inhibitory action across the various nanoparticles that induced adverse effects on the BOD of the 
bacteria.

The effect of these nanoparticles on microorganisms is 
important to understand owing to the smaller size of these 
organisms and the critical roles they play in the environment and 
the recent surge in production volumes. The presented research 
advances existing knowledge by demonstrating the possible effects 
of the most widely used nanomaterials on bacterial growth.

First, given that nanoparticles can enter the environment 
during their lifecycle ,they can move between the compartments 
of air, water, and soil resulting in exposure to living organisms. 
Accordingly, nanoparticle production, use, and disposal need to be 
responsibly managed. Second, the study also showed that different 
nanoparticles evoke a different type of response from bacteria. 
While some like aluminum, silicon, and cerium oxide may not affect 
bacterial growth and function, other nanoparticles like titanium, 
zinc, copper, silver, and carbon nanotubes can yield a reduced 
growth rate or even inhibit growth after a period of time. 

Third, the research demonstrates that the bacterial response 
to the presence of nanoparticles can vary with the concentration 
of nanoparticles present. For example, minimum adverse effects 
were observed with titanium oxide nanoparticles at lower 
concentrations; but at higher concentrations heightened negative 
effects were observed with a reduced slope of growth and decreased 
maximum BOD exerted. Fourth, the effect of a specific nanoparticle 
concentration on the behavior of bacteria can vary over time.  
Finally, comparing the effect of multiple nanoparticles to identify 
materials for a particular purpose can be done by normalizing the 
BOD values with the control. If the application is to manufacture 
an antimicrobial agent the more inhibiting nanoparticle can be 
used while if an application required lesser microbial toxicity 

response, the nanoparticle with lesser inhibition may be identified. 
The findings of the research will be useful in the identification of 
nanoparticles for various applications, the design of nanomaterials, 
and their overall production, management, and disposal.

As part of this article, we have presented an alternate 
experimental method that can be used to study the effect of various 
nanoparticles at other concentrations of interest simultaneously. 
Therefore, experiments may be conducted with nanoparticles at 
specific concentrations and differing environmental conditions 
to make conclusions about specific exposure scenarios. Every 
experimental run has to be accompanied with a standard run 
simultaneously under identical conditions.

Despite the study contributions, there are a few limitations 
of the study that must be acknowledged. First, nanoparticle 
behavior and interaction with environmental constituents is not 
completely understood, therefore there are limitations with the 
generalizability of the study findings to the environment. The 
inference from the data obtained is not to be taken at absolute value 
but rather, trends observed may be considered. The role of different 
environmental constituents can be considered by modifying 
the environmental conditions and replicating the experiments. 
Future research may replicate the effort while including naturally 
present organic matter, and other microorganisms’ representative 
of communities and ecosystems in the environment. Finally, while 
the current research effort identified the effect of the nanoparticles, 
the mechanism of action of these nanoparticles on bacteria still 
remains elusive and can be investigated in future work. The most 
widely accepted mechanisms include toxicity mechanisms of most 
nanoparticles still largely remain unclear. Toxicity mechanisms 
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being currently investigated and recognized include metal ion 
release, production of reactive oxygen species like free radicals, 
photocatalysis, phase transformation, and other non-oxidative 
mechanisms [82-93]. Further research is warranted in elucidating 
the toxicity mechanism for these nanoparticles and the effects of 
transformation of nanoparticles in the environment.

Conclusion

The increasing production and use of nanomaterials require us 
to gain an understanding of the effect of these particles on living 
organisms. As part of this study, we have demonstrated that certain 
nanoparticles can impact microbial growth resulting in altered 
responses to the BOD exerted by the bacteria. Specifically, the study 
identified that nanoparticles like aluminum, silicon, and cerium 
oxide exhibit a non-toxic response from bacteria while titanium 
oxide, zinc oxide, copper oxide, silver, and carbon nanotubes can 
impede bacterial growth. The investigation also revealed that 
the response of the bacteria varied as a function of nanoparticle 
concentration and exposure time.

The results of the research suggest that the benefits of 
nanotechnology should be considered along with their possible 
impact on living organisms and ecosystems. While their use 
in construction, electronics, cosmetics, medicine, and water 
treatment is extremely beneficial, the potential adverse impacts 
of exposure to humans and other forms of life should not be 
overlooked. Development of safe and responsible guidelines for the 
manufacture, use, and disposal of nanoparticles and nanoparticles 
containing products will enable the shaping of this promising field 
by maximizing its potential while delineating and controlling the 
adverse outcomes. Further research is required to understand the 
effect nanoparticles may have on natural microbial communities 
and biofilms.
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