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The ability to routinely identify and quantify the | 1.primary
complete proteome from single cells will greatly advance
medicine and basic biology research. To meet this challenge of
single-cell proteomics, single-molecule technologies are being
developed and improved. Most approaches, to date, rely on the
analysis of polypeptides, resulting from digested proteins, either
in solution or immobilized on a surface. Nanopore biosensing is
an emerging single-molecule technique that circumvents surface
immobilization and is optimally suited for the analysis of long 5 w I
biopolymers, as has already been shown for DNA sequencing. EL Wﬂ e L.v SDS-PAGE
However, proteins, unlike DNA molecules, are not uniformly 05ms Hront e
charged and harbor complex tertiary structures. Consequently,
the ability of nanopores to analyze unfolded full-length proteins
has remained elusive. Here, we evaluate the use of heat denaturation and the anionic surfactant sodium dodecyl sulfate (SDS)
to facilitate electrokinetic nanopore sensing of unfolded proteins. Specifically, we characterize the voltage dependence
translocation dynamics of a wide molecular weight range of proteins (from 14 to 130 kDa) through sub-5 nm solid-state
nanopores, using a SDS concentration below the critical micelle concentration. Our results suggest that proteins’ translocation
dynamics are significantly slower than expected, presumably due to the smaller nanopore diameters used in our study and the
role of the electroosmotic force opposing the translocation direction. This allows us to distinguish among the proteins of
different molecular weights based on their dwell time and electrical charge deficit. Given the simplicity of the protein
denaturation assay and circumvention of the tailor-made necessities for sensing protein of different folded sizes, shapes, and
charges, this approach can facilitate the development of a whole proteome identification technique.
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mRNA cancer metastasis biomarkers in clinical samples, RNA
of viral infections, epigenetic modifications, and native

The fast-growing demand for on-site and rapid clinical
diagnostics, accelerated by the SARS-Cov-2 pandemic, has
created a rising need for alternative biomolecular sensing
technologies, particularly those that offer single-molecule
sensing resolution. Among the various methods, nanopore
sensors have carved a unique niche due to their relatively
straightforward operation principle, their versatility in terms of
the range of detectable analytes, and their potential integration
in fully portable low-power devices."” Importantly, in recent
years, researchers have been able to shift nanopore research
from basic proof of concept demonstration using laboratory-
made synthetic analytes toward clinical applications, which
often involve complex-to-analyze biofluids. The versatility of
nanopore sensors has already been illustrated in multiple
applications, such as sensing of DNA cancer mutations or
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proteins, to name a few.

In parallel, the development of single-molecule proteomics
technologies has gained significant momentum, partly owing to
emerging sensing strategies.~ Also here, nanopore sensors
have been proposed for protein sequencing or protein
identification, using similar principles underlying the successful
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Figure 1. Characterization of SDS micelles and SDS-denatured BSA proteins translocations using sub-S nm ssNPs. (a) Ion current traces at
different protein and SDS concentrations show two distinct events amplitudes corresponding to SDS micelles and BSA proteins (BSA
concentration 1—1.5 nM). (b) Event diagrams, shown as heatmaps, of the event amplitude (AI) vs dwell-time (log t,) for different SDS and
protein concentrations: (I) SDS only (700 uM), (II) SDS + BSA (350 pM/1 nM), (III) SDS + BSA (175 uM/1.5 nM). (c) Corresponding
histograms of event amplitudes show two distinct peaks for SDS micelles (0.5—0.7 nA) and BSA proteins (1.1-1.3 nA).

nanopore DNA sequencer.> " Whole proteome analyses
introduce significant challenges, which are considerably more
complex than genome sequencing. Unlike DNA, proteins
cannot be amplified to facilitate their analysis, and human
proteins harbor 20 different amino acids as opposed to the
DNA'’s four canonical nucleotides. Similar to mass spectrom-
etry, some of the nanopore approaches focus on analyzing
short peptides produced from sheared or digested pro-
teins,”' ~>’ whereas other approaches are centered on the
analysis of full-length proteins.”* An advantage of the latter
approach is that each protein is counted once, and the full
information regarding the protein identity is maintained.
Hence, downstream data analysis is potentially simplified. To
date, an antibody-free generic method for full-length protein
identification with a single-molecule resolution has remained
elusive.

The biochemical diversity and complexity of biological
proteomes in terms of proteins’ structures, charge, mass, and
hydrophobic nature are overwhelming. One way to tackle this
challenge is to employ a denaturation protocol, which resolves
the proteins’ higher-order structures while stabilizing a random
coil state. The unfolded protein structure lends itself to
molecule-by-molecule analysis using a single-size nanopore
sensor for all the proteins regardless of their length, provided
that the unfolded protein can be linearly threaded through the
pore.”>*° Particularly, ionic surfactants, such as sodium
dodecyl sulfate (SDS), have been extensively used in bulk

for stabilization of the proteins’ denatured state. Furthermore,
SDS facilitates uniform electromigration of denatured proteins,
since the uniform negative charge of the SDS molecules
adsorbed to the proteins supersedes by a large margin the
proteins’ native net charge.’’ > Recently, it has been shown
that the uniformly distributed SDS charge facilitates electro-
phoretic-based capture and translocation of the proteins
through ~10 nm solid-state nanopores.”® However, the
mechanism governing their translocation dynamics, particularly
through small nanopores, which can potentially extend the
translocation dwell-times, has remained to date unclear.

Past studies of dsDNA molecules’ translocations suggested
that the DNAs’ dwell-time in a solid-state nanopore is strongly
dependent on the nanopore diameter.’* In particular, about an
order of magnitude increase in dwell-time was observed when
the pore size was reduced from roughly S nm to 3 nm (the
mean dsDNA cross-section is 2.2 nm). Lengthening the
translocation dwell-time is advantageous, as it extends the
dynamic range of nanopore analysis, permitting the analysis of
smaller molecular weight proteins. Here we hypothesized that
substantial slowing down of the protein samples may be
achieved using nanopore diameters of roughly 3—5 nm,
comparable with the expected cross-section of the SDS-
denatured protein complexes (roughly 1.5-2.5 nm).** This
allows us to effectively analyze the translocation dynamics of
several proteins of different molecular weights starting from
about 14 kDa up to 130 kDa. These proteins were analyzed
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Figure 2. Translocation dynamics of SDS-denatured carbonic anhydrase (CA) proteins in three different nanopore sizes. (a) Translocation
events diagrams shown as heat-maps for CA proteins using three nanopore sizes (left to right): ~3 nm, G = 7 ns; ~4 nm, G = 12 nS; and ~7
nm, G = 21 nS. In each case, the event amplitudes (AI) are shown vs the event dwell-times (log t;,). Typical events are displayed in insets,
showing a clear shift toward longer events in the smaller nanopores, but similar event amplitudes. (b) Histograms of the electrical charge
deficit (ECD) for the three experiments (shown in semilog scale). In all cases, the ECD histogram displays a prominent peak around 10° ¢
and secondary peaks at 10%3 ¢, 107 ¢, and 10%° ¢ for the smaller and larger pores, respectively. Minor peaks at much lower ECD, possibly due
to collisions, are also visible. Red curves are double Gaussian fits (see text).

under different voltages, SDS concentrations, and nanopore
sizes, affording insights into the SDS-denatured protein
translocation dynamics and the underlying forces governing
this process. Interestingly, even when the SDS concentration is
dialed below the critical micelle concentration (CMC), we
observe a significant slowing down of the SDS-denatured
protein complexes translocating through small nanopores. This
is attributed to the interplay of the electroosmotic force and
the electrophoretic force. According to our results, smaller
proteins are clearly distinguishable from larger proteins by their
dwell-times and their ion-current amplitudes. Moreover, the
multiplications of the events’ dwell-times by their correspond-
ing current amplitudes (the so-called electrical charge deficits,
or ECDs) provide a nanopore-specific analogous measurement
of the proteins’ molecular weights, hence permitting wide-
range discrimination among proteins. Histograms of the ECD
values for each protein display two distinct peaks, suggesting
the translocations of two different populations: a complete
SDS—unfolded protein complex and a partially structured
SDS—protein complex.

RESULTS AND DISCUSSION

1. Nanopore Discrimination between SDS Micelles
and Proteins Translocations. Due to Debye shielding at
high solution ionic strengths, SDS molecules spontaneously
form spherical micelles at a significantly lower threshold
concentration (the CMC) than in pure water. Specifically, at a
near-physiological concentration of 200 mM NaCl, the CMC
drops from roughly 6 mM (in pure water) to <1 mM (0.03%
w/w).B’6 High ionic strength solutions are necessary for
nanopore sensing assays to support ion-current measurements;
hence it was necessary to characterize the translocation pattern
of SDS micelles versus the translocation of SDS-denatured

proteins. To this end, we performed a set of measurements
using a standard “nanopore buffer” (0.4 M NaCl in 1X PBS,
pH 7.4) using nanopore sizes in the range of 4—5 nm. These
pores were characterized by their conductance (G = io/V
where iy is the measured open-pore current and V is the
applied voltage, typically 300 mV). Here we varied the SDS
concentration from 700 yM down to 175 M, while keeping
the protein concentration of bovine serum albumin protein
(BSA, M,, = 66.4 kDa, and the number of amino acids N,, =
583) at 1—1.5 nM. On the basis of the literature we expected
that the actual CMC at 0.4 M NaCl would be <1 mM SDS, but
the exact CMC value and the optimal SDS concentration for
the nanopore experiments must be determined empirically.
Starting from a stable and unperturbed nanopore open pore
current (3.6 nA at V = 300 mV, G = 12 nS), upon addition of
700 uM SDS, we observed a fast and uniform ion-blockade
pattern with an event amplitude of AI = 0.67 nA and FWHM
of 0.03 nA (Figure 1la, left panel). We attributed these events
to the SDS micelles’ translocations, as the individual SDS
molecules are too small to be sensed in the nanopores used.
Given that SDS micelles are small (M, < 18 kDa) and highly
charged (Ngpg & 60) spherical particles, we expected to
observe an extremely fast translocation dwell-time. Our data,
however, suggest that the micelles’ event dwell-times are
peaked between 100 and 150 ps (Figure 1b-I), comparable to a
dsDNA molecule of 300 bp, which is roughly an order of
magnitude larger in size. We rationalized that the main factor
contributing to the seemingly long translocation time of the
SDS micelles is the increased level of electroosmotic counter
flow, due to the partial coating of all surfaces, including the
nanopore inner walls, by the negatively charged SDS
molecules.”” Consistent with previous results, a small fraction
of events (<0.5%) appears at even longer time scales (a few
ms), perhaps due to the random insertion of nonspherical
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micelles or micelles that strongly interact with the SiN in the
nanopore lumen.”’

Next, we used a similar pore size (G = 12 nS) to test a
sample containing 700 uM SDS and 1 nM BSA protein
concentration (Figure la). The BSA proteins were heat-
denatured in the presence of a higher SDS concentration (see
Methods) and diluted at room temperature (RT), 22.0 = 0.5
°C, to the final SDS and protein concentrations before being
introduced to the nanopore. As before, we primarily observe
fast and uniform events with a mean amplitude of ~0.5 nA, but
unlike panel I, a second population of events with a larger
mean amplitude of 0.86 nA emerged (Figure S1). Further
decreasing the SDS concentration to 350 ym while keeping the
BSA at 1.0 nM resulted in a clear two-peak pattern in the mean
events’ amplitudes (Figure 1b-II and lc, middle panel): (1)
0.65 + 0.11 nA and (2) 1.3 + 0.26 nA, as marked in the heat-
map diagram. This time the fractions of the two populations
were comparable. Finally, when further decreasing the SDS
concentration to 175 yM, we observe primarily events at Al =
1.1 nA, whereas the low-amplitude population (AI = 0.45 nA)
became the minor population of events (Figure 1b-III and lc,
right panel).

The set of experiments described in Figure 1 suggests that at
high SDS concentration (>350 uM) the micelles’ trans-
locations dominate the overall population of the events. At
lower SDS concentrations, and particularly below the NaCl
salt-adjusted CMC, the vast majority of events could be
attributed to protein/SDS complexes, which exhibit a
distinguished events pattern based on their larger ion-current
blocked amplitude. Notably, the protein/SDS complex trans-
locations exhibit a broader dwell-time and blockade current
amplitude distributions than that of the SDS micelles, as shown
in the heat maps (Figure 1 panels b-II and b-III).

2. SDS-Denatured Translocation Patterns at Different
Nanopore Sizes Suggest Primarily Single-File Dynamics
and Multiple Protein Structures. To shed more light on
the translocation pattern of the protein/SDS complexes, we
selected a smaller protein than BSA, carbonic anhydrase (CA,
M, = 289 kDa, N,, = 259), which was denatured in the
presence of SDS using the same protocol. We tested the CA
translocation dynamics using three different nanopore sizes at
the low SDS concentration (175 gM). Starting from a G = 7
nS pore (~3 nm), we observed long translocation events with a
characteristic dwell-time of 650 = 60 us (Figure 2a left panel
and Figure S3b). When a 12 nS pore (~4 nm) was used, the
characteristic mean dwell-time was reduced to 180 + 40 us
(Figure 2a middle panel). Finally using a large pore of G = 21
nS (~7 nm), we observed events with a mean dwell-time of
~100 us (Figure 2a right panel). Notably, in all three cases the
events’ amplitudes remained invariant with a mean value of AI
~ 0.9 nA and STD = 0.11 nA. This value is also consistent with
the mean BSA event amplitude (1.1 and STD = 0.3 nA) shown
in Figure 1.

Drawing an analogy from the translocation dynamics of
dsDNA molecules through ssNPs, we can roughly approximate

. . . [ar .
the effective analyte’s cross-section using a & _|= d, where ig
o

is the nanopore’s open-pore current and d is its effective
diameter.”* Accordingly, for the three experiments displayed in
Figure 2, we obtained a = 1.96 & 0.22 nm, 2.01 + 0.20 nm, and
2.83 + 0.31 nm for the 3, 4, and 7 nm pores, respectively.
While these are only crude approximations, they fall within the
expected cross-sections of the SDS—polypeptide complexes

between 1.5 and 2.5 nm.*> We, therefore, hypothesized that
the main portion of the events represents single-file trans-
locations of the unfolded proteins through the nanopore.
Further observation of the events diagram heat-maps suggests
that the smaller pores give rise to significantly longer protein
mean translocation dwell-times. Particularly, the characteristic
translocation dwell-time of the CA proteins is 650 us (using
the ~3 nm ssNP), which is roughly an order of magnitude
longer than previous studies using ~10 nm ssNPs,*?
considering similar molecular weight proteins. This finding
may permit the detection of a broader range of proteins, but
the effect is not as strong as the one observed for dsDNA
translocation dynamics through ssNPs.”*

Temperature-induced protein unfolding and the stabilization
of the denatured state by surfactants, such as SDS, is a complex
process that can lead to multiple structural states. In addition
to a fully unfolded, random coil state, the protein may maintain
some of the most stable secondary structural motifs, which
may be resolved upon further application of force on the
protein chain. To resolve multiple states of dsDNA using
nanopore sensors, previous studies®® calculated the electrical
charge deficit, defined as ECD = AI X tp/e where e is the
elementary charge. For example, the ECD values of folded and
unfolded forms of the same DNA were found to be strikingly
different.”® Following this idea, we hypothesized that the ECD
might be useful in better resolving multiple protein/SDS
complexes in our measurements. Figure 2b presents the
histograms of the ECD values for the three nanopore size
experiments performed with CA/SDS complexes. In all three
cases, two main peaks in the ECD histogram emerged: a main
peak at around 10° e to 10%° ¢ and a secondary peak, which
varied between ~10%° ¢ and ~107 e for the smaller and larger
pores, respectively. Interestingly, the intermediate pore size
(~4 nm) displayed the largest fraction of secondary ECD
events (~25%), while smaller and larger pores showed smaller
fractions of the secondary peak (~10%). This observation is
consistent with an interpretation in which the secondary ECD
events correspond to partially folded complexes.

3. Alpha-lactalbumin Translocation Dynamics as a
Function of Voltage Further Reveals the Interplay
between Electrophoretic and Electroosmotic Forces.
The experiments shown in Figure 1 and Figure 2 already
exposed some of the additional complexities associated with
the translocation dynamics of SDS/protein complexes as
compared to a simpler polyelectrolyte, such as dsDNA, and the
potential role of electroosmotic flow (EOF). To further isolate
the effect of surface charge and EOF, we used a smaller
protein, alpha-lactalbumin (a-LA, 14 kDa, N,, = 123), which is
readily denatured using heat/SDS treatment. We found that at
V' =300 mV the characteristic translocation dwell-time of a-LA
through a G = 12 nS pore was too short for detection.
Therefore, to ensure that our results are minimally biased by
the experimental temporal bandwidth, particularly at larger
voltages, we performed this set of experiments in the presence
of 10% glycerol (v/v), which is expected to increase the
solution viscosity by a factor of 1.63 (at RT).*

Notably, a higher glycerol concentration than 10% could
further increase the apparent dwell-times of the proteins in the
nanopore. But higher viscosities proportionally reduce the
effective protein capture rate by the nanopore, hence limiting
its practical use with relatively low glycerol concentrations. In
Figure S6, we show a series of SDS-denatured a-LA
measurements performed using an 11 nS nanopore at different
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voltages (450—750 mV) in 10% glycerol (v/v). The data were dwell-times as the voltage increases, reassuring evidence that

analyzed as in the previous cases (Figures 1 and Figure 2): first, these blockade events represent translocations of the proteins
we extracted the events’ tr, and Al and then we calculated the from the cis side (at which proteins are introduced) to the trans
ECD histograms for each data set. Next, we fitted the log of the side of the membrane and not random collisions of the protein
ECD distributions with a double Gaussian function to obtain complexes with the pore, which would have resulted in a

the mean values of the two populations. A summary of our

longer dwell-time with increasing voltage bias. Some
results is presented in Figure 3. The left panel shows the ECD

representative events that correspond to the primary and
secondary peaks are displayed in Figure S7.

A ¢ - b) 350 | ~ For both the primary and secondary groups, exponential

= secorsayoes 3001 o0 | functions can fit our data well, as expected for a voltage-driven

5 10E 5 — s 250/ 3 - b translocation process through small nanopores.”* The typical

g5 8 200 400 S~ decay constants for the SDS-denatured proteins obtained from
i} > L J

B 1501 O e the exponential fitting are 10.2 + 1.0 V"' and 9.2 + 3.4 V™! for

100l the primary and secondary peaks, respectively. Interestingly,

” ‘ . ‘ " . ‘ ] these values are about a factor of 5 smaller than the typical

400 s00 ~ 60O 700 800 400 800 600 700 800 decay constants for dsDNA translocations through similar
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ssNPs.”" The much weaker voltage dependence of the protein/

Figure 3. Voltage dependence of translocation dynamics of SDS- SDS complexes compared with the dsDNA experiments may

denatured alpha-lactalbumin proteins. (A) Electrical charge deficit be attributed to a smaller effective overall charge of the former,

(ECD) vs voltage. Black circles represent the main peak, and red
squares correspond to the secondary peak. The main ECD peak is
nearly independent of voltage, whereas the secondary peak shows a

which manifests as a smaller electrophoretic driving force. An
additional important factor is the possibility of the anionic SDS

mild decrease with voltage. (B) Dwell-time (t;) vs voltage. Black molecules coating the interior of the nanopore surfaces,
circles correspond to events in the main peak, and red squares resulting in a significant EOF that slows down the overall
(inset) correspond to the secondary peak. The solid lines are translocation of proteins. The magnitude of the EOF is
decaying exponential fits. The experiments were performed in 10% expected to scale linearly with voltage, and combined with the

glycerol (v/v), 0.4 M NaCl, 1X PBS, and 175 uM SDS. apparent decrease in dwell-times with increasing voltage

(Figure 3b), we concluded that electrophoretic forces remain
the dominant contributors to the protein/SDS translocation
dynamics. This interpretation is consistent with the relatively
long translocation dwell-times that the SDS-denatured proteins
exhibit in the nanopore as compared with ssDNA (or dsDNA)
of a comparable chain length: for the 123 aa a-LA we
measured a dwell-time of about 250 s (at 450 mV), whereas a

values for the main peak (solid black circles) and for the
secondary peak (solid red squares) as a function of voltage.
Interestingly, the main ECD peak appears to be independent of
the voltage, with a mean value of 108903 glectron units. This
result aligns well with the results shown in Figure 2, suggesting
that the main ECD peak is also independent of nanopore size.
In other words, the increase of AI with voltage is offset by a

similar decrease in log(t;) with voltage. similar length dsDNA would translocate in less than 10 us
The right panel displays the events’ dwell-time dependence using a similar ssNP size and voltage. Additionally, a previous
on the applied voltage for the translocation events of the publication reporting folded state (no SDS) translocations of
primary and secondary ECD peaks (black circles and red similar size proteins and nanopores reported much shorter
squares, respectively). In both cases, we see a decrease in dwell-times (~50 ys) even at a lower bias voltage.*’ This again
b) c)
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Figure 4. SDS-PAGE analysis of six proteins used in this study compared with nanopore measurements. (a) PAGE analysis, from right to left:
alpha-lactalbumin, carbonic anhydrase, ovalbumin, BSA, phosphorylase B, and spike protein were denatured and separated on a 4—20%
Tris-glycine SDS-PAGE. The gel was fixed, stained with Flamingo fluorescent dye overnight, and imaged by the Pharos scanner (Bio-Rad). L
denotes lanes with protein ladders (see Methods). (b) Dependence of the SDS-PAGE migration distance of the six proteins on their
molecular weights. The solid line is an exponential fit. (c) Dependence of SDS-denatured protein translocation dwell-time on the PAGE
migration distance. The solid line is a linear fit.
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supports the important contribution of EOF to slowing down
the SDS-denatured protein molecules’ translocations.

4. Translocation Dwell-Times and ECDs Correlate
with Proteins’ Molecular Weights. Assuming that the
majority of the proteins/SDS complex events represent single-
file translocations, we evaluated the capability of solid-state
nanopores to discriminate among proteins having different
molecular weights. To that end, we accumulated data from six
different proteins spanning molecular weights between 14 and
roughly 130 kDa. Figure 4a displays an SDS-PAGE
(polyacrylamide gel electrophoresis) analysis of the six proteins
analyzed (alpha-lactalbumin, carbonic anhydrase, ovalbumin,
bovine serum albumin, phosphorylase B, and SARS-Cov-2
spike protein, labeled lanes 1 to 6, respectively), along a
protein molecular weight ladder (marked with “L”). For all
proteins, we observed a single band, except OVA, which
consistently displayed two bands, presumably due to two
alternative glycosylation states, as suggested by the vendor
(Sigma). The proteins’ molecular weight versus their measured
in-gel migration distance showed an exponential dependency
(Figure 4b).

We analyzed the same proteins using the nanopore sensors.
As before, we first calculated the ECD values for every event
and then separated the events in each case according to their
ECD main and secondary groups. We then plotted their
characteristic dwell-time from the exponential fitting of the
histograms. The characteristic mean dwell-times of the events
in the primary ECD group showed a linear relationship with
the in-gel bulk migration distance (Figure 4c). These results
further support our interpretation of the primary peak events
as single-file translocation of the unfolded proteins.

Figure Sa displays the dependencies of the primary and
secondary peaks’ mean dwell-times (black circles and red
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Figure 5. Translocation dynamics of SDS-denatured proteins as a
function of molecular weight (M,,). (a) Characteristic dwell-times
of the six proteins in the nanopore. The black solid circles
represent the main peak (a, b), while the secondary peak is
represented by red squares (a, b). We observe a linear increase of
ty on M,, for the main peak (black straight line fit) and a nonlinear
dependence for the second group (red line is a guide for the eye).
(b) Summary plot of the ECD as a function of M,,. The main ECD
peak event (solid circle) shows a linear dependency on M,, while
the secondary peak event (red squares) exhibits a quadratic
dependency. Solid lines are fits.

squares, respectively) on molecular weight. For the primary
peak, we saw a roughly linear increase of t, with molecular
weight, but for the secondary peak, we observed a nonlinear
increase of the dwell-time with M,, tentatively associated with
the larger propensity of the larger proteins to maintain some
secondary structures. In Figure Sb we show the dependence of
the ECD main and secondary peaks on the proteins’ M,,. For

both event populations we could fit our data with growing
exponential functions (ECD = AeM/?) where p1p are
nanopore-characteristic molecular weight constants, p; = 59.1
+ 7.1 kDa, and p, = 28.1 + 2.2 kDa, describing the rate at
which the ECD grows with M,,. Accordingly, for nanopore
measurements of SDS-denatured proteins, the ECD may serve
as a proxy for the separation of different molecular weights or
the single-molecule analog of the migration distance in SDS
PAGE analysis.

CONCLUSIONS

The ability to thread and analyze full-length denatured proteins
using nanopores is a significant step for single-molecule protein
identification and quantification and may lead to a whole
proteome analysis approach.'”***! A crucial step toward this
goal is the elucidation of the voltage-induced translocation
dynamics through nanopores comparable in size to the SDS/
polypeptide cross-section of 1.5—2.5 nm. To this end in this
study, we used sub-5 nm solid-state nanopores and analyzed
the proteins’ translocation dynamics at an SDS concentration
slightly below the CMC level. Unlike simple polyelectrolytes,
such as double-stranded DNA molecules, SDS—protein
complexes involve additional factors that must be taken into
consideration. Native proteins are not uniformly charged and
pose elaborate tertiary structures, which in many cases support
their biological function. SDS heat denaturation is an effective
way to unfold proteins and decorate them with charged groups.
However, this involves some subtleties: first, under high ionic
strengths, SDS spontaneously forms micelles at relatively low
concentrations, which appear as short translocation events and
may be misinterpreted as proteins (Figure 1). We showed here
that this issue can be addressed if SDS concentration is kept
right below its salt-adjusted CMC. Second, SDS molecules
coat all surfaces, including the nanopore itself, adding a
significant amount of negative surface charge to the pore
interfaces. The addition of surfactants increases the nanopore
stability, making it more hydrophilic. But at the same time
under voltage bias, it produces a stronger electroosmotic flow
as compared to uncharged (or less charged) nanopore
interfaces (Figure 6b). The EOF is a nanopore size-dependent
phenomenon and can be exploited for slowing down or
trapping the protein in a thin membrane, allowing label-free
analysis of the protein dynamics.'”*>** As suggested in Figure
3, the effect of the EOF is to slow down the proteins’
translocations, as it is directed in the reverse direction to the
electrophoretic force (EP). But the EOF may also reduce the
event capture rate into the nanopore;** hence future studies
may need to develop means to control the EOF effect more
precisely.

As common in nanopore experiments, SDS-denatured
proteins’ translocations dynamics were characterized using
two main parameters, the events’ dwell-times and the events’
current amplitudes (#, and AI, respectively). We find that both
parameters may exhibit multiple peaks, complicating a
straightforward analysis of the results. However, their multi-
plication, the events’ electrical charge deficit, is a useful tool for
the separation of the events into groups. Particularly, a striking
feature that all our measurements suggest is the existence of a
primary (where most of the events reside) and a secondary
ECD group for all the proteins that were analyzed. Figure 6a
shows a typical ECD histogram, measured for phosphorylase B
proteins, using a 4 nm pore. The events associated with the
primary ECD peak (black annotated) are typically single-level
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Figure 6. Model for elucidation of voltage-induced translocation of SDS/protein complexes through small solid-state nanopores. (a)
Electrical charge deficit (ECD) for phosphorylase B, where two peaks can be distinguished clearly. The representative events corresponding
to the first peak (represented in black color) show no sublevels in the ionic current trace during translocations. However, the event with the
sublevel ionic current traces (red-colored events) corresponds to subtle secondary or tertiary motifs that exist during the protein
translocations. (c) Schematic illustration for the two different scenarios. (b) Effect of SDS coating on the pore walls enhancing the EOF,
resulting in the longer translocation time in comparison to a similar size dsSDNA molecule.

events with an amplitude around 1.2 nA. To a first
approximation, this ion-current level is independent of
nanopore size. In contrast, events from the secondary group
(labeled in red) typically display multi-ion-current levels and
are significantly longer than the events in the primary group
(Figure 6a right-hand panel).

An analysis of multiple proteins ranging from about 14 to
130 kDa shows that the characteristic dwell-time of the
primary ECD group events grows linearly with the proteins’
M., which is directly proportional to the proteins’ polypeptide
chain lengths. It is therefore plausible to assume that this group
of events corresponds to single-file translocation of fully
linearized proteins through the nanopores, as shown schemati-
cally in Figure 6¢c. An analysis of the events’ current amplitude
level, in this case, provides a rough estimate for the mean
diameter of the polypeptide/SDS complexes of 2.0 to 2.5 nm.
However, one should keep in mind that the events’ amplitude
is considerably affected also by an access resistance due to
increased repulsion of ions from the pore during the protein’s
translocation, particularly for the long proteins.

The events of the secondary ECD peak exhibit much longer
dwell-times than the primary group and often showed multiple
ion-current levels during translocation. We hypothesize that, in
this case, proteins are not fully denatured and contain some
unresolved structures during their translocation process, as
shown schematically in Figure 6¢ (right-hand panel). These
results are supported by bulk time-resolved fluorescence

measurements showing that at high SDS concentration the
denatured proteins adopt an unfolded coil state, but below the
SDS concentration used in our study, some local protein
structure emerges (Figures S16 and S17). Further studies will
be required to show that additional information on the
proteins’ structure can be obtained from a detailed analysis of
the ion-current time traces. Full denaturation of the
polypeptide can be mediated by the EP force applied to the
proteins, hence generating long dwell-times with nonlinear
dependency on the proteins’ length (Figure Sa inset). In the
future, more specific single-molecule studies, perhaps using
electrooptical means or the inclusion of FRET probes, may be
proven useful in support of this model.*> However, the fact
that also the dwell-time of these secondary group events
exponentially decays with voltage (Figure 3) may suggest that
these events do not represent proteins that get stuck in the
nanopore and retract to the cis side after some time. The latter
scenario would entail growing dwell-times with increasing
voltage, which is opposite to our observation.

In summary, we present a study of voltage-driven trans-
location dynamics of SDS-denatured proteins through solid-
state nanopores with diameters that are just larger than the
proteins/SDS cross-section. Small nanopores allow us to
extend the dwell-times of proteins in the nanopores by nearly
an order of magnitude, compared to previous studies, hence
significantly extending the detectable range of molecular
weights of unfolded full-length proteins. Calculation of the
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events’ ECD has revealed two distinct groups of events, which
we attribute to the fully denatured proteins and to proteins
with partially folded structures. The ECD can be used as a
proxy for estimation of each protein’s M, in an analogous
manner to the traditional analysis of proteins’ migration length
in bulk SDS-PAGE. Our results constitute an essential step
toward using solid-state nanopores for the identification of
linearized full-length proteins, with single-molecule resolution.
Furthermore, our study highlights the role of EOF in slowing
down SDS-denatured proteins’ translocating through nano-
pores. Future studies, using fluorescently labeled proteins and
computational simulations are required for elucidating its exact
mode of action.

METHODS

Sample Preparation for Nanopore Experiments. For experi-
ments presented in Figures 2, 3, and 5, the denatured protein samples
were prepared as follows: 100 nM of each protein was diluted in 1X
PBS pH 7.4 containing 17.5 mM SDS and S mM tris(2-
carboxyethyl)phosphine. The protein samples were allowed to shake
at 300 rpm for 30 min at 25 °C to dissociate the protein’s disulfide
bonds, followed by a complete denaturation of the proteins at 90 °C
for 5 min. Then, the protein samples were cooled to room
temperature before adding 1 pL of the protein sample to 100 yuL of
the nanopore buffer (400 mM NaCl, 175 M SDS in 1X PBS, pH
7.4). Experiments in Figure 1 were prepared as described, except that
the initial SDS concentration was 17.5, 35, or 70 mM. With the 100-
fold dilution, the final SDS concentrations in the nanopore’s cis
chamber were 175, 350, or 700 uM, accordingly, with a fixed protein
concentration of 1 nM. For the SDS micelle translocation experiment
(Figure la), the sample was prepared in the same manner without
adding a protein. All proteins were purchased from Sigma-Aldrich-
Merck, except the spike glycoprotein, which was purchased from
ProSpec-Tany Techno-Gene Ltd.

Sample Preparation and Procedure for SDS-PAGE. For
performing the SDS-PAGE experiments of proteins used in this study
(Figure 4), the proteins were defrosted on ice, centrifuged at 10000 xg
for 2 min at 4 °C, and kept on ice prior to sample preparation. A 20
pmol amount of alpha-lactalbumin, 6 pmol of carbonic anhydrase, 8
pmol of ovalbumin, 6 pmol of bovine serum albumin, 6 pmol of
phosphorylase B and 4 pmol of spike were taken and mixed with
Laemmli sample buffer containing 50 mM Tris-HCI, pH 6.8, 100 mM
dithiothreitol, 2% (w/v) SDS, and 10% (v/v) glycerol. The samples
were denatured at 95 °C for S min and separated on a 4—20% Tris-
glycine gel (Bio-Rad) at a constant voltage of 150 V for 45 min using
Laemmli running buffer (25 mM Tris base, 250 mM glycine, and 0.1%
(w/v) SDS). The gel was fixed by incubating in 40% ethanol and 10%
acetic acid for 3 h with gentle shaking and then stained using 1X
Flamingo (Bio-Rad) overnight (16 h). The proteins’ bands were
visualized using the 532 nm laser (532 nm excitation and 605 nm
emission filters), and the gel image was acquired using the Pharos
scanner (Bio-Rad).

Nanopore Fabrication and Device Assembly. A four-inch
silicon wafer coated with 500 nm thermal silicon dioxide and 50 nm
low-stress amorphous silicon nitride was used as a substrate for
nanopore chips. The SiN, was locally thinned to 8—10 nm (~2 ym
circular wells) by reactive ion etching (RIE), followed by wet etching
with buffered hydrofluoric acid (HF) etching to remove the SiO,.
Following the procedure described elsewhere, the etched SiN, acted
as a hard mask for subsequent anisotropic Si etching in KOH (33%
m/v).*

Nanopore devices were cleaned in a hot 2:1 solution of H,SO,/
H,0, to make them hydrophilic and subsequently glued using
EcoFlex S (smooth-on) onto a custom-made Teflon insert, immersed
in buffer (1x PBS containing 400 mM NaCl, pH 7.4), and placed in a
Teflon cell. The buffer was filtered using a 20 nm syringe filter before
use. Nanopores were drilled in the thinned SiN, regions either usin; a
dielectric breakdown or by laser drilling, as described previously.*”**

After drilling, the cis chamber buffer was changed to the “translocation
buffer” (1X PBS containing 400 mM NaCl, 175 uM SDS, pH 7.4)
and the open pore current was monitored for 5—10 min. If the pore
remained stable, about 1 uL of the analyte was added to the cis
chamber in each experiment.

Data Acquisition and Analysis. Before adding the sample to the
nanopore’s cis chamber, a stable open-pore current was obtained by
setting the bias voltage to V' = 100—200 mV. The next step proceeded
once a steady ionic flow and minimum noise were obtained in the
nanopore device. An Axon 200B patch-clamp amplifier was used to
monitor the translocation events through the nanopore, filtered with a
100 kHz low pass filter, and acquired using a custom LabVIEW
program. Another LabVIEW program was used for the initial data
analysis. The program identifies each event and provides information
on the current blockage (AI), the dwell-time (tp), and the time of
arrival of the event (f,) according to an electrical threshold. After
obtaining AT and t, for each event, the ECD was calculated for each
event, i.e, (AI X t). The histogram plots of the ECD consist of two
clearly distinguishable peaks, which are fitted with the double
Gaussian function (Figure S10). Both the peaks have different
event densities. The main peak of the ECD is called the primary peak,
and the other one is the secondary peak. The peak values of the fitted
double Gaussian function are plotted in Figure S with the standard
deviations. Further, the event under the main peak and the secondary
peak were analyzed separately, and corresponding AI and t, were
fitted using a single Gaussian and an exponential function,
respectively, as shown in Figures S11 and S12. The fitting values
are plotted in Figure S.
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