DNA Gold Nanoparticle Motors Demonstrate Processive Motion with Bursts of Speed Up to 50 nm Per Second
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ABSTRACT:  Synthetic motors that consume chemical energy to produce mechanical work oﬀer potential applications in many ﬁelds that span from computing to drug delivery and diagnostics. Among the various synthetic motors studied thus far, DNA-based machines oﬀer the greatest programm- ability and have shown the ability to translocate micrometer-distances in an autonomous manner. DNA motors move by employing a burnt-bridge Brownian ratchet mechanism, where the DNA “legs” hybridize and then destroy complementary nucleic acids immobilized on a surface. We have previously shown that highly multivalent DNA motors that roll  oﬀer improved performance compared to bipedal walkers. Here, we use DNA- gold nanoparticle conjugates to investigate and enhance DNA nanomotor performance. Speciﬁcally, we tune structural parameters such as DNA leg density, leg span, and nanoparticle anisotropy as well as buﬀer conditions to enhance motor performance. Both modeling and experiments demonstrate that increasing DNA leg density boosts the speed and processivity of motors, whereas DNA leg span increases processivity and directionality.  By  taking advantage  of label-free  imaging of  nanomotors, we  also uncover  Lev́y-type  motion  where motors exhibit bursts of translocation that are punctuated with transient stalling. Dimerized particles also demonstrate more ballistic trajectories conﬁrming a rolling mechanism. Our work shows the fundamental properties that control DNA  motor performance and demonstrates optimized motors that can travel multiple micrometers within minutes with speeds of up to 50 nm/s. The performance of these nanoscale motors approaches that of motor proteins that travel at speeds of 100−1000 nm/s, and hence this work can be important in developing protocellular systems as well next generation sensors and diagnostics.











  Nanomachines are ubiquitous in nature.[1,2] For example, the kinesin motors travel micrometer length distances on microtubules with nm/s velocities by hydrolyzing ATP.[3] Recapitulating the properties of these biological motors in synthetic systems has been a long-standing goal as these synthetic systems hold promise in the development of next generation sensors, molecular computers,and drug delivery platforms.[4−6]
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Figure 1. Design of DNA-AuNP nanoscale motors. (a) 3D illustration showing DNA-AuNP motor. (b) Side view scheme of motor highlighting the enzymatically driven mechanism of motion. RNase H speciﬁcally cleaves RNA hybridized to DNA legs but not single stranded RNA. (c) TEM image of 50 nm DNA AuNP motor stained with uranyl formate. (d) Histogram of DNA-AuNP diameters measured from TEM, n = 124 DNA-AuNP conjugates functionalized from two diﬀerent batches. (e) Fluorescence images of FAM-AuNP and Cy3-fuel and overlay of a single DNA-AuNP motor at initial and ﬁnal time points. (f) Timelapse RICM images of AuNP-motor. Colored line shows smoothed trajectory of a single motor obtained by ﬁnding the centroid from RICM time lapse. (g) Representative linescan proﬁle of the region highlighted by white box in (e) demonstrating RNase H dependent hydrolysis of Cy3-RNA fuel. (h) AuNP motor RICM based localizations (black dots) with smoothed trajectory (colored line). Color indicates time from 0 to 6000 s (100 min). (i) Plot of MSD vs time for the same particle in (e) and (f). This plot is used to infer the α value for this motor (α = 1.63). Black dots indicate average MSD for a given lag time, gray error bars represent the standard deviations of MSD for a given lag time. Red line shows the power ﬁt to the data. (j) A plot of motor speed vs time for two motors with (same particle in (e), (f), (h), and (i), red) and without (blue) RNase H.




 In contrast to diﬀusional devices[7,8] and nanoscale switches[9] that can toggle between isoenergetic states and can undo their own “work”, nanoscale motors perform processive mechanical work. Commonly, nanomotors convert chemical energy into controlled nanomechanical motion through the burnt-bridge Brownian ratchet (BBR) mechanism. BBR is also harnessed by nature and is used to describe the enzymes involved in the partitioning of low copy number plasmids between daughter cells in bacteria.[10,11] This mechanism involves binding of the motor to a “foothold” site, followed by a hydrolysis step that diminishes aﬃnity to the occupied foothold, hence breaking symmetry and biasing motion to an adjacent unoccupied foothold site. The BBR mechanism is also chemically modular and has been shown to power nanomotors fueled through protein,[12] carbohydrate,[13] and nucleic acid chemical energy sources.
  Among various BBR motors, DNA-based BBRs show great promise. This is because of the ability to tailor DNA into 3D structures with molecular precision using facile and highly accessible synthesis and self-assembly procedures. In addition, DNA hybridization and hydrolysis kinetics are highly tunable. The ﬁrst demonstrations of DNA BBR motors had one or two legs. These motors could only undertake 1−5 consecutive steps (∼10 nm).[14−17] Increasing the number of DNA legs leads to an increase in the processivity of DNA BBRs but at a cost of reduced speed.[18−20] This is due to the uncoordinated motion of individual DNA legs and points to a trade-oﬀ between polyvalency and speed. To increase the processivity of bipedal DNA walkers, Nir and co-workers used single molecule time-resolved FRET to reveal motor stepping dynamics and used this data to enhance motor design pushing the processivity from 7 to 32 consecutive steps with walking speed of 6 nm/h.[21] In a separate study, Ellington and co- workers increased the number of steps taken by a monoleg DNA walker[22] up to 38[23] and 47[24] steps/motor by increasing the number of legs[23] or introducing a cleat.[24]
  Our group’s eﬀorts to create fast and eﬃcient DNA BBR motors has focused on increasing the speed of multileg (polyvalent) DNA motors. The strategy has relied on powering these multileg BBR motors using RNase H, which has a high kcat, and engineering nano- and microscale structures that allow for rolling.[25,26] Surreptitiously at ﬁrst, and later by structure- functional analysis and modeling, we found that rolling overcomes the fundamental trade-oﬀ between polyvalency and speed as it coordinates the motion of individual DNA legs.
  In our previous work,[27] we used DNA origami self-assembly[28] to generate the motor chassis and experimentally test structures that enable rolling of nanoscale motors. We found that rolling DNA origami nanomotors demonstrate unidirec- tional motion for ∼μm distances within an hour.
  Despite this progress, synthetic DNA BBR motors and even DNA-origami rolling motors remain ∼1 to 2 orders of magnitude slower than that of biological motors. Faster motors are desirable to foster the envisioned applications of nanoscale machines. Detailed investigations into the mechanism of chemical to mechanical energy conversion powering synthetic motors can optimize their eﬃciency, speed, and processivity.
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Figure 2. Ensemble tracking of motor behavior. (a) Inverted RICM showing the location of DNA-AuNP motors. (b) Cy3 channel image showing fuel depleted tracks. (c) Overlay of inverted RICM and Cy3 image showing colocalization and loss of fuel in wake of motor. (d) Single particle trajectories from a 30 min timelapse RICM movie from region highlighted (a)−(c). (e) Ensemble motor trajectories plotted from the center of coordinates (0,0) with 30 nM RNase H (left, n = 86) and without RNase H (right, n = 357). Color indicates time from 0 to 30 min. (f) Histogram of motor speed generated from 105 data points from hundreds of motors from three independent experiments. The histogram mean and standard deviation is calculated from the raw data. (g) Ensemble α values of motors demonstrating self-avoiding behavior. 85% of the motors have α>1. A Gaussian ﬁt to α>1 shows α = 1.37 ± 0.12 for superdiﬀusive motors in the presence of 30 nM RNase H. (h) Plot of net displacements and (i) α values for motors as a function of [RNaseH]. Each dot represents a single motor. The red line connects the means of each sample. n = 300, 218, 340, and 148 motors for 0, 15, 30, and 120 nM concentrations, respectively, generated from three independent experiments. (j) Plot of fraction of motors bound to surface as a function of time for motors with diﬀerent [RNaseH] (same trajectories from (i)) and (k) plot of fraction of motors bound at t = 10 min. Error bars represent the standard deviation from three (0, 15, 30, 120 nM RNase H) or two (240 nM RNaseH) independent experiments. (l) Plot of net displacements and (m) α values as a function of formamide/triton X addition. Each dot represents a single motor. The red line indicates the means of each sample. n = 103, 97, and 156 for +/-, -/+, and + /+ conditions, respectively. ANOVA summary p values for each plot are indicated above. (n) Plot of fraction of motors bound to surface as a function of formamide and triton X. (o) Plot of fraction of motors bound at t = 10 min. Error bars represent the standard deviation from three (+/+) or two (+/- and-/+) independent experiments

  Herein, we generate DNA motors with a gold nanoparticle “chassis” (DNA-AuNP). Organizing DNA legs around a gold particle chassis aﬀords key advantages, which include the ability to generate high DNA leg density that would be very challenging to achieve using the origami technique[29] or using silica attachment chemistry.[30,31] The thiol gold bond is a labile dative bond that allows for reconﬁguration of DNA molecules to maximize packing density. Moreover, theoretical work by Schatz and colleagues suggests that the high local DNA density is accompanied by elevated local ionic strength and an enhanced collective on-rate of binding.[32] Another advantage of the AuNP chassis is that this scaﬀold provides a powerful label- free tag to visualize motor motions with high temporal (∼50− 500 ms) and spatial resolutions (∼10 nm) without concern for photobleaching. Lastly, the past few decades of nanoscience have generated facile procedures to synthesize and function- alize many diﬀerent shapes and sizes of particles, and while not explored thoroughly in this work, it can be tested in principle to allow for mechanistic studies of motor mechanism.[33−38]
  DNA-AuNP motors presented herein are processive for hours, can travel micrometer distances with speeds of multiple nanometers per sec which is an order of magnitude faster than DNA-origami motors and on par with some biological motors. We conﬁrm that DNA-AuNP motors are eﬃcient due to their ability to roll. Through a combination of experiments and modeling, we optimized the parameters of DNA leg density and span of DNA legs to enhance motor speed and processivity. By observing the motors with high time resolution, we discovered that DNA-AuNP motors display Levy-type motion, which shows bursts of speed followed by periods of slower motion. To our knowledge, DNA AuNP motors show the highest speed and greatest distances traveled for a nanoscale DNA-based motor to date.

RESULTS AND DISCUSSION
  Design and Characterization of DNA-AuNP Motors. A 3D illustration of our design is shown in Figure 1a. A gold nanoparticle is modiﬁed with DNA legs, which are complementary to a monolayer of single stranded RNA (ssRNA) immobilized on a glass slide (Supporting Information (SI) Figure S1). The ssRNA serves as the chemical fuel and is tagged with Cy3 to enable visualization of fuel consumption during BBR translocation (SI Tables S1 and S2). Figure 1b highlights the reactions that drive BBR translocation of the motor. Brieﬂy, the DNA legs hybridize to the complementary ssRNA fuel. This immobilizes the particle to the surface. Upon the addition of RNase H, RNA strands that are duplexed with the DNA legs are exclusively hydrolyzed, which frees the motor to hybridize to fresh ssRNA fuel sites. The net process of DNA leg hybridization, followed by RNA fuel consumption, and subsequent hybridization leads to a cycle that drives the motor to move forward away from consumed sites and toward untouched ssRNA fuel.
  To facilitate detailed analysis of motor motion, we screened a range of nanoparticle sizes (SI Figures S2−S4) and found that 50 nm AuNPs (Figure 1c,d) were optimal oﬀering high contrast in reﬂection interference contrast microscopy (RICM). These 50 nm AuNPs were functionalized with thiolated DNA legs, as conﬁrmed by UV−vis (SI Figure S5), and TEM (Figure 1c). To determine DNA leg density, the DNA was tagged with a FAM ﬂuorophore (Figure 1b), and using a ﬂuorescence calibration curve, the DNA density was found to be 1500 ± 150 molecules per particle (∼1 DNA leg/5 nm2 or 1.9 × 105DNA leg/μm2) (SI Figure S6). Importantly, this density is 7.2 times higher than the density of our previous DNA origami motors, which in principle, should lead to an enhancement in motor speed.
Introduction of DNA AuNP motors (∼10 pM) to the RNA monolayer led to motor binding within minutes as observed by RICM (SI Movie S1). Wideﬁeld ﬂuorescence microscopy showed bright FAM localizations of individual particles that colocalized with dark puncta observed in RICM (SI Figure S2, Figure 1e,f). After washing the excess unbound particles, DNA- AuNP motors remained immobile due to DNA-RNA hybridization (SI Movie S2). Upon addition of RNase H, time-lapse RICM movies showed particle translocation across the surface (Figure 1f, SI Movie S3). Nanomotor motion colocalized with the loss of Cy3-tagged RNA fuel (Figure 1e,g). We were able to localize the trajectory of the nanomotor based on the scattering of the gold particle motor observed using RICM (Figure 1f, 1h and SI Figure S7). MSD analyses of this track showed an α coeﬃcient of 1.6 (Figure 1i). MSD is proportional to timeα, where α is a scaling factor that is 1 for random (Brownian) diﬀusion, <1 for subdiﬀusive motion, and >1 (such as this trajectory) for superdiﬀusive motion.[39] Motors are also highly processive, as a plot of motor speed as a function of time shows that motion is maintained for ∼hours (Figure 1j). Motor speed was maintained despite the slow dissociation of DNA legs (∼30% loss in 1 h) due to thiol- displacement reaction with 10 μM DTT in the buﬀer which is required for RNase H activity (SI Figures S8 and S9). Note that the optimized conditions ([RNaseH], [formamide], [triton X]) used to conduct this experiment and the DNA leg sequence design (ﬂexible polyT linker length and density) were the result of iterative screening and optimization of motor performance using single particle tracking (vide infra).
  Ensemble Tracking Shows That Motors Are Fast and Super Diﬀusive. Using the MOSAIC localization software[40 ]along with smoothing[41] (SI Figure S10), drift correction algorithms (SI Figure S11),[42] and custom MATLAB scripts we were able to analyze ensemble behavior of over 1000 motors at diﬀerent conditions (SI Figures S12−S14). Figure 2 shows a representative inverted RICM image oﬀering motor locations (Figure 2a), Cy3-fuel depleted tracks (Figure 2b), overlay (Figure 2c) and the result of single particle tracking (Figure 2d). These localizations are color coded by time (0−30 min) and provide motor speed, net displacement, and the duration of track attachment. Figure 2e (left) shows n = 86 trajectories overlaid with the origin as the start position. Trajectory lengths were negligible when RNase H was withheld (Figure 2e, right), which conﬁrms the role of RNase H in driving motion of these particles as well as the quality of our particle tracking algorithms. Histograms plotting motor speeds of hundreds of tracks show that motors can reach 10 nm/s with an average of 3.0 ± 1.7 nm/s (Figure 2f). This value is on par with the speed of biological motor proteins.[1,43] Furthermore, analyses of 280 motors conﬁrmed that most tracked particles (85%) were super diﬀusive with an average α = 1.37 (Figure 2g). A recent modeling study showed that in systems where motors progressively dissociate from the surface, selecting only the track-bound BBRs for analysis can lead to bias and an overestimate of α.[44] However, in our system, we observed that a subset of motors tend to stall as well as dissociate over longer observation times. Careful analysis of α conﬁrmed that most motors are superdiﬀusive throughout the 30 min acquisition and there is no overestimate bias of α (SI Figures S13 and S15).
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Figure 3. Eﬀect of DNA leg density on motor motion. (a) Schematic used to tune the density of DNA legs on 50 nm DNA gold particles. (b) Plot of density of DNA legs/μm2 as a function of %DNA leg in DNA solution for AuNP functionalization. (c) Trajectories of motors with diﬀerent DNA leg density with color indicating time from 0 to 30 min. (d) Plot of fraction of motors bound to surface as a function of time for motors with diﬀerent DNA leg density and (e) plot of fraction of motors bound at t = 10 min. Vertical and horizontal error bars represent the standard deviation for three independent experiments. (f) Plot of motor net displacement and (g) α value as a function of DNA leg density. Each dot represents a single motor while the horizontal line represents the mean from (n = 99, 89, 114, and 121 for 1.25 × 105, 1.5 × 105, 1.65 × 105, and 1.90 × 105 DNA leg/μm2 samples, respectively generated from three independent experiments). ****, *, and ns indicate that p < 0.0001 and p = 0.019 and not statistically diﬀerent when compared to 1.90 × 105 DNA leg/μm2 density group. Horizontal black lines in (g) represent the median and quartiles of the distribution of α values. (h) Histograms of motor speeds for motors with diﬀerent DNA leg density. Each histogram is comprised of 105 motor speed data points generated from trajectories of three independent experiments characterized in (d)−(g). The histogram mean and standard deviation is calculated from the raw data.
Optimizing Enzyme Concentration and Buﬀer Conditions. 
  We investigated the role of RNaseH concentration and buﬀer in tuning motor performance. Figure 2h shows the eﬀect of enzyme concentration on net displacements. This experiment revealed that net displacement increased with increasing RNaseH concentrations up to 30 nM. Greater concentrations of RNase H did not further boost the average net displacement of motors. Motor speed is limited by enzyme concentration in the regime of low [RNaseH]. At greater [RNaseH], net displacement saturates, suggesting that the rate limiting step is no longer the kcat, that is, the rate of RNA hydrolysis. Despite having diﬀerent net displacements, most motors were super diﬀusive (α > 1) in all conditions with RNase H present (Figure 2i).
  Interestingly, enzyme concentrations also tune motor processivity as higher concentrations lead to more rapid surface dissociation (25% more motor dissociation at t = 10 min as RNase H increased from 30 to 240 nM) (Figure 2j,k). Modeling of DNA BBRs using a Monte Carlo & Gillespie algorithm also shows that motor speed increases with enzyme concentration up to a certain threshold (SI Materials and Methods - K, Figure S16). In the model, increasing enzyme concentration decreases the attachment time of particles, as more enzyme increases the probability of all DNA legs simultaneously occupying the unbound state. Accordingly, we proceeded with the 30 nM enzyme concentration for the remainder of this study. We subsequently tested the role of denaturant (formamide) and surfactant (triton X) in tuning motor performance. In the presence of both formamide and triton, motors generate twice the net displacement compared to a solution that includes either formamide or triton X only in the 1X RNase H buﬀer (Figure 2l). Regardless of the variations in net displacement, motors remain super diﬀusive in the presence of these additives (Figure 2m). Quantifying the fraction of motors that remain bound as a function of time showed that denaturant and surfactant (at the concentrations tested) have no signiﬁcant eﬀect on motor processivity (Figure 2n,o). These experiments show how optimizing buﬀer conditions can signiﬁcantly boost motor performance.
Increasing DNA Leg Density Boosts Motor Speed and Processivity. 
  Previous modeling by Forde and colleagues along with our experiments using DNA origami nanostructures suggested that increasing DNA leg density enhances motor speed.[45] The relationship between track attachment time (motor processivity) and DNA leg density is more complex, with two recent papers by Forde and colleagues suggesting that the relationship depends on the aﬃnity between the DNA legs and the consumed fuel site.[20,45] Our model (SI Figure S17), in agreement with Forde et al., predicts increasing density of DNA legs will lead to increased processivity because of the aﬃnity between DNA legs and partially hydrolyzed fuel sites. To test these predictions, we generated a library of motors modiﬁed with a binary mixture of two DNA strands- keeping the total thiol-DNA concentration constant- one that was the DNA leg and the second as a nonspeciﬁc DNA oligo (poly T). The advantage of this approach is that motor charge density and its chemical environment was maintained (Figure 3a). We quantiﬁed DNA leg density on each motor by gold dissolution and comparing FAM-DNA ﬂuorescence to that of a calibration standard. The library of AuNP motors had DNA leg densities ranging from 1.25 × 105 to 1.90 × 105 DNA legs/μm2 (Figure 3b and SI Figure S18). Across these DNA leg densities, all motors were functional and translocated on the complemen- tary RNA chips (Figure 3c). Measurement of the fraction of particles remaining bound to the surface as a function of time after RNaseH addition showed that increasing DNA leg density led to a slight increase in processivity (Figure 3d). For example, 75 ± 9% of the highest DNA density motors (1.90 ×105  DNA legs/μm2) remained bound at t = 10 min after initiating motion, while only 56 ± 5% of the low-density motors (1.25 × 105 DNA legs/μm2) remained bound at the same time point (Figure 3e). By selecting the motors that remained processive for the duration of the 30 min video, we observed an increase in net displacement with increasing DNA leg density (Figure 3f). This increase in total displacement was accompanied by an increase in number of motors being super diﬀusive in the course of 30 min (α > 1, Figure 3g) as well as an increase in motor speed (Figure 3h).
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Figure 4. Eﬀect of DNA leg span on AuNP motor motion. (a) Schematic showing how DNA leg span was tuned using sequences with varying lengths of T spacers and PEG. (b) Plot of DNA copy number per motor for diﬀerent DNA legs. * indicates p = 0.019 (T3 vs T15), and p = 0.029 (T30 vs T15) and ns indicates not statistically diﬀerent (P18T15 vs T15). (c) Trajectories of motors with diﬀerent DNA leg span with color indicating time from 0 to 30 min. (d) Plot of fraction of motors bound to surface as a function of time and (e) plot of fraction of motors bound at t = 10 min. * and ns indicate p = 0.049 (T15 vs T3), 0.020 (T15 vs p18T15), and not statistically diﬀerent, respectively. Each dot represents one replicate, and the error bars indicate the standard deviation. (f) Plot of motor net displacement and (g) α value as a function  of DNA leg span. Here, each dot represents a single motor while the horizontal line represents the  mean from (n  = 257, 99, 115, and 73 for T3, T15, T30, and P18T15 samples, respectively). The data for each DNA span category was pooled from three independent experiments, with the exception of the T3 which was pooled from six independent experiments. **, * and ns in (f) indicate that p = 0.002 (T15 vs T30), p = 0.019 (T15 vs p18 T15) and not statistically diﬀerent (T3 vs T15). Horizontal black lines in (g) represent the median and quartiles of the distribution of α values. ****, *, and ns indicate p < 0.0001, p = 0.038 and not statistically diﬀerent when compared to T15 group.



  This experimental result conﬁrms the prediction that increasing leg density leads to a counterintuitive increase in motor speed (SI Figure S17). If viewed from the perspective of the DNA motor, a greater DNA leg density requires more catalytic turnovers to move the particle a set distance. However, if viewed from the perspective of the RNA monolayer, particle motion requires removal of a critical density of RNA to facilitate motion. Greater DNA leg density allows for parallel cleavage events to occur, and thus allowing the particle to move faster. These data show that increasing DNA leg density enhances the rate of RNA hydrolysis (by eﬀectively increasing the concentration of enzyme−substrate (E−S) complex). In addition, increasing leg density is also advantageous as it leads to improved processivity by reducing the probability of spontaneous dissociation from the track or stalling.
  DNA Leg Span Increases Motor Processivity. DNA leg “span” is deﬁned as the number of RNA fuel sites that are accessible to a given DNA leg. We modeled how span impacts motor performance using our Monte Carlo and Gillespie algorithm (SI Figure S19). In our model, span was tuned by increasing the eﬀective particle size while maintaining the same polyvalency, and increasing this parameter led to a signiﬁcant enhancement in processivity (SI Figure S19). To experimentally test the role of DNA leg span, we generated AuNP with DNA legs linked to the motor chassis using a T3, T15, T30, and PEG18-T15 spacer (Figure 4a). Increasing the length of the T spacer in the DNA legs led to a decrease in surface density, as would be expected based on prior work (Figure 4b, SI Figure S18).[46] As an additional variant, we introduced a PEG linker (PEG18) since this maintains DNA density while providing additional span (SI Figure S18). By analyzing 10s of trajectories from each type of motor (Figure 4c), we found that motors with higher span were more processive (Figure 4d,e), and traveled greater distances (Figure 5f). Almost half of the T3 motors bound to the surface demonstrate a low α value due to premature stalling and greater spans also allowed for a slight increase in the α value (Figure 4g).     These eﬀects were more pronounced for the PEG18-T15 DNA legs since DNA leg density was maintained at a level similar to the T15 for this group. Despite the 20% reduction in DNA density for T30 DNA legs group, the increase in leg span outweighed the eﬀect of reduced DNA leg density and generated greater processivity. The model explains these experimental results by predicting that increasing DNA span improves processivity by increasing the probability of foothold binding (SI Figure S19). Our results in studying the eﬀect of span are in agreement with previous modeling that increasing span leads to increase in track attachment time.[45] However, we did not see a decrease in α in the conditions tested through experiments and modeling; modeling by Forde et. al predicts that α will decrease with increasing span.[45] This prediction may hold if we increased span to distances of ∼50−100 nm which is comparable to the particle size.
  High-Temporal Resolution Particle Tracking Shows Lev́y-Type   Motion   in   AuNP  Motors.  An   interesting observation in the trajectories generated by our simulation algorithm was that motors traveled in bursts of motion followed by slower diﬀusion (SI Figure S20). Taking advantage of label-free particle tracking with RICM, we are able to acquire time-lapse movies showing the motion of 50 nm AuNP motors with a frame rate as rapid as 2 Hz. This number of localizations is not possible when using ﬂuorescence microscopy because of the limited photon budget when employing conventional dyes. A control experiment using stalled motors showed that increasing the frame rate to 2 Hz had minimal eﬀect on localization precision (SI Figure S21). Thus, far, all imaging was performed at 0.2 Hz frame rate, and this showed that particles moved continuously (Figure 2g, Figure 5a). However, when tracking motors at 2 Hz, we discovered that their motion was not continuous. Rather, motors displayed intervals or bursts with large steps (15−35 nm) alongside periods of moving with small steps (2−5 nm) (Figure 5b, SI Figure S22). This is better represented by the distribution of individual steps (d, distance between two consecutive time points). 
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Figure   5.   Motors   display   Lev́y   type   motion.   Representative experimental motor trajectory for the same motor tracked at (a) 0.2 and (b) 2 Hz imaging rates. Trajectories are color coded by the size of the individual step (d) between two consecutive time points. (c) Plot of individual step size (d) vs time for an individual motor tracked at 0.2 (red) and 2 Hz (black) imaging rates and the step sizes of a motor tracked at 2 Hz in the absence of RNaseH (noise, gray). (d) Probability density function of step size (d) for diﬀerent imaging rates shows diﬀerent distributions depending on imaging rate. (e) The heavy tail of the probability distribution for step size of simulated (blue) and experimental (black) tracks show Lev́y  type  motion.  (f)  Histograms  of  Levy  coeﬃcients  (μ)  for nanomotor experiments (black) and simulations (blue). Lines show Gaussian ﬁts to the histograms from which the mean and standard deviations are extracted. (g) Increase in Lev́y coeﬃcient (μ) with decreasing density of DNA legs. **** shows p < 0.0001. Each black dot represents the Levy coeﬃcient of a nanomotor, while each blue dot shows the Levy exponent for a simulated trajectory.



When motors are tracked at 0.2 Hz frame rate, almost all observed values of d (and accordingly motor speed in Figure 2j) are higher than the background noise, suggesting motor motion is continuous. However, when motors are tracked with the 2 Hz frame rate, 50% of the observed values of d, are comparable with background noise and the distribution of d shows a heavy tailed distribution (Figure 5c, SI Figure S22). Heavy tailed probability distributions of steps are known as Lev́y walks or Lev́y type motion which have been used to characterize the motion of marine vertebrates,[47] birds,[48] T cells,[49] and even swarming E. coli.[50] Mathematically, Lev́y-walks are drawn from a probability distribution with a power-law tail where P(d) of the tail is distributed as a function of step size (d) to the power of −μ. When 1 < μ ≤ 3, the motion is characterized as a Lev́y walk.[47,48,50] When analyzing the trajectory in Figure 5b, we found that the motor showed μ = 2.8. Ensemble analyses of nanomotor trajectories from n = 33 particles with [RNase H] = 30 nM exhibited a Lev́y-type motion with μ = 2.4 ± 0.3 for the population. Interestingly, we found that simulated particles exhibited μ = 2.5 ± 0.2 which is similar to our measured values (Figure 5f). Analyses of step sizes on motors with diﬀerent DNA leg densities revealed that μ decreases with increasing DNA density (Figure 5g). This result suggests that motors with greater DNA leg density display a higher probability of taking longer steps (SI Figure S23). This experimental ﬁnding is consistent with our observation that increasing DNA leg density enhances motor performance (processivity and speed) (Figure 3). Our model shows a similar trend (Figure 5g), and indicates that at higher DNA leg densities, large steps are driven by transient stalling of the motor until all proximal fuel sites are consumed, thus freeing the motor to take a step that can be as large as one body length (∼50 nm). Conversely, lower leg density reduces the probability of taking such large steps. 
Motors Travel via a Rolling Mechanism. Previous work showed that polyvalent rolling micromotors[25] and nano- motors[27] with an anisotropic chassis can roll unidirectionally. To test if gold nanoparticle motors move by rolling, we aimed to generate an anisotropic motor chassis. One approach to engineer such anisotropic DNA-AuNP motors is by dimerizing the motors using hybridization-driven click chemistry.[35] A schematic of this approach is shown in Figure 6a. The rationale was that dimers of particles would function as two “wheels” linked through 24-mer double stranded DNA and hence would display more linear trajectories compared to the monomeric particles. TEM and UV−vis analyses of dimerized particles conﬁrmed dimerization of the structure (Figure 6b, SI Figure S24). Quantitative TEM analyses of hundreds of nanoparticles showed that ∼30% of AuNPs were dimerized, with the remaining particles primarily as monomers (SI Figure S24). The yield was relatively low compared to reported yields for smaller sized particles due to the challenges of purifying dimerized 50 nm AuNP via gel electrophoresis.[51] Upon addition of RNase H, we imaged the motors in the RICM and FAM channels and observed the depletion tracks using the Cy3 channel (Figure 6c). Analysis of the Cy3 depletion tracks revealed that a subset of the trajectories displayed a linear component with some motors traveling ballistically over multiple micrometers (Figure 6c, SI Figures S25 and S26). To quantify track linearity, we measured the motor Kuhn segment length from the RICM trajectories (Figure 6d).
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Figure 6. Anisotropic DNA-AuNP motors conﬁrm a rolling mechanism of motion. (a) Schematic showing the approach used to form chemically ligated DNA 50 nm gold nanoparticles utilizing copper free click chemistry. (b) TEM of dimerized sample highlighting a region of the grid with multiple examples of dimerized particles. Zoom-in shows a single dimer. (c) Representative SIM images (FAM, Cy3 and overlay) of FAM-labeled AuNP motors that were allowed to translocate for 1 h. (d) Two representative trajectories highlighting diﬀerent Kuhn segment values with color indicating time from 0 to 30 min. Data was obtained using RICM time lapse tracking as described in Materials and Methods section. (e) A histogram of Kuhn segment lengths for three runs from two particle batches. One batch was synthesized as monomeric AuNP motors (gray) while the second batch contained 30% dimer AuNP (red). Note that dimer enriched sample shows a population of trajectories with high (>250 nm) Kuhn segment lengths


  Analyses of Kuhn segment lengths for populations of motors showed that in the dimer samples, 25% of the motors showed trajectories with a Kuhn segment length >250 nm. This subpopulation is minimal for the monomer nanoparticle motors and likely the result of AuNPs with high aspect ratio (Figure 6e, SI Figure S5d), which supports rolling as a mechanism of translocation.
  We next analyzed the Cy3 depletion track widths as this metric provides additional evidence to the rolling mechanism, as dimer motors that roll should display a track width that matches the span of the DNA legs. Geometric modeling of dimers suggests that the dimers can span between 125−175 nm (SI Figure S27). Taking advantage of the enriched population of linear tracks, we used structured illumination microscopy (SIM) to quantify track widths. Analyses of Cy3- depleted tracks showed trackwidths ranging from 150 to 350 nm. Given the variation in particle size and noise of SIM measurement and the fact that the minimum track width was ∼150 nm, the data is consistent with a rolling mechanism (SI Figure S28).
  As an additional control we blocked the remaining vacant DNA leg sites on monomeric DNA-AuNP motors after hybridizing to the RNA surface. In this experiment, we observed that blocked motors did not move and dissociated rapidly (SI Figure S29). Taken together, these multiple lines of evidence strongly support that AuNP motors primarily move through a rolling mechanism.

CONCLUSION
  To the best of our knowledge, this work shows the fastest and most processive DNA nanomotor reported to date. By optimizing buﬀer and enzyme concentration, as well as DNA leg density and span, we have created a DNA nanomotor that can travel micrometer length distances within minutes, with bursts of speed reaching 50 nm/s. The label-free scattering- based imaging of 50 nm gold particle motors allows for tracking at high time and spatial resolution. By imaging at high time resolution, we discovered that motors display Lev́y type motion, where the motors show bursts of high speed punctuated by brief stalling periods in between. We also uncover the fundamental principles that may further boost speed, as increasing DNA leg density leads to a higher probability of larger steps.
  Anisotropic shaped motors validate that motors primarily move by rolling. The data also strongly suggests that eﬃcient motor performance is mediated and enhanced by motor rolling as blocking the rolling mechanism leads to minimal trans- location and rapid motor dissociation. In closing, we note that gold nanoparticle motors now achieve speed and processivity that approaches that of biological motor proteins that move on a track with ∼100−1000 nm/sec speeds to move cargo in cells and drive locomotion of animals. Our work lays the foundation of how to further improve the performance of synthetic motors and given the programmability of DNA machines one can envision future applications in sensing, drug delivery and diagnostics.


MATERIALS AND METHODS
All chemicals were purchased from Sigma-Aldrich unless otherwise noted. Stock solutions were made using Nanopure water (Barnstead Nanopure system, resistivity = 18.2 MΩ, Thermoﬁsher, Waltham, MA), herein referred to as DI water. Oligonucleotides were custom synthesized by Integrated DNA Technologies (Coralville, IA) and are summarized in SI Tables S1 and S2. RNase H was obtained from Takara Clontech (Product No. 2150A). All motor translocation measurements were performed in IBIDI (Fitchburg, WI) sticky-Slide VI 0.4 channels (Product No. 80608) or in custom-made Delrin chambers. Delrin 1/4” × 12” × 12” Sheet (product no. 8573K15) and 2-sided optically clear mounting tape (product no. 7602A53) were purchased from McMaster Carr (Douglasville, GA). Azido-PEG4- NHS ester was purchased from Click Chemistry Tools (Scottsdale, AZ, product no. AZ103−1000).
  Synthesis of Monomer Motors (50 nm DNA-AuNP Conjugates). Modiﬁcation of 50 nm gold nanoparticles with thiolated DNA was achieved using a recently published method.[52] Brieﬂy, 20 μL of 100 μM thiolated DNA was added to 180 μL of a solution of commercially purchased 50 nm diameter gold nanoparticles from Sigma-Aldrich (cat no. 753645) in DI water in a glass vial. The solution was cooled and frozen by placing it in a−30 °C freezer for 15 min. Subsequently, the 200 μL solution was allowed to thaw at room temperature for 30 min. Freeze−thaw cycles were repeated three times. Then, in order to remove unbound thiolated DNA legs, the solution was centrifuged (5000 rpm for 8 min) and washed with 1 mL of 1X PBS seven times. The resulting modiﬁed DNA-AuNPs were stored at 4 °C and used within 1 week after synthesis. Detailed methods of tuning leg density, preparation of dimer particles, quantiﬁcation of the number of DNA legs per motor and TEM acquisition of motors can be found in the Supporting Information and the supplementary Materials and Methods section.
  RNA Monolayer Preparation. RNA monolayer preparation was performed following previously published protocols.[27] For details see SI Figure S1 and the supplementary Materials and Methods section. Optical Microscopy. A Nikon Ti Eclipse microscope was used for all wideﬁeld imaging of nanomotors. The microscope was equipped with an Intensilight epiﬂuorescence source (Nikon), a CFI Apo 100× NA 1.49 objective (Nikon). The microscope also included a Nikon Perfect Focus System, which allows the capture of multipoint and time-lapse images without loss of focus. FITC and Cy3 images were obtained using the Quad Cube (product no. 97327) and TRITC (product no. 96321) ﬁlter cube set supplied by Chroma. For time lapse experiments, using the ND acquisition toolbox in the Elements software package, one RICM image with 500 ms exposure time was captured every 5 s for 0.2 Hz frame rate. For 2 Hz frame rate, one RICM image with 500 ms exposure time was captured every 500 ms (continuous imaging using the “fast time lapse” add-on). The images were collected at 16-bit depth using an Andor EMCCD iXON DU897 512 × 512 camera. All imaging  was conducted  at room
temperature.
  A Nikon Ti2 microscope was used to capture wide ﬁeld ﬂuorescence images of depletion tracks after the time lapse to quantify percent ﬂuorescence loss during motor motion and Kuhn segment analyses. This microscope was equipped with SOLA SE Light Engine. and Nikon Perfect Focus System. The images were collected at 16-bit depth using Prime 95B 25 mm Scientiﬁc CMOS 1608 × 1608 Camera (Photometrix, AZ). Methods for RICM tracking of 50 nm motors, analyses of trajectories and computational modeling of DNA motors are described in the Supporting Information and the supplementary Materials and Methods section.
Super-Resolution Imaging (SIM) of the Fluorescence- Depletion Tracks. A Nikon N-SIM system equipped with a CFI Apo 100× 1.49NA objective and an Andor iXon EMCCD (60 nm per pixel) was used to acquire SIM images. Nine images of a 3′-Cy3-RNA sample were acquired in diﬀerent phases using a 561 nm laser as an excitation source and were reconstructed to a single N-SIM image using the Nikon Elements software package.

ASSOCIATED CONTENT
Supporting Information
The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acsnano.0c10658. 
  Movie S1: A representative time lapse video of DNA- AuNP motors binding to an RNA surface. Imaging was initiated after adding a 10 pM solution of DNA-AuNP motors in 1X RNase H buﬀer to the RNA surface. The images were acquired using a 100× 1.49 NA objective at a frequency of 1 Hz. Note that individual DNA coated nanoparticles are observed as dark puncta. Scale bar = 10 μm 
  Movie S2: A representative time lapse video of DNA- AuNP motors in the absence of RNase H. Particles are completely immobile due to RNA/DNA hybridization. Imaging was initiated after adding 100 uL of buﬀer containing 10% (v/v) formamide, 0.75% (v/v) triton X and 1X RNase H buﬀer. The images were acquired using a 100× 1.49 NA objective at a frequency of 0.2 Hz for 30 min. Scale bar is 10 μm  
  Movie S3: A representative time lapse video of DNA- AuNP motors in the presence of RNase H. Particles roll along the surface. Imaging was initiated after adding 100 uL of buﬀer containing 10% (v/v) formamide, 0.75% (v/v) triton X, 1X RNase H buﬀer and 30 nM of RNase H. The images were acquired using a 100× 1.49 NA objective at a frequency of 0.2 Hz for 30 min. Scale bar is 10 μm (MP4) Materials and Methods, supplementary data and analyses. 
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