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% Check for updates Synthetic membrane nanopores made of DNA are promising systems to sense

and control molecular transport in biosensing, sequencing, and synthetic cells.
Lumen-tunable nanopore like the natural ion channels and systematically
increasing the lumen size have become long-standing desires in developing
nanopores. Here, we design a triangular DNA nanopore with a large tunable
lumen. It allows in-situ transition from expanded state to contracted state
without changing its stable triangular shape, and vice versa, in which specific
DNA bindings as stimuli mechanically pinch and release the three corners of
the triangular frame. Transmission electron microscopy images and molecular
dynamics simulations illustrate the stable architectures and the high shape
retention. Single-channel current recordings and fluorescence influx studies
demonstrate the low-noise repeatable readouts and the controllable cross-
membrane macromolecular transport. We envision that the proposed DNA
nanopores could offer powerful tools in molecular sensing, drug delivery, and
the creation of synthetic cells.

Membrane nanopores’, the hollow barrels spanning biological or
synthetic membranes, play vital roles in various bodily functions and
molecular biology, including signal transduction?, cross-membrane
molecular transport®, and label-free molecular sensing*’. Among the
known nanopores in nature, ion channels are the most studied and
functionally complex pores with two important properties: highly
selective filter and mechanically gated transport®’. Responding to
environmental stimuli, ion channels can dynamically change their
inner width of a few nanometers to allow or prevent the passage of
cargo. Next-generation nanopores mimicking the dynamic gating
behaviors of the natural ion channels have attracted considerable
scientific and technological interest®’, however, existing two chal-
lenges are the lumen-tunable pore with a much wider lumen for

controllable cross-membrane macromolecular transport and the
structurally stable pore for low-noise repeatable electrical readouts in
molecular sensing.

The rational route to next-generation synthetic nanopores could
be DNA nanotechnology, an ideal tool for building large de novo
architectures'®. With the strict base-pairing rule and highly predictable
precise structures, DNA nanotechnology enables the programmed
production and rapid optimization of multifunctional DNA
nanostructures” ™. Moreover, achieved applications of the DNA
nanostructures indicate that the stability'” of synthetic nanos-
tructures determines their feasibility in a variety of applications such
as precision measurement tools'®™ and smart drug carriers' .
Membrane-spanning nanopores entirely engineered by DNA

School of Mechatronical Engineering, Beijing Institute of Technology, Beijing, China. 2Beijing Advanced Innovation Center for Intelligent Robots and System:s,
Beijing Institute of Technology, Beijing, China. 3Department of Physics, University of Illinois at Urbana Champaign, Urbana, IL, USA. “Beckman Institute for
Advanced Science and Technology, University of Illinois at Urbana Champaign, Urbana, IL, USA. °Center for Neuroscience and Biomedical Engineering, The
University of Electro-Communications, Tokyo, Japan. 6These authors contributed equally: Xiaoming Liu, Fengyu Liu. </e-mail: liuxiaoming555@bit.edu.cn;
aksiment@illinois.edu

Nature Communications | (2024)15:7210 1


http://orcid.org/0000-0003-0230-2742
http://orcid.org/0000-0003-0230-2742
http://orcid.org/0000-0003-0230-2742
http://orcid.org/0000-0003-0230-2742
http://orcid.org/0000-0003-0230-2742
http://orcid.org/0000-0002-1576-9766
http://orcid.org/0000-0002-1576-9766
http://orcid.org/0000-0002-1576-9766
http://orcid.org/0000-0002-1576-9766
http://orcid.org/0000-0002-1576-9766
http://orcid.org/0009-0008-3211-5693
http://orcid.org/0009-0008-3211-5693
http://orcid.org/0009-0008-3211-5693
http://orcid.org/0009-0008-3211-5693
http://orcid.org/0009-0008-3211-5693
http://orcid.org/0000-0001-9927-1502
http://orcid.org/0000-0001-9927-1502
http://orcid.org/0000-0001-9927-1502
http://orcid.org/0000-0001-9927-1502
http://orcid.org/0000-0001-9927-1502
http://orcid.org/0000-0002-6042-8442
http://orcid.org/0000-0002-6042-8442
http://orcid.org/0000-0002-6042-8442
http://orcid.org/0000-0002-6042-8442
http://orcid.org/0000-0002-6042-8442
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-51630-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-51630-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-51630-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-51630-0&domain=pdf
mailto:liuxiaoming555@bit.edu.cn
mailto:aksiment@illinois.edu
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-51630-0

nanotechnology have been previously reported”?, but stimuli-
responsive DNA nanopores with tunable lumen sizes and low-noise
repeatable electrical readouts remain challenges. Nevertheless, the
ease of de novo design of nanopores with DNA is apparent.

Existing DNA nanopores are mostly single-layered”” and built
based on the parallel alignment of the DNA duplexes; however, the
disadvantages are the reported narrow lumen, significant ion
leakage?®, and difficulty in accommodating the gating mechanism or
other functional units. The very recently pioneered DNA nanopores
overcome these limitations by arranging the bundled DNA duplexes
parallel to the membrane to form multi-layered tube structures®*°. By
controlling the length of the nanopore subunits formed by bundled
DNA duplexes, the achieved lumen areas range from tens to hundreds
of nm?, which is one to two orders of magnitude larger than typical
protein pores®. The self-assembled numerous DNA duplexes in the
same plane form a broad plate to accommodate wide lumen, con-
formational transition mechanisms, and stimuli-responsive units.
Nevertheless, structural stability was not considered when designing
these DNA nanopore designs. In the lumen-tunable static nanopore
design®®, unstable DNA architecture may lead to lumen size and shape
changes, further influencing the precise sensing and controlled
transport of protein cargoes. In the proposed stimuli-responsive DNA
nanopore’, the conformational transitions are realized by the linkage
motion of the quadrilateral frames, while the most known natural ion
channels open and close like a diaphragm®. Lumen tuning based on
such conformational transition may allow the relatively larger mole-
cules with matched cross-sectional shapes to pass through the con-
stricted quadrilateral nanopores. Moreover, the structural fluctuation
of the semi-flexible quadrilateral frames would cause unrepeatable
electrical readouts and significant signal noise’. Numerous studies on
the DNA nanostructures adopt stable triangular architectures or
variants***, including triangular subunits, and advanced molecular
dynamics simulations are applied to validate the stability of the
designed DNA nanostructures®**. The DNA nanopores with structu-
rally stable triangular shapes can provide repeatable electrical read-
outs for molecular sensing.

Here, we show a structurally stable triangular DNA nanopore of
considerable size and realize mechanical lumen transition. Three pore
subunits assembled from side-by-side bundled DNA duplexes are
linked to form a triangular frame with a wide lumen. Specific DNA
bindings are used to pinch and release the three corners of the trian-
gular frame, thereby mechanically activating the DNA nanopore to
switch from the DNA nanopore-expanded state (DNP-E) to the DNA
nanopore-contracted state (DNP-C), and vice versa. Rather than that,
the very recently pioneered DNA nanopores realize the gated trans-
port by equipping flap-like gates® or changing the shape of the semi-
flexible quadrilateral frames’, the proposed nanopores maintain a tri-
angular configuration in both expanded and contracted states. This
property ideally mimics the diaphragm-like lumen transition of natural
ion channels and could significantly contribute to structural stability,
precise gated transport, and repeatable low-noise signals in electrical
sensing. We anticipate that the proposed DNA nanopores could offer
valuable insights for developing and applying the next-generation
nanopores.

Results

Triangular DNA nanopore

In response to existing challenges in developing next-generation
nanopores, we have designed a DNA nanotechnology-engineered tri-
angular nanopore with a tunable lumen for sensing and controlling
molecular transport. The triangular DNA nanopore is composed of
three subunits interconnected by single-stranded hinges (Fig. 1a). Each
subunit adopts a sandwich structure, where the side-by-side bundled
long DNA duplexes act as the core layer, and the bundled short DNA
duplexes serve as the inner and outer layers. The three-layered middle

part of the pore subunit serves as the solid girder, while the two
adjacent single-layered ends interconnected by the single-stranded
hinge form a v-clip. Triggered by specific DNA bindings (Fig. 1a), the
three v-clips can be pinched and released to tune the lumen size of the
triangular DNA nanopore. Nine single-stranded DNA (referred to as
triggers) are employed to simultaneously pinch the three corners of
the large triangular frame during the transition from DNP-E1 to DNP-
C2. Conversely, precisely defined twelve single-stranded DNA (referred
to as reverse triggers) are utilized to release the three corners of the
small triangular frame during the transition from DNP-C1 to DNP-E2. It
is even more noteworthy that, during the mechanical transition of the
designed nanopore, the lumen retains a triangular configuration in
both contracted and expanded states.

According to the route designs of the triangular DNA nanopores
in different states (Supplementary Figs. 1, 2), DNP-E1 and DNP-C1 were
assembled by annealing the scaffold DNA and the multifunctional
staple strands (Supplementary Data 1). In the upper region of the
representative gel image (Supplementary Fig. 3), homogeneous bands
of DNP-E1 and DNP-C1 present different mobilities during gel electro-
phoresis, providing evidence of the formation of singular assembly
products for both DNP-E1 and DNP-C1. After the purification of the
assembled products by ultrafiltration units, different morphologies
(Fig. 1b, e) of contracted and expanded nanopores were observed by
negative-stained transmission electron microscopy (TEM). Based on
representative TEM images (Supplementary Figs. 4, 5), it is evident that
most of DNP-E1 converted to DNP-C2 upon exposure to the triggers,
while the majority of DNP-C1 changed to DNP-E2 with the participation
of the reverse triggers. The 6 angle and cross-sectional area of each
DNA nanopore were determined using a computer vision-assisted
method (Supplementary Fig. 6a). Statistical analyses of DNP-E1 and
DNP-C2 present a notable decrease of the average cross-sectional area
from 787 to 301 nm? (Fig. 1c and Supplementary Fig. 6b), with no sig-
nificant change observed in the 0 angle (Fig. 1d and Supplementary
Fig. 6c). Conversely, the transition of DNP-C1 to DNP-E2 was accom-
panied by a significant increase of the average cross-sectional area
from 303 to 675 nm? (Fig. 1f and Supplementary Fig. 6b), while the 6
angle remained nearly constant (Fig. 1g and Supplementary Fig. 6c).

To facilitate embedding the proposed DNA nanopores into lipid
bilayers, we utilized twenty-one handles of staple strands to hybridize
the cholesterol strands (Fig. 1h). Cholesterol-modified DNP-E1 and
DNP-C1 are shown as upshifted bands in gel electrophoresis analysis
(Supplementary Fig. 7), demonstrating that the cholesterol strands can
be attached to the DNA nanopores as designed. Small unilamellar
vesicles (SUVs) were used to investigate the interaction between
cholesterol-tagged DNA nanopores and lipid bilayers (Supplementary
Fig. 8a). The signal intensity of the upshifted bands in DNP-C1 samples
gradually increased as the lipid concentration of SUVs increased
(Supplementary Fig. 8b). In contrast, no upshifted bands were
observed for DNP-C1 samples in the absence of SUVs. The signal
intensity analysis reveal that the upshifted bands were caused by the
interaction between DNP-CI and SUVs (Supplementary Fig. 8c). In
addition to gel electrophoresis, TEM was employed to confirm the
binding of synthetic DNA nanopores to SUVs. The shaded areas
representing the different lumens of DNP-C1 and DNP-E1 indicate that
these DNA nanopores interacted with the SUVs (Fig. 1i). Moreover, to
visualize the interaction between cholesterol-tagged DNA nanopores
and giant unilamellar vesicles (GUVs), we employed twelve additional
handles in DNA nanopores to gather the Cy3 strands (Fig. 1h). Repre-
sentative confocal images display the efficient binding of abundant
Cy3-marked DNA nanopores to GUVs (Fig. 1j).

Electrical characterization

Theoretically, symmetrically distributed cholesterol moieties around
the perimeter of triangular DNA nanopores facilitate the insertion
of the nanopores into lipid bilayers®*, forming well-defined
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Fig. 1| Transform mechanisms and structural features of triangular DNA
nanopores. a Schematic illustration of characteristic configurations and repre-
sentative corners of triangular DNA nanopores in expanded and contracted states.
b-g Representative TEM images show that the contraction (b) and expansion (e) of
DNA nanopores are regulated by triggers and reverse triggers, respectively. Scale
bars: 50 nm. Statistical analyses of the cross-sectional area (c, f) and 6 angle (d, g) of
triangular DNA nanopores in different states. Each set of data is the mean + SD of 20
nanopores. An unpaired two-tailed t-test was used to evaluate the difference
between the two groups. ***p < 0.0001. ns not significant. h 3D views of triangular

DNA nanopores in different states equipped with specific staple strands. The Purple
and green handles are used to attach cholesterol and Cy3 strands, respectively.

i Typical TEM images of DNP-E1 and DNP-C1 bound to SUVs. Three repeats are
performed independently. White arrows point to DNA nanopores. Scale bars:

50 nm. j Confocal graphs of Cy3-loaded DNP-E1 (pseudo-colored in green) inter-
acted with GUVs consisting of 90% DOPC and 10% DOPE. Three repeats are per-
formed independently. Scale bars: 10 pm. k Schematics of the insertion of DNA
nanopores in different states into lipid bilayers. Source data are provided as a
Source Data file.

transmembrane channels. To confirm the membrane-spanning nature
of both DNA nanopore designs (Fig. 1k), the conductance properties of
DNP-C1 and DNP-E1 were tested via single-channel current recordings.
In particular, 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC)
was used to produce planar lipid bilayers. In every microelectrode
cavity of the current recording chip, the electrolyte (1M KCl, 10 mM
HEPES, pH 7.4) was separated by a planar lipid bilayer into two
chambers, including a cis side and a trans side. When a potential was
applied across the lipid membrane, electrolyte ions were induced, ion
flow occurred through the lumen of the embedded DNP-C1 (Fig. 2a),
and a constant current of 0.61 nA was observed at an applied voltage of
+80 mV. In contrast, when the applied voltage was changed to -80 mV,

the recorded current was constant at -0.62 nA. The single-channel
current trace (Fig. 2b) indicates the successful insertion of DNP-C1 into
the planar lipid bilayer. Statistical analysis of the conductance dis-
tribution of DNP-C1 shows the peak conductance with an average of
7.75+0.34nS (+ SD, n=22) (Fig. 2c).

DNP-E1 has a larger lumen than DNP-CI. Thus, the inserted DNP-E1
should allow more electrolyte ions to pass through its lumen than the
inserted DNP-C1. Consistent with the concept of both schematics
(Fig. 2a, d), the constant current of DNP-E1 (1.26 nA) was higher than
that of DNP-C1 (0.61 nA) when a voltage of +80 mV was applied across
the inserted DNP-E1 and DNP-C1 (Fig. 2b, e). The conductance peak
histogram of inserted DNP-E1 appeared at 16.6 + 0.54 nS (+ SD, n=20)

Nature Communications | (2024)15:7210


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-51630-0

a b c
1.0 81
—~ 0.5 61
z 0.5
= -
- C
é [ R B § 4
>
, ©.0.5- 24
Electrolyte ions pass through DNP-C1 r___._
-1.0 | 0-
0.0 0.5 1.0 0 5 10 15
Time (s) Conductance (nS)
d e f
2.0 81
N
—~ 1.0 6+
e 1.0
£ -
— c
é (OO E R é 47
- >
_ ©_1.0- 24
Electrolyte ions pass through DNP-E1 R E—
2.0 . 0 . -
0.0 0.5 1.0 5 10 15 20 25
Time (s) Conductance (nS)
9 hos I 102
~N10°%
= |,,........ I
210 I“‘“"““l Ve Z 104
g £
X A = o 5
; . 505 $10%_ ppect
DNP-C1 DNP-C2 o & 10°{— DNP-E2
+Reverse 0'% 0 5.0 10 10-71 00 10" 102 10° 104
triggers Expanding  Contracting | +Triggers ] 1.5_' Time (s) 102 Frequency (Hz)
DNP-E2 DNP-E1 < 1.0]
T | 107+ T T T .
1.0 2.0 100 10° 102 108 104
Time (s) Frequency (Hz)

Fig. 2 | Electrical characterizations of triangular DNA nanopores in different
states. a-f Current signal studies of DNA nanopores via single-channel current
recordings. Schematics of electrolyte ions flow through the DNP-C1 (a) and DNP-E1
(d). Representative current traces of DNP-C1 (b) and DNP-E1 (e) were recorded at
+80 mV for the first 0.5, after which the applied voltage was switched to -80 mV
for the next 0.5s. Conductance Histograms were obtained from 22 and 20 indivi-
dual insertions of DNP-C1 (c) and DNP-E1 (f), respectively. The black dashed lines
depict Gaussian fits (c, f). g Schematics illustrate that the contraction and

expansion of DNA nanopores can be activated by introducing triggers and reverse
triggers, respectively. h Representative signal trace demonstrates dynamic lumen
changes observed during the transition from DNP-C1 to DNP-E2. i Power spectrum
analysis of inserted DNP-C1 and DNP-E2. j Representative single-channel current
recordings exhibit dynamic lumen changes observed during the transition from
DNP-E1 to DNP-C2. k Power spectrum analysis of inserted DNP-E1 and DNP-C2.
Source data are provided as a Source Data file.

(Fig. 2f), suggesting that the lumen size of DNP-E1 is larger than that of
DNP-C1. Notably, the concentrated distribution of the peak con-
ductance of DNP-C1 and DNP-E1 illustrates the repeatable electrical
readouts brought by the structurally stable triangular lumen. More-
over, control experiments of DNP-C1 and DNP-E1 without cholesterol
modification demonstrate no measurable ionic currents (Supplemen-
tary Fig. 9), thus verifying that cholesterol modification is essential for
inserting triangular DNA nanopores into planar lipid bilayers. Suc-
cessful insertion of cholesterol-labeled DNP-C1 and DNP-E1 into lipid
membranes was also verified by linear current-voltage relationships
with different slopes (Supplementary Fig. 10), as expected for verti-
cally symmetric DNA nanopores.

To explore the dynamic transition of triangular DNA nanopores
between expanded and contracted states, we separately added trig-
gers and reverse triggers on the cis sides of membrane-spanning DNP-
Cland DNP-E1 (Fig. 2g). The representative current trace indicates that

the current signal of inserted DNP-C1 changed from 0.63 to 1.07 nA
with a constant voltage of +80 mV (Fig. 2h), reflecting the lumen
expansion induced by reverse triggers. In the power spectrum analysis
(Fig. 2i), we found that the noise profile of DNP-E2 exhibited more
fluctuations compared to DNP-CI. After treating the membrane-
spanning DNP-E1 with triggers, the recorded current signal changed
from 1.20 to 0.73nA (Fig. 2j), validating that the embedded DNA
nanopore was contracted. Moreover, signal fluctuations were
observed around 1.0 s during the contraction process (Fig. 2j), pri-
marily resulting from transient deformations occurring at specific
corners of the embedded DNA nanopore. We attribute the achieved
low-noise signal to the stable triangular lumen. Compared to the
inserted DNP-E1 without any treatment, the power spectral noise of
DNP-C2 was reduced (Fig. 2k), indicating a decrease in lumen size.
To further examine the specificity of the triggers and reverse
triggers used to activate conformational transitions of DNA nanopores
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Fig. 3 | Computational characterizations of triangular DNA nanopores.

a, b Representative morphology and related simulation analyses of DNP-E1 (a) and
DNP-C1 (b). All angles and areas of the proposed nanopore at two states are cal-
culated according to the initial model. ¢, d RMSD (c) and proportion of broken base
pairs (d) during coarse-grained oxDNA simulations. Black dashed lines in both
panels show the moving average of the plotted observable. e Transverse (top) and

Conductance (nS)

side (bottom) conductivity maps of DNP-E1 and DNP-C1 under an applied voltage of
80 mV and salt concentration of 1M KCI. f Histogram presents the distribution of
conductance obtained using SEM and estimated values (arrows) derived using the
analytical calculations. Insets represent the cylinder models of DNP-C1 (left) and
DNP-E1 (right) nanopore conductance. Source data are provided as a Source

Data file.

in different states, random strands (Supplementary Data 1) were
separately introduced on the cis sides of membrane-spanning DNP-C1
and DNP-EL. Single-channel current recordings of random strands-
incubated DNA nanopores present no apparent fluctuating signals
(Supplementary Fig. 11), further emphasizing the importance of trig-
gers and reverse triggers in the expansion and contraction of trian-
gular DNA nanopores. Furthermore, statistical analyses of repetitive
current signals demonstrate that the majority of DNP-C1 converted
into DNP-E2 in response to reverse triggers, while DNP-E1 transitioned
into DNP-C2 in the presence of triggers (Supplementary Fig. 12).

Computational analysis

To assess the structural stability of triangular DNA nanopores in dif-
ferent states, we characterized two different DNA nanopore designs by
oxDNA* simulations. From a macro-perspective, statistical data of
the relative angles in both DNA nanopore designs demonstrate a more
pronounced fluctuation in the expanded DNA nanopore compared to
the contracted one (Fig. 3a, b). The relative areas of the two DNA
nanopore designs did not change significantly during the molecular
dynamics simulations, indicating that their distinct lumens can be
effectively maintained. In a finer perspective, DNP-E1 exhibited a
notably higher root-mean-square deviation (RMSD) as compared to
DNP-C1 (Fig. 3c), predominantly due to the elongated core layers
positioned at the triangulated nanopore corners. In previous oxDNA
simulations, the phenomenon of splaying at the ends of origami
structures has been documented*’. One plausible explanation for this
occurrence could be attributed to end effects. The lack of continuity in

nucleotides at the ends weakens the backbone and stacking potentials,
thereby facilitating splaying. Also, it is important to note that cross-
overs in DNA origami-engineered structures are sparse as one
approaches the ends, leading to a more loosely bound structure end.
Notably, similar behavior of fraying ends of DNA duplexes has been
observed in all-atom simulations using CHARMM* and Amber* force
fields, suggesting a common underlying mechanism across different
simulation methodologies. Even though the proportion of broken base
pairs remained below 1.5% for both designs throughout the simula-
tions (Fig. 3d), DNP-C1 displayed superior integrity at a finer scale
compared to DNP-EL.

The conductance of both DNA nanopore designs was initially
computed using the simple cylinder model. The conductance ratio of
DNP-E1to DNP-C1 was 2.34, closely aligning with the experimental ratio
value (2.14) derived from recorded ionic currents. Notably, membrane
nanopores made with DNA inherently possess ionically leaky walls®.
To account for this factor, we employed the steric exclusion model
(SEM)*** to simulate the conductance of both designs based on 3D
conductivity maps. Specifically, ten configurations each of DNP-CI and
DNP-E1 were selected (Supplementary Videos 1, 2), mapped into an all-
atom representation, and embedded within DPhPC-based lipid bilay-
ers to allow the calculation of 3D conductivity maps (Supplementary
Fig. 13a). The conductivity maps were calculated from the distance
from lipid or DNA utilizing local conductivity functions specific to the
lipid and DNA components (Supplementary Fig. 13b) under an applied
voltage of 80 mV and 1M KCI. Figure 3e depicts the transverse view
(top) and side view (bottom) along the center of each system. The peak
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conductance distributions observed in the SEM data for the two DNA
nanopore designs were notably higher than those calculated from the
cylinder model because the SEM includes the inherent ion linkage of
the DNA structures (Fig. 3f).

While experimental measurements indicate a closely matched
conductance ratio of DNP-E1 to DNP-C1 compared to values obtained
from SEM simulations or cylinder model calculations, the observed
absolute conductance values were significantly smaller than the cor-
responding theoretical estimates. This discrepancy aligned with find-
ings from prior studies on large DNA nanopores®*°. We hypothesize
that the lower experimental conductivities of DNP-C1 and DNP-E1
compared with those of solid-state nanopores of similar internal
dimensions® may be caused by the continuous compression of the
surrounding lipid molecules® and structural distortions®*¢ induced by
the applied voltages’. Moreover, we note that, for a select few DNA
nanopore systems of well-defined transmembrane pore geometry, a
good agreement between simulated and experimentally measured
conductance values was reported*’, Future molecular dynamics
simulations incorporating interactions between lipids and DNA may
reveal factors underlying these disparities. Nevertheless, oxXDNA
simulations provide evidence for the structural stability of the two
DNA nanopore designs, confirming that triangular DNA nanopores in
different states possess distinct stable lumens.

Molecular sensing

We employed membrane-spanning DNP-C1 and DNP-E1 to explore
whether designed DNA nanopores can sense the trypsin molecule
(hydrodynamic diameter of 4.0 nm), a model protein with a net posi-
tive charge at pH 7.4. In a typical current trace recorded at a constant
voltage of +50 mV, the introduction of trypsin regularly blocked the
ion flow of inserted DNP-C1. According to these studies®***°, we
identified an individual blockade as a single event of trypsin translo-
cation, characterized by its dwell time (t,¢) and blocking amplitude (A)
relative to the open-channel amplitude (l,). As illustrated in Fig. 4a, two
distinct types of trypsin translocation events in embedded DNP-C1
were identified by analyzing the relative blocking amplitude (A/l,) and
dwell time (Fig. 4b, c). Moreover, to prevent the formation of the
dimers and multimers of the trypsin molecule, we tried to shorten the
preparation of the trypsin solution used in all protein sensing experi-
ments, and relevant physiological experiments were strictly per-
formed within 30 min to avoid the aggregation of trypsin molecules.
More than 50% of trypsin translocation events clustered at a relative
blocking amplitude of 30.2 + 2.74% (+ SD, n = 35). The remaining events
clustered at a relative blocking amplitude of 53.3 +2.26% (+ SD, n=34).
Given the current-dependent nature of trypsin translocation on well-
developed DNA nanopores®*, Type | events represent transient
interactions of positively charged trypsin with embedded DNP-C1.
Contrastingly, Type Il events represent that trypsin molecules are fully
translocated across the whole lumen of embedded DNP-CI. Inter-
mittent interactions of positively charged trypsin molecules with
negatively charged inner walls of DNA nanopores may prolong the
dwell time of Type Il events. Following this concept, a scatter plot of
trypsin translocation events sensed by embedded DNP-C1 indicates
that the average dwell time of Type Il events (0.69 s) was much longer
than that of Type I events (0.04 s).

Additionally, membrane-spanning DNP-E1 was used to sense the
trypsin molecules, which were analyzed by single-channel electro-
physiological recordings. Based on the representative current trace of
embedded DNP-E1 after the introduction of trypsin (Fig. 4d), trypsin
translocation events with diverse relative blocking amplitudes and
dwell times were observed. Interestingly, there was only one cluster in
the scatter plot (Fig. 4e). Notably, the trypsin translocation events
recorded from embedded DNP-E1 exhibited a relative blocking
amplitude of 28.1+ 7.38% (+ SD, n = 85), which was narrower than that
observed for trypsin translocation events from embedded DNP-C1.

Given that DNP-E1 adopted a larger lumen than DNP-C1, we suggest
that the majority of trypsin translocated completely through the
embedded DNP-E1 rather than interacting transiently with its lumen
opening (Fig. 4a). We also carried out trypsin sensing tests using pre-
activated DNP-C2 and DNP-E2, which were obtained by treating DNP-E1
and DNP-C1 with triggers and reverse triggers in advance, respectively.
These pre-activated nanopores were then separately inserted into the
lipid bilayers. The statistical results (Supplementary Fig. 14) obtained
from the pre-activated DNA nanopores were consistent with those
from the native DNP-E1 and DNP-C1.

Furthermore, the DNP-E1 and DNP-Cl inserted in the lipid bilayers
were separately treated with triggers and reverse triggers to generate
in situ activated DNP-C2 and DNP-E2 (Fig. 4f, h). The decreased current
signal detected 30 min after adding the triggers indicates the suc-
cessful in situ switch from DNP-E1 to DNP-C2 (Fig. 4f), while the
increased current signal shown in Fig. 4h suggests the in situ transition
from DNP-C1 to DNP-E2. The statistical data (Fig. 4g, i) of trypsin
translocation events recorded from both in situ activated DNP-C2 and
DNP-E2 align with those of native DNP-C1 and DNP-E1, as well as pre-
activated DNP-C2 and DNP-E2, demonstrating that the proposed stable
triangular configurations maintained in both contracted and expanded
states contribute to the repeatable electrical readouts in molecular
sensing applications. Here, the presence of triggers and reverse trig-
gers did not introduce significant noise in trypsin sensing. We presume
that there could be two main reasons: the triggers and reverse triggers
are much smaller than the trypsin; and the triggering DNA strands
exhibit little interaction with the proposed DNA nanopore or are
repelled due to the negative charge of the DNA nanopore as inter-
mittent electrostatic binding of a positively charged trypsin with the
negatively charged DNA nanopore is thought to be necessary to
resolve translocation events.

Control experiments with embedded DNP-C1 and DNP-E1
demonstrate that adding the same volume of PBS buffer, used to
dilute trypsin, to the cis chambers did not lead to apparent signal
fluctuations (Supplementary Fig. 15). The noise in the power spectra of
both DNP-C1 and DNP-E1 was considerably weaker before the intro-
duction of trypsin treatment than afterward (Supplementary Fig. 16),
further verifying that both DNA nanopore designs were capable of
sensing trypsin translocation. Statistical analyses of trypsin sensing
experiments (Fig. 4 and Supplementary Fig. 14) indicate that con-
tracted nanopores can sense trypsin molecules with low-noise,
repeatable readouts compared to expanded nanopores. In more detail,
contracted nanopores can distinguish two different types of trypsin
translocation events, while expanded nanopores have too large
lumens compared with the small trypsin to realize such precise
sensing.

Cross-membrane transport
Finally, we investigated whether the different lumens of triangular
DNA nanopores allow the transmembrane transport of macro-
molecules of different sizes. In contrast to SUVs, GUVs provide a better
model for simulating physiological cell membranes and can be used to
explore the cross-membrane macromolecular transport through the
embedded triangular DNA nanopores. We added FITC-dextran (Dia-
meter =9.6nm*) and TRITC-dextran (Diameter =22nm*’) to the
external solution of GUVs while incubating with cholesterol-free DNA
nanopores. No significant increase in fluorescent signal was measured
from the interior of GUVs incubated with cholesterol-free DNA nano-
pores (Supplementary Fig. 17), verifying that cholesterol-free DNA
nanopores were unable to insert into lipid membranes, which was
consistent with the data obtained from single-channel current
recordings (Supplementary Fig. 9).

With the assistance of cholesterol moieties, membrane-spanning
DNP-C1 allowed the influx of smaller FITC-dextran into GUVs while
preventing the influx of larger TRITC-dextran (Fig. 5a, b and
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Fig. 4 | Trypsin sensing analysis using triangular DNA nanopores with different
lumens. a Trypsin interacts transiently with inserted DNP-C1 in the Type I event (i).
In the Type Il event, trypsin passes completely through the inserted DNP-C1 (ii). The
schematic diagram portrays the full translocation of trypsin through embedded
DNP-E1 (iii). b Single-channel current trace recorded with embedded DNP-C1 at
+50 mV in the presence of trypsin in the cis chamber. Insert: a single translocation
event is characterized by the dwell time (1) and the event amplitude (A) from the
open-channel current (l,). ¢ Scatter plot of trypsin translocation events recorded
from DNP-CI1. d Representative current trace obtained at +50 mV after adding

trypsin to the cis chamber of embedded DNP-EL. e Scatter plot of trypsin translo-
cated events recorded with DNP-EL. f Single-channel current trace of trypsin sen-
sing recorded with in situ activated DNP-C2, generated by incubating DNP-E1
inserted in the lipid bilayer with triggers. g Scatter plot of trypsin translocation
events recorded from in situ activated DNP-C2. h Single-channel current trace of
trypsin sensing recorded with in situ activated DNP-E2, generated by incubating
DNP-C1 inserted in the lipid bilayer with reverse triggers. i Scatter plot of trypsin
translocation events recorded from in situ activated DNP-E2. Source data are pro-
vided as a Source Data file.
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different time points illustrate that embedded DNP-E1 allowed FITC-dextran and
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TRITC-dextran to be transported across lipid membranes. Three repeats are per-
formed independently. Scale bars: 10 um. d Fluorescence traces recorded from the
internal areas of GUVs treated with DNP-E1. The influx of both TRITC-dextran and
FITC-dextran follows exponential kinetics. e, f Bar graphs show the percentage of
GUVs after 15, 60, 120, and 180 min, respectively. Data (mean + SD) for DNP-C1 (e)
and DNP-E1 (f) are from three independent experiments with n =45 GUVs and n = 57
GUVs, respectively. Source data are provided as a Source Data file.

Supplementary Video 3). Representative confocal images and asso-
ciated fluorescence traces demonstrate that both macromolecules can
enter the interior of the corresponding GUVs through the wide lumen
of embedded DNP-E1 (Fig. 5c, d and Supplementary Video 4). After
180 min of incubation, more than 40% of GUVs exhibited FITC influx in
the presence of DNP-CI treatment, with only a few GUVs were filled
with TRITC-dextran (Fig. 5e and Supplementary Fig. 18). In the case of
DNP-E1 treatment, over 30% of GUVs displayed influx of both macro-
molecules, indicating that the expanded DNA nanopores allowed the
transmembrane transport of FITC-dextran and TRITC-dextran (Fig. 5f
and Supplementary Fig. 18). Collectively, these results confirm that
cholesterol-modified triangular DNA nanopores with different lumens
can spontaneously insert into the lipid membranes of GUVs. These
findings demonstrate that both states of triangular DNA nanopores
can function as size-selective gateways to control the transmembrane
transport of various molecules.

Discussion

In this work, we propose a triangular DNA nanopore with a tunable
lumen. The main advantages of the developed nanopore are the large
enough lumen size to accommodate complex protein, stable trian-
gular structure made with DNA, and lumen tuning by the diaphragm-
like configuration transition mimicking natural ion channels. In con-
trast, the majority of existing DNA nanopores utilized for molecular
sensing”* and transmembrane transport® have limited lumen sizes and
lack lumen tunability. Dey and Yan et al. ® proposed a DNA nanopore
that allows stimulus-controlled transport of functional proteins across
bilayer membranes. It features a large lumen and a nanomechanical lid,
which can be controllably closed and reopened via a lock-and-key
mechanism. Xing and Howorka et al. ** innovatively created various
nanopores by arranging the bundled DNA duplexes parallel to the
membrane. In their follow-up research’, they realized the lumen tuning
by forming the DNA duplexes at the corners to stabilize the semi-
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flexible quadrilateral frames. TEM images and electrical characteriza-
tions indicated that this nanopore had an unstable configuration in the
closed state, leading to inconsistent conductance and electrical read-
outs in protein sensing. Compared with other works, the proposed
DNA nanopores maintain stable triangular configurations before and
after switching between contracted and expanded states, and feature
more concentrated conductance distributions and more repeatable
relative blocking amplitudes in trypsin sensing.

Single-channel current recordings demonstrate successful in situ
switching of the lumen-tunable DNA nanopore; however, current sig-
nal fluctuations were observed during the contraction process (Fig. 2j).
The main reason could be transient deformations occurring at specific
corners of the embedded DNA nanopore, as the transition from DNP-E1
to DNP-C2 requires nine single-stranded DNA molecules to pinch the
three corners of the nanopore. This multi-step chemical process, with
its varied configuration changes, continuously influenced the electrical
properties of the nanopore over a short duration, resulting in signal
fluctuations. Moreover, two distinct clusters were observed in the
statistical analyses recorded from native DNP-C1 (Fig. 4c), in situ acti-
vated DNP-C2 (Fig. 4g), and pre-activated DNP-C2 (Supplementary
Fig. 14b), consistent with previous findings that utilized a nanopore
equipped with a lid®. In contrast, no apparent two clusters were found
in expanded DNA nanopores (Fig. 4e, i and Supplementary Fig. 14d).
We infer that expanded nanopores have too large lumens compared
with the small trypsin to realize such precise sensing. This suggests
that maintaining a closer match between the lumen and the molecule
contributes to more precise sensing. It is also a primary motivation for
developing a DNA nanopore with a large tunable lumen.

Proposed nanopores entirely engineered by DNA nanotechnology
allow rational de novo design of complex structures. The end-to-end
linked numerous DNA duplexes are arranged parallel to the membrane
to form a triangular frame capable of accommodating a wide lumen
and stimuli-responsive units. This design route offers unprecedented
freedom in tuning the sizes and shapes of DNA nanopores to match
different analytes. For instance, more pore subunits could be linked to
form quadrilateral, hexagonal frames, and even subcircular nanopores.
Here, we tend to choose the triangular frame because it could provide
relatively higher structural stability. The lengths of the subunits can be
changed to tune the pore sizes, and they do not need to be equal. Thus,
there is nearly no limit to the selection of pore size and shape. More-
over, by adjusting the relative locations and lengths of the outer and
inner layers to the core layers of the pore subunits, we could customize
the mechanical contraction and expansion of the nanopore, enabling
the mechanically gated transport of specific proteins. In the future, the
highly programable sizes, shapes, and mechanical transitions provided
by our unique nanopore design could deliver a substantial change to
the traditional approach of using static nanopores in molecular sen-
sing and cross-membrane transport.

In conclusion, by mimicking the diaphragm-like transition of
natural ion channels and adopting a stable triangular configuration, we
present a lumen-tunable DNA nanopore for high-precision molecular
sensing and controllable cross-membrane transport. It offers solutions
to the two main challenges in developing next-generation synthetic
nanopores: achieving controllable transmembrane cargo exchange
similar to natural ion channels, and obtaining low-noise, repeatable
readouts for molecular sensing. We envision that these proposed DNA
nanopores could become powerful tools in biosensing and synthetic
biology.

Methods

Materials

M13mpl8 single-stranded DNA (N4040S) was obtained from New
England Biolabs. All oligonucleotides were purchased from Sangon
Biotech. All lipid products involved, such as 1,2-dioleoyl-sn-glycero-3-
phosphocholine ~ (DOPC,  850375), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE, 850725), and DPhPC (850356) were
procured from Avanti Polar Lipids. CellMask™ Deep Red Plasma
Membrane Stain (C10046) was obtained from Invitrogen. Unless
otherwise stated, all other reagents and solvents were purchased from
Sigma-Aldrich.

Preparation of DNA nanopores

DNA nanopores in both states were designed by using the honeycomb
lattice version of caDNAno2*. Detailed route designs for both struc-
tures are shown in Supplementary Fig. 1. The nucleotide sequences of
all used staple strands are shown in Supplementary Data 1. In a typical
reaction, scaffold DNA (10 nM) was mixed with fundamental staple
strands (50 nM) and specific staple strands (100 nM) in TE-Mg?** buffer
(10 mM Tris-HCI, 1 mM EDTA, and 10 mM MgCl,, pH 8.0). The mixture
was then annealed with a LifeTouch thermal cycler (Bioer Technology,
China). The DNA nanopores were assembled using a 24 h annealing
procedure: initially, the mixture was cooled from 95 to 60 °C at a rate
of 1°C per 10 min, then to 25 °C at a rate of 1°C per 30 min, and finally
kept at 4 °C until ultrafiltration. After the annealing reaction, the syn-
thetic DNA nanopores were filtered with centrifugal filters (Amicon
Ultra-0.5 ml 100 kDa) to remove excess staple strands. The ultrafiltra-
tion was conducted at 2500xg for 3 min and repeated three times. In
addition, cholesterol strands (5-GATGCATAGAAGGAA-3-Chol) were
mixed with purified DNA nanopores at a ratio of two times relative to
the total number of cholesterol attachment sites on the DNA nano-
pores and incubated at 37 °C for 12 h to produce cholesterol-tagged
DNA nanopores. Optionally, Cy3 fluorophores can be attached to DNA
nanopores by treating purified DNA nanopores with a tenfold excess
concentration of Cy3 strands (5-GCTAGCATGCTG-3-Cy3) at room
temperature for 12 h. After additional modifications with cholesterol
moieties and Cy3 fluorophores, the desired DNA nanopores were
ultimately obtained either through three rounds of ultrafiltration or by
using a DNA extraction kit (D1200, Solarbio, China).

Preparation of lipid vesicles

For SUVs, the DOPC solution (10 mg/mL in chloroform, 50 pL) was
dried by argon flow in a glass vial (2mL) to yield thin films. The
obtained films were suspended by HEPES-Na* buffer (50 mM HEPES,
500 mM NaCl, pH 7.4) and then sonicated for 30 min at room tem-
perature using a water bath sonicator (power: 80 W, frequency:
40 kHz) to generate homogeneous SUVs. Dynamic light scattering was
performed using a Zetasizer Nano analyzer (Malvern, UK) to determine
the size distribution of the acquired SUVs. For GUVs, the lipid solution
(DOPC/DOPE =9.9:0.1, 10 mg/mL in chloroform, 10 pL) was loaded
onto an indium tin oxide (ITO)-coated glass slide. After 5 min of eva-
poration, dried lipid films were formed. The glass slide carrying lipid
films was first placed into a Vesicle-Pre-Pro device (Nanion Technolo-
gies, Germany). An O-ring was placed around the lipid films, and then
sorbitol (1M, 300 pL) was added to the lipid films to fill the entire
O-ring. Subsequently, another ITO glass slide was mounted on top of
the O-ring to ensure that a sealed chamber was formed between the
two ITO glass slides. Finally, an alternating electric field was applied for
2 h to produce GUVs. Notably, all obtained lipid vesicles (SUVs and
GUVs) were stored at 4 °C and used within 48 h.

Agarose gel electrophoresis

For samples containing only DNA nanopores, the mobility of various
samples was analyzed using agarose gel electrophoresis (1.0%, TE-Mg?*
buffer) at 4 °C. For samples of cholesterol-tagged DNA nanopores,
they were subjected to agarose gel electrophoresis (1.0%, PBS buffer).
To study the interaction of cholesterol-tagged DNA nanopores and
SUVs, equal amounts of DNP-C1 (5 nM) were incubated with a range of
lipid concentrations of SUVs (0, 5, 10, 20, and 40 nM), respectively.
After 1h of incubation, the mixed samples were subjected to agarose
gel electrophoresis (1.5%, HEPES-Na* buffer). All agarose gels were
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premixed with 0.01% SYBR™ Safe (Invitrogen, USA) and run at 100 V
for 60 min. All gel images were captured with a Tanon 4600SF Multi-
functional Imaging System (Tanon, China).

TEM characterization

The configurations of triangular DNA nanopores and the bindings of
SUVs with cholesterol-tagged DNA nanopores were separately char-
acterized using negative-stain TEM. Briefly, diverse samples (2 pL)
were adsorbed on glow-discharged (30 s, PDC-32G-2, Harrick Plasma),
carbon-coated TEM copper grids (300 meshes, BZ11143A, EMCN) for
5min, respectively. After that, the remaining solution on these TEM
grids was carefully removed with filter paper. These grids were then
treated with a staining solution (1.0% uranyl acetate containing NaOH,
pH 7) for 30s. Immediately, the additional staining solution was
absorbed with filter paper. Finally, TEM images of all samples were
taken with a JEM 1400 Plus transmission electron microscope (JEOL,
Japan) at 100 kV.

Single-channel current recordings

An integrated chip-based parallel bilayer recording device (Orbit Mini,
Nanion Technologies, Germany) was equipped with a multielectrode-
cavity-array (MECA) chip (IONERA, Germany) to perform single-
channel current recordings. The electrolytic buffer (150 pL) consist-
ing of 1M KCI and 10 mM HEPES at pH 7.4 should be initially added to
the MECA chip. Next, an appropriate volume (1-2 pL) of DPhPC solu-
tion (10 mg/mL in octane) should be smeared on every cavity of the
MECA chip to form a planar lipid bilayer. The successful formation of
planar lipid bilayers can be verified by monitoring the resistance and
capacitance of the corresponding cavities. Meanwhile, each cavity of
the MECA chip was divided into two sides: cis side and trans side.
Cholesterol-tagged DNA nanopores (1nM, 2 uL) were then added to
the cis side for spontaneous insertion into planar lipid bilayers. The
insertion of triangular DNA nanopores can be accelerated by adding
1uL of 0.5% n-octyl-oligo-oxyethylene (40530) to the cis side. In
molecular sensing experiments, equal volumes (10 uM, 1.5pL) of
trypsin solution (T4549) were added to the cis sides of embedded DNP-
C1 and DNP-EI, respectively. Trypsin translocation events with differ-
ent relative blocking amplitudes were recorded at +50 mV. The Orbit
Mini device was grounded at the trans side. Single-channel current
traces were acquired at 10 kHz using Element Data Reader 3.8.21 (Ele-
ments, Italy). All obtained current traces were analyzed with Clampfit
11 (Molecular Devices, USA).

In situ switching in molecular sensing

Triggers (10 nM, 2 puL) and reverse triggers (10 nM, 2 L) were sepa-
rately introduced to the cis sides of embedded DNA nanopores to
trigger in situ switching between contracted and expanded states.
Notably, the applied transmembrane voltage should be disconnected
before performing this operation. After an incubation period of at least
30 min, a transmembrane voltage of +50 mV was applied to monitor
changes in the current signal. A significant change in the current signal
indicated successful in situ switching of the DNA nanopores. Subse-
quently, trypsin solution was added to the cis chambers of the in situ
activated DNP-E2 and DNP-C2, respectively. Trypsin translocation
events were then recorded from multiple independently activated
DNP-E2 and DNP-C2.

OxDNA simulations

The dynamics of DNP-E1 and DNP-C1 are captured using oxDNA2* %,
The interactions between the nucleotides include a backbone poten-
tial, excluded volume, stacking, coaxial stacking, cross stacking, elec-
trostatic repulsions, and hydrogen-bonding between complementary
base pairs, that have been parameterized to reproduce the structural,
mechanical, and thermodynamic properties of double-stranded and
single-stranded DNA. Molecular dynamics simulations of DNP-E1 and

DNP-C1 were performed using GPU-implemented sequence-depen-
dent oxDNA2 in the canonical NVT (constant number of particles N,
volume V, and temperature T) ensemble at 300 K and 1 M NacCl. Initial
geometries of DNP-E1 and DNP-C1 were obtained using oxView’s rigid-
body dynamics®. Standard oxDNA relaxation procedures® were then
used to remove any nucleotide overlaps and overly long bonds that
would otherwise cause the molecular dynamics to fail due to exces-
sively large forces. OXDNA simulations were performed with the
Anderson-like John thermostat using a 15-fs time step. Both nanopores
were energy minimized for 10,000 steps and relaxed for 30.3 s prior
to production simulations that spanned 8 ms for DNP-C1 and DNP-EL.

Ionic current calculations

From each of the simulated DNP-E1 and DNP-C1 oxDNA2 trajectories,
we randomly selected ten configurations for the calculation of the
ionic current, ensuring a minimum separation of at least 20 ps between
the chosen configurations. Subsequently, these chosen configurations
were transformed into an all-atom representation via a custom script
using the mrDNA package®. Each of these all-atom configurations was
embedded at the center of a DPhPC lipid bilayer patch (130 x 130 nm?)
created by tiling a pre-equilibrated 13 x 13 nm? patch using VMD 1.9.4.
Lipids having atoms within 15 A of DNA atoms and those within the
central cavity were both removed. Employing the volmap tool of
VMD**, we computed the three-dimensional map of the number den-
sity of lipid atoms with 1 A resolution, marking voxels with a non-zero
density as “occupied” by lipid. Equivalent maps were obtained for the
DNA using the density of N1 purine atoms. For each occupancy map,
the distance to the nearest occupied voxel was computed and used to
look up the conductivity from a linear ramp for lipids, ranging from
zero to the bulk conductivity value (11.18 S/m) between 3 and 10 A, and
a previously determined® tabulated dependence of the conductivity
on distance from DNA. For each system, the two conductivity maps
(lipid and DNA) were combined by using the minimum of the two
values at each location. The resulting combined conductivity maps
were used as inputs for the continuum SEM*, yielding simulated ionic
currents. To validate the conductance obtained via SEM, we con-
sidered an analytical model of the conductance of a cylinder that fits
within the hollow cavities of the DNP-C1 and DNP-EL. The cylinder
model provides a rough estimate of the conductance of the DNA
nanopore designs. Two internally tangent cylinders of the DNP-C and
DNP-E were utilized to represent the nanopore at two states. The two
cylinders have radii of 9.5 and 14.5nm, and a height of 10 nm. The
conductance of the cylinder is given by the bulk conductivity times the
cylinder area over its height. The bulk conductivity at 1M KCI is
11.12 nS/nm.

Confocal microscopy

Cholesterol-tagged DNP-C1 (10 nM, 10 pL) and DNP-E1 (10 nM, 10 pL)
were incubated with CellMask™-labeled GUVs solutions (890 pL) for
30 min, respectively, to ensure the spontaneous insertion of DNA
nanopores into lipid membranes. These mixtures were then added
separately to 35 mm p-Dishes (Ibidi, Germany). Subsequently, each p-
Dish was placed on the objective stage of the microscope and left for
another 10 min to allow the GUVs to settle to the bottom of the cor-
responding p-Dish. In a typical macromolecular influx assay, equal
volumes (20 pM, 100 pL) of FITC-dextran (FD40S) and TRITC-dextran
(T1287) were then added to the p-Dishes to investigate the trans-
membrane transport capacity of DNP-C1and DNP-EL. The treated GUVs
were then dynamically monitored for 3 h at room temperature with a
Nikon C2 confocal microscope (Nikon, Japan) at 20x or 40x magnifi-
cation. All confocal images were acquired using NIS-Elements AR 5.11.
Fluorescent intensity changes of the obtained confocal images were
measured and analyzed using Image) 1.52a. When the mean interior
intensity of an individual GUV was stronger than half of the
mean exterior intensity, the corresponding GUV was considered as a
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FITC-dextran/TRITC-dextran influx GUV. Otherwise, it was classified as
a no-influx GUV.

Statistical analysis

Current traces and images are shown as representative of all inde-
pendent experiments. All data were presented as mean+SD unless
otherwise stated. Data analysis was performed using GraphPad Prism
9.5 (GraphPad, USA). An unpaired two-tailed t-test was applied to
evaluate the differences between the two groups. P values less than
0.05 were considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The authors declare that the source data supporting the findings of
this study are available within the paper and its Supplementary infor-
mation files. Source data are available for Figs. 1-5 and Supplementary
Figs. 3, 6-16, 18 in the associated source data file. Source data are
provided with this paper.

Code availability

Scripts used to convert oxDNA configurations to all-atom models and
calculate the ionic current have been deposited in the Illinois Data
Bank under accession code IDB-6464580 https://doi.org/10.13012/
B2IDB-6464580 V1.
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