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Abstract
The fine-tuning of molecular transport is a ubiquitous problem of single-molecule methods.  The latter is evident even in powerful single-molecule methods such as nanopore sensing, where the quest for resolving more detailed biomolecular features is often limited by insufficient control of the dynamics of individual molecules within the detection volume of the nanopore. In this work, we introduce and characterize a reconfigurable multi-nanopore architecture that enables additional channels to manipulate the dynamics of DNA molecules in a nanopore. We show that the fabrication process of this device, consisting of four adjacent, individually addressable nanopores located at the tip of a quartz nanopipette, is fast and highly reproducible. By individually tuning the electric field across each nanopore, these devices can operate in several unique cooperative detection modes that allow moving, sensing, and trapping DNA molecules with high efficiency and increased temporal resolution. 
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Improving the ability to detect and analyze one molecule at a time is at the forefront of today’s research in medicine, biophysics, and analytical sciences. The constant demand for enhancing and developing sensitive tools derives from the recognized importance of capturing as much information as possible from single molecules. For example, such an approach can help to unravel complex biochemical pathways1, detect aberrant species associated with pathologies, and, more generally, study the heterogeneity of a population otherwise hidden in the noise of an ensemble-averaged measurement. Recently, nanopore sensing has arisen as one of the most promising technologies capable of meeting this growing demand for label-free single-molecule detection2,3. However, to accurately identify a biomolecule and thus determine its molecular properties such as geometry, size, conformation, charge, abundance, it is of utmost importance to fine-tune transport across the sensing region. Understanding how to improve control and optimize molecular transport at the single-molecule level has been a priority within the nanopore community4. Historically, challenges associated with spatial and temporal resolution derived from poor transport control, has been tackled with i) chemical modification5,6 ii) changing materials and pore geometry7–9  iii) electrochemically10–12 iv) using entropic and plasmonic traps13–15 v) adding functionality incorporating hybrid field-effect transistor nanopore systems16–19. However, these solutions come at the expense of increased fabrication complexity and scalability.

[bookmark: _Hlk24223186]Recently, double nanopore platforms20–26 has been gaining momentum in part due to their capability in improving the detection of a broad range of biomolecules by actively manipulating their transport at the nanoscale. Rather than tuning the physicochemical parameters of the nanopore, multi-nanopore structures are more flexible and leverage cooperative sensing modalities between the different pores. These additional degrees of freedom arise from the possibility of independently applying a bias to each pore, which in turn allows for fine-tuning of the electric field near the aperture, and consequently fine-tuning the pore-to-molecule interaction. This enables the possibility of carrying out several operations on a molecule of interest, including trapping and stretching as well as performing simultaneous readout from multiple nanopores. To date, different architectures have been proposed, including planar27 and stacked28 arrangements on Si-based membranes, and micro-nano fluidic systems coupled with double nanopores.20,29 However, double-barrel nanopipettes have recently emerged as a simple, yet robust solution.24,30,31 Aside from ease of fabrication, and cost-effectiveness, multi-barrelled nanopipettes offer unique modes of sensing which are not typically available when using membrane-based solid-state or biological platforms. 

Here we present a programmable multi-nanopore architecture consisting of four adjacent independently controllable nanopore channels, each being separated by a nanometric gap of approximately 20 ± 4 nm. We show that by individually addressing each nanopore the device can be reconfigured in real-time allowing for i) three and four-barrel operation where molecules are stretched trapped and detected with higher signal-to-noise ratio (SNR) ii) higher throughput achieved by simultaneously using multiple nanopores iii) increased trapping efficiency and iv) single-molecule enhanced sensing where a targeted molecule is read multiple times via dynamical manipulation across the pores.

[bookmark: _Hlk31749499][bookmark: _Hlk17457381]Similar to single and double-barrel nanopore architectures using pipettes, quad-barrel nanopores were fabricated by laser-assisted pulling 32–34 of quad-barrel quartz capillary resulting in nanopipette tip terminating with four individual nanopores as shown in Figure 1. The cross-section of the tip was a rounded square, whereas each nanopore was quadrant-shaped (Figure 1b). The overall diameter of the apex was 149 ± 23 nm, whereas the diameter of a single nanopore was, on average, 40 ± 12 nm as measured by scanning electron microscope (SEM, n = 12). Nanopores were separated from each other with a 20 ± 4 nm thick quartz septum, and the outer wall thickness was  22 ± 4 nm, respectively (Figure 1c, SI Figure 1, SI  Table 1). Notably, the septum spanned from the end of the tip to the back aperture of the nanopipette, ensuring electrical insulation between the barrels. In a standard experiment, much like with nanopipettes with single nanopores, each barrel was filled with an electrolyte solution, and an independent working electrode was connected to one of the four patch-clamp terminals of the amplifier (SI Figure 2-3). An electrode placed in the bath served as a common/reference electrode.
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Figure 1. Experimental setup and characterization of a quad-channel nanopore. (a) Schematic representation showing DNA molecules translocating across a quad nanopore system. In all experiments, the ground electrode was placed in the bath whereas each of the 4 barrels, were provided with one independently addressable working electrode. DNA molecules were inserted either in the bath or in one of the barrels, and, depending on the experiment, they were either threaded across a single pore, clamped between two pores or transported, and thus detected in rapid succession from one pore to the other. (b) Bright-field and SEM images of the quad barrel nanopipettes showing the tip and the back aperture respectively (c) The pore radius was measured to be 40 ± 12   nm, cone angle of ~0.12 radians, inner septum and outer wall of 20 ± 4 and 22 ± 4 respectively (n = 12 devices). (d) Ionic current traces measured in 100 mM KCl buffered in TE at pH 8 showing 10 kbp DNA molecules detected while translocating from inside the barrels to the bath. Errors denote one standard deviation. 

[bookmark: _Hlk12458283][bookmark: _Hlk12458357]Potential leakage between barrels (solution leakage and electrical crosstalk) was characterized by varying the potential applied to one channel at a time since it would limit the ability to modulate the bias in each channel individually. The leakage of the ionic current in the inactive channels was calculated to be as low as 1% (SI Figure 4) and well within noise levels. The crosstalk observed likely originates from parasitic capacitance, which, as a result of sudden changes in bias applied, generated a spike-like type of response (high in amplitude, short in time), in the ionic current recordings. The power spectral density of individual channels showed a similar profile when compared to a single or double barrel device, and the activation of all channels does not influence the noise levels (SI Figure 5). Current-voltage (IVs) curves using 100 mM KCl exhibited typical ionic current rectification35,36. The average open pore conductance was measured to be 10.2 ± 2.3 nS, however, within the same nanopipette, conductance variability dropped significantly (e.g., 10.2 ± 0.5 nS SI Figure 6) reflecting a smaller pore-to-pore variation observed in the SEM micrographs. As part of the initial characterization, we showed that these devices could be used for detecting individual DNA molecules. 

To characterize the translocation of bioanalytes in these devices, a negative voltage was applied in one channel at a time. The barrels were loaded with 10 kbp DNA, which was electrophoretically threaded into the bath giving rise to current enhancement (Figure 1d). The shape of the translocation, as well as peak amplitude and duration, were comparable to the other three pores of the same pipette (Figure 2). For instance, at 500 mV the peak current  was 20.7 ± 4.1 pA, 21.6 ± 4.2 pA, 20.9 ± 3.7 pA and 20.1 ± 3.7 and dwell times was 0.75 ± 0.21 ms, 0.67 ± 0.19 ms, 0.7 ± 0.19 ms and 0.62 ± 0.18 for nanopore 1,2,3 and 4 respectively (Figure 2a,b). As expected, by increasing the voltage, peak current, and dwell time, as well as the SNR and capture rate, followed a similar trend across all nanopores (Figure 2c,-f). No difference was observed in the current shape and dwell time of the translocation events across different pores, and the observed signals were consistent with what was previously reported for single and double barrel nanopipettes.30,37 
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Figure 2. Single-Molecule Characterization through each barrel. (a) Representative translocation events of 10 kbp DNA molecules threaded from the pipette to the bath. In all panels, DNA was inserted in each barrel at a concentration of 400 pM in 100 mM KCl buffered in TE and a negative voltage bias with respect to the reference electrode placed in the bath was applied one barrel at a time. (b) Surface plots and relative peak current and dwell time histograms show a similar event distribution for the 4 nanopores. Voltage dependence of (c) peak current, (d) dwell time, (e) SNR and (f) capture rate of each individual nanopore channel. At higher voltages, the DNA velocity is increased, giving rise to translocation events but with higher peak amplitude and SNR. The capture shows a linear trend, in line with what it is expected for single pores. Error bars denote one standard deviation.

Harnessing four nanopores in parallel is a promising way of accomplishing high-throughput multiplexed detection of different analytes on the same platform; however, this is only one of the possible applications. We explored several sensing configurations using two to four nanopores simultaneously to controllably maneuver a molecule in the nanoscale gaps that separate these nanopores. The experiments were carried out at high salt concentration, 1 M or 2 M LiCl for the following reasons: i) reduce the electric double layer of negatively charged quartz nanopipettes, and thus electroosmotic flow,  enabling DNA molecules to be ejected and recaptured ii) maximize the SNR and more importantly conserving the electrical signature shape in both direction of detection (molecule going form in to out the pore and vice-versa). 1 M KCl has been also shown to work in this type of device however, the shape of the detected molecule is not conserved in opposite directions (neither the SNR!). iii) reducing the velocity of the threading velocity and thus increasing the spatio-temporal resolution. An example is shown in Figure 3a, where a 3-channel configuration is used to first eject a molecule from the delivery channel (negative bias with respect to the bath) and then stretched/ stalled for an extended time across the two other channels followed by recapturing the molecule (positive bias). This new configuration combines and integrates the advantages of two modus operandi, transfer, and competition mode, previously demonstrated for double-barrel nanopore devices21. Briefly, while holding barrels at opposite polarity with respect to the grounded bath, transfer mode enables DNA molecules to be transferred from one pore to another with near 100% efficiency. Whereas in competition mode, DNA molecules from the bath are electrophoretically attracted, threaded, and trapped across the two nanopores, which are held at a positive potential. 

[image: ]
Figure 3. Schematic of quad barrel device operating under static voltage conditions. (a) Device operating in docking + transfer mode: one delivery channel is held at negative potential and two recapture channels are held at a positive potential. DNA molecules are ejected from the delivery channel (i) and either transferred to one of the recapture channels or, given the competing forces exerted on the DNA, eventually trapped across the recapture nanopores (ii). Ionic current traces (b) of the 3 detection channels acquired for 40 pM 20 kbp DNA molecules in 1 M LiCl. (c) Single events showing a DNA molecule ejected from the delivery channel and being transferred to one of the two recapture pores (i, ii) or being threaded at about the same time into the transfer pores as shown by the concurrent ionic current blockades peaks. Eventually, the molecule slips out of the channel exerting the weakest force ending the prolonged current blockade of its recording. (d) Dwell time histograms and (e) scatter plot showing the extended translocation time when the DNA molecule happened to be trapped across 2 recapture pores, as opposed to the single transfer where the molecule is rapidly transported from the delivery to on the recapture channels. The efficiency of these two mechanisms depends on the device bias configuration: when the delivery channel is equally distant from the recapture channels about 25% of all the molecules ejected from the delivery channel ended up experiencing a thug of war (i). This percentage drops to less than 15% when the device is biased with asymmetrically where the delivery channel is closer to one of the recapture channels. Scale bars: b) 40 pA, 1 s and c) 40 pA, 5 ms.

In the quad-barrel device, the combination of transfer and competition modes resulted in coincident events being picked up in three channels. By analyzing the shape of individual translocations, it is possible to estimate the route that the DNA molecule has followed. As an example, we show that 20 kbp DNA molecule was ejected from the delivery channel and subsequently stalled across the recapture channels for a prolonged amount of time, as illustrated in the ionic current recordings in Figure 3b,c. Eventually, the DNA molecule escapes this trap and slips out from the nanopore that exerted the weakest force. This extended trapping time in the sensing area was measured to be at least an order magnitude longer (dwell times up to 20 ms) than the one measured either in transfer configuration or in conventional configuration (about 1 ms) where molecules are threaded from the nanopipette to the bath (Figure 3d,e). This detection by transfer and trapping mechanism offers several advantages, including a reduction in the bandwidth required and increases in the SNR. 

The recapture efficiency varied on the position of the delivery channel with respect to the two recapture channels. In a symmetrical position where the delivery channel was set in between the two recapture channels (Figure 3f, SI Figure 7), one in approximately four molecules (24.5%) underwent transfer and stalling. This fraction decreased to 14.5 % when the delivery channel was in an asymmetric position compared to the recapture channels. The latter can be attributed to the different electrophoretic forces experienced by the DNA in both cases. The probability of simultaneously threading and thus stalling a molecule is higher when the two recapture pores exert a force equal in magnitude on the molecule leaving the delivery channel. This case only happens in the symmetric arrangement where the delivery channel is equally distant from the recapture channels (given the same voltage applied). In contrast, in the asymmetric configuration, the DNA transport is mainly dominated by the pore located closer to the delivery channel, leaving little or no space for the second recapture pore to interact with the DNA molecule exiting the delivery channel. Notably, in both the symmetric and the asymmetric scenario, pore-to-pore transfer remained the preferred route for the DNA molecules (68 % and 80 % of cases for symmetric and asymmetric bias configuration respectively Figure 3f).

The quad-barrel nanopore can also be re-configured for operation in a very efficient competition mode where all channels are held at the same positive potentials. In this case, DNA molecules were initially driven towards the tip of the nanopipette, where they experienced the electrophoretic force of 4 nanopores. As a result of this molecular tug-of-war, 15% - 20% of coincident events were observed per channel. For instance, around 10 % of dual pore events recorded between adjacent pores (Ch1-Ch2 ≈11.5%, Ch2-Ch3 ≈ 6.3%, Ch3-Ch4 ≈ 7.4%, Ch4-Ch1 ≈ 8.5 %) and less than 1% for opposite nanopores (Ch1-Ch3 ≈0.7%, Ch2-Ch4 ≈1.3%), SI Figure 8. This percentage is a function of the number of competing channels (e.g., 2 or 3), as can be seen in SI Figure 9. Approximately 1% of the overall events were coincident in either three or four channels. In this case, likely, different segments of the same DNA molecule were momentarily threaded in different nanopores. Intuitively, the larger the molecule and its radius of gyration, the more likely it is to interact with multiple pores. 

A significant advantage of using a quad-barrel nanopore is that each of the four channels can be independently addressed; however, this device can also be operated using a simpler electronic setup. Achieving single-molecule optical and electrical detection of λ-DNA was made possible by using a single head-stage amplifier (SI Figure 10). The four working electrodes were connected to the same patch-clamp electrode; therefore, the measured ionic current is the sum of the individual ion flux flowing through each nanopore. The potential applied in each channel plays a major role in establishing cooperative detection mechanisms between adjacent nanopores,  as well as the type of electrolyte and its ionic strength. For instance, the electro-osmotic flow, resulting from the flow of counter-ions inside and outside each channel, is fundamental in regulating the nanoscale transport between nanopores. High EOF hinders molecules from threading in or outside the pore. Although pore functionalization or the use of polyethylene glycol (PEG) can modulate EOF38, operating at moderately high salt concentrations (e.g., 1 M or 2 M) where the electric double layer is less than one nanometre appears to be a simple yet robust strategy to reduce the EOF. Notably, the type of electrolyte and ionic strength define the output current signature (thus shape, enhancement, depletion, biphasic, exponential tails, etc.) resulting from the threading of biomolecule as well as affecting its duration and diffusion in the other channel. We build upon molecular ping-pong type of experiments39,40 to extend our understanding of DNA diffusion dynamics in a nanopore. We showed that 20 kbp DNA molecules immersed in a 2 M LiCl solution could be captured inside a single channel, and by simply reversing the potential more than 95% were recaptured and threaded back into the bath (Figure 4). 
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[bookmark: _Hlk12538924][bookmark: _Hlk12539126]Figure 4. Molecular ping-pong. (a) Schematic showing the setup and procedure for capturing and recapturing DNA. Initially, a positive bias is applied to a single channel and DNA molecules are threaded from the bath to the pipette. This process is halted by setting the potential to zero for a specific amount of time which we define as lag-time. During this time, molecules are free to diffuse inside the barrel, further away from the tip. Finally, the potential is reversed; thus, a negative voltage is applied, and previously captured molecules are recaptured and ejected from the barrel to the bath. (b) Showing ionic current recording of 20 pM 20 kbp DNA in 2 M LiCl, being captured inside the pipette (i) and ejected after a lag-time of 0 (ii) and 30 minutes (iii) respectively. (c) Showing the number of molecules delivered and recaptured and the respective efficiency d) at different lag times.

As shown in Figure 4a, a positive bias (400 mV) was applied for 120 s followed by the potential being switched to 0 for a certain amount of time, which we define as the lag-time. The voltage was then reversed to -400 mV, and translocations were counted. During the lag-time, molecules were expected to diffuse away from the pore. This was confirmed by the lower capture rate and by a lower time after which 50% of the molecules were recaptured (T50% recapture). T50% was measured to be approximately 50 s and 170 s for t-lag of 0 and 30 min, respectively (Figure 4b,c). Intuitively, longer lag times enable molecules to travel further away from the tip; however, it was observed that at 2 M LiCl, the recapture efficiency was still 100% even after a lag time of 30 minutes. By halving the salt concentration (e.g., 1 M LiCl), the recapture efficiency dropped to 60 - 70 % (Figure 4d,e). This was explained by considering differences in viscosity41 which in turn affects the DNA diffusivity. Additionally, the conical pipette geometry can contribute to a more efficient recapture process42 as molecules propagate over a narrow-angle (3 - 20 deg) along the nanopipette major axis. This is in contrast with solid-state nanopore fabricated in 2D membranes where molecules are freer to diffuse,  due to a larger angle outside the sensing region (180 deg). Similarly, high recapture efficiencies (up to 95%) were measured using single barrel nanopipettes indicating that geometry little to no influence (SI Figure 11).

In contrast with what can be considered as a “static approach” (constant DC voltage applied across all channels), in a dynamic approach, voltages were rapidly changed during the experiment, enabling the possibility to interrogate and detect the same molecule multiple times within distinct nanopores. As shown in Figure 5a, a 20 kbp DNA molecule immersed in a 2 M LiCl bath was captured, detected, and moved subsequently across all four nanopores within less than 4 seconds. In this case, controlling the dynamics of individual molecules was achieved by using an automated protocol which operates channels in pairs: one channel was held at negative potential whereas a second channel was held at a positive potential. Notably, of the four nanopore channels, two of them were temporarily inactive, held at 0 V to avoid any competition during the molecular delivery. In particular, the pair of working channels was quickly switched by reprogramming the bias applied to the device in such a way that a specific DNA molecule was efficiently ejected from one barrel and transferred to the adjacent one. This was also achieved at a different salt concentration of 1 M LiCl (SI Figure 12). A similar approach was used to move and sense one or two molecules across multiple channels of up to 22 times consecutively (SI Figure 13-14). This result confirms that lag-time (elapsed time between the molecule being captured and its subsequent recapture and transfer) is not important in this experimental condition, and the recapture efficiency is approximately ~100 %. Besides, even in this dynamic mode, it was possible to perform more complex operations on the DNA, such as sensing and stretching it across the two pores (Figure 5b).
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[bookmark: _Hlk12539770]Figure 5. Single molecules sensing and manipulation achieved by dynamically reprogramming the voltage applied to each barrel. (a) A 20 kbp DNA molecule in 2 M LiCl is shuffled across the 4 nanopores. Channels operate in pairs: one delivery channel held at negative potential and one transfer channel held at a positive potential and the working pair changes every second in such a way that, a DNA molecule is continuously ejected from one barrel and transferred to the adjacent one (i, ii, iii, iv). (b) In this sequence, a DNA molecule in 2 M LiCl is first injected in the first barrel (i), transferred to the opposite barrel by reversing the potential (ii) and finally clamped across the other 2 remaining channels as highlighted by the prolonged dwell time (iii).

In conclusion, we presented a reconfigurable multi-nanopore architecture for the detection and manipulation of biomolecules. We demonstrated that the high reproducibility and stability of the fabrication process, which is comparable to single and dual-barrel nanopipettes, makes this quad barrel architecture suitable for single-molecule sensing. It is possible to easily reconfigure this device by individually modulating the electric field across each nanopore, and this gives rise to several unique cooperative detection modes to move sense and trap DNA molecules as shown in a  triple-barrel configuration which combined the advantages of two dual-barrel configurations for enhancing transfer efficiency and temporal resolution of the detected DNA molecules.  Notably, this system increases the degrees of freedom in manipulating the dynamics of DNA molecules when operating in dynamic conditions. We envision that this quad-barrel device could be employed for several applications including in the screening field where single-molecule DNA-aptamers vectors are routinely used to detect the presence of specific biomarkers.43 Quad-nanopores might be used to improve the accuracy in determining the presence and position of this protein along the vector length by re-reading multiple times. 
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