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BIOPHYSICS

Leakless end-to-end transport of small molecules
through micron-length DNA nanochannels

Yi Li, Christopher Maffeo?, Himanshu Joshi*, Aleksei Aksimentiev®3,

Brice Ménard®, Rebecca Schulman'>*

Designed and engineered protein and DNA nanopores can be used to sense and characterize single molecules
and control transmembrane transport of molecular species. However, designed biomolecular pores are less than
100 nm in length and are used primarily for transport across lipid membranes. Nanochannels that span longer
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distances could be used as conduits for molecules between nonadjacent compartments or cells. Here, we design
micrometer-long, 7-nm-diameter DNA nanochannels that small molecules can traverse according to the laws of
continuum diffusion. Binding DNA origami caps to channel ends eliminates transport and demonstrates that mole-
cules diffuse from one channel end to the other rather than permeating through channel walls. These micrometer-
length nanochannels can also grow, form interconnects, and interface with living cells. This work thus shows how
to construct multifunctional, dynamic agents that control molecular transport, opening ways of studying inter-
cellular signaling and modulating molecular transport between synthetic and living cells.

INTRODUCTION

Nanoscale channels are fundamental mechanisms for directing
transport across membranes in living systems. Synthetic nanopores
and nanochannels that mimic the selectivity (1-3) and gating (4, 5)
functions of biological membrane channels have become powerful
tools in biosensing (6-8) and drug delivery (9, 10). Biomimetic
channels assembled from different materials, such as peptides (11, 12),
polymers (13), DNA (14), metal-organic complexes (15, 16), and
carbon nanotubes (17), can mediate cross-membrane transport of a
range of ions and molecules. Most of these biomimetic channels
have diameters of less than 2 nm and thus allow transport of ions,
but not larger molecular species.

Self-assembled DNA-based synthetic nanopores, particularly
those built from scaffolded DNA origami, benefit from the ex-
tensive design space of DNA as building materials. DNA nanopores
with inner diameters of more than 3 nm have been shown to
mediate the passage of large biomolecules, such as double-stranded
DNA and proteins, across lipid bilayer membranes (18-22). More-
over, highly predictable DNA interactions are the basis for the
creation of programmable DNA nanopores that initiate transport
only in the presence of specific chemical or spatial cues (20, 23).
Advancements in DNA modifications using chemical groups and
aptamers and control over pore geometries have further enabled
selective transport of solute species across DNA nanopores (21, 24).
In addition to their potential applications in biosensing and drug
delivery (25), DNA nanopores can have functions as transporters in
systems of synthetic cells (22): The lack of specificity of many types
of membrane pores and the lack of reliable transport mechanisms
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between synthetic cells are central challenges in reconstituting
complex signaling systems in synthetic cells (26). The programma-
bility and specificity of DNA nanopores could allow delivery of
target genetic and signaling materials to make efficient communica-
tion possible.

However, existing large-diameter DNA nanopores have lengths
of less than 100 nm and act as cross-membrane transporters
(27, 28). Longer DNA-based channel structures, once built, could
establish connections between nonadjacent cells or compartments
for communication and molecular exchange. These channels could
enable the development of complex transport networks that connect
specific pairs of compartments in a synthetic tissue to create trans-
port networks.

Here, we demonstrate bulk transport of molecules through
micrometer-long DNA-based nanochannels and investigate the
transport phenomena within them (Fig. 1A). DNA nanochannels
that span up to several micrometers in length are self-assembled
from double-crossover DNA tiles, on top of DNA origami pores with
approximately 7-nm inner diameter. Observations that fluorescent
dyes move across lipid membranes confirm that molecular transport
can occur through both DNA pores and nanochannels. Further
analysis of the kinetics of these processes suggests a continuum dif-
fusion description of the transport within nanopores. By showing
a DNA origami cap that closes the channel opening and prevents
channel-mediated transport, we demonstrate specific gating of
the nanochannel and that the transport is predominantly end to end
rather than across channel walls.

The designed DNA nanochannels thus mediate leakless trans-
port from one end of a channel to the other over distances ranging
from tens of nanometers to micrometers, and this transport can be
completely halted by the programmable binding of a DNA cap. The
rates of transport in these channels are consistent with those in bulk
solutions, allowing for precise design of flow rates. These advances
suggest a toolkit of self-assembling elements for building nanoscale
fluid transport networks to connect compartmentalized structures
separated in space. These transport networks have great potential
for studying intercellular communications and building artificial
multicellular structures.
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Fig. 1. Scheme for studying the transport of small molecules through micrometer-length self-assembled DNA nanochannels. (A) End-to-end transport of small
molecules through micrometer-length channels could allow for controlled transport between channel end points. Diffusion across the channel walls leads to transport
loss. (B) The assay used to characterize the rate of transport through a micrometer-long channel. When the channel attached to a pore enters a lipid membrane of a giant
unilamellar vesicle (GUV), fluorescent dyes diffuse into the vesicle because of the concentration gradient across the membrane until equilibration of the concentration of
fluorescent dyes inside and outside the vesicle. (C) A DNA origami nanostructure functionalized on one end with hydrophobic moieties serves as a transmembrane pore.
DNA tiles hybridize to sticky ends on the DNA pore’s opposite end to self-assemble a DNA nanotube hundreds of nanometers to micrometers in length that serves as a
nanofluidic channel. (D) A cap that binds to and plugs the opening of the nanotube channel would prevent transport through the channel end into the vesicle but not

transport across channel walls. A DNA channel cap with a designed constriction binds to the nanotube channel end via complementary DNA sticky ends.

RESULTS

Nanochannel design and structural characterization

To measure the rate of small-molecule transport through self-
assembled DNA nanochannels, we first developed a DNA pore that could
be inserted into lipid bilayer membranes. Molecules diffuse through
the pore into a lipid vesicle, whose concentration is monitored over
time (Fig. 1B). The DNA pore serves as both a submicrometer-
length cross-membrane channel and as a template for the growth of
micrometer-length nanochannels.

We constructed such a DNA pore by modifying a 12-helix
scaffolded DNA origami cylinder of length 63.1 + 1.8 nm, a nano-
tube seed (29) that can act as a template for DNA nanotube growth
(Fig. 1GC, left, and note S1). We added 15-nucleotide extensions to
12 of the staple strands near one end of the structure to which
12 cholesterol-conjugated single-stranded DNA strands could hy-
bridize. The diameter of the pore was measured to be 7.3 + 0.4 nm
at the end of equilibrium coarse-grained molecular dynamics (MD)
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simulations performed using the mrDNA package (fig. S4) (30).
Electron micrographs of >100 pores (Fig. 2A and fig. S6) showed
amean length of 61.1 + 0.5 nm, consistent with prior measurements
via atomic force microscopy (29). Cholesterol-modified pores could
spontaneously insert into the lipid bilayer membranes of small
unilamellar vesicles (SUVs) at orientations generally perpendicular
to the membranes (Fig. 2C).

We assembled longer nanochannels by growing nanotubes from
the DNA pores hundreds of nanometers to several micrometers in
length (notes S2 and S3) during an isothermal incubation at 37°C
(Fig. 1C, right, and fig. S6). We then attached cholesterol-DNA
conjugates to the pores. These channels could also interact with lipid
bilayer membranes after being mixed with SUVs (Fig. 2D).

We designed a scaffolded DNA origami cap that binds to the
open end of a DNA pore or a nanotube via sticky-end hybridization
by modifying a rigid nanotube cap (Fig. 1D and fig. S3) (31).
Pore-assisted small-molecule transport through capped channels
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DNA pore

Fig. 2. Transmission electron microscopy (TEM) characterization of DNA pores and DNA nanotubes with SUVs. (A) Transmission electron micrograph of a DNA
origami pore without DNA-cholesterol conjugates (note S4). (B) Transmission electron micrograph of a DNA channel cap. (C) Schematic and images of cholesterol-modified
DNA origami pores interacting with SUVs. (D) Schematic and TEM images of cholesterol-modified DNA interacting with SUVs. Scale bars, 20 nm (A to C) and 100 nm (D).

could occur only if the small molecule could readily diffuse across
channel walls, i.e., through interhelix gaps or structural defects. We
thus hypothesized that, by comparing rates of pore-mediated
molecular transport across capped and uncapped channels, we
could determine whether nanochannels could direct the end-to-end
transport of small molecules across their full lengths without loss
through channel walls.

Transport rates through DNA pores suggest a continuum
diffusion model

Controlling small-molecule transport through micrometer-long
channels would be difficult if transport was mediated by specific
molecule-surface interactions; molecule aggregation might also form
clumps obstructing the channel. We therefore first sought to under-
stand whether molecular transport occurs within the DNA channels
by measuring rates of small-molecule transport through the pores
(32, 33) and comparing these rates to the predictions of macroscopic
diffusion models.

We tracked the flux of a fluorescent dye, carboxytetramethyl-
rhodamine (TAMRA), through DNA pores into giant unilamellar
vesicles (GUVs). TAMRA was selected for its small size, neutral
charge, and low membrane permeability (34). GUVs were immersed
in a TAMRA solution containing 1 nM DNA pores and were im-
mobilized to a glass coverslip via biotin-streptavidin linkages. The
rates of TAMRA influx into GUVs over a 3.2-hour duration were
observed using time-lapse confocal microscopy.

The pores and membranes colocalized within the first 10 min.
TAMRA then entered a much larger fraction of GUVs mixed with pores
than GUVs without pores in control experiments (Fig. 3, A to Cand G),
demonstrating that the designed pores could facilitate transport
across lipid membranes.
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To quantify influx rates, we wrote computer programs to auto-
matically identify 418 GUVs in micrographs and measured their
internal fluorescence intensities over time. We computed the frac-
tional fluorescence intensity (FFI) inside each vesicle, which we
defined as the ratio of the mean fluorescence intensity inside a vesicle
to the mean fluorescence intensity outside of vesicles in each field of
view. The FFI of many vesicles initially increased slowly but then
suddenly increased markedly. Initial rates of FFI increase were
similar to rates the FFI increases in control experiments (Fig. 3C),
suggesting that these initial increases were due to TAMRA slowly
permeating through vesicle membranes. Although many pores
adsorbed to membranes rapidly (Fig. 3B), this initial phase often lasted
over 30 min, suggesting slow pore insertion kinetics, consistent
with the high energy barrier to DNA origami pore insertion into
GUVs observed previously (35).

Just one event of sudden increases in FFI was observed for most
GUVs, indicating that either insertion of single pores or simultaneous
insertion of multiple pores was most common. Multiple simultaneous
insertions might occur if the insertion was a fusion event between a
DNA pore-loaded SUV and a GUV. SUV by-products remained
after GUV preparation, and the high membrane curvatures of small
vesicles can promote DNA origami pore insertions (35). The pores
were then transferred onto GUVs through vesicle fusions as vesicle
fusions could frequently occur in solution, as has been observed
previously (36, 37).

To better understand the rates of molecular transport, we developed
amodel that accounted for both fast, pore-mediated influx and slow
influx due to TAMRA permeation across membranes. Fast TAMRA
influx was modeled as net diffusion of TAMRA from the bulk solu-
tion outside the vesicle into a finite compartment through DNA
pores (note S5). A DNA pore was modeled as a rigid cylindrical
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Fig. 3. TAMRA transport through open and capped DNA origami pores. (A) Dye (TAMRA) influx assay through DNA pores into GUVs. (B) Fluorescence micrographs of
an example GUV during TAMRA influx as in (A). Top: Composite images of TAMRA (red), membrane (green), and DNA pores (cyan). Middle: TAMRA fluorescence. Bottom:
DNA pore fluorescence. (C) Representative traces of fractional fluorescence intensities (FFls) of GUVs during experiments as in (A) and (E). Pore-mediated influx begins
after a lag period. Capped pores do not mediate influx. Regression curves of fractional intensities are best fits to Eq. 1 (note S10). (D) Distributions of GUV influx rates with
DNA pores (N=418) and capped DNA pores (N = 264). (E) Dye influx assay through capped DNA pores into GUVs. (F) Fluorescence micrographs of an example GUV. Little
TAMRA enters the vesicle. Fluorescent labeling as in (B), except DNA caps (green) is also in the top-row micrographs. (G) Fractions of GUVs with fast influx (k,>5 um3/min)
for (left to right) cholesterol-modified pores (N =418), pores without cholesterol-DNA conjugates (N = 165), cholesterol-DNA conjugates (N = 114), pores and 500-kDa
tetramethylrhodamine isothiocyanate-dextran (TRITC-dextran) dye in place of TAMRA (N=176), and capped pores. Error bars are 95% confidence intervals. (H) Cumulative
distributions of influx rates into GUVs from the pore, capped pore, and control experiments in (G).

channel with nonpermeable walls. Fick’s law predicted that the flux
of TAMRA at a given time should be linearly proportional to the
difference in concentrations inside and outside the pore and to the
total cross-sectional area of the inserted channels (33). Slow, non—
pore-mediated TAMRA influx was modeled as a linear increase in
fractional intensity (note S5)

fo + at when < t
1)

fo+at+(1—f0—at1)[1—ef] when t> t M

fit)=

where f(f) is FFI at time t. fy (initial FFI), a, 1, and f; (time when fast
influx starts) are constant parameters.

Nonlinear regression produced good fits of the FFIs of most vesi-
cles to Eq. 1; the small fraction of GUV's where the FFI increased in
bursts, possibly due to lipid membrane defects (38), were excluded.
We used these fits to calculate the fast (pore-mediated) influx rate
(ke = ‘{), where V is the vesicle volume (note S9), and the background
influx rate (k, = aV) for each vesicle.

ks represents the total influx rate due to multiple inserted pores
on each vesicle. Because DNA origami pores each have the same
lengths and diameters and thus the same expected rate of pore-
mediated transport, influx rates from different numbers of inserted
pores should be quantized rather than continuously distributed,
with each quantum being the rate of influx through a single pore.
Thus, analysis of the distribution of measured kf can reveal the
single-pore transport rate.

We summed the posterior distributions of kf (to include mea-
surement error) for the GUVs to produce a composite probability
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distribution (Fig. 3D and note S10). The resulting distribution had
a series of peaks. The Fourier transform of this distribution over 15
to 120 um*/min had a dominant period of 13.1 + 1.5 um’/min
(fig. S16). This measured value is very close to the first peak in the
distribution (12.4 + 2.5 um®/min). Together, these results suggest
that each pore mediated TAMRA influx at 12.4 to 13.1 um’/min,
which corresponds to a net flux through each pore of 40.5 + 4.6
molecules/s for the 309 nM TAMRA used in experiments (note S6).

The expected rate of TAMRA influx through a single pore
following Fickian diffusion is 14.7 + 1.8 um3/min (note S11), almost
precisely the measured rate of 12.4 to 13.1 um®/min. Although elec-
trostatic interactions, van der Waals forces, and entry effects can
play important roles in molecular transport in the nanoscale (39),
the consistency between the measured TAMRA transport rates and
the rates predicted by the continuum diffusion model suggested
that the diffusion of TAMRA, a small uncharged molecule, in a
DNA pore resembles molecular diffusion in a fluid continuum.

In the absence of pores, regression fits with Eq. 1 were almost
uniformly below k¢ of 5 um®/min. In experiments with cholesterol-
modified pores, a fraction of 0.41 + 0.05 GUVs had k;> 5 um’/min
(Fig. 3G), suggesting that cholesterol modification was necessary to
induce fast influx. When TAMRA was replaced with the same con-
centration of a 500-kDa dye, tetramethylrhodamine isothiocyanate-
dextran (TRITC-dextran) that has a hydrodynamic radius of 15.9 nm
(40), a much lower percentage of GUVs (15%), had influx, demon-
strating the size selectivity of the DNA pores. The nonzero percentage
of vesicles that had influx in the control groups could suggest that a
fraction of vesicles had impaired membranes, which possibly devel-
oped during vesicle preparation.
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Because small gaps exist between DNA helices in DNA origami
structures (41), pores could mediate transport by allowing TAMRA
to diffuse from one end of the pore to the other or by allowing
TAMRA to diffuse through gaps in the pore channels’ helical walls.
To determine whether TAMRA diffuses across channel walls, we
measured the amount of flux mediated by pores bound to DNA
origami caps (added in two times excess). Fluorescence micrographs
revealed that a fraction of 0.97 + 0.01 of pores was bound to caps
(fig. S11). Capped pores localized to vesicle membranes, but fast
TAMRA influx (>5 um3/ min) occurred in only a fraction of 0.03 + 0.02
of GUVs (Fig. 3, D to H). TAMRA therefore moves through pores
via end-to-end diffusion and not through pore walls.

Molecules transport end to end through longer
DNA nanochannels
To investigate whether TAMRA could also diffuse across a much
longer nanochannel without leaking across its walls, we grew DNA
tile nanotubes from pores as nanochannels. A total of 87 + 3% of
pores had nanochannels on them (fig. S6); their median length was
0.71 um [95% confidence interval (CI) = [0.64, 0.76] um] (Fig. 4C).
There were sharp increases of FFI in many of the 167 tracked vesicles
after initial lag periods (Fig. 4, A and B) in the dye influx experiment,
implying that, like the DNA pores, DNA nanochannels mediated
TAMRA flux across vesicle membranes.

Diffusive flux through channels should be inversely proportional
to channel length (note S7), so the flux through nanochannels
should be smaller than through pores. To test this hypothesis, we fit

the FFIs to Eq. 1. To collect as many measurements as possible, we
included GUVs with two sequential insertion events in their FFI
curves (note S10).

A fraction of 0.49 + 0.08 vesicles had fast influx, i.e., kr>1 um’/min,
much higher than the fraction in control experiments with nano-
tubes without cholesterol modification (Fig. 4G). The cumulative
distribution of channel-mediated influx rates (Fig. 4H) was also
shifted higher for nanochannels than for controls, confirming that
most vesicle influx was induced by inserted nanochannels.

Because the lengths of the nanochannels are polydisperse, they
should have different influx rates. Consistent with this, the cumula-
tive distribution of flux rates was not quantized. To compare the
measured influx rates with those predicted by a bulk diffusive model,
we compared the medians of each distribution. The measured
median ks for GUVs with fast influx in the dye influx experiment
was 3.3 um3/min (95% CI=[1.9,5.7] um3/min). This measured rate
was somewhat larger than the theoretical medium-length channel
influx rate of 1.3 um>/min, possibly because this comparison does
not account for the presence of multiple channels on a single vesicle.

The lower rate of TAMRA flux through nanochannels than
through pores suggested that the TAMRA was diffusing primarily
across channel lengths, rather than across channel walls. To deter-
mine the extent to which TAMRA diffused from one end of a chan-
nel to the other, we measured the extent to which capped channels
could mediate TAMRA influx. A fraction of 0.90 + 0.04 nanochannels
were bound to caps after incubating the nanochannels with caps
(fig. S17). Fewer than 20% of vesicles had levels of TAMRA influx
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Fig. 4. Rates of dye diffusion through DNA nanotube channels suggest end-to-end diffusion through nanochannels. (A) TAMRA dye influx assay through DNA
nanochannels. (B) Fluorescence micrographs of an example GUV at different time points during TAMRA influx into the vesicle. Fluorescence labeling is as described in
Fig. 3B, except nanochannels (red) are in the same fluorescence channel as TAMRA. The vesicle size increases, potentially from small osmotic pressure imbalances, were
accounted for when calculating influx rates. (C) Histogram of nanochannel lengths. The last bin accounts for lengths of >2.4 um. (D) Representative FFl traces of a GUV in
the experiment in (A) and a GUV from the experiment in (E). Regression curves are best fits to a Fickian diffusion model (note S10). (E) TAMRA dye influx assay through
capped nanochannels. (F) Fluorescence micrographs of an example GUV in the capped nanochannel experiment with the same fluorescence labeling as in (B) except DNA
caps (green). (G) Fractions of GUVs with fast TAMRA influx for the experiments in (A) and (E) and in control experiments where channels lack cholesterol modifications and
with only cholesterol-DNA conjugates present. (H) The cumulative probability distribution of kfbetween 0 and 10 um>/min measured in the experiments in (G) is calculated
from the density distribution of k¢ (fig. S15). Scale bars, 2 um (B and F).
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consistent with channel-mediated transport (ks >1 pum>/min) in
influx experiments with capped channels, indistinguishable from
the percentage in control experiments (Fig. 4G). The cumulative
distributions of krwere also very close (Fig. 4H). DNA channel caps
thus essentially eliminated most TAMRA flux through nanochannels,
implying that the dominant mode of TAMRA flux was from one
channel end to the other with a minimum loss across channel walls.

Evaluation of DNA-solute interactions through simulations
We used a combination of coarse-grained MD (30) and Brownian
dynamics simulations (42) to probe microscopic parameters that
govern the diffusion of small molecules through the ends and the
walls of the DNA origami pore. In our coarse-grained simulations,
each bead represented at least four DNA base pairs. To mimic
partial incorporation of the nanostructures in a lipid bilayer mem-
brane, the second to last turns of all DNA helices were subject to an
external attractive potential (note S12). Over the course of a multi-
resolution coarse-grained simulation, the DNA pore was observed
to retain, on average, its cylindrical shape and undergo local struc-
tural fluctuations, transiently opening slit-like passages through the
walls of the pore located between DNA helices away from the inter-
helical crossovers (movie S4).

To evaluate conditions that facilitated diffusive end-to-end
transport of small molecules, we transformed a representative
equilibrated conformation of DNA pore into a three-dimensional
(3D) potential describing the interaction of a point-like particle
(e.g., a dye molecule) with the DNA structure and a 3D diffusivity
map prescribing the local diffusion constant of the particle (note
$12). The continuum model of the DNA nanopore was combined
with a planar potential representation of a lipid membrane to pro-
duce a model of the DNA pore embedded in a lipid bilayer (Fig. 5A).

— Attractive
— Repulsive

The model was surrounded by 396 point particles (corresponding
to 4 mM concentration), and their diffusion in, around, and through
the pore was simulated using the Brownian dynamics method (43).
Note that, because of the point particle approximation, the dye
molecules do not retain their asymmetric molecular shape in such a
simulation. This approximation corresponds to a physical situation
where reorientation of the molecule is faster than its passage through
the nanostructure.

By varying parameters describing the DNA-particle interaction
(Fig. 5B), we determined effective interactions that could account
for experimental observations. Within the framework of our model,
the physical size of the particle is prescribed by the effective contact
distance o, the closest proximity allowed between the center line of
a DNA molecule and the center of the permeating solute. In a
typical simulation, we counted the number of times a dye molecule
entered the inner pore volume through the walls and the number
of times a dye molecule entered through the top end of the pore.
Figure 5 (C and D) shows how the number of both types of perme-
ation events changes over the course of the simulations. A linear
regression fit to the plots yielded the permeation rate. For a purely
repulsive potential, the permeation of dye molecules through the
walls dominates over the end-to-end transport at the effective con-
tact distance o of 16 A or less (Fig. 5E). For 6 > 20 A, the rate of dye
permeation through the end exceeds that through the walls. For
6 = 24 and 28 A, no through-the-wall permeation was observed,
whereas molecules could still enter the nanopore through the end.
Adding attraction to DNA-dye interaction makes both permeation
events more likely (Fig. 5F) and shifts the crossover from wall- to
end-dominated transport to higher values of effective contact
distance. Together, our modeling results indicate that end-to-end
transport through the pore becomes dominant when, at contact, the
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Fig. 5. Brownian dynamics simulation of a small-molecule permeation through the nanopore. (A) Representative configuration from a BD simulation of dye (green)
diffusion through the nanopore structure. In the BD simulation of dye permeation, the bead-based representation of the nanostructure is replaced by grid-based interaction
potential (gray; 1 kcal mol™ isosurface) and a local diffusivity map. (B) Examples the attractive and repulsive interaction potential between DNA and a dye molecule.
All-atom models of a DNA duplex and of a TAMRA dye are shown approximately to scale in the background. Parameter ¢ defines effective contact distance. (Cand D) The
number of dye molecules permeated through the side walls (C) and through the top entrance (D) of the nanopore as a function of simulation time for purely repulsive
models of dye-nanostructure interaction. The models vary by the value of the contact distance parameter ¢ (in angstroms). No side wall permeation was observed for ¢
of 24 or 28 A. (E) The average rate of dye permeation computed using a linear regression fit to the data shown in (C) and (D) (shaded regions). The rate is much higher than
in the experiment because of a much higher dye concentration used in the BD simulations. (F) The average rate of dye permeation for several models of attractive
dye-DNA interaction.
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distance between the center of the solute and the center of the DNA
helix exceeds 2 nm, which corresponds, approximately, to solutes
greater than 0.8 nm in radius.

DISCUSSION

Here, we have designed DNA origami pores and micrometer-long
DNA nanochannels that could spontaneously insert into GUV
membranes. Dye influx assays enabled measurements of the kinetics
of small-molecule diffusion into the GUVs. These kinetic measure-
ments verified that both DNA pore and DNA nanochannels could
transport small molecules at rates predicted by the continuum
diffusion model. Last, binding of a DNA cap to either a DNA pore
or DNA nanochannel’s end stopped transport, demonstrating that
transport is end to end with minimal leak across the channel. This
end-to-end transport through a nanochannel can direct how a
molecule diffuses well beyond the spanning ends of a membrane; it
could presumably enable transport between two compartments that
are micrometers apart.

The self-assembled nanochannels studied here can self-repair
(44) and form interconnects between molecular landmarks (45),
suggesting how they might be used to form nanoscale flow net-
works for building artificial multicellular systems, widely used in
studying cell-to-cell signaling. Large channel diameters could allow
the transport of macromolecules such as proteins and DNA. Long
channel lengths would also be advantageous for characterizing
the DNA-protein or protein-protein interactions within a channel
because the residence time should scale with the square of chan-
nel length, allowing more time for characterization in a longer channel
than in a short one. Functionalizing nanotube interiors with
antibodies or DNA aptamers could also allow nanotube channels
to be used for detecting proteins of interest or other biosensing
applications.

MATERIALS AND METHODS

Materials

All DNA oligodeoxynucleotides were purchased from Integrated
DNA Technologies (Coralville, IA, USA), except the 7240-base pair
M13mp18 scaffold strand purchased from Bayou Biolabs (Los Angeles,
CA, USA). Tris/acetate/EDTA (TAE) buffer was purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Ninety-six-well
glass-bottom plates with a streptavidin coating were purchased
from Arrayit (Sunnyvale, CA, USA; catalog no. M96S). TAMRA
was purchased from Sigma-Aldrich (St. Louis, MO, USA). All lipids
were purchased from Avanti Polar Lipids (Alabaster, AL, USA).
TRITC-dextran of average molecular weight of 4400 Da was purchased
from MilliporeSigma (St. Louis, MO, USA; catalog no. T1037).

DNA pore assembly

A mixture containing 5 nM scaffold strand, 200 nM staple strand mix,
and 25 nM attachment strand mix (note S1) was first prepared in
TAE Mngr buffer (40 mM tris-acetate and 1 mM EDTA) with 12.5 mM
magnesium acetate added (TAEM) (note S4.1). The assembly
mixture was subjected to a thermal annealing ramp with an Eppendorf
Mastercycler (note S3.3). The assembled pores were then purified to
remove excessive DNA strands using a 100-kDa molecular weight cut-
off (MWCO) Amicon Ultra centrifugal filter device (MilliporeSigma).
Following purification, 0.15 pl of 100 uM ATTO647-modified DNA
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strand that hybridizes to binding sites on attachment strands was
added to 40-pl purified pore sample and incubated at room tem-
perature for 15 min to allow to fluorescently label the pores. The
concentration of fluorescently labeled pores was approximately 1 nM,
determined by measuring the concentration of a stock solution by
counting the number of pores per field of view (86 pm by 86 um)
adsorbed to a glass slide from a specific reaction volume in fluorescence
micrographs captured using a fluorescence microscope (Olympus,
IX71) with a 60x/1.45 numerical aperture (NA) oil immersion ob-
jective lens and a x1.6 magnifier lens. To modify the DNA pores
with cholesterol, 1 ul of DNA-cholesterol conjugate (note S3.6) at
10 uM was incubated at 50°C for 10 min to alleviate cholesterol aggre-
gation before being added to 40 pl of purified DNA pores. The solu-
tion was then incubated for 10 min at room temperature.

DNA nanotube channel assembly

DNA nanotube channels were self-assembled from DNA tiles and
DNA pores. DNA tile monomers in an inactive form and DNA
pores with adapters that presented monomer sticky ends were
separately prepared before being mixed to form nanotube channels.
Inactive DNA monomers were prepared by mixing six strands that
fold into inactive monomers (note S2), each at 400 nM in TAEM,
and by subjecting the mixture to a thermal annealing ramp (note
S3.4). To make DNA pores with adapters, the nanopore assembly
mixture was prepared as in the “DNA pore assembly” section
except that 100 nM adapter strands were added to the mixture
before thermal annealing (note S3.2). After assembly, the pores were
purified and concentrated to 2 nM and then fluorescently labeled
(note S3.4). Twenty microliters of pores were then mixed with 20 ul
of inactive monomers and 0.2 ul of monomer activation strand
(50 uM). The sample was then incubated at 37°C for at least 15 hours
to allow the nanotubes to grow. DNA-cholesterol conjugates were
then hybridized to the pore regions of the nanotube channels by
following the same steps used for modifying pores before in-
flux assays.

SUV preparation

Five milligrams of 1,2-diphytanoyl-sn-glycero-3-phosphocholine
(DPhPC; Avanti Polar Lipids, USA) was dissolved in 1 ml of chloro-
form in a glass vial. The solvent was evaporated by blowing nitrogen
gas into the glass vial for 20 min so that a dry lipid film was formed.
The glass vial was kept in a vacuum desiccator overnight to remove
any residual solvent. One milliliter of 150 mM potassium chloride
solution was then added to the glass vial to hydrate the lipid film.
SUVs were then formed by 2-hour sonication in a bath sonicator
[Bransonic Ultrasonic Cleaner (1510R-DTH)] at 40°C. The SUVs
were diluted 1000 times with 150 mM potassium chloride before use.

Transmission electron microscopy

A formvar/carbon film support grid (Electron Microscopy Sciences,
Hatfield, PA, USA; catalog no. FCF400-Cu) was glow-discharged in
a vacuum for 40 s. Ten microliters of sample to be imaged was
prepared (note S4). The grid was put onto the sample droplet and
was incubated at room temperature for 5 to 10 min. The sample
solution was then washed off by tapping the grid on MilliQ water
droplets five times. The sample attached to the grid was stained by
immediately tapping the grid on 2% (w/w) uranyl acetate (Electron
Microscopy Sciences, Hatfield, PA, USA; catalog no. 22400) solu-
tion droplets twice, followed by a 5-min incubation on the uranyl
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acetate solution. The solution was then blotted, and the grid was
first dried using a filter paper and then dried in air for at least an
hour. The grid was imaged using a field emission FEI Technai-12
electron microscope operated at 100-keV voltage.

GUV preparation

The protocol for preparing GUV was adapted from Horger et al. (46)
with modifications. One percent (w/w) agarose in deionized water was
boiled in a microwave oven. Two hundred microliters of the warm agar-
ose solution was poured onto a glass-bottom dish. The dish was kept on
ahot plate at 80°C for an hour to form a dry agarose film. DPhPC lipids
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N- (biotinyl)
(biotinyl PE) were dissolved in chloroform to a concentration of 5 mg/ml
in glass vials. A fluorescent lipid, 1-palmitoyl-2-(dipyrrometheneboron
difluoride)undecanoyl-sn-glycero-3-phosphocholine (TopFluor PC),
was dissolved in chloroform to a concentration of 1 mg/ml in a glass
vial. The three lipid solutions were mixed in chloroform to prepare
a lipid mix solution (1 mg/ml) with a composition of 88% DPhPC,
10% biotinyl PE, and 2% TopFluor PC. Forty microliters of lipid mix
solution was then deposited onto the dry agarose film on the dish.
The dish was kept in a vacuum desiccator overnight to allow the lipid
solution to completely dry. After solvent was removed, 300 ul of 0.2 M
sucrose solution was added to the film in the dish. The dish was kept
undisturbed at room temperature for 2 days to allow GUV formation.

Dye influx assay setup
Ninety microliters of TAE buffer supplemented with 0.2 M sucrose
and 309 nM TAMRA was added into a well on a 96-well glass-bottom
plate with a streptavidin coating. Six microliters of GUV solution
was then added into the well. The GUVs encapsulating 0.2 M su-
crose settled down onto and became immobilized on the glass
surface in about 5 min due to density differences between the solu-
tions inside and outside the GUVs and biotin-streptavidin binding
between the vesicles and the glass surface. Thirty-five microliters of
solution containing either pores, capped pores, nanotube channels,
or capped nanotube channels prepared in TAEM buffer, after
cholesterol modification, was mixed with 9 pl of 1 M glucose before
being added into the well to maintain a final concentration of 0.2 M
glucose. The final concentration of magnesium jons was 3.1 mM.
The sample on the glass-bottom plate was imaged on an inverted
confocal microscope (Nikon Ti2-E with Al confocal unit) using a
60x/1.49 NA oil immersion objective lens. DNA pores were imaged
using a 640-nm diode laser, TAMRA and DNA nanotubes were
imaged using a 560-nm diode laser, and GUV's were imaged using a
480-nm diode laser. All three fluorescent channels at one focal
plane position in a large area of 4 x 4 fields of view were captured
with 60- or 71-s time intervals. Each field of view had dimensions of
512 x 512 pixels, corresponding to a physical field-of-view size of
210 pm by 210 um. The experiments with DNA pores were observed
for a total time length of 210 min, and experiments with DNA
nanotubes were observed for a total time length of 8 hours. The
Nikon Perfect Focus System was used to eliminate axial focus fluc-
tuations. The dye influx experiments with DNA pores were repeated
twice, and experiments with nanotubes were repeated once to ensure
that fluorescence measurements of over 100 GUVs were collected.

Fluorescence image data processing
To quantify the fluorescence intensities of TAMRA over time inside
and outside GUVs observed using confocal microscopy, we first
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used Image] software to identify and track individual GUVs captured.
The outlines of GUVs at each time point were identified by apply-
ing the “thresholding” function in Image] software to convert the
grayscale images of GUVs into binary images. The image areas in-
side GUVss at each time point were identified by selecting the areas
separated by GUV outlines that had circularities greater than 0.65
using the “Analyze Particles” function in Image] software. Similarly,
one area outside GUVs at each time point was identified by selecting
the largest area in the image with circularity smaller than 0.6. The
mean fluorescence intensities of TAMRA in the areas inside and
outside the identified GUVs at each time point were measured from
grayscale images of TAMRA. The TAMRA concentration fractions
of individual GUVs at each time point were calculated by dividing the
mean intensities inside GUVs to the mean intensity outside GUVs.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq4834

View/request a protocol for this paper from Bio-protocol.
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