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ABSTRACT 

Synthetic nanopores made from DNA replicate the key biological processes of transporting 

molecular cargo across lipid bilayers. Understanding transport across the confined space is of 

fundamental interest and of relevance to a rational design of pores for biotechnological 

applications. Here we reveal the transport principles of organic molecules through DNA nanopores 

by synergistically combining experiments and computer simulations. Using a highly parallel 

nanostructured platform, we synchronously measure the kinetic flux across hundreds of individual 

pores to obtain rate constants. The single-channel transport kinetics are close to the theoretical 

maximum, while selectivity is determined by the interplay of cargo charge and size, the pores’ 

sterics and electrostatics, as well as the embedding lipid bilayer composition. The narrow 

distribution of transport rates implies a high structural homogeneity of DNA nanopores. The 

molecular passageway through the nanopore is elucidated via coarse-grained constant velocity 

steered molecular dynamics simulations. The ensemble simulations pinpoint with high resolution 

and statistical validity the selectivity filter within the lumen and determine the energetic factors 

governing transport. Our findings on these synthetic pores’ structure–function relationship will 

serve to guide their rational engineering to tailor transport-selectivity for cell biological research, 

sensing and drug delivery. 
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Transport of small molecules across bilayers is essential to support the flow of nutrients into 

biological cells and to exchange signaling molecules with the environment. Molecular transport 

across membrane channels is also relevant in synthetic biology to export biotechnologically 

valuable cargo from engineered host cells. Small-molecule transport through nanopores is, 

furthermore, the basis for label-free analysis in research and electrical biosensing,1-14 as 

prominently epitomized by next-generation fast and portable nanopore sequencing.13-20 Several 

molecular entities enable transport, but membrane nanopores are scientifically and technologically 

the most accessible given their well-known barrel-like structures, the lack of complex 

conformational rearrangements, and the ease of making atomistic structural changes. Nanopore 

engineering is required for tailoring their shape and function to applications in synthetic biology, 

sensing and drug delivery. 

Replicating membrane transport with synthetic nanopores is scientifically exciting and can offer 

step-changes in biotechnological applications. Synthetic nanopores can drastically expand the 

structural and functional range of membrane nanopores10,21-25 not accessible with biogenic proteins 

or peptides, despite considerable progress.26-29 Among many possible building blocks, DNA30-42 

is the best for creating nanoscale channels given the ease of predicting DNA folding.43-44 By 

harnessing DNA nanotechnology, synthetic pores have become available with tuneable inner 

widths ranging from 0.5 nm to 6 nm.30-31,36-38,41 As a further benefit, DNA nanopores can be 

functionally enhanced to open the lumen with physical or biochemical stimuli,31,45 something 

which is difficult to rationally design with proteins. 

Understanding the transport properties of DNA nanopores is crucial. Insights provide the 

important scientific link between function and structure, thereby allowing advanced rational design 

of pores in applications. Furthermore, nanopores composed of negatively charged DNA can serve 
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as templates for other synthetic hybrid DNA-peptide and solid-state pores of similar charge 

composition. So far, DNA nanopores have been characterized mostly on their nanoscale 

architecture and electrical conductance.32-33,46-47 The translocation of protein and DNA was 

examined under electric fields36-37 and by diffusion of selected organic dyes.31,48 Nevertheless, the 

knowledge of transport through synthetic channels is limited due to the paucity of studies on small 

molecules even though this cargo class can offer the richest insight into their molecular interactions 

with the pore lumen. Small-molecule flux through DNA pores is also relevant for a scientific 

comparison to protein pores, and for biosensing and drug-delivery applications. 

Several fundamental questions are basically unsolved. What are the experimental rates of small 

molecule transport per channel, particularly under nonbiasing diffusive conditions, and how are 

the rates influenced by the intrinsic properties of the analytes? Is there any impact of the lipidic 

environment, and how heterogeneous are the translocation characteristics between different 

individual pores? Furthermore, what is the molecular path of transport through the pore lumen, 

and which energetic factors govern the translocation via the channel? Finally, how efficient is 

transport through the synthetic pores in comparison to theoretical calculations and biological 

protein channels? These questions are unanswered largely due to previous choices of analysis 

methods which measure either transport of salt ions,19,49-50 or bulk flurophores that mask properties 

discernible only at the level of single channels.31 Similarly, molecular dynamics simulation have 

so far explored DNA pores51-52 but not yet obtained insight into dynamic small-molecule transport. 

Combining experiments and computer simulations, as we do here, is often the best way to obtain 

a comprehensive picture. 

In this report we pioneer a highly synergistic two-pronged experimental and computational 

approach to reveal the molecular transport principles of synthetic DNA pores with an archetypal 
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barrel structure.31 We examine translocation using a massively parallel analysis platform of 

nanopore-supported membranes (Figure 1a,b) to obtain flux rates of hundreds of individual 

channels, as well as differently charged and sized small-molecule dyes, ATTO655, 

6-carboxyfluorescein (FAM), and Calcein (Figure 1c). The nanostructured platform is ideal to 

discern static and temporal heterogeneity of molecular transport53 neither accessible with bulk 

methods31 nor with standard low-throughput recordings using salt ions and biasing electric 

fields.19,49-50 Our platform singulates nanopores in lipid bilayers suspended over a horizontal array 

of femtoliter microcavities (Figure 1a) and helps to track diffusive fluorophore transport along a 

concentration gradient with high temporal and spatial resolution, as demonstrated previously using 

protein pores.54-56 The chips with more than 14,000 cavities are ideal for dissecting single-pore 

kinetics at high-throughput.37,57 The chip architecture provides sub-nanoscale smooth surfaces and 

well-defined orifice edges to attain planar supported membranes (Figure 1a) and thereby avoid 

complicating membrane curvatures. 
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Figure 1. Overview of a microcavity array with supported lipid bilayers used to analyze small 

molecule transport through DNA nanopores. a, Rendering of Si3N4/Si/SiO2-based chip featuring 

50 fL microcavity arrays sealed by a lipid membrane (top gray layer). Fluorescent small-molecule 

analytes (red spheres) flow through individual DNA nanopores (blue) leading to changes in 

fluorescence emission. The pore contains cholesterol moieties (orange) positioned for membrane 

anchoring. The dimensions are not drawn to scale, and the number of cavities with pores is 

overrepresented for clarity. b, Top and side view of DNA nanopore (NP) (blue) containing three 

cholesterol membrane anchors (orange) placed at 120° lateral spacing. c, Chemical structure of 

fluorescent dyes ATTO655, 6-carboxyfluorescein (FAM), and Calcein, with -1, -3, and -4 net 

charges, respectively.  
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To obtain insight into pore transport, we also use molecular dynamics (MD) simulations, which 

describes molecular interactions and movement. MD simulations have been key to understand 

translocation of cargo through biological protein pores58-63 and structural dynamics of DNA 

nanopores.51-52 To explore the so far uncharted topic of molecular transport in high throughput, 

coarse-grained (CG) simulations are preferred over all-atom (AA) simulations64  as the former are 

faster given the reduction of complexity by the grouping of atoms. With some loss of resolution, 

the potential energy landscape becomes considerably smoother yet remain transferrable to AA 

simulations.65 

To further improve the scientific value of our study into molecular transport through DNA pores, 

we use ensemble simulations66-67 and pioneer the combination with coarse-grain simulations. The 

ensemble method compensates for the often largely divergent individual simulation trajectories 

which are very sensitive to the initial simulation conditions and become exponentially inaccurate 

with longer simulation times, leading to unreproducible data. Ensemble simulations are established 

in fluid dynamics and weather forecasting.66,68-70 Here, we systematically apply ensemble 

averaging of at least 16 CG simulation replicas71 to substantially reduce the error bars on the 

calculations, making it much easier to perform direct comparisons between theory and 

experiment.72  

As a final component in our quest for high-quality insight, we apply the ensemble measurements 

to constant-velocity steered MD (cv-SMD). This simulation approach overcomes the difficulty of 

obtaining reliable free-energy landscapes for translocation from standard equilibrium MD 

simulation. In cv-SMD. a force is applied to the grouped molecular cargo atoms to track their 

position, orientation, and interactions along the transport pathway while keeping the pore atoms 
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fixed. In this work, we combine the computational approaches into ensemble-based CG cv-SMD 

to explore translocation pathways.  

Our study characterizes molecular transport through an archetypal DNA nanopore. We pioneer 

the statistically validated analysis of single-pore dye flux, and establish the influence of dye charge 

and size, and the surrounding membrane lipids on transport rate and selectivity. The results show 

the transport efficiency is comparable to protein pores, and illuminates the molecular and energetic 

pathway of cargo transport across the pore. The scientific insights will help catalyze for future 

DNA pore designs with engineered selectivity filters.  

 

RESULTS AND DISCUSSION 

Structure, formation, and characterization of DNA nanopores. The DNA nanopore (NP) is 

composed of six DNA duplexes and assembled from six oligonucleotides (Figure 1b).31 Each 

duplex folds from two DNA strands, which connects to two neighboring duplexes at their termini 

via interduplex loops. The connectivity deviates from the conventional CaDNAno design,43-44 

where each DNA strand spans multiple duplexes.73-74 The advantage of the present architecture is 

its reduced complexity and modularity.75 Cholesterols are positioned at the 3¢ termini of three 

alternating DNA strands to promote membrane insertion (Figure 1b). The NP has a height of ~ 

9.0 nm and an outer and inner channel width of 5.0 and 1.8 nm, respectively (Figure 1b, Supporting 

Figure 1).31 To fold the pore, six DNA oligonucleotides each with a length of 50 nt were annealed 

(Supporting Tables 1 and 2). Complete self-assembly of a reference DNA pore without cholesterol 

anchors was confirmed by a single peak in size-exclusion chromatography which eluted at 7.8 mL, 

and a width at half-maximum peak height of 0.8 mL (Figure 2a). Omitting one DNA strand from 

the assembly mixture resulted in delayed elution at 10.0 mL and a broader peak width of 1.4 mL 
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(Figure 2a), implying a less compact and less defined structure. Formation of the DNA nanopore 

with three cholesterol tags was also successful as assessed with gel electrophoretic analysis.31,75 

 

 

Figure 2. Characterization with size exclusion chromatography and dynamic light scattering 

confirms DNA nanopore assembly, structure, and membrane interaction. a, Size-exclusion 

chromatography of NP without cholesterol lipid anchors (NP-0C) and the assembly product 

missing one of the six component DNA strands. b, Dynamic light scattering of NP (magenta line), 

small unilamellar vesicles (SUVs) (gray line), and the two entities combined (light blue line).  
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NP with three cholesterol tags was analyzed to confirm its interaction with lipid bilayers used in 

the follow-on transport studies. The pore was incubated with small unilamellar lipid vesicles 

(SUVs), and membrane incorporation was determined by monitoring changes in vesicle size by 

dynamic light scattering. SUVs had a diameter of 110 ± 17 nm (mean ± SD, n = 7, two independent 

experiments) (Figure 2b) while incubation with NP led to an increase of the vesicle diameter to 

148 ± 26 nm (Figure 2b), implying successful membrane association or pore insertion. In line with 

expectations, cholesterol-free NP-0C did not lead to a larger SUV diameter (data not shown). NP 

alone yielded a signal with a diameter of 7.8 ± 2.7 nm (Figure 2b) in agreement with the calculated 

hydrodynamic diameter of 8.8 nm.  

 

Dye flux through individual DNA nanopores. To analyze the translocation of hundreds of 

individual membrane-inserted DNA nanopores, we used a high-throughput platform composed of 

an array of bilayers suspended over fluorophore-filled microcavities (Figure 1a, Figure 3a).57 The 

suspended membrane is planar as the microcavities opening is limited to 80 nm diameter in an 

ultaflat surrounding Si3N4 layer. Single DNA nanopores stochastically insert into the small bilayer 

patch and mediate a diffusive outflow of encapsulated fluorescent probes (Figure 3a) which is 

trackable by time-lapse fluorescence images of the cavity array (Figure 3b). Consequently, 

hundreds of individual nanopore transport processes can be visualized in parallel.  
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Figure 3. Kinetic analysis of small-molecule transport through DNA nanopores using microcavity 

arrays. a, Illustration of an individual cavity sealed by a solid-supported lipid bilayer with an 

embedded DNA nanopore. The NP pore permits efflux of the encapsulated ATTO655 (red) but 

not the larger Oregon Green (OG) Dextran (green). b, Confocal laser scanning microscopy images 

and magnification of microcavities at the stated time points encapsulated with (b-i) ATTO655 (red 

channel) and (b-ii) OG Dextran (green channel). Scale bar, 10 µm. c, Exemplary normalized 

fluorescence traces of ATTO655 (red circles) and OG Dextran (green circles) from a single cavity. 

The arrow denotes the start of the nanopore-mediated transport process. d, Multiple normalized 

ATTO655 efflux traces from individual cavities reveal high flux homogeneity.  
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We initiated our transport studies using arrays of microcavities filled with ATTO655 (0.6 kDa, 

10 µM) and Oregon Green (OG) Dextran (10 kDa, 5 µM) (Figure 3a, b-i, b-ii). ATTO655 with a 

diffusion-derived hydrodynamic diameter dh of ~1.2 nm76 is expected to translocate through the 

DNA nanopore lumen of 1.8 nm width. By comparison, the control probe OG Dextran, with a dh 

of ~3.7 nm77 cannot permeate NP.  

Prior to DNA nanopore addition, the membrane array displayed a homogeneous pattern of 

fluorescent squares, separated by an expected center-to-center distance of 10 µm reflecting the 

dimensions of the square-patterned cavity array (Figure 3b). The co-fluorescence signals for both 

dyes were found for 90% of all microcavities, representing ideal conditions for high-throughput 

investigations (Supporting Figure 2). Cavities lacking fluorescence are most likely caused by 

incomplete bilayer formation.  

The addition of the DNA nanopore resulted in a significant drop in ATTO655 fluorescence for 

individual cavities (Figure 3c, red line, final NP concentration of 1.7 nM; Supporting Figure 3a), 

indicating NP-mediated dye flux from the cavity to the ambient solution. Most efflux traces 

showed monoexponential fluorescence decays as expected for single-channel transport 

(Figure 3d). In contrast to flux of small-molecule dye ATTO655, the fluorescence intensity of the 

control dye OG Dextran remained constant (Figure 3c, green line). The lack of OG Dextran flux 

also indicates a tight seal between the membrane and the microcavity. A small portion of the 

cavities showed accidental membrane rupture, resulting in rapid efflux of both fluorescent analytes 

(Supporting Figure 3b), which was clearly distinguishable from pore-mediated effluxes.  

 

Thousands of individual cavities were subjected to statistical analysis to obtain rate constants 

for transport through single DNA nanopores. The analysis showed monoexponential NP-mediated 
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ATTO655 effluxes for 13.7% of the cavities (Figure 4c-i). In further classification, membrane 

ruptures accounted for 14.3%, unsuitable control with no or weak signals for 3.1%, complex 

kinetics including two-step decay signals for 5.0%, and no signal changes for 63.9% (Figure 4c-i), 

similar to other studies using protein-based nanopores.57 Representative traces for the described 

categorization are summarized in SI Figure S3. A high ratio of non-fluxing cavities is required to 

obtain single-pore insertions, as defined by Poisson statistics. The statistical information on NP 

transport of ATTO655 (Figure 4a-i and b-i) is summarized in a pie chart (Figure 4c-i). A subset of 

516 individual fluorescence datasets with a monoexponential ATTO655 decrease and a constant 

OG Dextran fluorescence was further analyzed to obtain the flux rate. The traces were fitted and 

the resulting distribution of decay constants, kefflux, was summarized in a histogram (Figure 4d-i). 

Efflux traces stemming from individual DNA nanopores were identified by determining the rate 

distributions for different NP concentrations. High NP concentrations (17 nM) showed a 

heterogeneous distribution, indicating multiple DNA nanopore insertions per cavity (Supporting 

Figure 4). By comparison, a 10-fold lower NP concentration revealed four Gaussian distributions 

with four peaks at 0.44 ± 0.18 x 10–3 s–1, 0.94 ± 0.21 x 10–3 s–1, 1.56 ± 0.28 x 10–3 s–1, and 

2.22 ± 0.44 x 10–3 s–1 (± SD from the Gaussian fit) most likely representing one, two, three, and 

four DNA nanopores per cavity (Figure 4d-i). The first peak of the distribution of binned rate 

values reflects flux through one pore as shown by using a lower concentration of NP of 0.5 nM, 

which led to a single peak at very comparable value of 0.50 ± 0.18 x 10–3 s–1 (Supporting Figure 5). 

Reducing the nanopore concentration to identify single-pore flux traces is a tested procedure 

demonstrated previously with other pores.37,57 The presence of single-pore fluxes is also supported 

by the monoexponetial decays of efflux traces of single nanopores which showed no leaps or 

breaks (Figure 3c,d). Without any pores, dye efflux from cavities was only achieved by adding 
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detergent Triton X-100 to solubilize the membrane or by spontaneous rupture, clearly 

distinguishable however from pore-mediated effluxes (Supporting Figure 6). 

 

Single-pore transport kinetics depend on cargo charge and size. After establishing that 

ATTO655 can flux through the NP, we examined transport as a function of cargo charge and size. 

Therefore, 6-carboxyfluorescein (FAM, 0.4 kDa) with a net charge of -3 and a dh of approximately 

1.1 nm and Calcein (0.6 kDa) with a net charge of -4 and a dh of ~1.5 nm78 (Figure 4a-ii and a-iii) 

were examined. Both dyes were expected to display reduced transport rates due to electrostatic 

repulsion across the lumen of the negatively charged DNA nanopore (Figure 4b-ii and b-iii). We 

investigated the transport of FAM by entrapping a solution of 10 µM along with Alexa647 Dextran 

(10 kDa, 5 µM) in the cavities; the dextran-conjugated dye served as control for bilayer integrity. 

Time-resolved microscopy tracked the efflux of FAM to yield a transport rate constant for single 

nanopore effluxes of 0.29 ± 0.13 x 10–3 s–1 and for double nanopore effluxes of 

0.56 ± 0.20 x 10-3 s–1  (150 traces) (Supporting Figure 7), which is slower than the single or the 

double efflux constant of the reference dye ATTO655 at 0.44 ± 0.18 x 10–3 s–1 or 0.94 ± 0.21 x 10–

3 s–1 (516 traces), and in agreement with the more negatively charged nature of FAM. 
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Figure 4. Molecular transport through DNA nanopores depends on cargo charge and size. 

a, Chemical structure of the probe molecules (a-i) ATTO655, (a-ii) FAM, and (a-iii) Calcein. 

Additional control dyes OG Dextran, ATTO655, and Alexa647 Dextran were co-entrapped in the 

microcavities for a-I, a-II, and a-III, respectively. b, Graphical representation pore transport assays 

with (b-i) ATTO655, (b-ii) FAM, and (b-iii) Calcein. c, Statistics for NP transport (1.7 nM) 

categorized as NP-mediated efflux, bilayer rupture, atypical controls, complex kinetics, and 

microcavities without fluorescence changes, shown for (c-i) ATTO655 (n = 1,927 traces), 
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(c-ii) FAM (n = 4,290 traces), and (c-iii) Calcein (n = 2,286 traces). d, Distribution of NP-mediated 

effluxes for (d-i) ATTO655 (n = 327 traces), (d-ii) FAM (n = 317), and (d-iii) Calcein (n = 8). 

Solid and dashed lines indicate Gaussian fits for single and double nanopore efflux constants, 

respectively. 

To confirm the rate constant for FAM, we conducted a co-transport experiment, in which both 

FAM and ATTO655 were entrapped in the cavities. Analysis of more than 4,000 cavities showed 

DNA nanopore-mediated efflux in 8.3% of all cases. The other cavities displayed bilayer ruptures 

(7.6%), complex kinetics (2.7%), unsuitable controls (1.8%), or no signal changes (79.6%) 

(Figure 4c-ii). Analysis of the monoexponential efflux traces yielded kefflux values, as indicated by 

single and double Gaussian distributions (Figure 4d-ii). The characteristic kefflux for single DNA 

nanopore for FAM was 0.34 ± 0.15 x 10–3 s–1 (n = 317 traces) (Figure 4d-ii), whilst the constant 

for ATTO655 was 0.48 ± 0.22 x 10–3 s–1 (n = 327 traces) (Supporting Figure 8). Both values are 

within the errors obtained for the single-flux experiments. The double, triple, and quadruple 

nanopore efflux constants for FAM were 0.65 ± 0.17 x 10–3 s–1, 1.05 ± 0.22 x 10–3 s–1, and 

1.65 ± 0.38 x 10–3 s–1 respectively (Figure 4d-ii). The translocation assay were concluded by 

adding detergent Triton X-100 to rupture the bilayer leading to the expected rapid non-

pore-mediated diffusion of the dyes out of the cavities with similar efflux constants (ATTO655: 

24.8 ± 5.7 x 10–3 s–1; FAM: 25.6 ± 6.8 x 10–3 s–1) (Supporting Figure 9). 

To further examine the charge and size-selective transport across the DNA nanopores, the flux 

of Calcein was investigated. The four times negatively charged dye (10 µM) and the control dye 

Alexa647 Dextran (10 kDa, 5 µM) were entrapped in the cavities (Figure 4b-iii). Quantitative 

analysis of more than 2,286 traces revealed that only 0.6% of the cavities displayed a NP-like 

efflux (Figure 4c-iii). This is a more than 20-fold drop in the occurrence compared to the reference 
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dye ATTO655 and indicates that electrostatics hinder the transport of multiply negatively charged 

Calcein through NP. Considering how flux for Calcein, FAM, and ATTO655 represents a trend 

on the influence of cargo charge, we would expect that solely positively charged dyes flux well 

across the DNA nanopores. Some slow-down due to electrostatic attraction to the negatively 

charged pore wall cannot be ruled out. Our flux analysis of dyes pioneers kinetic transport rates 

for single DNA pores, and quantifies how cargo charge and size of small molecule influence the 

rates.  

 

Flux through the DNA nanopores is influenced by the surrounding lipid bilayer. The 

transport of the FAM probe through the DNA nanopore has previously been explored with 

ensemble transport assays.31 In these experiments, the dye did not pass through the DNA 

nanopores inserted into small unilamellar vesicles (SUVs) while our current data indicate moderate 

transport. One difference is that our current study uses flat membranes which are suspended over 

microcavities, while the past study employed highly curved bilayers which can cause higher lateral 

pressures on nanopores. Furthermore, the current assay uses membranes containing 30 mol% of 

negatively charged lipid POPG, while the previous SUV solely contained net neutral lipids 

including 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). Both curvature and lipid 

composition are known to influence the shape and function of protein pores79 and this might also 

affect the flux properties of our artificial nanopores.  

To identify whether curvature or lipid composition influences transport, we conducted transport 

assays with giant unilamellar vesicles (GUVs) whose membranes’ are similarly flat as planar 

membranes of the microcavity array. The flux was analyzed in GUV with and without 30 mol% 

POPG. We first examined the negatively charged 1-palmitoyl-2-oleoyl-sn-glycero-3-
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phosphoglycerol (POPG)-GUVs containing FAM (10 µM) and control Alexa647 dextran (10 kDa, 

3.2 µM) in the surrounding ambient solution. Incubation of GUVs with NP (322 nM) for 2 h led 

to efflux of FAM (Supporting Figure 10 and 11), thereby confirming pore-mediated dye transport, 

as found in the microcavity array. Membrane leakiness of GUVs can be ruled out as Alexa647 

dextran remained compartmentalized (Supporting Figure 10 and 11). Similarly, bleaching of FAM 

can be neglected because GUVs showed no NP-mediated efflux (Supporting Figure 11). In further 

agreement, transport across NP occurred with ATTO655 while control OG dextran (10 kDa) 

remained compartmentalized (Supporting Figure 12).  

Using GUVs without POPG provided a different picture. Here, the inserted DNA nanopores 

hindered transport of FAM while flux of ATTO655 was facilitated (Supporting Figure 13 and 14). 

The differential findings on FAM flux with two GUV membrane types strongly suggests that the 

negatively charged POPG lipid alters the structure of DNA nanopore and hence its transport 

properties. This striking finding is discussed in the conclusions. 

 

DNA nanopore flux is efficient and comparable to protein pores. To gain insight into the 

efficiency of pore-mediated transport, we compared the NP flux rate of ATTO655 to the rate for a 

reference protein pore previously examined with the microcavity array. The efflux constant for 

individual DNA nanopores of 0.44 ± 0.18 x 10–3 s–1 is close to the value of reference pore 

α-hemolysin (αHL) at 0.96 ± 0.55 x 10–3 s–1 (Table 1).57 After normalizing to account for the 

differing cross-sectional channel areas, the rate constant for the DNA nanopore is 

1.73 x 104 s-1 nm–2. This value is approximately 3.6-fold lower than for the protein pore with a 

value of 6.23 x 10–4 s–1 nm–2 (Table 1). Nevertheless, the NP transport rate is relatively high 
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considering that the net negatively charged ATTO655 dye passes a DNA pore lumen lined with a 

high density of negative charges (~1 charge nm-2) while the protein channel is less charged.80  

Using the rate constant for NP, we inferred the single-pore flux J to be ~133 ATTO655 

fluorophores per second. The value was obtained by determining the total number of fluorophores 

at an initial concentration of 10 µM inside the cavity volume of 50 fL, and dividing by the rate 

constant per second. By comparison, the theoretical maximum transport was calculated using 

equation 1, which integrates previous biophysical models,81-82 as well as a probability factor to 

describe the hindrance of solute diffusion within the pore,79 

𝐽 =
𝐷	∆𝑐	𝜋	𝑟!	𝑁	

𝐿 	+1 −
𝑎
𝑟/

!
											(𝑒𝑞. 1) 

where D is the diffusion coefficient of the fluorophore in water, ∆c the difference in fluorophore 

concentrations on both sides of the membrane, r the pore radius, N the Avogadro constant, L the 

pore length, and a the solute radius. Due to the tight fit of the analyte in the pore, small variations 

in radii or length have large effects on the maximal flux. Other complicating factors are the 

uncertainty of the exact dimensions of the bilayer-embedded NP and the varied orientation of the 

cylindrical ATTO655 within the lumen. To account for these factors, we assumed a variation of 

radii and the length by ± 0.1 nm and ± 1 nm, respectively. This yielded a single-pore flux ranging 

between 16 and 229 molecules per second. Reassuringly, the experimental flux of ~133 dye 

molecules per second is in the middle of the maximal flux range, highlighting that negatively 

charged NP effectively transports without an applied electric force.  

Another favorable characteristic of the DNA nanopores was revealed when comparing the 

experimental single-channel rate constants with those of the published protein pore on another 

measure. In particular, the distribution of rate constant k for DNA nanopores was similar to the 

structurally homogenous protein pore αHL (Table 1). This indicates that synthetic DNA nanopores 
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have, under the applied experimental conditions, a similar structural homogeneity as the biological 

protein pore of known atomistic architecture80 with small dynamic variations.83 

 

 

Table 1: Comparison of DNA nanopores with protein pores in terms of molecular flux and 

atomistic dimensionsa 

 DNA nanopore αHL 

reference this study ref.57 

rate constant k for flux (s–1)a 0.44 x 10-3 0.96 x 10-3  

cross-sectional area (nm2) 2.55 1.54  

rate constant / cross-sectional area (s–1 nm–2) 1.73 x 10-4 6.23 x 10-4 

width of k distribution (HWHM/mean) (%)b 45.8 33.6 

 aFluxes through all pores were determined using a concentration of 10 μM ATTO655 in the 
microcavities of the transparent silicon-on-insulator (SOI) chip. bHWHM, half-width at half-
maximum, and the width is taken for the histogram obtained with 1.7 nM DNA nanopores. 

 

Simulations identify the molecular and energetic pathway for transport. Simulations were 

carried out to identify the transport pathways of fluorophores through the DNA nanopore and to 

characterize the associated free energy profiles (potentials of mean force, PMFs). We investigated 

the fluorophore ATTO655 (Figure 1c) which exhibits high experimental pore flux in this study, 

and FAM (Figure 1c) of lower transport efficiency.31 By comparing the PMFs, our aim was to 

identify the chemical features that enable efficient ATTO665 translocation through the 

membrane-spanning DNA nanopore, and to thereby explain the experimental flux results. To 

simulate the translocation of fluorophores through the DNA nanopore lumen, we used ensemble-
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based cv-SMD and umbrella sampling. This enhanced method is particularly expedient for 

characterizing free energy landscapes of molecular translocation, for identifying energetic barriers 

of transport, and associated chemical and structural features that influence cargo translocation.  

Our simulation set-up is shown in Figure 5a and includes the DNA nanopore inserted into a 

membrane composed of charge-neutral POPC lipids. The structural model was first developed in 

an all-atom version. An equilibrated confirmation was then converted into the the coarse-grain 

version. Reflecting their dynamic nature, the pore’s DNA duplexes showed flexibility in the 

simulations. Clustering of the various dynamic structures was performed on an ensemble of 

equilibrium simulations. The most populous cluster representative of 70% of the conformations 

was used for the transport simulations (Figure 5a).  

cv-SMD simulations were carried out to replicate the experimental flux of efficient and poorly 

translocating dyes. In the simulations, a pulling force was applied to a dummy atom (Figure 5a, 

gray sphere) which was harmonically coupled to the fluorophore (Figure 5a, red/green star). The 

pulling rate in our simulations with a value of 2 nm/ns is within the range of 1 nm/ns to 10 nm/ns 

used in other studies.63,84 Reflecting the dynamic nature of nanopore, conformational restraints on 

the DNA backbone were applied in order to avoid clashes between the fluorophore and the 

otherwise fluctuating DNA atoms. Pulling the dye across the translocation coordinate (z) yielded 

a trajectory. Snapshot frames seeded separate umbrella sampling simulations, where the 

fluorophore is restrained within a sampling window using an umbrella biasing potential (Figure 

5a, sampling window indicated by dashed lines). The resulting histograms of configurations were 

force-unbiased by the weighted histogram analysis method (WHAM) to produce a smooth PMF 

curve describing the one-dimensional free energy profile of the transport process. By using 

umbrella sampling and WHAM, the non-equillibium cv-SMD simulations generate equilibrium-
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like energy profiles. PMFs generated via the coarse-grain model generally reflect well the location 

of free energy peaks and basins but are smoothened compared to the higher-resolution all-atomistic 

models.  

 

 

Figure 5.  Constant-velocity coarse-grained simulations provide molecular insight into the 

transport of fluorophores across DNA nanopores. a, The computational system used to simulate 

fluorophore transport. Small-molecule dyes (star, green for FAM, red for ATTO655) are pulled 

along the translocation coordinate z by a dummy atom to which the fluorophore is harmonically 

coupled (circle). The string represents the harmonic restraint that tethers the fluorophore to the 

dummy atom. The histograms indicate ensemble configurations that are generated in the umbrella 

sampling simulations obtained from the cv-SMD simulations. b, PMF for the translocation of 

ATTO655 across the lumen of the DNA nanopore. c, Simulation snapshot from the cv-SMD 

trajectory of the pore translocation of ATTO655. The DNA nanopore is colored blue, its 

cholesterol units in orange, and the dye’s negatively charged sulfate and carboxylate groups in red 

and its positive part in magenta. Lipid headgroups are in pink and phosphates in purple. An 

increasing distance in z-direction from the viewer is indicated by a grey gradient. d, PMF for the 
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translocation of FAM across the lumen of the DNA nanopore. e, Simulation snapshot from the 

cv-SMD trajectory of the pore translocation of FAM. The dye’s three negatively charged moieties 

are indicated in green. The remaining color coding is the same as in panel (c). 

 

The simulations on ATTO655 transport through the DNA nanopore are shown in a movie 

(Supporting Movies 1 and 2), summarized in a free energy landscape for cargo translocation 

(Figure 5b), and illustrated by a snapshot (Figure 5c). At the beginning of the transport pathway, 

ATTO655 aligns its positively charged groups to the negatively charged opposing DNA pore 

duplexes (Supporting Movies 1 and 2). The associated alignment increases the energetic barrier 

slightly for entrance into the narrow pore opening by 1.5 kcal mol-1 (Figure 5b, left arrow). Upon 

pore entrance, the dye’s negatively charged sulfate and carboxylate groups (Figure 5c, red spheres) 

maintain a distance of ~ 1.5 nm from the DNA backbone within the approximate 2.5 nm wide 

nanopore. The dye navigates the more spacious and wider part of the pore lumen without 

encountering any steric clashes, resulting in the gradual decrease in free energy. The molecule 

passes the other constriction, causing an increase in free energy of ~ 2.5 kcal mol-1 (Figure 5b, 

right arrow) as the anionic sulfate and carboxylate groups are forced into close contact with the 

DNA backbone pseudo-atoms (Figure 5c, Supporting Movies 1 and 2). The PMF plots for the 

entire translocation (Figure 5b) indicate the energy barriers for hindered entrance and departure of 

the ATTO655 dye into and out of the DNA nanopore and thereby help explain the kinetic transport 

rate. The PMF’s energy difference before pore entrance and after pore exit also yields the Gibbs 

free energy for translocation with a value of ΔGtrans = -6.8 ± 2.4 kcal mol-1 (Figure 5b).  

For the negatively charged FAM dye, the translocation path (Supporting Movies 3 and 4) shows 

a different PMF (Figure 5d) than to ATTO655. After pore entrance, there is a sharp free energy 
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barrier of ~ 15 kcal/mol which coincides with translocates across the pore midsection (Figure 5d). 

This barrier is found solely for FAM (Figure 5b, ATTO655) and explains the diminished 

experimental flux of the dye. The energetic barrier stems from the electrostatic repulsion of the 

negatively charged FAM dye by the negatively charged pore wall, as indicated by the spatial 

separation of the dye from the wall (Figure 5e). The ΔGtrans for FAM was -11.8 ± 3.4 kcal mol-1, 

which is of higher magnitude than for the ATTO655 dye. The interpretation of ΔGtrans has, 

however, to consider adsorption effects of the dye at the trans membrane side, and cannot serve to 

directly infer the spontaneity of the translocation process. The nonzero value of ΔGtrans is also 

likely due to asymmetric electrostatic environments at the trans and cis side of the nanopore which 

reflect the asymmetry in the simulated nanopore and curved membrane, and a polarizable water 

model. To avoid electrostatic asymmetry, possible future simulations could be conducted with a 

larger box with more water, and a longer translocation path that avoids contact with the lipid 

bilayer. Nevertheless, the existing PMFs successfully identify energetic barriers related to the 

poorer FAM transport found in experiments. 

In addition to the trans-lumen (TL) translocation, the cv-SMD simulations revealed dye passage 

via an interface (IF) pathway. In this case, both FAM and ATTO655 move at the interface between 

the pore and surrounding membrane without entering the pore lumen (Supporting Figure 15, 

Supporting Movies 5 and 6). The IF pathway proceeds via dynamically formed gaps between the 

outer pore perimeter and the surrounding lipid bilayer. The life-time of the gaps is sufficient to 

permit the fast transport of dyes within the 5 ns-long cv-SMD simulations where the dye is pulled 

across the pore. The pulling speeds up dye translocation 1000-fold compared to the equilibrium 

1D diffusion. Consequently, IF pathway discovered in simulations may not be representative of 

transport in experiments. Indeed, previous flux data31 strongly disagree with dye transport via the 
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IF pathway at the time scale relevant in experiments. The previous study used a related six-duplex 

DNA nanopore but carried a lid that blocks the lumen and hence the translumen pathway. As only 

minimal dye flux was observed for this blocked pore, it is clear that the IF pathway does not have 

a major contribution in experiments; the dye flux resumed when the pore was opened. 

Nevertheless, the cv-SMD simulation highlight the IF pathway which would have remained hidden 

if examined solely with experiments.  

 
CONCLUSIONS 

Our study provides molecular insight into small-molecule transport through synthetic DNA pores. 

The findings are of fundamental scientific interest and relevance for technological applications. 

Unlike previous studies on ensemble transport, we present single-channel rate constants for small-

molecule flux which is essential to establish fundamental principles for transport through the 

synthetic pores. We examined the kinetics of charge- and size-selective transport with a high-

throughput platform of membrane arrays. Complementing ensemble-based cv-SMD revealed how 

atomistic and energetic factors shape the transport pathway. Several findings stand out. Firstly, the 

negatively charged channel lumen exerts a high control over cargo transport as shown by efficient 

ATTO655 flux but blocking of Calcein transport. The charge and size-dependent control is due to 

the negatively charged selectivity filter of the DNA nanopore. Our simulations pinpoint the 

position of the selectivity filter in the midsection of the pore. Yet, other smaller electrostatic/steric 

barriers are also identified at the pore openings.  

Secondly, pore transport is influenced by the surrounding lipids. While a previous study with 

charge-neutral lipids31 found no transport for the FAM dye, our current analysis with negatively 

charged POPG lipids shows that the dye is transported. To account for this observation, POPG is 

assumed to interact with the DNA nanopore to cause electrostatically repulsion-induced pore 
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dilation to enable FAM transport. Lipids influencing pore structure and function are common 

among protein channels,85 and future studies will elucidate the exact influence of lipids on DNA 

nanopores.  

Thirdly, the high flux for the permeating molecule through the DNA nanopores approaches the 

theoretically possible maximum. To transport efficiently the net-negatively charged dye has to 

overcome the electrostatic repulsion to the negatively charged NP wall. The surprisingly high flux 

is underscored by our simulations which reveal little transport hindrance in the pore center, and 

support by electrostatic interaction between the negatively charged pore and positive charges on 

the dye. Finally, the examined NP architecture is of high structural homogeneity. This is inferred 

from the narrow distribution of rate constants and the high proportion of successful 

monoexponential flux traces. The DNA nanopore matches biological protein pores, which is 

surprising and important from the perspective of nano-engineers. In conclusion, this report answers 

important questions about molecular transport through DNA nanopores and will motivate further 

research into the design of synthetic nanopores composed of assembled DNA strands that have 

tunable charge sensitivity for applications in cell biology, sensing, and drug delivery. 
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METHODS 

Material. Native and cholesterol-labeled DNA oligonucleotides were purchased from Integrated 

DNA Technologies (Coralville, IA, USA) on a 1 μmol scale with HPLC or PAGE purification. 

1,2-Diphytanoyl-sn-glycero-3-phosphocholine (DPhPC), 1-palitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC), and 1-palitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG), or 1-

palitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) were procured from Avanti Polar 

Lipids (Alabaster, AL, USA, or Hamburg, Germany). Cholesterol was from Sigma-Merck. 

ATTO655 and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine coupled to ATTO390 (DOPE–

ATTO390) were purchased from ATTO-TEC (Siegen, Germany) and Oregon Green (OG) Dextran 

(10 kDa), Alexa647 Dextran, 6-carboxyfluorescein (FAM), and Calcein were purchased from 

ThermoFisher Scientific (Darmstadt, Germany). Super low melting agarose (HP45.1) was 

purchased from Carl Roth (Karlsruhe, Germany). Confocal laser scanning microscopy LSM 880 

from Zeiss (Jena, Germany). All other reagents and solvents were purchased from Sigma-Aldrich 

unless stated. 

 

DNA assembly. NP and NP-0C were assembled using an equimolar mixture of DNA 

oligonucleotides (1 nmol each, dissolved in buffer A: 300 mM KCl, 15 mM TRIS/HCl pH 8.0; 

total volume 1 mL). After mixing, the solution was incubated at 95 °C for 2 min and cooled to 

4 °C at a rate of 5 °C per minute using a MJ Mini Gradient Thermal Cycler PCR (Bio-Rad, US). 

Preparation of small unilamellar vesicles for agarose gels and DLS. A solution of 10 mM 

DPhPC with 1 mM cholesterol in chloroform (200 µL) was added to an oven-dried round bottom 

flask (10 mL). The solvent was removed under vacuum using a rotary evaporator for 20 min, after 

which the thin film was dried under ultra-high vacuum for 3 h. Phosphate buffered saline (1 mL) 
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was added, and the solution was sonicated for 20-30 min at RT. Small unilamellar vesicles (SUVs) 

were stored in the fridge and used within 7 days. Shortly before use, the SUV solution was vortexed 

for 2 s. SUVs were subjected to dynamic light scattering to confirm the vesicles’ diameter using a 

Zetasizer Nano S (Malvern, UK). Data presented are the average of seven scans, repeated two 

times, and collected at 25 °C after an initial 10 min thermal equilibration period. 

Formation of large unilamellar vesciles for optical high-throughput analysis. Liposomes 

composed of POPC, POPE, and POPG were mixed (40:30:30 mol%) as described.56 Briefly, the 

solvent was removed under vacuum using a rotary evaporator for 45 min at 45 °C followed by 

high vacuum for 30 min. Buffer containing 15 mM TRIS/HCl pH 8.0 and 300 mM KCl was added 

(final lipid concentration 5 mg/mL) followed by sonication for 2 min. Five freeze thawed cycles 

were conducted followed by storage at -80 °C. The LUV solution was extruded 21 times through 

100 nm polycarbonate membranes at the LiposFast Basic extruder (Avestin, Mannheim, 

Germany). 

Fabrication of transparent bottom nano-orifice cavity arrays. The preparation of the nano-

orifice cavity chips has been reported previously.37,57 Silicon-on-insulator (SOI) chips (13 x 13 

mm2) were composed of an undoped silicon (100) handling substrate (380 ± 15 µm), a buried 

oxide (BOX) layer (100 ± 10 nm), and a silicon (100) device layer (3.0 ± 0.5 µm). Stoichiometric 

Si3N4 (thickness ± 50 nm) was deposited on both sides of the chips by low pressure chemical vapor 

deposition (LPCVD). The first fabrication steps involved photolithography (Shipley S1818 

photoresist) and reactive ion etching (RIE, C4F8/O2 gas mixture, 150 W power, and for 85 s) to 

pattern an open square (1.8 x 1.8 mm2) into the Si3N4 layer at the center of the chip backside. This 

pattern served as mask for the subsequent, anisotropic etching of the bulk Si in aqueous potassium 

hydroxide solution (KOHaq) (20 wt%, 80 °C, 3 h), creating a large truncated pyramidal hole up to 
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the BOX layer. Then, nano-orifice arrays (120 x 120) with 80 nm orifice diameter and orifice-to-

orifice distance of 10 µm (both, in x and y direction) were structured in the front-side Si3N4 layer 

by electron-beam lithography (EBL, e_LiNE system, Raith, Dortmund, Germany) at an 

acceleration voltage of 30 kV and beam current ~30 pA, using EBL resist AR-P 6200 and 

developer AR 600 546 (Allresist, Strausberg, Germany), followed by another RIE step with the 

same parameters. The final anisotropic etching of the chips in KOHaq solution (15 wt%, 50 °C, 3.5 

h) created arrays of >14,000 homogenous nano-orifice cavities (~50 fL volume), each having a 

transparent base and the shape of an inverted pyramid which is truncated at the BOX layer. 

Spreading of LUVs on microcavity array and NP insertion. For the formation of suspended 

bilayers, the SOI chip was directly glued on 8-well sticky slides (ibidi, Planegg/Martinsried, 

Germany). Ethanol was applied to the chip to wet the cavities followed by buffer exchange (15 mM 

TRIS/HCl pH 8.0, 300 mM KCl, 5 mM CaCl2). The fluorescent dyes ATTO655 and OG Dextran 

(10 kDa) were added to a final concentration of 10 µM and 5 µM, respectively. For the charge 

selective measurements 10 µM of ATTO655, FAM, and Calcein were used with 5 µM of Alexa647 

Dextran was used as control dye. The fluorophores were sealed in the microcavities by suspended 

bilayer formation (1 mg/mL for 1 h). After washing the buffer reservoir, DNA nanopores were 

added at different concentrations depending on the experiment. Concentrations are given in the 

description of each experiment. 

Light microscopy and data analysis. The fluorescent readout was performed with a confocal 

laser scanning microscope (CLSM) LSM 880 (AxioObserver from Zeiss, Jena, Germany) 

equipped with a Plan Apochromat 20x/0.8 M27 air objective. Time-lapse images were recorded in 

various time intervals for multiple hours. Image analysis to identify fluorescent areas was 
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performed using ImageJ and freely available plugins. Data correlation and curve fitting of ImageJ 

datasets with eq. 1  

𝑓(𝑡) = −𝐹"#$ + 𝐹"#$𝑒%&!""' + c																	(𝑒𝑞. 1) 

were performed with the open source software NanocalcFX (from Nanospot GmbH). Further 

processing of the rate constants (keff) including descriptive statistics, peak analysis, and Gaussian 

fitting were performed with Origin Pro 9.1 (OriginLab). The peak of the Gaussian fitting was given 

as ks or kd values and the SD of the Gaussian fit as error. 

Giant unilamellar vesicle formation. Giant proteoliposomes were produced via hydrogel assisted 

swelling by drying a lipid solution of POPC, POPG, POPE, DOPE–ATTO390 (40:30:29.5:0.5 

mol%) or of POPC, POPE, DOPE–ATTO390 (50:49.5:0.5 mol%).  Polyvinyl alcohol (PVA) 

solution 5% (w/w) was dissolved in water and heated to 95 °C, followed by cooling to 38 °C. 

Subsequently, 200 µL of the PVA solution was spread over a cover slide and dried at 50 °C for 30 

min. The premixed lipid solution was distributed on the PVA slide and dried for 2 h under vacuum. 

After drying, the PVA slide was rehydrated in 15 mM TRIS/HCl pH 8.0, 300 mM KCl, containing 

200 mM sucrose and incubated for 30 min before harvesting of GUVs. Encapsulated fluorophores 

(ATTO655 and FAM, each 10 µM) were additionally supplemented in the swelling buffer 

depending on the experiment. 

DNA nanopore-mediated translocation in giant liposomes. GUVs were added to a precoated 

glass slide of β-casein (30 min incubation of 0.5 mg/mL). Afterwards, the corresponding control 

dyes (Alexa647 Dextran and OG Dextran 3.2 µM and 5 µM, respectively) were added to the giant 

liposome exterior. Subsequently, 322 or 500 nM (final concentration) of the DNA nanopore were 
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added and images were taken by confocal microscopy before and after 2/10 h incubation. Mean 

grey value analysis for the were performed by ImageJ (https://imagej.nih.gov/ij/download.html). 

Set-up of the computational model. The computational model of the DNA nanopore was 

developed from an all-atom (AA) version of NP using six strand sequences by building the six 

hexagonally arranged helices with the Nucleic Acid Builder module in AMBERTools and 

arranging them at inter-helix distance of ~2 nm using PyMOL.86 Inter-helix crossovers, cholesterol 

anchors, and the covalent linkages between the cholesterol anchors and nanopore were set up using 

PyMOL utilities and parameterized within the CHARMM General Force Field using CGenFF 

version 3.0.1.87-90 The nanopore was then solvated in a 35 x 35 x 40 nm TIP3 water box using the 

VMD solvate plugin, with a KCl concentration of 0.3 M using the autoionize plugin.91 The system 

was then minimized for 10,000 steps (2 fs time-steps) using default parameters to relax the strained 

bonds and unfavourable interactions inherent of the artificial starting structure. A relaxed barrel 

configuration of the DNA nanopore was then converted to a MARTINI65,92-93 coarse-grained (CG) 

representation using the martinize-dna.py94 script which automatically generates an elastic 

network of restraints optimized to maintain the base-pairing, general structure, and persistence 

length of double-stranded b-DNA.  

A solvated membrane models was built by inserting the CG nanopore into the center of a pre-

equilibrated CG POPC bilayer patch, which was solvated with in a box of polarised MARTINI 

water molecules with the insane.py95 script. Coarse-grained Na+ and Cl- ions were added to set 

NaCl concentration 1.0 M NaCl. A POPC bilayer was selected to model the lipid bilayer as they 

are used extensively in electrophysiology experiments, and POPC lipids make up a large 

proportion of the lipids found in eukaryotic cell membranes. The models consisted of ~ 100,000 

pseudo- atoms, with overall cell dimensions of 16 nm x 16 nm x 13 nm. A 16 nm x 16 nm 
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membrane patch was chosen, as this allowed for enough space between periodic images of the 

nanopore to avoid self-interactions.  

As the MARTINI force-field does not feature standardized parameters for small molecule 

fluorophores, parameters for the FAM and ATTO655 molecules were derived from AA 

simulations. Two AA topologies were built for each fluorophore, one with general AMBER force-

field (GAFF) parameters, for which partial charges were derived from QM data using the 

restrained electrostatic potential (RESP) procedure, and one with CHARMM general force field 

parameters derived using the CGenFF web server without prior QM calculation of partial charges. 

These two sets of force-field parameters were tested to determine the extent to which the choice 

of initial AA force field influenced the final CG MARTINI parameters. CG parameters were 

derived with PyCGTool.96 Once the CG MARTINI fluorophores were built, two fully CG models 

ready for cv-SMD simulations of the translocation pathways through a membrane-spanning 

nanopore were assembled – one containing a FAM molecule and the other an ATTO655 molecule. 

Constant-velocity SMD simulation parameters. For the cv-SMD translocation simulations 

described in this work, the umbrella pulling scheme was employed where the centre of mass of the 

pull group is harmonically restrained to a dummy atom, to which a force is applied in the direction 

of the translocation. An ensemble of 20 individual cv-SMD were collected for each fluorophore 

system, employing a spring constant of 500 kJ/mol to maximize sampling of conformational space, 

thus allowing different translocation paths to be explored. The pulling rate was set to 0.002 nm 

ps-1 over a duration of 5 ns, corresponding to a pulling distance of 10 nm from one pore opening 

to the other. The force experienced by the harmonic spring at each coordinate along the pulling 

axis was then outputted during the simulations. Two distinct transport pathways arose for each 

fluorophore, the trans-lumen (TL) pathways and the interfacial (IF) pathway. 
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Umbrella sampling simulation parameters. The TL and IF trajectories obtained from cv-SMD 

simulations on the transport process for FAM and ATTO655 served as a starting point for a 

subsequent ensemble of umbrella sampling simulations. A total of 52 frames were extracted from 

each cv-SMD trajectory, representing the incremental progression of the translocation coordinate 

x  from the start of the translocation to the end point. These frames define the umbrella sampling 

“windows” (USWs), from which overlapping histograms of configurations are obtained during the 

US simulations. The x distance between neighbouring USW’s was ~0.2 nm in each case. In order 

to keep the translocating molecule (pull group) centered within each umbrella sampling window, 

a harmonic restraint with a force constant of with a force constant of 500 kcal mol-1nm-2 was 

applied, to promote overlap between USWs while keeping the molecule centred in its sampling 

window. This yielded a biased distribution of potential energies for each USW, onto which the 

weighted histogram analysis method (WHAM) was applied to construct a smooth unbiased free 

energy profile from the histograms of configurations generated by US.97 

 

Supporting Information. The Supporting Information is available free of charge at 

https://pubs.acs.org/doi/10.1021/acsnano.XXXXXX. DNA nanopore structure and strand 

sequences, CLSM microcavity arrays demonstrating fluorophore sealing efficiency of nanopores, 

kinetic analyses of nanopore mediated fluorophore efflux in microcavity experiments, confocal 

fluorescence analysis of nanopore mediated fluorophore efflux from giant liposomes, computed 

PMFs for interfacial fluorophore transport through DNA nanopores, supplementary movies of 

pulling simulations depicting fluorophore transport.  
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