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As nanoparticles are at the forefront of the nanotechnology wave, appropriate applications, production techniques, and long
term health effects must be considered. The current and potential applications for nanoparticles are growing and cover an
extremely broad range of markets. However, there are a number of hurdles to be overcome before the potential of
nanoparticles can be fully realized. This paper will review some of the current state-of-the-art with selected examples, and
future concerns and considerations for the nanoparticle technology to be successful. The concerns include safety and health
effects of nanoparticles, and the public perception of the technology. Some examples demonstrating the unique properties and
behavior of nanoparticles will be presented using the data generated in our lab and elsewhere.
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Introduction

As nanoparticles are at the forefront of the nano-
technology wave, we see a rapid increase in the range
of available nanoparticles and the number of com-
panies that produce them. The current and potential
applications for nanoparticles are growing and cover a
broad range of markets which is estimated to be $900
million in 2005 and $11 billion in 2010 [1-3]. This
spurs a great deal of interest among entrepreneurs,
venture capitalists, and even the best-selling author
Michael Crichton [4]. Why are all these now? In the
early 20th century, the production of carbon black and,
fumed silica in the 1940s exemplified nanoparticle
technology before much of the current nanotech fervor.
This is because the earlier nanotech was pursued
empirically – the materials were discovered, not designed.
All materials are made of atoms, molecules, and
nanoparticles as building blocks. In the advent of new
and more powerful materials characterization tools, we
can examine the materials structures at the molecular
or atomic scales. Materials can be designed and built
from the smallest building blocks for desired structure
and functions.

What are nanoparticles? What is the size range to be
called nanoparticles? In a recent survey obtained from
100 nanotechnology experts and the results, published
by 3i in association with the Economist Intelligence
Unit and the Institute of Nanotechnology [5], illustrates
widely differing views on the definition of nanotech;
45% responding to the survey the nanoparticles as size

< 100 nm and 17% consider < submicrometer levels.
Based on the results, we take the definition of nano-
particles to be discrete particles that have a diameter
around 250 nm or less. Why are nanoparticles so
interesting? Just because these materials can be made
into very small sizes does not necessarily lead to novel
properties with practical applications. When novel pro-
perties are found, the unknown effects in physiological
and environmental exposures create public fear [6].
However, it would be an interesting question to ask if
there are any novel properties with these materials at
this scale. Materials with particle sizes on the nano-
scale between 1 nm and 250 nm lie in the domain
between the quantum effects of atoms and molecules,
and the bulk properties of materials. Particles at the
lower side of this size range are also called quantum
dots (QDs). Many physical properties of materials are
controlled by phenomena that have critical dimensions
on the nanoscale. The ability to fabricate and control
the structure of nanoparticles allows the scientist and
engineer to influence the resulting properties and, ulti-
mately, design materials to give the desired properties
[7]. 

A wide variety of different techniques are used to
produce nanoparticles; the wet chemical or solution
method, mechanical size reduction, gas phase synthesis,
etc. All of these are being used commercially and each
has its own merits and drawbacks. There are many
examples where simple mechanical reduction of particle
size down to the nanoscale improves the performance
and hence open up new products. For example, pyro-
technics and explosives, where nanoparticle Al provides
a greater energy release rate; lapping and polishing
compounds, where track dimensions on Si chips are
approaching 150 nm and the polishing media need to
be significantly less than this to keep defects small; and
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magnetic recording media, where higher-density storage
is driven by finer particles and grain sizes as storage
media approach terabyte capacities [8]. 

Metallic iron nanoparticles have been demonstrated
to be effective for cleaning up contaminated soils and
ground waters [9]. The effectiveness of Fe nano-
particles for environmental remediation comes from the
enhanced surface reactivity of Fe by the increased
surface area. The estimated cost for the clean up is
~$40/kg and ~$400 for 100 m2 of contaminated area.
Nanoparticle size effect on catalytic activity of Ni and
Pt was tested by Weber et al. [10]. Size specifics were
shown and the maximum catalytic activity was obtained
at 19 nm by Ni particles for methanation reaction. The
size specific is believed to be influenced by the
adsorption behavior of the reactant carbon monoxide
molecules. Nanoshells, made of a silicate or silver core
nanoparticles surrounded by gold coating, have shown
unique optical properties [11, 12]. The hope is that
chemically modified nanoshells could identify, bind
and unlike traditional chemotherapy, selectively destroy
cancer cells. The results could not only be a significant
reduction of side-effects from chemotherapy but a
higher survival rate through early detection of cancer-
ous cells.

The potential impact of nanoparticles - for good or ill
- on the environment and human health is enormous.
Some concerns about the potential hazards of nano-
particles (including nanotubes) have been raised in the
media [13-19]. Yet there is insufficient scientific
evidence to support the perception that nanoparticles/
nanotubes pose more risk to humans and the environ-
ment than airborne automobile exhaust. Nonetheless,
there have already been considerable discussions in the
media and the U.S. Congress about the potential
hazards of nanoparticles. The general public often learns
nanoscience through the mass media. Media reporting
is such that negative reports are more prominent and
sensational, resulting in disproportionate public atten-
tion. Moreover, it is an important part of the
responsible scientist's mission to educate the public.
This can have important repercussions. For example,
one notable organization advocating a mandatory
moratorium on synthetic nanoparticles is a Canadian
based Erosion, Technology, and Concentration (ETC)
Group [20]. A recent report by the ETC Group [21]
calls on government to adopt a stronger regulations to
ensure the safety of workers and consumers. Scientists
and engineers who are proponents of nanotech research,
therefore, first need to be aware of what information
the public is getting via the mass media.

It is true that nanoparticles are more reactive than
larger size particles even based on the increased surface
area alone, but not many toxicology studies have yet
been carried out on these nanoparticle materials. The
lack of genuine scientific data on the potential hazards
of nanoparticles means that the debate about the risks

of nanotech today may be entirely overrated [22]. In
fact, the concerns about the potential hazards of nano-
particles resemble the controversies over genetically
modified (GM) crops that perception has quickly over-
taken science in the court of public opinion. A close
look at the GM food story suggests that public percep-
tion, not scientific data, is at the crux of the debacle
[23-27]. Unfortunately, the initial negative perceptions
of the unknown risks are difficult to overcome by later
scientific evidence. Why? Because risk assessments are
rooted in human values, common sense, intuition,
imagination, memory and past experience. It shows
that individual response to risks is likely to be
conditioned by feelings like worry, anxiety and fear
[28]. The media benefit from the fear factor. Events that
are novel, rare, vivid, and that generate tensions and
negative feelings are far more newsworthy than
ordinary, mundane, and happy events; thus leading to
increased newspaper sales and higher advertisement
revenues in a kind of positive feedback loop. These
types of the controversies between science and politics
are well described and documented in a recent book,
“Politicizing Science”, edited by Gough [29]. 

Metal Nanoparticles

There are many good examples of size- and shape-
dependent properties in metal nanoparticles [30]. The
optical properties of metal nanoparticles are particularly
convenient in illustrating the nano-size effects. In fact,
the optical properties of metal nanoparticles have been
admired for a very long time. In the 4th Century AD,
metal nanoparticles contained in the glass of the
famous Lycurgus Cup [31] exhibiting changing color
depending on the viewing light. Analysis of the glass
reveals that it contains a small amount of ~70 nm Ag
and Au crystals in an approximate molar ratio of 14:1.
It was not until 1857, however, that Michael Faraday
reported a systematic study of the synthesis and colors
of colloidal gold [32]. From the plethora of existing
procedures for the synthesis of metal nanoparticles, the
most widely used wet-chemical methods are suitable
for production of both spherical and anisometric (rod-
like or prismatic) nanoparticles [33-36].

Why do the optical properties of metal nanoparticles
depend on the particle size and shape? The optical
properties of metal nanoparticles are dominated by the
collective oscillation of conduction electrons resulting
from the interaction with electromagnetic radiation.
Hence these properties are mainly observed in Au, Ag,
and Cu in which plenty of free conduction electrons are
available. The electric field of the incoming radiation
induces the formation of a dipole in the nanoparticle. A
restoring force in the nanoparticle tries to compensate
for this, resulting in a unique resonance wavelength
[30] which depends on a number of factors, among
which particle size and shape, as well as the nature of
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the surrounding medium, are the most important [34].
Bulk Au looks yellowish in reflected light, but thin Au
films look blue in transmitted light. This characteristic
blue color steadily changes to orange, purple and red,
as the particle size is reduced down to ~3 nm. These
effects are the result of changes in the so-called surface
plasmon resonance [31], the frequency at which con-
duction electrons oscillate in response to the alternating
electric field of incident electromagnetic radiation. For
nonspherical particles, such as rods, the resonance
wavelength depends on the orientation of the electric
field. Apart from the linear optical properties, nonlinear
optical properties are also of great interest for appli-
cations of metal nanoparticles in ultrafast optical switches
[37]. In particular, the third-order susceptibility of
metal nanoparticles at wavelengths around the plasmon
resonance achieves large values with very fast (<1 ps)
response times.

Nanoparticles in Biomedical Applications

In biomedical applications of nanoparticles, magnetic
particles have been investigated in targeted drug delivery,
ultra-sensitive disease detection, gene therapy, high
throughput genetic screening, biochemical sensing, and
rapid toxicity cleansing [38]. Early applications focused
on ultrafine iron oxide (ferrite) particles, which were
found to have zero remanence; applying a magnetic
field induces a small dipole moment in the ferrite
particles, but this moment disappears once the field is
removed. This observation led to the use of iron oxide
particulate suspensions (ferrofluids) in mechanical
applications, for example, as machine clutches. Over
the past decade, a number of biomedical applications
have begun to emerge for magnetic micro- and nano-
particles of differing sizes, shapes, and compositions
[39]. 

Bao and Suresh [40] used bead-like 5-10 nm super-
paramagnetic iron oxide nanoparticles that are suffici-
ently small to reach intracellular markers of disease or
viral infection. The iron oxide probes are coated and
then functionalized, e.g., with antibodies, oligonucleo-
tides, or peptide ligands. Once administered to the
body, by injection of the nanoparticles into the blood-
stream, they should recognize the target molecular
markers present inside cells. Any iron oxide nano-
particles clustering as a result of target recognition
should then induce a specific signal in magnetic
resonance imaging, useful for detecting extremely early
signs of disease. 

Functionalized magnetic nanoparticles are also being
considered as smart treatment agents, as well as
diagnostic tools [39, 41-43]. Berry et al. [43] showed
derivatized iron oxide magnetic nanoparticles can be
effective being placed on the target cells without
instigating receptor-mediated endocytosis. The idea
here is to bind therapeutic drug molecules onto the

surface of a nanoparticle, then use a magnetic field
gradient to draw tagged particles towards the intended
treatment site. Present-day drug treatment mechanisms
rely on a certain proportion of an injected or orally
administered pharmaceutical reaching its intended target.
Use of magnetic ‘tag and drag’ could improve treatment
efficacy, while simultaneously reducing administered
doses. Targeted drug delivery regimes offer particular
advantages for cancer patients. Attaching chemotherapy
agents to magnetic nanoparticles and then focusing a
magnetic field on the target tumor should pull the drug
towards malignant cells minimizing the harmful side
effects of the treatment chemical. Tissue and cell
specific drug targeting can be achieved by using coated
nanoparticles via carrier-drug conjugates that contain a
ligand recognized by a receptor on the target cell [42].
This leads to various opportunities such as improving
magnetic resonance imaging, hyperthermic treatment
for malignant cells, site-specific drug delivery, and the
manipulation of cell membranes.

For magnetic bio-sensors magnetoresistive biochips
may offer many theoretical advantages. These include
the detection of low concentrations of genetic mutations
or even single target markers. Portability is one of the
chief benefits that magnetic biosensors can offer. The
sensors would use DNA microarrays to capture specific
toxic agents, such as anthrax. Multisensing chips
capable of detecting a range of different agents are also
being designed. Magnetic nanoparticles that are produced
naturally by bacteria may be genetically programmed
to produce the particles when placed in certain chemical
environments – and at no other times – they could be
used to alert military officials to the presence of toxins,
or quickly confirm the release of certain agents [38].

Metal sulfides and selenides are easily made into
quantum dots (QDs) which have the potential to act as
stable, bright fluorophores for labeling biological
specimens. If QDs are to be useful for in vivo imaging,
they must have an adequate circulation lifetime, show
high specific deposition, and retain fluorescence over a
long period. Ballou et al. [44] have engineered the
surface coating of QDs for long-term fluorescence for
in vivo imaging in mice. They coated core-shell CdSe-
ZnS QDs with amphiphilic polyacrylic acid. After
injecting the coated QDs into mice, noninvasive
fluorescence imaging showed a circulation lifetime of
~12 minutes. To improve this, different polyethylene
glycol molecules of increasing lengths were coupled to
the initial polymer coat. This increased circulation
lifetimes up to ~70 minutes. Fluorescence imaging also
reveals where the QDs are deposited, including the
lymph nodes, bone marrow, liver, and spleen. Fluore-
scent signals were still observed after eight months,
demonstrating the long-term stability of the QDs in
vivo.

The broad absorption and narrow emission of semi-
conductor QDs, combined with their brightness and
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photostability, makes them far better fluorophores for
biological labeling than organic dyes. However, the
emission from single QD blinks on and off, limiting
their use for labeling individual biological molecules.
The off-state is thought to occur when a charged dot
loses an electron to a surface trap state. If blinking
could be suppressed, quantum information processing
using single photon sources might also benefit. Blink-
ing in QD emission under the conditions relevant to
biological imaging experiments could be suppressed by
passivation of QD surfaces with small thiol-containing
molecules according to Hohng and Ha [45]. They
showed that Streptavidin-coated CdSe/ZnS QDs were
immobilized on a biotinylated surface and the emission
intensities from hundreds of dots were recorded over
time. Hohng and Ha believe that the QD polymer
coating has holes that allow only small molecules to
pass through to bind onto the ZnS surface. The authors
suggest that the thiol moiety, an electron donor, can
transfer electrons to the surface traps as Lee et al.
described their results in enhanced photoluminescence
(PL) of surface passivated ZnS nanophosphors by 3-
methacryloxypropyl trimethoxy silane (MPTS) as
shown in Fig. 1 [46, 47]. This appears to prevent loss
of electrons from the QD to the traps and reduces the
blinking frequency. 

Luminescent Properties

Visible light emission from phosphors are affected by
the particle size as shown by Copeland et al. [48-50].
Within the 100 nm range, the smaller the size, the
brighter the photoluminescence as shown in Fig. 2.
This is believed to be attributed to the Purcell effect
[51-53]. In the case of PL, the surface of the particle
has little effect since the bombarding photons are much
more energetic than the electrons. However, as the
particle size decreases, the Purcell effect [52] may
become more significant. The spontaneous emission
from the excited state of an atom can be significantly
altered by placing it in a cavity with dimensions on the

order of its electromagnetic wavelength. The effect has
been shown in cavities as large as 180 nm [51]. As the
volume of the cavity decreases, the spontaneous emission
rate increases [52] by the Purcell factor: 3Q(λ/n)3/
(4π2V), where V is the cavity volume, λ is wavelength
of the incident light, n is the refractive index of the
material, and Q is the smaller cavity’s inverse line
width. 

Crystallite Size and Phases

In the case of barium titanate (BaTiO3 or BT), particles
smaller than ~250 nm, determined by x-ray diffracto-
metry (XRD), are shown to exhibit a cubic crystalline
phase at room temperature and the size larger than that
exhibits tetragonal phase [54]. Schlag and Ericke [55]
showed the size-driven phase transition and ferroelec-
tricity in nanocrystalline BT. Lee et al. [56] transform-
ed the XRD cubic phase BT, whose crystallite size is
~50 nm, to tetragonal without increasing the particle or
crystallite size as shown in Figs. 3-5. How can this

Fig. 1. PL enhancement of ZnS:Mn2+ by passivation with 3-
methacryloxypropyl trimethoxy silane.

Fig. 2. PL spectra of Zn2SiO4/Mn with different particle size; A)
30 nm, B) 65 nm, C) 213 nm, D) 250 nm, after firing in air at
1100 oC.

Fig. 3. SEM micrographs of the hydrothermal BaTiO3 particles
after solvothermal treatment with DMF; (a) before treatment, (b)
170 ºC for 24 hours, (c) 200 ºC for 6 hours, (d) 200 ºC for 24 hours.
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happen?
The paraelectric (cubic) – ferroelectric (tetragonal)

phase transformation in barium titanate is caused by
distortion of the oxygen octahedron. The displacement
of Ti4+ to an off-center position in one direction of the
six oxygen ions surrounding it leads to the formation of
a polar anisotropic structure upon cooling. This trans-
formation is found to be suppressed in the BaTiO3

nano-particles (usually <1 µm) [57, 58]. This suppression
causes the paraelectric cubic phase to remain stable
down to room temperature without transforming to the
tetragonal phase at ~130 ºC as for the bulk crystals [59].

The most often cited causes for this transformation
suppression include the size-effect [60-63] and lattice
hydroxyl defects [64-66]. The size-effect may be ex-
plained by the core (tetragonal)-shell (cubic) model,
where the untransformed shell with fixed thickness
imposes a clamping constrain on the particle. As the
particle size gets smaller, the clamping effect becomes
stronger and suppresses the transformation to a greater
extent [67, 68]. 

As some researchers have pointed out [64, 69, 70],
the lattice hydroxyl groups play a role in the sup-
pression of the cubic-tetragonal transformation. This is
because the charge defects and cation vacancies associ-
ated with the hydroxyl groups cause interruption of the
long-range cooperative interaction of BaTiO3 lattice.
Hennings and Schreinemacher [64] proved the presence
of lattice hydroxyl groups and the relation of their
release to the crystallographic recovery in hydrothermal
BaTiO3. The lattice hydroxyl effect is, nevertheless,
often interfered with the size effect because particles
will grow or agglomerate when they are heated to
remove the hydroxyls. Moderate heating (< 500 ºC)
may suppress significant particle growth, but is not
enough to fully release the lattice hydroxyls and
recover the transformation [71]. 

In our recent work [56, 59] a significant increase of
tetragonality in chemically-treated BT particles was
observed after treating the BT in hot dimethylform-
amide (DMF), which is believed to promote the release
of lattice hydroxyls as confirmed by Fourier transform
infrared spectroscopy (FTIR), nuclear magnetic resonance
(NMR), thermogravimetric analysis (TGA), etc. The
tetragonality change is monitored by calculating the
{200} peak splitting of the XRD pattern. Figure 3 shows
the scanning electron micrographs of the samples before
and after being treated with DMF under different
conditions. It can be seen that the hydrothermal BaTiO3

particles experienced no apparent morphology changes
even after 24 hours treatment at 200 ºC.

The XRD patterns of the samples treated with DMF
at 200 ºC for different lengths of time are shown in Fig.
4a. An apparent splitting of the (200) and (002) planes
for tetragonal BT (t-BT) is shown when samples were
treated for about 5 hours, and continued to increase as
the treatment continued. The tetragonal distortion was
also observed in the samples treated at lower temper-
atures. The peak splitting (∆2θ) and the c/a ratio for the
treated BaTiO3 samples are shown in Fig. 4b. The c/a
ratio for samples treated at 200 ºC varies from 1.003
(as-received) to about 1.008 (24 hours). Considering
the coexistence of tetragonal and cubic phases and the
fully tetragonal distortion (c/a=1.01) [60], our treated
sample is t-BT, which is also supported by the differ-

Fig. 4. (a) X-ray diffraction patterns of the hydrothermal BaTiO3
particles after solvothermal treatment in DMF at 200 ºC for
different time; (b) peak splitting of the {200} planes and the
calculated c/a ratio of samples treated in DMF at 200 ºC for
different time.

Fig. 5. XRD Crystallite sizes of BT, as a function of DMF
treatment time, calculated from the Schrrer's equation.
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ential scanning calorimetry (DSC) results shown in the
inset of Fig. 6. The endothermic peaks of treated
samples at 125 ºC represent the tetragonal to cubic
transition upon heating, known as the Curie transition
point. The BT sample before the treatment is cubic at
room temperature as indicated by the XRD and DSC
results.

It is believed that this increase of tetragonality results
from the release of lattice strain. The presence of
hydroxyl groups could be easily detected by FTIR as
shown in Fig. 6. High-resolution solid-state proton
NMR spectra of the samples treated with DMF at
200 ºC for different times are shown in Fig. 7a. Two
sharp resonance peaks were distinguished at chemical
shift δ=5.8 ppm and 5.0 ppm. According to the reports
in the literature [72-74], the peak at 5.8 ppm is
attributed to the protons bonded to bridging oxygen
ions, i.e., lattice water; the peak at 5.0 ppm is attributed
to the protons bonded to the terminal oxygen ions, i.e.,

surface water. Deconvoluted information of the NMR
spectra is shown in Fig. 7b and 7c. The resonance
intensity of the surface water at 5.0 ppm was calculated
through the peak area ratio and found to be almost
constant. The resonance intensity of the lattice water at
5.8 ppm, which was normalized to the sample weight,
decreased with increasing treatment time at 200 ºC.
The calculated molar concentration of lattice hydroxyls
in the BaTiO3 particles also showed a decreasing trend
with longer treatment time.

Issues in Health, Safety, and Public Perception 

Although nanotechnology is in its infancy, some
researchers and activists are already raising the alarm
about the potential dangers of the materials. For
instance, the behavior of naturally- occurring nano-
particles is used as an illustration of what could happen
with synthetic nanoparticles. Asbestos is a naturally-
occurring inert mineral composed of magnesium silicon
oxide in a nanoscale fibrous form. It possesses excellent
physical/engineering properties for many useful appli-
cations, but when inhaled, it can cause lung disease. 

Though the risks of nanoparticles may ultimately
prove to be minor and avoidable, activists have begun
to organize movements against the science, (see, for
example, a recent alarming article in the Washington
Post [75]). Industry supporters point out that media
accounts often confuse facts with popular fiction such
as Michael Crichton's best-selling thriller “Prey” [4].
Though media reports are not peer reviewed, we
should recognize the power and impact of such articles.
How media perceive nanotechnology, right or wrong,
needs to be taken seriously by scientists. After all, most
of our research support comes from the generosity of
the public funding and is based on their perception of
the science mainly through mass media. 

Nanotechnology is stirring public anxiety and nascent
opposition inspired by best-selling thrillers that have
demonized the science. What is more, new studies
suggesting that not everything in those novels is
fantasy – for example, studies have shown that
nanoparticles can act as poisons in the environment and
accumulate in animal organs [76-78]. Some in
California are trying to block construction of a
nanotech factory, noting that no government agency
has developed safety rules for nano-products. Others
want a global moratorium on the field until the risks
are better understood [21, 75].

Now, realizing that public perception may be at a
turning point, the fledgling industry and government
agencies are taking a novel tack, funding sociologists,
philosophers and ethicists to study the public's distrust
of nano. The struggle for public trust will be challenging,
given the frightening tales that have been spun about
nano in recent years. In 2000, Bill Joy, co-founder of
the computer giant Sun Microsystems, wrote a chilling

Fig. 6. FTIR spectra of BaTiO3 samples treated in DMF at 200 ºC
for different time. Inset is the DSC results of the same samples.
The exothermic peaks at 125 ºC of treated samples correspond to
the tetragonal-cubic ferroelectric transformation. 

Fig. 7. (a) High resolution solid-state MAS 1H NMR spectra of
BaTiO3 samples after the DMF treatment at 200 ºC; (b) Ratio of 1H
NMR resonance of the lattice hydroxyls to the surface absorbed
hydroxyls (5.8 ppm/5.0 ppm); (c) the molar concentration of the
lattice hydroxyls in BaTiO3 samples after the DMF treatment for
different time.
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and widely read article warning that self-replicating
nanomachines could eventually overwhelm the human
race and digest the living world into a mass of “gray
goo” [79]. In Dan Brown's No. 1 best-selling novel,
“Angels & Demons” [80], the Catholic Church denounces
nanoscience as evil. These are indeed troubling thoughts,
though the physical possibility of the nanomachines
acting deadly remains a fictional matter. However, if
we do not address these health and safety issues in
nanoparticles now, nano-versions of the asbestos, diesel
soot and DDT debacles that are the legacy of the last
industrial revolution may be the results.

After all the wonderful things nanoparticles can do
for us, what are the effects of the nanoparticles on
human health? Scientists have known for years that
tiny particles such as soot or metal powders can, when
inhaled, cause lung disease, cancer and other ailments.
The laws of chemistry and physics work differently
when particles get down to the nanoscale. As a result,
even substances that are normally innocuous can
trigger intense chemical reactions. Gold, for example,
is a famously inert metal. But nanoparticles of gold are
extremely chemically reactive, with the potential to
disrupt biological pathways. Titanium dioxide, as another
example, is a generally nonreactive ceramic material
used in many products, including skin lotions and
house paints. Increasingly, however, it is being made in
the form of nano-size particles. Tests show that these
are highly reactive, generating chemically “hot” free
radicals that can literally burn up bacteria. That makes
some experts concerned about impacts on soil ecology
if the particles are released. Nanoparticles are reported
to produce enhanced levels of lung inflammation,
fibrosis, and tumor responses when compared with
fine-sized particles (size range >100 nm to 3 µm) of
similar or identical composition [76-78]. It is important
to note that the total lung toxicity database for compar-
ing the effects of ultrafine or nanoparticles versus fine-
sized particles consists primarily of studies on three
particle-types: titanium dioxide (TiO2), carbon black,
and diesel particles on rats [81-83]. 

Pulmonary toxicity studies in rats demonstrate that
lung exposures to ultrafine or nanoparticles produce
greater adverse inflammatory responses compared with
larger particles of identical composition at equivalent
mass concentrations. Surface properties (e.g., surface
area) and free radical generation by the interaction of
particles with cells appear to play important roles in
nanoparticle toxicity [76-78]. Contributing to these
effects is the very high size-specific deposition of
nanoparticles when inhaled as singlets rather than
aggregated particles [84]. Results from the limited
toxicological database have fostered the perception that
all nanoparticles are toxic [85]. As the results of newly-
generated nanoparticulate toxicity studies are reported
in the scientific literature, we will find the issue of
nanoparticle toxicity is more complicated than previously

thought. Few data exist regarding the health and
environmental effects of engineered nanoparticles, yet
some organizations and acitivists are calling for bans or
moratoriums on the research, development, and sale of
these materials. Foremost among those activists is
Mooney [86], who has called for a moratorium on
commercial production of nanomaterials until their
risks are better elucidated and regulations put in place.
He spearheaded much of the opposition to agricultural
biotechnology — opposition so successful that it made
biotech giant Monsanto Co.'s name synonymous with
“PR failure” and resulted in European restrictions on
imported crops that continue to cost the United States
hundreds of millions of dollars in lost trade every year.

Recent toxicity studies have demonstrated that high-
dose, intratracheally-instilled, single walled carbon
nanotubes in the lungs of rats may produce unusual
foreign-body tissue reactions [85]. Because there is a
paucity of health, safety, and environmental data on
nanomaterials, hazard studies need to be implemented
with a variety of nanoparticle types before any firm
conclusions can be derived about their potential risks.
Lam of Wyle Laboratories in Houston and his colleagues
[87] introduced three kinds of carbon nanotubes, after
washing, into the lungs of mice and examined them as
much as three months later. All three types caused lung
granulomas — abnormalities that interfere with oxygen
absorption and can progress to fatal lung disease.
Although each mouse got just one exposure, the lesions
got worse over time, with some progressing to tissue
death. On average the reactions were worse than those
in mice given equal amounts of quartz particles, which
toxicologists use as their “serious damage” standard.
The other study was led by David Warheit at DuPont
Co.'s Haskell Laboratory involving similar exposures
in rats [84]. Perhaps not surprisingly, 15 percent of the
animals getting the highest dose died from lung block-
ages within 24 hours and all the surviving rats develop-
ed granulomas, without the inflammatory responses
that usually accompany those lesions [85]. Shvedova et
al. [88] reported that unpurified carbon nanotubes
interfered with the free radical elimination mechanism
in cultured skin cells, allowing the cells to suffer
oxidative stress. What happens to nanoparticles months
and years after their release is currently unknown. Like
all factories, carbon nanotube facilities must submit
“material safety data sheets” describing the substances
they handle and assuring that appropriate measures are
in place. But the data sheets that nanotube factories are
filing to regulators are simply for graphite. The U.S.
Environmental Protection Agency is considering pro-
posals for what would be its first funded studies on the
potential impacts of nanoparticles on the environment.
The agency's request for proposals, published last year,
begins candidly, “There is a serious lack of information
about the human health and environmental implications
of manufactured nanomaterials” [75]. Studies of nano-
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technology's health and environmental impacts are
beginning to appear in peer-reviewed journals and
government and industry officials are nervous about
the public opinion solidifying long before then.
Therefore, the nanoparticle manufacturers should more
aggressively pursue research on the potential health
and environmental effects of these materials. If
the industry delays or fails to carry out the study, it
would only prolong the debate and increase the
destructive potential which is against the interest of the
industry.

Inhaled particles may not always stop at the lung.
Experiments by toxicologists Gunter Oberdöerster and
coworkers [78] at University of Rochester showed that
nanoparticles can make their way from a rat's throat
into its brains, apparently via the nasal cavities and
olfactory bulb. How nanoparticles interact with cells in
the brains is not known. Rats exposed to 13C-labeled
nanoparticles for six hours show an increase in 13C
concentration in parts of the brain. There is a persistent
increase in 13C in the olfactory bulb and some incon-
sistent evidence of increases in the cerebellum and
cerebrum. Nanoparticles deposited in the nasal region
of rats are translocated along the olfactory nerve to the
olfactory bulb. The results pose a number of questions
for further study of environmental exposure to nano-
materials. A number of issues are yet to be resolved:
the mechanism of neuronal uptake; how physical and
chemical properties of the particles affect transport;
how far the particles can penetrate the central nervous
system beyond the olfactory bulb; and the long-term
toxic effects of accumulation in the brain. 

As the properties of QDs can be improved or
modified for various applications by introducing an
adsorbed layer or a particle surface coating, they are
likely to play an important role in the toxicity testing
and corresponding safety assessments of nanoparticles.
Derfus et al. [89] showed QD toxicity of CdSe in
hepatocyte cells as a model for the liver. Surface
oxidation of CdSe QDs in air and under exposure to
UV light led to a dramatic decrease in cell viability.
The introduction of surface coatings on CdSe, by ZnS
capping layer with organic ligands followed by cross-
linking, reduced the oxidation and hence the cytotoxi-
city of the nanoparticles. Using a pulmonary bioassay
toxicity methodology, pigment-grade TiO2 particles with
different surface coatings/treatments, demonstrated that
one of the TiO2 particle surface coatings produced
increased pulmonary inflammation compared with the
other formulations containing different surface coatings
[90]. The presence, absence, or composition of surface
coatings may serve to complicate our perceptions
regarding the toxicity of nanoparticles. Few data exist
regarding the health risks of dermal or oral exposures
to nanomaterials. What is needed at this time is a
concerted effort to develop methodologies and protocols
concomitant with the implementation of hazard/toxicity

studies, as well as workplace exposure assessments, to
better ascertain the impact of nanomaterials on human
health.

Summary and Conclusions

Nanoparticles and nanomaterials represent an evolving
technology that has the potential to have an impact on
an incredibly wide number of industries and markets.
There are many novel properties and applications of
nanoparticles demonstrated; from catalysis, environmental
remediation, biomedical to information displays, and
electronics. What does the future hold for nanoparticles
and their manufacturers? The use of nanoparticles is set
to escalate and the market has the potential to increase
dramatically over the next ten years as more uses for
these materials are developed and commercialized. A
major impact will be in the medical and pharmaceutical
markets as new treatments relying on nanoparticles
obtain licenses for use. However, there are many other
applications where the time-to-market is considerably
less than for the pharmaceutical and medical sector,
particularly for consumer goods. But there are still
many challenges facing nanomaterials producers that
need to be overcome before this potential can be fully
realized, including:

• How to produce materials in volume production at
viable prices – many current techniques cannot scale –
up sufficiently to produce the cost reductions required
to target volume markets.

• Consistency and reliability in volume production –
tolerances on size and composition can be achieved
reliably for simple compounds such as binary oxides and
for more complex materials in small batch production.

• Health, safety, and environment – the profile of
nanotechnology has increased in recent months, with
a focus on the potential long-term effects of nano-
particles and, more immediately, of nanoparticles on
humans and the environment.
We need to assess the risks of nanoparticles on the

environment and to occupational exposure, as well as
the usefulness of nanoparticles and quantum dots in
biomedicine. Some of the concerns expressed in the
media, by environmentalist groups, and by some scientists
may trigger anxiety leading to anti-nanotechnology. We
need to understand the information on the emotional
reactions and feelings that nanotechnology risks are as
important as – or perhaps more important than – the
mere collection of scientific data about the potential
hazards of nanomaterials. The failure to understand or
acknowledge how the lay public perceive, assess and
make decisions about risk may hamper the trajectory of
nanotechnology as public policies and business
practices are adopted. Perceived risks are real and may
very well constitute the tipping point that will decide
whether nanotech succeeds.
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