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Abstract: As nanomaterials are harnessed for medicine and other technological advances, 

an understanding of the toxicology of these new materials is required to inform our use. This 

toxicological knowledge will be required to establish the medical and environmental regulations 

required to protect consumers and those involved in nanomaterial manufacturing. Nanoparticles 

of titanium oxide, carbon nanotubes, semiconductor quantum dots, gold, and silver represent 

a high percentage of the nanotechnology currently available or currently poised to reach 

 consumers. For these nanoparticles, this review aims to identify current applications, the current 

methods used for characterization and quantification, current environmental concentrations (if 

known), and an introduction to the toxicology research. Continued development of analytical 

tools for the characterization and quantification of nanomaterials in complex environmental and 

biological samples will be required for our understanding of the toxicology and environmental 

impact of nanomaterials. Nearly all materials exhibit toxicity at a high enough concentration. 

Robust, rapid, and cost effective analytical techniques will be required to determine current 

background levels of anthropogenic, accidental, and engineered nanoparticles in air, water, and 

soil. The impact of the growing number of engineered nanoparticles used in consumer goods 

and medical applications can then be estimated. This will allow toxicological profiles relevant 

to the demonstrated or predicted environmental concentrations to be determined.

Keywords: titanium dioxide nanoparticles, carbon nanotubes, semiconductor quantum dots, 

gold nanoparticles, silver nanoparticles, nanoparticles environmental concentrations

Introduction
Nanotechnology, a technological advance accelerating technology that cuts across an 

array of industrial sectors, is a rapidly growing field of science that could potentially 

revolutionize our world economy. Nanotechnology involves materials 1–100 nm, which 

are particles that are effectively a bridge between atomic or molecular structures and 

bulk materials. These particles have novel properties resulting from nanomaterials’ 

large surface area per unit of volume and the quantum effects that occur at the nanometer 

scale. Physical and chemical behavior that are a direct result of their size include color, 

thermal behavior, material strength, solubility, conductivity, and catalytic activity.1 

Technological enhancements include greater catalytic efficiency, increased electrical 

conductivity, and improved hardness and strength.2

Nanotechnology will lead to cellular building materials, disaster-resistant materials, 

intelligent materials, superior insulating materials, ultraviolet (UV)-resistant paint 
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coatings, and new medical technology.2 While there are few 

agencies that require the reporting of nanomaterial components 

in consumer goods. The Project on Emerging Nanotechnolo-

gies (established in April of 2005) by the Woodrow Wilson 

International Center for Scholars and the Pew Charitable 

Trusts works on maintaining an inventory of consumer goods 

containing nanomaterials either identified by the manufacturer 

or through a combination of other sources. The number of 

identified consumer products grew at an average rate 43% 

between 2007 and 2009 with 1500 products predicted to have 

nanomaterials by 2011.3 Rapid developments in nanotechnol-

ogy are enabling rapid advances in multiple technological 

fields. The end result will be a continued growth in the number 

of consumer products containing nanotechnology.

Continued investment in fundamental research on 

nanotechnology has resulted in the rapid discovery of unique 

physical and chemical properties of nanomaterials that have 

applications in everything from medicine to renewable 

energy. Multiple nanomaterials have shown medical promise 

in applications ranging from drug delivery to cancer therapy. 

More work must be done on determining the end fate of the 

nanoparticles following therapy.4 It is not difficult to find a 

review that covers the potential of a specific nanomaterial 

for a given application. The funding for research in medicine 

and medical devices has resulted in numerous studies of the 

technological advantages nanotechnology can bring to this 

field. In the medical field the unique characteristics of gold 

nanoparticles have been harnessed for drug delivery,5,6 for 

use as a contrast enhancer in medical imaging,7,8 for use in 

cancer and gene therapy,6,8 and for use in pathogen detection 

in water, as well as water purification.9

Other prominent inorganic nanoparticles include titanium 

oxide, zinc oxide, iron oxide, silica, and a host of inorganic 

semiconductors. Titanium dioxide has proven potential 

in solar cells,10 fuel cells,11 and hydrogen production.12 

 Nanoparticles of titanium dioxide are widely available to the 

consumer in the form of an active ingredient in sunscreens 

where it serves as a UV absorber, as pigment in toothpaste and 

foodstuff,3,13 and in products that use the photocatalytic prop-

erties of titanium dioxide to break down organic materials, 

like self-cleaning windows.3,14

Nanoparticles of iron oxide show promise as a con-

trast agent in cancer diagnosis, and as a component of  

multifunctional particles for diagnosis and treatment of 

cancer.7,15–18  Silica-based nanoparticles have applications in 

the  improvement of the specificity and efficacy of photo-

dynamic therapy,19 and drug delivery.20 Silica nanoparticles 

have also been used to develop targeted contrast agents, 

small-molecule sensors, platforms for gene delivery,21 

and platforms for specific catalysis (which can be applied 

to renewable energy conversion in the splitting of water 

and carbon dioxide).22 The semiconductor nanostructures 

quantum dots have been demonstrated as advantageous in 

biological imaging for medical diagnosis,7,8,17,23 solar energy 

conversion,24 and in the catalytic splitting of water.25

There is a wide range of organic nanoparticles. A few 

examples of their use in medicine include lipid nanopar-

ticles and carbon nanotubes for drug delivery,26–29 for food 

fortification,30 carbon nanotubes for cancer therapy,8,31 and 

carbon nanotubes as structural components of complex 

nanomedical systems.32

The uses referenced above are not meant to be an exhaus-

tive compilation of the potential nanotechnology has to impact 

society; it is meant to merely be a glimpse of the potential 

that nanotechnology has shown in the high profile fields of 

medicine and renewable energy. The 1015 nanomaterials 

containing consumer products identified as of August, 2009 

by The Project on Emerging Nanotechnologies is just the start 

of what will be an exponential growth in availability. The far 

reaching uses of nanotechnology dictate that this will be the 

case. The unique properties of nanomaterials will be harnessed 

to advance all applicable fields. At the same time we should be 

conscious that the unique properties of nanomaterials that can 

be harnessed for advances have the potential to exhibit unique 

toxicity profiles in the body and in the environment.

The rapid growth of nanotechnology research and the 

resultant potential for nanotechnology’s rapid entrance 

into consumer goods presents a challenge to the regulatory 

agencies in health, food, and environmental protection. 

Two of these agencies are the United States (US) Food 

and Drug Administration (FDA) and the Environmental 

Protection Agency. Nanomaterials have already reached the 

consumer market and rapid growth in consumer available 

nanomaterials is expected. Some of the materials with useful 

properties in the nanodomain have already been deemed 

as safe by regulatory agencies in the bulk form. To allow 

the nanomaterial into consumer goods if the bulk form 

has been deemed safe is to ignore the unique physical and 

chemical characteristics that are realized with nanomaterials. 

The unique physical and chemical properties that make 

nanomaterials attractive for materials applications may also 

have unintended environmental and biological side effects. 

In order to regulate nanomaterials that may have detrimental 

impacts on human and environmental health, analytical 

methods are needed to identify nanomaterials present in 

environmental and biological systems.33,34
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These methods need to be able to specifically identify 

nanomaterials, because it has been proven that molecular 

and bulk form of materials containing the same elemental 

profile will have different physical and chemical properties. 

In order to achieve a realistic scope, this review will focus on 

analytical methods for the identification and characterization of 

nanomaterials that are currently present in commercial goods, or 

have the potential to be present in the short term. It would be a 

disservice to over generalize properties of nanomaterials because 

of the wide variation of properties exhibited by different materi-

als and wide variation of the impact of size on the properties 

of different materials.35,36 We will describe nanomaterials that 

currently (or will potentially soon) appear in consumer goods, 

the studies that point to their safety or potential toxicity, methods 

for determining their presence in environmental samples or bio-

logical systems, and the current environmental concentrations if 

applicable. Tiede et al have reviewed all of the techniques that 

have the potential to be harnessed for nanoparticle detection and 

characterization in environmental and food samples;1,37 the aim 

of this document is to review techniques actively being used for 

the analysis of engineered nanoparticles that consumers have the 

potential to be exposed to now or in the near future.

Little is known about the occurrence, fate, and toxicity 

of nanoparticles, partially because of the lack of methodol-

ogy for the detection and characterization of nanoparticles 

in complex matrices (water, soil, or food).1 However, there 

are a few procedures available. It is of emerging concern that 

nanomaterials are able to reach aquatic environments, and it 

is essential to be able to filter nanomaterials from complex 

water matrices. Titanium-, carbon-, and silver-based nanoma-

terials currently are the most widely referenced components 

of nanomaterials available to consumers. Silver nanoparticles 

are by far the most available nanoparticles in consumer 

goods.3 We will review these materials as well as semicon-

ductor quantum dots due to the commercial availability of 

quantum dots and their potential to find use both in medical 

applications as well as renewable energy. Table 1 summarizes 

current environmental concentrations of these nanomaterials 

(if known), expected concentrations based on models, as well 

as concentrations used in some assays of toxicology.

Use, toxicology, and environmental 
concentrations of selected 
nanoparticles
Titanium dioxide
Titanium dioxide nanoparticles are present in a number of 

consumer goods. This mineral is the most widely used white 

pigment as a result of its brightness and high refractive index. 

It is used to provide whiteness and opacity in toothpastes, 

foods, papers, plastics, and paints.2 Titanium dioxide is also 

a component of many cosmetic and skin care products, and 

is present in most sunscreens, as it provides great protection 

from UV rays. One way nano titanium dioxide is distin-

guished from titanium dioxide in bulk is that it scatters very 

little visible light and appears transparent on the skin.38 Nano 

titanium dioxide is thus chosen as a component of sunscreen 

to provide protection from UV rays as it does not result in 

an unsightly opaque layer on the skin.

Nano titanium is also used as a component of self-cleaning 

windows. The absorption of UV light in the presence of oxy-

gen results in reactive oxygen species that break down organic 

compounds.3,14 The reactivity of nano titanium dioxide has 

resulted in concern by consumer groups over potential toxic-

ity due to the release of the titanium dioxide nanoparticles 

into the environment or the internalization of nanoparticles 

by consumers using skin care, food, or cosmetic products 

containing this compound.39 The challenge for developing 

realistic regulation and toxicological studies are the lack 

of widely used methods for the determination of titanium 

dioxide nanoparticles size distributions and concentrations 

in biological and environmental samples. To fill this gap 

Gottschalk et al40 and Muller and Nowack41 have modeled 

exposure and environmental concentrations of titanium diox-

ide as well as some other nanoparticles (zinc oxide, silver, 

carbon nanotubes, fullerenes). The lack of reliable data from 

environmental surveys resulted in the worst case scenarios 

being used in the modeling of the potential concentrations 

of nano titanium dioxide in the environment. These models 

predict that the current environmental load of titanium dioxide 

is 1.5 × 10-3 µg m-3 in air, 0.7 µg L-1 in water, and 0.4 µg 

kg-1 in soil in Switzerland. The models predict that in the US, 

nanotitanium dioxide from manufactured sources is present 

at a concentration of 0.44 mg kg-1 in sediments downstream 

from sewage treatment plants and 0.35 mg kg-1 in sludge-

treated soil.40,41

High concentrations of nano titanium doxide have 

demonstrated toxicity in erythrocyte studies. Doses of 

25–800 µg mL-1 of titanium dioxide particles (both nano 

and micro sizes) demonstrated an exponential relationship 

between dose and lysis of the cells. Nano-sized titanium 

dioxide particles were shown to have a significantly greater 

effect then micro titanium dioxide (cell lysis ∝ 0.025e0.5823x 

for nano-sized particles compared to cell lysis ∝ 0.0028e0.1425x 

for micro-sized particles, where x is the titanium dioxide con-

centration in µg mL-1).42 This is in contrast to Karlsson et al’s 
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study on the toxicity of metal oxide nano and micro particles. 

Karlsson et al’s study shows that in the human cell line A549 

(alveolar type II-like epithelial cells) neither nano- nor 

micro-sized titanium dioxide show statistically higher cyto-

toxicity than control experiments at doses of 40–80 µg mL-1, 

micro-sized titanium dioxide causes more DNA damage then 

nano-sized titanium dioxide, but nano-sized titanium dioxide 

causes greater oxidative damage.43 These are two examples 

of contrasting results on the toxicity of nano-sized titanium 

dioxide. This is not surprising for two different cell lines. 

It just highlights the need of studying exposure routes and 

the most likely cells to be affected.

Table 1 Manufactured nanomaterial environmental concentrations and examples of toxicological thresholds

Type of manufactured nanomaterial Current m.e. or k.c. Toxicological summary

Titanium dioxide (TiO2) m.e. Switzerland41  
1.5 × 10-3 µg m-3 air  
0.7 µg L-1 water  
0.4 µg kg-1 soil

erythrocyte lysis42  
25–800 mg L-1

m.e. United States40  
0.44 mg kg-1 sediments  
0.35 mg kg-1 sludge treated soil

epithelial cells DNA damage43  
40–80 mg L-1

k.c. wastewater effluent  
California, Colorado, iowa,  
Maryland, and New York48  
0.11 mg L-1

Planktonic membrane damage44  
5.3 mg L-1

Carbon nanotubes m.e. aquatic sediments71  
1.2–2,000 µg kg-1

induction of cell death51  
2.5 mg L-1

m.e. Switzerland 41  
1.5 × 10-3 µg m-3 air  
5 × 10-4 µg L-1 water  
1 × 10-2 µg kg-1 soil

Dose-dependent body burden  
Daphnia magna (no acute toxicity)52  
0.04–0.4 mg L-1

k.c. inside air homes with  
gas heating and cooking51  
104–105 particles/m3

Graphene is proving to be less  
cytotoxic than carbon nanotubes65

Quantum dots 48 hour Daphnia magna eC50 values  
CdSe/ZnSe dots capped  
with mercaptpropionic acid79  
dark .2500 µg L-1  
sunlight 384.5 µg L-1 

48 hour Daphnia magna eC50 values  
CdSe/ZnSe dots capped with  
gum arabic/tri-n-octylphophine oxide79  
dark .1000 µg L-1  
sunlight 11.2 µg L-1 

Tail vein-injected CdSe/ZnS  
dots capped with polyethylene  
glycol persist in mouse  
lymph nodes for .2 years82 

Micro-motion assay determined  
mercaptopropionic acid coated  
CdSe/CdS/ZnCdS/ZnS multi-shell  
quantum dots toxicity threshold91  
0.3 µM

Silver nanoparticles m.e. Switzerland41  
4.4 × 10-3 µg m-3 air  
0.08 µg L-1 water  
0.1 µg kg-1 soil 
m.e. United States40  
21 µg L-1 sewage  
treatment effluent  
1.6 µg kg-1 sediments  
6.0 µg kg-1 sludge treated soil

Threshold of endocrine disruption  
as determined by tail fin biopsy  
assay derived from Rana catesbeiana 
tadpoles98  
6 µg L-1 

Dose-dependent cytotoxicity,  
genotoxicity and cell cycle arrest  
human lung fibroblast and glioblastoma cells99  
25–400 mg L-1

Abbreviations: m.e., model estimated concentration; k.c., known concentration.
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Additional impetus for the need to develop new 

analytical methods comes from the modeling of the 

environmental concentrations of engineered nanomaterials 

done by Gottschalk et al. Their model for the concentration 

of titanium dioxide in sludge-treated soil in the US 

predicts a concentration of approximately 0.48 µg g-1 in 

2012.40 This is well below the concentrations normally 

used in toxicity studies. In fact, it has been shown that 

at low concentrations (0.01–1 µg mL-1) titanium dioxide 

nanoparticles have no impact on the growth of marine 

phytoplankton.44 As suggested by Berube the benefits 

of emerging nanotechnology should not be stifled from 

reaching the consumer market by fear. The full body of 

research must be considered. As with all chemicals not all 

nanoparticles are the same, and we do ourselves a disservice 

if the properties of nanoparticles are overgeneralized.13 

Environmental and exposure studies on titanium dioxide 

will not be effective for informing or enforcing policies 

until rapid, economical, and robust, analytical techniques 

are developed for measuring titanium dioxide size and 

concentration distributions in complex samples.

Some work on scalable models of titanium dioxide nano-

particle clearance from wastewater plants, toxicity to microbial 

communities at current environmental concentrations, and 

measurements of intake and release from actual wastewater 

plants has occurred in the past three years. Limbach et al, in 

2008, published a study that used a model wastewater stream 

built according to the guidelines of the Organization for Eco-

nomic Cooperation and Development. This model is accepted 

as a scalable model for studying the removal of toxins from 

wastewater streams. Cerium oxide particles with diameters 

of 20–50 nm were used as the model nanoparticles. Clearing 

sludge for the model wastewater plant was taken from the 

Zurich, Switzerland wastewater plant. Clearing sludge is a 

biological community of bacteria and protozoa that assist in 

the removal of pollutants in wastewater. It was found that the 

cerium oxide particles were not acutely toxic to the sludge in 

the 100–1000 ppm range. After a stabilization period an inflow 

of 100 ppm cerium particles resulted in a 2–5 ppm outflow of 

the nanoparticles.  Nanoparticles are thus not fully removed 

from the effluent of the model wastewater treatment plant. 

Furthermore a high fraction of the cerium in the 2–5 ppm 

outflow was in the smaller  particle/aggregate size ranges. This 

outflow was stable despite the increasing cerium oxide concen-

tration in the aeration (sludge) chamber. The study showed that 

peptone in the sludge contributed to enhanced stabilization of 

the nanoparticles at ionic strengths where they would usually 

agglomerate.45

Current wastewater treatment may thus be helping decrease, 

but not completely preventing the environmental release of 

nanoparticles into surface waters. In order to modify wastewa-

ter treatment plants for more efficient nanoparticle remediation 

we need to combine models of particle aggregation under the 

influence of ionic strength and pH with studies that look at the 

role natural compounds play in the stability of nanoparticles 

in the environment.46,47 This will help us in understanding the 

dominant factors in particle removal. Kiser et al studied the 

inflow and outflow of titanium dioxide particles at an actual 

wastewater reclamation facility in central Arizona. Analysis 

of digested samples by inductively coupled plasma optical 

emission spectroscopy (ICP-OES) was used to determine 

total titanium in inflow and outflow samples. A combination 

of centrifugation and scanning electron microscopy/electron 

dispersive X-ray microanalysis was used to characterize the 

morphology and size distribution of the titanium particles. It 

was found that raw sewage contained as much as 3000 µg L-1 

titanium. After treatment the outflow contained between 10 and 

100 µg L-1. While this looks promising, the titanium particles 

in the inflow were mostly larger than 0.7 µm in diameter. Thus, 

total removal of titanium particles was 79% ± 23%, but if the 

size fraction that is less than 0.7 µm is isolated and analyzed 

separately only 42% ± 22% of this fraction is removed.48 Nano 

oxide material is currently being released into the environment 

as a higher percentage of inflow than micron-sized particles 

of the same material.

The wastewater outflow of nano titanium dioxide at a 

wastewater treatment plant in Arizona is 0.11 mg L-1, which 

is consistent with effluent from wastewater treatment plants in 

California, Colorado, Iowa, Maryland, and New York.48 This 

is consistent with Gottschalk’s model predicting 0.016 mg L-1 

concentration of titanium dioxide in watersheds downstream 

of wastewater treatment facilities in Switzerland.41 While most 

studies that demonstrate titanium dioxide toxicity demon-

strate this toxicity at well above 0.016 mg L-1 or even above 

0.11 mg L-1, a recent study shows significant cell membrane 

damage to planktonic free living cells after exposure for 

24 hours to 5.3 mg L-1 titanium dioxide. Titanium engineered 

 nanoparticles are the vanguard of what will be multiple 

types of engineered inorganic nanoparticles used for con-

sumer goods and manufacturing. The toxicity of titanium 

dioxide nanoparticles is still open to debate.  Analysis of 

samples by electron microscopy is time consuming and labor 

intensive. ICP-OES can provide quantification but not size 

 characterization. Regardless of the toxicity, developing tools 

for the rapid identification, characterization, and quantifica-

tion of titanium dioxide in air, water, and soil samples will 
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help us understand the probable environmental distribution of 

emerging inorganic nanoparticles. Streamlined protocols that 

use a combination of techniques or techniques developed to 

take advantage of the unique properties of nanoparticles 

themselves are required. According to a recent review in the 

Journal of Analytical Chemistry, field flow fractionation (FFF) 

is poised to be the key tool in nanoparticle identification, 

characterization, and quantification.49

Carbon nanotubes and graphene-based 
nanostructures
Carbon nanotubes are molecular-scale tubes of graphitic 

carbon with many unique qualities, such as high surface 

area, high electrical conductivity, good chemical stability, 

and high mechanical strength.50 Because of these properties, 

carbon nanotubes have many potential applications, such as 

improved films and coatings, stronger and lighter materials, 

and applications in electronics. Carbon nanotubes already 

appear as a component of cosmetics, paints, filters, and 

reinforced plastics.3 Thus, carbon nanotubes are already part 

of the consumer waste stream. Multiple studies have shown 

that these engineered nanoparticles can have a detrimental 

effect on biological organisms. Many of these studies have 

been done on isolated cell lines, simple organisms, or small 

mammals. While these are useful as a preliminary assess-

ment of toxicity, it is not straightforward to extrapolate the 

potential toxicity to the whole human organism.

Carbon nanotubes have been shown to have a similar 

toxicity to chrysotile asbestos in the murine lung macrophage 

cell line. Chrysotile asbestos is the mineral form of asbestos 

that is the least toxic and least likely to induce mesothelioma. 

In toxicology studies it is often chosen for comparison with 

carbon nanotubes because of its microstructural similarity 

to multi-wall carbon nanotubes and the wealth of toxicology 

data on it. Induction of cellular death for single-wall carbon 

nanotubes, multi-wall carbon nanotubes, and the asbestos 

control all begin at a concentration of 2.5 µg mL-1.51 In the 

Daphnia magna model organism, C14 labeled multi-wall 

carbon nanotubes were shown to accumulate in the organism’s 

gut in an aquatic-only experimental environment. These 

accumulated carbon nanotubes did not fully clear even after 

changing the media and feeding the Daphnia with algae.  

This demonstrates the potential for carbon nanotube bioac-

cumulation in lower organisms resulting in a route for wider 

biodistribution. While no acute toxicity was found, a dose 

dependent body burden in Daphnia magna was shown for 

concentrations of nanotubes ranging from 0.04–0.4 µg mL-1.52 

The cytotoxicity of nanotubes is not decreased upon aging 

in pure water for as many as 7 years. Conversely, exposure 

to natural organic matter or saline solution significantly 

decreases the toxicity of single-wall carbon nanotubes to 

human epithelial cells. This is probably due to blocking of the 

reactive groups on the surface of the nanotubes or facilitated 

aggregation of the nanotubes.53

These are just a few examples of carbon nanotube tox-

icity studies. Clearly, the toxicity of the nanotubes will be 

dependent on the specific nanotube chemistry, the exposure 

matrix (air, water, or soil), the interaction of the nanotubes 

with other compounds in the exposure matrix, and the 

organism. Additionally, interest in the impact of industrial 

production of designed carbon nanotubes will need to take 

into account natural and anthropogenic sources. How the 

current use of manufactured carbon nanotubes in commercial 

products has increased potential exposure must take into 

account the existing background of unintentionally pro-

duced carbon nanotubes. Transmission electron microscope 

(TEM) analysis has proven invaluable to the characterization 

and quantification of carbon nanotubes in air and simple  

matrices.

Graphene, the parent structure of nanotubes, is a 

two -dimensional network of sp2 bonded carbon atoms. This 

sheet is a layer one atom thick (z axis), and the dimensions 

in the x and y axis are orders of magnitude larger than the 

thickness. A carbon nanotube can be thought of as a rolled 

graphene sheet. Until 2004, graphene was considered to 

be a theoretical construct. In 2004 mechanical exfoliation 

(peeling off layers using adhesive tape) of highly-ordered 

pyrolytic graphite yielded the first reported graphene 

structures.54 The high surface area and large regions of 

chemically active edges on graphene are responsible for the 

enhanced performance of this carbon allotrope over carbon 

nanotubes in electrochemical sensing, quantum electronics, 

and energy storage applications.55–58 Graphene has also 

been demonstrated as superior to carbon nanotubes in the 

photothermal treatment of cancer.59 Graphene is stronger 

than steel, provides high mobility for either electrons or 

holes, has high thermal conductivity, is transparent from the 

UV to the visible region of the electromagnetic spectrum, 

and is easy to chemically modify.55,56,60 Before graphene 

appears in high volume in consumer goods, fabrication 

methods need to be optimized for high throughput and 

homogeneous material properties. Mechanical exfoliation 

cannot be scaled industrially to result in high throughput. 

With thermal deposition it is hard to achieve single atom 

thickness. Chemical methods result in graphene-like 

material that deviates from pure graphene behavior both 
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physically and chemically due to residual functional 

groups (primarily oxygen) left incorporated into the final 

product.57,61

Antibacterial paper fabricated from reduced graphene 

oxide (a graphene-like material) and graphene oxide, 

successfully prevented the growth of Escherichia coli bacteria 

in solution as well as on macro surfaces, while showing 

only mild cytotoxicity to the mammalian A549 cell line.62,63 

Graphene-based antibacterial surfaces show promise for 

biomedical applications and also demonstrate that we should 

study the potential biological and environmental impact 

of graphene before it becomes a high volume material in 

consumer goods.

Graphene oxide was introduced via intravenous injection 

into Kun Ming mice at a dosage of 1 mg kg-1 in order to test 

the toxicity of this graphene-like material. Although these 

low doses did not result in pathological changes, it was found 

that the graphene oxide preferentially deposited in the lungs 

and cleared slowly from this organ. At doses of 10 mg kg-1 

the accumulation of and slow clearance of graphene oxide 

from the lungs resulted in a host of pathological changes.64 

When the cytotoxicity of graphene and single-wall carbon 

nanotubes was compared in neural pheochromocytoma-

derived PC12 cells, it was found that both were cytotoxic. 

The mechanism of cytotoxicity was dependent on both the 

type of material and the physical shape of the material. Cells 

were exposed to concentrations of graphene and ranging from 

0.01 to 100 µg mL-1. At concentrations equal to or greater 

than 1 µg mL-1, single-wall carbon nanotubes resulted in a 

greater depression of metabolic activity than graphene and 

greater lactate dehydrogenase (cell necrosis indicator) release 

at all concentrations tested. Exposure to graphene resulted 

in a concentration and time dependent generation of reactive 

oxygen species.65 In biological applications, the size, shape, 

and functionalization of graphene will all play a role in the 

toxicity. After a dose of 20 mg kg-1, nanographene sheets 

functionalized with polyethylene glycol were injected into 

mice; minimum toxicity was found after 3 months.66  Methods 

for monitoring graphitic material in biological systems 

and the environment will need to be able to differentiate 

nanostructures based on structure, size, and shape in order 

for health risks to be assessed.

If carbon nanotubes or graphene materials are to present 

an environmental or biological risk, it will only be if the 

concentrations of material from sources of manufactured 

nanomaterials exceed those demonstrated to result in bio-

logical damage. There is evidence that carbon-based nano-

materials have been part of Earth’s ecosystem for thousands 

of years and there are natural mechanisms for degradation 

of these nanomaterials. TEM analysis of a 10,000-year-old 

ice core sample conclusively shows that the preindustrial 

atmospheric particle load 10,000 years ago included carbon 

nanotubes and related carbonaceous nanocrystals.67 Gas 

cooking and power plant combustion utilizing methane/air, 

natural gas/air, and propane gas/air flames are proven sources 

of unintentional carbon nanotube production. While a more 

efficient flame produces less particulate combustion prod-

ucts, a greater proportion of these products are crystalline 

carbon nanostructures.68–70 In homes where gas heating and 

cooking are prominent, there tends to be one to two orders 

of magnitude greater load of carbon nanotubes in the inside 

air compared with outdoor samples. Approximately 104 – 105 

particles/m3 multi-wall carbon nanotube particle number 

concentrations were found.51

It has been harder to quantify environmental concentration 

in aqueous and soil samples. A recent exposure model 

developed by Koelmans et al suggests that the concentra-

tion and toxicological impact of manufactured carbon-

based nanoparticles will be negligible in comparison to 

natural nanoparticles. The weight ratio of manufactured 

carbon-based nanoparticles to black carbon nanoparticles 

(naturally occurring and unintentionally produced carbon 

nanostructures) ranges from 4 × 10-4 to 2.4 × 10-7 from the 

worst case scenario to the realistic scenarios in estuarine and 

fresh waters.71 Currently there are orders of magnitude more 

naturally occurring and unintentionally produced carbon 

nanostructures in the environment than there are manufac-

tured carbon nanomaterials.

As intentionally produced carbon nanostructures start to 

play a role in consumer materials and medicine, concentra-

tions in waste streams may be quantified by liquid chroma-

tography and mass spectrometry.1,37 FFF has the potential to 

be a key analytical tool here as well.49 These techniques have 

not been applied widely in the literature for environmental or 

biological quantification of carbon nanotubes of grapheme-

like structures. Currently there is an increasing need for the 

development of analytical methods and protocols to support 

environmental models, testing, and regulation of carbon 

nanotube and graphene toxicity.

Techniques based on or related to chromatography can 

be used for the separation of nanoparticles in samples. By 

attaching traditional analytical tools (such as ICP mass 

spectrometry) as detectors to size separation techniques, it 

is not only possible to quantify different nanoparticles in 

food, water, and soil, but also to characterize or elementally 

analyze them. The best known technique for size separation is 
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size exclusion chromatography. Spectroscopic methods also 

can be used for nanoparticle analysis and characterization. 

Scattering techniques include light scattering methods, 

such as static and dynamic light scattering, or neutron 

scattering.1 Some promising proof of principle publications 

include a method to separate the nanoparticle carbon
60

 

fullerene from water containing salts and organic matter 

and subsequent quantification of the concentrations using 

liquid chromatography coupled with mass spectrometry,72 

and two-photon excitation microscopy to directly visualize 

carbon nanotubes, titanium dioxide, and cerium dioxide in 

plant samples.73

Quantum dots
Semiconductor quantum dots are nanoparticles that are 

important for possible therapeutic and diagnostic medical 

applications. Quantum dots are nano semiconductor crystals 

with tunable electrical and optical properties. The most 

common quantum dots are currently CdSe and CdTe cores 

with CdS or ZnS shells decorated with organic ligands 

to modify their solubility characteristics. In the nano size 

domain the electrical and spectral characteristics of these 

semiconductors are size tunable. The special characteristics 

of quantum dots that make them promising for medical 

applications include targeted drug delivery, cancer detection, 

and image guided surgery.74 Furthermore they have the 

potential for widespread application for economical and 

efficient solar cell production.75 While quantum dots are not 

currently widely used in medicine, medical imaging, or solar 

cell production, the technology is poised for rapid growth.

Monitoring of the environmental and in vivo concentra-

tions of quantum dots will become an important part of the 

assessment of the risks and rewards of both the energy and 

medical applications of this technology. Recent studies have 

shown that even hydrophobic quantum dots are mobile in both 

aquatic and porous media. When a solution of CdSe quantum 

dots capped with hydrophobic ligands dissolved in hexane 

comes into contact with deionized water, minimal phase 

transfer occurs. This could lead one to believe that quantum 

dots would have limited mobility in the aquatic environment. 

This assumption would be wrong as natural organic matter 

(ie, fulvic and humic acids) plays a large role in the mobil-

ity or inorganic material in the aqueous environment. At a 

pH of 3, in the presence of 20 ppm fulvic acid, 100% of the 

quantum dots originally in the hexane solution (1:1 mixture 

of aqueous fulvic acid and 1.0–10 µM CdSe quantum dot 

suspension) transferred to the aqueous layer. A similar result 

was found with humic acid (46% transfer in 24 hours). 

Both pH and ionic strength of the aqueous solution play a 

role in the natural organic matter mediated phase transfer of 

quantum dots from hexane into the aqueous  solution. The 

important point is that quantum dots and other inorganic 

nanoparticles will be mobile in the aquatic  environment.76 

The efficiency of the deposition of these mobilized particles 

in waste water settling tanks will also be a function of soil 

and water conditions.77 The presence of divalent and trivalent 

ions assists in aggregating quantum dots and facilitating their 

settling out of a water column. Alum can result (capping 

material dependent) in a 95% removal efficiency of CdTe 

quantum dots from pure water. Tap water containing Ca2+ and 

Mg2+ results in 70% sedimentation efficiency. The addition 

of alum increases the sedimentation of the CdTe quantum 

dots from tap water.78

Toxicological studies suggest that we should be concerned 

about the transport and fate of semiconductor quantum dots 

in the environment and in vivo (if used for medical applica-

tions). The constituent ions Cd2+, Se2-, Te2- of CdSe and CdTe 

core quantum dots already have known toxicity. In many 

cases the toxicity of semiconductor quantum dots is directly 

related to the stability (rate of leaching of Cd2+, Se2-, Te2-) 

of the constituent ions from the capped construct. Daphnia 

magna are common indicator species for water quality. This 

species has been applied to the study of semiconductor toxi-

cology. In terms of acute toxicity of CdSe core ZnSe shell 

particles, it has been shown that the coating plays a large 

role in acute toxicity. A very stable coating results in a stable 

suspension of quantum dots in the water column. This longer 

suspension will result in greater ingestion of quantum dots 

by aquatic organisms. Conversely, quantum dots with a less 

stable coating will aggregate and precipitate out of the water 

column faster. This results in less ingestion of particles but 

a higher solution concentration of Cd2+, due to quantum dot 

degradation.79

Light exposure plays a role in quantum dot and Cd2+ 

toxicity. In terms of quantum dots, light exposure increases 

toxicity due to the generation of reactive oxygen species and 

photodegradation of the quantum dots. The photodegradation 

results in increased Cd2+ toxicity. The EC
50

(median effect 

concentration for acute toxicity) values for Daphnia 

magna exposure to mercaptopropionic acid coated CdSe/

ZnSe quantum dots (a strong covalent coating) in the dark 

were .2500 µg L-1 Cd and in sunlight 384.5 µg L-1 for a 

48-hour time period. For gum arabic/tri-n-octylphosphine 

oxide coated CdSe/ZnSequantum dots (a weakly interacting 

quantum dot coating) tested over the same time period, the 

EC
50

 values were .1000 µg L-1 in the dark and 11.2 µg L-1 
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in sunlight. These data can be compared to the data on CdCl
2
 

dissolved in the solution. EC
50

 values for the salt of 49.7 µg 

L-1 Cd in the dark and 1.9 µg L-1 in sunlight.79 Fluorescence 

microscopy and ICP mass spectrometry studies have shown 

that when quantum dots are not at acutely toxic levels, they 

will bioaccumulate in Daphnia magna and they do not clear 

completely even after the organisms have been in quantum 

dot-free media for 48 hours. The total accumulation is depen-

dent on the coating, but occurs regardless of the coating. 

Further concentration is thus possible in higher organisms 

feeding on contaminated filter feeders like Daphnia magna 

directly contaminated with quantum dots or feeding on 

quantum dot-contaminated bacteria.80,81

In vivo studies in mice show that quantum dots can 

persist in mice for at least 2 years. Tail vein injected CdSe 

core ZnS capped polyethylene glycol coated quantum dots 

rapidly cleared from circulation into the reticuloendothelial 

system. Quantum dots can persist in the liver for 2–5 days, 

bone marrow 3–6 months, and lymph nodes up to 2 years.82 

It will be important to understand the characteristics deter-

mining persistence of quantum dots in vivo when they are 

applied to medical applications.

The potential advances in biomedical imaging resulting 

from quantum dots have led to a number of publications 

exploring methods for optimizing their biocompatibility. 

Surface ligands that increase water solubility and decrease 

protein adsorption are seen as desirable for increased 

blood stream circulation and increased biocompatibility. 

A systematic exploration of amphiphilicpolymer micelles 

for the encapsulation of quantum dots with tri-n-octyphos-

phineoxide surface ligands reported on the optimization of 

hydrophobic chain length, percentage of hydrophobic chains 

per ligand, and ratio of polymer to quantum dots (weight 

ratios) to determine the best amphiphilic polymer construct 

for promoting water solubility of quantum dots and minimiz-

ing protein adsorption. The hydrophobic chain length and 

percentage of hydrophobic chains have a direct impact on 

how well the polymer encapsulates and protects the quantum 

dot from an aqueous solution. The number of ligands per 

quantum dot will play a role in the long term stability of the 

quantum dots. It was found that 40% modification of poly 

(acrylic acid) with dodecylamine or octadecylamine gave 

the best transfer of quantum dots into aqueous solution. The 

transfer efficiencies were not only correlated with carbon 

chain length but also with the steric interaction of the carbon 

chains on the amphiphilic polymer with the carbon chains 

of the quantum dot ligands. Protein binding to the encapsu-

lated quantum dots depended on the protein studied as both 

surface modification and the physical characteristics of the 

protein will play a role. This study did not make any specific 

generalizations about the best polymer constructs to prevent 

protein binding, but it was hypothesized that PEGylation 

would reduce the nonspecific binding of protein.83

Encapsulation of CdSe/ZnS quantum dots in micelles of 

amphiphilic polymers leads to water solubility and stability 

in the pH range 4–13 with a construct lifetime of several 

months.83 Even greater stability is required for the application 

of these quantum dots in biomedical applications. Cadmium 

is a heavy metal with known toxicity at low concentrations. 

Any leaching of cadmium from the biomedical device to the 

patient has the potential to cause harm. Improved quantum 

dot stability can be obtained by the direct interaction of 

ligands that promote water solubility and reduce protein 

binding with the quantum dot surface. Ligands with a 

poly(methacrylate) backbone and poly(ethylene glycol) 

chains that anchor to CdSe/ZnS quantum dots through 

pendant thiol groups resulted in quantum dots that are stable 

in aqueous environments in the pH range 5–9. These quantum 

dot constructs were found to be transported across the cell 

membrane of human umbilical vein endothelial cells to be 

localized in either the cytosol or nucleus (depending on 

the chemistry of the ligands). Incubation for 48 hours in a 

solution containing 500 nm quantum dots did not affect the 

viability or the growth of the endothelial cells.84

The stability of polymer ligands is improved with the use 

of a multidentate imidazole binding motif instead of thiols for 

interaction with the quantum dot surface. Reversible addition-

fragmentation chain transfer-mediated polymerization 

was used to synthesize imidazole, poly(ethylene glycol), 

and primary amine or biotin copolymers for utilization 

as quantum dot ligands. These quantum dot constructs 

demonstrated 2 month stability in aqueous solutions, were 

stable in pH range 5–10.5, and had negligible nonspecific 

protein binding when incubated with HeLa cells or blood 

serum. In live animal studies these constructs cleared from 

mouse vasculature in 3 hours and in 6 hours had primarily 

extravasated into the mouse breast tumor tissue.85 While new 

ligands for quantum dots have improved water solubility and 

stability and are proven to be nontoxic in short term studies, 

there continues to be worry about long-term exposure. The 

constructs will not be stable indefinitely and study needs to 

be done on cell/animal clearance of the particles. It has been 

shown that quantum dots can persist in mice for at least 2 years 

and as the quantum dot constructs are degraded there will be 

chronic exposure of the organism to low doses of cadmium.82 

Concerns over the fate of heavy metals in semiconductor 
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quantum dots used for biomedical applications have led 

to research on biocompatible nanomaterials with physical 

properties analogous to semiconductor quantum dots. Carbon 

dots and silicon quantum dots are showing promise as entities 

that will realize the advantages of semiconductor quantum 

dots without the toxicity.86,87

The key technologies for quantum dot characterization 

and quantification in the studies mentioned above are 

fluorescence spectroscopy, fluorescence microscopy, and 

ICP-OES. A combination of fluorescence analysis and ICP-

OES is required for characterization and quantification or 

localization and quantification. TEM also continues to play 

a large role in nanoparticle identification, characterization, 

and quantif ication.88 In one example, TEM analysis 

has already demonstrated that inorganic nanosized 

contamination can be found in bread and biscuits.89 The 

time required for sample preparation is prohibitive for 

the application of TEM to the large sample throughput 

that will be necessary for the environmental and medical 

monitoring of quantum dot fate in environmental and 

medical applications. Two developing technologies may 

hold the key to rapid characterization and quantification of 

quantum dots. For determination of and characterization 

of quantum dots in environmental and biological samples 

hyphenated forms of FFF shows promise.49 For toxicity, 

electric cell-substrate impedance sensing (ECIS) can provide 

a rapid assay for threshold levels of the impact of newly 

developed nanomaterials on cell metabolism.90 In ECIS an 

adherent cell line is allowed to attach to an electrode. In the 

toxicology assay described by Janshoff et al,91 the impedance 

of the cell covered electrode is measured at a f ixed 

alternating current frequency. Fluctuation in the impedance 

is due to fluctuations of cell shape. The fluctuation in 

adherent cell shape is known as micromotion. The rate of 

micromotion is correlated to cell metabolic activity and thus 

can serve as a measure of viability. Using in vitro assay it 

was determined that mercaptopropionic acid coated CdSe/

CdS/ZnCdS/ZnS multi-shell quantum dots were toxic at a 

concentration of 0.3 µM. The same experiment performed 

using the established MTS assay showed toxicity at 2 µm.91 

ECIS correlates to established methods but will prove to be 

a more sensitive measure of nanoparticle toxicity.

Gold and silver
Gold and silver nanoparticles are currently found in a wide 

variety of consumer products. They are used in automobile 

sensors, cosmetics, sugar monitors, and cancer treatments.6 

Silver nanoparticles are used in antibacterial agents, textile 

engineering, water treatment, and silver-based consumer 

products.92 Silver nanoparticles are also utilized in a wide 

range of medical devices, one being the treatment of human 

immunodeficiency virus-1.93 Silver nanoparticles are one of 

the most widely used engineered nanoparticles in consumer 

products. Textiles taking advantage of the antimicrobial, 

antifungal, and antiviral properties of nano silver have 

led to an increase of use in consumer products.3 Benn and 

Westerhoff 94 studied the release of silver nanoparticles from 

commercially available antimicrobial socks utilizing nano 

silver. Tested socks contained between 0 and 1360 µg g-1 

silver/g sock mass. Depending on the manufacturing pro-

cess, the socks either continued to leach significant amounts 

of silver after four washes or had leached all of their silver 

after four washes. Ion selective electrode data was used in 

conjunction with ICP analysis of wash water to differentiate 

silver loss as colloidal silver compared to loss as ionized 

silver. The high surface area of the nanoparticles led to the 

conversion of a significant portion of the colloidal silver 

mass into ionic silver. Benchtop modeling of waste water 

treatment suggest that despite the increased environmental 

load of colloidal silver and ionized silver, current wastewater 

treatment plants will be able to handle the increased load 

of these contaminants (despite the antimicrobial effect on 

wastewater activated sludge).94

Nowack’s exposure models predicts the concentra-

tion (2008, high emission scenario) of nano silver to be 

4.4 × 10-3 µg M-3 in air, 0.08 µg L-1 in water, and 0.1 µg kg-1 

in soil in Switzerland. In the US, the sewage treatment 

effluent is predicted to be 21 µg L-1 (2008), with 6.0 µg 

kg-1 nano silver in sludge-treated soil, and 1.6 µg kg-1 in 

sediments (2011).40,41 In agreement with Benn and Wester-

hoff ’s benchtop modeling,94 all of these concentrations 

are below the currently accepted toxicology threshold of 

nano silver.

Little is known about the current concentration of 

engineered gold nanoparticles in the environment. It is known 

that natural organic matter and humic substances can increase 

the stability of gold nanoparticles in aqueous solution.95 

Gold nanoparticles can accumulate and be magnified 

by bioaccumulation through the food chain.96 The low 

background concentration of gold and gold nanoparticles 

in the environment will make the determination of the 

fate of engineered nanoparticles in the environment and in 

biological models useful in understanding the potential fate 

of other nanoparticles. The low toxicity of gold nanoparticles 

suggests that there is low potential for adverse environmental 

or biological impact from these particles.90,97
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While silver is currently not considered to be a significant 

human health risk, recent studies indicate that nanosilver 

has a unique toxicology profile compared to silver ion or 

micrometer silver. At a concentrations of 6 µg L-1, nanosilver 

resulted in triiodothyronine dependent transcriptase 

disruption characteristic of endocrine disruption in tail fin 

biopsy assay derived from Rana catesbeiana tadpoles, a 

response not seen upon exposure to silver ion or micrometer 

silver.98 At high concentrations (25–400 µg mL-1), well above 

those predicted in current waste streams, nanosilver has been 

shown to have a dose-dependent cytotoxicity, genotoxicity, 

and cell cycle arrest in human lung fibroblast cells and 

human glioblastoma cells. Nanosilver is found to localize 

in mitochondria, resulting in mitochondria damage. The net 

toxicity is function of the nanosilver size, shape, surface 

functionalized and the kinetics of oxidation and resultant loss 

of the silver ion.99 At 1000 mg L-1, nano silver does not affect 

the germination or root growth of Cucurbita pepo (zucchini) 

compared to bulk material. Nano silver does have an impact 

on biomass gains. At 500 mg L-1, biomass is reduced by 

57% compared to bulk controls and transpiration volume is 

reduced by 78%.100

Exposure to high levels of nanosilver can be toxic and 

the toxicity profile is different from that of ionic silver. Our 

level of concern should be based on current and projected 

environmental concentrations and biomedical loads of 

nanosilver. The current studies suggest that nanosilver is 

not currently a major concern for nanotoxicity. Regardless, 

nanosilver’s economic value and wide distribution in 

consumer products make it a good candidate for regulation 

and monitoring. As with titanium dioxide nanoparticles and 

semiconductor quantum dots, currently a variety of techniques 

are required to characterize and quantify silver nanoparticles. 

Beyond examples of electron microscopy, these authors found 

little evidence of the common characterization techniques 

being applied to environmental screening of nanoparticles. 

Most were applied to characterization and quantification of 

silver nanoparticles in environmental and biological samples 

exposed to known concentration of nanosilver. The complexity 

and high volume of the eventual environmental samples that 

result from eventual regulation of the nanoparticle industry 

may well served by the rapidly developing technology of FFF 

and the related FFF-hyphenated methods.49

Conclusion
Though there is great promise for the future of nanotech-

nology, it is essential to understand that the properties of 

nanomaterials make up a ‘two-edged sword’. The same 

ways that nanomaterials are hypothesized to be beneficial 

to medicine could also be ways in which nanomaterials are 

possibly detrimental to human health as well as the environ-

ment. The very dimensions of nanoparticles that result in 

multiple benefits for medical applications may cause these 

nanoparticles to selectively accumulate inside the body, 

which could result in tissue damage. Once inside the body, 

nanomaterials seem to have unlimited access to all tissues 

and organs, and though they can be successful in destroying 

tumors and other malignant growths within the body, it is 

not certain what happens to these particles afterwards.4 One 

particular nanoparticle, carbon nanotubes, which are long 

and thin, have been found to have many toxilogical similari-

ties to the cancer-causing asbestos fibers, which cause lung 

damage.51 Another nanoparticle, titanium dioxide, which 

is commonly used in sunscreen, is known to wash out of 

products and enter waste streams, where it may harm aquatic 

life.39 These, as well as several other examples, encapsulate 

the issue of potential toxicity in nanotechnology, and though 

most branches of nanotechnology will pose no significant 

hazards to human health or the environment, it is necessary 

to have a thorough scientific assessment of the possible 

dangers before engineered nanoparticles become of major 

use in society.

A number of papers and articles can be found regard-

ing the theory and establishment of nanoparticle toxicity. 

 Nonetheless, the novelty and ambiguity of this topic has lead 

to the creation of an increasing number of commercial prod-

ucts containing nanoparticles (current number exceeds 1500) 

with minimal regulation from the FDA.  Nanotechnology is 

developing and being commercialized more rapidly than its 

toxicity is being studied or regulated.3 The lack of a thorough 

understanding of the science of nanotechnology and how 

regulators should subdivide it prevents FDA from reason-

ably protecting public health.2,33,34 Because nanotechnology 

is a very new form of technology and some of the potential 

hazards are not the usual hazards considered when evaluating 

health effects, regulatory agencies have a hard time classify-

ing nanomaterial, causing them to ‘attach’ nanotechnology 

to existing regulations, despite clear gaps. This allows some 

nanotechnology applications to slip through cracks, without 

being covered by any regulations.2 Another reason the many 

nanoingredients have been able to be in commercial products 

is because they are declared “Generally Recognized as Safe” 

(GRAS) – a classification given to foods and food additives 

that have a history of safe use.2,33,34 While the macro form 

of an ingredient may be considered GRAS, nano versions 

should not be assumed to follow suit because the smallness of 
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these molecules cause them to be more toxic and potentially 

dangerous.

The lack of a complete understanding of the characteristics 

of nanotechnology and the possible toxicity of nanoparticles 

are not the only reasons for the deficiency of research 

monitoring the role of nanomaterials in the environment 

or in medical diagnostic. Little is known about how the 

new physicochemical properties that make engineered 

nanomaterials so attractive for use in consumer products 

interact at the nano/bio interface. Much debate is underway 

about how to proceed with nanomaterial toxicity testing, 

mainly regarding which toxicological end points to screen 

for, the depth of the screening effort, the balance of in vitro 

versus in vivo testing, the cost of the effort, and who should 

be responsible for screening and safety assessment of 

nanomaterials. As this is a very new, innovative technology, 

new analytical techniques will have to be developed that 

focus on the quantification of the physical, chemical, and 

toxicological properties that make nanomaterials unique. In 

other words we need to develop nanoproperty-quantifying 

sensors.
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