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Not everybody  
lives upstream 
Nanoparticles  
from products  
make their  
way into waste  
treatment facilities.  
Some treated solids  
are used in agriculture;  
residues drain into  
surface waters. Water  
treatment plants cannot  
remove nanoparticles when  
they draw water supplies  
from rivers and lakes.

Washing clothes would seem among the more mundane  
things we do as humans. Unless you’re Paul Westerhoff.

An environmental engineer at Arizona State University, 
Westerhoff is interested in laundered socks. Not just any socks, 
though. He’s taking a close look at antimicrobial-impregnated socks.  
The manufacturer’s claim is that the socks eliminate odor with the 
help of nanotechnology. The socks contain silver nanoparticles.  
They are just one of thousands of products that take advantage of 
today’s nanotechnology movement in which matter is manipulated  
to way below microscopic scales.

Nano means one-billionth. So, one nanometer is equal to one-  
billionth of a meter. A single water molecule is one nanometer  
in size. A human hair is 100,000 nanometers wide. Yes, nano means  
extremely small.

The socks also are just one of the commercial products Westerhoff  
is studying. Nano zinc, nano aluminum, nano titanium dioxide,  
and nano silver are just some of the new materials on the market. 
They are used to make more efficient, lighter-weight,  more durable,  
and increasingly functional products. However, reducing the size  
of these materials comes with a consequence. Doing so changes the 
electrical and chemical properties of the materials. Their behavior  
with other chemicals and organisms  becomes unpredictable.

Back to the socks. Westerhoff wants to know just how many 
silver nanoparticles are released into wash water and then into 
the wastewater treatment systems. After all, treated wastewater 
serves as drinking water during times of severe drought. It is 
discharged into rivers, reaching people in communities who live 
“downstream.” Westerhoff wants to understand the nano silver’s 
entire lifecycle — and that of the myriad other nanomaterials that 
are emerging weekly.

 “My research focuses on understanding a new technology 
and its environmental consequence,” explains Westerhoff.  
He’s one of the world’s leading researchers studying the behavior,  
fate and transport of commercial nanoparticles in drinking water | 
and wastewater treatment facilities.  His prestigious 2006  
Paul L. Busch award from the Water Environment Research 
Foundation also allows Westerhoff to study the toxicity effects 
of nanomaterials in aquatic systems and on human cells.

For example, what happens if nano silver escapes from the 
socks during washing? What happens to it at the wastewater  
treatment plant? “If the wastewater facility can’t effectively 
remove all the nanoparticles, where do they go?” Westerhoff asks.  
“And if the manipulated silver atoms escape into streams and 
eventually into drinking water, what happens to aquatic systems 
and humans who ingest them?”

A team of scientists and engineers are working to find the answers.  
Westerhoff works in tandem with ASU researchers Yongsheng Chen,  
David Capco, John Crittenden, Bruce Rittmann, Terry Alford, 
Pierre Herckes, and a group of graduate research assistants.

Again, back to the socks. Studies at ASU revealed that silver  
particles do indeed get carried away in the wash water. To find out  
how much, the researchers dissolved the socks in acid. The remaining  
quantities of nano silver were recorded.  “The quantity ranged  
from zero nano silver particles to 31 milligrams per sock,” says  
Westerhoff. “It’s not a pile of silver, but that is a lot for one sock.”  
Silver is extremely toxic to fish and other aquatic organisms.

Next, the researchers used new sets of socks during successive 
washing cycles. They then measured the wash water for traces of  
nano silver.“You start with a lot of nano silver in your sock. But when  
you put it in water, you get two different things,” Westerhoff 
explains. Half of the nano silver is unchanged. The other half 
dissolves in water. It becomes a silver ion, also dangerous to the 
environment, but without nanomaterial properties. Developing 
analytical detection schemes to differentiate ionic from nano 
silver is now one of Westerhoff ’s research goals.

In the final test phase, the wash water was exposed to experi-
mental vessels that simulated a wastewater treatment plant. 
“The more bacteria that exists in the wastewater plant, the more 
the nano silver seems to stick to it, and the less that remains  
in the solution,” says Westerhoff. “We learned that silver nano-
materials do interact with wastewater biomaterial.”

Nanomaterials that latch on to this naturally occurring waste-
water biomaterial turn into solids. They are called biosolids.

Identifying those types of reactions is just one part of the nano 
puzzle. Westerhoff wants to understand which nanomaterials  
are being transported into the environment as biosolids. Typically, 
they are applied as fertilizers for non-food crops. He also wants 
to know which are entering lakes and streams in the form  
of liquid eff luent discharge originating from the treatment plants.

Westerhoff ’s ASU team conducted a study with the U.S. 
Geological Survey. They analyzed wastewater eff luent from sites 
in Arizona, California, Colorado, Iowa, and New York.

I t ’s  t rue!  Nanomater ia l s  a re  in  o r  on  the  sur face  o f  thousands  o f  the  products  you use  every  day.  

They are part of toothpaste,stain-resistant clothing, age-defying facial  cream, sunscreens,  

computer monitor displays, antimicrobial  refr igerator shelves, plast ic water bott les,  

and more. ASU researchers want to know if  these  

microscopic materials are also making their  way  

into the environment, dr inking water  

and, ult imately, your body.   

by Melissa Crytzer Fry
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Does danger lurk below?   Lakes and rivers can appear calm and serene on the surface. But they are 

also the site of a deadly underwater game. The daily struggle for survival is never ending. Aquatic 

organisms will eat or be eaten.   •   The food web binds these aquatic creatures together. That web is 

a topic that interests ASU civil and environmental engineer Yongsheng Chen. He works on the frontier 

of nanotechnology’s environmental implications.   •   Chen has led two EPA-funded projects. The goal 

of one project was to evaluate the interaction between aquatic organisms and nanomaterials, and 

to determine the resulting impact on the food web. “Nanomaterials don’t degrade. As a result, they 

can be absorbed or ingested by low-level organisms, and then transferred to larger organisms,” Chen 

explains. This process of pollutant retention is called bioaccumulation. For example, contaminated 

algae are eaten by daphnia, a tiny aquatic organism. The daphnia is eaten by fish. The fish are eaten 

by humans.   •   “We are only at the first stage. We are investigating each organism,” Chen says.  

“We have proven that nanomaterials can be bioaccumulated through algae. Eventually we will want 

to use the bioaccumulated algae to feed the daphnia. Then we will use bioaccumulated daphnia  

to feed the fish.  The scientists want to know if the bioaccumulation factors increase or decrease.“  

If they increase, that means the nanoparticles can be bioaccumulated through the food chain,” Chen 

adds.  •  Chen works in collaboration with ASU researchers Yung Chang, Qiang Hu, and John Crittenden,  

and with other scientists from Nankai University in China. The researchers expose each organism  

to water that contains nanomaterials. They then microscopically evaluate each organism.   •   In one 

study, they exposed carp to a solution containing arsenic and nano titanium dioxide. After a few days, 

the scientists tested the fish for arsenic concentration. To do that they analyzed fish skin, gills, liver 

and gut. “We found that the fish had a 160 percent higher level of arsenic in their systems than fish 

exposed to arsenic alone,” Chen says.   •   This means that nanoparticles can enhance toxic pollutants  

in aquatic systems. Chen found the same results using nanoscale cadmium. “Arsenic or cadmium 

concentrations in the water are usually very low,” he continues. ”But if you have nanoparticles there 

as well, twice as many pollutants are bioaccumuluated.”  •  Whether or not these types of interactions 

will impact food webs remains to be seen. The impact on humans is also unknown. “We need to  

have enough evidence and data to evaluate if nanoparticles are toxic to human beings,” says Chen.  

He hopes his work is leading researchers one step closer to the answer.   Melissa Crytzer Fry

In search of nanoparticles   Nanomaterials are present  

in more products than most people realize. Paint might contain 

nanoscale titanium dioxide. Fullerenes are found in revitalizing 

night creams. Sunscreen contains zinc oxide. There is nano 

aluminum in cosmetics and nano silver in bandages. The use  

of these and other nanomaterials increases daily. In 2005, 

nanotechnology reportedly was incorporated into more  

than $30 million worth of manufactured goods. By 2014,  

Lux Research estimates that $2.6 trillion will be devoted to 

manufactured nano goods. These are just a few items that 

contain the ultra-tiny materials:

Specifically, they looked for fullerenes. Fullerenes  
are carbon-based nanomaterials. Because they are not yet widely 
used, only small quantities were detected. However, titanium 
dioxide was detected in the biosolid. The substance is already used in  
paint, correction f luid, plastic, cheese, toothpaste, chocolate, 
orange juice and other products.

Biosolids don’t f low into rivers and streams. But they can 
pose another threat. “Biosolids get into the environment in 
a much different way than if they are in a liquid discharge,” 
Westerhoff explains. Biosolids are often applied on fields as 
aerosol sprays. The wind can easily pick them up, or rain may 
wash them into rivers and streams. Humans and animals in close 
proximity can then be exposed.

The ASU researchers want to know exactly how much nano 
titanium dioxide is in the biosolids they’ve collected. They use 
lots of methods to find out. “We burn off the biosolid cells 
and see how much titanium’s left,” Westerhoff says. “Or we  
add chemical oxidants that turn all that organic matter into 
carbon dioxide. Then we see what’s left.”

Westerhoff thinks it will be years before large quantities of 
nanomaterials are seen in wastewater treatment plants. “But we do  
see nano titanium as a sentinel,” he says. Its fate today may predict  
where future high-use nanoparticles end up tomorrow. “We have  
to understand, before these nanomaterials are there, if they’re 
likely to be there.”

Armed with such knowledge, the ASU scientists think they 
can provide information that will help support regulations and 
engineering systems to remove nanoparticles, if needed.

Westerhoff is not against the use of these materials. He doesn’t  
deny the positive impact nanotechnology will have on the future, 
either. “There are a lot of beneficial uses for nanotechnology,” 

he says. Using nanotechnology as part of targeted drug delivery 
for the treatment of chronic disease is already working well. He 
says that products with water-repellant, self-cleaning, and anti-
fog capabilities will become a reality. So will stronger, lighter car 
parts, and smaller, more efficient computers.

But there is a need for caution.
“We have to weigh the benefits versus the risk. Decades 

ago, no one really considered the consequences of pesticides  
or pharmaceuticals in the environment. We are dealing with 
those problems today.” He thinks that similar mistakes can be 
avoided altogether. “We are at the beginning of a new technology  
revolution,” he says. “The government is investing money to 
understand the consequences.”

So what does the nano revolution mean to humans? Does it 
mean you have to stop eating your chocolate or give up your 
lightweight sporting equipment?

Not according to Westerhoff. The quantity of nanomaterials 
currently entering the environment is negligible. New systems 
can be engineered to remove nanomaterials from wastewater.

“There’s no evidence that these things are going to kill people. 
Right now, the whole area of nano development is at its infancy,”  
explains Westerhoff. What his research does point to is a need 
for continued surveillance.

“It makes sense to be cautious,” he adds. “If we spend the 
money to understand the engineered nanomaterials, and be sure 
that there’s not a mistake — there’s not a new DDT or an asbestos 
produced to lurk among us — that would be really, really good.”

NANOPARTICLE RESEARCH AT ASU  IS SUPPORTED BY THE U.S. ENVIRONMENTAL PROTECTION AGENCY. 

FOR MORE INFORMATION, CONTACT PAUL WESTERHOFF, PH.D., CIVIL & ENVIRONMENTAL ENGINEERING, 

480.965.2885; YONGSHENG CHEN, PH.D., 480.965.3272; OR DAVID CAPCO, PH.D., 480.965-7011.  

SEND E-MAIL TO P.WESTERHOFF@ASU.EDU; YONGSHENG.CHEN@ASU.EDU; OR DCAPCO@ASU.EDU

Nanomaterials and Humans: Deadly  

Interactions?   Are nanomaterials really a big deal 

to humans? That’s what ASU life sciences professor 

David Capco and his graduate research assistant 

Brian Koeneman want to know. Capco and  

Koeneman work with ASU environmental  

engineer Paul Westerhoff. They all want to better  

understand the toxicity of nanomaterials in 

humans. As a first step, the researchers developed  

a filter membrane system that mimics the small 

intestine. The scientists add titanium dioxide 

nanoparticles into the top chamber of the cell 

culture system. Once inside the system, the 

nanoparticles come in contact with a layer of 

intestinal cells—much like they would if a person 

ingested nanomaterials in water. The bottom 

chamber of the model represents where the body’s 

bloodstream would be located. It also mimics a 

supportive cell tissue called the extracellular matrix. 

Using the chamber, the ASU team can precisely 

measure how many nanoparticles penetrate the 

epithelial cell lining and how many could enter 

the blood. The studies have revealed that the 

titanium is actually passing through the cell lining 

and into the bloodstream at rates of two to 14 

percent. “The cell did seem to stop a majority of 

the particles,” explains Koeneman. But at what 

level are titanium nanoparticles toxic to the 

human body? The scientists first had to know what 

to look for to determine if something is toxic or 

not. “We increased the nanoparticle concentration 

to a higher level than you would probably ingest,” 

Koeneman adds. “We needed to 

know what types of responses we 

should be looking for.” They found 

increased amounts of calcium  

in the cells and a shortening of the 

intestine’s hair-like structures, known 

as villi. These structures increase the 

surface area of the intestine and allow  

for absorption of nutrients. “When 

the villi are decreased, the area of 

the cell is decreased. This means the 

body’s ability to absorb nutrients 

is affected,” Koeneman says. Even 

though the titanium did not kill the 

cells, the researchers wanted to see  

if any other effects were occurring.  

They used a powerful electron 

microscope to study the gaps between  

the cells. These gaps are called junc-

tional complexes. The gaps illustrate 

how tight the intestinal membrane 

is sealed. “The lining leaks as it is 

degraded. More nanomaterials make 

it through,” says Westerhoff. The 

ASU team found that prolonged 

exposure to nanoparticles does 

appear to degrade the cell lining. 

The scientists also recorded a toxic 

response with the study of quantum 

dots. Quantum dots are human-built 

nanostructures. They are being devel-

oped as a method for targeted drug 

delivery within the human body. “The 

metal cadmium-core quantum dots 

killed the cells,” says Koeneman. Just 

one milligram of quantum dot nano-

material, when introduced to one 

liter of water, resulted in cell death. 

“We now have a better under-

standing of the effects nanoparticles 

have on human cells,” says Capco. 

“We can start to investigate newly 

designed nanomaterials with our 

novel method.” The resulting speed 

and cost savings will allow scientists 

to conduct toxicity studies that can 

keep up with the development of 

new nanomaterials. “We also need 

to continue educating the public,” 

Koeneman adds. “We need to make 

sure there is no backlash that shuts 

down future valuable nanotechnology 

research.”  Melissa Crytzer Fry

Antibacterial kitchenware

Antimicrobial countertops

Bicycle parts

Canola oil

Car paint finishes

Chocolate

Cleaning agents

Clear plastics

Food storage bags

Gloves

Mosquito repellent sprays

Muscle pain relief cream

Stain- and  

static-resistant clothing

Tennis rackets

Vitamin supplements

Wite-Out®

For a list of products that advertise  

nanomaterials in their ingredients/contents,  

visit www.nanotechproject.org 

Other sites of interest include  

www.nano.gov, www.fda.gov/nanotechnology 

and  

nnin.org/nnin_nanoproducts.html 

We  h a v e  t o  w e i g h  t h e  b e n e f i t s   

v e r s u s  t h e  r i s k .  D e c a d e s  a g o ,  n o  o n e   

re a l l y  c o n s i d e re d  t h e  c o n s e q u e n c e s   

o f  p e s t i c i d e s  o r  p h a r m a c e u t i c a l s  i n  t h e  e n v i ro n m e n t .  [ PA U L  W E S T E R H O F F ]

Daphnia,  
a tiny aquatic grazer.

Micrograph of  
a titanium oxide 
nanoparticle,
approximately 
2 nanometers wide.
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