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rivate and public research efforts

worldwide are developing nanoprod-

ucts aimed at improving health care and

advancing medical research. Some of these

products have entered the marketplace,

more are on the verge of

doing so, and others

remain more a vision that

a reality. The potential for

these innovations is enor-

mous, but questions

remain about their long-

term safety and the

risk–benefit characteris-

tics of their usage. 

Since 2000, when for-

mer President Bill Clinton

announced the founding

of the U.S. National Nan-

otechnology Initiative

(NNI), governments in

Europe, Japan, and other

Asian nations have

responded with competi-

tive investments in nation-

al nanoprograms. The

European Commission, a

body of the European

Union (EU) that funds

about 24% of the publicly

financed research in the

EU, and the Union’s 15 member nations

will spend about $180 million (200 million

euros) on nanotechnology in 2002. The

NNI budget for fiscal year (FY) 2002 is

$604 million, including $40.8 million for

the National Institutes of Health (NIH). For

FY 2003, proposed budgets amount to

$710.2 million in the United States and

between $270 and $315 million in the EU.

Definitions of nanotechnology are as

diverse as the applications that are avail-

able. Rolf Allenspach, who leads research

on the physics of nanoscale systems at the

IBM Zurich Research Laboratory in Switzer-

land, defines nanotechnology as “the abili-

ty to design and control the structure of an

object at all length scales from the atom up

to macro scale.” George Robillard, director

of the Biological Materials and Devices

(BIOMADE) research center at the Univer-

sity of Groningen in The Netherlands, has a

more focused definition: “The core of nan-

otechnology consists of systems in the size

range of nanometers,” he says. “You could

say a drug-delivery system is nanotechnolo-

gy. We are concerned with the organization

of molecules in larger functional complex-

es, for example a complex that can deliver a

protein to a certain site in the body.” 

Biomedical nanotechnology
Three applications of nanotechnology

are particularly suited to biomedicine: diag-

nostic techniques, drugs, and prostheses

and implants. Interest is booming in bio-

medical applications for use outside the

body, such as diagnostic sensors and “lab-

on-a-chip” techniques, which are suitable

for analyzing blood and other samples, and

for inclusion in analytical instruments for

R&D on new drugs. For inside the body,

many companies are developing nanotech-

nology applications for anticancer drugs,

implanted insulin pumps, and gene thera-

py. Other researchers are working on pros-

theses and implants that include nano-

structured materials.

The U.S. government’s research agenda

for nanomedical applica-

tions was defined in June

2000 at a conference orga-

nized by NIH’s Bioengi-

neering Consortium, at

which about 600 scientists,

physicians, and engineers

identified eight topics for

research in the coming

years: 

• Synthesis and use of

nanostructures.

• Applications of nanotech-

nology in therapy.

• Biomimetic nanostruc-

tures, which are synthetic

products developed from

an understanding of bio-

logical systems.

• Biological nanostruc-

tures.

• The electronic–biological

interface.

• Devices for early detec-

tion of disease.

• Instruments for studying

individual molecules.

• Nanotechnology for tissue engineering.

In Europe, public research funding and

networking for nanotechnology in industry

tend to be more focused on applications

with a time-to-market of 5 to 10 years. The

international Network for Biomedical

Applications of Micro & Nano Technolo-

gies (NANOMED), based in Newcastle

upon Tyne (U.K.), has brought together 50

industrial and academic partners to devel-

op biomedical applications of nanotechnol-

ogy. In Germany, the Nanochem network,

based at the University of Kaiserslautern, is

organized in a similar public–private fash-

ion and includes medical applications of

nanotechnology. Germany has had by far

the highest budget for nanotechnology

research in Europe for several years; in
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Figure 1. The artificial red blood cell, or “respirocyte,” proposed here,

is a blood-borne, spherical, 1-µm-diam pressure vessel with active

pumping; an onboard, remotely reprogrammable nanocomputer; and

chemical and pressure sensors.s
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2000, funding was at a level

of $56.7 million.

The U.S. government prefers financ-

ing more fundamental research and leaves

applications to industry. The United States

also has a strong emphasis on nanotechnol-

ogy solutions for defense against biological

and chemical warfare and terrorism. Since

the attacks of last September 11, this effort

has received even greater attention, with a

new R&D focus on using nanotechnology

for chemical/biological/radioactive/explo-

sive detection and protection. Other areas

of investigation include single-molecule

detection and manipulation. NIH and the

National Cancer Institute support the

development of biomolecular sensors that

can be implanted in the body to monitor

and manipulate molecular processes.

Diagnostics
The Defense Advanced Research Projects

Agency (DARPA) sponsors a project in

which BIOMADE participates. “This project

is about a biosensor to identify bacteriologi-

cal infections in biowarfare,” Robillard

explains. “The American army wants to

integrate a wearable biosensor in clothing.

A soldier should be able to see within 20

minutes if he has been in contact with

anthrax.” (See The Industrial Physicist, Feb-

ruary 2001, pp. 26–29.) The sensor can

also identify other bacteria. “Our technolo-

gy is general, not specified for any one dis-

ease-causing agent,” Robillard says. “The

principle is precise current measurement

on a robust substrate. We are working on

ion channels [which serve as entranceways

into cells]. We collaborate with three uni-

versities in the United States: the University

of Illinois at Urbana–Champaign, Rush

Medical College in Chicago, and the Uni-

versity of Arkansas. What DARPA funds is

fundamental research. We hope to have

proof of principle in three years.”

Other sensors for biomedical applica-

tions are closer to the market, according to

a recent U.K. Foresight study that discussed

the development and market entrance of

applications including nanotechnologies. It

list-

ed the fol-

lowing applications

as being close to or on the market:

• Sensors for medical and environmental

monitoring and for preparing pure chem-

icals and pharmaceuticals.

• Light and strong materials for defense,

aerospace, automotive, and medical

applications.

• Lab-on-a-chip diagnostic techniques.

• Sunscreens with ultraviolet-light absorb-

ing nanoparticles.

The report also said the following appli-

cations are expected in the next decade:

• Longer-lasting medical implants.

• The capability to map an individual’s

entire genetic code almost instantaneously. 

• The ability to extend life by 50% from

present expectations.

The Micro Electronics Material Engineer-

ing Sensors and Actuators (MESA+) research

institute at the University of Twente

(Enschede, The Netherlands) is engaged in

high-throughput screening (HTS) research

for Avantium in Amsterdam, an R&D com-

pany founded in 2000 by a consortium of

chemical and pharmaceutical companies,

venture capitalists, and three Dutch universi-

ties. Avantium aims to develop new strate-

gies and equipment for screening active com-

pounds for pharmaceuticals and other

products. “We do the long-term research on

the lab-on-a-chip systems,” says Kees Eijkel,

commercial manager of MESA+. “HTS is

massive, fast, repetitive manufacturing or

analyzing. If you want to do it fast, you need

a small device. If you need to repeat a process

step many times, you have to use laminar

flows of liquids and plugs. This leads to lab-

on-a-chip concepts. The scientific develop-

ment in this field is magnificent.” 

In a lab-on-a-chip, minuscule amounts of

liquids or gases are mixed in small channels,

where they react. The reaction product is ana-

lyzed on the spot. One example is the field-

effect flow-switching device

(FLOWFET) invented by Albert

van den Berg and his co-workers

at MESA+. They control the elec-

tro-osmotic movement of small

amounts of liquid in channels with a perpen-

dicular electric field of 1.5 × 106 V/cm. The

channels are 100 µm wide and 25 µm high.

“A FLOWFET pumps liquid without fuss in

controlled amounts,” Eijkel explains. “That is

an essential property in a network.” There are

more concepts for controlling the movement

of a liquid through a small channel.

Researchers are experimenting with princi-

ples such as peristaltic movement, electric

fields, and the inclusion of inert magnetic

particles in the liquid. The MESA+

researchers have a longer time horizon than

the British participants in the Foresight study.

Still, they don’t engage in curiosity-driven

fundamental research. “In the end, you will

have to produce it commercially,” Eijkel says.

Nanodrugs
Pharmaceutical companies do not expect

nanostructured materials to become new

drug compounds. However, carbon bucky-

balls and nanotubes might be useful as

drug delivery vehicles because their nanome-

ter size enables them to move easily inside

the body. The active compound might be

inserted in a nanotube or bonded to a parti-

cle’s surface. Other types of nanopowders

or biomolecules are also useful and are clos-

er to the marketplace. In April 2002, Ameri-

can Pharmaceutical Partners (Los Angeles)

presented results from an early human trial

of ABI-007, a new nanoparticle delivery sys-

tem for an established anticancer drug. ABI-

007 is 130 nm long and consists of an engi-

neered protein-stabilized nanoparticle that

contains paclitaxel, which is used to treat

breast, bladder, and more than a dozen

other cancers. Such new delivery systems

combine a drug with an artificial vector that

can enter the body and move in it like a

virus. If more advanced clinical tests are

successful, ABI-007 is likely to enter the

Figure 2. A bioengineered cell rover swims through the human body in this

artist’s impression, performing drug delivery, waste removal, and

cellular repair. It has an internal frame, skin panels,

internal organelles, a propulsion scheme, and a

control system. 

Artist and designer: Forrest Bishop,

Interworld Productions
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market in a few years.

Cosmetics based on

quantum dots are

already sold in large

quantities. Nanophase

Technologies Corp.

(Romeoville, IL) pro-

duces nanocrystalline

materials such as zinc

oxide for use in sun-

screens and other products. Richard Siegel

started the company in 1989 as a spin-off

from his research at Argonne National Labo-

ratory. Nanophase’s European competitors

include Oxonica (Oxford, England), which

started in August 1999 as a spin-off from the

University of Oxford. “We make particles

between 3 and 200 nm for different purpos-

es,” says scientific director Peter Dobson.

“We apply one type of particle in sunscreens.

Our particles are protective and cause mini-

mal damage to DNA in sunlight. That used

to be a problem with earlier-generation sun-

screens based on nanoparticles. We also

manufacture quantum dots between 3 and

5 nm, suitable for binding specific biomole-

cules. The quantum dots are luminescent

particles, more stable than the organic dies

used today. And they are nontoxic.”

Prostheses and implants
Nanotechnology also has applications in

tissue engineering. How can you help a per-

son who needs new bones, teeth, or other

tissues? In The Netherlands, dentistry pro-

fessor John Jansen of the Catholic Universi-

ty of Nijmegen is developing new biomed-

ical materials for such applications using

tailor-made materials from MESA+: “We

want to replace damaged or missing tissue

by a similar equivalent material,” he says. 

Jansen ranks biological and biomimetic

nanostructures according to the time to mar-

ket. He believes that techniques based on

biological nanostructures are feasible.

Researchers put a biological material in a

mold—a straitjacket, as it were—which

forces it to assume the shape of a body part,

such as a hipbone. Biomimetic nanostruc-

tures start with a predefined nanochemical or

physical structure. A nanochemical structure

may be an array of large reactive molecules

attached to a surface, while a nanophysical

structure may be a small crystal. Researchers

hope that by using these nanostructures as

seed molecules or crystals, a material will

keep growing by itself. Other groups want to

apply nanostructured materials in artificial

sensory organs such as an electronic eye, ear,

or nerve. Both feats are far off.

Potential risks
Nanotechnology applications have not

been marketed long enough for claims to be

corroborated about risks to human health or

the environment. Still, small nanoparticles

can enter the human body through pores

and may accumulate in cells. The health

effects of such nanoparticles are unknown.

Historical experience with unintended con-

sequences of technologies, such as drug

resistance to antibiotics or the persistence of

chemicals such as DDT in the environment,

teaches us to take precautions.

Debra Rolison of the Naval Research Lab-

oratory (Washington, DC) points out that

viruses are already nanobiotechnological

objects and that humankind’s history with

viruses reinforces the need for continuous

monitoring of the potential effects of newly

designed and fabricated nanomaterials. A

European Commission–National Science

Foundation workshop held early this year

discussed the societal aspects of nanotech-

nology. Participants concluded, “Nano-

biotechnology could dramatically improve

public health, but there is concern that tech-

nical developments could cause unforeseen

adverse effects. Studies are needed to deter-

mine what environmental and health risks

are associated with

nanomaterials.” 

Medical nano-

technologies are

entering industrial

production, mainly

for diagnostics,

drugs, and therapies.

In the longer term,

nanotechno logy

may help improve implants and even let

blind people see. Nonetheless, governments

must stimulate scientists to monitor possible

health risks of nanoparticles that may accu-

mulate in the body. 
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Figure 3. A nanorobot-

ic device, called a

microbivore, which

eradicates blood-borne

pathogens by digest-

ing them in a similar

manner to natural

scavenger cells, as

conceived by Robert A.

Freitas Jr., in www.

nanomedicine.com.
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