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ABSTRACT: Electrical sensing with nanopores has become a
widely used bioanalytical tool. However, it remains unclear if and
how the extremely strong electric field generated inside the pores
influences biomolecular interactions. Here we show that the field
disrupts the strongest known protein−ligand interaction in biology,
namely biotin−avidin bonds. Remarkably, the lifetime of the
interaction is decreased by at least 4 orders of magnitude. At
hundreds of mV, avidin (from egg-white) starts dissociating from
biotin-functionalized nanopores over a time scale of minutes even at
the maximum bond valency of four. Streptavidin-coated nano-
particles, which form many more bonds, remain bound but exhibit
surface mobility due to the field. These results show that nanopore
sensors can give very inaccurate results when used for affinity-based
detection or biomolecular interaction analysis and that the pore environment should be regarded as potentially invasive for the
molecules inside.
KEYWORDS: nanopores, sensors, proteins, avidin, biotin

Nanopore sensors have been researched for decades and
many bioanalytical applications have emerged.1 The

technology enables label-free single-molecule detection and/or
characterization by relatively simple instrumentation.2 Detec-
tion of biomolecular translocation or binding inside nanopores
relies on changes in the ionic current from a DC voltage bias
across the pore.3 The concept has also recently been extended
to trapping of biomolecules, using docked DNA constructs and
electroosmotic flow.4 Notably, since the nanopores are made in
thin membranes (typically 20 nm or less), an extremely strong
field (∼107 V/m) is generated inside, even at low voltages
(hundreds of mV). Such fields are around 3 orders of
magnitude higher than in conventional gel electrophoresis or
capillary electrophoresis5 and for the latter, it has still been
suggested that protein denaturation can occur.6 For nanopores,
there is evidence suggesting that proteins alter their structure
during translocation.7,8 One can thus suspect that binding
events occurring inside the pores, in particular with receptors
immobilized on the walls,3 also will be influenced by the
electrokinetic forces acting on molecules in solution phase.
Importantly, this can lead to highly inaccurate results in affinity
analysis or target concentration determination.
To date very few studies have considered the influence of

the electric field on biomolecular interactions. Wei et al.
investigated in depth how the voltage affected the residence
time of histidine tags binding to nickel nitrilotriacetic acid
groups on nanopore walls.9 However, that interaction is
arguably not biological in nature and the pores used were quite

special, having a conical shape and a metal coating. Freedman
et al. developed a HIV antigen assay and noticed “double
events” in the chronoamperometry trace which were attributed
to field-induced antibody−antigen dissociation during trans-
location.10 However, there was no surface modification to
restrict adsorption to the pore walls and only two voltages were
tested, resulting in a relatively small effect. Finally, Kowalczyk
et al. studied protein−protein interactions using chemically
functionalized silicon nitride (SiNx) nanopores, but when the
voltage was changed no significant effect was observed on
signal characteristics such as dwell time11 (somewhat contra-
dicting the previously mentioned studies). For the rest, the vast
majority of papers on nanopores for affinity-based detection
appear to ignore possible effects from the strong electric
field.12−20 Clearly, for future applications of solid state
nanopores, which are indeed currently focused on affinity
detection3 and confinement,4 the role of the electric field needs
to be elucidated.
Here we introduce nanopores functionalized with biotin and

use them to capture avidin, utilizing the strongest noncovalent
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interaction known in biology. Nevertheless, applying voltages
on the order of hundreds of mV is shown to cause release of
the proteins due to electrokinetic forces. Furthermore, we
investigate attachment of streptavidin-coated nanoparticles,
which are more strongly bound due to the higher number of
interactions. This work is important for the future of nanopore
sensors since it shows that the signal transduction mechanism
by itself influences biomolecules.
The biotin−avidin interaction is generally considered to be

the strongest noncovalent interaction in biology, with a
dissociation constant of ∼ 10−15 M. This is largely due to
the exceptionally long lifetime of the bond21 (koff < 10−7 s−1),
while there are many examples of similar association rate
constants.22 As a result, biotin−avidin bonds do not dissociate
over ordinary experimental time scales and have found use in
many applications.23 We chose this as a model system to
investigate if the electric field inside nanopores can influence
protein−ligand binding because: (i) the interaction is well-
studied by many methods, (ii) we have established protocols
for biotinylation of silica24 and (iii) if an effect is observed for
this strong interaction, it is clear that the nanopore field will
influence practically all other biomolecular interactions as well.
A requirement for precise measurements of nanopore

conductance changes due to biomolecule binding/unbinding
over long times (minutes or more) is that the pore diameter
remains stable. Unfortunately this is normally not the case for
pores in SiNx, which tend to grow in size even if no voltage is
applied.25,26 We tested different fabrication methods and found
that very stable pores could be made by electron beam
lithography using a negative resist followed by reactive ion
etching using inorganic films as masks (Figure 1A). To make
smaller pores, we modified our previous protocol27 slightly. In
particular, oxygen plasma was used to shrink the pillars after
development. As a stability test on the final pores, we applied
increasing DC potentials in 1 M KCl, which led to insignificant
or very small (1−2%) increments in pore diameter over ∼ 1 h
(Figure 1B). We also tested simpler fabrication approaches

with a positive resist28 or controlled dielectric breakdown,29

but both resulted in pores and membranes that were generally
much less stable. Note, however, that the stable pores could
not be made smaller than 30−40 nm, at least not while
maintaining a reproducible circular shape (Figure 1C). This
prevented detection of single avidin molecules4 by resistive
pulses, but the high stability enabled quantitative analysis of
surface binding (Figures S1−S2).
We modified the SiNx nanopores with poly(ethylene glycol)

(PEG) brushes as described previously, creating a strongly
antifouling layer.24 The normalized conductance drop after the
PEG conjugation is shown in Figure 2A for different pore
diameters. Since the brushes are thinner (10 nm) than the pore
radius, the effect on pore conductance is higher for smaller
pores. Here it should be noted that the hydrophilic polymer
brushes allow small species like ions to pass.30 We simulated
the expected conductance change assuming a 1.6 nm solid
grafting layer24 beneath a uniform PEG brush and found good
agreement (Figure 2A) when the conductivity of the polymer
zone was set to 50% of the bulk medium. Based on the volume
fraction of polymer inside the brush,24 this value is in fair
agreement with bulk conductivity changes measured for
electrolytes containing PEG.31 As further control, the
simulated bare pore conductance was in agreement with the
established analytical model to calculate pore diameter29

(Figure S3).
To study field-induced dissociation of biotin−avidin bonds,

we included 17% molar fraction of PEG chains with
biotinylated end groups. For ∼ 2 kg/mol PEG, this
corresponds to 0.087 biotins per nm2.24 The pores were
exposed to avidin (100 μg/mL) for 30 min and excess proteins
in solution were then washed away. This led to a saturated
binding of 250 ng/cm2 on planar surfaces (Figure S4). Figure
2B shows typical signals from avidin binding and from
subsequently applying 1 V for 30 min. The latter lead to a
clear increase in conductance. Upon addition of avidin a
second time, a conductance decrease was once more observed.

Figure 1. Fabrication of ultrastable nanopores in 20 nm SiNx. (A) Electron beam lithography process with negative resist. (B) Stability tests with
increasing DC voltage. The pore diameter was monitored by quickly measuring the conductance before each new voltage was applied. (C) Electron
microscopy image (transmission mode) of a pore with the gold film still remaining.
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As further controls, we also verified that there was no
spontaneous dissociation (after >5 h) if no voltage was applied
(Figure 2C) and that there was no signal from avidin in the
absence of biotin as expected24 (Figure 2D). These results
prove qualitatively that applying a voltage induces avidin
dissociation. Furthermore, a gradual conductance increase with
increasing voltage was observed after avidin binding, noticeable
already at 200 mV (Figure 2E). The reason why the
conductance is not directly recovered after one voltage step
is partly because the release is a stochastic process, but also
because the dissociation will be easier at high-field regions in
the nanostructure. Some proteins will on average require a
higher voltage for the release to occur and those bound away
from the pore will not be released at all, nor will they
contribute to the signal (Figure S5).
To understand the mechanism of protein dissociation, both

electroosmotic and electrophoretic forces need to be
considered. SiNx is normally negatively charged and avidin is
positive, which means that close to physiological pH, the forces
are expected to be aligned.32 However, here the surface is
chemically modified such that it is expected to be more
neutral,24 which means that electroosmotic forces should be

small. To confirm this, we measured zeta potentials (ζ) during
the chemical modification process by streaming currents on
sandwiched SiNx films identical to the membranes used for
making pores (Figure 3A). At 1 mM salt, the bare SiNx is
negative at all pH tested and becomes more positive after
silanization, then closer to neutral after the remaining steps.
The surface becomes more positively charged after avidin
binding due to its high isoelectric point32 (pI ≈ 10). Still,
negative charges dominate at high pH, which is in agreement
with previous studies and attributed to chemical interactions
with hydroxyl ions.33 At pH 8, as the ionic strength is
increased, the zeta potential becomes very low in magnitude
for surfaces with PEG and avidin. The electric field magnitude
E is simulated for different pore diameters in Figure 3B,
including the 10 nm PEG coating with a 50% reduced
conductivity. Taking the field to be E = 107 V/m inside the
pore and assuming |ζ| ≈ 2 mV indicated by data in Figure 3A,
the electroosmotic flow velocity can be estimated32 as v = ζεE/
η ≈ 1 cm/s (η = 10−3 Pas, ε = 80ε0). Detailed simulations with
literature values of SiNx surface charge density34 gave similar
values (Figure S6). The drag force acting on the protein is F =
vkBT/D with diffusivity D = 6 × 10−7 cm2/s according to

Figure 2. Breaking the biotin−avidin interaction by the electric field inside a nanopore. (A) Relative conductance change of individual pores after
silanization and conjugation of PEG chains. Results from simulations are also plotted, using a conductivity for the brush which is 50% of the bulk
medium (1 M KCl). (B) Conductance changes after avidin binding and the application of 1 V DC bias for 30 min. Data are shown for three
different bare pore diameters. Error bars represent variation from repeated voltage sweeps to determine conductance. (C) Equivalent data but
without applying a voltage. No significant conductance increase is observed. (D) Equivalent data but on pores without any biotinylated PEG chains.
No significant conductance decrease is observed. (E) Conductance changes during gradual increase in voltage before and after avidin binding. The
conductance is quickly measured before every new voltage is applied.
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Spinke et al.35 Inserting all values gives F < 1 pN due to
electroosmosis, a relatively weak force.
In comparison, the electrophoretic force is directly obtained

as the product of the field and the charge Q = ne, where e is the
elementary charge and n is the net charge valency. Avidin does
not have a surplus of basic residues but it is still net-positively
charged due to glycosylation with glucosamine groups.36

Although we cannot know the ionization state of the protein
during the experiments, even a single positive charge will
generate an electrophoretic force >1 pN at 107 V/m. Hence,
we conclude that the electrophoretic force is dominating. Still,
it should be noted that both forces are aligned. Higher “rupture
forces” in the range 10−100 pN have been observed for
biotin−avidin with atomic force microscopy37,38 or optical
tweezers.39 However, our forces cannot be compared to those
in such experiments since the load is then increased rapidly
until rupture is enforced, typically in <1 s. This is different
from our nanopores, where the proteins are exposed to a
steady force defined by the voltage. To rule out other effects,
we also simulated the temperature increase in the pore, which
was less than 1 K at 1 V even without taking convective cooling
into account (Figure S7). This is in agreement with

experimental work showing that considerably larger pores
and higher voltages are needed for significant heating.40

Next, we consider the change in the dissociation constant koff
caused by the nanopore field quantitatively. A single biotin−
avidin bond takes on the order of 1/koff ≈ 107 s to
spontaneously dissociate, while in our case most proteins
dissociate in ∼ 1000 s. However, each avidin is a tetramer with
four binding sites. The molar surface coverage was determined
to be almost exactly 25% (0.0224 nm−2) of that for biotin
(Figure S4), which means there are four bonds per protein
(since otherwise more avidin would bind). This is due to the
flexibility of the PEG chains, which will occupy free binding
sites faster than new proteins arrive during binding.41 Hence,
the reduction of the lifetime of the interaction will be larger in
case of a single biotin−avidin bond. In addition, increasing the
higher ionic strength (we use 1 M KCl as standard in nanopore
sensing) is known to lead to an increased affinity.42

The bond rupture events can also be analyzed from a free
energy perspective. Since our experiments are done without
any avidin in solution, the equilibrium state is for all proteins
to dissociate, but this is prevented by a considerable barrier
ΔG* which can be related to koff by Arrhenius expressions.
When the protein is exposed to a steady force F, ΔG* will be

Figure 3. Elucidating the electrokinetic effects. (A) Zeta potentials vs pH at low salt measured for all steps in the chemical modification of silicon
nitride. The protocol was presented by us previously24 (but in that study no zeta potentials were measured). APS stands for aminopropylsilatrane,
and SMCC stands for sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate. The right plot shows zeta potentials after PEG-biotin
and avidin binding at pH 8 for increasing salt content. (B) Simulated field distribution in a 30 nm and a 60 nm nanopore with PEG-biotin. The
field along the central axis is also plotted for four different pore diameters, showing a higher field for smaller pores.
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reduced by Fz, where z is the characteristic distance that the
ligand needs to move until the transition state is reached.43

Given that the electrophoretic force is dominating, we can
estimate the effect on the dissociation rate constant as

k U k U Unez
hk T

( ) ( 0) expoff off
B

= = ×
i
k
jjjjj

y
{
zzzzz (1)

Here the field is approximated as E = U/h where h is the pore
length (membrane thickness) and the exponential is essentially
representing ΔΔG* = Fz normalized by kBT. The model can
be used to estimate the effect of the nanopore field if the
ionization state of the molecule in solution phase is known, as
discussed by Wei et al.9 The distance z should be
approximately the depth of the binding socket. For the case
of avidin, the binding pocket matches biotin in size44 and the
length of biotin is ∼ 0.9 nm. Notably, if the relative change in
koff is known experimentally, it is possible to calculate n (an
integer) with quite high precision due to the exponential
dependence. We obtain n = 6 for avidin for a change in koff by a
factor of ∼ 104, but since each protein actually has four bonds
the model should ideally be extended to be fully valid.37

A higher number of bonds is expected to cause a major
increase in affinity, i.e. the effect from avidity.45 To investigate
this we introduced streptavidin-coated gold nanoparticles to

the biotinylated nanopores. The binding kinetics of 15 nm core
particles in 1 M KCl were also characterized by quartz crystal
microbalance with dissipation monitoring (Figure 4A),
showing a saturated response of up to 100 Hz at the
fundamental resonance and no spontaneous dissociation after
rinsing. Considering the gold mass as dominating and using the
Sauerbrey constant (17.7 ngcm−2Hz−1) as an approximation,
the response corresponds well to a monolayer with fractional
coverage in the range 20−40%. After exposing the biotin-
functionalized nanopores to the same particle concentration
for the same duration, a decrease in conductance could be
detected. However, the signals were sometimes very low,
especially for the smaller pores, suggesting that most particles
were bound at the edge of the pore opening. This is in
agreement with previous studies on other nanopore structures
and can be explained by the fact that the particles become
immobile immediately after attaching to the surface,46 making
it hard for them to reach the pore interior. (Note that the
voltage was off during binding.) Complementary simulations
confirmed that the conductance change from a 15 nm particle
binding outside of the pore was very small (Figure S8).
Nevertheless, we could see signals from particles in several
experiments (Figure 4B). In these cases, after applying a
voltage to attempt release (1 V for 30 min), there was never a
significant increase in conductance, which shows that the

Figure 4. Streptavidin-coated gold nanoparticles are not released by the field but show surface movement. (A) Binding of streptavidin-coated gold
nanoparticles to a silica surface functionalized with biotin-PEG analyzed by quartz crystal microbalance with dissipation monitoring. The
measurement was performed in 1 M KCl, and 15 nm particles were introduced at 5 nM. (B) Conductance decrease after binding of 15 nm particles
and lack of a significant conductance increase after applying 1 V for 30 min (three different pores). (C) Real-time chronoamperometric detection of
attachment of a larger (100 nm) particle to a 31 nm pore using 700 mV bias. A gradual conductance decrease and fluctuations can be observed after
the initial particle attachment, which is assumed to occur at the arrow marker. (D) Simulation of conductance depending on the position of the
particle above the pore. The x coordinate is the distance from the pore center to the particle center, and the y coordinate is the radial displacement.
The red line indicates the “docked” position where y = 0 and x approaches the minimum possible value considering solid particle and pore sizes.
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particles remain. The increased avidity leads to a stronger
attachment and this effect dominates over the increased
electrokinetic forces acting on a particle (as compared to a
protein). The zeta potential of the particles was negative by a
few mV and the electrophoretic force is expected to scale
linearly with surface area since this is where the charged groups
are exposed to the field. The maximum number of interactions
is also expected to be proportional to particle surface area.
However, due to configurational bond entropy, the avidity
increases very rapidly in a nonlinear manner with the number
of interactions,45 especially when the receptors are tethered to
flexible chains such as PEG. This explains why the particles are
not released as easily as the individual proteins, even if stronger
electrokinetic forces act on them. Note that for streptavidin,
the affinity to biotin is weaker, but still very strong in absolute
numbers (koff ≈ 3 × 10−6 s−1).47

Even if the particles are not released, it is expected that the
strong forces will cause biotin−avidin bonds to be broken and
reformed dynamically, which should enable mobility. To
investigate this aspect, we detected binding of nanoparticles to
the pores in real-time by chronoamperometry. Figure 4C
shows the attachment of a larger (100 nm core) particle to a
pore using a voltage of 700 mV. Particles were introduced on
the side with negative polarity such that the field guides them
toward the pore. Interestingly, the particle docking did not
appear as an immediate event. Instead, a gradual conductance
decrease was observed over ∼ 1 min, suggesting that the
particle was moving toward the pore relatively slowly. For
comparison, when DNA constructs dock onto bare SiNx
nanopores, the current instantly goes from the baseline to a
new constant value.48 However, DNA constructs are then
electrostatically repelled by a bare SiNx surface, while in our
case we have particles that form bonds with a functionalized
surface. Therefore, a slow movement along the surface toward
the pore center can be expected, given that the particles
maintain mobility. Normally, streptavidin-coated particles
bound to biotinylated surfaces are only mobile if the receptor
layer is fluid.49 However, in our case, the particle is exposed to
the nanopore field. Hence, our interpretation is that the
electrokinetic forces cause surface movement toward the pore
to minimize the electric potential energy. After particle
binding, the conductance eventually reaches values below 40
nS, indicating that the particle ends up very tightly attached to
the pore opening. Additionally, large fluctuations can be seen,
strongly suggesting dynamic changes in the precise position of
the particle. We confirmed this by simulating the conductance
blockade for a particle above a pore (Figure 4D). Agreement
with the lowest experimental conductance was only achieved
with some compression of the PEG coating. The magnitude of
the fluctuations is consistent with movement up to ∼ 10 nm
radially and/or a few nm along the pore axis.48 Hence, the
particles are not released but seem to exhibit surface mobility.
In conclusion, we have shown that the field inside solid state

nanopores dissociates biotin−avidin bonds, the strongest
known protein−ligand interaction. We point out once more
the consequences of these findings: if nanopore sensors are
used for affinity-based detection or analysis, results may be
inaccurate by many orders of magnitude unless the effect is
properly accounted for. This applies in particular when surface-
immobilized receptors are used as one of the molecules is then
stuck, but the strong field may also influence complexes in
solution phase.4 In particular, oppositely charged species will
be pulled in opposite directions. Dissociation10 or structural

changes7,8 may potentially occur even during translocation,
especially in combination with surface interactions.50
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van Nies, P.; Lim, R. Y. H.; Dekker, C. Single-molecule transport
across an individual biomimetic nuclear pore complex. Nat.
Nanotechnol. 2011, 6, 433−438.
(12) Yusko, E. C.; Johnson, J. M.; Majd, S.; Prangkio, P.; Rollings, R.
C.; Li, J. L.; Yang, J.; Mayer, M. Controlling protein translocation
through nanopores with bio-inspired fluid walls Nat. Nanotechnol.
2011, 6, 253−260.
(13) Siwy, Z.; Trofin, L.; Kohli, P.; Baker, L. A.; Trautmann, C.;
Martin, C. R. Protein biosensors based on biofunctionalized conical
gold nanotubes. J. Am. Chem. Soc. 2005, 127, 5000−5001.
(14) Lepoitevin, M.; Nguyen, G.; Bechelany, M.; Balanzat, E.; Janot,
J. M.; Balme, S. Combining a sensor and a pH-gated nanopore based
on an avidin-biotin system. Chem. Commun. 2015, 51, 5994−5997.
(15) Ren, R.; Zhang, Y.; Nadappuram, B. P.; Akpinar, B.;
Klenerman, D.; Ivanov, A. P.; Edel, J. B.; Korchev, Y. Nanopore
extended field-effect transistor for selective single-molecule biosens-
ing. Nature Commun. 2017, 8, 586.
(16) Sze, J. Y. Y.; Ivanov, A. P.; Cass, A. E. G.; Edel, J. B. Single
molecule multiplexed nanopore protein screening in human serum
using aptamer modified DNA carriers. Nat. Commun. 2017, 8, 1552.
(17) Ananth, A.; Genua, M.; Aissaoui, N.; Diaz, L.; Eisele, N. B.;
Frey, S.; Dekker, C.; Richter, R. P.; Gorlich, D. Reversible
immobilization of proteins in sensors and solid-state nanopores.
Small 2018, 14, No. 1703357.
(18) Schlotter, T.; Kloter, T.; Hengsteler, J.; Yang, K.; Zhan, L.;
Ragavan, S.; Hu, H.; Zhang, X.; Duru, J.; Vörös, J.; Zambelli, T.;
Nakatsuka, N. Aptamer-functionalized interface nanopores enable
amino acid-specific peptide detection. ACS Nano 2024, 18, 6286−
6297.
(19) Nakatsuka, N.; Faillétaz, A.; Eggemann, D.; Forro, C.; Voros, J.;
Momotenko, D. Aptamer conformational change enables serotonin
biosensing with nanopipettes. Anal. Chem. 2021, 93, 4033−4041.
(20) 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, 360−367.
(21) Green, N. M. Avidin. 1. Use of [14C]biotin for kinetic studies
and for assay. Biochem. J. 1963, 89, 585−591.
(22) Schreiber, G.; Haran, G.; Zhou, H. X. Fundamental aspects of
protein−protein association kinetics. Chem. Rev. 2009, 109, 839−860.
(23) Dundas, C. M.; Demonte, D.; Park, S. Streptavidin−biotin
technology: improvements and innovations in chemical and biological
applications. Appl. Microbiol. Biot. 2013, 97, 9343−9353.
(24) Andersson, J.; Jarlebark, J.; Kk, S.; Schaefer, A.; Hailes, R.;
Palasingh, C.; Santoso, B.; Vu, V.-T.; Huang, C.-J.; Westerlund, F.;
Dahlin, A. Polymer brushes on silica nanostructures prepared by
aminopropylsilatrane click chemistry: superior antifouling and
biofunctionality. ACS Appl. Mater. Inter. 2023, 15, 10228−10239.

(25) van den Hout, M.; Hall, A. R.; Wu, M. Y.; Zandbergen, H. W.;
Dekker, C.; Dekker, N. H. Controlling nanopore size, shape and
stability. Nanotechnology 2010, 21, No. 115304.
(26) Chou, Y.-C.; Masih Das, P.; Monos, D. S.; Drndic, M. Lifetime
and stability of silicon nitride nanopores and nanopore arrays for ionic
measurements. ACS Nano 2020, 14, 6715−6728.
(27) Malekian, B.; Xiong, K.; Kang, E. S. H.; Andersson, J.;
Emilsson, G.; Rommel, M.; Sannomiya, T.; Jonsson, M. P.; Dahlin, A.
Optical properties of plasmonic nanopore arrays prepared by electron
beam and colloidal lithography. Nanoscale Advances 2019, 1, 4282−
4289.
(28) Verschueren, D. V.; Yang, W.; Dekker, C. Lithography-based
fabrication of nanopore arrays in freestanding SiN and graphene
membranes. Nanotechnology 2018, 29, No. 145302.
(29) Jarlebark, J.; Liu, W.; Shaji, A.; Sha, J.; Dahlin, A. Solid-state
nanopore sensors: analyte quantification by event frequency analysis
at high voltages. Anal. Chem. 2025, 97, 4359−4364.
(30) Emilsson, G.; Xiong, K.; Sakiyama, Y.; Malekian, B.; Ahlberg
Gagner, V.; Schoch, R. L.; Lim, R. Y. H.; Dahlin, A. B. Polymer
brushes inside solid state nanopores form an impenetrable entropic
barrier for proteins. Nanoscale 2018, 10, 4663−4669.
(31) Capuano, F.; Mangiapia, G.; Ortona, O.; d′Errico, G.; Sartorio,
R. Sodium chloride molar conductance in different poly(ethylene
glycol)−water mixed solvents. J. Solution Chem. 2007, 36, 617−629.
(32) Firnkes, M.; Pedone, D.; Knezevic, J.; Doblinger, M.; Rant, U.
Electrically facilitated translocations of proteins through silicon nitride
nanopores: conjoint and competitive action of diffusion, electro-
phoresis, and electroosmosis. Nano Lett. 2010, 10, 2162−2167.
(33) Zimmermann, R.; Norde, W.; Cohen Stuart, M. A.; Werner, C.
Electrokinetic characterization of poly(acrylic acid) and poly(ethylene
oxide) brushes in aqueous electrolyte solutions. Langmuir 2005, 21,
5108−5114.
(34) Lin, K.; Li, Z.; Tao, Y.; Li, K.; Yang, H.; Ma, J.; Li, T.; Sha, J.;
Chen, Y. Surface charge density inside a silicon nitride nanopore.
Langmuir 2021, 37, 10521−10528.
(35) Spinke, J.; Liley, M.; Schmitt, F. J.; Guder, H. J.; Angermaier,
L.; Knoll, W. Molecular recognition at self-assembled monolayers:
Optimization of surface functionalization. J. Chem. Phys. 1993, 99,
7012−7019.
(36) DeLange, R. J. Egg White Avidin: I. Amino acid composition;
sequence of the amino- and carboxyl-terminal cyanogen bromide
peptides. J. Biol. Chem. 1970, 245, 907−916.
(37) Teulon, J.-M.; Delcuze, Y.; Odorico, M.; Chen, S.-W. W.; Parot,
P.; Pellequer, J.-L. Single and multiple bonds in (strept)avidin−biotin
interactions. J. Mol. Recognit. 2011, 24, 490−502.
(38) Merkel, R.; Nassoy, P.; Leung, A.; Ritchie, K.; Evans, E. Energy
landscapes of receptor-ligand bonds explored with dynamic force
spectroscopy. Nature 1999, 397, 50−53.
(39) Ota, T.; Sugiura, T.; Kawata, S. Rupture force measurement of
biotin-streptavidin bonds using optical trapping. Appl. Phys. Lett.
2005, 87, No. 043901.
(40) Tsutsui, M.; Arima, A.; Yokota, K.; Baba, Y.; Kawai, T. Ionic
heat dissipation in solid-state pores. Science Advances 2022, 8,
No. eabl7002.
(41) Huang, N. P.; Voros, J.; De Paul, S. M.; Textor, M.; Spencer, N.
D. Biotin-derivatized poly(L-lysine)-g-poly(ethylene glycol): A novel
polymeric interface for bioaffinity sensing. Langmuir 2002, 18, 220−
230.
(42) Wei, R. D.; Wright, L. D. Heat stability of avidin and avidin-
biotin complex and influence of ionic strength on affinity of avidin for
biotin. P. Soc. Exp. Biol. Med. 1964, 117, 341−4.
(43) Strunz, T.; Oroszlan, K.; Schumakovitch, I.; Güntherodt, H. J.;
Hegner, M. Model energy landscapes and the force-induced
dissociation of ligand-receptor bonds. Biophys. J. 2000, 79, 1206−
1212.
(44) Rosano, C.; Arosio, P.; Bolognesi, M. The X-ray three-
dimensional structure of avidin. Biomol. Eng. 1999, 16, 5−12.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.5c01447
Nano Lett. 2025, 25, 9654−9661

9660

https://doi.org/10.1021/ac00068a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00068a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0021-9673(00)01211-5
https://doi.org/10.1016/S0021-9673(00)01211-5
https://doi.org/10.1016/S0021-9673(00)01211-5
https://doi.org/10.1021/ja901088b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja901088b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac2001725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac2001725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2012.24
https://doi.org/10.1038/nnano.2012.24
https://doi.org/10.1002/smll.201201423
https://doi.org/10.1002/smll.201201423
https://doi.org/10.1002/smll.201201423
https://doi.org/10.1038/nnano.2011.88
https://doi.org/10.1038/nnano.2011.88
https://doi.org/10.1038/nnano.2011.12
https://doi.org/10.1038/nnano.2011.12
https://doi.org/10.1021/ja043910f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja043910f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CC10087E
https://doi.org/10.1039/C4CC10087E
https://doi.org/10.1038/s41467-017-00549-w
https://doi.org/10.1038/s41467-017-00549-w
https://doi.org/10.1038/s41467-017-00549-w
https://doi.org/10.1038/s41467-017-01584-3
https://doi.org/10.1038/s41467-017-01584-3
https://doi.org/10.1038/s41467-017-01584-3
https://doi.org/10.1002/smll.201703357
https://doi.org/10.1002/smll.201703357
https://doi.org/10.1021/acsnano.3c10679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.3c10679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c05038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c05038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2016.267
https://doi.org/10.1038/nnano.2016.267
https://doi.org/10.1042/bj0890585
https://doi.org/10.1042/bj0890585
https://doi.org/10.1021/cr800373w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr800373w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00253-013-5232-z
https://doi.org/10.1007/s00253-013-5232-z
https://doi.org/10.1007/s00253-013-5232-z
https://doi.org/10.1021/acsami.2c21168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c21168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c21168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0957-4484/21/11/115304
https://doi.org/10.1088/0957-4484/21/11/115304
https://doi.org/10.1021/acsnano.9b09964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b09964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b09964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9NA00585D
https://doi.org/10.1039/C9NA00585D
https://doi.org/10.1088/1361-6528/aaabce
https://doi.org/10.1088/1361-6528/aaabce
https://doi.org/10.1088/1361-6528/aaabce
https://doi.org/10.1021/acs.analchem.4c05037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.4c05037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.4c05037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7NR09432A
https://doi.org/10.1039/C7NR09432A
https://doi.org/10.1039/C7NR09432A
https://doi.org/10.1007/s10953-007-9130-9
https://doi.org/10.1007/s10953-007-9130-9
https://doi.org/10.1021/nl100861c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl100861c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl100861c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la050191p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la050191p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.1c01504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.465447
https://doi.org/10.1063/1.465447
https://doi.org/10.1016/S0021-9258(18)63268-5
https://doi.org/10.1016/S0021-9258(18)63268-5
https://doi.org/10.1016/S0021-9258(18)63268-5
https://doi.org/10.1002/jmr.1109
https://doi.org/10.1002/jmr.1109
https://doi.org/10.1038/16219
https://doi.org/10.1038/16219
https://doi.org/10.1038/16219
https://doi.org/10.1063/1.1999855
https://doi.org/10.1063/1.1999855
https://doi.org/10.1126/sciadv.abl7002
https://doi.org/10.1126/sciadv.abl7002
https://doi.org/10.1021/la010913m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la010913m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3181/00379727-117-29576
https://doi.org/10.3181/00379727-117-29576
https://doi.org/10.3181/00379727-117-29576
https://doi.org/10.1016/S0006-3495(00)76375-2
https://doi.org/10.1016/S0006-3495(00)76375-2
https://doi.org/10.1016/S1050-3862(99)00047-9
https://doi.org/10.1016/S1050-3862(99)00047-9
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c01447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(45) Dubacheva, G. V.; Curk, T.; Richter, R. P. Determinants of
superselectivity - practical concepts for application in biology and
medicine. Acc. Chem. Res. 2023, 56, 729−739.
(46) Junesch, J.; Emilsson, G.; Xiong, K.; Kumar, S.; Sannomiya, T.;
Pace, H.; Voros, J.; Oh, S.-H.; Bally, M.; Dahlin, A. B. Location-
specific nanoplasmonic sensing of biomolecular binding to lipid
membranes with negative curvature. Nanoscale 2015, 7, 15080−
15085.
(47) Green, N. M. Avidin and streptavidin. Method. Enzymol. 1990,

184, 51−67.
(48) Plesa, C.; Ananth, A. N.; Linko, V.; Gulcher, C.; Katan, A. J.;
Dietz, H.; Dekker, C. Ionic permeability and mechanical properties of
DNA origami nanoplates on solid-state nanopores. ACS Nano 2014,
8, 35−43.
(49) Lundgren, A.; Fast, B. J.; Block, S.; Agnarsson, B.; Reimhult, E.;
Gunnarsson, A.; Höök, F. Affinity purification and single-molecule
analysis of integral membrane proteins from crude cell-membrane
preparations. Nano Lett. 2018, 18, 381−385.
(50) Tang, Z.; Lu, B.; Zhao, Q.; Wang, J.; Luo, K.; Yu, D. Surface
modification of solid-state nanopores for sticky-free translocation of
single-stranded DNA. Small 2014, 10, 4332−4339.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.5c01447
Nano Lett. 2025, 25, 9654−9661

9661

https://doi.org/10.1021/acs.accounts.2c00672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.2c00672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.2c00672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5NR04208A
https://doi.org/10.1039/C5NR04208A
https://doi.org/10.1039/C5NR04208A
https://doi.org/10.1016/0076-6879(90)84259-J
https://doi.org/10.1021/nn405045x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn405045x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b04227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b04227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b04227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.201401091
https://doi.org/10.1002/smll.201401091
https://doi.org/10.1002/smll.201401091
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c01447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

