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Summary 
 
Nanotechnologies involve materials and devices with an engineered functional 
organization at the nanometer scale.  Applications of nanotechnoloy to cell biology and 
physiology provide targeted interactions at a fundamental molecular level.  In 
neuroscience, this entails specific interactions with neurons and glial cells, which 
complements the cellular and molecular organization and structure of the nervous 
system.  Examples of current work include technologies designed to better interact with 
neural cells, advanced molecular imaging technologies, applications of materials and 
hybrid molecules for neural regeneration and neuroprotection, and targeted delivery of 
drugs and small molecules across the blood-brain barrier.  
 
1. Introduction 
 
Nanotechnology and nanoengineering stand to produce significant scientific and 
technological advances in diverse fields including medicine and physiology.  In a broad 
sense, they can be defined as the science and engineering involved in the design, syntheses, 
characterization, and application of materials and devices whose smallest functional 
organization in at least one dimension is on the nanometer scale, ranging from a few to 
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several hundred nanometers.  A nanometer is one billionth of a meter, or three orders of 
magnitude smaller then a micron, roughly the size scale of a molecule itself (e.g. a DNA 
molecule is about 2.5 nm long, while a sodium atom is about 0.2 nm).  To give an 
appreciation of just how significant an order of magnitude is, let alone three orders when 
going from micron to nanometer scales, consider that no one would ever walk from New 
York to San Diego; but, with a single order of magnitude change in speed, the equivalent 
of changing speed from walking to driving, you would get to San Diego in a few days.  
Flying, which would be two orders of magnitude faster than driving, would get you there 
in a few hours, and three orders faster than walking would take you minutes.  (Walking a 
straight line between the two cities would take about 42 days at an average speed of 3 
miles per hour.) 
 
The potential impact of nanotechnology stems directly from the spatial and temporal scales 
being considered: materials and devices engineered at the nanometer scale imply 
controlled manipulation of individual constituent molecules and atoms in how they are 
arranged to form the bulk macroscopic substrate.  This in turn, means that nanoengineered 
substrates can be designed to exhibit very specific and controlled bulk chemical and 
physical properties as a result of the control over their molecular synthesis and assembly.   
 
For applications to medicine and physiology including neuroscience these materials and 
devices can be designed to interact with cells and tissues at a molecular (i.e. sub-cellular) 
level with a high degree of functional specificity, thus allowing a degree of integration 
between technology and biological systems not previously attainable.  It should be 
appreciated that nanotechnology is not in itself a single emerging scientific discipline, but a 
meeting of traditional sciences such as chemistry, physics, materials science and biology in 
order to bring together the required collective expertise needed to develop these novel 
technologies.  Bio-nanotechnology applications to the central nervous system (CNS) are 
designed to interact with cells and tissues at a sub-cellular molecular level, the functional 
building block level associated with the constituent protein elements that make up the 
functional cellular unit, such as cell surface receptors, transmembrane proteins, ion 
channels, and the cell’s cytoskeleton.  The complexity associated with the cellular 
heterogeneity, structure, and functional organization of the CNS present some unique 
challenges for designing and using bionanotechnologies, but the potential offered by the 
unique properties associated with nanoengineered materials and devices complement other 
neurobiological approaches and provide a significant opportunity to advance our basic 
understanding of cellular neurobiology and neurophysiology, and provide novel clinical 
treatments for neurological disorders.  
 
2. The Micro- and Nanoscale Structure of the Central Nervous System (CNS) 
 
2.1. The Organization of the CNS 
 
As with all body systems, the fundamental functional scale of the central nervous system is 
at the micro- and nanoscales.  This section begins with a review of the structure and 
organization of the CNS, working down in scale to the protein (i.e. nanoscale) level.  For 
general reviews and further reading on neurophysiology the reader is referred to any of the 
several excellent texts which cover the subject to varying degrees and in different ways.  
The CNS essentially refers to three gross anatomical structures: The brain, spinal cord, and 
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neural retina, which is an extension of the brain itself.  The entire CNS is separated from 
the rest of the body by the blood brain barrier (BBB), and in the case of the retina the blood 
retinal barrier.  This makes the CNS immunologically privileged, in the sense that specific 
immune cells and factors (e.g. antibodies) circulating in the periphery do not have access to 
CNS structures.  This also makes the local extracellular CNS environment, the cerebral 
spinal fluid (CSF), quite chemically unique.  The CSF surrounds the brain and spinal cord 
and provides a degree of cushioning from the bony structures which protect them (i.e. the 
skull and vertebrae).  The BBB, which controls the rate at which factors cross in and out of 
the CNS, is made up by the endothelial cells of the small blood vessels that feed it.  The 
BBB provides both a mechanical mechanism of restricted access mediated by tight 
junctions between adjacent cells, and physiological mechanisms, mediated by specialized 
active transport processes.   
 
In general, lipid soluble factors are able to cross the BBB much more readily than less lipid 
soluble factors, a fact that has been an important consideration for drug delivery into the 
CNS and is an important consideration for nanotechnological approaches that strive to do 
the same.  Between the neural tissues and the bone that protect them are a series of 
membranous covers collectively referred to as the meninges.  The thick dura matter is 
closest to the bone, the arachnoid is next, and the very thin pia matter is immediately 
adjacent to the neural tissue.  The subarachnoid space, between the arachnoid and the pia 
matter is where the CSF is.  
 
During development the brain forms its main subdivisions, which consist of the cerebrum, 
diencephalon, cerebellum, and brainstem.  The brain also has four cavities in which CSF is 
produced called the ventricles.  The cerebrum and diencephalon together make up the fore 
brain, which include other key brain structures such as the basal ganglia, an area important 
in various aspects of behavior and movement, the thalamus, which is where much of the 
neural information passing on to the cortex is integrated, the hypothalamus, which is a 
small but critical region coordinating much of brain’s functions, and the evolutionary 
primitive and complex  limbic system, which lies deep in the brain and is involved in 
various aspects of learning, experience, behavior, and emotions.  The cerebrum itself is 
where most of the complex neural processing occurs.  The corpus collosum refers to the 
massive group of fibers that connect the two hemispheres of the brain.  The cerebellum, 
which lies at the base of the brain towards the back, is involved in the coordination of 
posture, balance, and movement.  The brainstem, which consists of the midbrain, the pons, 
and medulla oblongata, acts as the relay between the spinal cord and brain, but also has 
critical roles in basic life sustaining functions such as breathing.  The spinal cord is made 
up of many complex ascending and descending pathways to the brain (afferent and efferent 
pathways, respectively) with specific off shoots along its length (the dorsal and ventral 
roots) that innervate all the structures outside the CNS that are controlled by the brain.   
 
Most sensory and control information is shuttled through the spinal cord, with the 
exception of structures innervated by the twelve cranial nerves which connect to the brain 
directly.  One of these nerves, the optic nerve, is made up by bundles of nerve fibers 
(properly called axons) that form the output from the neural retina on their way to the 
brain.  The retina consists of several distinct anatomical and physiological layers of cells, 
and is where all visual sensory information begins as a result of a process called 
phototransduction in photoreceptor neurons where incoming light is transduced it into a 
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neuro-chemical signal.  The axons formed by the last layer of neurons in the retina, the 
retinal ganglion cells, form the optic nerve.  The retina is also responsible for a significant 
degree of pre-processing of neural information before it goes on to the brain.  Neural 
structures outside of the CNS make up by definition the peripheral nervous system (PNS).   
 
2.2. The Cellular and Molecular Structure of the CNS 
 
Each of the CNS structures descried above consists of distinct anatomical and/or functional 
sub-structures that serve specific functions.  All of these sub-structures are composed of a 
very complex interconnection of cells, which are the functional units responsible for all the 
information processing that occurs in the CNS (Fig. 1).   
 

 
 

Figure 1: Overview of the structure of the central nervous system (CNS), from organs 
(i.e. the  brain and spinal cord) to cells to molecules.  The size scale progressively  

decreases from centimeter and millimeter sized anatomical and functional  structures to 
micrometer sized cells, to nanometer sized molecules. 

 
There are many different types and sub-types of cells in the CNS, each a highly specialized 
terminal phenotype cell designed to carry out a specific function.  In general, there are two 
main classes of cells in the nervous system: neurons and glial cells.  Neurons are the 
fundamental functional (i.e. information processing) unit of the nervous system.  Neurons 
come in a tremendous variety of morphologies which reflect the vast number of specialized 
roles they are designed for.  In general, however, an idealized neuron consists of dendrites, 
a cell body, an axon, and a synaptic terminal.  The dendrites collect sub-threshold inputs 
from other neurons (i.e. presynaptic neurons) called excitatory postsynaptic potentials 
(EPSP’s) or inhibitory postsynaptic potentials (IPSP’s).  If the temporal and/or spatial 
summation of these inputs reach a specific threshold level at the neuron’s axon hillock, a 
specialized zone where the axon meets the cell body, an electrical event called an action 
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potential is generated that travels down the length the axon and terminates at the synaptic 
terminal where neurotransmitter molecules are released by the neuron and signal other 
downstream neurons by contributing to those neuron’s EPSP’s and IPSP’s.  Some neurons 
have up to 400,000 dendrites, and the complexity of the summating postsynaptic inputs 
both in space (e.g. as a function of where on the dendritic tree they are) and in time is 
staggering and represents the principal mechanism of computational processing in the 
CNS.  The cell body, which contains the neuron’s nucleus, carries out many of the typical 
life supporting processes of all cells, although in the neuron this is also where chemical-
electrical processes result in an action potential being generated (or not).  The axon is an 
elongated cellular process containing many intermediate filaments and microtubules that 
transport vesicles and other organelles up and down its length.  It is also through which the 
action potential travels to signal a downstream neuron.  Some neurons have very short 
axons, such the inter-neurons in the brain and spinal cord or the photoreceptors in the 
retina, while some axons can be almost a meter long, such as the spinal cord motor neurons 
that innervate the muscles of the leg.   
 
The action potential is a self-propagating self-renewing chemical-electric event that begins 
at the axon hillock and travels the length of the axon uninterrupted.  The molecular basis of 
the action potential is the movement of ions down strong electrochemical and diffusion 
gradients between the inside and outside of the neuron separated by the cell membrane of 
the axon.  Na+, which is actively pumped out of the neuron and is at much higher 
concentrations extracellularly, enters the cell through Na+ specific ion channels while K+, 
whose situation is reversed, flows out.  Other ions, such as Cl- are also involved.  The ion 
channels are voltage sensitive, so that the activation of channels induces the opening of 
adjacent channels, thereby creating a self-propagating event.  The amplitude and duration 
of the action potential are constant and very short, respectively, so that in engineering 
terms it can be regarded as a traveling or propagating delta function.  It is important to 
appreciate that only a very thin shell of ions on either side of the axon’s cell membrane are 
required to produce an action potential, so that the active pumping of ions by the 
transmembrane Na+-K+-ATPase pumps are only required to maintain these concentration 
gradients over long time scales, not over the millisecond time scale of an individual action 
potential.  In fact, several thousand action potentials can occur following the chemical 
inactivation of the Na+-K+-ATPase pumps before any significant effect on the amplitude of 
the action potential can be measured.  At the end of it all is the synaptic terminal of the 
presynaptic neuron which synapses with a dendrite of a postsynaptic neuron.  We will pay 
particular attention to the molecular details of the synapse below as an example of a 
naturally occurring form of a nanoengineered structure.  The action potential and synapse 
constitute the fundamental mechanisms by which information is transmitted through the 
nervous system.  It should be noted that the term ‘nerve’, which everyone is familiar with, 
properly speaking refers to a bundle of axons running through the PNS.  A similar bundle 
of axons running through the CNS is called a tract.  Similarly, a collection of neuron cell 
bodies in the PNS is referred to as a ganglion (e.g. the dorsal root ganglia of the spinal cord 
which sit just outside the vertebral bodies); while in the CNS they are called a nucleus (e.g. 
the lateral geniculate nucleus in the brain which receives inputs from the retina).  Note that 
this use of the term nucleus is not to be confused with a cell’s nucleus.  Some axons are 
‘insulated’ by the processes of a type of specialized non-neuronal cell wrapping around 
them that give the axon a white appearance due to a high lipid content in these processes.  
This is referred to as myelination and results in increased speeds of action potential 
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transmission by a process called saltatory conduction, since the action potential ‘jumps’ 
from one spot on the axon to the next spot not covered by myelin, roughly equally spaced 
down the length of the axon (the nodes of Ranvier).  The cells that do this insulating in the 
CNS are called oligodendrocytes, while their counterparts in the PNS are called Shwann 
cells.  Both are types of glial cells, the second major cell type in the nervous system, 
described below.  In contrast, unmyelinated axons and cell bodies appear grayish in color.  
This is the physical basis for the gray matter and white matter of the CNS.  In the brain the 
gray matter is found on the surface, giving the brain a gray color, while the heavy 
myelinated tracts are hidden beneath.  In the spinal cord it is the reverse, the white matter is 
in the periphery of the cord, with the butterfly shaped gray matter in the center.   
 
The second major cell type in the nervous system are glial cells, which include several 
different distinct types of cells.  As introduced above, oligodendrocytes in the CNS and 
Shwann cells in the PNS are primarily responsible for the myelination of axons.  A break 
down in this process compromises the entire nervous system and is the pathological basis 
of multiple sclerosis.  Another type of glial cell is the microglia, the CNS’s phagocytic 
immune cells that are in part responsible for removing waste products.  The third major 
classes of glial cells astrocytes in the brain and spinal cord and astrocytes and Muller cells 
in the neural retina.  From a functional standpoint these cells are remarkably interesting.  
These cells were classically regarded as housekeeping cells that existed to support neurons 
by secreting growth factors and other trophic factors and maintaining a homeostatic 
extracellular environment.  Relatively recently however, work by several groups have 
shown that astrocytes in particular are not just housekeeping cells, but also directly 
influence and participate in the regulation and transmission of information in the CNS by 
interacting with neurons, to the point that the concept of a synapse involving just pre-
synaptic and post-synaptic neurons is being redefined to include an astrocytic process.  
These cells form highly complex signaling networks with each other and with neurons, 
although the molecular details are very different from those of the action potential.  
Astrocyte-astrocyte communication is mediated by intracellular calcium waves that spread 
throughout an astrocyte and results in the release of various extracellular signaling factors, 
including adenosine triphosphate among others, to signal both other nearby and relatively 
far away astrocytes .  Astrocytes are able to signal neurons and neurons are able to signal 
astrocytes by a variety of different mechanisms that include direct cell-cell gap junctional 
coupling and over longer distances by chemical diffusion.  Because a single astrocyte can 
have multiple processes associated with many neurons, neuronal-glial signaling adds a 
significant layer of computational complexity to information processing and flow in the 
CNS since these cells are able to ‘short circuit’ neuronal connections.   
 
2.3. Membrane Proteins and Receptors 
 
All cells, in a very real sense, are exquisitely engineered nanoscale machines designed to 
carry out many complex tasks in a coordinated way that respond, signal, and adapt to the 
environment in which they find themselves.  The fundamental functional units that make 
up the cell are proteins and other molecules, the principal targets which nanoengineered 
materials and devices are designed to interact with.  This can be achieved in one of two 
ways: One is to develop bio-nanotechnologies that target ubiquitous components of 
cellular and biochemical signaling systems.  Depending on the specific cell with which the 
device interacts with, targeting a ubiquitous signaling pathway would affect one or more 
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specific downstream events.  A good example would be targeting protein phosphorylation 
sites, which is a ubiquitous mechanism for modifying and altering the function of proteins.  
Targeting phosphorylation sites on β-tubulin III would produce specific affects in neurons, 
since it is a neuron specific microtubule, while doing the same thing on glial fibrillary 
acidic protein (GFAP) phosphorylation sites in astrocytes, a macroglial specific 
intermediate filament, would produce very different results.  The second way would be to 
develop bio-nanotechnologies designed to target a cell specific signaling process in order 
to affect a known functional end point.  This approach requires significant expertise in the 
physiological or biological system under consideration, and as such will most likely 
require interdisciplinary cross-training between fields and/or highly interdisciplinary 
collaborations.  It should be appreciated that the former approach of developing 
nanotechnologies that target general or ubiquitous cellular processes would ultimately still 
require interdisciplinary collaborations to produce meaningful clinical or biological 
applications.    
 
A particularly significant potential target for nanotechnologies designed to interact with 
neurons, for example, is the laminin family of proteins.  The laminins have been used in 
micro- and nanoengineered systems with neurons both in vitro and in vivo particularly 
within the context of neural regeneration.  Laminins are large multi-domain trimeric 
proteins made up of α, β, and γ chains (Fig. 2), of which there exist various isotypes due to 
proteolytic cleavage and alternative splicing  post-translational modifications.  The 
expression of different laminin isoforms varies both spatially and temporally between 
tissues and within a specific organ (e.g. the brain) during development and adulthood.  In 
this way, the laminins play key roles in signaling and coordinating cell specific events 
from the outside world.  The failure of laminin expression or their incorrect expression, 
either spatially or temporally, results in numerous pathologies of varying severity.  For 
example, mutations in the laminin-5 genes LAMα3, LAMβ3, and LAMγ2 produce skin 
blisters, while mutations in the LAMα2 gene results in muscular dystrophy.  A loss of 
function deletion of LAMα1 produces embryonic death in mice null mutants. 
 

 
 

Figure 2: Schematic of the structure of laminin-1 showing its α1, β1, and γ1 component 
chains 
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To date, five different α chains have been identified, labeled α1 to α5, three different β 
chains, β1 to β3, and three different γ chains, γ1 to γ3.  This allows forty five possible 
different combinations of trimeric isoforms, although in reality there are restrictions on the 
number of actual combinations that occur naturally, with specific chains interacting only 
with other specific chains.  Twelve laminins have been identified, laminin 1 to 12, with 
laminin 1 being the most extensively studied.  Ultrastructurally, laminin 1 has a cross 
shaped structure with the long arm ending in a G-domain formed by the C terminus of the 
α1 chain.  The N terminus of the β1 and γ1 domains bend and form the short arms of the 
cross, while the N terminus of the α1 chain extends to form the top of the cross.  Beyond 
the point where the three chains meet they form a α-helix that ends at the G-domain.  The 
α1 chain is 400 kDa while the β1 and γ1 chains are 200 kDa each.  In general, this is the 
structure of most of the laminins.  Neurons in particular respond very strongly to the 
laminins and in particular to laminin-1, displaying strong cell adhesion and neurite 
outgrowth properties that are cell type and peptide dependent.  A large variety of specific 
peptide sequences have been identified that affect neurons in different ways.  Several 
groups, including our own, have recognized the advantages of engineering materials that 
not only provide mechanical and structural support to cellular systems, but that also 
express functional chemistry that promotes favorable cellular responses by incorporating 
extracellular matrix (ECM) signals.  Nanoengineered systems provide an ideal opportunity 
to incorporate these molecular signals into novel materials that are designed to specifically 
interact with target cells.   
 
- 
- 
- 
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