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Preface

Bionanotechnology, nanobiotechnology, and nanobiology
are terms that refer to the intersection of nanotechnology and
biology. Given that the subject is one that has only emerged
very recently, bionanotechnology and nanobiotechnology serve
as blanket terms for various related technologies.

This discipline helps to indicate the merger of biological
research with various fields of nanotechnology. Concepts that
are enhanced through nanobiology include: nanodevices,
nanoparticles, and nanoscale phenomena that occurs within
the discipline of nanotechnology. This technical approach to
biology allows scientists to imagine and create systems that can
be used for biological research. Biologically inspired nanotechnology
uses biological systems as the inspirations for technologies not
yet created. We can learn from eons of evolution that have
resulted in elegant systems that are naturally created. The most
important objectives that are frequently found in nanobiology
involve applying nanotools to relevant medical/biological
problems and refining these applications. Developing new tools
for the medical and biological fields is another primary objective
in nanotechnology. New nanotools are often made by refining
the applications of the nanotools that are already being used.
The imaging of native biomolecules, biological membranes, and
tissues is also a major topic for the nanobiology researchers.
Other topics concerning nanobiology include the use of cantilever
array sensors and the application of nanophotonics for
manipulating molecular processes in living cells. Recently, the
use of microorganisms to synthesize functional nanoparticles
has been of great interest. Microorganisms can change the
oxidation state of metals. These microbial processes have opened
up new opportunities for us to explore novel applications, for
example, the biosynthesis of metal nanomaterials. In contrast
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to chemical and physical methods, microbial processes for
synthesizing nanomaterials can be achieved in aqueous phase
under gentle and environmentally benign conditions. This
approach has become an attractive focus in current green
bionanotechnology research towards sustainable development.
Most of the scientific concepts in bionanotechnology are derived
from other fields. Biochemical principles that are used to
understand the material properties of biological systems are
central in bionanotechnology because those same principles are
to be used to create new technologies. Material properties and
applications studied in bionanoscience include mechanical
properties, electrical/electronic, optical, thermal, biological,
nanoscience of disease, as well as computing. The impact of
bionanoscience, achieved through structural and mechanistic
analyses of biological processes at nanoscale, is their translation
into synthetic and technological applications through
nanotechnology. Nanobiotechnology takes most of its
fundamentals from nanotechnology. Most of the devices designed
for nanobiotechnological use are directly based on other existing
nanotechnologies. Nanobiotechnology is often used to describe
the overlapping multidisciplinary activities associated with
biosensors, particularly where photonics, chemistry, biology,
biophysics, nanomedicine, and engineering converge.
Nanobiotechnology is best described as helping modern medicine
progress from treating symptoms to generating cures and
regenerating biological tissues. Three American patients have
received whole cultured bladders with the help of doctors who
use nanobiology techniques in their practice.

This book covers special topics such as biomaterials science,
fabrication and characterization of nanostructures, marketing
strategies of nanotechnology, biomedical aspects, applications
of nanomedicine and novel drug delivery systems and health
and environmental impacts of nanotechnology. This book would
be useful to students, researchers and teachers of all branches
of science.

—Editor
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Chapter 1
Introduction

Artificial Mitochondria
In particular, the mitochondria will, at some point, fail.

Increased oxygen levels in the presence of nonfunctional or
partially functional mitochondria will be ineffective in restoring
the tissue. However, more direct metabolic support could be
provided. The direct release of ATP, coupled with selective
release or absorption of critical metabolites (using the kind of
selective transport system mentioned earlier), should be
effective in restoring cellular function even when mitochondrial
function had been compromised.

The devices restoring metabolite levels, injected into the
body, should be able to operate autonomously for many hours
(depending on power requirements, the storage capacity of the
device and the release and uptake rates required to maintain
metabolite levels). While levels of critical metabolites could be
restored, other damage caused during the ischemic event would
also have to be dealt with. In particular, there might have been
significant free radical damage to various molecular structures
within the cell, including its DNA.

If damage was significant restoring metabolite levels would
be insufficient, by itself, to restore the cell to a healthy state.
Various options could be pursued at this point. If the cellular
condition was deteriorating (unchecked by the normal
homeostatic mechanisms, which presumably would cease to
function when cellular energy levels fell below a critical value),
some general method of slowing further deterioration would
be desirable. Cooling of the tissue, or the injection of compounds
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that would slow or block deteriorative reactions would be
desirable. As autonomous molecular machines with externally
provided power could be used to restore function, maintaining
function in the tissue itself would no longer be critical.
Deliberately turning off the metabolism of the cell to prevent
further damage would become a feasible option.

Following some interval of reduced (or even absent)
metabolic activity during which damage was repaired, tissue
metabolism could be restarted again in a controlled fashion.
It is clear that this approach should be able to reverse
substantially greater damage than can be dealt with today.

A primary reason for this is that autonomous molecular
machines using externally provided power would be able to
continue operating even when the tissue itself was no longer
functional. We would finally have an ability to heal injured
cells, instead of simply helping injured cells to heal themselves.

Research
Advances in medical technology necessarily depend on

our understanding of living systems. With the kind of devices
discussed earlier, we should be able to explore and analyse
living systems in greater detail than ever before considered
possible.

Autonomous molecular machines, operating in the human
body, could monitor levels of different compounds and store
that information in internal memory. They could determine
both their location and the time.

Thus, information could be gathered about changing
conditions inside the body, and that information could be tied
to both the location and the time of collection. Physical samples
of small volumes (nano tissue samples) could likewise be taken.

These molecular machines could then be filtered out of
the blood supply and the stored information (and samples)
could be analysed. This would provide a picture of activities
within healthy or injured tissue. This new knowledge would
give us new insights and new approaches to curing the sick
and healing the injured.

More dramatically, it should be feasible to take “snapshots”
of tissue samples and analyse the structure down to the
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molecular level. First, a small tissue sample could be either
fixed or frozen. Chemical fixation can be used to rapidly block
most tissue changes. Ultra fast freezing of small tissue samples
is an effective method of halting essentially all chemical
processes and diffusion of all molecules.

Once fixed or frozen, the tissue sample could be analysed
in a leisurely fashion. With nanotechnology (and indeed, to
some extent with current STM and AFM technologies, though
rather more expensively) it should be feasible to scan the
tissue surface in molecular detail, and store that information
in a computer. Once the surface had been scanned, it could be
removed in a very selective and precise fashion, and scanned
again.

As an example, the use of a positionally controlled carbene
has been proposed for use in the synthesis of complex
diamondoid structures. Such a positionally controlled carbene
is highly reactive and, if positioned at an appropriate site on
the surface of the tissue being analysed, would readily react
with a surface molecule.

This surface molecule could then be removed. A wide
variety of other “sticky” molecular tools could be brought up
to the surface and allowed to react with surface molecules,
which could then be removed, exposing the layers beneath.
The use of a positionally controlled carbene implies that the
environment in which it is used must be inert.

This requirement could be satisfied by analysing the tissue
sample at very low temperature (a few Kelvins) and in a very
good vacuum. Under these conditions the tissue specimen
would remain stable during even a protracted analysis process.

While this process can readily be envisioned for very
small structures, nanotechnology should make massive
parallelism feasible. That is, a single positional device could
be used at a certain speed to provide information about a
certain (rather small) volume of tissue in a reasonable time.

Nanotechnology should permit the manufacture of a large
number of small devices, each able to analyse a small volume.
Given enough such devices operating in parallel, larger volumes
could be analysed and the information from many individual
devices integrated to provide a coherent picture of the larger
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whole. Effective use of this option will require massive
computational power—which will also be made feasible with
nanotechnology.

Estimates of the computational power that should be
provided by nanotechnology exceed 10^24 logic operations per
second for a single desktop computer. This amount of raw
computational power should make control of a large number
of parallel devices feasible, and should permit integration and
analysis of the information so obtained. In short, tissue samples
could be “frozen” (either literally by ultrafast cooling or
figuratively by chemical fixation) and the entire resulting tissue
sample could be analysed down to the level of individual
molecules. The information so obtained could be processed by
computers able to handle the flood of data produced.

The resulting “snapshots” will provide us with an
instantaneous look at metabolic and cellular activities across
even relatively large volumes of tissue. Such an ability should
revolutionize our understanding of the complex processes that
take place in living systems. The possibility of truly
revolutionary advances in our medical abilities has also created
renewed interest in cryonics. The abilities discussed here might
well take years or decades to develop.

It is quite natural to ask: “When might we see these
systems actually used?” The scientifically correct answer is, of
course, “We don’t know.” That said, it is worth noting that if
progress in computer hardware continues as the trend lines
of the last 50 years suggest, we should have some form of
molecular manufacturing in the 2010 to 2020 time frame.

After this, the medical applications will require some
additional time to develop. The remarkably steady trend lines
in computer hardware, however, give a false sense that there
is a “schedule” and that developments will spontaneously
happen at their appointed time.

Control to Chemical Synthesis
Manufactured products are made from atoms. The

properties of those products depend on how those atoms are
arranged. Viewed from the molecular level today’s macroscopic
manufacturing methods are crude and imprecise. Casting,
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milling, welding and all the other traditional manufacturing
methods spray atoms about in great statistical herds. Even
lithography (which already lets us put millions of transistors on
a chip no bigger than your fingernail) is fundamentally statistical
and random.

Exactly how many dopant atoms are in a single transistor
and exactly where each individual dopant atom is located is
neither specified nor known: if we have roughly the right
number in roughly the right place, we can make a working
transistor. For today, that is good enough.

The exception is chemistry. Large high purity crystals can
have almost every atom in the right place. So, too, can many
long polymers. The structures of proteins with hundreds and
even thousands of amino acids can be specified down to the
last atom. Most dramatically (and fortunately for us!) DNA
strands with many tens of millions of bases can be copied with
almost perfect accuracy.

And it seems that almost any small molecule (with perhaps
several dozens of atoms) can be synthesized, if only we have
the skill and patience. Yet the laws of physics and chemistry
in principle permit arranging and rearranging the elements
in so many combinations and permutations that all of our
manufacturing skills and all of our chemical skills barely suffice
to scratch the surface of what is possible.

The Utility of Diamond
Almost any manufactured product could be improved,

often by several orders of magnitude, if we could precisely
control its structure at the molecular level. We often want our
products to be light and strong. Diamond is light and strong:
the strength-to-weight ratio of diamond is over 50 times that
of steel.

Yet we do not today have diamond spars in airplanes nor
diamond hulls for rockets. Today we can’t economically make
diamond. Even if we could, simple diamond crystals can shatter.
We’d have to modify the structure to make it tough and shatter
proof: perhaps diamond fibres. While easily done in principle,
we can’t do this in practice today. Great strength and light
weight are not the exclusive province of diamond: graphite can
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be stronger. And if we consider the many ways in which carbon
atoms can be arranged and rearranged, then it’s obvious that
there are a host of other possibilities.

Yet all share a common problem: we can’t yet economically
make them in the exact shapes that we want. Great strength
is only one property that we prize highly: when we make
computers we are more concerned by electrical properties.
Here, too, diamond excels.

Today’s computers are made of semiconductors, and the
semiconductor of choice is silicon. This is not because silicon
is the ideal semiconductor from which to make computers, but
because we know how to make devices from it.

The computer industry has strong opinions about what
makes a good logic device and what makes a good computer
and diamond will let us make better computers than silicon.
Diamond has a wider bandgap, hence electrical devices will
work at higher temperatures.

It has greater thermal conductivity, so devices can be
more easily cooled. It has a greater breakdown field, hence
devices can be smaller. It has higher electron and hole mobility
which, when combined with higher electric fields, will result
in higher speed.

But again, we see no diamond computers, just as we see
no diamond airplanes: we can’t economically manufacture them
yet. Large pure crystals of silicon can be made relatively easily,
but large pure crystals of diamond are scarce.

We can etch the silicon surface and add dopants with a
precision measured in tenths of microns, while the
corresponding steps for diamond are more difficult. Not more
difficult in principle: just more difficult today.

Making computers highlights another problem. It’s not
enough to make a pure crystal, it must also have an extremely
precise and complex pattern of impurities. The exact location
of the dopant atoms in the semiconductor lattice controls how
devices function and where signals can propagate.

Local order is crucial to make each device work, but long
range complex order is crucial to make the computer as a
whole work. While we can make some things today that are
highly precise and have simple long range order (e.g., crystals),
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it is the requirement for complex long range order that prevents
us from making computers of the kind we’d like to make.

While it’s plausible we could make high density memory
from crystals and perhaps some types of cellular automatons,
we couldn’t make anything that resembled the computers on
the market today.

Today’s high speed semiconductor-based digital computers
(like the 80486 or the Pentium) have millions of logic elements
wired together in complex and highly idiosyncratic patterns.

This is well beyond the capabilities of crystal growth or
bio-polymer synthesis. It will require a fundamentally new
manufacturing technology: molecular manufacturing.

Today, there is a gap in our synthetic abilities: we can
make complex mechanical machinery and electronic devices
(including computers, which have millions of transistors), but
we can’t make such devices with the precision with which the
chemist can synthesize a crystal, a bio-polymer, or a relatively
small molecule. With chemistry we can make precise molecular
structures and compounds, but we haven’t been able to scale
up that success to molecular computers (and other macroscopic
products as precise as molecules).

Molecular manufacturing will, by definition, let us
economically manufacture almost any specified structure that
is consistent with the laws of chemistry and physics. To simplify
the problem somewhat we can narrow our focus to structures
that resemble diamond in a broad sense: the diamondoid
structures as defined by Drexler.

This class includes (among other things) diamond crystals
of arbitrary shape but with stably terminated surfaces (e.g.,
hydrogenated (111) or the like) and with impurities at precise
locations in the diamond lattice (e.g., substitutional boron).

Our objective is to manufacture particular diamondoid
structures once the location and type of every atom has been
specified by design.

Computer Industry
The attraction of molecular manufacturing for the

computer industry should be clear. It should let us make
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computers at a manufacturing cost of less than a dollar per
pound, operating at frequencies of tens of gigahertz or more,
with linear dimensions for a single device of roughly 10
nanometers, high reliability, and energy dissipation (using
conventional methods) of roughly 10^–18 joules per logic
operation.

If we make thermodynamically reversible computers
(which the author and others have recently shown can be
made from conventional electronic devices, e.g., CMOS) then
the energy dissipation per logic operation can be reduced to
well below kT at T = 300 Kelvins (well below 10^–21 joules).

The computer industry is spending billions of dollars to
make better computers. It is widely acknowledged within the
industry that lithography is approaching its limits. Articles
like The Future of the Transistor, Miniaturization of Electronics
and its Limits and Outlook for VLSI: Will the Balloon Burst?
Quite clearly show that conventional lithography will run out
of steam (in perhaps a decade, though there is less agreement
about the exact time frame).

There is already interest in molecular logic devices and
that interest will increase sharply as improvements in
conventional manufacturing methods become increasingly
difficult. However, any new proposal for manufacturing
molecular computers will be weighed against (at least) the
criteria mentioned above.

If it cannot easily beat conventional methods after they
have been pushed to their uttermost limits, then it will be
rejected.

The computer industry will soon be pouring vast sums
into research aimed at molecular computing, but the great
bulk of funding will go towards well thought out proposals that
offer a realistic possibility of substantially exceeding the
performance of the ultimately evolved silicon VLSI technology
that we expect to develop over the next decade.

If you can’t beat tomorrow’s mainstream computers, you
might as well not try. For this and many other reasons the
class of diamondoid structures is a reasonable one to consider.
The problem of building a diamondoid electronic computer
captures many of the fundamental issues in molecular
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manufacturing, and poses clearly the issue of building large
structures that cannot be made by regular repetition of some
substructure (e.g., the unit cell of a crystal or the monomeric
unit in a bio-polymer).

This brings us to a core issue in molecular manufacturing:
how do we synthesize such things? Today, we can synthesize
diamond at low pressure and low temperature by using CVD
(Chemical Vapour Deposition) methods.

Diamond CVD growth involves highly reactive species
(radicals, carbenes, etc.) in a gas over the growing diamond
surface that bombard and react with that surface at random.
Because reaction sites are random, growth of many defect
structures occurs (dislocations, etc.) as well as the desired
perfect diamond structure.

Two fundamental mechanisms in the growth process
include:

• Abstraction of hydrogens from the diamond surface
leaving behind reactive sites (dangling bonds, radicals)
and

• Interaction of carbon species (both reactive (CH2, CH3,
etc.) as well as relatively unreactive species (C2H2))
with the surface, thus depositing carbon.

If we are to synthesize diamondoid structures it is plausible
that we begin our search for the basic reaction steps involved
in this synthesis by looking at existing reactions that occur in
the CVD growth of diamond. The use of a reactive gas in the
synthesis process, however, would seem to defeat any hope of
making precisely patterned diamondoid structures, for the gas
will interact with the growing surface at random.

Positional Control is Fundamental
Here, we introduce the fundamental concept of molecular

manufacturing: positional control over the site of reactions. To
take a specific example we consider site specific hydrogen
abstraction from the diamond (111) surface.

The ability to remove specific hydrogen atoms from the
surface of the diamondoid work piece under construction is
likely to be a fundamental unit operation in any attempt to
make atomically precise diamondoid structures. Hydrogen
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abstraction during CVD diamond growth typically involves a
radical reaction between atomic H from the gas with H bonded
to carbon on the surface producing H2.

It is unclear how to make this process site specific.
However, there are other structures with a high affinity for
hydrogen which offer greater possibilities for positional control.
In particular, the propynyl radical C3H3 has a great affinity
for hydrogen. Further, this radical has the very useful property
that it has two ends: one end is a highly reactive radical while
the other end is a stable sp3 carbon. Thus, we could synthesize
a larger molecule with the propynyl radical at its end. The
larger molecule would be held at the tip of a positional device.

The positional device would provide control over the
orientation and position of this hydrogen abstraction tool (e.g.,
a six degrees of freedom manipulator) and thus control the site
of abstraction by controlling the position of the tool.

Ab initio quantum chemical analysis of the abstraction of
hydrogen from isobutane using an ethynyl abstraction tool
supports the idea that the barrier to this reaction is zero. The
reaction will proceed rapidly and, because of the large
exothermicity, irreversibly.

Calculated barriers for abstraction from several other
molecules were also small, suggesting that this hydrogen
abstraction tool could be used to abstract hydrogen from a
wide range of different molecules.

The site specific abstraction of hydrogen illustrates the
core concept in molecular manufacturing: selecting the reaction
site by controlling the position and orientation of the reactants.
The (relatively stiff) diamondoid workpiece is held in place,
while a tool (in our example, a hydrogen abstraction tool) is
positioned using a rather conventional (if also rather small)
robotic arm.

The ideas of using tools, controlling the position of those
tools with a general purpose manipulator, and building complex
structures by putting together components using those
positionally controlled tools are rather common and even
mundane at the macroscopic level.

At the molecular level, they are new and almost shocking:
yet it is simply mapping onto the molecular world the concepts
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and ideas that have proven so useful and powerful in
macroscopic manufacturing. By adding positional control we
should be able to develop a method of molecular manufacturing
which combines the best features of both conventional
macroscopic manufacturing and chemical synthesis.

Molecular Tools
If we are to grow diamond, we must also have carbon

deposition tools. Drexler has suggested the use of positionally
controlled carbenes and alkynes and proposed reaction
pathways and surface structures where these tools would apply.
In both cases, the tools are positioned at a precise point on the
growing diamondoid structure and are used to deposit one or
more carbon atoms at a desired location.

These deposition reactions parallel proposals in the CVD
literature except for the addition of positional control (e.g., at
least one portion of the moiety must be part of an extended
“handle” which can be held by a positional device). The broad
range of possible tools coupled with the great power of ab initio
computational chemistry should let us define and verify a
complete set of molecular tools capable of synthesizing
essentially any diamondoid structure.

Tool Use
For such tools to be usable in a system context we must

satisfy certain constraints. First and foremost, we must have
a device capable of positioning the tool to within something
like an atomic diameter. On the diamond (111) surface, the
distance between adjacent hydrogens is about 2.5 Angstroms.

Thus, positional accuracy of 1 to 2 angstroms for the
hydrogen abstraction tool is required to prevent abstraction of
the wrong hydrogen. Second, because the tools can be highly
reactive, we require an inert environment. A simple inert
environment is vacuum.

Compressed helium or some other inert gas would also
work. Third, because it is the relative tool-workpiece position
that must be controlled, the workpiece under construction
must be relatively rigid (e.g., not subject to vibrational motions
that would exceed about an angstrom). Fourth and last, we
must have some way of generating the sometimes highly
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reactive tools (e.g., we need to define a precursor to the hydrogen
abstraction tool, as well as precursors to the other tools). In
some sense, the analysis that we will now pursue is similar
in type to retrosynthetic analysis. We start with the final
product that we wish to build (a macroscopic diamondoid
computer, for example), and then consider the possible
predecessor structures which would yield the final product in
one step.

Then we consider the predecessor structures to those
structures, and so on. We extend retrosynthetic analysis beyond
its traditional bounds, but the general concept remains the
same: given the finished product we deduce the possible ways
in which it could have been constructed. This approach has
been called “backwards chaining” by Drexler.

Work with SPMs (Scanning Probe Microscopes) clearly
show that it is possible to achieve positional accuracies of a
small fraction of an angstrom. Small (~0.1 microns) diamondoid
“arms” or positional devices with similar positional accuracy
are in principle quite feasible.

The field of robotics provides a broad range of designs for
positional devices which are largely scale independent.
Shrinking these designs to submicron size is conceptually
straightforwards. A factor of crucial importance in the design
of molecular-scale positional devices is the accuracy with which
the tip can be positioned, particularly in the face of thermal
noise.

While atomically precise bearings and joints will not suffer
from chatter, backlash, wear, tooth-to-tooth errors and other
sources of inaccuracy caused by imprecise manufacturing, they
will still suffer from positional errors caused by thermal noise.
To control this source of error, it is essential that the robotic
arm be very stiff, and so the use of stiff materials is desirable.

The Young’s modulus for diamond is about 10^12 Pascals
(very stiff), and back-of-the-envelope calculations show that a
hollow cylinder of such material that is perhaps 100 nanometers
long and 30 nanometers in diameter should have a positional
accuracy at the tip, in the face of thermal noise at room
temperature, of a small fraction of an atomic diameter.
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A more detailed design and analysis of a jointed tubular
robotic arm taking into account the bending and rocking motions
of joints in the arm further supports this conclusion.
Alternatives to the simple robotic arm are available which
might be more attractive.
Other Requirements for Tool Use

Creating an inert environment also presents no
fundamental problems: high quality vacuums are common in
laboratories today.

If our objective is to have a very small very high quality
vacuum, then a relatively thin wall of diamondoid material
could be used as a barrier to keep a volume which was a
modest fraction of a cubic micron free of any contaminants. If
the volume were initially constructed free of contaminants
then such a barrier would keep the inside free of any
contaminants with high probability.

Because we are building diamondoid structures, they will
be very stiff. As a consequence, it is relatively easy to meet
the requirement that the objects that are being manufactured
must themselves be stiff. Finally, generation of “activated”
tools from relatively stable precursors can be done by a variety
of methods. Because we are assuming an environment in which
we have positional control we can use particularly simple
precursors.

Transport Across a Barrier
Having introduced a diamondoid barrier to keep unwanted

contaminants out (much as the bacterial wall allows bacteria
to maintain an appropriate internal environment in the face
of a fluctuating external environment) we must now solve the
problem of getting desired raw materials through the barrier.
We might, for example, wish to transport the hydrogen
abstraction tool precursor across the diamondoid barrier.

After use we will also need to eject the spent tool. Several
ways to solve this problem are feasible. A proposal by Drexler
is to use a rotor embedded in the diamondoid wall which moves
binding sites from the outside of the wall to the inside of the
wall.
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