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ABSTRACT: Nanopores are versatile single-molecule sensors offering a simple
label-free readout with great sensitivity. We recently introduced the nanopore
electro-osmotic trap (NEOtrap) which can trap and sense single unmodified
proteins for long times. The trapping is achieved by the electro-osmotic flow
(EOF) generated from a DNA-origami sphere docked onto the pore, but thermal
fluctuations of the origami limited the trapping of small proteins. Here, we use site-
specific cholesterol functionalization of the origami sphere to firmly link it to the
lipid-coated nanopore. We can lock the origami in either a vertical or horizontal
orientation which strongly modulates the EOF. The optimized EOF greatly
enhances the trapping capacity, yielding reduced noise, reduced measurement
heterogeneity, an increased capture rate, and 100-fold extended observation times.
We demonstrate the trapping of a variety of single proteins, including small ones down to 14 kDa. The cholesterol functionalization
significantly expands the application range of the NEOtrap technology.
KEYWORDS: nanopore electro-osmotic trap (NEOtrap), single-molecule detection, electro-osmotic flow, DNA origami,
label-free protein trapping

Few techniques have the ability to sense single
biomolecules in a label-free manner, and even fewer can

do so in solution and at room temperature. The recently
developed nanopore electro-osmotic trap (NEOtrap) is such a
label-free single-molecule technique that can trap and study
proteins one by one.1,2 As shown in Figure 1a, the NEOtrap
consists of a DNA-origami sphere that is docked onto a
passivated solid-state nanopore when a positive bias voltage is
applied (to the trans side). Once docked, the highly negatively
charged DNA-origami sphere generates an electro-osmotic
flow (EOF) by which a target protein can be trapped (Figure
1b). Various protein-specific features, such as protein size and
distinct conformations, can be monitored by recording the
through-pore ionic current. This electrical readout provides the
NEOtrap with a broad temporal bandwidth compared to other
single-molecule techniques:3 big proteins, such as ClpP (340
kDa), in suitable conditions (proper pore size and bias voltage)
can be trapped and observed for up to hours with a time
resolution of microseconds.1 However, it appeared challenging
to trap small proteins for a long time in the NEOtrap. As
shown in Figure 1c, avidin (54 kDa; ∼6 nm in diameter4)
exhibits a typical trapping time of only milliseconds. We
hypothesized that the short trapping time is likely limited by
thermal positional fluctuations of the DNA-origami sphere,
allowing the through-pore escape of the protein. This led us to
a new NEOtrap design which we report in the current Letter.
Here, we present the “NEOtrap 2.0” with significantly

enhanced trapping and sensing performance down to small
proteins, which is achieved by two advances: First, we block

the through-pore escape pathway by firmly attaching the DNA-
origami sphere to the nanopore. Second, guided by numerical
simulations, we conceived a new way to tune the magnitude of
the EOF in situ, namely by controlling the orientation of the
docked origami sphere. We realized this orientation locking
experimentally and showed a strong orientation dependence of
the EOF in protein trapping experiments. Finally, we
demonstrate the enhanced sensing performance of the
“vertically” orientation-locked NEOtrap, based on a variety
of proteins in a size range down to 13.7 kDa. Remarkably, we
find a 100-fold increase of the trapping times, more
homogeneous trapping, and significantly reduced noise
compared to the previous design.
To improve the trapping capacity of the NEOtrap, we

locked the DNA-origami sphere onto the lipid-bilayer-coated
nanopore by attaching cholesterol molecules to its surface. We
coupled 12 cholesterols to the origami, one at each of the 12
corners of the icosahedral origami structure (see Supporting
Note 1 and Figure S1 in the Supporting Information (SI)).
Cholesterol molecules are known to insert into lipid bilayers
owing to their strong hydrophobic interaction with amphiphilic
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molecules. Here, they thus act as anchors that firmly attach the
sphere onto the nanopore (see Figure 2a). This can be
observed in our experiments by comparing the current
recordings for cholesterol-functionalized origami versus traces
for bare spheres: without functionalization (Figure 2b),
application of a negative bias ejected the negatively charged
origami, and the open-pore current was recovered when
flipping back to positive voltage, shortly thereafter followed by
a new origami docking event. By contrast, the cholesterol-
functionalized DNA-origami sphere (Figure. 2c) was quasi-
permanently attached to the nanopore upon its first docking,

and it stayed firmly docked during repeated voltage inversions,
leading to the observed constant current levels in Figure 2c.
We then tested at which voltage the DNA-origami sphere

detached from the pore, using voltage ramps from positive to
negative bias (see SI Note 2 and Figures S2−S4). As shown in
Figure 2d, without cholesterol functionalization, the DNA-
origami sphere detached already at small positive voltages (of
about +50 mV), where thermal fluctuations were sufficient to
overcome the electrophoretic docking potential. By contrast,
the cholesterol-functionalized sphere stayed attached even up
to considerable negative voltages, before detachment at a
voltage between −200 and −800 mV. At these high applied
voltages, the lipid bilayer coating got destabilized, causing
increased noise. In some cases, the lipid bilayer was even
totally peeled off (see SI Figure S5), which suggests that the
cholesterols on the origami sphere pulled out lipids from the
bilayer during rupture.
Gratifyingly, the cholesterol-functionalized spheres showed

significantly reduced current noise. Comparing the standard
deviation σ of the current fluctuations, the cholesterol-
functionalized sphere showed typical values of σ = 8 pA,
which is close to the open-pore baseline of the same lipid-
coated pore (σ = 7pA) and ∼40% less than that for
nonfunctionalized spheres (σ = 13 pA, all measured at 100
mV and 10 kHz bandwidth). These values convert to an
increase in signal-to-noise ratio (⟨ΔI⟩/σ with ΔI = Iopen −
Idock) of 32.5 for the cholesterol-functionalized sphere
compared to 21.5 for the bare origami sphere. As shown in
the power spectrum in Figure 2e, the noise reduction
originates predominantly from a low-frequency 1/f-type noise
(<1 kHz) which is reduced by ca. an order of magnitude upon
cholesterol functionalization. This can be attributed to reduced
thermal fluctuations, as 1/f low-frequency noise has been
ascribed to mechanical instabilities.5 Altogether, the cholesterol
functionalization strongly reduces the excess noise�almost to
the open-pore level.
We found that the orientation of the DNA-origami sphere

on top of the nanopore is of great interest. Notably, the
“sphere” is only pseudoisotropic, as it is built of many parallel
DNA helices (cf. Figure 2a). Accordingly, it can dock onto the
pore in various orientations. To estimate the effect of such
different origami orientations on the EOF, we first performed
finite-element simulations using the COMSOL Multiphysics
software. We simulated our experimental conditions using an
axis-symmetrical two-dimensional approximation, with an
origami sphere mimicked using “DNA rods”, void nano-
channels, and corresponding parameters. As illustrated in
Figure 3a, we considered the two extreme cases of a vertically
or horizontally oriented sphere, where the DNA helices are
parallel or perpendicular to the pore axis, respectively. The
electric field, ion transport, and water movement were fully
coupled, as described by the Poisson, Nernst−Planck, and
Navier−Stokes equations, respectively6 (see note 1 in the SI
for details). These simulations yielded the EOF fields and the
water and ion flows, and Figure 3a shows the substantially
different EOF distribution for both sphere orientations (also
see Figure S6 in the SI). Clearly, vertical sphere docking causes
a much stronger EOF through the nanopore, compared to the
horizontal configuration, leading to a water velocity for the
vertical docking that is significantly higher than that for the
horizontal docking. This can be intuitively understood as a
result of a less obstructed EOF in the vertical case. An
approximately 2.5 times higher flow rate was found for the

Figure 1. Protein trapping with the NEOtrap. (a) Schematic of the
NEOtrap. A solid-state nanopore is coated with a lipid bilayer for
passivation to prevent the nonspecific adsorption of biomolecules.
Under a positive bias voltage at the trans side, a DNA-origami sphere
at the cis side is attracted and docked onto the pore. This generates an
EOF through the porous structure of the origami sphere. This EOF
attracts a target protein from the trans side and traps it in the pore.
(b) Typical trapping current trace of a ClpP protein in a 10 nm
nanopore (after lipid bilayer coating). Upon applying a 120 mV
voltage, the open-pore current is measured, followed by a current
drop caused by the docking of the DNA-origami sphere and a second
current drop indicating the trapping of the ClpP protein. (c) Same as
(b) but for avidin in an ∼10.5 nm nanopore. Inset shows a zoom of a
typical trapping event. The current traces in (b) and (c) are
normalized to the docking level. Protein Data Bank (PDB) codes:
ClpP,1YG6; avidin,3MM0.
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vertical configuration (see Figure 3b). We note that in reality
neither the vertical nor the horizontal configurations of the

origami sphere possess axial symmetry as used in the 2D
simulations (to reduce computation time). Yet, these

Figure 2. Docking of cholesterol-functionalized DNA-origami spheres. (a) Schematic showing the anchoring of the DNA-origami sphere on the
lipid bilayer by cholesterol molecules on the origami sphere. The precise functionalization positions are provided in Figure S1 in the SI. (b, c)
Current traces showing the docking of the bare spheres (b) and the cholesterol-functionalized sphere (c), as demonstrated by changing the voltage
polarity multiple times. The current is normalized to the open-pore level. The histograms of the current traces are shown on the right. The
alternation of the corresponding voltage between −100 mV and 100 mV is shown at the top of the current traces. (d) Box chart comparing the
distribution of voltages for releasing a docked bare origami sphere and cholesterol-functionalized origami sphere. In one box, the dot shows the
average value; the line in the box indicates that the median, upper, and lower boundaries represent the 25% and 75% data; and the error bar marks
the 5−95% range. (e) Power spectrum density of the baseline noise under different conditions. In order to exclude pore-to-pore variations, the data
in (b), (c), and (e) were measured with the same pore.

Figure 3. Simulation results of the NEOtrap. (a) Distribution of EOF generated by the vertically and horizontally docked origami spheres. Color
represents the vertical component of the flow velocity with the positive direction pointing upward, and the arrows indicate the flow direction. (b)
Velocity of the water flow along the central axis as marked in the inset. The distance is defined from the bottom of the origami sphere pointing
downward. The highlighted yellow band marks the nanopore region.
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simulations do capture the major geometric features between
the vertical and horizontal configurations, i.e., the orientation
of the nanochannels in the sphere aligning with or being
perpendicular to the flow. While the absolute values of the
calculated EOF may not be quantitatively accurate, the
qualitative feature of a much stronger EOF for the vertical
sphere docking is trustworthy. Such an increased EOF for the
vertical docking should lead to experimentally measurable
effects in protein trapping experiments, e.g., an increased
capture rate. Therefore, to test these results experimentally, we
went on to realize specific vertical and horizontal docking
orientations.

We realized orientation-locked docking of the DNA-origami
sphere on the lipid-coated nanopore (Figure 4a) by attaching
six cholesterol molecules at specific locations of the sphere,
instead of the uniform distribution discussed above. In the
“vertical design”, cholesterol molecules were attached only at
one end of the DNA double helices, whereas the “horizontal
design” featured cholesterols at one side plane of the DNA
origami spheres (see Figure S1 in SI for details). The two
orientations of docking showed distinct current blockades: the
vertical orientation generated a deeper relative blockage (17%
of the open-pore current) compared to the horizontal
counterpart (14.5% of the open-pore current; both measured

Figure 4. Influence of orientation of the DNA-origami spheres on protein trapping. (a) Schematic showing the position of the functionalized
cholesterol on the DNA-origami sphere for vertical (left) and horizontal (right) configurations. Red dots indicate the positions of the added
cholesterol molecules. The precise functionalization positons are provided in Figure S1 in the SI. (b) Current traces of docking of DNA-origami
spheres with a vertical (left) or horizontal (right) configuration (normalized to the open-pore level). The traces show that the spheres need several
attempts (light orange/blue colors) before landing on the nanopore with the final designed orientation that is locked by the cholesterol anchors
(dark red/blue colors). Histograms of the corresponding current traces are shown on the right-hand side. Currents are normalized by the open-
pore current (I0). For the vertical configuration, the optimal docking locked by the cholesterol anchors generated a deeper final blockage level (Id),
compared to the level of attempted dockings (Ia), while Id is higher than Ia for the horizontal configuration. (c) Current traces for trapping of avidin
by vertically (left) and horizontally (right) docked origami spheres at 100 mV bias (normalized to the docking level). Histograms of the
corresponding current traces are shown on the right-hand side. (d) Scatter plots compare the trapping time and relative blockage amplitude of the
trapping events for avidin. Comparison of escape rate (e) and capture rate (f) of avidin by vertical and horizontal origami sphere configurations at
100 mV bias. The error bars show the standard deviation of extracted parameters from fitting by using bootstrap sampling.
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on the same pore) (see Figure 4b and SI Figure S7). We
attribute this to the nonperfect sphere geometry where the tips
of the central helices can fit deeper into the pore for the
vertically oriented sphere and thus block more through-pore
current than for the horizontally oriented sphere. In the
docking experiments, we typically observed that voltage
inversions first led to sphere release and baseline recovery a
few times, until a final permanent (i.e., voltage-inversion-
resistant) origami-sphere arrangement was realized with the
designed orientation on the nanopore (see for example Figure
4b). The vertical design was observed to need fewer attempts
than the horizontal design to achieve the permanent docking
arrangement.
Next, we tested the protein trapping properties of the

vertically and horizontally orientation-locked spheres. Indeed,
the two docking orientations led to significantly different
trapping observations, as shown in the current traces for avidin
trapping in Figure 4c. In line with our simulation results, the
vertical docking showed a higher capture rate (7.7 molecules/
s) and a reduced escape rate (11 molecules/s), leading to more
frequent and longer trapping events, as compared to those of
the horizontal docking. From the scatter plot (Figure 4d), it is
clear that the vertical configuration can trap avidin with a well-
defined deeper blockade and for a much longer time up to
∼100 ms, as compared to the ∼0.1 ms in the horizontal case.
Notably, the same trends are found for other proteins, such as
ovalbumin (see SI, Figure S8). As quantified in Figure 4e and
4f, we consistently found that the vertical configuration showed
a significantly faster capture rate (by a factor of 2) and a slower
escape rate (factor of 270), leading to favorable longer trapping
and sensing times. The fact that the vertical configuration gave
similar trapping times as those found for spheres without
specific orientation locking (i.e., with the uniformly cholester-
ol-functionalized DNA-origami spheres: 50 ms for avidin at
100 mV) indicates that the vertical orientation is the naturally
preferred docking orientation. We suggest that this tendency to
orient the origami sphere vertically onto the nanopore is
caused by a geometric alignment of the origami’s DNA helices
with the electric field (consistent with an anisotropic ion
mobility found in DNA-origami structures7), while the sphere
approaches the nanopore electrophoretically.
The experimental protein trapping results strongly support

the notion of an orientation dependence of the EOF, as
proposed by the numerical simulations. The increased capture
rate and reduced escape rate indicate a larger hydrodynamic
trapping potential due to more EOF if the DNA-origami is
vertically oriented rather than horizontally. This can be
understood by considering the microscopic structure of the
DNA-origami sphere where DNA helices are arranged in a
honeycomb lattice that defines intermediate nanochannels of
1−2 nm in diameter. In the vertical configuration, these
nanochannels are aligned with the main direction of the EOF,
which is caused by the positive bias voltage acting on the
counter cations that screen the DNA’s negative charge. The
electrical field drives these accumulated cations upward along
the nanochannels, which drags water molecules along to form
the EOF. However, in the horizontal configuration, the
nanochannels are aligned perpendicularly and thus impede
the vertical ion and water flow, adding additional friction. In
addition, in the vertical configuration, the DNA-origami
structure reached deeper into the pore (as shown by the
deeper current blockade in Figure 4b), and thus the electro-
osmotically active DNA material was exposed to stronger

electric fields, causing more hydrodynamic flow. The viscous
shear force acting on a trapped protein in this vertical case can
be estimated to be on the order of magnitude of a few pN (SI
Note 3). Altogether, the vertical orientation locking presents
enhanced EOF and improved trapping properties for the
NEOtrap.
Lastly, we directly compared the new vertically orientation-

locked design introduced here with the original NEOtrap
design. Exploring a set of six proteins of varied sizes, we found
that the vertically docked spheres very significantly improved
the trapping performance of the NEOtrap by prolonging the
trapping time, as shown in Figure 5a. For example, trapping
events of avidin, ovalbumin, and carbonic anhydrase showed a
10−100 ms trapping time by using the vertically orientation-
locked origami spheres, while it was shorter than 1 ms using
the previous nonfunctionalized origami design. Consequently,
the vertically locked spheres provide more observation time for
dynamic processes that occur in many protein systems.8

Furthermore, owing to the reduced thermal noise by the
cholesterol-induced linkage to the pore, the events show an
improved signal-to-noise ratio, and we also found a better
reproducibility from experiment to experiment due to the
better-defined orientation-locked configuration.
To quantify the achieved longer trapping times, we compiled

the trapping time histograms and fitted them with an
exponential to extract the characteristic trapping time, i.e.,
the inverse escape rate. For avidin, the cholesterol function-
alization resulted in a 98 ± 8-fold increase of the trapping time
for various bias voltages (see SI Figure S9). We examined the
trapping of six different proteins with a mass ranging from 13.7
to 340 kDa: ribonuclease A (13.7 kDa), carbonic anhydrase
(29 kDa), ovalbumin (43 kDa), avidin (54.3 kDa), dCas9 (160
kDa), and ClpP (340 kDa). An exponential dependence of the
trapping time on molecular weight was obtained, in agreement
with previous results.1 We consistently observed that the
cholesterol origami spheres offered 100-fold longer observation
times of unmodified proteins, as summarized in Figure 5b. We
attribute this to the cholesterol-induced pore linkage which
blocks the through-pore escape of proteins. The observed
systematic increase of the trapping time for all proteins by
about 2 orders of magnitude converts to an increase of the
trapping potential/energy barrier of ∼5kBT (see SI Note 4).
The smallest protein that we examined for trapping with the
vertically locked sphere was 13.7 kDa (Ribonuclease A), while
notably such small proteins could not be trapped without
cholesterol functionalization (see SI, Figure S10).
In this Letter, we presented a NEOtrap 2.0 system with a

strongly enhanced trapping capacity, including reduced noise,
reduced measurement heterogeneity, increased capture rate,
100-fold extended observation time, and last but not least an
increased detectable range of protein masses down to 14 kDa.
This was achieved by site-specific cholesterol functionalization,
which locks the DNA-origami sphere in a defined vertical
orientation onto the nanopore. Damping the thermal
fluctuations of the sphere thus reduced low-frequency noise,
and the tight linkage to the nanopore minimized through-pore
escape routes. As shown by simulations and experimental data,
the vertically locked sphere showed an enhanced EOF.
Stabilization of docking and control of EOF were realized by
the cholesterol anchors, which extend the applicable range of
the NEOtrap to smaller proteins. The added control obtained
with this new NEOtrap significantly improved the reproduci-
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bility and uniformity of the results, paving the way for more
complex biological studies in the future.
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Figure 5. Trapping of proteins by using a vertical functionalized
DNA-origami sphere. (a) Typical examples of trapping events of the
five different proteins by using a bare origami sphere and vertical
functionalized origami sphere. Note the vastly expanded time scale on
the right panels, which indicates the strongly enhanced stability of the
trapping. The associated current traces are found in the SI (Figure
S11). (b) Trapping time for different proteins versus their molecular
mass, comparing bare and cholesterol-functionalized origami spheres
at 100 mV bias. The error bars show the standard deviation of
extracted parameters from fitting by using bootstrap sampling.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c03569
Nano Lett. 2023, 23, 788−794

793

https://doi.org/10.5281/zenodo.7047595
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03569?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03569/suppl_file/nl2c03569_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cees+Dekker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6273-071X
mailto:c.dekker@tudelft.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sonja+Schmid"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3710-5602
mailto:schmid@nanodynlab.org
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chenyu+Wen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4395-7905
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eva+Bertosin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin+Shi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7382-5519
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03569?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03569?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03569?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03569?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03569/suppl_file/nl2c03569_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03569/suppl_file/nl2c03569_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03569?fig=fig5&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c03569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ REFERENCES
(1) Schmid, S.; Stömmer, P.; Dietz, H.; Dekker, C. Nanopore
Electro-Osmotic Trap for the Label-Free Study of Single Proteins and
Their Conformations. Nat. Nanotechnol. 2021, 16 (11), 1244−1250.
(2) Schmid, S.; Dekker, C. The NEOtrap - En Route with a New
Single-Molecule Technique. iScience 2021, 24 (10), 103007.
(3) Schmid, S.; Dekker, C. Nanopores: A Versatile Tool to Study
Protein Dynamics. Essays Biochem. 2021, 65 (1), 93−107.
(4) Yusko, E. C.; Bruhn, B. R.; Eggenberger, O. M.; Houghtaling, J.;
Rollings, R. C.; Walsh, N. C.; Nandivada, S.; Pindrus, M.; Hall, A. R.;
Sept, D.; Li, J.; Kalonia, D. S.; Mayer, M. Real-Time Shape
Approximation and Fingerprinting of Single Proteins Using a
Nanopore. Nat. Nanotechnol. 2017, 12 (4), 360−367.
(5) Wen, C.; Zeng, S.; Arstila, K.; Sajavaara, T.; Zhu, Y.; Zhang, Z.;
Zhang, S.-L. Generalized Noise Study of Solid-State Nanopores at
Low Frequencies. ACS Sens. 2017, 2 (2), 300−307.
(6) Wen, C.; Zhang, S.-L. On Current Blockade upon Analyte
Translocation in Nanopores. J. Appl. Phys. 2021, 129 (6), 064702.
(7) Li, C.-Y.; Hemmig, E. A.; Kong, J.; Yoo, J.; Hernández-Ainsa, S.;
Keyser, U. F.; Aksimentiev, A. Ionic Conductivity, Structural
Deformation, and Programmable Anisotropy of DNA Origami in
Electric Field. ACS Nano 2015, 9 (2), 1420−1433.
(8) Vermeer, B.; Schmid, S. Can DyeCycling Break the Photo-
bleaching Limit in Single-Molecule FRET? Nano Res. 2022, 15, 9818.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c03569
Nano Lett. 2023, 23, 788−794

794

 Recommended by ACS

High-Voltage Biomolecular Sensing Using a Bacteriophage
Portal Protein Covalently Immobilized within a Solid-State
Nanopore
Mehrnaz Mojtabavi, Meni Wanunu, et al.
DECEMBER 01, 2022
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Nanopore Probes Using Hydrogel-Filled Nanopipettes as
Sensors for Chemical Imaging
Ryo Yoshihara, Kan Shoji, et al.
SEPTEMBER 28, 2022
ACS APPLIED NANO MATERIALS READ 

Functional Nanopore Screen: A Versatile High-Throughput
Assay to Study and Engineer Protein Nanopores in
Escherichia coli
Wadim Weber, Viktor Stein, et al.
MAY 23, 2022
ACS SYNTHETIC BIOLOGY READ 

Unbiased Data Analysis for the Parameterization of Fast
Translocation Events through Nanopores
Florian L. R. Lucas, Carsten Wloka, et al.
JULY 19, 2022
ACS OMEGA READ 

Get More Suggestions >

https://doi.org/10.1038/s41565-021-00958-5
https://doi.org/10.1038/s41565-021-00958-5
https://doi.org/10.1038/s41565-021-00958-5
https://doi.org/10.1016/j.isci.2021.103007
https://doi.org/10.1016/j.isci.2021.103007
https://doi.org/10.1042/EBC20200020
https://doi.org/10.1042/EBC20200020
https://doi.org/10.1038/nnano.2016.267
https://doi.org/10.1038/nnano.2016.267
https://doi.org/10.1038/nnano.2016.267
https://doi.org/10.1021/acssensors.6b00826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.6b00826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0035113
https://doi.org/10.1063/5.0035113
https://doi.org/10.1021/nn505825z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn505825z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn505825z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12274-022-4420-5
https://doi.org/10.1007/s12274-022-4420-5
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c03569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/jacs.2c08514?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsanm.2c03947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acssynbio.1c00635?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
http://pubs.acs.org/doi/10.1021/acsomega.2c00871?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676827807&referrer_DOI=10.1021%2Facs.nanolett.2c03569
https://preferences.acs.org/ai_alert?follow=1

