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embranes that contain a single

submicrometer pore or nano-

pore are attracting rapidly in-
creasing interest from a broad community
of scientists in nanotechnology, chemistry,
physics, engineering, and the life
sciences.'™® This interest partially stems
from the ability of these pores to act as a
sensitive transducer that can detect nano-
particles, individual macromolecules, and
even individual small molecules in
solution.””® In these experiments, a voltage
is applied across the membrane and the
ionic current flowing through the pore is
monitored. Two parameters of critical im-
portance for pore-based sensing are the sig-
nal bandwidth and the current noise.'®"'?
The signal bandwidth determines the accu-
racy with which a temporal change in the
current flowing through the pore is de-
tected while the noise directly influences
the sensitivity of a given pore. Here we
present a detailed theoretical and experi-
mental study on the signal bandwidth and
the noise of current recordings from syn-
thetic membranes that contain a single sub-
micrometer pore or nanopore with the
goal of enabling optimization and accurate
prediction of these two parameters as well
as providing guidelines for achieving reli-
able and sensitive low-noise recordings
from these pores.

Recent advances in fabricating mem-
branes that contain a single submicrome-
ter pore or nanopore”'**¢ have generated
a dramatic increase in the number of appli-
cations that use these pores for
Sensing.7,‘l4,‘|5,17,19,22—27,32,37,44,47—1 22 The
largest body of work has been generated
by using these pores for resistive-pulse
sensing experiments. These experiments
monitor the transient change in current
(resistive-pulse) when an object of interest
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ABSTRACT Nanopores and submicrometer pores have recently been explored for applications ranging from
detection of single molecules, assemblies of nanoparticles, nucleic acids, occurrence of chemical reactions, and
unfolding of proteins. Most of these applications rely on monitoring electrical current through these pores, hence
the noise and signal bandwidth of these current recordings are critical for achieving accurate and sensitive
measurements. In this report, we present a detailed theoretical and experimental study on the noise and signal
bandwidth of current recordings from glass and polyethylene terephthalate (PET) membranes that contain a single
submicrometer pore or nanopore. We examined the theoretical signal bandwidth of two different pore
geometries, and we measured the signal bandwidth of the electronics used to record the ionic current. We also
investigated the theoretical noise generated by the substrate material, the pore, and the electronics used to record
the current. Employing a combination of theory and experimental results, we were able to predict the noise in
current traces recorded from glass and PET pores with no applied voltage with an error of less than 12% in a range
of signal bandwidths from 1 to 40 kHz. In approximately half of all experiments, application of a voltage did not
significantly increase the noise. In the other half of experiments, however, application of a voltage resulted in an
additional source of noise. For these pores, predictions of the noise were usually still accurate within 35% error
at signal bandwidths of at least 10 kHz. The power spectra of this extra noise suggested a 1/ origin with best
fits to the power spectrum for o = 0.4—0.8. This work provides the theoretical background and experimental
data for understanding the bandwidth requirements and the main sources of noise in current recordings; it will

be useful for minimizing noise and achieving accurate recordings.

KEYWORDS: nanopores - submicrometer pores - signal bandwidth - noise
bandwidth - current recording - resistive-pulse sensing - Coulter counter

passes through the pore. Resistive-pulse
sensing has been used to detect and char-

acterize: (i) synthetic polymers,”®”" (ii) DNA
and RNA 14,19,24-26,32,37,68,69,72,83-110,119,120

(iii) nanoparticles,'”-227:4473=77111 (jy)

viruses®°~8? and antibody-virus interac-
ti0n5,49 (V) protein523,27,49,58,59,‘| 12,117,123-125
and unfolding of proteins,
molecules,15,26,‘l13—‘l16,1 18 (
ing,®° (viii) chemical reactions,
and (ix) the aggregation of nanoparticles
(diameter > 235 nm) by cross-linking with
antibodies.*”*87879 Additional work using
current recordings from synthetic mem-
branes with a single nanopore has

121 *Address correspondence to

mimayer@umich.edu.
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included studies on the fundamental aspects of ion
transport through the pore,>°~>*%¢57 on the tomogra-
phy of a laser focus, ©' and on the effect of surface prop-
erties of the pore on the generation of 1/f noise.>>¢%3

The signal bandwidth and the noise of the current
recordings are important parameters for almost all of
these applications. For quantitative resistive-pulse sens-
ing experiments (i.e., experiments that make use of the
peak amplitudes or widths of resistive-pulses), the sig-
nal bandwidth must be sufficient to resolve fully the
resistive-pulses'#?”:12¢ otherwise the data may be inac-
curate. Ensuring a high signal bandwidth increases the
information content and accuracy of the recordings.
High signal bandwidth, however, also strongly in-
creases the noise of the current recordings; this noise
limits the signal-to-noise ratio and hence the sensitiv-
ity of the pore because the amplitude of a resistive-
pulse must be above the noise to be detectable.**53
By determining the individual sources of noise, it may
be possible to design the pore and the experimental
setup in a fashion that minimizes the noise, and to pre-
dict accurately the current noise of a given experi-
ment. Accurate prediction of noise combined with
equations that predict the peak amplitude of a
resistive-pulse'”-2%73748489127.128 may anable the
simulation of resistive-pulse sensing experiments and
aid in experiment design (e.g., for choosing the optimal
geometry and diameter of the pores for a given appli-
cation or the ideal substrate material in which the pore
is fabricated).

Previous studies on the signal bandwidth and the
noise of current recordings have been performed in
the context of patch-clamp experiments'®'"13129-134
and planar lipid bilayer experiments.'"3° Several re-
cent studies examined the noise of current recordings
from nanopores fabricated in synthetic membranes'*°
as well as techniques for reducing the noise of these
recordings;?>°3"2° however, the underlying individual
sources of noise were not examined in detail, and meth-
ods for accurately predicting the noise of the record-
ings were not discussed. Here, we present a detailed
theoretical and experimental study on both the signal
bandwidth and the noise of current recordings from
synthetic membranes that contain a single submicro-
meter pore or nanopore. We examine the signal band-
width of each experimental element (i.e., pore,
headstage-amplifier-analog filter, digitizer, and digital
filter) that was used for recording, as well as the over-
all signal bandwidth of these recordings. We discuss the
individual sources of noise that are expected to contrib-
ute to the overall noise of the recordings, and we
present theoretical equations describing these noise
sources. By combining theory with experiments, we
were able to predict the total noise of the recorded cur-
rent traces with high accuracy for pores that did not dis-
play significant extra noise (approximately half of all ex-
periments fell in this category).
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Figure 1. Comparison of a single resistive-pulse from an
icosahedrical virus particle passing through a conical pore
at four different signal bandwidths: 40, 10, 5, and 1 kHz.
Since complete resolution of the resistive-pulse required a
signal bandwidth of at least 10 kHz (see Supporting Informa-
tion), *° the shape of the resistive-pulse was modified signifi-
cantly at signal bandwidths less than this value. Note: the
nonrectangular shape of the resistive-pulses was not due to
insufficient time resolution of the recording since the ampli-
tude of the peaks was the same at a bandwidth of 10 and 40
kHz. Instead, this completely resolved, nonrectangular
shape was a consequence of the small, spheroidal shape of
the virus particles and the conical shape of the pore (which
generated a short effective sensing zone).

RESULTS AND DISCUSSION

Overall Signal Bandwidth of Current Recordings from
Submicrometer Pores and Nanopores. In the context of
resistive-pulse sensing experiments, the signal band-
width can limit the accuracy of measurements of peak
amplitude and peak width; for example, if resolving the
resistive-pulses requires a larger bandwidth than what
is available, then the peak amplitude of the resistive-
pulses may be “clipped” (Figure 1) or the duration of the
resistive-pulse may be too short to be detected.'"'2¢
The overall signal bandwidth of the current recording
is determined by a combination of the signal band-
widths of each individual element involved in the mea-
surement of the ionic current. Here the individual ele-
ments are the submicrometer pore or nanopore, the
headstage and amplifier, the analog low-pass filter
(which prevents aliasing" and reduces noise), the digi-
tizer, and, if used, the digital filter. The overall signal
bandwidth will always be less than or equal to the low-
est signal bandwidth available from each individual el-
ement, and determining an exact value for each ele-
ment can be difficult (it is, however, possible to group
certain elements and measure the signal bandwidth of
this group). In general, if the signal bandwidth of an el-
ement is approximately three times greater than the
lowest signal bandwidth, its contribution to the overall
signal bandwidth of the recordings is negligible."? In
the following sections, we examine the signal band-
width of the submicrometer pore or nanopore, the
headstage and amplifier, the analog filter, the digitizer,
and the digital filter (or a grouping of these elements) as
well the overall signal bandwidth of the current
recordings.’3®

Signal Bandwidth of the Pore. Submicrometer pores and
nanopores are typically fabricated in dielectric materi-
als such as glass, silicon dioxide, silicon nitride, and
polymers. The use of such materials as substrates makes
it possible to model the pore as a network of resistive
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Figure 2. Simplified model circuits of the pores used in this
work. (A) Model circuit of the glass pores with conical geom-
etry. R, and R,,, are the resistance of the fluidic channels
leading to the glass substrate, R is the resistance of the 35
m wide cylindrical shank, C; is the capacitance of the sub-
strate supporting the glass membrane with the pore, R_is
the total resistance of the conical part of the pore structure,
C_ is the total capacitance of the conical part of the pore
structure, and C,,, is the capacitance of the glass membrane
in which the pore was fabricated. (B) Model circuit of the PET
pores with cylindrical geometry. R,, is the resistance of the
pore. The model circuits shown above do not include the re-
sistance or capacitance of the electrodes since these param-
eters are not expected to affect significantly the signal band-
width of the pore. In the models shown in panels A and B, we
considered the convergence resistance'*®"3° to and from
the pore as a part of the resistance of the pore (i.e., R, and
R. include the convergence resistance).

and capacitive components.'®'® Consequently, it is
possible that the pore structure itself could limit the sig-
nal bandwidth of the measurement (the simplified cir-
cuit models we present here are intended as a tool for
estimating the bandwidth of the pore and not for fitting
electrochemical impedance spectra’’)."'3137 |n the
simple case of a cylindrical pore spanning a membrane
(as in the PET pores we used, see Figure 2B), the signal
bandwidth of the pore can be estimated using the fol-

lowing equation:'*'3!

1
21 RC

f.<

M

where f_ (Hz) is the cutoff frequency (i.e., signal band-
width), C (F) is the capacitance of the membrane that
supports the pore, and R () is the total resistance lead-
ing to and from the membrane in which the pore is fab-
ricated. Note, in this model circuit for a pore in an elec-
trolyte, R is not the resistance of the pore itself; R is only
the resistance that arises in series with the capacitance
of the chip (i.e., only the resistance to and from the pore
is considered in this approach).

In the experiments performed here, we used glass
pores with conical geometry as shown in Figure 2A as
well as polyethylene terephthalate (PET) pores with cy-
lindrical geometry as shown in Figure 2B. For the glass
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pores with conical geometry, eq 1 is not directly appli-
cable; however, it may be used to provide an estimate
of the signal bandwidth for these pores by determining
the lower value of the bandwidth as calculated with
the following two sets of parameters (see Figure 2 for
definitions of parameters): (1) C= C;and R =R,,; + R,»
and(2)C=C, + C.andR =R, + R, t R..In the flu-
idic setup we used with the recording buffer of lowest
conductivity, R,,, was ~100 £, R, was ~1.1 k(}, R, was
~80 kQ, C, was ~10 pF, C,, was ~5 fF, and C_ was ~2
fF. Using the two parameter sets for eq 1 resulted in a
signal bandwidth of ~13 MHz for parameter set 1 and
~280 MHz for parameter set 2. Taking the conservative
estimate of the lower value thus predicts that we ex-
pect the signal bandwidth of the glass pores with coni-
cal geometry to be ~13 MHz.*° For the PET pores,
R.; was ~20 Q, R, was ~300 (2, and C, was ~30 pF.
Using eq 1, these values result in an estimated signal
bandwidth of 16 MHz for the PET pores. In summary, we
estimate that the signal bandwidth of the pore struc-
tures we used here was in the low MHz range, which is
significantly greater than the signal bandwidth of the
recording electronics we used (~52 kHz, see below).'*!

Signal Bandwidth of the Headstage, Amplifier, Analog Low-Pass
Filter, And Digitizer. The manufacturer of the headstage
and amplifier used in this work does not specify the sig-
nal bandwidth of these individual elements. Instead,
the headstage (H), the amplifier (A), and an analog low-
pass Bessel filter (F) are grouped together and the maxi-
mum signal bandwidth of this HAF group is specified
in the form of a no load (i.e., no external components
such as electrodes attached to the headstage) 10—90%
risetime. The 10—90% risetime t;_o, (S) can be used
to estimate the signal bandwidth of the HAF combina-
tion by using the following relationship:'25'42

(034

- =
tio-90

In the work presented here, we used two of the
three amplification modes available in the Axopatch
200B amplifier: a headstage amplification of 3 = 0.1
and of B = 1. For B = 0.1, the feedback resistor in the
headstage of the amplifier R; equals 50 M) and the am-
plifier is able to pass a maximum current of 200 nA.
For B = 1, R; equals 500 M() and the amplifier is able
to pass a maximum current of 20 nA."*® The manufac-
turer of the amplifier specifies that the two modes of
headstage amplification 3 = 0.1 and B = 1 have a
t10—oo risetime of 6 s when an analog low-pass Bessel
filter with eight poles and a cutoff frequency of 100
kHz is used and no load is applied to the input. This rise-
time corresponds to a signal bandwidth (eq 2) of
57 kHz.'**

Since the signal bandwidth of the HAF combination
is a very important parameter, we also determined it
experimentally.’''*> For this measurement, we added
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the digitizer (D) to the grouping (HAFD) in order to
record the data. Using the built in low-pass Bessel filter
with four poles set to a cutoff frequency of 100 kHz and
a square wave that was capacitively coupled into the
amplifier (see Experimental Section), we measured a no
load t,,_ o0 risetime of 6.3 = 0.8 s corresponding to a
signal bandwidth of 54 = 6 kHzfor 3 = 0.1and a t;o_o,
risetime of 6.5 = 0.7 s corresponding to a signal band-
width of 52 = 5 kHz for § = 1. When we loaded the sys-
tem with a glass or a PET substrate that contained a
single pore (the resistance of the pore ranged from 0.2
MQ to 4.3 GQ)), the t;,_o, risetime of either mode
changed by less than 3.2%. In summary, the signal
bandwidth of the HAFD combination was close to the
value specified by the manufacturer for the HAF combi-
nation, and the signal bandwidth of the HAFD combina-
tion was minimally affected when loaded with elec-
trodes and electrolyte-filled pores of either substrate
material.

Overall Signal Bandwidth of Current Recordings before and after
Application of a Digital Filter. Since the signal bandwidth of
the pores that we used was significantly greater than
the signal bandwidth of the HAFD combination, the
overall signal bandwidth of the current recordings was
set by the HAFD combination to ~52 kHz.'*® After re-
cording and digitizing original current traces, it is com-
mon practice to filter these data with low-pass digital fil-
ters to reduce the noise. The effect of digital filtering
on the overall signal bandwidth can be complicated to
predict depending on the type of filter used and de-
pending on the cutoff frequency of the filter compared
to the overall signal bandwidth of the originally re-
corded current trace.' For all discussions in the work
presented here, we experimentally determined the
overall signal bandwidth of the digitally filtered cur-
rent traces by measuring the t,,_q, risetime of a digi-
tally filtered square wave that was coupled in capaci-
tively.'*®

Noise of Current Recordings from Submicrometer Pores and
Nanopores. In this work, we characterized the current
noise by two parameters: (1) the root-mean-square
(rms) noise, which here is the standard deviation of
the noise from its mean value, '" and (2) the power
spectral density (also known as power spectrum) of
the noise. The power spectral density provides informa-
tion on the distribution of the power of the noise (which
can be thought of as the strength of the noise signal)
as a function of frequency. This information can be use-
ful for determining the origin of the noise."®'" Through-
out this report, we describe the theoretical and experi-
mental noise of the current traces based on rms values
and power spectral densities. The rms noise values can
be obtained easily from power spectral densities (de-
scribed in the next paragraph) or from original current
traces. In the following sections, we examine in detail
the theoretical noise from each component involved in
recording the ionic current flowing through a syn-
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thetic pore (i.e.,, pore, headstage and amplifier, filter,
etc.).

Theoretical Calculations of the rms Current Noise from Power
Spectral Densities. Before beginning a comprehensive
analysis of the noise, we will briefly discuss a detail
that enables an accurate calculation of the predicted
rms noise from the theoretical power spectral densi-
ties. Equations that provide rms values of the noise are
derived by integrating the power spectral density of the
noise with respect to frequency f from 0 to the cutoff
frequency f. of the filter (see egs 3 and 4). This approach
assumes that the noise from a given source is com-
pletely attenuated at frequencies above the cutoff fre-
quency that is used in the calculation; however, the fil-
ters (digital or analog) commonly used in recording the
ionic currents from the pores do not display this ideal
behavior (i.e., the gain of the filter is not equal to 0
above the cutoff frequency of the filter)'® which can
lead to an appreciable amount of noise power above
the cutoff frequency of the filter.

This additional noise can be taken into account by
using the noise bandwidth of the filter in place of the
signal bandwidth in theoretical calculations of rms
noise.*® This noise bandwidth is calculated by multi-
plying the signal bandwidth of the filter with coeffi-
cients that are determined by the type of filter and by
the frequency dependence of the power spectral den-
sity.'® For a low-pass Bessel filter with eight poles, the
correction coefficients are: ¢, = 1.04 for a noise source
with a power spectral density that has no dependence
on frequency; ¢, = 1.3 for a noise source with a power
spectral density that grows linearly as a function of f;
and ¢; = 1.9 for a noise source with a power spectral
density that grows as a function of 219749

Theoretical Noise Generated by the Headstage and Amplifier. In
nearly all current recordings from submicrometer
pores or nanopores, the recording electronics con-
vert the measured current into a voltage signal by
using a current-to-voltage (/—V) converter. This =V
converter generates the majority of the noise that is
added to the current signal in the headstage and
amplifier.”®" The power spectral density of the noise
of an I—V converter S2(f)(A? Hz ") is given by eq 3
and the rms noise of an /—V converter /,(f.) (A rms)
is given by eq 4:""

4akT,
S2() = 2qle + —— + eﬁ(# + 4n2cff2) 3)
f

Re

4akT, c,f, o f,
1) = \/ 2gl,f.+ % + e§(1—; + §n2Cfc3fz)
f Rt

4

where g (C) is the elementary charge of an electron, 1.6
X107 "9 C, I, (A) is the gate leakage current of the in-
put field effect transistor (FET), a (unitless) is a constant
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factor that represents excess noise, "' T, (K) A ”

B
; : 30 ;

is the temperature of the feedback resistor, R,
(Q2) is the resistance of the feedback resistor,
e,, (V Hz~"?) is the input voltage noise of the
input FET of the /—V converter, and C, (F) is
the total capacitance that interacts with the
input of the headstage.

Noise, pA rms

glass, f,= 40 kHz

Noise, pA rms
N
&

The first term in the power spectral den-

sity (eq 3) 2g/¢, represents the shot noise
generated by the gate leakage current of the
input FET of the /—V converter. The input C15

PET, f,= 40 kHz

-
o
!
|
|
|
|

10° 10
Resistance, Q

15 T

Resistance, Q

10° 10°

FETs used for patch-clamp amplifiers like the
Axopatch 200 series are designed to exhibit
low shot noise and have I, values of ~0.2
pA,"" which is the value that we used for cal-
culations. The second term {4akT/R¢} repre-
sents the thermal noise generated by the
feedback resistor. As stated above, the con-

Noise, pArms

glass, f,= 10 kHz

—h
o

Noise, pA rms

PET, f,= 10 kHz

stant a is used to account for excess noise 10°
that may be present in the feedback resis-
tor."" The headstage of the patch-clamp am-

m

10’ 10° 10° 10°
Resistance, Q

Resistance, Q

plifier we used was cooled so that T,, =~ 258 41
K, and R; was either 50 M(Q) (B = 0.1) or 500
MQ (8 = 1). The third term e2({1/

R} +4w*C2f) represents the noise gener-
ated by the interaction of the input voltage
noise with the input capacitance. The value

of e, ranges from 2—3 nV Hz~ /2" and we

Noise, pA rms

glass, f,= 1 kHz | 44

Noise, pArms
b

PET, f,= 1 kHz |

used a value of 3 nV Hz~ "2 for e,, in the cal-
culations here. The total input capacitance C,
is equal to the sum of the capacitance in
the amplifier C, and the capacitance of the
dielectric material(s) C,4 that interact(s) with
the headstage (see preceding section for nu-
merical values of C). With no load con-
nected to the input pins, C, is equal to C.,.
For a headstage amplification of § = 0.1, the
value of C, is ~70 pF (i.e., the sum of the ca-
pacitance of the FET, which is ~20 pF, and an
injection capacitance of 50 pF'"). For a head-
stage amplification of B = 1, C, is ~25 pF
(i.e., the sum of the gate capacitance of the
FET, which is ~ 20 pF, and an injection ca-
pacitance of 5 pF'").

Figure 3 shows the theoretical rms value
of the noise generated by the headstage and amplifier
with a headstage amplification of B = 1 (dash-dot line,
-+ -+ -+).For comparison, we show in the Supporting In-
formation the theoretical rms value of the noise gener-
ated by the headstage and amplifier when 8 = 0.1 (Fig-
ure S1). Figure 3 demonstrates that the headstage and
amplifier contribute one of the most important sources
of noise in current recordings when pores with resis-
tances greater than ~30 to ~400 M() are used. Over-
all, we expect the noise of the headstage and amplifier
to be significant (or dominant) in many current record-
ings from synthetic pores, especially in experiments

www.acsnano.org

10° 10’

Resistance, Q

that require high signal bandwidths (see the Support-
ing Information for methods to minimize the noise from
the headstage and amplifier).

Theoretical Noise Generated by the Pore. To a first approxima-
tion, the overall pore structure can be considered as a
simple resistive element. Resistors generate noise be-
cause of thermal agitation of charge carriers inside the
device,"" and this type of noise is known as thermal
noise (also called Johnson noise or Nyquist noise).

The power spectral density of thermal noise S3(f) is
given by eq 5 and the rms thermal noise /((f,) is given
by eq 61011

10° 10°

Resistance, Q

Figure 3. Magnitude of four individual theoretical noise sources and the total theoretical
noise in current recordings from submicrometer pores and nanopores as a function of the
resistance of the pore structure for a headstage amplification of § = 1 (R; = 500 MQ, C,
= 25 pF, and the overall gain of the amplifier G = 500 MV A~") assuming no excess noise
in the feedback resistor (a = 1, other parameters as listed in the text). (A) Predicted noise
for the glass pores used in this work at a cutoff frequency of f_ = 40 kHz for all sources
of noise. The dashed line (- - -) represents the thermal noise /; (eq 6) of the pore, the dash-
dot (-+ -- -+) line represents the noise of the headstage and amplifier I, (eq 4), the dash-
dot-dot (-- - -- - -+ -) line represents the dielectric noise of the substrate I, (eq 8), the dot-
ted line (---) represents the quantization noise I, (eq 54 in the Supporting Information),
and the solid line (—) represents the total noise /,.,,, (i.e., the rms sum of the four noise
sources, eq 9). Note, quantization noise is very small and the dotted line lies in all panels
on the x-axis. (B) Predicted noise from the four noise sources for the PET pores used in this
work with f_ = 40 kHz. Note that dielectric noise is now larger than the headstage and am-
plifier noise. (C) Same graph as in panel A except with f. = 10 kHz. (D) Same graph as in
panel B except with f_ = 10 kHz. (E) Same graph as in panel A except with f, = 1 kHz. (F)
Same graph as in panel B except with f_, = 1 kHz.
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sun=241 (5)
4kTc,f.
R

L(f) = (6)
where R (Q)) is the resistance of the pore structure, k is
Boltzmann'’s constant, 1.38 X 10°>* m?kgs >K ' and
T (K) is the temperature (here T = 294 K). The dashed
line (- - -) in Figure 3 shows the resulting theoretically
estimated rms value of the thermal noise /; as a func-
tion of the resistance of the pore structure for three dif-
ferent signal bandwidths using eq 6.

We propose that eqs 5 and 6 provide a reasonable
approximation of the thermal noise that is generated
by many of the pore structures that are commonly used
for current recordings; however, if the capacitance of
the substrate is large (greater than ~100 pF), or the re-
sistance of the pore is large (greater than ~100 M(Q)),
or the resistance leading to and from the pore is large
(greater than ~500 ()), egs 5 and 6 may no longer ac-
curately describe the thermal noise of the pore struc-
ture. In this instance, it may be more accurate to derive
the theoretical thermal noise equation of the pore from
the model circuit of the pore (Figure 2) rather than us-
ing egs 5 and 6.'° For comparison, we present a general
method for determining the thermal noise from the
model circuit in the Supporting Information, and we
used this method to derive thermal noise equations for
the model circuits presented in Figure 2.

On the basis of Figure 3, we predict that the ther-
mal noise generated by the pore structure is an impor-
tant or dominant source of noise for both dielectric ma-
terials if the resistance of the pore is smaller than ~30
MQ (at bandwidths less than 10 kHz, thermal noise
dominates for pores with resistances up to ~400 M()).
As a general rule, the thermal noise of the pore is the
minimum amount of noise achievable in a current trace,
and we expect that it will be a significant source of
noise in many experiments (see the Supporting Infor-
mation for strategies to perform resistive-pulse mea-
surements with the optimal signal bandwidth in order
to reduce the thermal noise to its minimum value with-
out compromising the accuracy of resistive-pulse re-
cordings).

Theoretical Noise Generated by the Substrate Material. Synthetic
nanopores are typically fabricated in dielectric materi-
als such as silicon dioxide, silicon nitride, glass, and
polymers. While these materials provide excellent sub-
strates that can be chemically and mechanically robust,
they exhibit loss in the form of thermal energy. The
thermal energy generated by this loss results in ther-
mal noise from the dielectric material,’’ and this type
of noise is known as dielectric noise. The power spec-
tral density of dielectric noise S3(f) is given by eq 7 and
the rms dielectric noise Io(f,) is given by eq 8:'%""

\\&) VOL.2 = NO.5 = URAM ET AL.

S3(A = 8m kTDC ,f 7)

Io(£.) = V4m KTDC ¢, ®)

where D is the dissipation factor (or dielectric loss tan-
gent, unitless) of the material(s), and C, (F) is the capaci-
tance of the dielectric(s).

In general, D is determined by combining the dielec-
tric loss of all materials that contribute to the capaci-
tance Cy. These materials do not, however, contribute
to D equally; thus it can be difficult to determine an ex-
act value of D."? Since the pores that we used were
made of a single substrate material, either glass or PET,
(and the substrate did not require any form of support
that made a significant contribution to Cg), we esti-
mated D as the dielectric loss of the material in which
the pore was fabricated (D is frequency dependent but
usually changes minimally over the range of frequen-
cies of interest here'"). For the conical pores in Corn-
ing 0211 borosilicate glass, the value of D was 0.0047
and the capacitance of the dielectric was C, = C, + C,,,
+ C_ ~ 10 pF."° For the cylindrical pores fabricated in
PET, the value of D was 0.016 and the capacitance of the
dielectric was C4 = C, =~ 30 pF."®" The dash dot dot
line (- -+ ---)in Figure 3 shows the theoretical rms
value of the dielectric noise of the glass and PET pores
for three signal bandwidths.

Figure 3 demonstrates that the increased capaci-
tance and dissipation factor of the PET pores com-
pared to the glass pores caused an increase in the di-
electric noise of the substrate (as well as the noise of the
headstage and amplifier). This analysis predicts that in
the case of PET pores with resistances larger than ~30
MQ and signal bandwidths greater than 10 kHz, dielec-
tric noise is the largest source of noise. At bandwidths
less than 10 kHz, dielectric noise dominates for pores
with resistances larger than ~400 M(). This noise
source can be particularly important for high signal
bandwidth applications since the rms value of the di-
electric noise grows linearly with the signal bandwidth
(eq 8, see the Supporting Information for methods to
reduce dielectric noise).

Theoretical Noise Generated by the Digitizer. Figure 3 shows
that quantization noise /(f,) (the main source of noise
generated by a digitizer) is typically not an important
source of noise. In most cases, we do not expect quan-
tization noise to contribute significantly to the overall
noise in a current trace; however, since this noise source
is added after the current trace is filtered with an ana-
log filter, it can be significant in current traces that have
been strongly filtered with analog filters during the re-
cordings. Therefore we present a detailed discussion of
quantization noise, equations to predict quantization
noise (we used these equations to determine /(f,) in
Figure 3), and methods to minimize quantization noise
in the Supporting Information.

Wwww.acsnano.org



Calculation of the Total Theoretical rms Noise. The
total theoretical rms value of the current
noise can be calculated by considering the
underlying random nature of the sources of
noise. This randomness causes uncorrelated
noise sources to add in an rms fashion."’
Since the rms value of the thermal noise of
the pore I, the dielectric noise of the sub-
strate I, the noise of the amplifier /,, and the
quantization noise of the digitizer /5 are un-
correlated, the total rms noise /.., is equal to

Itotalz\/I$+lé+/2A+/é ©)
Owing to the rms addition of the sources of
the noise, the largest source(s) of noise tends
to dominate the total noise as shown in Fig-
ure 3. Considering this characteristic is crucial
for attempts to reduce the noise of current
recordings (see the Supporting Information
for detailed recommendations on reducing
the noise of current recordings).

To predict accurately the total rms noise,
the noise bandwidth of each source must be
determined. In general, the signal bandwidth
of the HAFD combination (or HAFD-digital fil-
ter combination) should be used for calculat-
ing the noise bandwidth of the headstage and
amplifier noise, the dielectric noise of the sub-
strate, and the thermal noise of the pore.’*2

To summarize, Figure 3 shows that the to-
tal noise is dominated by thermal noise for
PET and glass pores with resistances less
than 30—400 M(). For glass pores with resis-
tances greater than ~400 M(), the largest
source of noise is the headstage and ampli-
fier. For PET pores with resistances above
~400 M(), the largest source of noise is di-
electric noise.

Effect of Substrate Capacitance on the Noise of Current
Recordings. The capacitance of the substrate
that contains the pore can have a significant
effect on the noise of a current trace since it
influences the noise of the headstage and
amplifier, the dielectric noise of the sub-
strate, and potentially the thermal noise of
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Figure 4. Magnitude of four theoretical noise sources and the total theoretical noise in
current recordings from submicrometer pores and nanopores as a function of the capaci-
tance of the substrate C,. The graphs show the headstage and amplifier noise /, (-- -+
-+, eq 4), the dielectric noise I, (-+ - -+ - -+ -, eq 8), the thermal noise Ity (---,€qS10
in the Supporting Information) derived for a cylindrical pore structure (Figure 2B), the
quantization noise I, (- -+, eq S4 in the Supporting Information), and the resulting total
noise lo,.c (— wWhich represents the rms sum of the preceding four noise sources) at
three different signal bandwidths for a “low-noise” scenario (black curves) with D =
0.0047 and 3 = 1 and a “high-noise” scenario (red curves) with D = 0.016 and 3 = 0.1.
The black and red curves in each plot were calculated for a pore with a resistance of R, =
10 MQ (R, = R,,; + R, = 350 ). The blue and green curves show the total noise for
two additional resistance values of the pore: R, = 3 M} (blue) and R, = 50 M2 (green).
(A) Predicted noise at a signal bandwidth of 40 kHz for pores with a dielectric loss D =
0.0047, headstage gain 3 = 1 (R; = 500 M€, C, = 25 pF, and the overall gain of the am-
plifier G = 500 MV A~") and assuming no excess noise in the feedback resistor (a = 1). (B)
Predicted noise at a signal bandwidth of 40 kHz for pores with a dielectric loss D = 0.016,
headstage gain = 0.1 (R; = 50 MQ, C, = 70 pF, and G = 50 MV A~ ") and assuming no ex-
cess noise in the feedback resistor (a = 1). (C) Identical to graph as in panel A except with
f. = 10 kHz. (D) Identical to graph as in panel B except with f. = 10 kHz. (E) Identical to
graph as in panel A except with f_ = 1 kHz. (F) Identical to graph as in panel B except with
f. =1 kHz.

the pore (as discussed in the Supporting Information).
To examine the effect of substrate capacitance, we plot-
ted in Figure 4 the theoretical rms noise of the four in-
dividual sources as well as the total noise as a function
of the substrate capacitance. Since we allowed the sub-
strate capacitance to range from 10 pF to 2 nF, we esti-
mated the thermal noise with an equation (eq S10)
that takes into account the effect of the substrate ca-
pacitance (derived for cylindrical pores, Figure 2B); this
equation and its derivation are provided in the Support-
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ing Information. In Figure 4, we examine two scenarios,
a “low-noise scenario” (D = 0.0047 and B = 1, Figure
4A,CE) and a “high-noise scenario” (D = 0.016 and 3 =
0.1, Figure 4B,D,F) at three different signal bandwidths.
In both scenarios, we found that the noise increased
with increasing capacitance and that this increase was
particularly strong at high signal bandwidths. It is there-
fore critical to obtain substrates with low capacitance
(ideally below 100 pF) to perform recordings with low-
noise at high signal bandwidths.'®21322
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Figure 5. Noise generated by the combination of the head-
stage (no load applied to the input pins) with the patch
clamp amplifier as a function of the bandwidth at two differ-
ent settings of the gain: = 0.1 (black) and B = 1 (red). All
data points were obtained by selecting the signal bandwidth
by digital filtering’>* except for the two points marked with
an asterisk (which were obtained by analog filtering only).
The dashed lines were calculated (not fitted) using eq 5 with-
out consideration of excess noise (a = 1). The solid lines
were generated by fitting eq 4 to the data using a and C,
(since there was no load attached, C, = C,) as fitting param-
eters. For B = 0.1, the best fit (R? = 0.99) generated a value
of a = 1.6 and of C, = 98 pF. For § = 1, the best fit (R> =
0.99) generated a value of a = 1.9 and of C, = 30 pF. The
points marked with an asterisk were excluded from the best
fitanalysis.">®

Figure 4 provides a way to estimate (or extrapolate)
the minimal predicted individual and total noise for
most of the pores and experimental conditions that will
be encountered in submicrometer pore- and nanopore-
based current recordings. It encloses the following pa-
rameter range: resistance of the pore, 3 to 50 M() and
capacitance of substrate, 10 pF to 2 nF.

Comparison of Theoretical and Experimental Noise of the Headstage
and Amplifier. To test the accuracy of the theoretical equa-
tions of the noise of the headstage and amplifier, we
compared the theoretically calculated values with ex-
perimental results. The power spectrum of the quanti-
zation noise was constant over the frequency range of
interest as predicted by theory (see Supporting Infor-
mation for a comparison of the theoretical and experi-
mental quantization noise),’" hence we were able to
subtract the experimentally determined quantization
noise from the measured value of the noise of the re-
cording electronics. The resulting experimentally deter-
mined headstage and amplifier noise made it possible
to compare the theoretical equations of the rms noise
generated by the amplifier (no load applied to the input
pins) with the measured rms noise from current traces
that were filtered with digital Gaussian low-pass filters
of varying cutoff frequency for § = 0.1and 3 = 1 as
shown in Figure 5.

Since the capacitance of the amplifier C, and the
constant representing excess noise in the feedback re-
sistor a were not well defined, we carried out best fit
analyses to the experimental data points with eq 4 by
using C, and a as fitting parameters (since no load was
connected to the input pins, C, = C,). With this proce-
dure, we obtained excellent fits for B = 0.1 with C, = 98
pF and a = 1.6 as well as for B = 1 with C, = 30 pF

MCRNT AN . .
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and a = 1.9 as shown in Figure 5."*3 In summary, the
parameters from the best fit analysis made it possible
to predict the noise from the headstage and amplifier
with very high accuracy up to a signal bandwidth of 40
kHz.

A Combination of Theory and Experimental Results Enabled an
Accurate Prediction of the Total Noise of Pores in Glass or PET Substrates.
One of the main goals of this work was to enable the
prediction of the expected noise of current recordings
from pores with a variety of geometries that were fabri-
cated in various materials. To this end, we demon-
strate the accurate prediction of the experimentally ob-
served noise of pores in glass or PET substrates. The
pores in glass substrates that we used had conical ge-
ometry and diameters ranging from 250 nm to 1.5 um
(Figure 2A). The pores in PET substrates that we used
had cylindrical geometry and diameters ranging from
~10to 610 nm (Figure 2B). To predict the current noise,
we used eq 9 with the following modifications to the in-
dividual sources of noise. For the headstage and ampli-
fier noise, we used eq 4 with C, = 98 pF and a = 1.6 for
B =0.1and with C, =30 pFanda = 1.9for3 =1 (as
obtained from the best fits shown in Figure 5). For the
quantization noise, we used the experimentally mea-
sured value since it was straightforward to determine
and significantly greater than the theoretical value (as
discussed in the Supporting Information). We used the
thermal noise and dielectric noise equations as given by
eqgs. 6 and 8.

As shown in Figure 6, the predicted noise values
and the measured values were in excellent agreement
(error <5%), in particular for recordings at signal band-
widths below 24 kHz. Consequently, the theoretical ap-
proach described here can be used to predict accu-
rately the expected noise from pores before fabricating
these pores and before carrying out any experiments.
This predicted, minimal achievable noise can be used
to assess the best possible signal-to-noise ratio for resis-
tive pulse recordings of objects that move through the
submicrometer- or nanometer-sized pores by combin-
ing the analysis with theoretical equations for predict-
ing the amplitudes from translocating
ObjeCtS.1 7,22,73,74,84,89,127,128

One surprising result from Figure 6 is that at the
highest signal bandwidth (40 kHz), the pores in glass
and in PET generated a measurable current noise that
was slightly smaller than the theoretically predicted
value (which we expected to be the minimal possible
noise). For pores in glass the maximum difference be-
tween the measured and predicted noise value was
=8.5%, and for the pores in PET it was =12% for ei-
ther value of B. We think that these decreased experi-
mental noise levels at the highest signal bandwidths
were mainly due to small inaccuracies in the measure-
ment of the signal bandwidth of the HAFD-digital filter
combination.'>®
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Application of a Voltage, in Some Cases, Increasedthe A B
Noise of the Current Trace. Most of the experiments 60 glass, p=0.1 | " ' glass, B =1
that use submicrometer pores and nanopores  , b o | o 1
for sensing require the application of a voltage E ; 3 E \.‘;\
across the membrane to monitor the current 340' S 1 5 4015 " [N 1
flowing through the pore. The application ofa 3 L N - L
voltage can, however, cause an increase in = 209 k‘""“’—.kf'f:_" e Bias B
the noise of the current trace (in some cases, """“»nl.lklr!?_,_,:::::::::::::L ("
the noise can grow by more than one order of 02)(%05 o6 “;;106 02X'105
magnitude).>>6%%%12° Therefore, we exam- Resistance, Q Resistance, Q
ined the noise for all pores used in this work o 25 : ‘ : g 25 : : :
while applying a voltage. Typical resistive- PET,$=0.1 PET, B =1
pulse sensing experiments use a voltage of 0 i e e 1 0 20"\
0.1—0.4 V."~® Here we limit our discussion to < 151 p %_ 154 =
pores that produced currents smaller than 200 ¢ | ’ IRE e =
nA (the saturation value of the amplifier) un- S . e . 1 3 “a, .
der voltage biases up to 0.4 V (N = 17). Figure 51 B emms sy o] °] " PR * ________ t
7 shows that in roughly half of the experi- 0 LA i e S ST v 0 . DTS Sl
ments, the noise increased significantly after 107 Re; i(;stance’ i 10° 107 Re1s (i):tance’ » 10°

a voltage was applied. For glass pores, the

Figure 6. Comparison between predicted and measured noise of pores fabricated in glass

magnitude of the increase showed a weak de- and PET at four different signal bandwidth values (i.e., the original current trace was fil-
pendence on the resistance of the pore with tered with a digital Gaussian low-pass filter with one of four specified cutoff frequencies).

increased noise at low resistance values. For

The signal bandwidth of the HALD-digital filter combination was determined experimen-

b dal h . tally from the t,,_q, risetime; it was ~40 (black), ~23 (red), ~10 (blue), and ~1 kHz
PET pores, we observed almost no change in (green). The dashed lines were calculated using eq 9 with the modifications to the indi-
the noise upon application of a voltage across  vidual sources of noise as discussed in the text. (A) Predicted (dashed lines) and measured

noise values (points) from conical pores in glass with diameters ranging from 250 nm to

the pore.
P ) 1.5 um as a function of the resistance of these pores with § = 0.1. (B) Identical graph as
In general, the noise generated by the in panel A except with = 1. (C) Noise values measured from cylindrical pores in PET with
headstage and amplifier, the quantization diameters ranging from ~10 to 610 nm as a function of the resistance of these pores (8

noise generated by the digitizer, the dielec-

= 0.1). (D) Identical graph as in panel C except with 8 = 1. The recording buffer for experi-
ments with the glass pores was either 1.00 M KCl with 0.01 M phosphate buffer pH 7.3

tric noise generated by the substrate, and and 0.1% w/v Triton X-100 or 0.15 M KCI with 0.01 M phosphate buffer pH 7.3 and 0.1%
the thermal noise generated by the pore are ~ W/v Triton X-100; the recording buffer for the experiments with the PET pores was 1.00 M

not expected to increase when a voltage is
applied (or when current flows). So the ques-
tion is, what caused the extra noise in an applied elec-
tric field? One possible source is shot
noise.' 1311331577161 Tha rms shot noise is usually
modeled as increasing proportionately with the square
root of the current, which would agree with the trend of
increasing noise with decreasing resistance in glass
pores; however, significant shot noise is only expected
in circuits that contain a potential barrier (such as a di-
ode or certain ion channels),’*”'%9162 and the power
spectral density of shot noise is independent of
frequency.10,‘|57,162

As far as we know, the glass pores used in this work
did not contain a potential barrier (the double layer
thickness was ~0.3 nm for the solution that contained
1 M KCL and ~0.8 nm for the solution that contained
0.15 M KCl; it was thus always significantly less than the
diameter of the pore) and these pores did not exhibit
rectification (both of these characteristics applied to the
PET pores as well). Furthermore, as shown in Figure 8,
the increase in the power of the noise under an ap-
plied voltage did not occur over the entire frequency
range (i.e., the increase in the power of the noise with
an applied voltage was dependent on frequency).

www.acsnano.org

KCl with 0.01 M phosphate buffer pH 7.3 and 0.1% w/v Triton X-100. The applied voltage
was 0.0 Vin all cases.

Therefore, we do not think that shot noise was the
cause of the extra noise observed in glass pores.'®?

The frequency dependence shown in Figure 8 re-
veals a possible source of the extra noise. As the fre-
quency decreased below approximately 50 kHz, the
power of the noise from the current traces with an ap-
plied voltage increased linearly with decreasing fre-
quency on a log—log plot whereas the power of the
noise from the current trace without an applied volt-
age remained flat. Figure 8 also shows that the linear in-
crease in noise power as a function of drecreasing fre-
guency was maintained from the initial frequency at
which the noise power began to increase (which var-
ied from pore to pore) until the lowest frequencies on
the power spectra (~6 Hz).'®* A linear increase of the
noise power as a function of decreasing frequency in a
double logarithmic plot is in agreement with so-called
1/f noise or flicker noise. This type of noise is character-
ized by a power spectrum S of'3*
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Figure 7. Influence of an applied voltage on the rms current noise
recorded from pores in glass and PET substrates. (A) Noise measured
with glass pores at a signal bandwidth of ~40 (black), ~10 (blue),
and ~1 kHz (green) with an applied voltage of 0.0 (squares), 0.1
(circles), or 0.2 V (up triangles) with a headstage gain of § = 0.1.
(B) Noise obtained from PET pores at a signal bandwidth of ~40
(black), ~10 (blue), and ~1 kHz (green) with an applied voltage of
0.0 (square), 0.1 (circles), 0.2 (up triangles), or 0.4 V (down triangles)
with a headstage gain of 8 = 0.1. The recording buffer for the glass
pores was either 1.00 M KCl with 0.01 M phosphate buffer pH 7.3
and 0.1% w/v Triton X-100 or 0.15 M KCl with 0.01 M phosphate
buffer pH 7.3 and 0.1% w/v Triton X-100. The recording buffer for
the PET pores was 1.00 M KCl with 0.01 M phosphate buffer pH 7.3
and 0.1% w/v Triton X-100.

where ¢ (A%) is a constant (and usually has the value 1)
and a is close to 1. The value of a can vary considerably,
and discussions on 1/f noise include values of « that
range from 0 to 2.">* Noise with the type of power spec-
tra as shown in Figure 8 has been observed previously
in nanopore structures that were fabricated in synthetic
membranes,>>%%6%129 and recent reports have pro-
posed a physical origin including nanobubbles in the
pore®? or mobile surface charges on the surface of the
walls of the pore for the generation of this noise.>®

To examine if the extra noise that we found experi-
mentally with glass pores had a 1/f origin, we fitted
the power spectra of the current noise from these pores
with eq 10 (N = 12, applied voltage of 0.2 V). We ob-
tained good fits (in all but three cases R* was greater
than 0.88) with values for ¢ that varied between 0.2—8.4
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Figure 8. Representative power spectra of the current noise
recorded from a glass pore that exhibited a large amount of
extra noise under an applied voltage of 0.0 (black), 0.1 (red),
0.2 V (blue). The light blue and the light red line were gener-
ated by fitting the power spectra to eq 10. For the light red
line, & was equal to 0.70 = 0.01; for the light blue line, a
was equal to 0.67 * 0.01.

(average of 3.0 = 2.4) and values for « that varied be-
tween 0.4—0.8 (average of 0.6 = 0.1).

In summary, we suggest the extra noise generated
by the glass pores used here was of a 1/f origin, al-
though, at this point, we do not know the exact mech-
anism causing its generation. Overall, the occurrence of
significant 1/f noise under conditions of an applied volt-
age appeared random from pore to pore. This variabil-
ity has been described in other devices that display sig-
nificant 1/f noise."®* Generally, we (and others) do not
conduct current recordings with pores that exhibit sig-
nificant amounts of extra noise under an applied volt-
age since this noise reduces the sensitivity of the mea-
surement (in our experience, these pores are also more
prone to clogging compared to pores that do not have
significant amounts of extra noise). Hence, for many ex-
periments, the noise equations provided here can be
used to predict accurately the noise from current re-
cordings even in the presence of an applied voltage. Fi-
nally, while we attempted to provide an exhaustive list
of sources of noise, there are other potential sources of
noise (e.g., vibration induced noise) and some may
even be substrate specific (e.g., light induced noise in
silicon devices). These other sources of noise, if present,
may need to be included in order to predict accurately
the noise of a current recording.

CONCLUSION

On the basis of a detailed discussion of the signal
bandwidth and noise of current recordings from indi-
vidual submicrometer pores or nanopores, we show
theoretically and experimentally that these two param-
eters can critically affect the sensitivity, accuracy, and in-
formation content from resistive-pulse sensing experi-
ments (and other experiments that record the current
through pores). The signal bandwidth limits the time
resolution of changes in the current while the noise
helps determine the sensitivity of a given pore. The sig-
nal bandwidth and noise are currently two of the limit-
ing factors for experiments that attempt to sense the
very small, often short-lived resistive-pulses (or fluctua-
tions in these pulses) during the passage of individual
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Figure 9. Sideview of the recording setup used for the ex-
periments presented here.?”°

nucleobases through nanopores for applications such
as DNA sequencing.'® Detection of such short-lived

EXPERIMENTAL SECTION

Solutions. We prepared all solutions with deionized water (re-
sistivity of 18.2 MQ cm, Millipore, Billerica, MA), and we used all
chemicals without further purification, including potassium chlo-
ride, sulfuric acid (both from EMD Biosciences, La Jolla, CA), bo-
vine serum albumin, Triton X-100 (both from Sigma Chemical
Company, St Louis, MO), tris(hydroxymethyl)laminomethane
(TRIS, Shelton Scientific, Shelton, CT), potassium
phosphate—monobasic, potassium phosphate—dibasic (both
from J.T. Baker, Phillipsburg, NJ), hydrochloric acid (VWR Interna-
tional, West Chester, PA), nitric acid (Fluka Chemie, Buchs, Swit-
zerland), and hydrogen peroxide (EMD Chemicals, Gibbstown,
NJ). Recording buffer for the noise measurements, which con-
sisted of either 0.15 M KCl with 0.01 M phosphate buffer pH 7.3
and 0.1% w/v Triton X-100 or 1.00 M KCl with 0.01 M phosphate
buffer pH 7.3 and 0.1% w/v Triton X-100, was filtered through
sterile 0.1 or 0.2 pwm polyethersulfone membrane filters (both
from Pall, East Hills, NY). Recording buffer for the virus experi-
ment, which consisted of 0.15 M KCI with 0.05 M tris(hydroxym-
ethyl)aminomethane (TRIS) buffer pH 7.8 and 0.1 mg mL™" bo-
vine serum albumin as well as 0.1% w/v Tween 20, was filtered
through sterile 0.2 pm polyethersulfone membrane filters.

Pore Fabrication and Imaging. We fabricated glass pores with
conical geometry using a femtosecond-pulsed laser as described
previously.?”° Briefly, we attached a glass coverslide (Corning
0211 borosilicate, Fisher Scientific, Pittsburgh, PA) to a 3-axes mi-
croscope nanomanipulation stage (Mad City Laboratories, Inc.,
Madison, WI), and placed a droplet of water on the area that was
to be machined. For laser-based ablation of the glass at defined
locations, we focused a directly diode-pumped Nd:glass CPA la-
ser system (Intralase Corp., Irvine, CA) through a 100 X oil immer-
sion microscope objective (N.A. = 1.3, Zeiss, Thornwood, NY),
and used laser pulses that were frequency doubled from 1053
to 527 nm with a duration of 600—800 fs.'®>~'%® To fabricate the
pore, we used a three-stage machining process that employed
different pulse energy and repetition rates for the cylindrical
shank that was 35 wm wide (see Figure 2A), top of the cone, and
tip of the cone. Polyethylene terephthalate (PET) pores with cy-
lindrical geometry and with diameters ranging from 10 to 610
nm were kindly provided by Professor Zuzanna S. Siwy, Univer-
sity of Irvine, CA; we used these pores without further cleaning or
treatment.

After fabrication, we coated the glass pores in gold (thick-
ness of ~10 nm) using a sputter coater (Structure Probe Incorpo-
rated, West Chester, PA) and imaged them with a high resolu-
tion scanning electron microscope (HRSEM, FEI Company NOVA
200 Nanolab, Hillsboro, OR). Before using these pores for experi-
ments, we removed the gold layer by etching in a 3:1 (vol/vol)
mixture of fuming nitric acid and concentrated hydrochloric acid.
In some cases, we reduced the diameters of the glass pores by
depositing silicon dioxide at 380 °C using plasma enhanced
chemical vapor deposition (PECVD, Group Sciences Inc., San
Jose, CA). The deposition time varied from pore to pore but was
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events with small amplitude changes will either re-
quire new recording modalities with very low noise at
extremely high-bandwidth or it will require strategies to
increase significantly the amplitudes of resistive-pulses
(possibly by fabricating pores with very small channel
lengths and diameters) perhaps combined with a strat-
egy to prolong the duration of pulses from individual
bases (possibly by filling the pores with a chemically
cross-linked sieving gel). At present, the bandwidth and
noise pose a fundamental challenge to the tremen-
dous potential of submicrometer pore- and nanopore-
based sensing. This report is intended to provide most
of the relevant parameters that may be helpful for real-
izing this potential.

always less than 60 s. Before each experiment, we cleaned the
glass pores in a fresh 3:1 (vol/vol) mixture of concentrated sulfu-
ric acid with 30% hydrogen peroxide for at least 15 min.

Data Acquisition. To assemble the recording setup, we placed
the glass substrate with the pore or the PET substrate with the
pore on a fluidic channel in poly(dimethylsiloxane) (PDMS, Syl-
gard 184 Silicone, Dow Corning, Midland, MI).?”*° We used a
fresh film of PDMS (thickness, ~1 mm) with a hole in the center
(diameter, ~3.6 mm) to confine the electrolyte (recording buffer)
in the top liquid compartment as shown in Figure 9. We placed
the PDMS-pore assembly inside a Faraday cage (Warner Instru-
ments, Hamden, CT) that had solid walls; therefore, no light pen-
etrated the interior. To guarantee reliable recording conditions
while measuring the wide range of currents (107 °to 10~ '2 A) in
the experiments, we used Ag/AgCl pellet electrodes (Eastern Sci-
entific, Rockville, MD). For recording currents at constant volt-
age, we used a patch clamp amplifier (Axopatch 200B, Molecu-
lar Devices, Sunnyvale, CA) in voltage clamp mode with a gain of
a = 0.5 and with the built in, four-pole, analog low-pass Bessel
filter set to a cutoff frequency of 100 kHz unless otherwise speci-
fied in the text. A low- noise digitizer (Digidata 1322, Molecular
Devices) performed analog to digital data conversion with a sam-
pling frequency f; of 500 kHz, and we stored the data on a com-
puter using recording software (Clampex 9.2, Molecular De-
vices).

Data Processing. We used the digital Gaussian low-pass filter
provided with the Clampfit 9.2 software (Molecular Devices)
with cutoff frequencies as specified in the text. This digital filter
was always applied to the original current traces (as opposed to
previously digitally filtered traces). We calculated noise power
spectra using Clampfit 9.2 software. To measure root-mean-
square (rms) values of the noise, we calculated the standard de-
viation of a current trace containing 50 ms of data (25,000
samples). We analyzed the noise data and performed all fitting
operations using Origin 7.5 software (OriginLab, Northampton,
MA). Theoretical calculations of the noise were performed using
custom Matlab programs (The Mathworks, Natick, MA).

Recording Resistive-Pulses from Virus Particles. We followed the pro-
cedure described previously*® to monitor resistive-pulses from
virus particles. Briefly, we diluted concentrated Paramecium
Busaria Chlorella Virus (PBCV-1), kindly provided by J. L. Van
Etten, University of Nebraska-Lincoln, Lincoln, NE, in the record-
ing buffer for the virus experiments to a final concentration of
~5 X 108 particles mL™". We then recorded resistive-pulses from
virus particles passing through a glass pore with conical geom-
etry and a diameter of ~650 nm under an applied potential of
0.2V.

Measurement of the Signal Bandwidth of the Recording Electronics. To
measure the signal bandwidth of the recording electronics
(headstage, patch-clamp amplifier, analog low-pass filter, and
digitizer), we used a high-quality function generator (Agilent
33220A, Agilent Technologies, Santa Clara, CA) to create a 2 kHz
triangle waveform with a transition time from positive to nega-
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tive slope of less than 0.5 ws. We then brought the two termi-
nals of the function generator (signal and ground) within a few
centimeters of the headstage and the ground input (or to the
Ag-AgCl electrodes that were connected to these pins when the
device was loaded with a glass or PET pore). The air gap be-
tween these components acted as a capacitor, and the current /
flowing through a capacitor with a capacitance C is the time de-
rivative of the input waveform of the voltage V (/ = C X dV/dt).
Thus the input pins (or the electrodes connected to these pins)
sensed a square wave with the same frequency as the triangle
wave.

With this setup, we were able to measure the 10—90% rise-
time t,,_qoo Of the recording electronics (i.e., the time it took for
the recorded square wave to go from 10% of its final value to
90% of its final value). This t,,_q, risetime could be combined
with eq 2 to calculate the signal bandwidth of the recording
electronics."’"3! We used the same technique to determine the
signal bandwidth of the recording electronics after “loading” the
setup (i.e., after mounting a pore in the fluidic setup and immers-
ing the electrodes in the two electrolyte compartments which
were separated by a glass or PET substrate that contained a
pore). We also used this capacitive coupling method to deter-
mine the signal bandwidth of the combination of the recording
electronics with low-pass digital Gaussian filters by measuring
the t,4_o risetime of the square wave after it was digitally
filtered.
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We would like to clarify the meaning of the term signal
bandwidth. When measuring signals in the presence of
noise, two distinct bandwidths should be considered:
(Burdett, R. Signals in the Presence of Noise In Handbook
of Measuring System Design; Sydenham, P. H., Thorn, R,,
Eds.; John Wiley & Sons Ltd: West Sussex, England, 2005;
pp 827—830) the signal bandwidth and the noise
bandwidth. Usually, the signal bandwidth is more
important than the noise bandwidth since it determines
the time resolution of the recordings. The noise
bandwidth is only required for an accurate prediction of
the root-mean square (rms) noise from theoretical
equations and can be derived from the signal bandwidth
as discussed in the section Theoretical Calculations of the
rms Current Noise from Power Spectral Densities. The
signal bandwidth of systems that attenuate all frequency
content above a specific frequency (e.g., a system that
contains a low-pass filter) is typically defined as the
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frequency at which the signal (including its noise) has
been attenuated by—3 dB (i.e., the signal bandwidth is the
frequency at which the power of the signal and noise
output from the system has been attenuated by 50%
compared to the power of the signal and noise input to
the system). Since the frequency at which a low-pass filter
attenuates the input signal by—3 dB is commonly defined
as the cutoff frequency f_ of the filter (a definition we also
used in this work), the terms signal bandwidth and cutoff
frequency are often used interchangeably along with the
terms—3 dB bandwidth and bandwidth. Here we will use
the terms signal bandwidth and cutoff frequency
synonymously in the text and f_ in the equations.
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It is possible that the distributed resistance of the glass
pores with conical geometry, represented in the Figure 2A
by the total resistance of the cone R, in series with the
distributed capacitance of the pores, represented in Figure
2A as the total capacitance of the cone C,, could limit the
bandwidth of this structure below the values estimated
here. We do not think, however, that the bandwidth
limitation of the pore would be significant compared to
the bandwidth limitation of the recording electronics
(headstage, amplifier, analog low-pass filter, and digitizer)
of ~52 kHz as discussed in the text.

The overall signal bandwidth of current recordings will
thus not be limited by the bandwidth of the pores. It is
important to realize that for the cylindrical pores used
here, the resistance of the pore R, did not affect the signal
bandwidth since it was not in series with a significant
capacitance. In the case of conical pores, the equivalent
model circuit was complicated but based on the estimate
performed here, we suggest that the bandwidth of the
conical pores used in this work was at least 13 MHz. In
general, as long as the pore structures do not generate a
large resistance in series with a large capacitance (i.e., as
long as the product of R X Cis smaller than ~1 X 10~¢
Ohm F), the signal bandwidth will not be limited by the
pore structure itself but rather by the recording
electronics as discussed in the text.

While this relationship was derived for Gaussian filters,
(see ref 126) it can also be used to approximate the signal
bandwidth of measurements that employ low-pass Bessel
filters since a low-pass Bessel filter with a large number of
poles approximates the response of a low-pass Gaussian
filter (see ref 126).

The third mode of this amplifier uses a feedback capacitor
instead of a resistor to decrease the noise; however, due
to the relatively large currents recorded in most pore-
based sensing experiments (hundreds of picoamps to
nanoamps), this capacitive feedback mode is often not
practical because of the large number of resets required
to discharge the feedback capacitor.

The manufacturer states that this signal bandwidth is
lower than expected for a low-pass Bessel filter with a
cutoff frequency of 100 kHz due to the signal bandwidth
limitation of the electronics in the headstage of the
amplifier (for a discussion of the electronic components
used in a patch-clamp amplifier, see refs 129 and 131).
Shapovalov, G,; Lester, H. A. Gating Transitions in Bacterial
lon Channels Measured at 3 Ms Resolution. J. Gen. Physiol.
2004, 124, 151-161.

A more complicated situation would arise if the pore had
a signal bandwidth of approximately 20—150 kHz (i.e., a
signal bandwidth that would be close to that of the
HAFD). In this instance, the overall signal bandwidth of the
recording would be set by the filter combination of the
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HAFD with the pore; a theoretical calculation of the overall
signal bandwidth would be difficult to obtain. If the signal
bandwidth of the pore would be less than approximately
20 kHz, then its signal bandwidth would then determine
(i.e., limit) the overall signal bandwidth of the current
recordings (assuming the signal bandwidth of the HAFD
would be ~52 kHz).

If the pore had signal bandwidth that was comparable to
the signal bandwidth of the HAFD combination or the
digital filter, then the exact overall signal bandwidth of
the current recordings after digital filtering would be
difficult to predict theoretically. In this case, the overall
signal bandwidth would be smaller than the lowest signal
bandwidth of the individual elements (pore, HAFD, digital
filter); if a single element would have a signal bandwidth
significantly lower than the other elements (by a factor of
~3), it would determine the overall signal bandwidth of
the current recordings.

If only analog Bessel filters and digital Gaussian filters are
used on the current trace, the overall signal bandwidth
can be estimated using the following equation (see ref
126): f, = \/{1/{1/f2, + 1/f2}, where f_, is the signal
bandwidth of the HAFD combination (here, ~52 kHz) and
f, is the cutoff frequency of the digital filter.

Since we did not know the precise coefficients for a four
pole low-pass Bessel filter or a low-pass Gaussian filter (as
used in this work), we used the coefficients c;, ¢,, and c; as
the best available approximation for all theoretical rms
calculations performed in this report (the characteristics of
a low-pass Bessel filter with an increasing number of poles
approximates the response of a low-pass Gaussian filter,
see reference 126).

MacAvoy, T. C,; Halaby, S. A. Substrates for Thin-Film
Circuitry. IEEE Trans. Component Parts 1964, 11, 15-22.
http://www.goodfellow.com/csp/active/STATIC/A/
Polyethylene_terephthalate.html.

We point out that the noise bandwidth of the headstage
and amplifier, the dielectric noise of the substrate, and the
thermal noise of the pore should even be calculated by
using the signal bandwidth of the HAFD combination (or
the HAFD-digital filter combination) if the pore has a
signal bandwidth that is comparable to or less than the
signal bandwidth of the HAFD combination. We make this
recommendation because the ability of the pore to limit
the signal bandwidth is due to the design of patch-clamp
amplifiers and not due to the pore acting like a low-

pass filter (see ref 131). Since the pore does not act like a
low-pass filter, additional noise but not information is
included in current traces when the signal bandwidth of
the amplifier is greater than the signal bandwidth of the
pore (see ref 11).

We also examined the accuracy of eq 4 if we would use a
= 1 (no excess noise in the feedback resistor) as well as
the values for C, that we estimated from the specifications
of the manufacturer and Sherman—Gold (see reference
11,8 =0.1,C, = 70 pF; B = 1, C, = 25 pF). In this case,
the maximum error between the measured noise and the
theoretical noise was smaller than 30% for both B = 0.1
and for B = 1 (not including the data points marked with
an asterisk).

The overall signal bandwidth of the HAFD-digital filter
combination was calculated by measuring the t,;_q¢
risetime of a digitally filtered square wave that was
coupled in capacitively. To compare theory with
experimental results, we subtracted the experimentally
measured quantization noise from the data (since the
experimental quantization noise was a factor of 16 larger
than its theoretical prediction).

To demonstrate rms noise values at highest achievable
signal bandwidths (~52 kHz), we also included data
points that were filtered only with the analog low-pass
filter of the amplifier (i.e., no digital filter was used); these
data points are marked with an asterisk in Figure 5. We are
uncertain what is causing the large amount of noise in the
traces that were not filtered digitally. The “obvious” reason
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would be that the actual signal bandwidth was higher
than what we expected; however, we determined all
bandwidths in this graph experimentally from the t;4_qo
risetime. Another possibility is that the coefficients we
used to calculate the noise bandwidth did not perfectly
describe the filtering characteristics of the headstage-
analog filter combination.

Although the headstage was properly shielded and
grounded, we recorded a significant amount of noise in
the capacitively generated square wave traces. This noise
led to standard deviations (STD) that were ~5% of the
measured, average 40 kHz signal bandwidth for pores
fabricated in both glass and PET (the STD of the
bandwidth of individual pores was up to 10% of the
measured value). Equations 4 and 8 show that the
predicted value of the noise is strongly dependent on the
signal bandwidth (a large source of noise in the power
spectral density of the headstage and amplifier is
proportional to f2 and the power spectral density of the
dielectric noise is proportional to f). Thus, small
inaccuracies in determining the signal bandwidth can
have a noticeable effect on the predicted values of the
current noise (especially at high signal-bandwidths).
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Nanopores under certain conditions may contain a
potential barrier and can be strongly rectifying (see
references 40, 50- 52, 66, and 67); these pores may
therefore require a shot noise term to predict the noise
accurately.

Many of the power spectra examined showed trends
similar to Figure 8. In some power spectra, however, the
noise power had a sigmoidal shape (i.e., initially the noise
power would grow in a linear fashion with decreasing
frequency but would eventually reach a steady value at
the lowest frequencies).
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