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Modeling Transport 
Through Synthetic 

Nanopores

SYNTHETIC NANOPORES HAVE 
arisen as a convenient means of character-
izing single molecules, with DNA being 
one of the most popular subjects. By 
applying an electric field, ions and charged 
biomolecules like DNA can be compelled 
to interact with, or translocate through, 
nanopores in thin membranes. The use of 
the nanopore method for characterizing 
nucleic acids gained initial momentum in 
1996 with a landmark paper by Kasiano-
wicz et al. [1]. The researchers observed 
step-like reductions of ionic current 
through a pore furnished by the protein 
a-hemolysin, apparently associated with 
the passage of single nucleic acid mole-
cules. The duration of the reductions was 
found to be proportional to the length of 

the molecules. Subsequent research 
showed that different DNA homopoly-
mers and block copolymers [2] and, later, 
molecules differing by a single nucleotide 
[3] could be discriminated by the values 
of the ionic current. It was also possible 
to determine the orientation of the DNA 
(led by the 59- or 39-end) [4] in this way. 

Rather than using proteinaceous 
nanopores to probe the properties of sin-
gle  molecules, many researchers turned 
to synthetic nanopores [5]–[12], which 
can operate under less restrictive ranges 
of temperature, pH, electrolyte concen-
tration, and external bias. One can fab-
ricate nanopores of almost any desired 
size; thus, the pore geometry can be 
optimized for the  application at hand. 
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Simulating biomolecules in synthetic nanopores 
presents various challenges. 
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 Synthetic membranes made from semi-
conductors, such as silicon, also permit 
electronic devices to be integrated with 
the pores [9]. Synthetic nanopores have 
been fabricated from hard ceramic mate-
rials, such as silicon nitride [5], [7], [9], 
[11] and silicon oxide [6], [8], [10], mul-
tilayer silicon [13], [14], and polymer 
films, such as polyethylene terephtha-
late (PET) [15], [16]. Among potential 
applications of synthetic nanopores are 
low-cost and high-throughput technol-
ogy for sequencing DNA [14], [17], 
[18], genotyping [19], protein detection 
[20], [21] and separation [22], stochas-
tic sensing [23], [24], single molecule 
manipulation [25]–[28], and nanoflu-
idic electronics [29]–[31]. 

Due to the nanoscale confinement 
and the high surface-to-volume ratio, 
nanopores can produce unexpected 
 phenomena not observed at the mac-
roscale. Currently, no experimental tech-
nique has enough resolution to visualize 
the atomic level dynamics in such sys-
tems. Computer simulations can provide 
information that is needed to implement 
successful design strategies. Indeed, dif-
ferent computational approaches, such 
as all-atom molecular dynamics (MD) 
[32], coarse grained MD [33], and lat-
tice Boltzmann models [34] have already 
been used to study nanochannels. In 
particular, MD simulations provide an 
atomistic description of systems with 
lengths up to hundreds of nanometers, 
becoming valuable tools for interpreting 
experimental results. 

Simulating biomolecules such as 
DNA and proteins in synthetic nanop-
ores (e.g., the system shown in Figure 1) 
presents a number of challenges. First, 
MD simulations require force fields 
from which the interaction between 
atoms of the simulated systems can be 
calculated. Conventional force fields for 
simulating biomolecular systems usu-
ally do not include synthetic materials 
such as silicon-based membranes. Sec-
ond, the composition and structure of 
the surfaces of nanopores are not fully 
known and often depend on fabrication 
techniques, making it difficult to devel-
op protocols for creating realistic mod-
els of pore surfaces. Below we describe 
our efforts to meet these challenges, 

for which we have created general tools 
for modeling synthetic nanopores and 
developed simulation protocols specific 
to several materials. 

SETTING UP NANOPORE MODELS
Creating an all-atom model of a syn-
thetic nanopore or of any other nanode-
vice begins with a set of tasks to define 
the basic geometry of the device. These 
tasks include creating a block of the bulk 
material of which the device is made and 
sculpturing that block into the nanode-
vice according to the specified geometry. 
In addition, some modeling techniques 
require bond connectivity to be com-
puted, and, in some cases, it is desirable 
to identify surface atoms for special treat-
ment. In biological simulations, one or 

more biomolecules are arranged in the 
vicinity of the device and the device is 
submerged in an  environment  resembling 
a physiological solution (water and dis-
sociated salt). The sequence of activities 
required to perform a typical simulation 
of interactions of biomolecules with a 
prototype nanodevice model is shown 
in Figure 2. Setting up such a simula-
tion typically requires coordinating the 
actions of a number of tools for per-
forming these tasks and the creation 
of specialized scripts that connect the 
tools together to produce the input files 
for simulation of a particular nanopo-
re configuration, a skill that is tedious 
and demands significant initial training. 
Then, to study another nanopore con-
figuration, the script must be manually 
reworked for the new model parameters. 

The Inorganic Builder is a tool devel-
oped by the authors that simplifies many 
tasks associated with setting up device 
simulations. It is implemented as a plugin 
module to the molecular visualization pro-
gram, VMD [35]. VMD provides a frame-
work for visualizing molecular structures 
and a versatile atom selection language 
that allows plugins to access and manipu-
late atom information efficiently. Through 
VMD’s embedded Tcl/Tk-based scripting 
language, a plugin such as the Inorganic 
Builder can include an easy-to-use graphi-
cal interface that is integrated into the main 
VMD interface and can take advantage of 
VMD’s high-performance visualization 
interface to display a 3-D interactive model 
of the device as it is built. 

A fundamental step in setting up a 
device simulation is defining the geom-
etry of the device model. To build the 
model using the Inorganic Builder, the 
user first selects a material for the device. 
The Inorganic Builder includes a library 
of several common materials, (e.g., crys-
talline SiO2 and Si3N4, amorphous SiO2, 
PET), but also allows the user to add 
new materials by supplying files specify-
ing atom types, coordinates for a small 
basic block of the material, and param-
eters describing the geometry of the 
basic block. After selecting a material, 
the size of the block in which the device 
will be embedded is described by specify-
ing how many copies of the basic block 
are needed in each dimension. Although 

FIGURE 1 Molecular dynamics study of a 
biomolecule-nanopore system. The figure 
shows an atomic-scale model of a nano-
pore (gray surface), DNA (green and purple 
strands), protein (light blue and orange 
surfaces), and Cl– and K+ ions (red and blue 
spheres). Water molecules are not shown. 
Through MD simulations the atomic-level 
dynamics inside the nanopore can be 
elucidated.
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it is possible to create blocks of arbitrary 
size, often it is desirable to have the size 
of the final block an integer multiple 
of the size of the basic block. Such a 
choice preserves correct spacing between 
atoms when simulations are performed 
under periodic boundary conditions. 
By requiring an integer number of basic 
blocks, this condition is enforced in the 
Inorganic Builder. Next, the geometry 
of the device is described by specifying 
a set of exclusions, which are regions of 
various shapes (cylinders, cones, spheres, 
etc.) that will be removed from the mate-
rial block. As each exclusion is added, 
an updated diagram of the structure is 
displayed by VMD. After defining the 
structure of the device, the Inorganic 
Builder produces the all-atom model 
by populating the geometrical structure 
with atoms. 

Typically a model produced using 
the device building capability of the 
Inorganic Builder requires additional 
processing to better reproduce the char-
acteristics of the physical device. Often 

the desired model has a crystalline inte-
rior embedded inside an amorphous sur-
face layer. Such a model may be produced 
for SiO2 using the Inorganic Builder in 
conjunction with a development ver-
sion of the molecular dynamics simu-
lation program, NAMD [36], which 
implements the BKS force field [37] for 
melting silica materials. The Inorganic 
Builder has a tool for identifying surface 
atoms of a structure, defined by their 
proximity to empty space, which can 
extract a surface layer of a desired thick-
ness. An amorphous surface is created by 
fixing the positions of the interior atoms 
in the NAMD simulation, and allowing 
the surface atoms to melt and resolidify. 

Changes to the geometry of the pore 
during melting may be prevented using 
the grid-steered MD (G-SMD) feature 
of NAMD [38]. In the G-SMD method, 
the motion of atoms can be controlled by 
applying external potentials defined on 
regular grids. By applying a grid poten-
tial designed according to the shape of 
the pore, the shape of the latter can be 
enforced even when the pore surface is in 
a liquid state. 

Unlike the BKS potential, force fields 
compatible with biological molecules 
generally include terms for both bonded 
and nonbonded interactions. According-
ly, the Inorganic Builder includes a tool 
for determining bonds. For biomolecules 

FIGURE 2 Steps associated with (a) a typical nanodevice/biomolecular simulation and (b) software components developed to perform these 
tasks efficiently.

Choose Block Composition/Size
Define Geometry of Device

VMD: Visualization and Analysis

InorganicBuilder Plugin

Bulid Device

Find Surface

Add Bonds

Solvate

Merge Structures

Autoionize

Other Plugins...

NAMD: Simulation

(b)

Identify Surface Atoms

Anneal Surface Atoms

Determine Bonds

Add Biomolecule(s)

Add Water Environment

Add Ions

Simulate System

Visualize/Analyze Results

(a)

A fundamental step in setting up a device 
simulation is defining the geometry 

of the device model.
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and crystalline solids, bond information 
may be determined by the topology of 
the structure, but for many amorphous 
materials, bond information needs to be 
determined by locating all pairs of atoms 
separated by less than some bond cutoff 
length. The bond search also takes into 
account atom types, so that, for exam-
ple, in an SiO2 model, bonds are only 
defined between a silicon and an oxy-
gen atom, never between two silicons, 
or two oxygens. As most simulations 

are performed using periodic bound-
ary conditions, the bond search can also 
find bonds that wrap around the bound-
aries of the  periodic cell. 

Like most biomolecular simulations, 
nanopore simulations usually require 
a solvated environment of water and 
ions. Such an environment is generated 
using a combination of the Inorganic 
Builder with other tools in VMD. VMD 
includes a Solvate tool that adds a box of 
water molecules around some molecular 

 structure but is only capable of produc-
ing orthorhombic boxes. Since the peri-
odicity of device simulations is often 
based on the nonorthorhombic symme-
try of the underlying crystal structure of 
the material, the Inorganic Builder pro-
vides a tool that uses the Solvate to cre-
ate a water box but then post-processes 
the results to create the desired shape for 
the water box. Finally, VMD includes an 
Autoionize tool, that takes the model, 
including device, biomolecule, and water 
molecules, and adds a specified concen-
tration of ions. 

Several of the steps for creating a 
model of a nanopore in a crystalline 
silicon dioxide membrane are illustrated 
in Figure 3. The desired model is to be 
built from a block of the material 80 Å 
3 80 Å on each side and approximately 
100 Å thick. The nanopore is formed by 
removing cones of atoms from the top 
and bottom of the block, such that the 
surface of the nanopore forms an angle of 
10° with the vertical axis and the center 
of the nanopore narrows to a diameter 
of 22 Å. To produce a block of material 
that can accommodate the device, the 
unit cell of the silicon dioxide crystal is 
replicated 16 3 16 3 15 times such that 
the final dimensions of the block are 
79.6 Å 3 79.6 Å 3 104.2 Å. Produc-
ing the pore in the specific geometry 
requires two cones of a 40.4 Å diameter 
and a 104.2 Å height. The user specifies 
the pore by excluding material from the 
block. The two cone exclusions are added 
by specifying the center and radius of the 
base and the coordinates of the apex of 
each cone. As each exclusion is added 
to the device, the schematic view of the 
device is updated in the VMD window. 
Once satisfied with the geometry of the 
device, the user selects Build Device 
to populate the model with atoms; the 
resulting atomic structure is stored. 

Figure 4 shows a model of a nanopore-
DNA system created using the  Inorganic 
Builder. The Inorganic Builder Find 
Surface tool was used to identify a 
10 Å thick surface layer which was melt-
ed to produce amorphous SiO2. Then, a 
strand of DNA was placed inside the pore, 
a water box was generated around the 
combined structure, and ions were added 
to  produce an electrically neutral system. 

(a) (b)

FIGURE 4 (a) A silicon dioxide pore created using the Inorganic Builder and (b) the same pore
after including a fragment of DNA and an environment of water and ions.

(a) (b)

FIGURE 3 (a) The Inorganic Builder user interface. (b) Construction of a nanopore formed by 
two cones in a block of silicon dioxide.
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Although the details of the subse-
quent simulations depend on the sys-
tem and process being studied, several 
common steps are involved. Common 
force fields for biomolecular systems 
(e.g., AMBER [39], CHARMM [40], 
[41]) do not include parameters for 
inorganic material such as silicon-based 
membranes. Force field parameteriza-
tion for three popular inorganic mate-
rials is described below. After the force 
field parameters have been determined, 
the system is minimized and equilibrated 
for a period of time using standard MD 
protocols [36]. To induce permeation of 
ions and biomolecules through the nano-
pores, an external electric field directed 
normal to the membrane is imposed. 
As the simulation proceeds, atom coor-
dinates are saved in a trajectory file for 
subsequent analysis. Finally, analysis of 
the trajectory is performed using analysis 
tools included with VMD (e.g., electro-
static potential map calculation, RMSD 
analysis) as well as custom data-analysis 
calculations implemented using VMD’s 
Tcl scripting interface. 

SILICA NANOPORES
When immersed in an aqueous solution, 
silicon-based devices develop a coating 
of amorphous silica (a-SiO2). Thus, an 
accurate MD model of a-SiO2 is rele-
vant to the simulation of any pores built 
on silicon-based membranes, such as 
Si3N4, crystalline SiO2, and crystalline 
Si. In this section, we present molecular 
dynamics (MD) studies of a-SiO2 nanop-
ores. First, we describe the parameteriza-
tion of silica-water interactions based on 
the hydrophobicity of the silica surface. 
This parameterization strategy differs 
from conventional ab-initio parameter-
ization schemes. Second, with our cus-
tom silica-water force field, we present a 
study of ionic current rectification. 

In all present nanopore applications, 
the interaction between biomolecules 
and silica occurs in an aqueous environ-
ment. Therefore, a first step is to develop 
an empirical force field for a-SiO2 that 
is able to reproduce the intermolecular 
silica-water interactions. We parametrized 
the silica surface using the experimen-
tally known wettability of this surface. 
The contact angle (u) of a water droplet 

on a silica surface was used as a quan-
titative observable to tune the inter-
molecular interactions, as illustrated in 
Figure 5. The mathematical form of the 
force field was chosen compatible with 
the CHARMM potential, composed 
of a Lennard-Jones potential plus an 

 electrostatic term. For parameteriza-
tion, a water droplet was placed on top 
of each surface and then equilibrated for 
2 ns. By testing more than 30 different 
parameter combinations, we were able 
to determine a set of parameters that 
reproduced the experimental water con-
tact angle [42]. 

Most nanopore experiments are based 
on ionic current measurements; how-
ever, a detailed understanding of the ion 
dynamics is still needed. For instance, 
at opposite voltage polarities, nanopores 
can produce remarkably different ionic 
currents, generating I-V curves that devi-
ate from the linear ohmic response. This 
non-linear response is known as ionic 
current rectification. We performed a 
systematic MD study of the conductance 
of a KCl electrolyte through silica nano-

pores  having different arrangements of 
their surface atoms. It was found that 
ion- binding spots on the surface, such as 
dangling atoms, affect the ionic concen-
tration and electrostatic potential inside 
the pore, producing current rectification 
[43]. The simulations revealed, for the 

first time, that the presence of  ion-binding 
spots at the nanopore surface can play a 
major role in ion ic  conduction. 

PET NANOPORES
Polyethylene terephthalate (PET) is a 
carbon-based linear polymer widely used 
in synthetic f ibers, beverage bottles, 
and other plastic containers. Due to its 
unique properties, such as high melt-
ing point, high mechanical strength, 
and non-reactivity to many chemicals 
[44], PET is an excellent material for 
nanotechnology applications. In particu-
lar, PET membranes have been used for 
building nanopores. For this purpose, 
a thin PET foil of 12 mm is penetrated 
by a single heavy ion (e.g., Au, Xe), fol-
lowed by chemical etching of the ion’s 
track [45]. The size and shape of these 

θ

FIGURE 5 Contact angle of a water droplet (u) on a silica surface. The picture shows a water 
droplet composed of 2,000 water molecules on top of a rectangular silica slab of 11.4 nm length 
and 2 nm thick. The system was equilibrated for 2 ns in a molecular dynamics simulation. The 
water contact angle (u) is the angle between the tangent of the drop surface and the silica slab. 

The simulations revealed, for the first time, 
that the presence of ion-binding spots at the 

nanopore surface can play a major role in 
ionic conduction.
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pores are tailored by controlling tem-
perature and duration of etching, pro-
ducing pores with radii as small as 1 nm. 
Such nanopores have been proposed as a 
nanofluidic diode for nanofluidic elec-
tronic devices [30]. Furthermore, PET 
nanopores are being used to test ion 
channel theories [46]. 

Several fascinating results have been 
observed in PET nanopores, such as ion 
selectivity [47], oscillation in current due 
to small additions of Ca+2 [48], reverse 
rectification due to Ca+2 [49], and nano-
precipitation [50]. However, the physical 
basis behind these  phenomena is not fully 
understood. It has been proposed that 
the stated effects are due to a combi-
nation of nano-scale confinement and 
high surface charge. After the chemi-
cal etching, the PET surface is covered 
with benzoic groups, shown in Fig-
ure 6, that produce a negative surface 
charge of 1 e nm–2. As in the case of 
silica nanopores, MD simulations can 
shed light onto the atomic scale dynamics 
inside PET  nanopores. 

Atomistic simulations of PET have 
reached a level where they are now use-
ful in gaining insights into the molecular 
origins of the behavior of bulk material 
[51]–[53]. Nevertheless, most of the 
work has been focused on studying the 
mechanical bulk properties and there 
is still relatively little known about the 

properties of the PET surface and how 
the surface affects transport through 
PET nanopores. Until now, an accurate 
description of the polymer surface at the 
atomic level was not available. 

We have developed the needed pro-
tocol to build PET bulk structures and 
PET surfaces. First, we constructed 
a computational a model for a 9-mer 
PET polymer based on available bio-
molecular force fields [40], [54]. Sec-
ond, we arranged 245 PET polymers 
into a matrix of 7 3 7 3 5. The separa-
tion distance in the matrix was enough to 
avoid any contact among the polymers. 
By using the capabilities of NAMD to 
apply custom potentials, the matrix was 
collapsed and annealed into a periodic 

cube that reproduced the bulk proper-
ties of PET. Third, we created a conical 
pore by removing atoms and patching 
the exposed ends with benzoic groups. 
The concentration and protonation state 
of benzoic groups can be controlled in 
our protocol, allowing one to match the 
experimental surface charge concentra-
tion and mimic different pH conditions. 

With this model, we are presently 
studying the ionic transport properties 
through PET nanopores: the KCl con-
duction using different pH conditions 
and also the effect of divalent ions on 
the ionic conduction. Preliminary results 
are not only showing good agreement 
with experiments but are providing the 
molecular details of the ionic conduction 
mechanism in PET nanopores. 

SILICON NITRIDE NANOPORES
Silicon nitride is an extremely hard 
ceramic material from which membranes 
housing nanopores can be constructed. 
To model silicon nitride pores, a block of 
the material can be produced by replicat-
ing the b-Si3N4 cell with the Inorganic 
Builder. By adjusting the forces that hold 
the atoms of the material in the solid 
crystal structure, one can calibrate the 
dielectric constant [11] so that the elec-
tric field within the pore in simulations 
is realistic. 

To form the pore, geometrical con-
straints are used to remove atoms. How-
ever, the removal process does not result 
in a realistic relaxed surface, but one 
with many dangling atoms and cavi-
ties. The structure of the real surfaces 
of such pores is not known and, depend-
ing on the details of fabrication, differ-
ent quantities of oxygen are attached 
chemically to the surface [55]. In earlier 
simulations of Si3N4 nanopores, single-
stranded DNA was found to interact 
strongly with the surface of crystalline 
Si3N4, preventing the observation of 
DNA transport on the timescale acces-
sible to MD [56]. It was found that 
the nucleobases of DNA adhere to the 
Si3N4 surface via hydrophobic attraction, 
while the charged phosphate groups 
interacted strongly with cavities and 
dangling atoms. This behavior appeared 
unrealistic. To improve the model of 
the pore surface, an approach involving 

FIGURE 6 Molecular dynamics simulation of PET nanopores. The figure shows a PET nanopore 
of a 1.5 nm radius. The nanopore is cut in the middle to reveal the interior of the pore. The gray 
surface shows the carbon-based structure of the nanopore. Deprotonated benzoic groups at 
the surface of the nanopore are shown in licorice representation. Blue and red spheres repre-
sent K+ and Cl– ions, respectively. Water molecules are not shown. 

Several fascinating results have been observed in 
PET nanopores, such as ion selectivity, oscillation 
in current due to small additions of Ca+2, reverse 

rectification due to Ca+2, and nanoprecipitation.
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calibration of the wettability, like that 
performed for SiO2 [42], was a pos-
sible choice. However, we chose instead 
to leave the structure of the Si3N4 sur-
face like that of the crystal and apply an 
external force to the DNA to control the 
DNA–nanopore interaction. 

The external force was applied to 
DNA atoms by interpolation from a 
three-dimensional grid using the G-SMD 
method [38]. The force was adjusted to 
prevent close contact between DNA and 
the pore surface. Figure 7 shows a poten-
tial map used to modify the interaction 
between DNA and Si3N4. Applying this 
DNA-specific surface force, it was possi-
ble to simulate the interaction of unpaired 
DNA and silicon nitride nanopores. For 
instance, we simulated the nanopore 
transport of hairpin DNA, which con-
sisted of a double-helical portion and an 
unpaired portion [57]. The simulations 
revealed that hairpin DNA can translocate 
nanopores having minimum diameters 
from 1.3 –2.2 nm by three modes: unzip-
ping of the double helix and—in two dis-
tinct orientations—stretching/distortion 
of the double helix. Furthermore, each of 
these modes can be selected by an appro-
priate choice of the pore size and voltage 
applied transverse to the  membrane [57]. 

PHANTOM NANOPORES
Taking the idea of applying an external 
force to model the pore surface a step 
further, it is possible to dispense with 
the pore atoms altogether and model an 
idealized pore using only surface forces 
from a grid. Such a pore is smooth and 
can be used to study DNA behavior in 
the absence of the effects of friction and 
surface roughness. 

Translocation of single-stranded 
DNA through very small pores (1.0 nm 
in diameter) is dramatically slower 
than that through slightly larger pores. 
Using phantom pores, the origin of the 
change in speed could be elucidated. 
The translocat ion speed in simula-
t ions where both the DNA and elec-
trolyte were  confined by a phantom pore 
was an order of magnitude smaller than 
that in  simulations where only the DNA 
was confined by the phantom pore [11]. 
Thus, it was shown that in the absence 
of the surface friction forces, the DNA 

translocation velocity is determined 
mainly by the condensation of counte-
rions on the DNA backbone rather than 
by the steric restraints imposed by the 
pore surface on the DNA conformation. 

OUTLOOK
Several new capabilities are planned for 
the Inorganic Builder plugin described 

above. Surface-refinement techniques will 
produce even more accurate models of 
 realizable device surfaces by repairing the 
surface anomalies that result from geo-
metrically “cutting” a block of material. 
Closer integration with simulation tools 
will simplify generation of amorphous 
regions within crystalline material. Fur-
thermore, although force field param-
eter generation has been shown to be a 
challenging task, it is also the task most 
necessary for modeling. One solution 
being considered is to provide parameters 
using values determined by the Universal 
Force Field (UFF) [58], with the caveat 
that the force field has not been tested in 
biomolecular simulations, and must be 
evaluated first to determine its usefulness 
in such simulations.

Determining and evaluating param-
eters for silica and silicon nitride nanop-
ores has set the stage for further studies of 
DNA interaction with those materials. The 
force fields for these nanopores could be 
further refined by calibrating their interac-
tion with biomolecules with experimental-
ly measurable quantities. Examining ionic 
current in PET pores also points to further 
use of MD simulation for understanding 
PET-biomolecule interaction. Finally, 
the phantom pore method is a compu-
tationally efficient method for studying 
biomolecule– nanopore systems, especially 
for situations where the properties of the 
particular material may not matter. 

The computational methods pre-
sented above are expected to greatly 
aid development of the bionanotechno-
logical applications of inorganic nano-
pores such as high-throughput DNA 
sequencing and genotyping. The meth-
ods will also f ind application in simu-
lations of various lab-on-chip  processes 
 including transport of biomolecules 

FIGURE 7 DNA-specific surface force 
imposed via a potential defined on a grid. 
An image of the DNA is overlaid on a cross 
section of the potential energy grid. Regions 
of low potential energy are shown in blue, 
while regions of high potential energy are 
shown in red. Arrows show the resulting 
force at the pore surface that repels the 
DNA. Water and ions are not shown. 

Determining and evaluating parameters for 
silica and silicon nitride nanopores has set the 

stage for further studies of DNA interaction 
with those materials.
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through nanof lu id ic systems, sel f-
assembly of nanoparticles or nano-
particle-biomolecular conjugates into 
inorganic nanostructures, protein and 
DNA microarray technologies, and 
field-effect biosensors such as immu-
nosensors and silicon nanowires. 
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