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Chapter  10

10.1. CHAPTER OBJECTIVES

Bionanotechnology has the opportunity to exert 
a dominant impact on nanotechnology products 
that are to be developed in the coming decades. 
This is in no small part due to the compelling 
advances in nanomedicine. This chapter presents 
a comprehensive review that would form the basis 

of a monograph on bionanotechnology. A judicious 
choice has been made in this chapter to identify 
areas of bionanotechnology that span a wide 
range of technological tools and form a basis for 
the evolving art. Following the historical back-
ground, the focus is on biosensors, drug delivery 
and nanomedicine, biotechnology templates for 
electronic device architecture, and biosynthesis 
of nanoparticles.
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ABSTRACT

Bionanotechnology is multidisciplinary knowledge gained at the intersection of biology and nanotech-
nology. Certainly, biology operates in the nanoscale regime, using natural processes that occur in the 
nanoscale, by convention, under 100 nm in dimension. Therefore, bionanotechnology relates to those 
subtopics in the biological life sciences that exploit the analytical and experimental tools of nanotechnol-
ogy. This chapter makes no pretense of acting as a comprehensive treatise, but rather selects a mix of 
timely topics that span over a wide set of tools and applications. It is addressed to practitioners, research-
ers, faculty, and university/college students within the field of bioengineering/biomedical engineering; 
it is also addressed to other closely-related governmental, non-governmental, and industrial entities.
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10.2. INTRODUCTION

Innovations at the intersection of engineering, 
biotechnology, medicine, physical sciences and 
information technology are spurring new direc-
tions in research, education, commercialization 
and technology transfer. It is at this intersection 
where nanotechnology operates. Anticipating a 
robust market, there is enormous excitement and 
expectation surrounding this multidisciplinary 
phenomenon. In fact, the future of nanotechnology 
is likely to continue along this path, as significant 
technologic advances across multiple scientific 
disciplines will continue to be proposed, validated, 
patented and commercialized.

One of the greatest impacts of nanotechnology 
is taking place in the context of biology, biotech-
nology and medicine. This arena of nanotechnol-
ogy is generally referred to as bionanotechnology, 
with an evolving emphasis on nanomedicine.

Commercial bionanotechnology, although at 
a nascent stage of development, is already a real-
ity. However, most agree that its full potential is 
years or decades away. Obviously, development 
is progressing more rapidly in certain sectors; 
the most active areas of product development are 
drug delivery, nanoelectronics, nanocoatings, and 
in vivo imaging.

10.3. DEFINITION OF 
BIONANOTECHNOLOGY

10.3.1. What is Nanotechnology 
and Nanomedicine?

Although the term “nanotechnology” is very 
much in vogue, defining it is not simple. A nano-
meter (Greek, nanos, dwarf) is one billionth of a 
meter, or 1/75,000th the size of a human hair. An 
atom is about one third of a nanometer in width. 
Nanotechnology is not a well-defined field, but 
encompasses many technical and scientific fields 
such as medicine, chemistry, physics, engineer-

ing, biology, etc. One can view it as an umbrella 
term used to define the products, processes and 
properties at the nano/micro scale.

One of the major problems regulators and 
lawyers face regarding nanotechnology is the 
confusion and disagreement about its definition 
(Bawa 2007a-b; Bawa, 2011). There are numer-
ous definitions of nanotechnology. One often 
used – yet sometimes troublesome – definition of 
nanotechnology was proposed by the US National 
Nanotechnology Initiative (NNI) – a federal R&D 
program established by the U.S. government to 
coordinate the efforts of government agencies 
involved in nanotechnology. It simply limits 
nanotechnology to “… about 1 to 100 nanometers 
…” (NNI, 2011). Various government agencies, 
including the Food and Drug Administration 
(FDA) and the Patent and Trademark Office (PTO) 
continue to use this vague definition based on a 
sub-100 nm size. Although the FDA is part of 
the NNI and had participated in the development 
of this narrow definition, it has yet to officially 
adopt the NNI’s definition for its own regulatory 
purposes, or establish a “formal” definition.

The NNI nanotechnology definition presents 
numerous difficulties. For example, although 
the sub-100 nm size range may be important to 
a nanophotonic company (e.g., a quantum dot’s 
size dictates the color of light emitted therefrom), 
this size limitation is not critical to a drug com-
pany from a formulation, delivery or efficacy 
perspective because the desired property (e.g., 
improved bioavailability, reduced toxicity, lower 
dose, enhanced solubility, etc.) may be achieved 
in a size range greater than 100 nm. Moreover, 
this NNI definition excludes numerous devices 
and materials of micrometer dimensions (or of 
dimensions less than 1 nanometer), a scale that is 
included within the definition of nanotechnology 
by many nanoscientists. Therefore, experts have 
cautioned against an overly rigid definition, such 
as this, based on a sub-100 nm size, emphasizing 
instead the continuum of scale from the “nano” 
to “micro”.
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Add to this confusion the fact that nanotechnol-
ogy is nothing new. For example, nanoscale carbon 
particles – “high-tech soot nanoparticles” – have 
been used as a reinforcing additive in tires for 
over a century. Another example is that of protein 
vaccines – they squarely fall within the definition 
of nanotechnology. In fact, many biomolecules 
are in the nanoscale. Peptides are similar in size 
to quantum dots and some viruses are in the size 
range of nanoparticles. Hence, most of molecular 
medicine and biotechnology can be classified as 
nanotechnology.

Technically speaking, biologists have been 
studying all these nanoscale biomolecules long 
before the term “nanotechnology” became fash-
ionable. Even though the National Institutes of 
Health (NIH) concurs that while much of biology 
is grounded in nanoscale phenomena, it has not 
reclassified most of its basic research portfolio 
as nanotechnology.

In light of this confusion, the following defi-
nition of nanotechnology, unconstrained by an 
arbitrary size limitation, has been developed by 
Bawa et al. (2005):

The design, characterization, production, and 
application of structures, devices, and systems 
by controlled manipulation of size and shape 
at the nanometer scale (atomic, molecular, and 
macromolecular scale) that produces structures, 
devices, and systems with at least one novel/
superior characteristic or property.

Naturally, disagreements over the definition 
of nanotechnology carry over to the definition 
of nanomedicine. At present, there is no uniform, 
internationally accepted definition for nanomedi-
cine either. One definition, not constrained by 
size, yet correctly emphasizing that controlled 
manipulation at the nanoscale results in medical 
improvements and/or significant medical changes, 
comes from the European Science Foundation 
(EMRAC, 2004):

…the science and technology of diagnosing, 
treating and preventing disease and traumatic 
injury, of relieving pain, and of preserving and 
improving human health, using molecular tools 
and molecular knowledge of the human body.

Hence, the size limitation imposed in NNI’s 
definition should be discounted, especially when 
discussing nanopharmaceuticals or nanomedicine. 
The phrase “small technology” may be more 
appropriate in this context as it more accurately 
encompasses both nanotechnologies and mi-
crotechnologies. An internationally acceptable 
definition and nomenclature of nanotechnology 
should be promptly developed.

10.4. HISTORICAL BACKGROUND 
AND LITERATURE OVERVIEW

The combination of the disciplines of nanotechnol-
ogy and biology has led to some very important 
theoretical and practical advances in both biology 
and nanoengineered materials in a very short span 
of time. Some of the developments in biology that 
owe critical insights to nanotechnology include:

1.  Cell adhesion – a fundamental process in 
cells, which can affect marine growth to 
tumor metastases.

2.  Molecular or nanoparticle tags with a strong 
enough signal to allow single molecule 
observation inside a living cell.

3.  Improved technology for reading DNA 
expression, allowing orders of magnitude 
increases in the number of genes spotted on 
a microarray slide.

4.  Improvements in DNA sequencing, reducing 
the costs and increasing the practicality also 
by orders of magnitude.

5.  The converse has also led to important 
insights. Developments in nanotechnology 
that owe inspiration to biology include:
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a.  Organic-inorganic hybrid polymers or 
ceramics modeled on bone.

b.  Molecular self-assembly.
c.  Liposomes used in drug delivery, foods, 

and cosmetics.
d.  Adhesives used in dentistry.

Clearly, both nanotechnology and biology 
have had a very fertile cross-fertilization to date, 
and there is much more progress to come. For the 
purposes of this section, however, let us focus on 
developments in biology that have their origins 
in nanotechnology.

Physicists often point to the seminal lecture 
given in 1959 by Richard Feynman “There’s 
Plenty of Room at the Bottom”, at Caltech, to 
show that the theoretical concepts of nanotech-
nology – of manipulating atoms directly – were 
valid. This lecture is often used as the starting 
point for theoretical concepts of nanotechnology, 
while the development of the “high resolution” 
electron microscope (Bogner et al., 2007) in the 
1980s showed the ability to image structures at 
nanometer scale resolution.

Unfortunately, there was no visionary lecture 
in biology comparable to that given by Feynman. 
While nanotechnology and physics was a match 
of willing partners, the intersection of nano-
technology and biology was considerably more 
tumultuous since biologists were slow to grasp the 
import of nanotechnology to biological problems. 
Instead of Nobel laureates giving lectures, the 
vision of nanotechnology in biology was often 
linked to ideas from movies or television. Tools 
for biologists were lacking as well. Surprisingly 
though, nanotechnology has had a major impact 
on some of the critical problems in biology today.

10.4.1. Major Themes in Biology

The major themes in biology, over the past few 
decades, consist of the following:

1.  Structural information: molecular, organelle 
and at a cellular level.

2.  Deciphering the genetic code: for many 
years, the deciphering was focused on simply 
unraveling the genetic sequences, but now 
has shifted to understanding the complex 
interplay among genes.

3.  Signaling: the transmission of information 
using molecular signals to organelles within 
the cell as well as intercellular signaling.

Nanotechnology has had a critical role in each 
of these areas. Using nanotechnology, it has been 
possible to greatly extend the knowledge of the 
structure of the cell far beyond what was avail-
able with light microscopy. Nanotechnology has 
helped speed up the rate of determining genetic 
sequences; in that, what was once an arduous 
task taking more than a decade to be completed, 
can today be done in much shorter spans of time. 
Nanotechnology has also helped develop critical 
insights into cellular communication – insights 
that have proven to be extremely important in a 
number of fields.

10.4.2. Determining 
Structures in Biology

Since the development of the first microscopes in 
the 1600s, biologists such as Robert Hooke were 
fascinated by the contents of the cell. While cells 
are a hive of activity, biologists had to be content 
with static pictures of cellular structures, since the 
staining process necessary to see cellular organ-
elles with light microscopy was fatal.

However, biologists have not been restricted 
to light microscopy for determining static cel-
lular structures, since compounds such as DNA 
and proteins could be determined with X-ray 
crystallography. As long as a material could be 
crystallized, its structure could be elucidated. This 
technique offered a snapshot of biological struc-
tures, although there were always some underlying 
concerns of how representative crystal structures 
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were of the molecules in solution. In some cases, 
by using a very powerful X-ray source, it was 
even possible to determine a protein structure in 
solution (Brunger, 1997). Furthermore, biologists 
were determining structures at the angstrom (Å) 
level. A good crystal structure can yield a structure 
with an accuracy of between 0.2-0.3 Å, while 
NMR spectroscopy can often yield structures with 
an accuracy between 0.5 and 1.0 angstroms. So, 
structural biology was accustomed to examining 
proteins, DNA and other molecules of interest at a 
resolution of less than 1 nm. Not surprisingly, the 
push from nanotechnology enthusiasts to examine 
molecular structures in a cell at a scale of nanome-
ters was met with something less than wide-eyed 
enthusiasm amongst all biologists. Nevertheless, 
the SEM, TEM, and STM that the physicists had 
developed to probe atoms and molecules, di-
rectly provided useful lower resolution structural 
information. There are a number of biological 
compounds which cannot be crystallized yet can 
still be imaged albeit at lower resolution using 
electron microscopes. Furthermore, the electron 
microscopes were far more convenient than X-
ray crystallography, yielding images without the 
laborious challenge of crystallization.

A note about protein structure: Protein struc-
ture can be classified into four categories:

1.  Primary structure: the sequence of amino 
acids which makes up a protein.

2.  Secondary structure: the structures that 
two dozen or so amino acids form, such as 
α-helices or β-pleated sheets.

3.  Tertiary structure: how the helices or sheets 
are assembled into larger structures, such as 
a barrel or helix turn helix. There are only 
about two dozen common motifs in protein 
tertiary structure.

4.  Quaternary structure: for larger proteins 
such as enzymes, this structure displays how 
various tertiary structures can be assembled 
into a whole.

It is important to realize that it is often impos-
sible to determine a protein’s tertiary structure 
based solely on its primary sequence, for often, 
very dissimilar primary sequences can have 
remarkably similar tertiary structures. The con-
verse is also true. Similar primary sequences can 
also have very different tertiary structures if key 
residues forming disulfide bonds are missing. In 
terms of the activity of a protein or its function 
inside its cell, its tertiary and quaternary struc-
tures are very important. Consequently, even a 
lower resolution image of a protein structure, 
especially a large protein, can often prove to be 
more informative than one might expect. One of 
the major concerns about crystallizing proteins for 
X-ray crystallography is whether the crystallized 
proteins of tertiary structure is representative of 
its tertiary structure in solution.

10.4.3. Electron Microscopy

Transmission electron microscopes (TEM) and 
scanning electron microscopes (SEM) worked 
well for the dissection of cells – determining 
cellular structures after the cell has been stained, 
frozen, sliced or has undergone some procedure 
which ensures that it is very far removed from a 
living organism. Once suitably prepared, SEM 
samples could be used to gather information 
about the surfaces of cells, while TEM could 
probe the interior structures of the cell using 10 
nm slices. However, neither TEM nor SEM are 
well suited for studying living cells given their 
sample preparation requirements (plating with a 
thin layer of gold atoms) and operating condi-
tions (high vacuum). Nevertheless, these electron 
microscopes did enable observation of organelles 
from cells at resolutions beyond the capabilities 
of conventional light microscopy. By 1988, there 
were a number of techniques available to image 
organelles, bacteria, and viruses using either TEM 
or SEM (Tanaka, 1989).
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10.4.4. Dynamic Cellular Probes

Biologists have also been busy probing cellular 
processes dynamically. Given the complexity of 
cellular processes, a static snapshot of a cell and 
its organelles has proven to be of limited utility. 
Hence, even electron micrographs of cells, which 
showed some amazing details of organelles and 
other structures, were not really all that useful to 
study dynamic cellular processes. Better under-
standing of cellular processes requires following 
the reactions taking place in a living cell. Confo-
cal microscopy coupled with fluorescent probes 
allowed the determination of the path of some 
molecules in the cell in real-time, including their 
chemical changes. By 1990, the first images of 
living cells were available with confocal micros-
copy and in a seminal paper, Cornell-Bell and 
colleagues (1990) had shown that it was possible 
to monitor glutamate and calcium levels in astro-
cytes to probe their interdependence. It would be 
rather disingenuous to claim that nanotechnology 
had much to do with this work, but it does have a 
role to play involving confocal microscopy that 
we will touch on shortly.

10.4.5. Development of the AFM

As noted above, SEM and TEM did provide 
some wonderful images of cellular structures by 
the mid-1980s, but these images were static and 
were far from physiological conditions. Dynamic 
cellular information was another story. Given the 
instruments’ requirements, SEM, TEM or STM 
could not be used to solve many of the important 
problems in biology which required dynamic inter-
rogation of living cells. The scanning tunneling 
microscope (STM), first developed in 1981, did 
not appear to be much of an improvement over 
electron microscopes for biology since it required 
a conductive surface; although by 1989, it was 
possible, via this technique to image cellular 
membranes in aqueous solutions (Ruppersberg 
et al., 1989). However, an offshoot of the STM, 

the AFM (Atomic Force Microscope) developed 
in 1986 (Giessibl, 2005), finally gave biologists 
a high resolution microscope that could work 
on the insulated surfaces of cells as well as the 
conductive surfaces. Like the STM used by Eigler 
to produce his seminal picture of xenon atoms in 
1989, the AFM is a mechanical, not an optical, 
microscope. Work in the early 1990s demonstrated 
the power of the technique for both probing cells 
and monitoring their responses to various chal-
lenges and insults (Henderson, 1994; Chang et 
al., 1993; Fritz et al., 1994).

There were still challenges to overcome, 
notably the high vacuum requirements of all of 
these various microscopies1; but by 1991, the 
first reports of AFM imaging of living blood 
cells was published by a group at IBM (Häberle 
et al., 1991). Of the microscopes associated with 
nanotechnology, only AFM had the ability to ob-
serve molecular surfaces in living cells. Perhaps 
more importantly, AFM can probe the physical 
environment of a cell in a very unique manner, 
which has led to remarkable insight into cellular 
signaling, discussed in a subsequent section. While 
confocal microscopy is an optical technique with 
resolution limited to optical wavelengths, AFM 
does not rely on photons for images and has a far 
finer theoretical resolution. In practice, AFM and 
confocal microscopy are far more complementary 
rather than competitive techniques – both imaging 
technologies are very useful at understanding the 
living cell.

10.4.6. Other Advances in 
Structural Biology: Quantum 
Dots and Nanoparticle Probes

Quantum dots2, one of the poster children for 
nanotechnology, offer a number of advantages 
over fluorophores used as biological probe tags 
in both microarrays and confocal microscopy 
(Alivisatos et al., 2005). Biological tags are 
covalently linked to a probe that will bind to a 
molecule of interest and give off a strong opti-
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cal signal when the binding occurs. Since the 
signal from quantum dots is stronger than that 
from fluorophores as well as longer lived, a 
single quantum dot provides a sufficiently strong 
signal where it was previously necessary to use 
a number of fluorophores to generate adequate 
signal to noise. As noted earlier, by using a confo-
cal microscope, it is now possible to follow the 
path of a tagged molecule through the cellular 
machinery. In fact, different molecules can be 
tagged with more than one type of fluorophore or 
quantum dot, thus allowing comparison of vari-
ous cellular components or processes simultane-
ously over time. Fluorophores have been under 
development longer than quantum dots and thus 
there are a much wider variety of synthesized 
fluorophore conjugates (fluorophore bound to 
a probe) available. With this variety of fluoro-
phores, a number of techniques have evolved 
for confocal microscopy (Dailey et al., 2006). 
Although quantum dots’ longer lived signal and 
more robust nature – with the development of 
core/shell quantum dots – has significant perfor-
mance advantages over the standard fluorophore 
chemistry, the existing fluorophore conjugate 
catalog ensures their popularity.

Quantum dots are not the only tag molecules 
developed by nanotechnology. Gold nanoparticles 
can also be used to provide an optical signal strong 
enough to detect single molecule binding events 
using ordinary light microscopy. As is the case of 
all these tag technologies, toxicity of the tag mol-
ecules remains a concern (Murphy et al., 2008).

10.4.7. Determining DNA Sequences

Determination of the genetic content of an or-
ganism prior to the 1980s was a highly laborious 
process – it could take years to find a single gene. 
But the technology to determine gene sequences 
evolved dramatically in the 1980s (with some 
assistance from physicists); and the speed of 
characterization of DNA bases improved to the 
point that by 1990, the Human Genome Project 

could be initiated – a project which led to identi-
fication of all the 20,000-25,000 genes in human 
DNA in 13 years.

Aimed at producing a genetic map of an in-
dividual cheaply, Pacific Biosciences developed 
products that extensively use nanotechnology. 
Combining the technology of handling zeptoliters 
of fluids with zero mode waveguides, a hole with a 
diameter of tens of nanometers in a 100 nm metal 
film on a silicon dioxide substrate, Pacific Biosci-
ences is planning on very rapid and inexpensive 
DNA sequencing aimed at providing genetic 
information to individuals. The key molecular 
component, DNA polymerase, reads DNA bases at 
a rate of tens of bases/second. Reading a sequence 
thousands of bases long takes a few minutes, and 
algorithms to assemble the information into the 
full sequence have been developed.

10.4.8. Determining Gene Expression

For larger organisms, where expressed gene prod-
ucts could be collected from biological fluids, gen-
erally blood, Pat Brown’s lab at UCSF developed 
the microarray in the mid-1990s (Schena et al., 
1995). The microarray allowed the simultaneous 
characterization of multiple gene products – the 
cellular signals emanating from genes. Although 
microarrays were originally developed to probe 
nucleotides, biologists are now using protein based 
microarrays as well, allowing for the concurrent 
detection of multiple proteins.

Microarrays make use of the same interrogative 
technology used in confocal microscopy; however, 
instead of monitoring the binding of a probe mol-
ecule in a cell, a short oligomer of nucleic acids 
or protein fragment is bound to a slide. Then, 
samples containing potential molecules of inter-
est with high binding affinities for these probe 
molecules can be examined. If binding occurs, 
a tag molecule, such as a fluorophore, quantum 
dot or other nanocrystal, emits an optical signal.

The development of microarrays to nanoarrays, 
akin to the development of microelectronics to 
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nanoelectronics, has led to dramatic improve-
ments in the number of gene products that can be 
measured on a single chip. Early microarrays from 
1995 were limited to determining whether a few 
dozen genes were being expressed or not; hence, 
and making the microarray an expensive, labori-
ous process. Today’s microarrays (effectively 
nanoarrays, but still called microarrays similar 
to the terminology in electronics) can determine 
whether tens of thousands of genes are being 
expressed. Biologists are now drowning in data, 
as theory has not kept up with the vast amount 
of data generated. The miniaturization process of 
microarrays to nanoarrays is due to advances in 
handling smaller volumes of materials, whether 
it is coating glass beads at the nanometer range 
or applying DNA oligomers to these surfaces reli-
ably. Furthermore, the technology to synthesize 
these tens of thousands of oligomers cheaply and 
reliably has been dependent on inkjet printing 
technology, which in turn owes a great deal to 
nanotechnology.

Like confocal microscopy, the improved tag 
technology of quantum dots and other nanocrystals 
is having an impact on microarrays. The improved 
signal-to-noise of these technologies has allowed 
further reductions in the number of probes needed 
for both protein (Zajac et al., 2007) and nucleotide 
microarrays (Karlin-Neumann et al., 2007).

10.4.9. Cellular Signaling

Cells can signal using a variety of methods: chemi-
cal, electrical, and least understood, direct physical 
contact. Yet, direct physical contact is critical to 
control in vital cellular processes. Pressure on 
a cell membrane or activation of a receptor can 
indicate whether it is time for a cell to divide or 
undergo apoptosis - programmed cellular death.

Adhesive forces between cells are critical to 
understanding cell function. While intercellular 
chemical signals are critical for long distance 
communication, on shorter distance scales, inter-

cellular physical contacts also play a critical role. 
It is now possible to identify a single molecule 
in a cell membrane that sticks to the surface of 
another cell’s membrane, and to measure the force 
that this molecule exerts using AFM. It is also 
possible to measure the forces of adhesion and de-
adhesion between cells (Benoit et al., 2000; Pittet 
et al., 2007; Helenius et al., 2008) as well as the 
elasticity of various types of cells (Kuznetsova et 
al., 2007) with this technique. Adhesive forces are 
critical to understanding a plethora of phenomena 
from marine growth to the progression of cancer. 
Understanding the importance of physical inter-
cellular forces has led to revolutionary advances 
in several areas including:

1.  Proliferation of tumor cells.
2.  Organ growth and regeneration.
3.  Cellular repair.
4.  Implant technology (Emerson & Camesano, 

2004).
5.  Multicellular growth.

The AFM has led to insights into the adhesion 
of tumor cells by showing that as the intermolecu-
lar forces in solid tumor cells decrease, the tumor 
can spread far from its initial site of formation 
(Panorchan et al., 2006). Clearly, loss of cellular 
adhesion is one key step in the metastases of 
tumor cells.

The field of organ regeneration has shown 
amazing progress in the last decade or so. Trans-
plantation of human organs is still a difficult 
task, and rejection of the transplant makes many 
operations essentially fruitless. Work going on 
Wake Forest Institute of Regenerative Medicine 
(Winston-Salem, NC, USA) has shown a great deal 
of promise in growing a replacement organ using 
the host’s own cells, which avoids the problem 
of rejection. Already, young children with spina 
bifida have a far better prognosis with implanted 
bladders grown from their own cells than a trans-
plant from another human being. Other organs, 
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including livers, are under development. Key 
insights into the scaffolding for an organ template 
and cellular conditions necessary for multicellular 
growth have come from AFM.

Similar to the challenges for organ regenera-
tion, wound care has also benefited from new de-
velopments enabled by AFM. Three-dimensional 
porous scaffolds, which promote stimulation and 
guidance of cells during wound healing, have 
been developed. The cellular/scaffold interactions 
were studied with AFM, allowing quantification 
of adhesion (Doneva et al., 2004). Studying these 
interactions is also crucial for improvements in 
implants such as artificial knee, hip, and elbow 
joints.

10.4.10. The Political Landscape

With the establishment of the NNI in 20003 
funding grew rapidly. In 1997, nanotechnology 
research was awarded $116 million, and by 2002, 
funding reached $697 million, and there was a 
formal recognition of the discipline in the halls 
of Congress. While funding for nanotechnology 
was not much of a problem for agencies such as 
the National Science Foundation (NSF), which 
were being deluged with grant applications from 
researchers eyeing the new electron microscopes 
becoming available, for the National Institutes of 
Health (NIH) funding nanotechnology proved to 
be something of a mixed blessing at best. By some 
estimates, about 12% of the 2002 funding was 
dedicated to nanobiosystems (Roco, 2003). Cries 
of “We’ve been doing nanotechnology for years 
already!” were spoken in the halls of Washington 
and funding agencies when researchers in biology 
and biochemistry were asked to come up with new 
projects that fit the guidelines of nanotechnology. 
Given the lean years of science funding from the 
Reagan and Bush administrations, only partially 
reversed during the Clinton administration, a ter-
rible logjam of researchers who were unable to 
start their own labs due to a lack of grant money 
eyed nanotechnology funding with suspicion and 

envy. The bitter jape overheard at conferences of 
“if you want to get your research funded, make sure 
you have the word ‘nanotechnology’ in the title”, 
showed that biologists and biochemists were much 
more hesitant about working in this new area. Not 
surprisingly, a lot of research was simply relabeled 
to fit the new funding guidelines. Topics such as 
“Metal Binding to Triplex DNA Fragments” be-
came “Formation of a Nanocomposite Complex 
of Metals and Triple Stranded DNA.”

10.4.11. The Impact of 
Nanotechnology on Biology: 
Revolutionary or Evolutionary?

After this brief introduction on the intersection 
between nanotechnology and biology, it is now 
fair to ask the question: Has the influence of 
nanotechnology on biology been evolutionary or 
revolutionary? Perhaps a comparison between the 
impact of nanotechnology on physics and materials 
science will help put this in perspective.

One way to look at the development of micro-
electronics, to what is now effectively nanoelec-
tronics, is that the technology has evolved over the 
years; but, there has been little deviation from the 
roadmap established by SEMA (Semiconductor 
Equipment Manufacturing Association). Thus, 
there has been no dramatic upheaval – silicon 
remains the mainstay of the industry, although 
new materials have been introduced in what has 
been, for the most part, a well-orchestrated devel-
opment process. Furthermore, most of the current 
applications of nanomaterials seem somewhat pro-
saic – improved sunscreens, packaging, batteries, 
pharmaceuticals, conductive polymers, coatings, 
etc. Radically different materials for structural 
applications, solar cells, energy storage and trans-
mission are still under development, although there 
have been some impressive demonstrations. It is 
also debatable as to what qualifies as evolution-
ary and what should be considered revolutionary. 
Taking batteries as an example: while lithium ion 
battery chemistry has taken decades to mature to 
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the commercial products now in widespread use, 
nanomaterials have played a key role in their im-
proved performance. So there is certainly room for 
debate as to whether nanomaterials have played 
an evolutionary or more of a revolutionary role 
in the development of lithium ion batteries. New 
battery technology is making increasing use of 
nanomaterials; so, if there are new battery chem-
istries, which supplant lithium, especially in the 
transportation segment, these batteries will likely 
owe a great deal to nanotechnology. In biology 
though, the case for what is evolutionary and what 
is revolutionary due to nanotechnology is actually 
a bit more clear-cut.

10.4.12. The Revolutionary 
Development: The AFM

It has taken over a decade for the power of atomic 
force microscope (AFM) to be appreciated by 
biologists, since the first experiments showing 
that adhesion of bacterial cells could be measured, 
in 1998 (Razatos et al., 1998). AFM has allowed 
biologists to develop a much better understanding 
of adjacent cell signaling – a process critical to all 
multicellular organisms with far reaching results.

There is an old adage amongst engineers and 
scientists: “If you can’t measure it, you can’t do 
science on it.” Biologists have known for many 
years that the physical environment of the cell is 
critical to its growth, function, and longevity. Yet, 
there have been very few tools that have enabled 
biologists to probe the physical environment of 
a cell rather than its chemical environment. The 
advent of the AFM has enabled biologists to mea-
sure adhesion, from single molecular interactions 
such as ligand receptor binding to intercellular 
adhesive forces.

Thus, it is fair to say that the AFM has revolu-
tionized biology in a fundamental way by allowing 
measurement of physical forces that affect cell 
growth and function that were known conceptu-
ally, but could not be determined experimentally. 
The well-known Petri dish used by biologists for 

many decades may be sufficient for growing cells 
in a laboratory environment, but it is very poorly 
suited for growing three-dimensional structures 
such as organs. The AFM has made possible the 
development of scaffolds to grow three-dimen-
sional cellular structures – a technology with far 
reaching consequences.

10.4.13. Evolutionary Uses of 
Nanotechnology in Biology

It is surprising that when advances in biology due 
to nanotechnology are mentioned, the AFM is often 
given short shrift, but several other technologies 
garner the interest. These technologies include: 
quantum dots, dip pen nanolithography, and nano-
fluidics used for both microarrays and high-speed 
reading of DNA. While all of these technologies 
have led to useful advances, especially in reducing 
the amount of time needed to gather data, none 
of these technologies has enabled the dramatic 
theoretical developments seen driven by the AFM.

Dip pen nanolithography, driven largely by 
Nanoink, offers a way to print very small volumes 
– zeptoliters (three orders of magnitude smaller 
than nanoliters) reliably and quickly. Single cell 
assays are being developed, and which will allow 
testing large numbers of compounds rapidly and 
inexpensively. This is effectively a more effec-
tive robot, one that can handle larger quantities 
of samples than the currently used technologies. 
While there may be some experiments which can 
benefit from this technology, the major challenges 
in biology today is one of theory and computation: 
how to put the data found into a useful framework. 
It will take some theoretical advances in the field 
before some of these tools, enabled by nanotech-
nology, can be truly effectively used.

Microarrays have seen rapid development in 
the past 15 years; and the number of genes that 
can be studied simultaneously on a single gene 
chip has increased by several orders of magnitude. 
These developments have been enabled by nano-
technology. The ability to do nanofluidics as well 
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as better tag molecules has driven this remarkable 
development. However, the concept of looking 
at multiple gene products simultaneously was 
not altered by the theories of nanotechnology; 
unfortunately, nanotechnology has not helped link 
the data generated to a more useful theoretical 
framework. With little impact on the theory of 
microarrays, it is hard to argue that nanotechnol-
ogy has revolutionized this field.

While nanotechnology has enabled some 
amazing practical and theoretical developments 
in biology- notably three dimensional cellular 
interactions and structures, the field has also had 
success in developing better tag molecules and 
reducing the cost of genetic transcription. Unfor-
tunately, nanotechnology has had less impact on 
the theoretical challenges of relating changes in 
genetic expression to changes in cellular structure 
and function. Nanotechnology has not exhausted 
its impact on biology to date – far from it.

10.4.14. Timeline

1930s: Development of the scanning electron 
microscope (SEM) and transmission electron 
microscope (TEM).

1959: Feynman’s lecture: ‘There is Plenty of Room 
at the Bottom’.

1965: First commercial SEM.
1981: Invention of the STM.
1986: Invention of the AFM.
1989: First commercially available AFM.
1990: First confocal images of living cells.
1991: First AFM images of living cells.
1998: First AFM measurements of adhesive forces 

in bacteria.
2003: First use of quantum dots in DNA micro-

arrays.
2004: First SEM images from fully hydrated 

samples (Thiberge et al., 2004).
2004: First quantum dots inserted into mammalian 

cells (Mattheakis, 2004).

10.5. BIONANOTECHNOLOGY 
SENSORS

10.5.1. Overview

A biosensor is an analytical device that converts 
the concentration of analytes of interest into an 
electrical signal by combining a biological or 
biologically-derived recognition system (either 
integrated within or intimately associated) with 
a suitable physicochemical transducer, and then 
conveys the signal to a detector (Marks et al., 
2007). It generally consists of three components 
as shown in Figure 1. The first is a biological or 
biologically derived element that can recognize 
presence, activity, or concentration of an analyte 
of interest in a complex mixture of other compo-
nents. The recognition elements may generally 
fall into one of three different types. The first 
type is affinity binding elements that are based 
on ligand-receptor interactions, including antibod-
ies, peptides, nucleic acids, and cell receptors. 
The second type is biocatalytic elements such as 
enzymes, abzymes, microorganisms, organelles, 
and plant or animal cells or tissue slices. The third 
type is biomimetic receptors based on various 
synthetic systems of binding, catalysis, or both, 
such as aptamers (Nguyen, Hilton, & Lin, 2009; 
O’Sullivan, 2002) and molecular imprint polymers 
(Ge & Turner, 2008). The interaction between 
recognition elements and analytes of interest re-
sults in the change of solution properties around 
the immediate proximity of the transducer. The 
transducer, the second component of a biosensor, 
translates the change into the physical change of 
energy (e.g., electricity, sound, light, magnetism, 
heat, or mechanical), and then transforms that en-
ergy into measurable electrical signals. The signals 
from the transducer are passed to a microprocessor 
where they are amplified, analyzed and converted 
to concentration units. The concentrations are then 
transferred to display and data storage devices. 
The microprocessor and the display and data 
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storage devices comprise a detector – the third 
component of a biosensor.

Biosensors can be classified into non-optical 
biosensors and optical biosensors. In case of non-
optical biosensors, electrochemical biosensors 
are the most common and most frequently cited 
in the literature (Marks et al., 2007; Sadik, Aluoch, 
& Zhou, 2009). In terms of detection principles, 
it is generally classified into amperometric biosen-
sors and potentiometric biosensors. The former 
produces a change in current that is proportional 
to the concentration of analytes, while the latter 
is theoretically based on Nernstian behavior and, 
thus, produces a 59.1 mV change of electrode 
potential for every 10-fold change in analyte 
concentration. Acoustic biosensors, another major 
type of non-optical biosensors, are based on a 
mechanical wave propagating through piezoelec-
tric or other materials. For acoustic biosensors, 
any mass changes at the material surface will 
alter the propagation path of the wave, which in 
turn will change the electric response of the bio-
sensor (Marks et al., 2007). The response can be 
tracked down and correlated to changes in the 

analyte of interest that interact with the material 
surface. The oldest and most common acoustic 
wave biosensor is the thickness-shear mode reso-
nator or quartz crystal microbalance (QCM) 
(Ferreira, Da-Silva, & Tome, 2009), based on bulk 
transverse acoustic waves propagating through a 
QCM substrate. The substrate generally consists 
of a parallel-sided disc of crystalline quartz with 
actuating electrodes on both sides and is sensitive 
to surface chemical interaction and mass accu-
mulation. Other non-optical biosensors include 
thermal or calorimetric biosensors and magnetic 
biosensors (Marks et al., 2007). The former mea-
sures change of enthalpy during molecular inter-
action, serving as an important complement to 
other biosensor detection schemes. The latter 
involves binding the analyte of interest to a func-
tionalized magnetic tag (normally magnetic mi-
crobeads and nanoparticles), which then trans-
forms the task from sensing the analyte of interest 
to detecting the magnetic moment of the tag.

In the case of an optical biosensor, either the 
reaction product introduces a significant change 
in the response of a transducer to incoming light 

Figure 1. Illustration of the three major components of a biosensor: biological recognition elements, a 
transducer, and a detector
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or the reaction produces an optical signal that is 
sensed by the transducer, possibly after amplifica-
tion or conversion to some other form (Borisov & 
Wolfbeis, 2008; Marks et al., 2007). Regarding 
sensing mechanism, we can categorize optical 
biosensors into the ones based on reflectance 
(e.g., ellipsometry and polarimetry), fluores-
cence emissions, absorbance (e.g., infrared and 
Raman spectroscopy), plasmonics (e.g., surface 
plasmon resonance, localized surface plasmon 
resonance spectroscopy, and surface enhanced 
Raman spectroscopy), etc. Optical biosensors 
have many advantages compared to non-optical 
ones. Most importantly, they can be so sensi-
tive that single molecular detection is possible 
due to the possibility of single-photon detection 
and surface-enhancement effect (Kneipp et al., 
1997; Nie & Emery, 1997; Qian & Nie, 2008). 
Moreover, light signals at different frequencies 
can be sent over the same optical beam without 
the interference among them. Therefore, by mea-
suring differences in optical properties such as 
wavelengths, arrival time, or polarization states, 
the signals can be multiplexed and demultiplexed, 
enabling the real-time and parallel monitoring of 
multiple analytes. Lastly, optical signals do not 
require Transmit Media, like wires needed for 
electrical signal, which makes remote measure-
ment possible.

Due to these advantages, optical biosensors 
have been widely studied, developed, and ap-
plied to address the major challenges in biosensor 
research – sensitivity, selectivity, portability, low 
cost, and, most importantly, multiplex, real-time, 
and simultaneous analysis of many pathogens, 
mutants, or therapeutic drugs that is greatly de-
manded by applications of combinatorial methods 
in biotechnology for the synthesis of new bio-
catalysts or drugs. Among them, surface plasmon 
resonance (SPR) biosensors involving gold thin 
films (~50 nm thick) are currently most exten-
sively employed (Homola, 2008). Furthermore, 
the significant advancements have been achieved 
recently in controlled synthesis and nanofab-

rication (Lu et al., 2009; Stewart et al., 2008; 
Xia & Halas, 2005), theory and electrodynamic 
modeling of optical properties (Pitarke et al., 
2007; Prodan et al., 2003; Zhao et al., 2008), and 
surface functionalization (Genevieve et al., 2007; 
Thanh & Green, 2010; C.J. Wang et al., 2006) of 
plasmonic nanoparticles (NPs) and nanostructures 
for biomedical application. Because of these great 
advances, biosensors based on plasmon-resonant 
nanoparticle bioconjugates, so called plasmonic 
nanobiosensors (Anker et al., 2008; Lal, Link, & 
Halas, 2007), become one of the most attractive re-
search areas in nanobiotechnology, showing a great 
potential in future biosensing assays. Therefore, 
plasmonic nanobiosensors is considered in this 
chapter as one of the best examples to demonstrate 
the impact of the convergence of biotechnology 
and nanotechnology on biosensing. Hence, the 
three cornerstones of plasmonic nanobiosensors 
are discussed herein, namely: phenomenological 
plasmonic theory, major synthetic and nanofabri-
cation techniques, and surface functionalization. 
Furthermore, the applications exemplified, and the 
strategies contained in plasmonic nanobiosensing 
are summarized so as to address the major chal-
lenges mentioned previously.

10.5.2. Plasmonic Nanobiosensors

Physics behind Plasmonic Biosensor

Nanophotonics is defined as “the science and 
engineering of light matter interactions that take 
place on wavelength and subwavelength scales 
where the physical, chemical or structural nature 
of natural or artificial nanostructured matter 
controls the interactions” (National Research 
Council - Committee on Nanophotonics Acces-
sibility and Applicability, 2008). One of the major 
subfield of nanophotonics is plasmonics, in which 
manipulation of light is based on interaction 
processes between electromagnetic radiation and 
free-electron plasma (or conduction electrons) at 
dielectric-metal planar interfaces or nanocurved 
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interfaces, resulting in surface plasmon-polaritons 
(SPP) or localized surface plasmon-polaritons 
(LSP) (Maier, 2007), respectively. A plasmon 
is a quantum quasi-particle representing the 
elementary excitations, or modes, of the charge 
density oscillations in a free-electron plasma (Le 
Ru & Etchegoin, 2009). As shown in Figure 2a, 
SPPs are propagating dispersive electromagnetic 
(EM) waves coupled with the electron plasma of a 
conductor at the planar interface between dielec-
tric and metal materials, having a combined EM 
wave and surface charge character. The surface 
charge is generated by the electric field normal to 
the surface while the EM waves propagate in the 
x direction (H is in the y direction) for distances 
on the order of tens to hundreds of microns. This 
combined character leads to the field component 
normal to the surface being enhanced near the 
surface and decaying exponentially with distance 
in the z direction on the order of 200 nm (Barnes, 
Dereux, & Ebbesen, 2003; Brockman, Nelson, 

& Corn, 2000; Knoll, 1998). The enhancement 
reaches maximum when SPP resonates with the 
incident exciting laser, which is called surface 
plasmon resonance (SPR), corresponding to the 
minimum reflectivity as shown in Figure 2a.

Localized surface plasmon-polaritons are non-
propagating collective oscillations of the conduc-
tion electrons of metallic nanostructures against 
the background of ionic metal cores (Moskovits, 
1985) coupled with the exciting electromagnetic 
field (Figure 2b). For a particle much smaller than 
the wavelength of the exciting light, the dipolar 
plasmon is dominant in the oscillation, which 
contains an effective restoring force on the 
driven electrons. When the exciting laser light is 
in resonance with the dipolar plasmon, the metal 
particle will radiate light characterized by dipolar 
radiation (Jackson, 1999), leading to electrical 
field (E) amplification both inside and in the near-
field zone outside the particle. This resonance is 
called the localized surface plasmon resonance 

Figure 2. Illustration of (a) a typical experiment setup (bottom) using surface plasmon polaritons (or 
propagating plasmon) and a resulting reflectivity spectrum (top) obtained in an angle-solved mode, and 
(b) a typical measurement setup (bottom) using localized surface plasmons and a resulting scattering 
spectrum (top) in biosensing. Au-Ph: phosphine-coated Au nanoparticles, in which a surfactant phos-
phine was used to solubilize naked Au nanoparticle in aqueous solution.
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(LSPR). Typical materials for plasmonic applica-
tions are noble metals, particularly silver or gold. 
Silver displays sharper and more intense LSPR 
bands than gold, while gold nanostructure is 
chemically more stable than that of silver.

The response of both SPR and LSPR sensors 
to changes in refractive index can be described 
by using the Equation 10.1 (Haes & Van Duyne, 
2004), which was initially developed for propa-
gating SPR (Jung et al., 1998).

∆l
max adsorbate medium

(-2d l
  m n  -n 1 -e d≈ ( )( ))  

(10.1)

where, Δλmax is the wavelength shift when the 
extinction reaches maximum due to resonant 
absorption, m is the sensitivity factor, nadsorbate and 
nmedium are the refractive indices of the adsorbate 
and the medium surrounding the nanoparticle, 
respectively, d is the effective thickness of the 
adsorbate layer, and ld is the electromagnetic 
field decay length. Therefore, both sensors are 
highly sensitive to the dielectric properties of the 
medium adjacent to the dielectric-metal interface. 
Figure 2a shows a typical experimental setup and 
a resulting reflectivity spectrum obtained in an 
angle-solved mode (measured against angle of 
incidence at a fixed wavelength), that demonstrate 
a resonance angle shift upon binding of analyte 
in a SPP biosensor; while, Figure 2b illustrates a 
typical measurement scheme for LSPR biosen-
sors and the resulting scattering spectrum that 
shows resonance wavelength shift upon binding 
of DNA (Au-Ph-DNA, red line) to a phosphine 
(Ph) surfactant coated gold nanoparticle (Au-Ph, 
green line) (Liu et al., 2006). To selectively bind 
and detect analytes of interest in biosensing, the 
metallic surface of both sensors is generally modi-
fied using various strategies such as bioreceptors 
(Figure 2) and/or hydrophilic coating (Genevieve 
et al., 2007; C.G. Wang et al., 2006).

One of the important driving forces in biosen-
sor research is to develop large-scale biosensor 

arrays composed of highly miniaturized signal 
transducer elements that enable real-time and 
parallel monitoring of multiple species, especially 
for high-throughput screening applications such 
as drug discovery and proteomics research where 
many thousands of ligand-receptor or protein-
protein interactions must be rapidly measured. 
To meet this need, LSPR-sensors stand out over 
SPR as better candidates due to the “nano” ad-
vantages (Haes & Van Duyne, 2002, 2004). For 
example, SPR sensors require minimum a 10×10 
µm area for sensing experiments. For LSPR sen-
sors, when delivering the same information as 
the SPR sensor, the spot size can be minimized 
down to sub-100-nm regime (around the size of 
a single nanoparticle) using single nanoparticle 
LSPR (McFarland & Van Duyne, 2003; Raschke 
et al., 2003). What is more, because of the large 
refractive index sensitivity (around 2×106 nm 
RIU–1) the SPR sensor requires accurate control 
of temperature and complex optical instrumen-
tation while the LSPR nanosensors do not, due 
to a lower refractive index sensitivity (around 
2×102 nm RIU–1). Today, LSPR (Willets & Van 
Duyne, 2007) has not only been recognized as an 
ultrasensitive method for detecting molecules of 
both biological and chemical interest, but plays a 
major role in all other surface-enhanced biosens-
ing techniques such as surface-enhanced Raman 
scattering (SERS) (Stiles et al., 2008), surface-
enhanced hyper-Raman scattering (Kneipp, 2007), 
surface-enhanced infrared spectroscopy(Adato et 
al., 2009; Ataka & Heberle, 2007), and surface-
enhanced fluorescence (Fort & Gresillon, 2008).

Plasmonic Nanostructures 
and Fabrication Highlights

Plasmonic nanobiosensing may be categorized as 
assay-based method and substrate-based method. 
Assay-based method uses the suspended metallic 
or metallic–dielectric NPs generally with surface 
functionalized by biological recognition elements 
to interact with analytes in solution. The NPs are 
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generally synthesized by “wet chemistry” proce-
dures, in which clusters of metal atoms are formed 
in the presence of a surface-capping ligand. The 
capping ligand binds the metal clusters to prevent 
them from aggregating into bulk material and to 
control the final shapes and sizes of the NPs (Thanh 
& Green, 2010). Due to recent significant advances 
in nanoparticle synthesis (Lu, et al., 2009; Xia 
& Halas, 2005), “wet chemistry” methods have 
now been able to fabricate plasmonic NPs with 
controllable sizes, narrow size distributions, and a 
wide variety of shapes including spheres (Grabar 
et al., 1995;Wiley et al., 2004), cubes, tetrahe-
drons, octahedrons, triangular plates, bipyramids 
(Tao, Habas, & Yang, 2008; Wiley et al., 2006), 
prisms (Bastys et al., 2006), and rods (Nikoobakht 
& El-Sayed, 2003). Moreover, they have also 
fabricated mixed metallic-alloy, and NPs having 
the shell-core structures of metallic-dielectric, 
and metallic-metal with different shapes like 
nanoshells (Jackson & Halas, 2001; Sun, Mayers, 

& Xia, 2003) and nanorice (H. Wang et al., 2006). 
Since the LSPR frequency is dependent on both 
the shape and the size of the nanostructures, the 
wide variety of NPs mentioned above can have 
their LSPR frequency varied from the entire vis-
ible to mid-infrared part of the electromagnetic 
spectrum as shown in Figure 3, demonstrating 
the high tunability of plasmonic nanobiosensors 
that enables a wide variety of applications in 
biosensing.

For the substrate-based method, NPs are con-
densed, deposited, or grown on a supporting 
substrate such as silicon wafers and glass slides; 
and where analytes from the environment can 
interact with the functional NP surfaces. Some of 
the important requirements for an ideal LSPR 
substrate in practical diagnostic applications are 
that the substrate produces a high enhancement, 
generates a reproducible and uniform response, 
has a stable shelf-life, and is easy and simple to 
fabricate. Currently, there are four major fabrica-

Figure 3. Nanoparticle resonance range of plasmon resonances for a variety of particle morphologies 
© 2007, Macmillan Publishers Ltd. Used with permission. TEM images of © 1995, (Au spheres (a)), © 
2004, (Ag spheres (b)), and © 2001, (SiO2/Ag (core/shell) nanoshells (c)); and, SEM images of © 2007, 
(nanorods (d)), © 2006, (triangles (e)) Wiley-VCH, and © 2006, (cubes (f) and nanorices (g)) American 
Chemical Society. Used with permission.
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tion techniques that could potentially produce the 
desired nanoplasmonic substrates for either LSPR 
or SERS, and which can meet these requirements: 
electron beam lithography, nanosphere lithogra-
phy (NSL), the template method, and an oblique 
angle vapor deposition (OAD) or glancing angle 
deposition (GLAD) method. The electron beam 
lithography (EBL) method is an ideal method for 
producing uniform and reproducible nanoplas-
monic substrates (Clark & Cooper, 2011; Li et 
al., 2008; Lin et al., 2010). Unfortunately, it is 
expensive and time-consuming to produce large 
area substrates using EBL, unless a nanoimprint 
lithography method is integrated (Alvarez-Pueb-
la et al., 2007). The NSL method, developed by 
Van Duyne and coworkers (Hulteen & Vanduyne, 
1995), involves the evaporation of Ag onto nano-
pore masks (generally made of self-assembled 
colloidal particle arrays) and subsequently the 
removal of the masks that leave behind the Ag 
metal deposited in the interstices to form a regu-
lar Ag nanoparticle array (Hulteen et al., 1999; 
Malinsky et al., 2001; Zhang, Yonzon, & Van 
Duyne, 2006). The template method uses a 
nanotube-like array, which is generally made of 
anodized Al2O3, as a template to grow Ag or Au 
directly into the channels via an electrochemical 
plating method to form a Ag or Au nanorod array 
(Broglin et al., 2007; Ruan et al., 2007).

The OAD method is a physical vapor deposition 
at a glancing angle (> 75°) of the substrate normal 
with respect to the incoming vapor direction (Fig-
ure 10.4a), causing geometrical shadowing effect 
that leads to a preferential growth of nanorods on 
the substrate in the direction of deposition (Figure 
4b). More specifically, in the initial stages of film, 
growth atoms condense and form nuclei, resulting 
in geometrical shadowing of regions of the sub-
strate that prevent film growth in those regions. 
The resulting film consists of columns that grow 
off the nuclei and are inclined in the direction 
of the vapor source. Therefore, the porosity of 
the film can be controlled by simply changing 
the incident angle. Since the growth process is a 

thermal or e-beam evaporation, various materials 
can be used for GLAD, such as materials metals, 
metal oxides, silicon, silicon oxides, and even their 
combination (Steele & Brett, 2007; Zhou & Gall, 
2008; Zhou, Li, & Gall, 2008). The glancing angle 
deposition in GLAD is a combination of OAD 
and carefully controlled substrate motion (Figure 
4a) to fabricate a wide variety of morphologies 
with three-dimensional nanostructures, ranging 
from simple nanostructures like close-packed 
nanospheres and tilt nanowires (Reisner, 2011) 
to more complex ones such as chevron, and heli-
cal posts (Steele & Brett, 2007) and nanotubes 
(Huang, Harris, & Brett, 2009) (Figure 4c). GLAD 
can also be combined with various lithography 
techniques including EBL (Jensen & Brett, 2005), 
NSL (Zhou & Gall, 2007), and conventional 
photolithography (Ye & Lu, 2007) to grow highly 
ordered nanostructure arrays in a large scales as 
shown in Figure 4d.

Surface Biofunctionalization of 
Plasmonic Nanomaterials

The significant advancement in controlled nano-
fabrication offers researchers the capability to tune 
plasmonic properties of nanomaterials. However, 
the surface of plasmonic nanomaterials (normally 
gold and silver NPs) cannot interact with the 
biological analyte selectively. To overcome this 
limitation, surface functionalization techniques of 
nanomaterials by biological recognition elements 
(bio-receptors or bio-probes) have recently been 
developed to form hybrid nanomaterials that 
incorporate the highly selective catalytic and 
recognition properties of biomaterials such as 
enzymes and DNA, with the highly sensitive and 
easily tunable electronic and photonic features of 
plasmonic nanomaterials (Thanh & Green, 2010; 
C.G. Wang et al., 2006; Wang et al., 2009).

Often, NPs synthesized in organic medium 
tend to aggregate to form clusters in aqueous 
solution that is generally required by biomedi-
cal applications. Therefore, before they can be 
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Figure 4. a. Schematic of oblique angle deposition (OAD) or glancing angle deposition (GLAD) © 2007, 
Springer. Used with permission. b. Conceptual illustration of column growth. c. Various morphologies 
fabricated by GLAD: Ag spheres (a) and tilt nanowires (b), Si chevrons (c), helical posts (d) © 2007, 
Springer. Used with permission, and nanotubes (e) © 2007, American Chemical Society. Used with per-
mission. d. Various patterned nanostructures fabricated by combining GLAD with e-beam lithography 
(a, b) © 2005, IEEE. Used with permission, nanosphere lithography (c), and photolithography ((d), © 
2007, American Physical Society. Used with permission, and (e)).
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modified by any bioreceptors, an additional step, 
called water solubilization, is included, during 
which colloidally unstable NPs are stabilized in 
aqueous solution by conjugating with hydrophilic 
ligands. The ligands could be ionic, resulting in 
ionic stabilization of NPs by Coulombic repulsion. 
Another way to stabilize NPs is steric stabiliza-
tion, during which NP aggregation is prevented 
by coating with a physical barrier. The barriers 
include polymeric ligands, such as poly(ethylene 
glycol) (PEG) (Cobley et al., 2011) and small-
molecular ligands like bis(p-sulfonatophenyl) 
phenylphosphine surfactants (Liu et al., 2006). 
These ligands, for water solubilization, are then 
replaced by phase transfer or ligand exchange 
or modified by ligand addition with desired bio-
functional ligands (Thanh & Green, 2010). Water 
solubilization may be performed either as the final 
stage of the biofunctionalization process of NPs 
or as an intermediate stage.

Four strategies are generally used to function-
alize surface of plasmonic nanomaterials (mostly 
Au, Ag, and Cu surface) with biomolecules such 
as bioreceptors. The first is electrostatic adsorption 
of positively charged biomolecules to negatively 
charged nanoparticles or vice versa. For example, 
gold and silver NPs synthesized by citrate reduc-
tion are stabilized by citrate ligands at pH slightly 
above their isoelectric point. This results in the 
anionic citrated coated NPs that can be bound to 
the positively charged amino acid side chains of 
immunoglobulin G (IgG) molecules (Shenton, 
Davis, & Mann, 1999). The second strategy is 
ligand-like binding to metallic surface of plas-
monic nanomaterials by chemisorption of thiol 
groups. For example, metal nanostructures can be 
functionalized with L-cysteine through the Au-S 
bonds, and then bound to target proteins through 
peptide bonds with the cysteine moieties (Naka 
et al., 2003). They can be directly bound to thiol 
derivative analytes such as protein containing cys-
teine residues (e.g., serum albumin) (Hayat, 1989) 
or thiolated DNA (Mirkin et al., 1996; Sonnichsen 
et al., 2005). The third strategy is covalent binding 

through biofunctional linkers, exploiting func-
tional groups on both particle and biomolecules. 
The bifunctional linkers have anchor groups that 
can be attached to NP surfaces and functional 
groups that can be further covalently coupled 
to the target biomolecules. They are extensively 
used to covalently conjugate biomolecules with 
various NPs (Niemeyer, 2001), especially when no 
linking moieties like thiol groups are available in 
biomolecules. The common anchor groups include 
thiols, disulfides, or phosphine ligands that are 
used to bind the bifunctional linkers to Au, Ag, 
CdS, and CdSe NPs. The forth strategy is based 
on non-covalent, affinity-based receptor-ligand 
systems. More specifically, nanoparticles are 
functionalized with bioreceptors (e.g., antibod-
ies) that provide affinity sites for binding of the 
corresponding ligand (e.g., antigens) or ligand 
modified proteins and oligonucleotides. The most 
well-known example in the last several decades is 
the avidin–biotin system (Green, 1975; Wilchek & 
Bayer, 1988). For example, biotinylated proteins 
(e.g., immunoglobulins and serum albumins) or 
biotinylated oligonucleotides (e.g., single strand 
DNA) (Sonnichsen et al., 2005) have been widely 
used to modify streptavidin-functionalized Au NPs 
by affinity binding (Niemeyer, 2001). Regarding 
molecular recognition, the system consists of a 
ligand, the small molecule biotin (vitamin H), and a 
receptor, the globular protein avidin that is present, 
for example, in egg white. Avidin consists of four 
identical subunits, yielding four binding pockets 
that specifically recognize and bind to biotin. The 
dissociation constant is of the order of 1015 M; and, 
the affinity bond, though not covalent, is found to 
be extremely stable, resisting harsh chemical and 
physical (e.g., elevated temperature) conditions.

Applications

Case 1- Molecular plasmonic rulers: Förster 
Resonance Energy Transfer (FRET) has served 
as a molecular ruler to monitor conformational 
changes and measure intramolecular distances of 
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single biomolecules (Weiss, 1999; Yildiz et al., 
2003; Zhuang et al., 2000). However, such a ruler 
suffers sometime from difficulty to distinguish 
changes in relative dye orientation from changes 
in distance (Weiss, 1999), limited observation 
time of a few tens of seconds due to blinking and 
rapid photobleaching of fluorescence, and an up-
per distance limit of ~10 nm. Silver and gold NPs 
have LSPR in the visible range and do not blink 
or bleach. Alivisatos, Liphardt, and co-workers 
have exploited these as a new class of molecular 
ruler to monitor the distance between single strand 
DNA (ssDNA) linked to single pairs of Au and 
Ag NPs (Sonnichsen et al., 2005), overcoming 
the limitations of organic fluorophores (Taton, 
Mirkin, & Letsinger, 2000; Yguerabide & Ygue-
rabide, 1998). These researchers first attached a 
streptavidin functionalized NP to the BSA-biotin 
coated glass surface and then introduced a second 
NP modified by thiol-ssDNA-biotin bifunctional 
linker to be attached to the first NP via biotin/
streptavidin binding (Figure 5a, d). Light scat-
tering was measured by transmission darkfield 
microscopes (Figure 5a). For both gold and silver 
NPs, they observed the significant color change 
and spectral shift between a single isolated NP and 
a pair of adjacent NPs (Figure 5b, c, e). The LSPR 
shift was used to follow the directed assembly of 
gold and silver nanoparticle dimer in real time. 
The research team also used the ruler to study the 
kinetics of single DNA hybridization events by 
monitoring the LSPR shift (Figure 5f) due to the 
resulting 2 nm distance increase between the pair 
of the adjacent NP. These ‘plasmon rulers’ make it 
possible to continuously monitor separations of up 
to 70 nm for > 3,000 s and become an alternative 
to dye-based FRET for in-vitro single-molecule 
experiments, especially for applications demand-
ing long observation times without dye bleaching.

Chen, Lee, and coworkers demonstrated an-
other molecular ruler in which double-stranded 
DNA is attached to a 20-nm Au nanoparticle 
through the thiol-Au chemistry (Liu et al., 2006). 
Instead of monitoring the LSPR between a pair 

of DNA linked metal NPs, they monitored the 
LSPR of individual Au-DNA conjugates cleaved 
by various endonuclease enzyme. The team found 
that the LSPR λmax increases with the increased 
length of the attached double strand DNA (dsDNA) 
(Figure 6b). An average λmax red-shift of ap-
proximately 1.24 nm is observed per DNA base 
pair.

They also used this nanoplasmonic molecular 
ruler to monitor, in real time, DNA being di-
gested by an enzyme. Therefore, this system allows 
for a label-free, quantitative, real-time measure-
ment of nuclease activity with a time resolution 
of one second due to high quantum efficiency of 
Rayleigh scattering compared with fluorescence 
or Raman scattering. The system can also serve 
as a new DNA footprinting platform that can ac-
curately detect and map the specific binding of a 
protein to DNA, which is essential to genetic 
information processing.

Case 2 - Multiplexed LSPR detection: Plas-
monic nanobiosensors are potentially ideal biosen-
sors for the high throughput screening applications 
in the proteomics and drug discovery. One of 
the requirements to introduce them to a wider 
proteomics and drug discovery community is to 
develop the substrates that are well compatible 
with current high-throughput platforms. Recently, 
Endo and co-workers have developed a promis-
ing multi-array LSPR-based nanochip biosensor 
suitable for screening biomolecular interactions 
(Endo et al., 2005, 2006). This LSPR nanobiosens-
ing array provides rapid, label-free detection of 
protein concentration in small sample volumes. 
The plasmonic parts of the biochip are fabricated 
using nanosphere lithography to form three layer 
structures: the bottom layer is a gold film depos-
ited onto a glass substrate, the middle is the silica 
nanosphere self-assembled monolayer (SAM), 
and the top is the gold shell coated over silica 
nanosphere cores to form a SiO2-Au core-shell 
array. Subsequently, the bifunctional thiol linkers 
(4,4′-dithiodibutyric acid) SAM are formed over 
the gold shells. Protein A was then immobilized 
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on the SAM and six different antibodies were at-
tached on Protein A, using a nanoliter dispensing 
system, which resulted in 300 nanospot array. A 
photograph of such a multi-array sensor is shown 
in Figure 7a. Using the same dispensing system, 
Endo and co-workers dispensed different con-
centrations of specific antigens onto the surface 
and then measured the change in the absorbance 

at λmax for each spot that contains analyte with 
varying concentrations as shown in Figure 7b, c. 
The limit of detection for this sensor is 100 pg 
mL−1, while the sensor response scales linearly 
with concentration up to 1 μg mL−1. This biochip 
can potentially fit a variety of applications, such 
as point-of-care devices, cancer diagnosis, and 
microorganism detection for biodefense.

Figure 5. DNA-functionalized gold and silver nanoparticles (NPs) as molecular plasmonic rulers. (a) 
First, streptavidin functionalized nanoparticles are attached to the BSA-biotin coated glass surface 
(a; d left). Then, a second NP is modified by thiol-ssDNA-biotin bifunctional linker and then attached 
to the first particle via biotin-streptavidin affinity binding (a; d right). Inset: principle of transmission 
darkfield microscopy. (b) Single silver particles appear blue (left) and particle pairs appear blue-green 
(right). (c) Single gold particles appear green (left) and gold particle pairs appear orange (right). (e) 
Representative scattering spectra of single particles and particle pairs for silver (top) and gold (bottom). 
The LSPR scattering spectrum for silver NPs shows a larger LSPR shift (102 nm vs. 23 nm), stronger 
light scattering, and a smaller half width at half maxima (HWHM) than gold particles. (f) Example of 
the LSPR spectral shift between a gold particle pair connected with ssDNA (red) and dsDNA (blue), 
corresponding to the distance increase of 2.1 nm between the particle pair upon DNA hybridization. © 
2005, Macmillan Publishers Ltd. Used with permission.
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Summary

Plasmonic nanobiosensors are built on the syner-
getic combination of plasmonic nanostructures, 
plasmonics, and surface biofunctionalization. The 
resonant electromagnetic behavior of noble-metal 
NPs, so-called plasmonic behavior, is due to the 
confinement of the conduction electrons to the 
small particle volume. Exquisite control synthetic 
and fabrication of plasmonic nanostructures, in 
combination with advances in theory and the 
emergence of quantitative electromagnetic mod-
eling tools, has provided a better understanding 
of the optical properties of isolated and electro-

magnetically coupled nanostructures of various 
sizes and shapes. This better understanding of 
plasmonics enables us to more effectively design 
and synthesize plasmonic nanostructures that fit 
the need of different applications. Plasmonic nano-
structures offer extremely sensitive response to 
dielectric change of the environments within tens 
of nanometer distance from nanomaterials surface. 
Surface biofunctionalization incorporated unique 
recognition properties of bioreceptors with unique 
optical properties of plasmonic nanostructures 
to make the non-specific, but sensitive dielectric 
response specific to analyte of interest. Further-
more, the bioreceptors (e.g., enzymes, antigens and 

Figure 6. Nanoplasmonic molecular rulers for measuring nuclease activity. (a) Darkfield scattering 
images: a, single target single nanoparticle isolated from other Au or Au–DNA NPs for spectroscopic 
examination; b, c, true-color images of single Au NP (540 nm peak) and Au–DNA NP (607 nm peak); 
(b left) Typical LSPR scattering spectra and the corresponding maximum scattering wavelengths (λmax) 
of the Au–DNA nanoconjugates after cleavage reactions with four endonucleases (HindIII, XhoI, SalI 
and KpnI)(left) and as a function of the number of base pairs remaining attached to the Au nanoparticle 
after the cleavage. (right): The red curve is a fit from a semi-empirical model using a Langevin-type 
dependence of the refractive index versus dsDNA length. The error bars represent the standard devia-
tion in the measurement of 20 nanoparticles. © 2006, Macmillan Publishers Ltd. Used with permission.
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antibodies) have dimensions in the range of 2–20 
nm, similar to those of nanostructures, indicating 
that the two classes of materials are structurally 
compatible. The size of the bioreceptors also put 
the low limit on the minimum size of plasmonic 
nanomaterials for biosensing. The nanosize of 
both bioreceptors and nanostructures made highly 

miniaturized signal transducers possible, while 
multiplex, real-time, and parallel sensing can be 
achieved by combining the highly tunable size, 
shape, structures, and composition of plasmonic 
nanostructures with a wide variety of available 
bioreceptors and rapid development of surface 
biofunctionalization strategies.

Figure 7. LSPR-based nanochips for multiplexed sensing of, for example, immunoglobulin A (IgA). (a) 
Photograph of the LSPR-based nanochip (20 mm × 60 mm). The nanochip structure consists of a flat 
gold film, self-assembled monolayer of silica nanospheres, and a gold coating over the nanospheres. (b 
and c) Absorbance measurements at each spot of the multi-array nanochip for monitoring the binding 
of IgA to six different types of antibodies. The antibodies were immobilized on the chip by the nanoliter 
dispensing system and resulted in a total of 300 spots separated by 1 mm to prevent cross-contamination. 
Various concentrations of antigens were incubated for 30 min, and LSPR absorption spectra were then 
taken with a fiber-coupled ultraviolet-visible spectrometer in a reflection configuration. Detection was 
linear up to 1 μg ml−1 with a limit of detection of 100 pg mL−1 for all of the proteins. © 2006, American 
Chemical Society. Used with permission.
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This synergetic combination of plasmonic 
nanostructures, plasmonics, and surface biofunc-
tionalization offers plasmonic nanobiosensors 
more attractive advantages over other biosensors 
when addressing the major challenges previously 
mentioned in biosensing. First and foremost, 
plasmonic nanobiosensors have tunable optical 
properties to fit a wide variety of applications. 
The frequency and intensity of the nanoparticle 
LSPR extinction or scattering bands are highly 
sensitive to size, shape, orientation, composition, 
and structure (e.g., shell-core structure) of the 
NPs, as well as the local dielectric environments, 
which reduce or eliminate amplification proce-
dures. Therefore, the LSPR can be tuned during 
fabrication by controlling these parameters with 
a variety of chemical synthesis and nanofabrica-
tion techniques. The nanoparticle array-based 
biosensors can be also transitioned to single NPs 
to improve LSPR sensitivity to the level of single 
molecule. In addition, plasmonic nanobiosensors 
possess greater spatial resolution, both lateral and 
normal, when compared with SPR. The ultimate 
lateral spatial resolution is achieved with single 
NPs. Plasmonic nanobiosensors have an inherent 
advantage of label-free nature over other optical 
biosensors that require organic fluorescent dyes 
and/or inorganic agents such as quantum dots to 
transduce the binding event because the measured 
quantity is the optical response of the metal. The 
label-free nature can significantly reduce sample 
preparation procedures for biosensing. Moreover, 
unlike fluorophores, plasmonic NPs do not blink 
or bleach, providing a virtually unlimited photon 
budget for observing molecular binding over 
arbitrarily long time intervals; thus, making long-
term continuous biosensing possible. In addition, 
observation of local surface plasmons can be done 
using simple and inexpensive spectrophotomet-
ric equipment in the transmission (or reflection) 
configuration, which is important in the fabrica-
tion of a large biosensing array that consists of 
thousands of biosensors.

10.6. NANO-ENABLED 
DRUG DELIVERY

10.6.1. Nanotechnology 
and Drug R&D

Pharmaceutical companies are facing enormous 
challenges ranging from revenue losses due to 
patent expirations on blockbusters, to greater 
regulatory oversight, to an ever-increasing Hatch-
Waxman-type challenge from generic manufac-
turers. By some estimates, drug revenues, worth 
$70–$80 billion, will potentially be lost by the 
end of this year as various blockbuster drugs go 
off-patent. The cost (often $800+ million or more) 
and time (frequently spanning 10–15 years) of 
developing and launching a new drug to market 
are daunting. Annual research and development 
(R&D) investment by drug companies has risen 
from $1 billion in 1975 to $40 billion today, 
while annual new drug approvals in the past 
few years have remained flat at between 20–30 
drugs. Some argue that pharmaceutical companies 
are more focused on shareholder profits than 
innovative therapies. In fact, most innovations 
today are based on reformulations rather than 
novel compounds. All agree that in today’s global 
economy big pharma faces enormous pressure 
to deliver high quality products to patients while 
maintaining profitability. Therefore, it is not 
surprising that pharmaceutical companies are 
turning to miniaturization and nanotechnology 
to enhance or supplement drug target discovery 
and drug formulation. In theory, nanotechnology 
should reduce the cost of drug discovery, design, 
and development. It should enhance the drug 
discovery process itself through miniaturization, 
automation, speed, massive parallelism, and reli-
ability of assays. The resulting improved R&D 
success rate should enable faster introduction of 
new, cost-effective products to the marketplace. 
For example, nanotechnology can be applied to 
current microarray technologies, exponentially 
increasing the hit-rate for promising candidates/



460

Bionanotechnology

targets that can be screened. Inexpensive and 
higher throughput DNA sequencers based on 
nanotechnology can reduce the time for both drug 
discovery and diagnostics. The most active area 
of product development in nanotechnology is that 
focusing on drug delivery.

10.6.2. What are 
Nanopharmaceuticals?

In this chapter, nanopharmaceuticals is defined 
as colloidal nanoparticles (or nanometer scale 
complex systems) of 10 to 1,000 nanometers (1 
micron). Furthermore, in the absence of a universal 
convention or nomenclature for nanopharmaceu-
ticals, various nanoscale structures of different 
sizes, shapes, and chemical composition have been 
included by the authors within this broad defini-
tion. Some of the common shapes include spheres 
(hollow or solid), tubules, particles (solid or 
porous), and tree-like branched macromolecules.

Nanopharmaceuticals often offer an advantage 
as compared to their “bulk” counterparts primarily 
because of their reduced size (i.e., an enormously 
increased surface area relative to volume). As a 
particle’s size decreases, a greater proportion of 
its atoms are located on the surface relative to its 
core, often rendering the particle more reactive 
and more water soluble. Nanopharmaceuticals are 
selected for characteristics such as biodegradabil-
ity, biocompatibility, conjugation, complexation or 
encapsulation, and their ability to be functional-
ized. For simplicity, they can be divided into two 
groups (Bawa, 2010a, 2010b):

1.  Those where the active agent possesses 
intrinsic therapeutic properties and acts as 
its own polymeric carrier (examples include 
multivalent dendrimers, cerium oxide, and 
platinum nanoparticles); and,

2.  Those where the active agent is directly 
coupled (functionalized, entrapped, or 
coated) to a distinct polymeric carrier. In 
the ideal futuristic situation, these polymeric 

(or lipid) carriers will be able to transport 
the active agent to a specific desired target 
site (ligand, receptor, active site, etc.) to 
impart maximum therapeutic activity with 
maximum safety (i.e., protecting body tissues 
from adverse reactions while preventing the 
degradation/denaturation/inactivation of the 
active agent during delivery/transit).

Nanopharmaceuticals typically accumulate 
non-uniformly within the body; and, their ultimate 
location is determined by their size distribution, 
surface charge, and surface properties. In fact, 
these properties can be tuned to provide long or 
short circulation times. Furthermore, their release 
kinetics can be adjusted to match the mechanism 
of action of the active agent making up the nano-
pharmaceuticals. For example, if a prolonged 
exposure to the active agent is desired, then a slow 
release is preferred (Pommier, 2004). Targeting 
specific tissue sites, such as hepatocytes versus 
Kupffer cells in the liver (Popielarski et al., 2005), 
can be achieved via:

1.  linking specific ligands or molecules (e.g., 
antibodies, glycoproteins, etc.) to the poly-
meric carrier, or

2.  altering the surface characteristics of the 
polymeric carrier so that it evades the mono-
nuclear phagocytic system as present in the 
liver and spleen; i.e., the reticuloendothelial 
(RES) system.

10.6.3. Nanopharmaceuticals 
Have Enormous Potential

A long-standing issue in the drug industry is the 
difficulty to deliver the correct dose of a particular 
active agent to a specific disease site. Since this is 
generally unachievable, active agents have to be 
administered in excessively high doses; thereby, 
increasing the odds of toxic side effects. The con-
cept of site-specific delivery of a therapeutic arises 
from this classic drawback of traditional thera-
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Table 1. Selected FDA-Approved Nanopharmaceuticals ** 

Drug Product/ 
Brand Name

Nanoparticle Drug 
Component/Active 

Ingredient(s)

Delivery 
Route

Manufacturer/
Alliance

Indication(s) FDA Approval Date

Doxil 
Caelyx (outside 
the US)

pegylated doxorubicin 
(Adriamycin) HCl lipo-
somes (80-90 nm)

IV OrthoBiotech 
Schering-Plough

metastatic ovarian can-
cer and AIDS-related 
Kaposi’s sarcoma

November 1995

Abraxane paclitaxel (taxol) bound 
albumin nanoparticles 
(~120 nm)

IV Abraxis BioScience 
Astra Zeneca

various cancers January 2005

AmBisome amphotericin B liposomes 
(~45-80 nm)

IV Gilead Sciences fungal infections August 1997

Rapamune nanocrystalline sirolimus oral solution 
oral tablet

Wyeth, Elan immunosuppressant for 
kidney transplants

September 1999

TriCor nanocrystal fenofibrate oral tablet Abbot primary hypercholester-
emia, mixed lipidemia, 
hypertriglyceridemia

November 2004

Emend nanocrystal aprepitant oral capsule 
IV

Merck, Elan nausea in chemotherapy 
patients

March 2003

Diprivan propofol liposomes IV Zeneca Pharmaceu-
ticals

anesthetic October 1989

Renagel cross-linked 
poly(allylamine) resin 
(sevelamer hydrochloride)

oral tablet 
(capsule dis-
continued)

Genzyme control of serum phos-
phorus in patients with 
chronic kidney disease 
on dialysis

October 1998

Triglide nanocrystalline fenofibrate oral tablets SkyePharma 
First Horizon

lipid disorders; mark-
edly reduces elevated 
plasma concentrations 
of triglycerides, LDL 
and total cholesterol 
and raises abnormally 
low levels of HDL

May 2005

DepoCyt sustained release cytara-
bine liposomes

IV SkyePharma 
Enzon

lymphomatous men-
ingitis

April 1999

DaunoXome encapsulated-daunorubicin 
citrate liposomes

IV Gilead Sciences advanced HIV-related 
Kaposi’s sarcoma

April 1996

Estrasorb estradiol hemihydrate 
micellar nanoparticles 
(emulsion)

transdermal Novavax reduction of vasomo-
tor symptoms, such as 
hot flushes and night 
sweats, in menopausal 
women

October 2003

Macugen pegylated anti-VEGF 
aptamer

intravitreal OSI Pharmaceuticals 
Pfizer

neovascular age-related 
macular degeneration

December 2004

Abelcet amphotericin B phospho-
lipid complex

IV Enzon invasive fungal infec-
tions in patients who 
are refractory to or 
intolerant of conven-
tional amphotericin B 
therapy

November 1995

Adagen pegylated adenosine 
deaminase

IV Enzon enzyme replacement 
therapy for patients 
with severe combined 
immunodeficiency 
disease

March 1990

continued on following page



462

Bionanotechnology

peutics. Nanopharmaceuticals have enormous 
potential in addressing this failure of traditional 
therapeutics – they offer site-specific targeting of 
active agents (Miller, 2003). Such precision tar-
geting via nanopharmaceuticals will reduce toxic 
systemic side effects, resulting in better patient 
compliance. As a result, nanopharmaceuticals 
present novel opportunities for reformulation of 
active agents whose previous versions were un-
suitable for traditional oral or injectable delivery.

Although there are many FDA-approved mar-
keted nanopharmaceuticals, numerous others are 

under development or nearing commercialization 
(Table 1).

10.7. U.S. FOOD AND DRUG 
ADMINISTRATION (FDA) AND 
NANOMEDICINE REGULATION

Currently, nanomedicine is poised at a critical 
stage. However, regulatory guidance in this area 
is generally lacking and is critically needed to 
provide clarity and legal certainty to manufactur-
ers, policymakers, healthcare providers, and the 

Drug Product/ 
Brand Name

Nanoparticle Drug 
Component/Active 

Ingredient(s)

Delivery 
Route

Manufacturer/
Alliance

Indication(s) FDA Approval Date

Pegasys peginterferon alfa-2a subcutane-
ous

Nektar 
Hoffmann-La Roche

chronic hepatitis C 
virus infection

October 2002

Somavert pegvisomant (PEG-hGH) subcutane-
ous

Nektar 
Pfizer

acromegaly March 2003

Neulasta PEG-G-CSF or pegfilgras-
tim (covalent conjugate 
of recombinant methionyl 
human G-CSF (Filgras-
tim) and monomethoxy-
polyethylene glycol)

subcutane-
ous

Amgen febrile neutropenia January 2002

Copaxone glatiramer acetate (copo-
lymer of L-glutamic acid, 
L-alanine, L-tyrosine, and 
L-lysine)

subcutane-
ous

TEVA relapsing-remitting 
multiple sclerosis

December 1996

Amphotec colloidal suspension of 
lipid-based amphotericin 
B (~115 nm)

subcutane-
ous

Sequus invasive aspergillosis 
patients who are refrac-
tory to or intolerant of 
conventional ampho-
tericin B

November 1996

PEGIntron peginterferon alfa-2b subcutane-
ous

Enzon 
Schering-Plough

chronic hepatitis C vi-
rus infection in patients 
with compensated liver 
disease

January 2001

Oncaspar pegasparginase subcutane-
ous

Enzon leukemia February 1994

Elestrin estradiol gel (0.06%) 
incorporating calcium 
phosphate nanoparticles

transdermal BioSanté treatment of moderate 
to severe hot flashes in 
menopausal women

December 2006

**Source: Dr. Raj Bawa and Dr. S.R. Bawa. Note that therapeutic approval by FDA does not necessarily indicate that the therapeutic is 
available to consumers. Abbreviations used in Table: IV, intravenous; PEG-hGH, pegylated human growth hormone; PEG-G-CSF, pegylated 
granulocyte colony-stimulating factor; PEG, polyethylene glycol; VEGF, vascular endothelial growth factor; HDL, high-density lipoprotein; 
LDL, low-density lipoprotein; AIDS, acquired immunodeficiency syndrome.

Table 1. Continued
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public (Bawa, 2011). There are hundreds, if not 
thousands, of unregulated and unlabeled nano-
products on the market for human use, but little 
is known of their health risks, safety data, and 
toxicity profiles. Less is known of nanoproducts 
that are released into the environment and that 
come in contact with humans. These nanoproducts, 
whether they are a drug, device, biologic or com-
bination of any of these, are creating challenges 
for the FDA, as regulators struggle to accumulate 
data and formulate testing criteria to ensure de-
velopment of safe and efficacious nanoproducts 
(products incorporating nanoscale technologies). 
Evidence continues to mount, proving that many 
nanoproducts inherently possess novel size-based 
properties and toxicity profiles. Yet, this scientific 
fact has been generally ignored by the FDA, which 
continues to adopt a precautionary approach to 
the issue in hopes of countering future potential 
negative public opinion. As a result, the FDA has 
simply maintained the status quo with regard to 
its regulatory policies pertaining to nanomedicine. 
Therefore, there are no specific laws or mecha-
nisms in place for oversight of Nanomedicine, 
and the FDA continues to treat nanoproducts 
as substantially equivalent (“bioequivalent”) to 
their bulk counterparts. So, at least for the time 
being, nanoproducts submitted for FDA review 

will continue to be subjected to an uncertain 
regulatory pathway. Such regulatory uncertainty 
could negatively impact venture funding, stifle 
nanomedicine research and development (R&D), 
and erode public acceptance of nanoproducts. 
The end-result of this could be a delay or loss of 
commercialized nanoproducts. Whether the FDA 
eventually creates new regulations, tweaks exist-
ing ones or establishes a new regulatory center to 
handle nanoproducts, for the time being it should 
at least look at nanoproducts on a case-by-case 
basis. The FDA should not attempt regulation of 
nanomedicine by applying existing statutes alone, 
especially where scientific evidence suggests 
otherwise. Incorporating nanomedicine regulation 
into the current regulatory scheme is a poor idea. 
Regulation of nanomedicine must balance innova-
tion and R&D with the principle of ensuring high 
public health protection and safety.

Experts continue to criticize the FDA’s rather 
lax and uncoordinated effort when it comes to 
regulating nanomedicine. All in all, U.S. govern-
mental regulatory agencies are in disarray over the 
regulation of nanomedicine. In fact, the situation 
is not much different at regulatory agencies in 
other countries either. As nanoproducts move out 
of the laboratory and into the clinic, U.S. federal 
agencies like the FDA (Gaspar, 2007; Miller, 2003; 

Table 2. Critical questions for the FDA regarding nanomedicine 

Why has nanomedicine not gained prominence on the FDA’s regulatory agenda?

Are nanomaterials inherently toxic?

Is the science and technology moving too fast for proper review to take place to formulate appropriate laws by federal agencies?

Has the FDA kept pace with emerging advances in nanomedicine R&D?

Who in addition to the FDA should be given the responsibility to regulate nanomedicine?

Can regulations truly tame the vastness encompassed by nanomedicine?

Can nanomedicine be regulated under existing regulations and authorities?

Are new regulations needed for all nanomedical products or only a subset of products containing nanomaterials?

Has the delayed and uncoordinated effort by the FDA in regard to nanomedicine hurt venture and commercialization activities?

What is the “official” position of the FDA regarding the definition of nanotechnology and nanomedicine?

Should there be a wider coordinated effort on the part of federal agencies to review, amend or create nano-regulations where appropriate 
and warranted?
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Bawa, 2011; Taylor, 2006; Mendel, 2008; Bawa 
et al., 2008; Helmus, 2007) and the PTO (Bawa, 
2007a, 2007b; Bawa, 2009) continue to struggle 
to encourage the development of nanomedicine 
while imposing some sort of order. Numerous 
challenges confront the FDA as important unan-
swered questions linger (Table 2).

So far, the process of converting basic research 
in nanomedicine into commercially viable prod-
ucts has been difficult. Securing valid, defensible 
patent protection from the PTO (Bawa, 2007a, 
2007b; Bawa, 2009) along with clear regulatory/
safety guidelines from the FDA (Gaspar, 2007; 
Miller, 2003; Bawa et al., 2008; Bawa, 2011; 
Taylor, 2006; Mendel, 2008; Helmus, 2007) is 
critical to any commercialization effort. In spite 
of the above-mentioned bottlenecks, a large num-
ber of FDA-approved nanodrugs have been 
launched and many more are poised to receive 
regulatory approval (Bawa, 2008; Bawa, 2010a, 
2010b).

Although the FDA has downplayed nanoprod-
uct safety issues (Fender, 2008) and the need for 
modification of the current regulatory regime, it 
is starting to recognize that there are knowledge 
gaps and a lack of scientific expertise in these 
areas (FDA, 2007). The FDA is also encounter-
ing problems in applying its current regulations 
to all nanoproducts as well as placing them into 
its present classification scheme. These issues 
are compounded by the fact that this agency is 
confronted with serious deficiencies in general 
(Table 3).

Given this backdrop, investors have been cau-
tious and confused as to what route, if any, the 
FDA will take in regulating nanomedicine. Ad-
ditionally, FDA’s delay in addressing nano-regu-
lation could have a chilling effect on public 
confidence and commercialization efforts (Hel-
mus, 2007). However, if the FDA plans properly 
now to mitigate foreseeable problems, it will help 
insure that scientific, ethical, commercialization, 
and legal obstacles are overcome in future. In any 
case, regulating these products will require 

greater cooperation between drug companies, 
policymakers, and the FDA.

10.8. BIONANOTECHNOLOGY 
IN ELECTRONICS

10.8.1. DNA as a Scaffold for 
Nano-Structure Assembly

In the past three decades solid-state electronics 
design and manufacture have increased the level 
of complexity and component density of computer 
microchips by multiple orders of magnitude in 
accordance with Moore’s Law. We are currently 
approaching the limits of conventional manu-
facturing processes to the point where improve-
ments have gone from small, to incremental, to 
insignificant. In microelectronics, the theoretical 
end of the silicon-based lithographic process is 
drawing near; while in material science, the need 
to control characteristics beyond the macroscale 
is becoming more necessary in order to sustain 
continued innovation. There is an imminent need 
for controlled manipulation at the nanoscale, and 
until it is reliably achieved, progress in some arenas 
may plateau. Once this controlled manipulation 
is achieved, however, a new chapter in technical 
innovation will be open. Thus, the growing inter-

Table 3. Challenges confronting the FDA 

Chronic under funding

Complexity of new products and claims submitted

Globalization of big pharma

Inability to attract and retain experts

Insufficient capacity in modeling of risk assessment and 
analysis

Inefficient regulatory structure

Lack of expertise in some technology areas

Growing reviewer case loads

Public’s generally negative perception

High profile public relation disasters
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est and research effort in changing the electronics 
manufacture paradigm from the current top-down 
approach to one of bottom-up matter manipulation.

Nanotechnology, in the form of material ma-
nipulation at the nanoscale, has been proposed 
as the most promising approach to address this 
fabrication problem. Nanoscale structures would 
be self-assembled from the “bottom-up”. Over the 
past several years, new materials, having unique 
properties, have been identified. For example, 
carbon nanotubes have extraordinary strength 
and electrical properties (Dürkop, Brintlinger, & 
Fuhrer 2002, Tersoff 1994), and numerous labs 
have demonstrated simple patterning of these 
materials. However, more complex structures 
require a material capable of directing multiple 
components to precise locations in an ordered and 
reliable fashion.

We can find excellent examples of self-
assembly processes in nature. For example, viral 
replication inside target cells follows such a se-
ries of steps, whereby the viral genetic material 
directs the production of viral components, such 
as proteins and nucleic acids, which are then 
self-assembled into new faithful copes of the 
original virus particle. Molecular bioengineering 
comprises several novel techniques to imitate 
nature’s approach to nanoscale manipulation of 
building blocks into complex structures capable of 
executing numerous roles in living organisms. This 
is a promising point from which nanotechnology 
can evolve, because living systems are successful 
examples of atomic and molecular manipulation 
on the nanoscale. Although enzymes manipulate 
atoms and molecular fragments on the Angstrom 
scale, biological systems make their structural 
components on the nanometer scale, where weak 
intermolecular energies direct the self-assembly 
process. This latter approach is likely to be the sim-
plest motif for building the first nanoscale devices 
whose synthesis and assembly are controlled, to 
a degree, with current technology. These objects 
can be used for scaffolding to orient and juxtapose 

other molecules to form devices, mechanisms, 
and structures (Seeman, 1989).

Because the predominant examples of nano-
technology in nature derive from living systems, 
it is reasonable to look to those systems for the 
components of the first nanotechnological objects 
and devices. Because of this, nanotechnology, 
which can come from many routes, is likely to 
evolve in part from molecular bioengineering. 
The bottom-up approach entails making objects 
and devices on the nanoscale from molecular and 
macromolecular components. Therefore, there is 
good reason to believe that this approach is practi-
cal to some extent, since living systems already 
exemplify its success: cells manipulate chemical 
structure on the Angstrom scale via their enzymatic 
proteins; in addition, they contain self-assembling 
structural components. Self-assembly is sponta-
neous. Manipulation that involves the breaking 
or formation of bonds requires the control of 
processes in which large amounts of energy can 
be liberated or consumed (Seeman 1989).

Although processes for manipulating, enhanc-
ing, and modifying biological entities exist, they 
are predominantly effective on a sample en masse, 
rather than on an individual cell or molecule. By 
applying chemical, electrical, mechanical, and 
biological processes, a volume of a sample can 
be affected. This is useful in a serial manner, but 
what about when a multistep process is required 
to achieve a result? Batch processes quickly 
become either too cumbersome or ineffective, 
rendering the desired result either too complicated 
or functionally impractical. If there were a way 
to direct manipulation at the nanoscale, whereby 
molecules would behave in a predictable and reli-
able fashion, the goal of nanoscale achievement 
could begin to be realized.

Nature has been doing nanotechnology for 
millennia, and one of the most powerful nano-
technology mechanisms is present in every living 
thing. That mechanism is called Watson-Crick 
base pairing of DNA. DNA can store and transfer 
information, perform computations, and build 
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structures. These things already occur in nature 
without human interaction; however, manipulat-
ing them for a specific purpose and connecting 
the activity to a useful human interface is what 
lies between theory and practical application. 
Advances in the fields of biotechnology, bioin-
formatics, and systems biology (Benner & Sis-
mour, 2005) have shed light on and expanded our 
understanding of the molecular characteristics of 
DNA (deoxyribonucleic acid). The development 
of new predictive tools (Huang & Sen, 2010) and 
manipulation techniques have opened the pos-
sibility for the use of DNA molecules in hybrid 
bioelectronics self-assembled components. The 
DNA molecule can serve as the main element 
of these novel bioelectronics devices or as the 
driver for DNA-directed self-assembly of novel 
electronic components from the ground up. It is 
the very characteristics that allow DNA to act as 
the repository of genetic information in nature 
that make it such an excellent tool for the self-
assembly of electronics components in a specific 
and controlled fashion not possible yet through 
existing physicochemical methodologies.

The DNA molecular structure provides a 
“programmable” template to select the desired 
orientation, order, and final three-dimensional 
geometry of the complex macromolecular as-
sembly of interest. This stepwise self-assembly 
can be accomplished by relying on the well 
understood base pairing properties of the DNA 
molecule. Four nucleic acids or bases form the 
basic building blocks of DNA: adenine (A), thy-
mine (T), guanine (G), and cytosine (C). These, 
in turn, pair in a specific order: A-T and G-C. The 
pairing of bases can be in a double-strand format, 
where two complementary chains form a double 
helix DNA molecule or can form binding motifs 
within a single-stranded DNA molecule. The latter 
arrangement provides a larger variety of second-
ary structures during folding. The programming 
or design of DNA templates for bioelectronics 
applications has been referred to as DNA nanoen-
gineering and covers applications such as i) DNA 
self-assembly and DNA-directed self-assembly, ii) 

DNA nanomachines, iii) DNA-based electronics, 
iv) DNA-assisted nanofabrications, and v) DNA 
computations (Deng, Lee, & Mao, 2005). How-
ever, RNA also provides a promising template for 
bioelectronics devices (Jaeger & Chworos, 2006).

10.8.2. DNA as a Scaffold 
for Building Structures

Nature has designed DNA in such a way that it is 
an ideal molecule for building nanoscale struc-
tures. Because of how the molecule is constructed, 
strands of DNA can be “programmed” to assemble 
themselves into complex arrangements in two and 
three dimensions. Self-assembly requires infor-
mation to be carried on the substrates; therefore, 
the greater the information carrying capacity, 
the greater the complexity of the structures that 
are produced. This specific programmability 
stems from the four nucleic acids that make up 
the rungs of the DNA double helix. These four 
acids (adenine, thymine, guanine, and cytosine) 
are represented by the letters A, T, G, and C, 
respectively. The characteristics of these acids 
(also referred to as nucleotides or bases) dictate 
specific pairings of A and T, and G and C. Each 
nucleic acid makes up one half of each rung in 
the twisted ladder structure of a complete DNA 
strand. Because each base will only match up 
with an appropriate complement, both naturally 
occurring and synthesized DNA are predictable 
and stable.

An important property of DNA is its double-
stranded nature. Since every DNA sequence has 
a natural complement (i.e., if a sequence is AT-
TACGTCG, its complement is TAATGCAGC). 
These two strands will come together (or hybrid-
ize) to form double-stranded DNA. By producing 
strands with the appropriate combinations of 
complementary bases, DNA can be designed to 
automatically create a nearly infinite number of 
self-assembling structures. These structures can 
be as simple as a naturally occurring double helix 
or a highly complex, three-dimensional shape. 
Nadrian C. Seeman, Professor of Chemistry at 
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New York University, has published extensively 
on this subject, and has put forth several models 
for using DNA to create simple, compound, and 
complex structures. Using a combination of 
ligation, restriction, and hybridization steps, Dr. 
Seeman has been able to create three-dimensional 
structures (Seeman 2003). A group of scientists 
at The Scripps Research Institute has designed, 
constructed, and imaged a single strand of DNA 
that spontaneously folds into a highly rigid, na-
noscale octahedron (Shih, Quispe, & Joyce, 2004).

Beyond the specificity and predictability of 
DNA, nature has provided a comprehensive tool 
box to manipulate DNA. In fact, nature provides 
virtually every tool an engineer would need to 
build. Restriction enzymes cut DNA at specific 
sequences of bases. Ligase fuses the ends of two 
molecules. More complex sets of enzymes can be 
used to make virtually unlimited copies of a DNA 
molecule. Polymerase chain reaction technology 
uses DNA polymerases to exponentially copy 
DNA molecules. Enzymes facilitate restriction 
(cutting), ligation (fusing), and polymerization 
(copying) of DNA strands. Numerous site-specific 
DNA-binding proteins can be used to mask spe-
cific locations on DNA. Other enzymes can edit 
mistakes, twist, or untwist DNA. Similar proteins 
also work with ribonucleic acid (RNA). When 
combined with the macro effects of temperature 
and pH, these naturally occurring substances 
provide for a nearly infinite number of creation 
and assembly combinations.

10.8.3. Coating DNA with 
Metals or Plastics

As discussed earlier, DNA is uniquely suited 
for the formation of complex three-dimensional 
structures. However, to produce electronic circuits 
and nanoscale structures, it is necessary to be able 
to alter the properties of the DNA molecules. 
Fortunately, DNA reacts with a wide variety of 
materials. Charged molecules are attracted to the 
negatively charged phosphate backbone. Other 

reagents react with the active groups on the bases. 
Yet, other compounds intercalate between the 
stacked bases of the single- or double-stranded 
molecules. Using these compounds it is possible 
to alter the electronic and physical properties of 
the DNA molecules.

Over the last decade, several research efforts 
have concluded that a strand of DNA can act as 
an electrical conductor or semiconductor (Hen-
derson et al., 1999). During the same time period, 
an almost equal number of studies concluded just 
the opposite: that DNA is either a poor conduc-
tor or a resistor (Zhang et al., 2002). While it is 
true that under certain circumstances, DNA may 
appear to carry a current, no research has been 
able to put forth consistent circumstances under 
which DNA, in its natural form, is a reliable 
conductor. In order to convert a DNA molecule 
into a highly conductive wire, researchers at the 
Technion (Israel Institute of Technology) began 
work on a process to coat DNA with metal. To 
instill electrical functionality, silver metal is de-
posited along the DNA molecule. The three-step 
chemical deposition process is based on selec-
tive localization of silver ions along the DNA 
through Ag+/Na+ ion-exchange and formation of 
complexes between the silver and the DNA bases. 
The Ag+/Na+ ion-exchange process is monitored by 
following the almost instantaneous quenching of 
the fluorescence signal of the labeled DNA. The 
ion-exchange process, which is highly selective 
and restricted to the DNA template alone, is ter-
minated when the fluorescence signal drops to 1 
to 5% of its initial value (the quenching is much 
faster than normal bleaching of the fluorescent 
dye). The silver ion-exchanged DNA is then 
reduced to form nanometer-sized metallic silver 
aggregates bound to the DNA skeleton. These 
silver aggregates are subsequently further “de-
veloped”, much as in the standard photographic 
procedure, using an acidic solution of hydroqui-
none and silver ions under low light conditions. 
Such solutions are metastable, and spontaneous 
metal deposition is normally very slow. However, 
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the silver aggregates on the DNA act as catalysts 
and significantly accelerate the process. Under 
the experimental conditions, metal deposition, 
therefore, occurs only along the DNA skeleton, 
leaving the passivated glass practically clean of 
silver. The silver deposition process is monitored 
in situ by differential interference contrast (DIC) 
microscopy, and terminated when a trace of the 
metal wire is clearly observable under the mi-
croscope. The metal wire follows precisely the 
previous fluorescence image of the DNA skeleton. 
The structure, size, and conduction properties of 
the metal wire are reproducible and dictated by 
the “developing” conditions (Braun et al., 1998).

The coating process works equally well with 
compounds other than metal and has, therefore, 
been developed into a process for coating DNA 
for purposes beyond conductivity. The process in 
its most simplified form is as follows:

• Synthesized or naturally occurring DNA is 
isolated.

• Positively charged (primary) ions are in-
troduced and are attracted to the negatively 
charged phosphates (along the DNA back-
bone) and the negatively charged NH2 on 
the bases.

• Once the ions attach, the DNA is rinsed 
and the secondary substance is added. This 
substance develops (or grows) on the pri-
mary ions creating a continuum of mate-
rial along the entirety of the DNA strand 
(Keren et al., 2003).

The coated DNA can now possess a wide 
range of characteristics depending on the type 
of material used in the coating process. DNA 
molecules have poor conductance. For example, 
recent experiments have measured the resistance 
of 30 nm thiolated dsDNA molecules on the 
order of Tera Ohms and higher (Welch et al., 
2011). However, charge transport for distances 
relevant to nanoelectronics applications have been 
demonstrated in 100-mer DNA molecules for a 

maximum distance of 34 nm (Slinker et al, 2011). 
The high resistivity and low conductivity of DNA 
molecules can be overcome through the proper 
metallization, and thus conversion of the DNA 
molecule into a functional nanoscale conducting 
wire. This combination of the reproducibility and 
programmability of DNA-based structures with 
metal coatings provide a promising technique to 
self-assemble electronic components on demand. 
The coated strand can now bear electrical char-
acteristics of a conductor, semiconductor, or a 
resistor. Structurally, it can be rigid, semi-rigid or 
with any level of flexibility. By running a wide 
range of materials through this process, DNA 
becomes an ideal foundation for both electrical 
and structural tasks. A nanoscale wire (or any 
other coated strand) by itself is not particularly 
useful; however, once a reliable process for coat-
ing DNA was established, a whole new world 
of possibility was opened. The main difference 
rests on the fact that, although both metallic and 
non-metallic nanoscale wires have been grown 
through vapor deposition, the resulting wires vary 
in length, and lack large scale reproducibility. In 
contrast, a DNA molecule can be constructed in 
a sequence-specific process that exactly deter-
mines its size and three-dimensional folding in 
a consistent manner. Three DNA metallization 
chemistries have been used to convert DNA into 
a conducting wire. These chemistries fall into two 
reaction categories: i) ion-exchange of a metal 
(silver) ion for the positive sodium counter ion 
associated with the phosphate groups of the DNA 
backbone; and, ii) formation of a covalent bond 
between a metal ion (palladium or platinum) and 
amine groups of the DNA bases. In both cases, 
the attached ions are reduced to form a metal that 
can act as a catalytic site for the deposition of an 
alternate metal on the surface of the DNA (Onoa 
& Moreno, 2002).
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10.8.4. Sodium–Silver ion Exchange

A silver-catalyzed gold chemistry has also been 
studied (Braun et al., 1998). This chemistry also 
involves ion exchange of silver ions for sodium 
followed by reduction with hydroquinone. In this 
case, the particles of metallic silver are incubated 
in a three-part solution containing potassium 
tetrachloroaurate to develop gold on the surface 
of the DNA. Keren and associates (Keren et al., 
2003) performed electronic testing on such met-
allized DNA and reported Ohmic behavior with 
a resistance of 25 Ω for a 2.5 μm-long wire at 
a voltage of 0 to 2 mV. This chemistry has also 
been shown to form 60 to 70 nanometer-sized 
gold particles along the surface of DNA with no 
background deposition elsewhere. However, a 
problem was encountered with a precipitate of 
gold thiocyanate produced during synthesis of 
the tetrachloroaurate solution. This precipitate 
is formed as particles with diameters Y0.8 μm 
and then redissolved into a phosphate buffer. If 
these particles are not completely redissolved 
or removed before metallization they can cause 
aberrant results.

10.8.5. Palladium-Amine 
Covalent Binding

Another metallization chemistry (Keren et al., 
2003) involves the formation of a covalent bond 
between palladium and platinum ions and the 
amine groups of DNA bases. A solution of pal-
ladium acetate is mixed with a solution of DNA 
and the palladium ions become associated with 
DNA by forming covalent bonds with the amine 
groups of the DNA bases. Subsequent reduction of 
the palladium ions allows them to form autocata-
lytic sites for the deposition of a palladium metal 
coating on the surface of the DNA. Reduction of 
the palladium bonded to the DNA results in very 
small metal deposits of palladium. However, there 
may not be enough metal to form a continuous 
conducting wire after a single treatment with the 

palladium acetate solution. The initial palladium 
deposits can serve as catalytic sites for the further 
deposition of palladium. Subsequent rounds of 
treatment with palladium acetate and the reduc-
ing agent enhance these deposits with additional 
metallic palladium.

Richter and associates (Richter et al., 2000, 
Richter et al., 2001) electrically characterized 
wires formed by the palladium-catalyzed deposi-
tion of palladium on lambda DNA immobilized 
between gold electrodes with an inter-electrode 
gap of 5 to 10 μm. DNA was dried on the surface 
of a comb-shaped contact structure so that the DNA 
strands were perpendicular to the gold electrodes. 
Palladium metallization was then carried out on 
the microchips and voltages applied across the 
wires. Applied voltages in the range of tens of 
millivolts produced currents in the range of tens 
of microamperes. Resistance measurements were 
reported for individual wires by comparing the 
system resistance before and after individual wires 
were broken. Resistance measurements were made 
for more than 100 wires and all showed Ohmic 
behavior at room temperature. Data showed that 
a diameter of approximately 50 nm is sufficient 
to achieve continuous metallization of the DNA. 
Although the initial resistance of the wires was 
proportional to their length, none of the wires 
exhibited resistance less than 5 kΩ, even when 
wire diameter was increased to 200 nm. These 
higher resistances were attributed to contact 
resistances between the palladium wire and the 
gold electrodes when electron-beam-induced 
carbon lines were written over the ends of the 
wires where contact was made with the gold 
electrodes. The resistance of individual wires was 
less than 1 kΩ. For example, a 16.5 μm wire with 
an average diameter of 50 nm had a resistance of 
743 Ω. The two-terminal I–V curve of this wire 
was recorded after cutting all other wires. Linear 
current–voltage dependence was observed for 
bias voltages down to 1 mV and no evidence of 
a nonconducting region or diode-like behavior 
was found at room temperature.
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10.8.6. Patterning Materials on DNA

To fully take advantage of DNA as a substrate, one 
would like to direct coatings to specific regions of 
the DNA molecule. Reaching into nature’s toolbox, 
it is possible to mask regions of the DNA molecule 
using sequence specific DNA binding proteins. 
During the synthesis of the DNA molecules, bind-
ing sites for masking proteins are engineered into 
the molecules. With the engineered molecules it 
is possible to mimic the lithography process on 
DNA to produce structures with more than one 
coating on a DNA molecule. Nanoscale electronic 
components are created through the multistep 
process outlined below (Connolly, 2001):

A specifically designed DNA strand is synthe-
sized with single-stranded “tailed” ends. These 
ends will be used in the self-assembly/manipula-
tion process once the component is created.

• Blocking proteins are applied to specific 
locations along the strand, providing a 
mask from the coating process. Depending 
on the complexity of the component, sev-
eral different proteins may be used.

• Once the proteins are applied, the first 
coating step is applied to the unblocked 
section of DNA.

• The masking proteins are removed with 
enzymes.

• The now exposed area is coated with the 
next coating material. The application and 
removal of blocking proteins may be re-
peated several times to achieve the desired 
characteristics.

• Once the internal areas are coated, the 
blocking proteins on the ends are removed 
and the nanoscale component is created

Proper design of the components is the key to 
assembly. The unique ends of each component will 
only bond to its intended counterpart. Designs can 
create circuits in two- or three-dimensions and 
can be independent (free floating) or be joined to 

a substrate, like silicon, for connection to more 
conventional circuitry. With complete circuits 
thousands of times smaller than their conventional 
counterparts, an entirely new (previously unthink-
able) world of development is created.

In 2002, Keren and associates (Keren et al., 
2003) demonstrated a detailed masking process 
for creating DNA-based electronic components. 
A region of DNA was coated with RecA protein. 
The DNA was then exposed to silver nitrate, and 
then gold was deposited onto the regions of DNA 
unprotected by RecA. The RecA protein was then 
removed to expose an uncoated region of the 
DNA molecule. This demonstration of sequence-
specific lithography on a single molecule was an 
important step toward DNA-templated electronics.

In November 2003, the same group took the 
approach further with the creation of a DNA-
templated field effect transistor (FET). The details 
of the FET creation are summarized here.

Assembly of a DNA-templated FET:

• RecA monomers polymerize on a ssDNA 
molecule to form a nucleoprotein filament.

• Homologous recombination reaction leads 
to binding of the nucleoprotein filament at 
the desired address on an aldehydes-de-
rivatized scaffold dsDNA molecule.

• The DNA-bound RecA is used to localize 
a streptavidin-functionalized single-walled 
nano tubules (SWNT), utilizing a primary 
antibody to RecA and a biotin-conjugated 
secondary antibody.

• Incubation in an AgNO3 solution leads to 
the formation of silver clusters on the seg-
ments that are unprotected by RecA.

• Electroless gold deposition, using the sil-
ver clusters as nucleation centers, results in 
the formation of two DNA-templated gold 
wires contacting the SWNT bound at the 
gap (Keren et al., 2003).
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These DNA-based components can be synthesized 
in solution and then combined to make electronic 
circuits. As indicated above, single-stranded DNA 
ends can be protected using single-stranded DNA 
binding protein (SSB) to leave the ends available 
for binding with other components. The single 
stranded regions are designed to specifically 
bind to the end of another component. Using this 
approach it is possible to create self-assembling 
electronic circuits or devices in solution.

DNA can interact with metallic or semicon-
ductor nanoparticles (NP) for the formation of 
DNA-NP hybrid systems. These systems in turn 
can operate as sensors, or the NP can act as metal-
lization catalysts that coat the DNA template with 
conductive metals (Willner, Baron, & Willner, 
2007). The addition of catalytic nanoparticles has 
led to the formation of DNA-templated nanowires 
constructed from gold, silver, copper, palladium, 
and platinum (Stoltenberg & Woolley, 2004). DNA 
also readily interacts with carbon nanotubes (CNT) 
for the formation of hybrid complexes capable 
of operating as active field-effect transistors or 
biosensor devices (Katz & Willner, 2004).

10.8.7. Conclusion

DNA-directed assembly is making the promise 
of self-assembling nanosized devices a reality. 
The ability to realize the dream of self-assembly 
allows for low-cost fabrication of simple devices 
which, to date, could not be produced. DNA-
based nanoelectronics and mechanisms will start 
appearing in products in the foreseeable future. 
Research and development in this arena holds the 
promise of great possibilities. Imagine: materials 
that can communicate with the devices that they 
comprise; nanoscale machines that can accurately 
perform medical tasks currently dependent on 
high-risk surgery; high-efficiency hydrogen fuel 
cells; and, radio frequency identification (RFID) 
tags embedded into products at the material level, 
virtually eliminating time spent checking out in 
stores. These things and many more are not only 
possible, but likely in a world where DNA-based 

nanoelectronics are used. The example of the 
DNA sensor system is only the beginning of the 
kinds of things that are possible as this exciting 
new arena begins to take shape.

10.9. BIOSYNTHESIS OF 
NANOPARTICLES

Nanoparticle synthesis and the study of their 
properties are of fundamental importance in 
the advancement of nanotechnology research. 
Therefore, the development of rapid and reliable 
techniques for the synthesis of nanoparticles over a 
range of sizes, shapes, and chemical compositions 
is currently an important branch of research in the 
area of nanotechnology. Recently, there have been 
numerous reports on the generation of anisotropic 
nanoparticles with well-defined structures other 
than solid spheres. These include nanoscale rods, 
triangles, hexagons and cubes exhibiting unique 
properties, which either strongly differ or are more 
pronounced from those of symmetric spherical 
nanoparticles, and could find application in ar-
eas such as electronics, photonics, chemical and 
biochemical sensors, catalysis, drug delivery and 
biological labeling (Das & Marsili 2010; Tréguer-
Delapierre et al., 2008). The size and shape of the 
particles are critical in the determination of these 
novel properties. One of the major challenges is 
to develop reliable protocols for the synthesis 
of monodispersed nanoparticles over a range of 
chemical compositions, sizes, and morphologies.

Some of the commonly used physical and 
chemical methods developed for the production 
of nanoparticles include chemical reduction, 
solvothermal synthesis, sol-gel techniques, laser 
ablation, and inert gas condensation (Das & Mar-
sili, 2010; Narayanan & Sakthivel, 2010; Singh, 
Manikandan, & Kumaraguru, 2011). Although 
some success has been achieved, there are still a 
number of challenges involved in the controlled 
production of these materials (Hao, Schatz, & 
Hupp, 2004); and difficulty is often experienced 
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in obtaining high yields of defined size and shape 
(Das & Marsili, 2010).

10.9.1. Microbes Used in the 
Synthesis of Metal Nanoparticles

Over the last decade, the utilization of biological 
systems has emerged as a promising alternative 
approach for the synthesis of biocompatible 
nanoparticles with properties similar to those of 
chemically synthesized materials. This step is not 
unexpected since many uni- and multi-cellular 
organisms are known to produce inorganic nano-
materials, either intracellularly or extracellularly. 
A vast range of different microbes with the ability 
to produce nanoparticles have been reported in 

literature and include biosynthesis of gold, silver, 
gold-silver alloy, selenium, platinum, palladium, 
silica, titanium, zirconia, quantum dots, magnetite 
and uraninite nanoparticles by a variety of bacteria, 
actinomycetes, fungi, yeasts and viruses (Naray-
anan & Sakthivel, 2010). Additional advantages 
associated with biological nanoparticle production 
include eco-friendliness and compatibility for 
pharmaceutical and other biomedical applications 
as toxic chemicals are not used during synthesis. 
Chemical, synthesis methods often lead to the 
presence of toxic chemicals on nanoparticle 
surfaces, which limit their application in clinical 
areas (Narayanan and Sakthivel, 2010).

A very brief selection of some of these organ-
isms and the characteristics of the particles pro-

Figure 8. Examples of biologically produced nanoparticles (a) Gold nanoparticles synthesized in the 
presence of Verticillium luteoalbum cell extract (Gericke & Pinches, 2006); (b) Silver particles produced 
by Pseudomonas stutzeri AG259 (Klaus et al., 1999); (c) Platinum nanoparticles produced by Fusarium 
oxysporum (Riddin, Gericke, & Whiteley, 2006); (d) Gold nanocubes produced by Bacillus licheniformis 
(Kalishwaralal et al., 2009).
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duced will be discussed. Examples of biologically 
produced nanoparticles are presented in Figure 8.

Bacteria

Several bacterial species have been successfully 
used for intracellular and extracellular synthesis of 
nanoparticles. In early studies, Beveridge (1989) 
found that gold particles of nanoscale dimensions 
could form inside the cell walls of Bacillus subtilis. 
More recently, the synthesis of gold nanoparticles 
by Rhodopseudomonas capsulata (He et al., 2007) 
and the synthesis of gold nanocubes by Bacillus 
licheniformis (Kalishwaralal et al., 2009) were 
demonstrated. Further developments included the 
extracellular production of gold nanowires (50-60 
nm) after exposure of cell free extract of Rhodop-
seudomonas capsulata to gold (He et al., 2008), 
the extracellular synthesis of gold nanoparticles 
(15-30 nm) by Pseudomonas aeroginosa (Hus-
seiny et al., 2007), as well as the use of bacterial 
cell supernatant for the reduction of gold ions, 
resulting in extracellular biosynthesis of particles 
(Shahverdi et al., 2007). The ability to produce 
these particles extracellularly is a big advantage 
from a process point of view, since the release of 
intracellularly produced nanoparticles requires 
additional down-stream processing steps such 
as treatment with suitable reagents or ultrasound 
(Narayanan & Sakthivel, 2010).

Interest in the fabrication of silver nanoparticles 
has increased over the past few years, mainly due 
to the long list of potential applications. Although 
silver is toxic to most micro-organisms, Klaus et 
al. (1999) reported a metal-accumulating bacte-
rium, Pseudomonas stutzeri AG259, capable of 
producing silver-based single crystals within the 
periplasmic space of the bacteria (from a few 
nanometer up to 200 nm), while silver nanopar-
ticles could be successfully produced in the 
culture supernatant of Klebsiella pneumonia and 
Enterobacter cloacae (Shahverdi et al., 2007).

Even bacteria such as Lactobacillus, normally 
not exposed to metal ions, could be used to synthe-

size large amounts of gold, silver, and gold-silver 
alloy crystals of well-defined morphology (Nair 
& Pradeep, 2002). Similarly, Jha and colleagues 
(2009) and Jha and Prasad (2010) demonstrated 
the use of Lactobacillus sp. to produce TiO2 (8-35 
nm) and BaTiO3 (20-80 nm) particles. Attention 
also focused on the synthesis of semiconductor 
nanoparticles such as CdS, ZnS and PbS, and 
Holmes and co-workers (1995) successfully dem-
onstrated that exposure of Klebsiella aerogenes 
to Cd2+ ions resulted in the formation of CdS 
nanoparticles in the nanometer range (20-200 nm).

Although much less is known about the bio-
reduction of platinum group metals, the sulphate 
reducing bacterium Desulfovibrio desulfuricans 
has been shown to produce palladium nanopar-
ticles in the presence of an electron donor (Yong 
et al., 2002). Likewise, Shwanella algae produced 
platinum nanoparticles around 5 nm in diameter 
and located in the periplasm when exposed to 
PtCl6

2- in the presence of lactate as electron donor 
(Konishi et al., 2007)

Fungi

Fungi are being viewed as a good source of 
nanoparticles, mainly because they secrete much 
higher amounts of proteins, more than bacteria; 
in addition, downstream processing and biomass 
handling is relatively easy (Thakkar et al., 2010). 
One of the first works defining the use of fungi 
for nanoparticle synthesis was carried out by 
Mukherjee and colleagues for the intracellular 
production of gold nanoparticles (20 to 25 nm) 
using Verticillium sp. (Mukherjee et al., 2001).

Due to problems with downstream processing 
during intracellular nanoparticle production, atten-
tion shifted to the development of processes for 
producing the particles extracellularly. A number 
of reports describing the synthesis of extracellular 
nanoparticles can be found in literature. Examples 
include the synthesis of gold and silver particles 
(20-50 nm) by Fusarium oxysporum (Mukherjee 
et al., 2002), gold nanoparticles by Trichothecium 
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sp. (Ahmad et al., 2005), and the formation of gold 
nanoparticles, including triangles, hexagons, and 
spheres after exposing cell free extracts obtained 
from Verticillium luteoalbum to gold ions (Ger-
icke & Pinches, 2006). Silver nanoparticles could 
also be produced extracellularly by a number of 
fungal species including Aspergillus flavus (Vi-
gneshwaran et al., 2007), Fusarium semitectum 
(Basavaraja et al., 2007), and Aspergillus fumi-
gatis (Bhainsa & D’Souza, 2006). The ability of 
Fusarium oxysporum to form Pt nanoparticles 
with interesting morphologies was reported by 
Riddin et al. (2006).

Yeast

Few reports have been published on the use of 
yeasts for nanoparticle production. Yeasts have 
been mainly exploited for the synthesis of semi-
conductors. Dameron et al. (1989) was the first 
to show the capability of yeasts such as Schizo-
saccharomyces pombe and Candida glabrata 
to produce CdS nanoparticles. Conditions have 
also been standardized for the synthesis of silver 
nanoparticles using a silver-tolerant yeast strain, 
MKY3 (Kowshik et al., 2003), while the yeast 
strains Pichia jadinii (Gericke & Pinches, 2006) 
and Yarrowia lipolytica (Agnihotri et al., 2009) 
have been identified for their ability to produce 
gold nanoparticles.

Actinomycetes

Gold nanoparticles with very good monodisper-
sity have been produced using actinomycetes as 
demonstrated by Sastry et al. (2003) and Ahmad 
et al. (2003a), who showed extracellular forma-
tion of gold nanoparticles by the extremophilic 
actinomycete, Thermomonospora, when exposed 
to gold ions. Similarly, Ahmad and co-workers 
(2003b) used the alkalotolerant Rhodococcus sp. 
for intracellular synthesis of good quality monodis-
perse gold nanoparticles. The nanoparticles were 
reported to be stable over long periods of time, 

which is very encouraging since the lack of suf-
ficient stability of many nanoparticle preparations 
has, to some extent, impeded the development of 
applications of nanomaterials.

Biological Templates

Biological materials naturally display an aston-
ishing variety of sophisticated nanostructures 
that are difficult to obtain even with the most 
technologically advanced synthetic methodolo-
gies. As the need for nano-engineered materials 
with improved performance characteristics are 
becoming increasingly important, the potential 
of biological scaffolds for the fabrication of 
novel types of nanostructures is being actively 
explored and recognized as a unique approach 
for the synthesis and organization of inorganic 
nanostructures into well-defined architectures 
(Sotiropoulou et al., 2008).

A range of biotemplates have been evaluated 
and described in literature. Biological materials 
such as proteins can be used as templates for the 
growth of nanoparticles. Examples include fer-
ritin, which have cavities in the center which can 
be used as templates for the growth of particles 
(Yoshimura, 2006) and bovine serum albumin 
(Basu, Bhattacharya, & Mukherjee, 2008). Other 
examples of biotemplates include crystalline bac-
terial cell-surface layers (S-layers), which consist 
of two-dimensional monomolecular protein arrays 
with pore sizes in the range 2-6 nm (Sleytr et al., 
1999); viruses such as tobacco mosaic virus and 
viral capsids (Thakkar et al., 2010); and, polypep-
tides, which have been reported to be involved 
in reduction of silver ions (Naik et al., 2002) 
and control of gold crystal formation (Brown, 
Sarikaya, & Johnson, 2000). Nucleic acids are 
also ideal structural templates and have been 
used in template-mediated synthesis of inorganic 
nanoparticles and microstructures (Gourishankar 
et al., 2004).
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10.9.2. Mechanism and 
Control of the Process

Despite the stability of the particles, biologi-
cally produced nanoparticles are typically not 
monodispersed, and the rate of synthesis is slow 
(Narayanan & Sakthivel, 2010). It is realized that 
for a biological process to successfully compete 
with chemical nanoparticle synthesis, very strict 
control over particle size and particle morphology 
is required. It is, therefore, important to under-
stand the biosynthetic mechanism involved in the 
fabrication of these particles to gain better control 
of the process and products.

In an attempt to address these issues, the effect 
of a number of growth parameters on gold nanopar-
ticle synthesis by the fungus V. luteoalbum was 
investigated by Gericke and Pinches (2006). It was 
demonstrated that the rate of particle formation, 
and consequently the size of the nanoparticles that 
could, to an extent, be manipulated by control-
ling parameters such as pH, temperature, gold 
concentration, and exposure time to gold ions. In 
similar studies using R. capsulata, spherical gold 
nanoparticles in the size range 10-20 nm were 
produced at pH 7, whereas triangular particles 
appeared when the pH levels was changed to 4 
(He et al., 2007). Exposure of cell free extract 
of R. capsulata in the presence of low gold ion 
concentrations resulted in spherical particles, but 
highly networked structures of gold nanowires 
were synthesized at higher gold ion concentrations 
(He et al., 2008); an indication that the process 
could be controlled to manipulate the shape of 
the nanoparticles. These findings were supported 
by work performed by Sanghi and Verma (2008) 
that showed the ability of the fungus Coriolus 
versicolor to produce Ag nanoparticles, display-
ing controllable structural and optical properties 
depending on experimental parameters such as 
pH and reaction temperature.

While the findings, discussed above, give 
an indication of the potential for cellular ma-
nipulation to achieve control of the process, it is 

acknowledged that much research still remains to 
be done, especially to gain a better understanding 
of the detailed mechanism of the reaction on a 
molecular and cellular level, including isolation 
and identification of the compounds responsible 
for the process. The metabolic complexity of mi-
crobes complicates the analysis and identification 
of active species involved in the nucleation and 
growth of metal nanoparticles, but it is generally 
assumed that enzymes and proteins are the prin-
cipal biomolecules playing a role in the process 
(Mukherjee et al., 2001; Das & Marsili, 2010).

Various models for the enzymatic production of 
nanoparticles have been hypothesized and several 
reports indicated the importance of NADH- and 
NADH-dependent enzymes in the process (Duran 
et al., 2005; He et al., 2007). These proposed 
models are very similar, and all point towards the 
possible role of a NADH-dependant reductase or 
hydrogenase as being responsible for nanoparticles 
production. It has been hypothesized that NADH- 
and NADH- dependent enzymes, secreted by the 
bacterium R. capsulata, might be responsible for 
the bioreduction of gold ions and the subsequent 
formation of gold nanoparticles (He et al., 2007). 
Similar observations were reported by Duran et 
al. (2005), who demonstrated the involvement 
of a nitrate reductase and anthraquinone in the 
in vitro production of silver nanoparticles by F. 
oxysporum. In the case of B. licheniformis (Ka-
limuthu et al., 2007), NADH-dependent nitrate 
reductases were identified as important factors 
in the biosynthesis of silver nanoparticles. The 
mechanism of silver nanoparticles formation was 
expanded by Kumar et al. (2007) who showed the 
synthesis of silver nanoparticles stabilized by the 
capping peptide in vitro, using the enzyme nitrate 
reductase purified from Fusarium oxysporum 
and phytochelatin in the presence of a co-factor 
(α-NADPH).

Most models have been proposed for the syn-
thesis of silver and gold nanoparticles. Govender 
et al. (2008), investigating Pt nanoparticles bio-
synthesis, suggested the involvement of a hydrog-



476

Bionanotechnology

enase, and speculated that platinum salts may act 
as electron acceptor during the redox mechanism 
of the hydrogenase. The authors proposed that a 
network of hydrophobic channels exists between 
the active site and the molecular surface in the Ni-
Fe hydrogenase, and that these channels served 
as a passage for metal ions, allowing the Pt 2+ 
ions to migrate to the active region where it was 
reduced to Pt0.

10.10. THE FUTURE OF 
BIONANOTECHNOLOGY

Several variables will determine whether bion-
anotechnology advances in the laboratory will 
translate into a wide range of opportunities for 
the consumer. Although early forecasts for com-
mercialization are encouraging, currently there 
are several challenges and risks. These include 
legal, environmental, safety, ethical, and regula-
tory questions as well as emerging thickets of 
overlapping patent claims. The emerging thicket 
of nanopatent claims has resulted from patent 
proliferation and continued issuance of surpris-
ingly broad and/or overlapping patents by the 
Patent and Trademark Office (PTO). In fact, pat-
ent systems in general are under greater scrutiny 
and strain, with patent offices around the world 
continuing to struggle with evaluating the swarm 
of nanotechnology-related patent applications. As 
nanoproducts move out of the laboratory and into 
the clinic, U.S. federal agencies like the FDA and 
the PTO will continue to struggle to encourage 
their development while imposing some sort of 
order. At present, both these critical agencies are 
in flux, and their credibility has sunk to an all-time 
low. It is hoped that desperately needed reforms 
to overhaul the U.S. Patent and Trademark Of-
fice and the decades old U.S. patent system along 
with clearer regulatory/safety guidelines from the 
FDA regarding nanoproducts will be forthcoming. 
Given this backdrop, it is hard to predict the exact 
course bionanotechnology will take.

The Future of Nanopharmaceuticals

In future, nanopharmaceuticals will greatly influ-
ence medical practice and healthcare because of 
their ability, in many cases, to shorten the time-
to-market for active agents, extend the economic 
life of proprietary drugs and create additional 
revenue streams (Bawa, 2010b). However, if this 
is to happen effectively, there are a few key bio-
logical requirements for nanopharmaceuticals to 
fulfill or to improve upon the current generation 
of nanopharmaceuticals. In this regard, nanophar-
maceuticals must:

1.  exhibit “stealth” qualities to evade macro-
phage attack and the immune response;

2.  be nontoxic and traceable within the body;
3.  display effective pharmacokinetic properties;
4.  be long-lived yet biodegradable following 

systemic administration through any route 
(but the polymer must protect the embedded 
active agent);

5.  selectively and effectively target specific 
tissue sites; i.e., an enhanced delivery to, 
or uptake by, target tissue sites; and

6.  be less toxic to non-target tissue sites.

The Future of Nanomaterials 
Research

Undoubtedly, nanomaterials will play a key role 
in many technologies of the future; and the devel-
opment of high yield and low cost processes for 
nanoparticle synthesis is sought after. Although 
some success has been achieved in the biological 
generation of anisotropic nanoparticles, there are 
still big challenges to be addressed, including the 
development of reliable approaches for stable 
production of nanoparticles of different materi-
als and understanding the detailed molecular and 
biochemical mechanism involved in the process. 
Further efforts should focus on controlling the 
size and shape of the particles, achieving mono-
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dispersity, addressing mechanistic issues and 
demonstrating the process on a larger-scale.

10.11. PROFESSIONAL SOCIETIES 
AND ORGANIZATIONS

ASBBY: American Society of Bionanoscience & 
Bioengineering

Web site in progress
ASNM: American Society for Nanomedicine
http://www.amsocnanomed.org/
CLINAM: European Foundation for Clinical 

Nanomedicine, Basel, Switzerland
http://www.clinam.org/
IANT: International Association of Nanotechnol-

ogy, Fremont, CA
http://www.ianano.org/aboutus.htm
NBA: Nano Business Alliance
http://www.nanobusiness.org/
NSTI: Nano Science & Technology Institute
http://www.nsti.org/
NYBA: New York Biotechnology Association
http://www.nyba.org/

10.12. CHAPTER SUMMARY

Bionanotechnology is playing a more dominant 
role in the broader field of Nanotechnology, in 
no small part due to the compelling advances in 
nanomedicine. A judicious choice has been made 
in this chapter to identify areas of bionanotechnol-
ogy that encompass a wide range of technological 
tools and form a basis for the evolving art – A 
comprehensive review could fill the pages of a 
hefty monograph. Following the historical back-
ground, the focus is on biosensors, drug delivery 
and nanomedicine, biotechnology templates for 
electronic device architecture, and biosynthesis 
of nanoparticles. Bionanotech-based products 
are already in the market place, including drug-
releasing nanocoated vascular stents and drug 
delivery nanotherapeutics. Other bionanotech-

based products are undergoing clinical trials, such 
as perfluorocarbon nanoparticles (for angiogenesis 
in atherosclerosis diagnosis), dendrimer-based 
topical gel (for HIV and HPV), and nanoliposomes 
(for various cancers).
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ENDNOTES

1  All of these microscopies including AFM 
have reduced resolution in atmosphere.

2  Alivisatos, one of the discoverers of quantum 
dots, coined the term “artificial atoms” to 
describe these nanoparticles of a dozen or 
more atoms to make a semiconductor with 
strong light emitting properties.

3  The program was developed during the 
Clinton administration, while the Bush 
administration signed it into law.


