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ABSTRACT: The rapidly advancing field of nanotechnology is
driving the development of precise sensing methods at the
nanoscale, with solid-state nanopores emerging as promising
tools for biomolecular sensing. This study investigates the
increased sensitivity of solid-state nanopores achieved by
integrating DNA origami structures, leading to the improved
analysis of protein translocations. Using holo human serum
transferrin (holo-hSTf) as a model protein, we compared hybrid
nanopores incorporating DNA origami with open solid-state
nanopores. Results show a significant enhancement in holo-hSTf
detection sensitivity with DNA origami integration, suggesting a
unique role of DNA interactions beyond confinement. This

Hybrid

Open

=

.

Holo-hSTf

Al pA)

1000
At (us)

approach holds potential for ultrasensitive protein detection in biosensing applications, offering advancements in biomedical
research and diagnostic tool development for diseases with low-abundance protein biomarkers. Further exploration of origami
designs and nanopore configurations promises even greater sensitivity and versatility in the detection of a wider range of proteins,

paving the way for advanced biosensing technologies.

Bl INTRODUCTION

Contemporary research in the field of biomedical sciences
pursues novel therapeutic advancements in disease diagnosis
and prevention. Understanding the intricate interactions
between DNA and proteins is of great importance for
deciphering fundamental biological mechanisms and for
identifying protein biomarkers involved in the development
of different diseases.'~* Conventional methodologies for
analyzing single molecules, such as footprinting assays,
EMSA,® southwestern blotting, Y1H phage display,® and
proximity ligation assay (PLA),” offer good throughput but
often lack sensitivity in detecting rare biomolecules. In
contrast, sophisticated single molecule techniques, such as
atomic force microscopy, single ion channel sensing, optical
and magnetic tweezers, and super resolution microscopy,
provide high sensitivity but struggle with analyzing large
numbers of molecules efficiently,'’ prompting the need for
innovative approaches. Recent research efforts have focused on
understanding the dynamics of DNA origami—protein
interactions,' "> exploring methods to enhance sensitivity
and selectivity in detecting protein molecules,'” and elucidat-
ing the underlying mechanisms governing these interactions.
Studies have utilized a combination of experimental and
computational approaches to characterize DNA origami
structures,'* investigate their binding kinetics with proteins,15
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and engineer tailored nanostructures for certain sensing
applications.'®

Nanopores are classified into biological and solid-state
categories, each offering distinct advantages for single-molecule
sensing. While biological nanopores, exemplified by the alpha-
hemolysin toxin,'"~'” exhibit natural precision, solid-state
nanopores (SSNs) fabricated on solid surfaces offer unparal-
leled accuracy on single molecule sensing and chemical
functionality.””~>* Researchers have improved the sensitivity
and specificity of nanopore-based assays and perform accurate
analysis of protein translocations and interactions employing
precise fabrication,” surface modification,”* electrochemical
control,”® multipore arrays, etc.?® By strategically modifying
nanopore surfaces with specific ligands, ligand-capped clusters,
or incorporating biological nanomachines, researchers can
tailor their sensing properties to detect and analyze
biomolecular interactions with high sensitivity and selectiv-
ity.”” ! Functionalization allows for the creation of nanopores
with specialized binding sites designed to capture target
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molecules, facilitatin3g the real-time monitoring of DNA—
protein interactions.”” ~* Additionally, nanopores function-
alized for DNA—protein interaction monitoring serve as
valuable tools for studying various biological phenomena,
including DNA repair mechanisms,>>>° genome stability,37 and
protein—protein interactions.®

Exploring DNA—protein interactions using SSN offers a
deeper understanding of biomolecular dynamics on the
nanoscale. Amidst its decade-long utilization, DNA origami
has transitioned into a practical phase, showcasing its versatility
in biotechnology applications.””** Among the recent applica-
tions of DNA origami is its utilization in nanopore technology,
an area proposed three decades ago for its potential in single-
molecule physics and biomolecule sensing.”"** DNA origami
nanopores serve a dual role in nanopore investigations:
enhancing the sensitivity and selectivity of SSN by
incorporating DNA origami structures, Versatile,43’44_and they
also directly function as nanopores themselves.”> Recent
studies have demonstrated the effectiveness of DNA origami
nanopore traps for protein sensing'>*® as well as optimizing
DNA origami design to achieve distinct protein interac-
tions."”** Various designs have been explored for applications,
such as DNA sequencing,49 single-molecule ﬁltering,16
biosensing,50 and drug delivery,14 showcasing the extensive
research efforts in this domain.

This work presents a novel strategy for enhancing the
sensitivity of SSN for protein analysis using octahedral DNA
origami.”" Our approach involves the electrophoretic trapping
of predesigned DNA origami structures within the nanopore,
leading to superior sensitivity in single-molecule protein
detection. Focusing on the translocation dynamics of holo-
hSTf comprised of 679 amino acids with a molecular weight of
~80 kDa,”” a protein with critical roles in DNA repair and
genome stability, we demonstrate the effectiveness of our
method in improving capture rate and dwell time of target
proteins. Furthermore, we investigated the impact of electro-
lyte type and concentration on the transport mechanism of
holo-hSTf through the origami-trapped nanopore. In the
context of recent developments, such as the custom-engineered
DNA nanopores that demonstrate tunable pore shapes and
widths for single-molecule sensing,()4 our DNA origami-
incorporated hybrid nanopore offers distinct advantages,
including enhanced analyte sensitivity, stability under varied
conditions, and reduced sensing interference when analytes
pass through electron clouds, making it a more versatile tool
for precise biomolecular analysis. Our work contributes to the
advancement of single-molecule protein analysis and has
significant implications for various fields, including biosensing,
drug discovery, and fundamental studies of DNA—protein
interactions, which are essential for unveiling the molecular
mechanisms underlying cellular processes.

B EXPERIMENTAL SECTION

Materials. A Millipore-Sigma Direct Q3 filtering system
was used to produce ultrapure type I water (Burlington, MA).
Unless specified otherwise, all other chemical reagents and
solvents were obtained from Sigma-Aldrich (St. Louis, MO)
and used without additional purification.

Nanopore Fabrication. Using a silicon nitride membrane
(NXDB-50B105 V122, Norcada) with a thickness of 12 + 2
nm and the chemically tuned controlled dielectric breakdown
(CT-CDB) approach, a nanopore was fabricated in this
work.’*® To create a seal between two polytetrafluoro-

ethylene flow cells, two silicon nitride chips were placed side
by side with poly(dimethylsiloxane) (PDMS) gaskets. A tight
seal was guaranteed by the PDMS gaskets. A solution
containing 1 M KCI (P9333, Sigma-Aldrich) buffered with
10 mM Tris (J61036, Alfa Aesar) at a pH of ~8 was placed in
the flow cell reservoirs. In accordance with prior research,’”**
sodium hypochlorite (425044, Sigma-Aldrich) was added to
this solution at a predetermined ratio of 2:9. Ag/AgCl
electrodes were inserted into each flow cell half-cell, and the
voltage was applied to the solution using a specially designed
circuit.

In order to detect the creation of a nanopore, a dramatic
spike in current was seen when the voltage was applied across
the silicon nitride membrane. The equation below was used to
measure the conductance of the solution in the flow cell
containing the nanopore and calculate the diameter of the
nanopore:

(1)

In this case, 6, L, and D stand for the electrolyte solution’s
conductivity, the nanopore’s nominal thickness, and the
diameter of the nanopore, respectively. Short voltage pulses
(1-3 s) were used to enlarge the nanopore’s size to reach the
required diameter. After the CT-CDB procedure, the solution’s
conductance was measured, and it was replaced with particular
electrolyte (either 0.5 or 1 M LiCl or KCI) buffered with 10
mM Tris pH ~ 8. Throughout the experiment, baseline current
values were taken at every applied voltage to ensure that there
were no impurities in the flow cell reservoirs. The technique
yielded nanopores that all displayed linear current—voltage
curves and ohmic behavior. Eq 1 showed that the diameter of
the resultant nanopores was 25 + 2 nm. Because stable
trapping occurrences were seen, a nanopore with a diameter of
25 nm was found to be optimum for DNA origami experiments
as opposed to nanopores with a diameter of larger or smaller
sizes.

DNA Origami Synthesis. The octahedron DNA origami
frame was designed using the DNA origami design software
caDNAano (http://cadnano.org/).”® The edges of the
octahedron frame were designed to be six-helix bundles
(6HB) with edge lengths of 84 base pairs. DNA origami frames
are folded by mixing 40 nM M13mp18 scaffold purchased
from Bayou Biolabs, LLC with a 5:1 staple to scaffold ratio.
The staple sequences were purchased from Integrated DNA
Technologies (IDT). The buffer of this solution is mixed to
contain 1X TAE and 12.5 mM magnesium chloride. This
mixture is heated to 90 °C and slowly cooled to 20 °C over a
period of 20 h to allow for the correct folding of the scaffold
sequence into the target 3D DNA origami frame. This protocol
is adapted from previous literature,””~°' and was performed on
the automated liquid handling workbench, driven by the Tecan
Fluent 1080 with on-deck synthesis and characterization
instrumentation, located at the Center for Functional Nano-
materials at Brookhaven National Laboratory. The folded
DNA origami is washed several times in order to remove the
excess staples used during the folding process. The origami
samples are washed four times through a Millipore Sigma
Amicon Ultra 0.5 mL centrifugal filters in an Eppendorf 5424R
(100 kDa cutoff) at a speed of 2k rcf for 15 min using a buffer
consisting of (1X) TAE and 12.5 mM magnesium chloride.
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Figure 1. Experimental setup and representative current traces for the octahedron DNA origami trapped hybrid nanopore, facilitating protein
translocations of holo-hSTf. (a) Schematic of origami trapping (first three panels) and holo-hSTf translocation through origami trapped hybrid
solid-state nanopore (last panel). A typical open pore current trace (red) before the origami is loaded on the cis side usually gets trapped in the pore
with two steps under an applied potential. The short drop in current (light blue) indicates the origami trapped in the nanopore, which, after a few
seconds, leads to deeper and longer blockades (dark blue), suggesting stabilization within seconds, allowing it to stably remain in the pore until the
electrophoretic force is removed. To study origami—protein interactions, holo-hSTf was added to the trans side of the flow cell under continuous
applied potential and an origami being already trapped; a typical current trace of holo-hSTf passing through the hybrid nanopore (teal). A constant
transmembrane potential of +200 mV was applied throughout the experiments for all data collection. All of the data were collected with a 10 kHz
low pass Bessel filter with a sampling frequency of 250 kHz. (b) Measurement of open pore conductance in the nanopore with 0.5 M (red) and 1
M LiCl (green), where G, represents the conductance of open nanopore and Gy, represents the conductance of hybrid nanopore. Conductance after
a single origami is trapped in 0.5 M LiCl (dark blue) and 1 M LiCl (orange) is only recorded at positive voltage bias, as they exit at opposite bias.

(c) A typical platonic octahedron wire-frame DNA origami structure. (d) TEM image of DNA origami octahedra.

Protein Preparation. Ten micrograms of human holo-
transferrin (T066S, Sigma-Aldrich) protein was reconstituted
to a 50 ug/mL concentration in sterile 1 X PBS, pH ~74. A S
nM concentration of holo-hSTf protein was introduced to the
flow cell’s trans side reservoir in order to collect data.

TEM Imaging. DNA origami samples were placed on a
TEM grid and stained with uranyl acetate for negative contrast.
The imaging process was carried out using a JEOL 1400
instrument operated at 120 keV at the Center for Functional
Nanomaterials, Brookhaven National Laboratory.

Data Collection and Analysis. The signal was acquired
by using an Axopatch 200B amplifier (Molecular Devices,
LLC) and digitalized by using a Digidata 1550B device
(Molecular Devices). During every experiment, a 250 kHz
sampling rate was employed, and the Axopatch 200B’s built-in
10 kHz Bessel filter was utilized to filter the raw data. A
constant transmembrane potential of +200 mV was applied
throughout the experiments for all data collection (unless
stated otherwise). Data was recorded with pCLAMP 11.2
software (Molecular Devices). During the experiment, data was
extracted from each event using the resistive pulse analysis
software EventPro 3.0. Parameters including resistive pulse

depth (AI), and duration (At) were extracted.’” The data from
EventPro 3.0 was further analyzed using the well-known data
analysis tool OriginPro 2023, the equations are stated in
Section S12.

B RESULT AND DISCUSSION

Hybrid Nanopore: DNA Origami Trapping Dynamics.
The study aimed to assess how integrating DNA origami
affects single molecule translocation dynamics in SSN, with the
hypothesis that DNA origami could improve nanopore sensing
capabilities and regulate molecular translocation. Quantitative
analyses were conducted by comparing protein translocations
through open and origami-functionalized hybrid nanopores
across different experimental conditions. Holo-hSTf served as
the model single molecule protein for label-free translocation
through the nanopores. The experimental setup, detailed in
Figure 1, involved step-by-step procedures where flow cells
were filled with electrolytes (LiCl or KCl) at varying
concentrations (0.5 or 1 M). Baseline current of the bare
SSN was recorded over a voltage range from +200 to —200 mV
to assess nanopore symmetry (Figure S1). Subsequently, 100
pM DNA origami was introduced to the cis side of the flow

https://doi.org/10.1021/acs.analchem.4c02016
Anal. Chem. 2024, 96, 17496—17505


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c02016/suppl_file/ac4c02016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c02016/suppl_file/ac4c02016_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02016?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02016?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02016?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02016?fig=fig1&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c02016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

a

1.0 - Open Nanopore
= 1 Hybrid Nanopore
g 0.8 —
< 4
[
z 0.6 1
p=
Z 0.4
=
c
“ 0.2 -

0.0 —=

100 200 300 400 500
Al (pA)
C

1.0 H Open Nanopore
= Hyhbrid Nanopore|
S 0.8 1
=
o
= 0.6 -
51
=
Z 04+
=
c
“ 0.2 -

0.0

0 0 20 30 4 50
A (fO)

b

—
=
|

Open Nanapore
Hybrid Nanopore

Normalized Counts
= = =
£ - =

l 1 1

Fed
[
1

0 200 400 600 800
At (ps)

. ‘Oi:i:n Nanopore .
Hybrid Nanopore

AT,

0.01 [

Figure 2. Quantitative analysis of DNA origami and holo-hSTf interactions. (a) Current blockades distribution of holo-hSTf protein through an
open pore (red) and through a hybrid nanopore (dark blue). (b) Dwell time distribution of holo-hSTf protein in an open pore and through a
trapped origami. (c) Event area analysis revealing distinct characteristics in hybrid nanopore. In all the figures (a—c), solid line represents the fitted
curve of the histogram. (d) Correlation analysis: scatter plot depicting relative current blockade vs dwell time of translocation holo-hSTf (number
of events > 3163) in an open pore (red circle) and hybrid pore (blue diamond). All the data were taken by adding 100 pM DNA origami to the cis
side and S nM holo-hSTf to the trans side in symmetric electrolyte of 0.5 M LiCl, 10 mM tris, pH ~ 8.0, using ~25 nm SSN.

cells, and an electric potential of +200 mV was applied to drag
it electrophoretically toward the SSN, resulting in a partial
current blockade due to an origami trapping onto the SSN.
Moving forward, we will use the term “hybrid nanopore” to
denote the origami-trapped SSN, and “open nanopore” for the
bare SSN, for simplicity. Initially, the origami is electrophoreti-
cally trapped (depicted in light blue) onto the pore in an
unstable manner. Subsequently, it attempts to settle down,
resulting in a stable orientation of the origami to the nanopore.
This orientation causes the current to decrease further,
accompanied by reduced noise (depicted in dark blue) (also
see Figures $3,56, and S7). However, the hybrid nanopore can
be formed without partial blocking by the origami and directly
settling down onto the nanopore (Figure S4).

A constant positive potential maintained origami trapping
while holo-hSTf (5 nM) was added to the trans side of the flow
cells, resulting in further current blockade spikes as holo-hSTf
translocated through the hybrid nanopore, as illustrated in
Figure la (depicted in teal) (also refer to Figures S3 and SS).
The rationale behind the addition of the holo-hSTf proteins
into the trans side is the dominant electro-osmotic force in a
lower salt concentration electrolytic environment, as shown in
a comparative study performed by Saharia et al.’® Figure 1b
illustrates current—voltage (IV) measurements at 0.5 and 1 M
LiCl concentrations, both for open nanopore and hybrid
nanopore, across voltages from —200 mV to +200 mV with a
40 mV step. A comparison of IV curves in 1 M LiCl between
the open nanopore (green) and hybrid nanopore (orange)
reveals a decrease in conductance from 111.38 to 92.73 nS
after origami trapping, confirming the single DNA origami
trap. Similarly, in 0.5 M LiCl, the IV curves for the open

17499

nanopore (red) and hybrid nanopore SSN (dark blue) indicate
a conductance drop from 66.29 to 51.06 nS. Notably, IV
curves for the hybrid nanopore in both 0.5 M LiCl (dark blue)
and 1 M LiCl (orange) do not extend to the negative side of
the graph due to electrophoretic trapping of origami onto the
open SSN; applying a negative potential would release the
origami, leaving the bare nanopore. Figure 1c is a 3D model of
a standard platonic octahedron DNA origami structure,
comprising around 6000 double-stranded DNA base pairs
and 1500 single-stranded bases, totaling approximately 13,500
negatively charged bases per structure, with each strut
measuring roughly 30 nm in length.’’ The characterization
of octahedron wire-frame DNA origami was done by TEM
imaging depicted in Figure 1d and S2). In this study, we
examined and analyzed the attributes of holo-hSTf protein
sensing under electrolytic conditions of 0.5 and 1 M LiCl and
KCl, pH 8 employing both open nanopore and hybrid
nanopore methodologies. Our investigation highlights the
superiority of the hybrid nanopore over open nanopore sensing
for protein sensing.

Comparative Analysis of Current Blockades, Dwell
Times, and Event Area. The quantitative analysis of holo-
hSTf protein interactions with open and hybrid nanopores
using 0.5 M LiCl electrolyte at +200 mV is depicted in Figure
2. The data convincingly demonstrates that the trapped
origami significantly enhances the nanopore’s sensitivity for
holo-hSTf detection, as evident in deeper current blockades,
prolonged dwell times, and a larger overall event area. Figure
2a displays the current blockade distributions, with the red
peak representing the open pore and the dark blue peak
corresponding to the hybrid nanopore. The hybrid nanopore
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Figure 3. Comparative analysis of holo-hSTf translocations through open and hybrid nanopores in 0.5 and 1 M LiCl and KClI electrolytes of pH ~
8. In the left column, a—c) are the distributions obtained from the data taken using 0.5 M LiCl (number of events > 3163) and KCI (number of
events > 1405) electrolytes. In the right column, (d—f) are the distributions obtained from the data taken using 1 M LiCl (number of events >
2203) and KCI (number of events > 1923) electrolytes. (a) and (d) represent the current blockade distribution of translocating holo-hSTf through
open and hybrid nanopore, (b) and (e) represent their dwell time distributions, and (c) and (f) are the distributions of the event area. All the data
are taken using LiCl through open nanopore are represented in red, while translocations through hybrid nanopores are depicted in blue. Likewise,
translocations in KCI through open SSN are represented in green, and through hybrid nanopores in orange. Dashed lines indicate the histogram
obtained from the raw data of holo-hSTf translocations, while solid lines with respective colors represents the fitted curves.

exhibits a higher mean current blockade (186.9 pA vs 130.92
pA), indicating that the protein spends more time within the
confined space, experiencing deeper blockades and generating
stronger signals. This enhanced interaction likely arises from
nonspecific charge interactions between the protein and the
DNA origami structure (Figure S9). Figure 2b compares the
dwell time distributions, revealing a clear distinction. The open
pore distribution (red) is narrower, indicating a more uniform
range of translocation times. In contrast, the hybrid pore
distribution (dark blue) is broader and shifted toward longer
dwell times (197.23 s vs 95.27 us), signifying a wider range of
translocation times. This suggests that the presence of origami
restricts or slows the protein’s movement, leading to more
consistent and prolonged interactions with the nanopore,
potentially due to steric or nonspecific electrostatic inter-

17500

actions. Figure 2c presents the event area analysis, which
combines the current blockade and dwell time to provide a
comprehensive measure of the protein-nanopore interaction
strength. The term “Event area” refers to the integral of the
current blockage over time during a nanoparticle translocation
event, measured in femtocoulombs (fC). The trapped origami
distribution (dark blue) shows a significant shift toward higher
event areas (9.44 fC vs 4.44 fC) compared to the open pore
(red). This substantial increase reflects the combined effect of
deeper blockades and longer dwell times achieved with the
hybrid nanopore, resulting in a markedly improved signal-to-
noise ratio and detection sensitivity. Figure 2d depicts that the
hybrid nanopore data (dark blue) form a tighter cluster
compared to the open pore data (red), indicating a stronger
and more consistent relationship between interaction depth
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and duration. This further supports the notion that origami
confines the protein, leading to more detectable translocation
events. Notably, the trapped origami data exhibits a wider
range of dwell times at higher blockades, suggesting the
possibility of multiple interaction modes or conformational
changes within the origami structure. Further experiments and
analysis have been performed with different nanopore sizes at
0.5 M LiCl and 10 mM Tris pH ~ 8 to support the results
discussed in this study (Figures S14 and S15).

Influence of Salt Concentration and Electrolyte Type.
The comparative analysis of holo-hSTf protein translocations
through open and hybrid nanopore in both 0.5 and 1 M LiCl
and KCI electrolytes at +200 mV transmembrane potential
presented in Figure 3 demonstrates a broad understanding of
the influence of salt concentration and electrolyte type. As
summarized in Table S1, the data confirm a significant
enhancement in detection sensitivity offered by the hybrid
nanopore. This is evident in deeper current blockades (ranging
from 130.92 pA to 642.39 pA), prolonged dwell times (ranging
from 95.27 to 262.01 ps), and larger event areas (ranging from
444 fC to 37.57 fC) observed across various electrolyte
conditions. Comparing the left and right columns of Figure 3
reveals the impact of the hybrid nanopore. In both 0.5 and 1 M
KC], the hybrid nanopore (orange) consistently exhibits higher
mean current blockades; for example, 642.39 pA in 1 M KCl
compared to 178.78 pA in the open nanopore, indicating
stronger protein—DNA interactions (refer to Figures S9—S12).
This suggests that KCI, a kosmotropic ion, promotes favorable
interactions between the protein and origami structure. The
differences in current blockades (mean values ranging from
130.92 pA to 642.39 pA), dwell times (mean values ranging
from 95.27 to 262.01 us), and event areas (mean values
ranging from 4.44 {C to 37.57 fC) observed between 0.5 and 1
M concentrations are relatively minor compared to the overall
effect of the DNA origami trap.

This confirms that DNA origami plays a dominant role in
enhancing sensitivity, regardless of minor changes in electro-
lyte concentration within the chosen range. Figure 3ab
showcase the current blockade and dwell time distributions
in 0.5 M salt concentration, and Figure 3d,e depict the current
blockade and dwell time distributions in 1 M salt
concentration, respectively. In both LiCl and KCI, the hybrid
nanopore (dark blue and orange) consistently displays deeper
current blockades (e.g, in 0.5 and 1 M KCl the hybrid
nanopore exhibits a broader distribution of blockades with
longer tails compared to the open nanopore) and longer dwell
times (e.g, in 0.5 and 1 M KCl, the hybrid nanopore has a
significantly longer dwell time compared to both LiCl
conditions) compared to the open nanopore (red and
green). This aligns with the observations in Figure 2 and
further supports the effectiveness of the origami trap in
enhancing the protein signal. The most striking difference is
observed in both 0.5 and 1 M KCI (Figure 3b,d, orange),
where the dwell time for the hybrid nanopore is significantly
longer compared to both LiCl conditions and even the open
nanopore in KCl This extended interaction time further
strengthens the case for KCl-induced favorable interactions
between the protein and the DNA origami. Figure 3c,f depict
the event area distributions. In both LiCl and KCI, the hybrid
nanopore distributions (blue and orange) display clear shifts
toward larger event areas (e.g, in 1 M KCI, the hybrid
nanopore distribution shows a significantly larger peak
compared to the open nanopore) compared to the open

nanopore (red and green). This signifies a combined effect of
deeper blockades and longer dwell times achieved with the
origami, leading to a markedly improved signal-to-noise ratio
and detection sensitivity (refer to Figures S9—S12 for
additional details). Although, it is challenging to trap the
DNA origami in 1 M KCI at +200 mV (see Figure S8), the
increase in event area is more pronounced in 1 M KCI (Figure
3f, orange) compared to other conditions, further confirming
the positive influence of KCl on the interaction between the
protein and DNA origami structure. The correlation analysis of
protein translocation dynamics presented with the help of
scatter plots (Figure S13) and Kruskal—Wallis Test>> analysis
to further strengthens the findings.

Statistical Analysis of Translocation Parameters.
Expanding on the insights gained from Figure 3, we explore
into a more detailed statistical examination of translocation
parameters concerning the interaction of holo-hSTf protein
with both open and hybrid nanopores across different LiCl and
KCl salt concentrations (0.5 and 1 M) (Figure 4). This
quantitative analysis sheds light on the combined influence of
salt concentration and the DNA origami trap on protein
detection sensitivity. Figure 4a—c presents the mean current
blockade, mean dwell time, and mean event area, respectively,
for both open and hybrid nanopores in different electrolytes.
These values are extracted from the fitted curves of the
distributions shown in Figure 3. A general trend emerges
across both LiCl and KCl: mean current blockade and event
area tend to increase slightly with higher salt concentration,
regardless of the presence of the origami trap, which is
presented in Figure 4a,, respectively. This indicates that
higher ionic strength generally strengthens the interaction
between the protein and the nanopore, likely due to improved
conductivity and reduced electrostatic repulsion. However,
Figure 4b reveals a contrasting effect of the salt concentration
on the mean dwell time. For LiCl, both open and hybrid
nanopores exhibit decreasing dwell times with increasing
concentration. On the other hand, for KCl, both open and
hybrid nanopores show an increase in dwell time. These
differing trends indicate that the relationship between salt ions,
the protein, and the complex DNA origami structure is
intricate and varies depending on the specific type of
electrolyte present. Figure 4d presents the mean capture rate,
reflecting the frequency of successful protein capture events by
the nanopore.

Consistent with the trends in other panels, the capture rate
increases linearly with increasing salt concentration for both
LiCl and KCI, indicating an overall improved detection
sensitivity at higher salt conditions. Notably, the origami trap
consistently enhances the capture rate at both concentrations
compared to that of the open nanopore, further highlighting its
effectiveness in promoting protein—nanopore interactions. The
higher capture rate observed with the hybrid nanopore
compared with the open nanopore likely stems from a
combined effect. In the absence of origami (open pore),
strong electrostatic repulsion from the negatively charged
nanopore walls can hinder the protein’s initial approach and
entry. The origami might introduce a more favorable
electrostatic environment potentially through shielding the
nanopore’s negative charge,”* creating a localized region with
reduced repulsion near the entrance, facilitating initial
protein—nanopore interaction. The origami’s structure and
charge distribution might create a steering effect through
electro-osmotic force,”” directing the negatively charged
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Figure 4. Statistical analysis of translocation parameters in LiCl and
KCI solutions (0.5 and 1 M). (a—c) Comparative means analysis
extracted from fitted curves: (a) mean current drop analysis, (b) mean
dwell time analysis, and (c) mean event area analysis. (d) Ilustration
of the capture rate of the holo-hSTf with respect to salt concentration
in both LiCl and KClI through open nanopore and hybrid nanopore.
(e) and (f) show the mean current blockade and dwell time,
respectively, versus pore diameter in 0.5 M LiCl and 0.5 M KCI. In all
plots, translocations in LiCl through SSNs are represented in red,
while translocations through hybrid nanopores are depicted in dark
blue. Translocations in KCI through open nanopores are represented
in green and through hybrid nanopores in orange. This
comprehensive analysis provides insight into the statistical significance
of translocation parameters, enhancing our understanding of the
influence of the salt concentration on solid-state nanopore dynamics.
Error bars represent the inter-nanopore variability observed from
multiple experiments using different nanopores under the same
conditions.

protein toward the pore opening despite the overall repulsion.
Additional analysis supporting these results, including the
impact of voltage on the capture rate, is provided in Figure
S17. Figure 4e,f further elucidates the relationship between
nanopore size and key translocation parameters using data
from six different pore sizes derived from three distinct
nanopores. After trapping the origami, the conductance of the
nanopores decreases, effectively reducing the pore size due to
partial blockage by the origami. Specifically, the original open
nanopore sizes are 23.2, 25.4, and 26.1 nm, which reduce to
17.7, 23.2, and 23.4 nm, respectively, when transformed into
hybrid nanopores. Figure 4e reveals a trend where smaller pore
sizes correspond to increased mean current blockades. This

suggests that smaller nanopores facilitate greater disruption of
ionic flow during translocation events, likely due to a smaller
cross-sectional area, allowing the translocating protein to
interact more with the hybrid nanopore. Figure 4f indicates
that mean dwell time generally decreases with increasing pore
size in the open nanopore but increases in the hybrid
nanopore. This inverse relationship implies that proteins
translocate more quickly through larger nanopores, but slower
in hybrid nanopore, potentially due to increased interaction
time with the origami and nanopore walls. However, outliers
observed between the pores could be attributed to several
factors, including protein aggregation, potential differences in
the surface properties or electrostatic interactions as well as
possible variations in experimental conditions or calibration
drift over time. Together, these additional analyses underscore
the significant impact of nanopore size on the sensing
performance, highlighting the balance between sensitivity and
translocation dynamics across different nanopore dimensions.

Enhanced Sensitivity in Matched Conductance
Hybrid Nanopores. The remarkable ability of DNA origami
trapping to enhance the sensitivity of SSNs for holo-hSTf
protein detection, even when the pore conductances are
identical, has been quantitatively analyzed in Figure 5. This
finding highlights the unique advantages of the origami-based
approach beyond simply confining the protein within the
nanopore. Figures Sa—c showcases the distributions of current
blockade, dwell time, and event area for holo-hSTf trans-
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Figure S. Comparative analysis of holo-hSTf translocations through
open and hybrid nanopores having the same conductance. (a)
Current blockades distribution of holo-hSTf protein in an open pore
(red) and through a trapped origami (dark blue). (b) Dwell time
distribution of holo-hSTf protein in an open pore and through a
hybrid nanopore. (c) Event area analysis revealing distinct character-
istics in hybrid nanopores. In all the panels (a—c), solid lines
represent the fitted curve of the histogram. (d) Correlation analysis:
scatter plot depicting relative current blockade vs dwell time of
translocation holo-hSTf in an open pore (red circle) and origami
trapped (blue diamond) pore. The data set that represents the
origami trap was collected after a ~25 nm pore was fabricated and
then trapping an origami onto the pore, resulting conductance is
equivalent to a ~23 nm open nanopore. Although the open pore and
hybrid pore both have similar conductance, the hybrid pore has
shown enhanced sensitivity.
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locations through open nanopore (red) and hybrid nanopore
(dark blue) with the same conductance. Despite the identical
conductance, the hybrid nanopore consistently exhibits deeper
current blockades (172.67 pA vs 142.9 pA), longer dwell times
(145.86 ps vs 66.66 us), and larger event areas (9.5 fC vs 3.36
fC) compared to the open nanopore. This remarkable
enhancement in sensitivity can be attributed solely to the
role of the origami structure in modulating protein—nanopore
interactions. The wider spread of dwell times observed in the
scatter plot of Figure 5d for the hybrid nanopore suggests that
origami introduces heterogeneity in interaction dynamics. This
diversity could arise from nonspecific charge interactions
within the origami structure, conformational changes induced
by the protein, or transient interactions that prolong the
translocation event. Additionally, the origami might create a
more confined and structured environment within the
nanopore, leading to more efficient blockade and signal
generation. The finding that DNA origami trapping enhances
sensitivity even with matched pore conductance opens exciting
possibilities for tailoring nanopore biosensors. By designing
origami structures with individual functionalities, researchers
can potentially target and manipulate protein—nanopore
interactions to achieve ultrasensitive and selective detection.
Further experiments and analysis have been conducted with
~26 nm open nanopores, resulting in conductance equivalent
to ~20 nm nanopores due to DNA origami incorporation.
These were then compared to the translocations of holo-hSTf
through ~20 nm open nanopores at 0.5 M LiCl 10 mM Tris
pH ~ 8 to support the results discussed in this study (see
Figure S16).

B CONCLUSION

In summary, this study systematically explored the impact of
integrating DNA origami into the SSN on single molecule
translocation dynamics. The findings indicate that DNA
origami significantly improves nanopore sensing capabilities,
enhancing sensitivity and detection specificity for protein
molecules like holo-hSTf. The hybrid nanopore consistently
showed deeper current blockades, prolonged dwell times, and
larger event areas compared to those of open nanopores across
various electrolyte conditions. This sensitivity enhancement
was evident regardless of minor changes in the electrolyte
concentration, highlighting the dominant role of DNA origami
in modulating protein—nanopore interactions. Moreover, the
origami-based approach introduced heterogeneity in inter-
action dynamics, potentially through nonspecific charge
interactions or conformational changes within the origami
structure. Notably, even when the conductance was matched,
the hybrid nanopore outperformed open nanopores, emphasiz-
ing the discrete role of DNA origami in enhancing detection
sensitivity. These findings suggest promising avenues for
tailoring nanopore biosensors through the precise design and
functionalization of DNA origami structures, with implications
for ultrasensitive and selective detection in biomedical research
and beyond. Further exploration of origami designs, electrolyte
compositions, and nanopore materials could lead to the
development of advanced biosensing platforms with enhanced
performance and versatility.
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