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I

n recent years, there has been a major drive to use field-effect
transistor (FET)-based devices to detect biological molecules
in electrolytic environments (1). These biosensors use the charge
of biomolecules to gate the current through a transistor (2).
Frequently, the transistor is based on a quasi-1D nanostructure,
such as a nanowire (NW) or nanotube, and the biomolecules
bind directly to the surface of the nanoscale structure (1, 3). The
use of such nanostructures is justified by the belief that nanoscale
biosensors are more sensitive, with sensitivity defined as the relative
change in drain current or a shift in threshold voltage in response
to a change in bound biomolecule density. A few experiments specifically studied the effect of shrinking nanowire radii on sensitivity,
albeit with varying structures, analytes, and sensing circumstances,
and found that shrinking a sensor’s dimensions indeed improves its
sensitivity (4–6). The enhanced sensitivity has been loosely attributed to the increase in the sensor’s surface area-to-volume ratio,
which is a direct result of shrinking its dimensions. This argument
has been analytically justified in the context of gas sensors (7).
However, there is a fundamental difference between gas and biomolecule sensing: biomolecule sensing is performed in an electrolyte, and the ions therein will screen the charge of bound
biomolecules in a phenomenon known as Debye screening (8, 9).
The direct application of the gas sensing result to the biosensing
environment implicitly assumes that the screening effect does not
change with shrinking dimensions, an assumption we believe to be
false. There have been studies that included a rigorous treatment
of screening in biosensors, but they studied neither the specific
cause of increased sensitivity at the nanoscale, nor the effect of
varying size on screening behavior (10). We believe the phenomenon responsible for the increased sensitivity of nanowires in
particular, and nanostructured biosensors in general, have not yet
been uncovered by the research community.
We have previously dissected the operation of biosensors into
two independent parts to better understand the underlying physics
(11): first, biomolecule charges cause a change in the local electrostatic potential at the outer surface of the gate dielectric. This
potential change in turn causes a change in the drain current of
the underlying semiconductor channel. The latter part is simply
the transconductance effect of an FET-based transistor; nanoscale biosensors have no advantage in this respect over planar
sensors. The nanoscale advantage should therefore lie in the first
part of the sensor operation, which is a capacitive transduction
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effect, dominated by the capacitance of the Debye screening
layer. We therefore believe understanding screening behavior at
the nanoscale is key to understanding the behavior of nanoscale
biosensors.
In this paper, we revisit screening near curved nanostructure
surfaces by solving the Poisson–Boltzmann equation that led to the
original Debye–Hückel formalism. Our simple analytical arguments will show that screening is stronger near surfaces with convex
curvature, and weaker near surfaces with concave curvature. We
only consider simple convex and concave surfaces because almost
all nonplanar surfaces can be decomposed into local areas with
either convex or concave curvature.
Next, we apply the basic insight we gain from the previous step to
understand and analyze the specific case of nanowire biosensors.
Increasing the surface area-to-volume ratio of nanowire sensors
actually means increasing their convexity, which should result in
increased Debye screening and reduced sensitivity. However,
nanowires placed on insulating substrates create concave corners
between the nanowire and the substrate. We believe biomolecules
bound in such concave corners are responsible for the increased
sensitivity experimentally observed in nanowires.
Methods
Analytical Calculations. We begin by noting that biosensor sensitivity has been
shown to be maximum when the biosensor is operated in the subthreshold
regime (11, 12). In this regime, sensitivity can be defined as either a change in
effective gate potential (or threshold voltage) or a relative change in drain
current. These definitions are proportional to one another, as shown below.
We will therefore treat them as equivalent for the purposes of assessing the
effects of nanowire radius on sensitivity.
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Electrostatic counter ion screening is a phenomenon that is detrimental to the sensitivity of charge detection in electrolytic environments,
such as in field-effect transistor-based biosensors. Using simple analytical arguments, we show that electrostatic screening is weaker in
the vicinity of concave curved surfaces, and stronger in the vicinity
of convex surfaces. We use this insight to show, using numerical
simulations, that the enhanced sensitivity observed in nanoscale
biosensors is due to binding of biomolecules in concave corners
where screening is reduced. We show that the traditional argument,
that increased surface area-to-volume ratio for nanoscale sensors is
responsible for their increased sensitivity, is incorrect.
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In the above expressions, ID,off , ID,baseline , and ID,analyte represent the drain
current in the off-state, the baseline drain current in the absence of target
analytes, and the drain current in the presence of target analytes, respectively. Variables n, q, kB, and T represent the subthreshold ideality factor,
elementary charge, Boltzmann’s constant, and temperature, respectively. VE
denotes the electrode potential in extended-gate biosensors, which corresponds to the potential at the electrolyte/oxide interface for nanowire FET
biosensors; this potential acts upon a biosensor’s channel as the gate voltage
would in a regular FET. ΔID and ΔVE represent the change in drain current and
electrode potential due to target biomolecule binding. We have assumed
that the target analyte concentration is small, resulting in qΔVE  nkB T.
In a previous paper (11), we dissected a generic FET-based biosensor’s response into four parts, as follows:
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Here, Δc is the change in target analyte concentration and Δσ is the change
in surface charge density due to the target analytes; these are unaffected by
geometry. The third term in the equation above represents capacitive
transduction, whose geometry dependence is dealt with elsewhere in this
paper. The final term captures the transistor action of a biosensor. This term
is none other than the familiar gm =ID of a transistor, which is largest when
the FET is operated in the subthreshold regime, and is the main reason why
sensitivity is maximum under subthreshold operation. However, it should be
noted that in subthreshold, gm =ID has a theoretical maximum:
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Fig. 2. Schematic depiction of the potential diagram across a generic
nanowire biosensor, as well as the capacitive divider that is seen by the
biomolecules. This generic diagram applies to all structures of interest. CDL,
COX, and CNW represent the capacitances due to the diffuse layer in the
electrolyte, the gate dielectric, and the mobile carriers in the nanowire, respectively. The blue and red potential diagrams correspond to the prebinding and postbinding states of the sensor; i.e., the blue diagram has only
charged receptors at the oxide surface, whereas the red curve has both
charged receptors and charged analytes. The analytes cause a potential
change ΔVE at the outer surface of the gate dielectric, which we consider to
be the sensor’s sensitivity. The potential change is screened, and decays with
distance into the nanowire and electrolyte regions.

ID,baseline = ID,off × exp

[3]

The above maximum for gm =ID is simply the familiar 60-mV per decade
limitation for the subthreshold swing of thermionic FETs. Reducing nanowire diameter will improve sensitivity by improving gm =ID . However, once
the fundamental maximum has been reached, further reduction in size does
not provide any improvement. Biosensing nanowires are typically doped
at ∼1016 cm−3 , for which the maximum depletion width is ∼300 nm at room
temperature; this is far larger than the typical dimensions of the nanowires,
most of which are thinner than 100 nm. Nanowires used in most biosensing
experiments are therefore already fully depleted, and further reduction in
size will not noticeably change or improve subthreshold swing. Once a nanowire

Electrolyte

Downloaded by guest on June 21, 2021

A

B

Charged
Biomolecules

Electrode

C

Fig. 1. Cross-sectional schematics of the structures that were analytically
studied. The concave, flat, and convex structures are shown in A, B, and C,
respectively; the cross-sections of concave cylindrical and spherical structures
look identical, as do their convex counterparts. The gold areas represent the
sensing electrode, the teal areas represent the electrolyte, and the dotted
red lines represent the charged target biomolecules.
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is fully depleted, changing its radius will only change the third term in Eq. 2,
which represents the capacitive transduction of biomolecule charge into
surface potential at the electrolyte/oxide interface. We can therefore safely
ignore the FET action of the nanowire, and focus our analysis on the capacitive term and its variations due to surface curvature. It should be noted
that most nanowires do not exhibit the 60-mV per decade ideal swing, even
though they are fully depleted; this is due to the large number of interface
trap states created during processing.
To describe sensing near generic curved surfaces, it is sufficient to solve the
Poisson–Boltzmann equation, subject to the proper boundary conditions;
this method is known as the Gouy–Chapman model (8). This model neglects
the finite size of the ions in the electrolyte. It is adequate for gaining insight
into the qualitative behavior of electric double layers; for low surface
potentials and dilute electrolytes, it is also quantitatively acceptable (13).
Calculations using more sophisticated modified Poisson–Boltzmann formalisms have arrived at potential distributions similar to ours (14).
To make the problem analytically tractable, we solve the equation in 1D,
and extend it to 3D using cylindrical and spherical symmetries. We consider
five different types of structures: (i) flat, (ii) convex spherical, similar to
a nanoparticle, (iii) convex cylindrical, similar to a nanowire, (iv) concave
spherical, similar to a cavity in an otherwise solid electrode, and (v) concave
cylindrical, similar to a cylindrical pore through an electrode, such as those
used in nanopore translocation sensing. We vary the radii of curvature in the
curved structures, and extract sensitivity as a function of radius. Cross-sections
of concave, flat, and convex structures are shown in Fig. 1, respectively; the
cross-sections of concave cylindrical and spherical structures look identical,
as do their convex counterparts.
All structures are composed of a 1:1 electrolyte in contact with a polarizable sensing electrode. A grounded reference electrode immersed in the
electrolyte is modeled by fixing the electrolyte Fermi level at 0 V. For the
convex and flat cases, the electrostatic potential from the sensing electrode is
required to vanish far away from the electrode surface. For the concave cases,
the electric field is required to vanish at the center of the structure, due
to symmetry.
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For the next steps, we refer the reader to Fig. 2. We solve Poisson’s
equation, find the electrostatic potential in the electrolyte in terms of the
electrode potential VE, and find the total ionic charge in the electrolyte as
a function of the VE. The derivative of this charge with respect to VE gives
the capacitance density of the diffuse ionic layer, denoted by CDL. The calculation is straightforward, and the details are given in the accompanying
Supporting Information.
The charges brought by biomolecules to the electrode surface are modeled
as a uniform layer of sheet charge of density Δσ Bio ; these can be viewed as
a small-signal disturbance, with the sensing and reference electrodes representing small-signal ground. The capacitance between the biomolecule
charges and ground is therefore the parallel combination of the diffuse
layer capacitance, CDL, and the capacitance to the sensing electrode, CE. The
justification for such an equivalent circuit model is given in Supporting
Information. The local potential change near the biomolecules is determined by the following equation:
ΔV =

Δσ Bio
:
CDL + CE

[4]
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In a real system such as a nanowire FET-based biosensor, CE includes the
“gate” dielectric capacitance between the FET and the electrolyte, COX, in
series with the semiconductor capacitance of the underlying FET, CNW. If the
FET part of the sensor is made of silicon, and is operated in the subthreshold
regime as recommended (11, 12), the Debye length in the FET channel will
be on the order of 40 μm, and the relative permittivity will be 11.7. The gate
dielectric capacitance can be neglected when in series with the much smaller
semiconductor capacitance. In stark contrast, the Debye length in the electrolyte, assuming physiological ionic strength, will be on the order of 1 nm,
with a relative permittivity of 80. The electrolyte capacitance CDL is therefore
almost always dominant, allowing us to forego calculating the potential and
capacitance of the sensor itself. At this point, the only meaningful dependence of a nanowire biosensor’s sensitivity on its radius is through
changes in electrolyte screening, i.e., the capacitance of the diffuse ionic
layer, CDL.
Numerical Calculations. Taking advantage of symmetry allows simple structures to be reduced to 1D and solved analytically. However, for more complex
geometries, the analytical calculation becomes intractable. We therefore
used a numerical simulator (15) to solve Poisson’s equation. The use of this
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simulator has the added benefit of solving drift-diffusion equations in
the semiconductor regions, allowing us to directly extract drain currents,
threshold voltages, and sensitivities.
We simulate two types of 3D nanowires: (i ) suspended in solution
[suspended nanowire (SNW)], and (ii ) placed on an insulating substrate
[nanowire-on-insulator (NWoI)]. The former is not commonly encountered in
real biosensor systems, whereas the latter is very common. We also consider
two cases of biomolecule binding: uniform functionalization (UF), where
biomolecules bind to all dielectric surfaces, and selective functionalization
(SF), where biomolecules bind only to the outer surfaces of the nanowires’
gate dielectrics (16). Overall the three structures depicted in Fig. 3 A–C are
considered: (i) UF–SNW, (ii) UF–NWoI, and (iii) SF–NWoI. The lack of a dielectric substrate makes selective functionalization meaningless for suspended nanowires. We vary the nanowire width in these structures and
study the sensitivity behavior.
The nanowires are presumed to be silicon, covered by a thin dielectric; the
outer surface of the gate dielectric is exposed to the electrolyte. The biomolecules were modeled as a sheet charge of uniform density of 1012 q · cm−2
at the electrolyte/dielectric interface. Although in reality the molecules are
discrete, the random nature of their binding will, on average, resemble
a uniform layer of charge. The justification for our choice of biomolecule
model is given in Supporting Information. The biomolecule density and
electrode potentials were chosen to ensure that the sensor surface potential

Table 1. Capacitance of the diffuse layer near electrode with
various geometries
Structure
Convex spherical
Convex cylindrical
Flat
Concave cylindrical
Concave spherical

Screening capacitance


e x+1
λ
x
e K1 ðxÞ
λ K0 ðxÞ
e
λ
e I1 ðxÞ
 λ I0 ðxÞ 
e
1
cothðxÞ −
λ
x
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Fig. 3. Two-dimensional cross-sectional plots of the simulation structures (A–C) and simulation results of the change in electrostatic potential due to the charge
of the biomolecules, taken across the center of the channel (D–F). Structures A and D depict the suspended nanowire case (UF–SNW) surrounded by electrolyte; B and E depict the NWoI case with biomolecules at all dielectric/electrolyte interfaces (UF–NWoI); and C and F depict the selectively functionalized
NWoI case with biomolecules on the gate dielectric/electrolyte interface only (SF–NWoI). Note how the potential change is larger near the concave corners,
and smaller near convex corners. The lower (concave) corners in F behave like a flat surface (for screening purposes), because there are charges only on the
nanowire side of the corner. The yellow biomolecule layers in A–C are artificially added for clarity to denote the locations where biomolecules are present; the
simulated biomolecules have no thickness.

are no biomolecules on the substrate, so there is no screening
contribution from the substrate facets of these corners.
The second set of results is shown in Fig. 6 as a plot of the
sensitivity vs. nanowire width for all three structure types.

Spherical Concave
Cylindrical Concave
Flat
Cylindrical Convex
Spherical Convex

0.5

0.25

0

1
2
Normalized Distance

3

Fig. 4. Plot of electrostatic potential in the electrolyte vs. distance from the
surface of the electrodes. The distance is normalized to the Debye length λ,
and the potential is normalized to the electrode potential VE. The radius of
curvature of the curved surfaces is 5λ.

remained low enough to justify neglecting the finite size of the ions (13),
and high enough to ensure accuracy in the presence of quantization errors.
Further details of the simulation structure are given in Supporting Information. The sensitivity, in the form of threshold voltage change ΔVth ,
which is proportional to ΔI=I, is extracted and plotted as a function of
nanowire radius for our different structure types.

Results
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Analytical Results. First, we look at the electrostatic potential in
the electrolyte as a function of distance from various simple
surfaces, shown in Fig. 4. The electrostatic potential is normalized to the electrode potential VE. The distances are normalized
to the Debye length λ. All of the curved surfaces in this figure
have the same radius, equal to five Debye lengths. Note that this
figure serves merely to compare the strength of screening near
various surface geometries for a given electrode potential; in real
biosensors, the electrode potential is measured, not fixed.
The diffuse layer capacitances for the various geometries that
were analyzed are given in Table 1 as a function of the radius of
curvature. Here, I and K denote the modified Bessel functions of
the first and second kinds, respectively; λ denotes the Debye
length in the electrolyte, e denotes the permittivity of the electrolyte, R is the radius of curvature, and x ≡ R=λ is a dimensionless radius variable. The capacitance densities, normalized to
that of the flat case, are plotted in Fig. 5 as a function of the
dimensionless radius variable x.
Simulation Results. The simulations offer two sets of results. The
first is a set of 2D cross-sectional plots of the change in electrostatic
potential due to the charge of the biomolecules, taken across the
center of the channel; these are shown in Fig. 3 D–F, for the
three structure types, UF–SNW, UF–NWoI, and SF–NWoI,
respectively. Contour lines are provided as a visual guide. Note
how the potential change is smaller near convex corners, i.e., all
of the corners of the UF-SNW structure, and the top corners of
both NWoI structures. Conversely, the potential change is larger
near the concave corners, i.e., the bottom corners of the UF-NWoI
structure. It is important to note that the bottom corners of the
SF-NWoI structure do not behave like corners at all, because there
5114 | www.pnas.org/cgi/doi/10.1073/pnas.1315485111

Discussion
We begin our discussion with the analytical results in Fig. 4. This
plot shows that the electrostatic potential drops more quickly to
its bulk value when the surfaces are convex, and more gradually
when the surfaces are concave. Both effects are more drastic for
the spherical curvatures. A similar result was obtained by
Dickinson and Compton (17) for hemispherical electrodes in
the context of electrochemistry. This trend is a direct indicator of
screening strength: concave surfaces experience less screening
than a flat surface, whereas convex surfaces see more screening.
It seems that the more the electrolyte surrounds the surface, the
stronger the screening will be. Conversely, the more the surface
surrounds the electrolyte, the weaker the screening will be.
Next, we calculated the capacitance due to the electrolyte, and
from that, the sensitivity of the electrolyte to biomolecule charges.
The results are plotted in Fig. 5 as a function of the radius of curvature of the surface. The increased screening near the convex
structures is seen once again, this time in the form of increased
capacitance, and over all radii. Similarly, concave structures always
exhibit lower screening. Unsurprisingly, the effect is once again
more drastic for the spherical surfaces. The potential change is
intimately and inversely related to the capacitance, so concave surfaces exhibit higher sensitivity than convex surfaces over all radii.
Intuitively, this trend can be explained as follows: a convex curvature will allow a larger volume of solution to approach the
surface, carrying with it more ions, leading to more screening. The
opposite happens for the concave curvature. Moreover, a convex
spherical surface allows more solution ions to approach a unit of
surface area than a convex cylindrical surface, explaining the increased screening for the spherical convex case. A similar argument can be made for the spherical concave case.
We can extend our intuition further by loosely defining a Debye
volume as the volume of electrolyte within one Debye length of
a surface, similar to a Debye sphere in plasma physics (18). This
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Fig. 5. Plot of electrolyte capacitance density vs. radius of curvature of
electrode. The radius is normalized to the Debye length λ, and the capacitances are normalized to that of the flat electrode. Note that the vertical axis
is on a logarithmic scale.
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Fig. 6. Plot of the simulated sensitivity vs. nanowire width for the UF–SNW
(blue line with square markers), UF–NWoI (green line with diamond markers), and SF–NWoI (red line with circular markers). The sensitivity of the UF–
NWoI improves with shrinking width, but those of the UF–SNW and SF–NWoI
degrade. The sensitivities of all structures converge to the same value at
large widths.

concept is depicted in Fig. 7, where we have two electrodes with
cylindrical surfaces: one convex (similar to a nanowire) and one
concave (similar to a pore). For clarity, we omit the bulk of the
electrolyte environment from the drawing, and consider the Debye
volume for only a fraction of the electrode surfaces. Due to the
direction of the curvature, a patch of the surface of the concave
electrode has a larger Debye volume than an equally sized patch
on the convex electrode, even though the Debye lengths are the
same. Because this Debye volume is filled with counter ions, it
makes intuitive sense that the convex surface will have more counter
ions near it than the concave surface, and consequently will have
stronger screening as well. To roughly compare the screening
strength near surfaces with arbitrary geometry, we can compare the
surface area-to-Debye-volume ratio: the smaller it is, the stronger
the screening will be. Of course, there is no rigorous quantitative
use for such a quantity; it is only an intuitive guide to help us design
electrode structures with appropriate screening. For biosensing
purposes, we should seek to increase the surface area-to-Debyevolume ratio of electrodes. In nanoscale sensors where the semiconductor region shares a surface with the electrolyte, downscaling
dimensions and increasing the surface area-to-volume ratio are inevitably accompanied by reduced surface area-to-Debye-volume
ratio, and hence increased screening and reduced sensitivity.
The simulation results convey the same idea. In all cases, the
charge density is constant, so the potential change in Fig. 3 is
a direct indicator of screening strength. In the UF-SNW structure,
the corners can be viewed as extremely small areas of extreme
convexity; this results in increased screening and smaller potential
change, which is directly apparent in the figure. Conversely, in the
UF-NWoI structure, the corner between the NW and substrate is
concave, giving rise to reduced screening and increased potential
change. In the SF-NWoI structure, there are no charges on the
substrate, so the lower corners have charges only on one of their
sides. The contour lines are nearly parallel to the vertical side of the
NW, indicating that the screening is similar to screening near a flat
vertical surface; this indicates that the substrate side merely serves
as an end to what otherwise behaves like a flat vertical surface.
Shoorideh and Chui

In all structures, as the NW width is varied, the size of the
corner regions remains unchanged. As the nanowires become wider,
these corners constitute a smaller fraction of the total sensor surface, and their effect diminishes; eventually, all three structures
begin to resemble a flat electrode, seen in the plots of sensitivity
vs. width in Fig. 6, where all three curves converge to the same
value for large widths. Conversely, as the width shrinks, the relative importance of the corner effect increases. The sensitivity of
the UF–SNW structure decreases, because this structure has four
convex corners. The SF–NWoI structure has two convex corners
and two neutral, so its sensitivity fares better than that of the
UF–SNW structure. The UF–NWoI structure has two concave
corners whose effect apparently dominates the convex corners,
resulting in increased sensitivity with reduced width.
It is worth noting that the sensitivity of the UF-SNW structure
decreases with shrinking width, even though its conventional surface area-to-volume ratio increases; this indicates that contrary to
conventional wisdom, increased surface area-to-volume ratio does
not cause enhanced sensitivity in nanowires.
Although we have only varied width in this study, similar results
are expected for varying thickness: for a structure with more overall
convexity, reducing surface area harms sensitivity and should be
avoided; conversely, if the structure has more overall concavity,
reducing the total surface area will increase sensitivity. The latter
case applies to nanowires, so long as biomolecules can bind to the
substrate as well.
There is an alternative way to analyze the results above, as follows: of all of the biomolecules that bind to the substrate, the few
who are within a certain distance of the nanowire are capable of
influencing it. The quantity of these biomolecules is independent of
the nanowire size; they provide an extra boost to the sensitivity
in addition to the biomolecules that bind directly to the nanowire.
As the nanowire shrinks, the relative importance of the substratebound biomolecules increases, increasing the overall sensitivity.

Concave Electrode

Debye vol. 1
Debye
length

Area under
consideration
Debye
length

Convex Electrode
Debye vol. 2

Area under
consideration

Fig. 7. A sketch of the imaginary Debye volume of two electrodes. (Left)
Convex electrode. (Right) The pore of this structure is a concave electrode.
The electrolyte environment has been omitted for clarity. The Debye volumes are part of the electrolyte environment, and are sketched here for
one-quarter of the electrode surfaces. The radii of curvature are equal, and
so the surface areas under consideration are equal as well (marked with
black curved double-sided arrows). The Debye length is marked with a
straight double-sided arrow. Although the Debye lengths and surface areas
under consideration are equal, the Debye volume belonging to the convex
surface (Debye vol. 1) is larger than that of the concave surface (Debye vol.
2). The variation in Debye volume depends on the relative size of the radius
of curvature compared with the Debye length. The Debye volume is correlated with the screening strength, which is stronger near the convex surface
relative to the concave surface. By qualitatively evaluating the Debye volume of arbitrary surfaces, one can get a rough idea of the relative screening
strength near those surfaces.
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Conclusions
Although the Gouy–Chapman model is over a century old, the
results of its application to nonplanar structures is not well
known in the biosensor community. The conclusion is rather
simple: screening is weaker near concave surfaces, and stronger
near convex surfaces. We believe understanding the effects of
curvature on Debye screening enables us to design better electrode surfaces. Although such optimizations have not been discussed here, the surface area-to-Debye-volume ratio is a concept
that could be of use in such optimization efforts. We hope the
insight gained here will be useful for other sensor systems in
which electrostatics are important, such as FET-based sequencing technologies (19) or nanopore sensors (20).
Our analysis has also enabled us to determine that increased
surface area-to-volume ratio is not responsible for the sensitivity
enhancement that accompanies quasi-1D nanoscale biosensor
structures. Instead, it is the overall concavity of the structure, and

the binding of biomolecules in concave areas, which results in
higher sensitivity. This finding has important implications for
the future of biosensors: efforts are underway to increase the
limit of detection of biosensors by ensuring that biomolecules
bind only to the NW directly (16, 21). However, the conventional
wisdom—that nanoscale structures are more sensitive—fails in
this regime. It should be noted, however, that our crude modeling
of the biomolecules as a uniform sheet of charge neglects many
factors that become important when one seeks to detect samples
with very low concentrations of analytes. Further studies should
include the intricacies of ion and biomolecule size, and the finite
supply of biomolecules when analyte concentrations are near
the limit of detection.
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