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ABSTRACT

In developing solid-state nanopore sensors for single molecule detection, comprehensive evaluation of the nanopore quality is important.
Existing studies typically rely on comparing the noise root mean square or power spectrum density values. Nanopores exhibiting lower noise
values are generally considered superior. This evaluation is valid when the single molecule signal remains consistent. However, the signal can
vary, as it is strongly related to the solid-state nanopore size, which is hard to control during fabrication consistently. This work emphasized
the need to report the baseline current for evaluating solid-state nanopore sensors. The baseline current offers insight into several experimen-
tal conditions, particularly the nanopore size. Our experiments show that a nanopore sensor with more noise is not necessarily worse when
considering the signal-to-noise ratio (SNR), particularly when the pore size is smaller. Our findings suggest that relying only on noise com-
parisons can lead to inaccurate evaluations of solid-state nanopore sensors, considering the inherent variability in fabrication and testing set-
ups among labs and measurements. We propose that future studies should include reporting baseline current and sensing conditions.
Additionally, using SNR as a primary evaluation tool for nanopore sensors could provide a more comprehensive understanding of their

performance.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0167402

Solid-state nanopores offer substantial potential in single mole-
cule detection. Despite this promise, their quality evaluation, once fab-
ricated, remains inadequately defined.'” Conventionally, evaluation
methodologies involve comparing noise characteristics, specifically the
root mean square (RMS) and the power spectrum density (PSD)." A
solid-state nanopore with lower RMS noise and smaller PSD values is
generally considered superior. However, this isolated consideration of
noise overlooks an essential factor: the nanopore’s ability to capture
analyte signals. The effectiveness of molecular sensing relies on the sig-
nal-to-noise ratio (SNR), which compares the strength of the signal
from translocating molecules to the background noise. Numerous fac-
tors can influence a nanopore’s noise and signal, such as the analyte
size, the nanopore size, salt concentration, pH, and voltage bias.' ' *
Among these parameters, nanopore size presents a significant variable
from experiment to experiment. Despite advancements in fabrication
techniques, achieving precise nanoscale dimensions and replicating
these sizes remains challenging."*”'? As such, variations in the single
molecule signals generated by these solid-state sensors are anticipated.

For an equitable assessment of fabricated nanopore sensors, it is
essential to compare their SNR, which necessitates the knowledge of

noise and the signal. It is also crucial to consider the nanopore size,
given its exponential impact on signal strength.'”*"*' Although the
size of solid-state nanopores can be analyzed using transmission elec-
tron microscopy (TEM) or scanning electron microscopy (SEM),*>?
these methods are time-consuming and often impractical for routine
usage. A more pragmatic approach to determining a nanopore’s size
involves measuring the in situ baseline current and utilizing physical
models.”" This method offers valuable insight into the nanopore size
and testing conditions, such as salt concentration, pH, and voltage
bias. These factors are intrinsically connected to the baseline current
value, providing a composite overview of these conditions.
Unfortunately, the baseline currents of solid-state nanopore sensors
are often normalized or zero-ed in research reports.'*>** This practice
of “zero-ing” the baseline current renders it an unobservable metric,
consequently hindering the nanopore size estimation.

In this work, we studied variables influencing the SNR of nano-
pore sensors. Our findings highlight the crucial need to consider base-
line current as a part of the evaluation process for solid-state nanopore
sensors. We demonstrate through our experiments that a nanopore
sensor with a higher noise level is not necessarily inferior, especially
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when a smaller pore size is involved. Our research underlines that the
sole reliance on noise comparisons could lead to inaccurate assess-
ments of solid-state nanopore sensors, given the inherent discrepancies
in fabrication procedures and measurement setups across different lab-
oratories. Consequently, we strongly advocate that future research
incorporate reporting baseline current and sensing conditions as a part
of their methodology.

For the practical application of solid-state nanopore sensors, the
SNR should be the only criterion for determining the nanopore quality
as it offers a fair evaluation of signal strength relative to noise. The
SNR for a nanopore sensor is defined as

SNR = ﬂ, (1)
Trus
where Irys is the RMS noise, and A[ is the blockage current induced
by the translocation of the molecule.

From the noise perspective, it can be evaluated from either the
time or frequency domains. In the time domain, the RMS noise can be
calculated as

-
Trwis = 72’(’71 ) ®

where Ip,, represents the baseline current value (i.e., the mean current
of an open nanopore), and 7 is the number of acquired data points. In
the frequency domain, the noise PSD can be calculated as
S(f) = 1/2T limy_, | f_TT(I,v — Ipgse)e 2™ dt |*, where f is the band-
width. It is widely accepted that the noise PSD can be decomposed
into four components: 1/f noise, white noise, dielectric noise, and
amplifier noise.”**

From the signal perspective, the nanopore conductance could be
modeled as”' G = ¢/ (4h/ ndlz, + 1/dpore), where G, a, b, and dpore

ore
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represent the nanopore conductance, electrolyte conductivity, mem-
brane thickness, and nanopore diameter, respectively. While this mode
is developed for membrane-based nanopores, it can also be generalized
to other solid-state nanopores, such as glass nanopores, by adding base
and tip diameters of nanopores.”” When analyte translocating in the
nanopore, the effective diameter of the nanopore will be,

de =\ /dﬁm — damlytez, where dypayre is the diameter of the analyte.

As a result, the blockage current (i.e., signal strength) could be calcu-
lated as

4h 1\ 4 1\
AT = _ LA
I =Vx a(n z,. + dpm> U(ndﬁ + de) 3)

A range of variables could impact the noise and the signal
[Fig. 1(a)]. These variables could include the size of the analyte and the
nanopore, the buffer constituents and concentration, the solution’s pH
level, and the voltage applied across the nanopore.'' '* These variables
could differ from experiment to experiment, lab to lab, and impact the
signal and the noise differently [Fig. 1(b)].

Impact of the analyte size: molecules of differing sizes will induce
variable effective diameters, which subsequently influence the blockage
current, as defined by Eq. (3). The size-dependent nature of the block-
age current is due to larger molecules, by occupying more volume of
the nanopore, restrict the flow of ions more than smaller molecules,
leading to a more significant decrease in ionic current during their
translocation. This principle is notably demonstrated in comparing
double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA)
signals. Due to its larger diameter, dsSDNA has a higher blockage cur-
rent than ssDNA, as evidenced by the previous research.'”'® Impact of
nanopore size: the increase in nanopore size could result in an

Baseline current (Ipgse)

Glass nanopores

6.1 nm 16.8nm -

/ 30 nm

FIG. 1. (a) The schematic of nanopore sensing. dpor. is diameter of the nanopore, d, .. is the diameter of the analyte, Cy,; is the concentration of salt, o is the surface
charge density, and V is the voltage applied across the nanopore. (b) The factors affecting the noise and signal in the solid-state nanopore. /5, is the nanopore’s baseline cur-
rent. (c) TEM images of SiN, nanopores. The nanopores are drilled by TEM. (d) SEM images of glass nanopores.
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exponential decrease in the signal strength, as theoretically proposed
by Eq. (3).”" Previous studies showed that white noise and flicker noise
are predominant contributors to nanopore noise, and their amplitude
is proportional to the nanopore current.””*”** Consequently, larger
diameter nanopores tend to exhibit higher conductance, ionic current,
and RMS noise. This results in a potentially diminished SNR, attribut-
able to lower signal strength and elevated noise levels.'” Unfortunately,
the nanopore size presents a control challenge due to the size variation
in the fabricated nanopores [Figs. 1(c) and 1(d)].” ***'***** Impact of
salt concentration: previous research has investigated the correlation
between the concentration of salt and SNR, using SiN, nanopore as a
representative example.'” '” The nanopore conductance change could
be affected by the translocation of DNA molecules in two ways: First,
it decreases due to DNA occupying pore volume and reducing the
available charge carriers. Second, the DNA introduces a cloud of
mobile counterions, thereby increasing the available charge carriers
and positively contributing to the ionic current.'”'* It was observed
that the SNR initially decreases to zero when Cg¢; decreases to 0.4 M,
subsequently rises to a local maximum at Cgg =0.001 M, and then
decreases at lower concentrations due to increased access resistance.'”
In general, higher concentrations of salt (Cxc; > 1 M) are generally
preferred for enhanced SNR. Impact of pH. Previous studies suggest
that the SiNy surface contains two types of surface groups, namely, sila-
nol groups and secondary amine groups.'” These groups could gener-
ate either a negatively or positively charged pore wall through
dissociation or association reaction with surface protons.’'
Consequently, the pH of the solution could modulate surface charge
properties.'”'” As the surface charge densities vary at different pH val-
ues, the number of charge carriers in the nanopore fluctuates accord-
ingly.” Based on the data in previous studies,”® the RMS noise exhibits
a maximum value, and the blockage current exhibits a minimum value
around pH 6, which might correspond to the point of zero charges in
the SiN,. Furthermore, it was observed that the SNR is higher in an
alkaline environment compared to an acidic environment. Impact of
sensing voltage: the bias of sensing voltage across the nanopore is
another critical factor in nanopore sensing. Higher sensing voltage
leads to a higher baseline current for the nanopore, which induces a
higher noise level. Simultaneously, higher sensing voltage generates a
higher signal strength, as indicated by Eq. (3). Previous studies demon-
strate that the noise level linearly increases with voltage bias, similar to
the blockage current.” As a result, the SNR of the nanopore is not sig-
nificantly affected by the sensing voltage. While the event rate could
linearly increase with sensing voltage, a high sensing voltage could also
risk enlarging the nanopore during measurement.””**

The factors mentioned above, capable of modulating noise and
signal in nanopore sensors, influence the SNR. However, the heteroge-
neity of variables across different experiments and labs could create a
divergence in nanopore sensor performance assessment. While control
over fabrication parameters, solution conditions, and sensing voltage
can be made, achieving precision in nanopore size control remains
challenging. Despite the established inverse exponential relationship
between signal strength and nanopore size, the noise level in solid-
state nanopores is less predictable, subject to many factors. Thus, the
noise alone could not infer the SNR of nanopore sensors, underscoring
the necessity to consider the signal strength.

Although SNR is broadly acknowledged as a reasonable assessment
of nanopore quality, the traditional evaluation approach compares noise

ARTICLE pubs.aip.org/aip/apl

: 10,22,23,25.28 .
levels with zero-ed current traces. 7* A solid-state nanopore

with lower RMS noise and smaller PSD values is generally regarded
as superior.'”'7*****® However, this isolated consideration of noise
overlooks an essential factor in SNR: the signal. As shown in Eq. (3),
the signal could strongly depend on the size. A smaller nanopore
may exhibit higher noise levels, but at the same time, it could also
generate a stronger signal. Indeed, we did find this phenomenon in
the experiment. To compare the noise performance of nanopores, we
initially level the current traces of two fabricated SiNy nanopores to
zero, as depicted in Fig. 2(a). Pores #1 and #4 exhibited 26.8 and
20.4 pA RMS noise levels, respectively. Traditional standards would
favor pore #4 due to its lower noise level. Yet, upon signal strength
assessment in Fig. 2(b), pore #1 demonstrated a superior signal
strength of 2543.8 pA, compared to pore #4’s 853.4 pA. As a result,
pore #1 has a superior SNR, contradicting the assessment based
solely on noise comparison. The baseline current (at 0.3 V) of the two
nanopores reveals that the size of pore #1 is smaller than that of pore
#4, thereby accounting for the higher SNR. Our findings suggest that
a nanopore sensor exhibiting a higher noise level is not necessarily
inferior, especially when the pore size is smaller, and could yield a
higher SNR.

An inherent limitation of the sole noise comparison is that when
current traces get zero-ed, it eradicates information on the nanopore’s
baseline current, which could indicate the size of the nanopore, a criti-
cal factor in determining signal strength. As suggested by Eq. (3), the
signal strength decreases exponentially with an increase in nanopore
size. While several parameters, such as analyte size, salt concentration,
pH, and sensing voltage, can be effectively controlled in nanopore
sensing experiments, the size of solid-state nanopores is inherently var-
iable.” “”*"*% The nanopore size could vary in fabrication and could
even change in sensing experiments due to factors, such as heat-
induced enlargement.”* As such, it is essential to incorporate informa-
tion on the nanopore’s baseline current level [Ip, = f(0, pH,
dpore; V)] and sensing conditions when reporting the nanopore cur-
rent trace for benchmarking quality. Such information could facilitate
a fair comparison of nanopore performance from different laboratories

(a) Traditional noise comparison (b) Iqse-reported SNR comparison

1r 16 Pore #4

Pore #1 Pore #4
0 [mnswammanssmapirime 5L pore #1
[

3F

Current (nA)
Current (nA)

1s 5s

'
N
T

3L

Pore #1 is superior by SNR.
SNRy = 94.7 > SNRy, = 41.8

Pore #4 is superior by noise alone.
Irmsu1= 26.8 PA > Ipysua = 20.4 pA

FIG. 2. Comparing the performance of 2 CBD SiN, nanopores fabricated with the
same voltage stress (7 V). (a) Traditional comparison of noise level with zeroed cur-
rent traces. Irys is the noise RMS. (b) Comparison of SNR together with current
traces baseline current reported. Traces are obtained by detecting 0.5nM 20 kbp
dsDNAin 2 M LiCl at 0.3 V.
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and experiments, enabling informed decisions that optimize sensing
conditions and enhancing the sensitivity and reliability of nanopore-
based detection and analysis.

To evaluate the performance of SiNy nanopores with varying
sizes, we compared the five nanopores fabricated via the CBD method
under consistent voltage stress of 7 V. As illustrated in Fig. 3(a), the
baseline current of nanopores ranged from 3 to 19 nA, signifying the
size variation in the fabricated nanopores despite consistent fabrication
parameters. Figure S1 shows the current-voltage (IV) and power spec-
trum density (PSD) profiles of fabricated nanopores, with no signifi-
cant PSD variations observed across nanopores of different sizes. We
then tested these nanopores using 0.5nM 20 kbp dsDNA in a 2 M
LiCl solution. Upon applying a voltage of 0.3V across the nanopore,
translocation events of the dsSDNA were captured, and the dwell time
and amplitude of the blockage current were measured [as depicted in
Figs. 3(b) and 3(c)]. Pore #1 shows an extended dwell time, which may
result from the enhanced interaction between the small nanopore and
DNA.? At the same time, pore #5 also shows an extended dwell time.
Although the larger pore interacts less with DNA molecules, the
reduced electric field inside the pore leads to slower DNA transloca-
tion.”””® The summarized noise levels of the SiN, nanopores
[Fig. 3(d)] reveal no substantial correlation with the baseline current,
suggesting that the noise level in SiNy nanopores exhibits a relatively
stochastic behavior. However, as depicted in Fig. 3(e), the signal

ARTICLE pubs.aip.org/aip/apl

strength demonstrates an exponential decrease with an increase in
baseline current. Analysis of the SNR among the five nanopores
[Fig. 3(f)] illustrates a generally inverse correlation between the SNR
and nanopore baseline current. Notably, the random noise level in
SiNy nanopores means that smaller pores do not consistently yield a
higher SNR. The SNR values from pores #2, #3, and #4 exemplify this;
even though smaller pores produce increased signal intensities, the sto-
chastic noise behavior results in comparable SNR across these pores.
Furthermore, our previous comparative analysis of pore # 1 and pore
# 4 evidenced that a lower RMS noise in a nanopore does not guaran-
tee a higher signal strength and SNR.

Additionally, we evaluated glass nanopores to ascertain the influ-
ence of their size on RMS noise, signal strength, and SNR. The resultant
findings are compiled in Fig. 4. Although no significant extended dwell
time was observed in the smallest pore #1, it was observed in larger
pores, such as pores #6 and #7 [Fig. 4(b)]. This extended dwell time can
be attributed to slower translocation caused by a smaller electric field in
these larger pores.” In addition, the PSD profiles in Fig. S1 demonstrate
that the noise intensity for glass nanopores is approximately two orders
of magnitude lower across all frequencies relative to SiN, nanopores.
This variation could be attributed to differing dielectric loss constants,
which are smaller for quartz glass (2 x 10™*) as compared to SiNj
(1.4 x 107),”>"" resulting in reduced noise levels for glass nanopores.
Furthermore, factors, such as nanopore wall surface roughness, surface
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chemistry, and defects, could also contribute to varied noise pro-
files.””*” In addition, a positive correlation was observed between RMS
noise and glass nanopore baseline current, as presented in Fig. 4(d).
This trend between nanopore size and RMS noise levels is more pro-
nounced in glass nanopores compared to SiN, CBD nanopores. While
the underlying mechanisms remain to be fully explored, the observed
variability in noise trend across SiNy nanopores could be attributed to
several factors. Variations in parameters, such as surface charge density,
pore geometry, and membrane defect density, may introduce stochastic
fluctuations in ionic current, thereby contributing to inconsistent noise
profiles in SiN, nanopores of different sizes.'”>*"** As the glass nano-
pore was used for dsDNA detection, the blockage current amplitude
exhibited an exponential decrease with the nanopore size increment
[Fig. 4(e)], consistent with Eq. (3). Overall, the SNR of the glass nano-
pore also displayed a negative correlation with the nanopore baseline
current, as shown in Fig. 4(f). These correlations suggest that smaller
glass nanopores provide a higher SNR than larger ones, predominantly
due to reduced RMS noise levels and enhanced signal intensity.

In conclusion, the variability in nanopore size stemming from
solid-state nanopore fabrication processes and testing protocols inher-
ently causes fluctuations in single molecule signals.” *%'**%*
The result is that noise RMS or PSD comparison alone could provide
misleading quality assessment across different experiments due to a

lack of consideration for single-molecule signals. Our experiments
demonstrated that higher noise levels in solid-state nanopores do not
necessarily indicate inferior quality, especially when smaller pore sizes
are involved. While our study found that smaller glass pores yield a
higher SNR, this trend is not always true for SiNy nanopores due to
their stochastic noise behavior. The critical information encapsulated
in the baseline current, especially nanopore size, is often disregarded in
many studies, rendering this crucial data unobservable. Our findings,
thus, emphasize the significant role of the baseline current in the SNR
assessment process for solid-state nanopore sensors. Building on these
findings, we propose that integrating baseline current reporting and
sensing conditions into study methodologies can enhance benchmark-
ing consistency in future research.

See the supplementary material for the experiment details, nano-
pore fabrication methods, DNA sensing data analysis, and electrical
characteristics of SiNy and glass nanopores.
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