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SUMMARY

This paper provides a perspective on potential applications of a new single-mole-
cule technique, viz., the nanopore electro-osmotic trap (NEOtrap). This solid-state
nanopore-based method uses locally induced electro-osmosis to form a
hydrodynamic trap for singlemolecules. Ionic current recordings allowone to study
an unlabeled protein or nanoparticle of arbitrary charge that can be held in the
nanopore’s most sensitive region for very long times. After motivating the need
for improved single-molecule technologies,we sketch various possible technical ex-
tensions and combinations of the NEOtrap. We lay out diverse applications in bio-
sensing, enzymology, protein folding, protein dynamics, fingerprinting of proteins,
detecting post-translational modifications, and all that at the level of single pro-
teins – illustrating the unique versatility and potential of the NEOtrap.

INTRODUCTION

Proteins are involved in all vital processes in our cells (Berg et al., 2002). Their precise 3-dimensional struc-

tures are increasingly becoming available through recent advances in electron microscopy and also from

x-ray crystal diffraction, NMR, and other techniques (Berman et al., 2020; Cheng, 2018; Dobson, 2019).

Yet, such spatial information from time-frozen snapshots cannot reveal the energies that drive the vital pro-

tein functional cycles, involving conformational dynamics as well as transient protein–protein interactions

and diverse cofactor and nucleotide interactions (Henzler-Wildman et al., 2007; Lerner et al., 2018a).

Clearly, additional time domain information is needed. It is, however, often difficult to measure protein

kinetics experimentally. A challenge is that dynamics normally occur in complex nonsynchronized ensem-

bles, leading to ensemble-averaged time constants that cannot reveal the molecular dynamics at the

single-molecule level. For the experimentalist, there are generally two options to make the decisive time

information detectable: either one aims for ensemble synchronization or for single-molecule experiments.

In the first case, which is widely used throughout the life sciences, the experimentalist finds a way to artificially

bring the ensemble out of equilibrium, which then allows one to watch and quantify within which time the entire

ensemble relaxes back to equilibrium (Dill and Bromberg, 2010). This can, for example, be done by adding, at

‘‘time zero,’’ a quantity of substratemolecules such as ATP, a substrate protein, a cofactor, etc., that is necessary

for the protein reaction under study. As a result, the concerted molecular process can be observed at the

ensemble level. There are however fundamental limitations to this approach, for example, (i) it is only applicable

to a subset ofmolecular processes that do occur out of equilibrium; (ii) often the experimentally recorded signal

is the result of a complex sequence of stochastic molecular processes that can still not be disentangled as one

rate-limiting step overrules everything, and (iii) the molecular mechanism remains unknown.We note that in the

exceptional caseof a plain two-state system, correlation-based fluctuation analysis can resolve the two transition

rates. This is however not generalizable to three andmore states, where at best state life times can be resolved,

but generally not specific transition rates, thus rendering the full kinetic connectivity of states inaccessible in

general ensemble experiments.

In the second case, applying single-molecule technology (Banerjee et al., 2021; Hellenkamp et al., 2018;

Lerner et al., 2018a; Miller et al., 2017; Mohapatra et al., 2020), the detection method is tuned to such a

high sensitivity that it allows one to observe the time evolution of just one single molecule along a certain

reaction coordinate – in this way overcoming the need for ensemble synchronization. As a result, single-

molecule techniques can be applied more broadly to investigate equilibrium and nonequilibrium pro-

cesses (including nonequilibrium steady-state processes) (Dill and Bromberg, 2010; Juette et al., 2016;

Schmid et al., 2016). The price for these added opportunities is usually paid in the form of quite
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sophisticated instrumentation. Common prominent techniques that have proven themselves in biophysical

studies are fluorescence and force spectroscopies, scanning probe microscopies, nanopore technologies,

and newer techniques such as interferometric scattering (Kukura et al., 2009; Soltermann et al., 2020).

Single-molecule techniques were used to map out, in great mechanistic detail, many molecular motor

proteins such as the rotary motor F0F1-ATPase (Noji et al., 1997; Yasuda et al., 2001), linear motors such

as kinesin (Bornschlögl et al., 2009; Helenius et al., 2006; Svoboda et al., 1993; Vale et al., 1996) and myosin

(Forkey et al., 2003; Mehta et al., 1999; Yildiz et al., 2003), and more recently structural maintenance of

chromosomes (SMC)-driven DNA loop extrusion (Ganji et al., 2018; Kim et al., 2020). Also, equilibrium fluc-

tuations could be resolved and quantified in biomolecular systems of diverse scale and composition (Hel-

lenkamp et al., 2017; Kilic et al., 2018; Lerner et al., 2018b; Schmid and Hugel, 2020; Wang et al., 2021).

High-speed atomic force microscopy (AFM), which provides 2-dimensional spatial information at video-

rate, was used to record movies of internal conformational changes, for example, a myosin walking

along actin (Kodera et al., 2010) or an SMC protein complex making a scrunching motion (Ryu et al.,

2020). Magnetic and optical tweezers have been widely used to examine DNA-processing proteins such

as polymerases (Hodges et al., 2009) or helicases (Cheng et al., 2011; Manosas et al., 2012; Stanley et al.,

2006). Nanopores have been used for a wide variety of biophysics studies (Galenkamp et al., 2020; Rozevsky

et al., 2020; Schmid et al., 2021; Schmid and Dekker, 2021; Yusko et al., 2012) and applied to develop DNA

sequencing (Lieberman et al., 2010; Manrao et al., 2012) at the single molecule level.

In many of these cases, the observation of a sequence of statesmade the ‘‘inner workings’’ of the protein visible

and allowed one to relate molecular processes with experimentally determined energies, to distinguish ener-

getically driven processes from thermal fluctuations, and to uncover the crucial structural elements (down to

atomic scale through mutations). Single-molecule techniques have provided major progress in understanding

proteins. In a way, they provide mechanistic insights that lift our knowledge on protein systems beyond the

biochemical ‘‘blobology’’ cartoon level. Suddenly, energies, forces, duty cycles, etc. can be quantified from ex-

periments – providing key input knowledge for further bioengineering.

Yet, single-molecule techniques also face limitations. In fluorescence-based single-molecule techniques,

photobleaching is a central restriction. While, in principle, single-photon counting offers a time resolution

in the nanosecond range and technically fluorescence experiments can last for hours, photobleaching

limits the temporal bandwidth of any given experiment to three orders of magnitude or less (Lu et al.,

2019; Schmid and Hugel, 2020; Zosel et al., 2018). Other limitations of single-molecule techniques come,

for example, from surface immobilization, in particular for AFM which is surface based by necessity, or

by the presence of artificial labels in fluorescence-based experiments where dyes are attached covalently

following site-specific mutagenesis. Force spectroscopies (AFM, optical or magnetic tweezers, or acoustic

force spectroscopy (Sitters et al., 2015) also make use of artificial ‘‘handles’’ and apply mechanical force that

can distort the protein’s native state up to unfolding.

Electrical nanopore detection, where a single protein is studied based on how it modulates the ionic

through-pore current, requires a considerable ionic strength, but this has not prevented the use of noto-

riously ion-sensitive DNA-processing proteins in commercialized nanopore-based DNA sequencing

(Loman and Watson, 2015). Notably, nanopore detection provides a number of advantages over the other

techniques: it is very sensitive and can for example discriminate the presence or absence of single methyl

groups (Clarke et al., 2009; Tourancheau et al., 2021) and even different enantiomers of the same com-

pound (Kang et al., 2006), all without the need for artificial labels or other modifications, it is affordable,

and it features a vast electrical bandwidth from ms to hours. The broad temporal bandwidth is particularly

attractive given the broad range dynamics of proteins where one likes to resolve both fast fluctuations and

rarer conformational transitions and interactions. Hence, nanopore technology is in many ways ideal to

study protein dynamics. However, until recently, the Achilles heel of solid-state nanopore detection (Xue

et al., 2020) was the prohibitively fast translocation of folded proteins. This limitation was largely solved

by the recent invention of the nanopore electro-osmotic trap, NEOtrap (Schmid et al., 2021).
THE NEOTRAP, CURRENT STATUS AND FUTURE TECHNICAL EXTENSIONS

The NEOtrap is a cavity for a single protein that is formed by electrophoretically docking a charged object,

like a DNA-origami cork, onto a passivated solid-state nanopore (Figure 1). Such a docking event has two

effects: (i) a nanocavity of desired nanometric dimensions,�(10nm)3, is formed whose size can be chosen to

fit a desired protein of interest and (ii) the presence of the highly charged DNA origami in the electric field
2 iScience 24, 103007, October 22, 2021



Figure 1. The Nanopore-Electro-Osmotic trap (NEOtrap)

(A) Illustration of the passivated solid-state nanopore (gray) with a docked DNA-origami sphere (green) and a single

molecule (purple) being trapped by hydro-dynamic flow (blue arrows and dashed lines).

(B) Current traces (5 kHz sampling) showing open-pore current (gray overlay), DNA-origami docking (green), and latex

bead trapping (red, 0.004% (w/v) 20 nm latex beads FisherScientific, Landsmeer, NL) in a 29.5 nm diameter SiN nanopore.

Scale bar 10 nm. Constant and uniform trapping lasted >10 s, leading to sharp peaks in the multitrace histograms on the

right. Gauss fitting yields the three peak positions and standard deviations: 99.0 G 0.6%, 89.0 G 0.8%, 60.0 G 0.9%.

(C) Same as B but with protein ClpP trapping (blue, pdb: 1yg6, 10 nM) using a 23.5 nm-diameter SiN nanopore. Gauss

fitting of the histogram yields the three peak positions and standard deviations: 99.0 G 0.6%, 85.0 G 0.9%, 65.4 G 1.2%.

NEOtrap measurements were performed in 600 mM KCl, 50 mM HEPES, 5 mM MgCl2, pH7.5 using a lipid bilayer coated

(Venkatesan et al., 2011; Yusko et al, 2011, 2016) silicon nitride nanopore as detailed previously (Schmid et al., 2021).

(D) Corresponding current vs. voltage curves of the 29.5-nm-diameter pore used in (B), uncoated and coated as specified.

DNA-origami image used with permission of RSC, from Ref (Kopatz et al., 2019); permission conveyed through Copyright

Clearance Center, Inc.
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causes its counter ions to move directionally along the field lines, thus inducing a strong electro-osmotic

water flow. The latter creates a hydrodynamic trapping potential on the order of 10–20 kBT (Schmid et

al., 2021), which can trap a protein irrespective of its charge. Once a protein is trapped by locating it

into the NEOtrap, it can be sensed at the most sensitive region of the nanopore for extended times up

to many hours (Schmid et al., 2021). In this way, the NEOtrap improves the observation time of unmodified

proteins of any charge by a factor of onemillion to one billion, as compared to the brief time that free trans-

location takes. Notably, the NEOtrap uses electro-osmotic flow to trap analytes inside a solid-state nano-

pore, in contrast to earlier work where, for example, nanoparticles were docked onto solid-state nanopores

with smaller diameter, thus preventing translocation due to size constraints (Tsutsui et al., 2013). The

NEOtrap blocking current induced by the presence of the protein shows a linear size dependence on pro-

tein size for roughly globular proteins, whereas shape dependence is observed for nonglobular proteins.

Furthermore, even different conformational states could be resolved within one protein. Specifically,

conformational differences induced by the presence or absence of just one phosphate group in a nucleo-

tide could be discriminated. These first data prove the sensitivity of the NEOtrap which can now be har-

nessed for many more studies of a large variety of protein systems.

In this paper, we provide a brief outlook on possible extensions and applications of the NEOtrap. This new

single-molecule technique can be expanded in many ways, as illustrated in Figure 2. Surface functionaliza-

tion of the DNA-origami sphere and the passivation coating on the nanopore offer many possibilities (Fig-

ure 2A). It should, for example, be possible to dock the origami sphere irreversibly onto the lipid-bilayer

passivation layer by using covalently attached lipid anchors (cholesterols, porphyrins). This would reduce

thermal fluctuations of the sphere, leading to better trapping of even smaller proteins or peptides, which

currently escape the trap relatively quickly. The trapping potential can be further tuned by means of net-

negative or net-positive passivation layers that will enhance or reduce the electro-osmotic water flow,

respectively. This can be achieved by adding lipids with negatively or positively charged head groups to
iScience 24, 103007, October 22, 2021 3



Figure 2. The NEOtrap and envisioned technical extensions

(A) New opportunities arise through chemical functionalization of the pore passivation layer and the origami sphere to lock it in place.

(B) Attachment of affinity baits such as specific DNA or RNA motives, aptamers, affimers, or peptide tags.

(C) Pore shapes customized for the system under study.

(D) Pore arrays for high-throughput single-molecule studies (not to scale).

(E) Electro-optical combination with fluorescence/FRET detection.

DNA-origami image used with permission of RSC, from Ref (Kopatz et al., 2019); permission conveyed through Copyright Clearance Center, Inc.
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the passivating lipid bilayer coating or by changing the solution pH (Firnkes et al., 2010; Fujinami Tanimoto

et al., 2021), but the latter may have undesirable effects on the analyte. Alternative passivation protocols,

such as tethered lipid bilayers (Andersson and Knoll, 2019) or grafted polymers (Awasthi et al., 2020; Giam-

blanco et al., 2018b; Roman et al., 2017), may improve the coating stability and tolerate higher voltages

without adding noise.

The origami sphere can also be functionalized to become analyte specific (Figure 2B), which opens new

applications. Specific binders, such as protein-based or other ligands, nanobodies, affimers, aptamers,

etc., can be added to the outside of the sphere by simple hybridization of DNA oligos. An obvious

application will be to ‘‘catch’’ analytes from the bulk solution which subsequently are interrogated in the

NEOtrap – allowing for sensitive biosensing. To study DNA-interacting proteins such as polymerases or

CRISPR-Cas systems, the origami sphere can be functionalized with the required (specific) nucleic acid

sequence, at defined positions and numbers. Furthermore, the design of the origami structure itself can

be modified to different shapes. However, we found that a spherical shape caused the most reproducible

current blockade signals upon docking (i.e. NEOtrap formation), which tremendously simplifies data inter-

pretation and therefore provides a decisive advantage over other designs. A different sphere material

could be chosen, such as, for example, agarose beads, or other charged and permeable materials capable

of inducing electro-osmosis (Li et al., 2020). However, the interparticle homogeneity (size, shape, density)

remains an important selection criterion.

Different shapes of the nanopore sensor can be used to achieve optimal sensitivity for a given protein effect

(Figure 2C). For example, longer nanopore channels in thick silicon nitride (SiN) (Niedzwiecki et al., 2020) or

polymer membranes (Buchsbaum et al., 2014) provide for a long cavity that is well suited to test, for

example, protein fibrillization in a time-resolved way, as further discussed below. The docking position

for the origami sphere can also be engineered, for example, with a cup-shaped nanopore opening, to

further control the sphere position.

The current one-nanopore scheme can be expanded to nanopore arrays to examine many proteins in par-

allel (Figure 2D). Interestingly, trapping of proteins in the NEOtrap is a self-limiting process where, for a

well-chosen pores size, a protein will only be captured if the trap is not already occupied by a protein

(Schmid et al., 2021), facilitating NEOtrap arrays with uniform single-protein occupation. The NEOtrap

array then serves as the single-molecule version of industrial multiwell plates, which can easily be refreshed

with new single molecules or particles by simple voltage inversion. The readout of many NEOtraps in par-

allel can be achieved with electrode arrays (such as in the MinION system (Loman and Watson, 2015) or us-

ing optical detection (Sawafta et al., 2014), similar to strategies pursued with protein nanopore arrays

(Huang et al., 2015). In fact, even without actually reading out the traps, NEOtrap arrays can serve as a

mechanism to easily localize single molecules or nanoparticles for a range of other high-throughput exper-

iments. Alternatively, or in addition to this parallelization in arrays, high throughput can be achieved by

sequential trapping in automated time series using voltage protocols as desired. Both approaches enable

high-throughput screening at the single-molecule level.
4 iScience 24, 103007, October 22, 2021
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In addition to purely electrical detection, the ionic current recording can be conveniently combined with an

orthogonal optical readout (Keyser et al., 2005) such as fluorescence (Cai et al., 2019; Ivankin et al., 2014;

Wang et al., 2018) or FRET (Hemmig et al., 2018) (Figure 2E). In this way, the NEOtrap current recordings

can be in situ calibrated with nm-sensitive FRET signals. Such NEO-FRET would benefit from the best of

both worlds: a broad temporal bandwidth via electrical detection and signal interpretation with sub-nm-

precision from the correlated optical detection. The electro-optical combination of nanopores with

zero-mode waveguides has been used already to further localize the confocal laser excitation (Assad

et al., 2017; Jadhav et al., 2019; Klughammer and Dekker, 2021). And, additional spectroscopic combina-

tions such as vibrational spectroscopy, circular dichroism, etc. may also be possible.

It may also be useful to discuss some of the limits of the NEOtrap. Concerning kinetics, the attainable trap-

ping speeds can be tuned by the concentration of the DNA-origami sphere and the analyte. For the

analyte’s escape rate, a near-exponential decrease with molecular weight was found, resulting in sec-

onds-to-hours-long trapping for 45-kDa or 360-kDa proteins, respectively (Schmid et al., 2021). Trap

release happens essentially instantaneously upon voltage inversion with immediate undocking of the

DNA-origami sphere. The NEOtrap’s signal-to-noise depends largely on the studied effect and desired

bandwidth. For the data shown in Figure 1, the signal-to-noise ratio amounts to 34 and 23 for bead and

protein trapping, respectively (defined as DI/s of the multitrace histogram obtained using 5 kHz sampling).

The NEOtrap’s noise level is limited by fluctuations of the DNA-origami, coating instabilities, and the usual

nanopore noise sources including 1/f flicker noise, thermal, dielectric, and capacitive noise (Fragasso et al.,

2020). Overall, a mass resolution of ca. 20 kDa was found for globular proteins (Schmid et al., 2021).
A WIDE RANGE OF APPLICATIONS OF THE NEOTRAP

With the NEOtrap at hand, many biophysics experiments now become possible that were previously inac-

cessible, for example, by the short observation time of proteins using nanopore detection. On a general

level, biosensing –that is, the detection of a certain biomolecule or metabolite – is a huge branch of applied

research at the intersection of solid-state physics, biochemistry, electrochemistry, and engineering (Akkilic

et al., 2020). Specifically functionalized NEOtraps may achieve such analyte detection with single-molecule

resolution (Figure 3A). By employing affinity tags on the DNA-origami spheres and a voltage stepping

scheme, high-throughput screening for analytes should be possible with the NEOtrap. Already without

any further modifications, the NEOtrap can be used to read the size- and shape-dependent signals of thou-

sands of proteins. A library of fingerprints can be collected (Figure 3B) and used as a training set for pattern

recognition algorithms to facilitate the label-free identification of protein mixtures. Suchmachine-learning-

enhanced sensing approaches (Arima et al., 2018; Cao et al., 2020; Meyer et al., 2020) may provide a basis

for single-cell proteomics in the future. In all this, the label-free aspect is a key advantage of the NEOtrap as

that provides the option of direct measurements of scarce and nonpurified biological samples, such as

lysate, blood, sweat, saliva (Galenkamp et al., 2018; Sze et al., 2017) without additional preprocessing.

The ease of integration into small portable devices is yet another advantage over other techniques (Loman

and Watson, 2015).

Native proteins are often post-translationally modified (Figure 3C) where specific proteinaceous, sugar, or

other groups are attached to amino acids (Lerner et al., 2018a). NEOtrap sensing may be used to detect

such post-translation modifications (PTMs). These include for example (de-)ubiquitination, SUMOylation,

neddylation, pupylation, ISGylation, polysaccharides, and possibly thiol-bridge formation (Ribet and Cos-

sart, 2018). Smaller PTMs such as phosphorylations, nitrosylation, small sugars, etc. may be detectable

directly as they induce conformational rearrangements (Humphrey et al., 2015) or can be made observable

by specific labeling with bulky tags. By detecting the time-dependent product buildup during enzymatic

reactions, the NEOtrap offers a new single-molecule readout for enzyme assays such as post-translational

additions, proteolytic cleavage, or protein splicing (Kane et al., 1990). In comparison to regular transloca-

tion experiments (Fennouri et al., 2013; Giamblanco et al., 2018a; Karawdeniya et al., 2018; Kasianowicz

et al., 1996; Ma et al., 2019; Zhao et al., 2009), the NEOtrap provides much longer observation times for

analytes with diverse net charges, thus leading to a tremendously increased information gain per each sin-

gle analyte molecule.

This can be generalized to single-molecule enzymology (Figure 3D), where conformational changes of an

enzyme during the catalytic conversion of a substrate to a product are followed using the NEOtrap.

Protein–protein interactions can also be studied. Given that the electro-osmotic capture of the NEOtrap
iScience 24, 103007, October 22, 2021 5



Figure 3. Envisioned applications of the NEOtrap

(A) Affinity-based biosensing in mixtures.

(B) Fingerprinting proteins based on mass and shape.

(C) Detecting post-translational modifications (PTM) such as ubiquitination or glycosylation.

(D) Single-molecule (SM) enzymology.

(E) Real-time observation of protein oligomerization kinetics.

(F) Chemical or thermal single-protein unfolding/refolding kinetics.

(G) Conformational dynamics within a single protein.

(H) Nanopore electro-osmotic FRET (NEO-FRET) for correlative electro-optical studies. DNA-origami image used with permission of RSC, from (Kopatz

et al., 2019); permission conveyed through Copyright Clearance Center, Inc.
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is mass independent, protein affinities can be determined simply by counting the number of bound and

unbound species that are trapped from solution, one by one. Furthermore, the early onset of protein

oligomerization can be detected in a label-free way (Figure 2E). Oligomer nucleation is the crucial and

rate-limiting step toward protein filament formation, which is, for example, a key determinant of neurode-

generative diseases. Interestingly, it is precisely the growth kinetics of these early onset oligomers – that

are understood to be the toxic species in Alzheimer’s, Parkinson’s, Huntington’s disease etc.(Ingelsson,

2016; Liu et al., 2015) – that are difficult to detect experimentally.

Single-protein folding experimentsmake for yet another possible application of the NEOtrap (Figure 3F). Given

that DNA-origami is surprisingly robust towards denaturants (Ramakrishnan et al., 2016), diverse chemical un-

folding conditions canbe screened todetermine reversible unfolding and refolding rate constants onone single

protein, plus corresponding energies, chevron plots, etc., which provides unique insight into protein structural

stabilities with direct implications on protein function. In addition, heat-induced unfolding can be studied, for

example, using local laser heating. Beyond equilibrium unfolding and refolding, this also enables tempera-

ture-jump experiments to probe single-protein folding out of equilibrium. Notably, while folding and unfolding

have been studied at a bulk population level (Oukhaled et al., 2007; Payet et al., 2012), with the NEOtrap, chem-

ical and thermal unfolding and refolding may be studied at the level of one single trapped molecule, similar to

mechanical unfolding using force spectroscopies (Woodside and Block, 2014).

Finally, the NEOtrap will also allow to address the holy grail of single-molecule techniques, that is, resolving

the intrinsic conformational dynamics of a single protein (Figure 3G). In our first study of the NEOtrap, we

already provided proof-of-principle data that showed conformational sensitivity, clearly suggesting that

transitions between individual conformations may be detected under optimal conditions such as a further

increased trapping times, using lipid-anchored origami structures, or slightly larger proteins. It will be
6 iScience 24, 103007, October 22, 2021
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interesting to see what the limits are for resolving conformational transitions with the NEOtrap, which –

unlike FRET – is not limited to one specific reaction coordinate. Indeed, nanopore detection has already

revealed hundreds of catalytic cycles of a single enzyme that were undetectable by FRET (Galenkamp

and Maglia, 2020). The label-free study of diverse dynamic protein systems in the range of microseconds

to minutes bears the potential to reveal hierarchical correlations between fast and slow transitions that

were missed with existing techniques that sample either the fast or the slow end of the time axis.

Entirely new experiments may become possible using the NEO-FRET combination (Figure 3H), where elec-

trical and optical observations can be correlated in an experimentally orthogonal way. Such an additional

dimension of information can, for example, be used to correlate the presence of a fluorescently labeled

nucleotide with electrically measured protein dynamics, in real time.

OUTLOOK

This perspective discussed many new experimental routes that become possible with the NEOtrap. Electro-

osmotic trapping is a very versatile way to trap single proteins and other nanoparticles hydrodynamically, which

works for a wide range of positively and negatively charged particles, without extra labeling or other modifica-

tions. We discussed a range of strategies to further expand the NEOtrap beyond the current design, such as

chemical modifications of the pore coating or the electro-osmotically active sphere, to tune the trap character-

istics as desired.Wedescribedbiotechnological functionalizations to attain analyte specificity, different chipde-

signs that offer single-molecule well plates or adaptations to the protein system of interest, as well as combined

detection schemes for the NEOtrap such as electro-optical combinations.

This wealth of new technical developments offers many opportunities to address current needs in biotech-

nology and protein science, ranging from specific biosensing, via protein fingerprinting and single-mole-

cule proteomics, to the time-resolved detection of PTM’s in small, unmodified samples. Protein–protein

interactions can be studied, and chemical or thermal unfolding-refolding experiments become possible

– all at the single-molecule level. Single-molecule enzymology, or more broadly, protein conformational

dynamics can now be explored electrically without artificial protein modifications. We anticipate that the

NEOtrap can contribute to the elucidation of diverse dynamic nanoscale processes in proteins and beyond.

Using the advances discussed herein, we aim to develop the NEOtrap into a label-free protein dynamics

detector that excels at the single-molecule level, and we warmly invite all members of the nanopore com-

munity to join our travels into the unexplored nanopore territory of the inner workings of proteins.

DATA AVAILABILITY

The source data is available at https://doi.org/10.5281/zenodo.5270451.

ACKNOWLEDGMENTS

We thank Pierre Stömmer, Hendrik Dietz, and Giovanni Maglia for inspiring discussions. C.D. acknowl-

edges funding support from the ERC Advanced Grant 883684, NWO-I680, and the NanoFront and BaSyC

programs.

AUTHOR CONTRIBUTIONS

Both authors conceived the research and wrote the manuscript.

DECLARATION OF INTERESTS

The authors declare no conflict of interest.
REFERENCES

Akkilic, N., Geschwindner, S., and Höök, F. (2020).
Single-molecule biosensors: recent advances and
applications. Biosens. Bioelectron. 151, 111944.
https://doi.org/10.1016/j.bios.2019.111944.

Andersson, J., and Knoll,W. (2019). Tethered lipid
membranes as platforms for biophysical studies
and advanced biosensors BT. In Biomimetic Lipid
Membranes: Fundamentals, Applications, and
Commercialization, F.N. Kök, A. Arslan Yildiz, and
F. Inci, eds. (Springer International Publishing),
pp. 183–191. https://doi.org/10.1007/978-3-030-
11596-8_7.

Arima, A., Harlisa, I.H., Yoshida, T., Tsutsui, M.,
Tanaka, M., Yokota, K., Tonomura, W., Yasuda, J.,
Taniguchi, M., Washio, T., et al. (2018). Identifying
single viruses using biorecognition solid-state
nanopores. J. Am. Chem. Soc. 140, 16834–16841.
https://doi.org/10.1021/jacs.8b10854.

Assad, O.N., Gilboa, T., Spitzberg, J., Juhasz, M.,
Weinhold, E., and Meller, A. (2017). Light-
enhancing plasmonic-nanopore biosensor for
iScience 24, 103007, October 22, 2021 7

https://doi.org/10.5281/zenodo.5270451
https://doi.org/10.1016/j.bios.2019.111944
https://doi.org/10.1007/978-3-030-11596-8_7
https://doi.org/10.1007/978-3-030-11596-8_7
https://doi.org/10.1021/jacs.8b10854


ll
OPEN ACCESS

iScience
Perspective
superior single-molecule detection. Adv. Mater.
29, 1605442. https://doi.org/10.1002/adma.
201605442.

Awasthi, S., Sriboonpeng, P., Ying, C.,
Houghtaling, J., Shorubalko, I., Marion, S., Davis,
S.J., Sola, L., Chiari, M., Radenovic, A., andMayer,
M. (2020). Polymer coatings to minimize protein
adsorption in solid-state nanopores. Small
Methods 4, 2000177. https://doi.org/10.1002/
smtd.202000177.

Banerjee, S., Chakraborty, S., Sreepada, A.,
Banerji, D., Goyal, S., Khurana, Y., and Haldar, S.
(2021). Cutting-edge single-molecule
technologies unveil new mechanics in cellular
biochemistry. Annu. Rev. Biophys. 50, 419–445.
https://doi.org/10.1146/annurev-biophys-
090420-083836.

Berg, J.M., Tymoczko, J.L., and Stryer, L. (2002).
Biochemistry, Fifth Edition (International Version.
W. H. Freeman).

Berman, H.M., Vallat, B., and Lawson, C.L. (2020).
The data universe of structural biology. IUCrJ 7,
630–638. https://doi.org/10.1107/
S205225252000562X.
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Opanasyuk, O., Kühnemuth, R., Rezaei Adariani,
S., Ambrose, B., Aznauryan, M., Barth, A.,
Birkedal, V., et al. (2018). Precision and accuracy
of single-molecule FRET measurements - a multi-
laboratory benchmark study. Nat. Methods 15,
669–676. https://doi.org/10.1038/s41592-018-
0085-0.

Hellenkamp, B., Wortmann, P., Kandzia, F.,
Zacharias, M., and Hugel, T. (2017). Multidomain
structure and correlated dynamics determined by
self-consistent FRET networks. Nat. Meth 14,
174–180.

Hemmig, E.A., Fitzgerald, C., Maffeo, C., Hecker,
L., Ochmann, S.E., Aksimentiev, A., Tinnefeld, P.,
and Keyser, U.F. (2018). Optical voltage sensing
using DNA origami. Nano Lett. 18, 1962–1971.
https://doi.org/10.1021/acs.nanolett.7b05354.

Henzler-Wildman, K.A., Lei, M., Thai, V., Kerns,
S.J., Karplus, M., and Kern, D. (2007). A hierarchy
of timescales in protein dynamics is linked to
enzyme catalysis. Nature 450, 913–916.

Hodges, C., Bintu, L., Lubkowska, L., Kashlev, M.,
and Bustamante, C. (2009). Nucleosomal
fluctuations govern the transcription dynamics of
RNA polymerase II. Science 325, 626–628. https://
doi.org/10.1126/science.1172926.

Huang, S., Romero-Ruiz, M., Castell, O.K., Bayley,
H., and Wallace, M.I. (2015). High-throughput
optical sensing of nucleic acids in a nanopore
array. Nat. Nanotechnol. 10, 986–991. https://doi.
org/10.1038/nnano.2015.189.

Humphrey, S.J., James, D.E., and Mann, M.
(2015). Protein phosphorylation: a major switch
mechanism for metabolic regulation. Trends
Endocrinol. Metab. 26, 676–687. https://doi.org/
10.1016/j.tem.2015.09.013.

Ingelsson, M. (2016). Alpha-Synuclein
Oligomers—neurotoxic molecules in Parkinson’s
disease and other Lewy body disorders. Front.
Neurosci. 10, 408. https://doi.org/10.3389/fnins.
2016.00408.

Ivankin, A., Henley, R.Y., Larkin, J., Carson, S.,
Toscano, M.L., andWanunu, M. (2014). Label-free
optical detection of biomolecular translocation
through nanopore arrays. ACS Nano 8, 10774–
10781. https://doi.org/10.1021/nn504551d.

Jadhav, V., Hoogerheide, D.P., Korlach, J., and
Wanunu, M. (2019). Porous zero-mode
waveguides for picogram-level DNA capture.
Nano Lett. 19, 921–929. https://doi.org/10.1021/
acs.nanolett.8b04170.

Juette, M.F., Terry, D.S., Wasserman, M.R.,
Altman, R.B., Zhou, Z., Zhao, H., and Blanchard,
S.C. (2016). Single-molecule imaging of non-
equilibrium molecular ensembles on the
millisecond timescale. Nat. Methods 13, 341–344.
https://doi.org/10.1038/nmeth.3769.

Kane, P.M., Yamashiro, C.T., Wolczyk, D.F., Neff,
N., Goebl, M., and Stevens, T.H. (1990). Protein
splicing converts the yeast TFP1 gene product to
the 69-kD subunit of the vacuolar H(+)-adenosine
triphosphatase. Science 250, 651–657. https://
doi.org/10.1126/science.2146742.

https://doi.org/10.1002/adma.201605442
https://doi.org/10.1002/adma.201605442
https://doi.org/10.1002/smtd.202000177
https://doi.org/10.1002/smtd.202000177
https://doi.org/10.1146/annurev-biophys-090420-083836
https://doi.org/10.1146/annurev-biophys-090420-083836
http://refhub.elsevier.com/S2589-0042(21)00975-5/sref7
http://refhub.elsevier.com/S2589-0042(21)00975-5/sref7
http://refhub.elsevier.com/S2589-0042(21)00975-5/sref7
https://doi.org/10.1107/S205225252000562X
https://doi.org/10.1107/S205225252000562X
https://doi.org/10.1073/pnas.0812620106
https://doi.org/10.1073/pnas.0812620106
https://doi.org/10.1021/ja505302q
https://doi.org/10.1021/ja505302q
https://doi.org/10.1038/s41467-019-09476-4
https://doi.org/10.1126/sciadv.abc2661
https://doi.org/10.1126/science.1206023
https://doi.org/10.1126/science.aat4346
https://doi.org/10.1126/science.aat4346
https://doi.org/10.1038/nnano.2009.12
http://refhub.elsevier.com/S2589-0042(21)00975-5/sref16
http://refhub.elsevier.com/S2589-0042(21)00975-5/sref16
http://refhub.elsevier.com/S2589-0042(21)00975-5/sref16
http://refhub.elsevier.com/S2589-0042(21)00975-5/sref16
https://doi.org/10.1146/annurev-biochem-013118-111947
https://doi.org/10.1146/annurev-biochem-013118-111947
https://doi.org/10.1021/ac4020929
https://doi.org/10.1021/nl100861c
https://doi.org/10.1021/nl100861c
https://doi.org/10.1038/nature01529
https://doi.org/10.1038/nature01529
https://doi.org/10.1021/acsnano.9b09353
https://doi.org/10.1016/j.bios.2021.113195
https://doi.org/10.1016/j.bios.2021.113195
https://doi.org/10.1038/s41557-020-0437-0
https://doi.org/10.1038/s41557-020-0437-0
https://doi.org/10.1101/2020.04.14.040733
https://doi.org/10.1101/2020.04.14.040733
https://doi.org/10.1038/s41467-018-06534-1
https://doi.org/10.1038/s41467-018-06534-1
https://doi.org/10.1126/science.aar7831
https://doi.org/10.1126/science.aar7831
https://doi.org/10.1021/acs.analchem.8b03523
https://doi.org/10.1021/acs.analchem.8b03523
https://doi.org/10.1016/j.snb.2018.01.094
https://doi.org/10.1016/j.snb.2018.01.094
https://doi.org/10.1038/nature04736
https://doi.org/10.1038/s41592-018-0085-0
https://doi.org/10.1038/s41592-018-0085-0
http://refhub.elsevier.com/S2589-0042(21)00975-5/sref31
http://refhub.elsevier.com/S2589-0042(21)00975-5/sref31
http://refhub.elsevier.com/S2589-0042(21)00975-5/sref31
http://refhub.elsevier.com/S2589-0042(21)00975-5/sref31
http://refhub.elsevier.com/S2589-0042(21)00975-5/sref31
https://doi.org/10.1021/acs.nanolett.7b05354
http://refhub.elsevier.com/S2589-0042(21)00975-5/sref33
http://refhub.elsevier.com/S2589-0042(21)00975-5/sref33
http://refhub.elsevier.com/S2589-0042(21)00975-5/sref33
http://refhub.elsevier.com/S2589-0042(21)00975-5/sref33
https://doi.org/10.1126/science.1172926
https://doi.org/10.1126/science.1172926
https://doi.org/10.1038/nnano.2015.189
https://doi.org/10.1038/nnano.2015.189
https://doi.org/10.1016/j.tem.2015.09.013
https://doi.org/10.1016/j.tem.2015.09.013
https://doi.org/10.3389/fnins.2016.00408
https://doi.org/10.3389/fnins.2016.00408
https://doi.org/10.1021/nn504551d
https://doi.org/10.1021/acs.nanolett.8b04170
https://doi.org/10.1021/acs.nanolett.8b04170
https://doi.org/10.1038/nmeth.3769
https://doi.org/10.1126/science.2146742
https://doi.org/10.1126/science.2146742


ll
OPEN ACCESS

iScience
Perspective
Kang, X., Cheley, S., Guan, X., and Bayley, H.
(2006). Stochastic detection of enantiomers.
J. Am. Chem. Soc. 128, 10684–10685. https://doi.
org/10.1021/ja063485l.

Karawdeniya, B.I., Bandara, Y.M.N.D.Y., Nichols,
J.W., Chevalier, R.B., and Dwyer, J.R. (2018).
Surveying silicon nitride nanopores for glycomics
and heparin quality assurance. Nat. Commun. 9,
3278. https://doi.org/10.1038/s41467-018-05751-
y.

Kasianowicz, J.J., Brandin, E., Branton, D., and
Deamer, D.W. (1996). Characterization of
individual polynucleotide molecules using a
membrane channel. Proc. Natl. Acad. Sci. 93,
13770–13773. https://doi.org/10.1073/pnas.93.
24.13770.

Keyser, U.F., Krapf, D., Koeleman, B.N., Smeets,
R.M.M., Dekker, N.H., and Dekker, C. (2005).
Nanopore tomography of a laser focus. Nano
Lett. 5, 2253–2256. https://doi.org/10.1021/
nl051597p.

Kilic, S., Felekyan, S., Doroshenko, O., Boichenko,
I., Dimura, M., Vardanyan, H., Bryan, L.C., Arya,
G., Seidel, C.A.M., and Fierz, B. (2018). Single-
molecule FRET reveals multiscale chromatin
dynamics modulated by HP1a. Nat. Commun. 9,
235. https://doi.org/10.1038/s41467-017-02619-
5.

Kim, E., Kerssemakers, J., Shaltiel, I.A., Haering,
C.H., and Dekker, C. (2020). DNA-loop extruding
condensin complexes can traverse one another.
Nature 579, 438–442. https://doi.org/10.1038/
s41586-020-2067-5.

Klughammer, N., and Dekker, C. (2021).
Palladium zero-mode waveguides for optical
single-molecule detection with nanopores.
Nanotechnology 32, 18LT01. https://doi.org/10.
1088/1361-6528/abd976.

Kodera, N., Yamamoto, D., Ishikawa, R., and
Ando, T. (2010). Video imaging of walking myosin
V by high-speed atomic forcemicroscopy. Nature
468, 72–76. https://doi.org/10.1038/nature09450.

Kopatz, I., Zalk, R., Levi-Kalisman, Y., Zlotkin-
Rivkin, E., Frank, G.A., and Kler, S. (2019).
Packaging of DNA origami in viral capsids.
Nanoscale 11, 10160–10166. https://doi.org/10.
1039/C8NR10113B.

Kukura, P., Ewers, H., Müller, C., Renn, A.,
Helenius, A., and Sandoghdar, V. (2009). High-
speed nanoscopic tracking of the position and
orientation of a single virus. Nat. Methods 6,
923–927. https://doi.org/10.1038/nmeth.1395.

Lerner, E., Cordes, T., Ingargiola, A., Alhadid, Y.,
Chung, S., Michalet, X., and Weiss, S. (2018a).
Toward dynamic structural biology: two decades
of single-molecule Förster resonance energy
transfer. Science 359, eaan1133. https://doi.org/
10.1126/science.aan1133.

Lerner, E., Ingargiola, A., and Weiss, S. (2018b).
Characterizing highly dynamic conformational
states: the transcription bubble in RNAP-
promoter open complex as an example. J. Chem.
Phys. 148, 123315. https://doi.org/10.1063/1.
5004606.

Li, J., Ying, C., Awasthi, S., Kalkus, T., Acharjee,
M.C., and Mayer, M. (2020). Protein trapping in a
nanopore well. Biophys. J. 118, 157a. https://doi.
org/10.1016/j.bpj.2019.11.971.

Lieberman, K.R., Cherf, G.M., Doody, M.J.,
Olasagasti, F., Kolodji, Y., and Akeson, M. (2010).
Processive replication of single DNAmolecules in
a nanopore catalyzed by phi29 DNA polymerase.
J. Am. Chem. Soc. 132, 17961–17972. https://doi.
org/10.1021/ja1087612.

Liu, P., Reed, M.N., Kotilinek, L.A., Grant, M.K.O.,
Forster, C.L., Qiang,W., Shapiro, S.L., Reichl, J.H.,
Chiang, A.C.A., Jankowsky, J.L., et al. (2015).
Quaternary structure defines a large class of
amyloid-b oligomers neutralized by
sequestration. Cell Rep 11, 1760–1771. https://
doi.org/10.1016/j.celrep.2015.05.021.

Loman, N.J., and Watson, M. (2015). Successful
test launch for nanopore sequencing. Nat.
Methods 12, 303–304. https://doi.org/10.1038/
nmeth.3327.

Lu, M., Ma, X., Castillo-Menendez, L.R., Gorman,
J., Alsahafi, N., Ermel, U., Terry, D.S., Chambers,
M., Peng, D., Zhang, B., et al. (2019). Associating
HIV-1 envelope glycoprotein structures with
states on the virus observed by smFRET. Nature
568, 415–419. https://doi.org/10.1038/s41586-
019-1101-y.

Ma, T., Balanzat, E., Janot, J.-M., and Balme, S.
(2019). Single conical track-etched nanopore for a
free-label detection of OSCS contaminants in
heparin. Biosens. Bioelectron. 137, 207–212.
https://doi.org/10.1016/j.bios.2019.05.005.

Manosas, M., Perumal, S.K., Croquette, V., and
Benkovic, S.J. (2012). Direct observation of stalled
fork restart via fork regression in the T4 replication
system. Science 338, 1217–1220. https://doi.org/
10.1126/science.1225437.

Manrao, E.A., Derrington, I.M., Laszlo, A.H.,
Langford, K.W., Hopper, M.K., Gillgren, N.,
Pavlenok, M., Niederweis, M., and Gundlach, J.H.
(2012). Reading DNA at single-nucleotide
resolution with a mutant MspA nanopore and
phi29 DNA polymerase. Nat. Biotechnol. 30, 349
EP.

Mehta, A.D., Rock, R.S., Rief, M., Spudich, J.A.,
Mooseker, M.S., and Cheney, R.E. (1999). Myosin-
V is a processive actin-based motor. Nature 400,
590–593. https://doi.org/10.1038/23072.

Meyer, N., Janot, J.-M., Lepoitevin, M., Smietana,
M., Vasseur, J.-J., Torrent, J., and Balme, S. (2020).
Machine Learning to Improve the Sensing of
Biomolecules by Conical Track-Etched Nanopore
(Biosens). https://doi.org/10.3390/bios10100140.

Miller, H., Zhou, Z., Shepherd, J., Wollman,
A.J.M., and Leake, M.C. (2017). Single-molecule
techniques in biophysics: a review of the progress
in methods and applications. Rep. Prog. Phys. 81,
24601. https://doi.org/10.1088/1361-6633/
aa8a02.

Mohapatra, S., Lin, C.-T., Feng, X.A., Basu, A., and
Ha, T. (2020). Single-molecule analysis and
engineering of DNA Motors. Chem. Rev. 120,
36–78. https://doi.org/10.1021/acs.chemrev.
9b00361.

Niedzwiecki, D.J., Chou, Y.-C., Xia, Z., Thei, F.,
and Drndi�c, M. (2020). Detection of single analyte
and environmental samples with silicon nitride
nanopores: antarctic dirt particulates and DNA in
artificial seawater. Rev. Sci. Instrum. 91, 31301.
https://doi.org/10.1063/1.5138210.

Noji, H., Yasuda, R., Yoshida, M., and Kazuhiko, K.
(1997). Direct observation of the rotation of F1-
ATPase. Nature 386, 299–302.
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