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Abstract  

Optical trapping experiments have provided crucial insight into the operation of molecular motors. 

However, these experiments are mostly limited to one measurement at a time. Here, we describe 

an alternative, highly-parallel, microfluidics-based method that allows for rapid data collection. We 

applied tunable hydrodynamic forces to stepping kinesin-1 motors via DNA-tethered beads and 

utilized a large field-of-view to simultaneously track the velocities, run lengths and interaction times 

of hundreds of individual kinesin-1 molecules under varying resisting and assisting loads. 

Importantly, the 16-µm long DNA tethers between the motors and the beads significantly reduced 

the vertical component of the applied force. Consequently, forces were predominantly exerted in 

the direction of motor movement, rather than away from the microtubule surface as unavoidable 

in conventional optical tweezers experiments. Our approach is readily applicable to other motors 

and constitutes a new methodology for parallelized single-molecule force studies. 
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The application and detection of forces using single-molecule manipulation methods has provided 

major advances in our understanding of the operating principles of mechanoenzymes1–4.  Optical 

and magnetic tweezers as well as atomic force microscopy are now being routinely used to study 

protein folding pathways, receptor-ligand interactions, DNA mechanics and the activity of 

molecular motors. While all of these experimental approaches offer excellent spatiotemporal 

resolution and force accuracy—with different force spectra and displacement ranges covered—

none of them provides high experimental throughput as conventionally only one molecule is 

studied at a time. This limitation constitutes one of the major bottlenecks in current single-molecule 

force measurements4,5, where the derivation of statistically significant results from stochastic single-

molecule footprints is desired in reasonable time frames. Consequently, continuous efforts are 

being made to surpass this limitation in the field of optical6–8 and magnetic trapping9–11 as well as 

in atomic force microscopy—regarding both instrumental automation12 and sample preparation13. 

Alongside, a number of novel solutions for multiplexed force manipulation, such as centrifuge 

force microscopy14,15 and acoustic force spectroscopy16, are being introduced. So far, the use of 

these novel methods has been demonstrated for the studies of DNA mechanics, DNA-protein 

binding and protein-protein binding but not for cytoskeletal motor proteins. While their use to 

study DNA motors is conceivable, they may require modifications to become applicable for studies 

on cytoskeletal motors because of the vertical character of the applied force.  

One so far largely unexploited way to apply calibrated forces onto individual molecules is 

hydrodynamic flow. In a microfluidic environment, laminar flow can be used to exert Stokes drag 

on micrometer-sized beads that act as force handles when linked to surface-attached biomolecular 

mechanosystems. The magnitude of the drag force is determined by the diameter of the beads and 

the velocity of the flow. The latter can be kept constant over large regions in a microfluidic 

chamber. The response of the molecular system under investigation can then be deduced by 

tracking the positions of multiple beads simultaneously using an optical microscope. Hence, the 

number of constant-force experiments performed at a time is in principle limited only by the size 

of the imaged area and the surface density of the bead-coupled mechanosystems. Low-throughput 

experiments using hydrodynamic flow have previously been performed to study single-molecule 

forces in protein unfolding17, to measure rupture forces of streptavidin-biotin bonds18, to 

investigate the confining potential felt by individual membrane-embedded receptors19, and, in the 

context of cytoskeletal motors, to measure the adhesion forces of beads covered with multiple 

kinesin-1 motors to microtubules20. Moreover, high-throughput experiments using hydrodynamic 

flow have been performed to study DNA mechanics and DNA-protein interactions. In particular, 

highly-parallel measurements to monitor the enzymatic activity of DNA exonucleases21, DNA and 
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RNA polymerases22–24, or topoisomerases25 have been demonstrated on flow-stretched DNA, with 

force control down to 0.1 pN.  

Here, we demonstrate the application of hydrodynamic forces to investigate the translocation of 

cytoskeletal motors under load in a highly parallel manner. In particular, we use paramagnetic beads 

attached to individual kinesin-1 motors via 16-µm long DNA linkers as force handles and utilized 

a large field-of-view microscope to characterize the velocities, run lengths and interaction times of 

hundreds of motors stepping under a series of in situ calibrated force conditions. Leveraging the 

large spatially homogenous force field generated by hydrodynamic flow and the use of a specialized 

telecentric lens capturing a field-of-view of several millimeters in size, we were able to optically 

track hundreds of individual molecules in a single experiment, amounting to a total of 2500 events 

in eight experiments. Consistent with previous low-throughput measurements with optical 

tweezers, our data shows that the velocity of kinesin-1 motors gradually decreased under increasing 

load by up to 60% for resisting loads of about 3 pN, and by up to 32% for assisting loads of the 

same magnitude. Due to the molecular geometry of our assay, we were able to directly measure the 

motility parameters of kinesin-1 in the absence of significant vertical forces (i.e. away from the 

microtubule surface), which had previously been only accessible by theoretical calculations. Our 

high-throughput method does not require expensive equipment and can be easily adapted to other 

biomolecular mechanosystems. 

To assemble the molecular system for the velocity measurements of individual kinesin-1 motors 

stepping along microtubules under load, we sequentially attached specially designed molecular 

components to the surface of a flow cell (Fig. 1a and Methods). First, GMPCPP-stabilized 

microtubules were immobilized on the flow cell surface via anti-b-tubulin antibodies. Next, 

truncated, SNAP-tagged kinesin-1 motors were covalently coupled to 16.2-µm-long double-

stranded DNA (dsDNA) linkers based on lambda phage DNA (λ-DNA) with functionalized ends. 

The kinesin-DNA complexes were then introduced to the flow cell and attached to the 

microtubules in presence of 100 µM AMPPNP. Finally, 1-µm sized superparamagnetic beads 

coated with anti-digoxigenin antibodies were attached to the free ends of the DNA linkers. The 

AMPPNP kept the kinesin-1 motors at fixed positions on the microtubules until the beginning of 

the measurement which was initiated by the addition of 10 mM ATP (Supplementary Fig. 1). 

Evaluation of the extreme positions of the beads during flow reversal showed that the length of 

most tethers corresponds to the full length single λ-DNA (Supplementary Fig. 2), indicating 

prevalence of full-length molecules with single attachment sites. 
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Figure 1| Kinesin-1 microfluidics-based force assay. (a) Molecular details of attaching a 1-µm sized paramagnetic 
bead to an individual kinesin-1 motor via a long, double-stranded DNA linker. (b) Schematic overview of the 
experimental setup. Inset presents a side view of the interior of the flow cell (not to scale). The direction of applied 
force is indicated by the arrow. (c) Dark-field microscopy images of multiple magnetic beads (up to 30,000 beads per 
field-of-view) tethered to individual kinesin-1 motors. The top panel represents only 23 % of the full field-of-view. 
 

To perform the microfluidics-based force assay, the flow cell was mounted on a custom-made 

inverted microscope, which constituted the heart of the experimental setup (Fig. 1b). A syringe 

pump, operated in withdrawal mode, was used to apply a constant hydrodynamic flow throughout 

the experiment. An air spring was introduced between the flow cell outlet and the pump in order 

to damp any flow irregularities. To minimize interactions of the tethered beads with the surface, a 

magnet installed on the top of the flow cell provided a miniscule force of ~0.1 pN to lift the 

paramagnetic beads off the surface. To observe the bead positions, the flow cell was illuminated 

from the side with high-intensity white light from a fiber illuminator. The light scattered by the 

beads was collected through a telecentric lens and projected onto a CCD camera. Due to the large 

scattering cross-section of the beads it was possible to implement a low-magnification objective to 

maximize the field-of-view without substantial loss in accuracy when determining the bead 

positions. Moreover, the high quality of the telecentric lens kept the image undistorted towards the 
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edges and, together with the 29 Megapixel camera sensor, provided for imaging of an 18 mm2 large 

region. Within one field-of-view it was possible to image up to 30,000 beads (Fig. 1c) and each of 

them could be tracked with a precision of 32 nm (see Supplementary Methods).  

 

Figure 2| Fluctuation-based in situ force calibration. (a) Bead fluctuations in the direction y transverse to the flow 
over time for flow rates of 10, 20, 30 and 40 µl min-1. Histograms on the right-hand side present relative occurrences 
of y positions. (b) Distributions of estimated forces for different flow rates. Boxes extend from 25th to 75th percentiles, 
with a line at the median. Whiskers span 1.5× interquartile range. Colored dots represent individual beads (n = 162, 
553, 285, 169). 

As routinely used in the field of magnetic tweezers, we used the fluctuations of the tethered beads 

in the direction transverse to the flow for an in situ calibration of the acting forces26. By relating 

the energy of a Hookean spring to the equipartition theorem the following equation is obtained: 

 〈δ𝑦!〉 = "!#$
%

. (1)  

The mean-square displacement of a bead in the transverse direction <δy2>, together with the length 

of the tether l, temperature T and Boltzmann constant kB are sufficient to determine the force F 

pulling on the molecule. To enable precise determination of the tether extension for each molecule, 
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we coupled the force-extension relation for dsDNA27 with equation (1) and solved the set of these 

two equations numerically to obtain both tether extension and force magnitude for each molecule 

individually (see Supplementary Methods for details, including a correction for motion blurring 

caused by the finite camera integration time).  

The measured magnitude of the fluctuations of individual beads decreased with increasing flow 

rate (Fig. 2a). Using the trajectories from all beads which exhibited unidirectional movement after 

the addition of ATP, we determined a characteristic force for each experiment. Figure 2b presents 

the force distributions for exemplary experiments performed at flow rates of 10, 20, 30 and 40 

µl min-1. The median forces in the presented experiments were 1.1, 1.6, 1.9 and 2.5 pN, respectively.  

Next, we looked at the motility of individual kinesin-1 motors under resisting and assisting loads. 

After AMPPNP had been washed out by ATP-containing buffer the motors started to translocate 

(Supplementary Fig. 1), predominantly along the flow axis as the majority of the microtubules were 

aligned by the flow (Supplementary Fig. 3). We discriminated between different stepping directions 

by looking at the bead displacement in the x-y plane. Exemplary trajectories of kinesin-1 motors 

moving against the flow (i.e. experiencing a resisting load) and with the flow (i.e. experiencing an 

assisting load) are presented in Figures 3a and 3b, respectively.  

Although the microtubule axes were mostly aligned with the flow direction, their polarities (i.e. the 

positions of their plus and minus ends) were arbitrary. Therefore, we were able to investigate the 

motility of individual plus-end directed kinesin-1 motors under resisting and assisting loads of the 

same magnitude simultaneously. Velocity histograms from a single experiment with 444 motility 

events against the flow and 476 motility events with the flow are presented in Figures 3c and 3d. 

Under a median load of 1.6 pN in the presented experiment, the kinesin-1 motors stepped with 

mean velocities of 0.410 ± 0.161 µm s-1 against the flow and 0.557 ± 0.296 µm s-1 with the flow. 

By varying the flow rates, we applied loads of different magnitudes and constructed a force-velocity 

curve for kinesin-1 (Fig. 4a). Since the distribution of forces acting on the molecules under a given 

flow rate is considerably broad (Fig. 2b), we assigned force loads to each stepping event individually 

and compared velocities for the data grouped according to the estimated values into 0.3-pN wide 

bins. We observe that with increasing resisting load the stepping velocity of kinesin-1 progressively 

decreased. It reached a mean value of 0.532 ± 0.200 µm s-1 (mean ± SD) for the lowest load bin 

(0.9 ± 0.15 pN) and 0.266 ± 0.123 µm s-1 for the highest load bin (3 ± 0.15 pN). Under conditions 

of assisting load, we found the highest velocity of 0.686 ± 0.290 µm s-1 for the lowest load bin. 

With increasing assisting load, the kinesin-1 stepping velocity slightly decreased and reached a mean 

value of 0.441 ± 0.264 µm s-1 for the highest load bin. The force-velocity curve obtained for 

kinesin-1 in our study follows qualitatively26 and even quantitatively27 earlier data from optical 
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tweezers measurements for resisting loads (Fig. 4d). We note, that contrary to the data reported in 

Ref. 28,29 but consistent with trend of the data reported in Ref. 27 the velocity observed in our 

experiments showed a marked decrease under increasing assisting loads. 

 

Figure 3| Single-molecule motility events under resisting and assisting load. (a) Setup and exemplary trajectory 
of a motor stepping against the flow (towards decreasing x-position, corresponding to a resisting load). The plots from 
top to bottom present: the position of the bead in a 2D plane over 40 seconds before detachment, the x-position over 
time and y-position over time. The gray-shaded areas correspond to the period before ATP onset, i.e. the time when 
the motors were still arrested in the presence of AMPPNP. (b) Analogous setup and exemplary trajectory of a motor 
stepping with the flow (towards increasing x-position, corresponding to an assisting load). (c) Velocity histogram of 
444 stepping events under resisting load. (d) Velocity histogram of 476 stepping events under assisting load. In c and 
d, overlays of Gaussian fits are presented and vertical dashed lines represent mean velocity values. 
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Apart from velocity, we were also able to readily evaluate the run lengths and interaction times of 

individual kinesin-1 motors under the different loads (Fig. 4b–c). To account for under-

representation of very short stepping events, we estimated these two parameters using least-squares 

fitting of the cumulative distribution function with free cut-off parameters30. The measured run 

lengths appeared fairly constant at about 0.62 µm for loads between -2.7 pN and 2.1 pN (Fig. 4b). 

For assisting load larger than 2.7 pN and resisting loads larger than 2.1 pN the run lengths 

decreased. This is in contrast to observations made with optical tweezers, where the measured run 

lengths decreased already drastically for moderate loads, e.g. showing a three-fold decrease at 2 pN 

resisting load31. We hypothesize that it is the high vertical force contribution that causes the pre-

mature detachment of motors in these earlier measurements. The mean run-length value of 

0.62 µm observed at low loads in our experiments, corresponds well to the previously reported 

values of ~0.68 µm for unloaded motors30.  

The measured interaction times appeared fairly constant at about 0.77 s for all applied assisting 

loads. For resisting loads the interaction times appeared fairly constant at about 1.28 s up to 2.7 pN 

before decreasing above that load. The overall higher interaction times observed under resisting 

loads, as compared to assisting loads, suggest that kinesin-1 exhibits a higher detachment rate under 

assisting loads. This is in agreement with the higher unbinding force observed for kinesin-1 under 

resisting load as compared to assisting load32 and with the theoretical prediction that horizontal 

forces alone, as predominantly present in our setup, decelerate motor detachment33,34. The mean 

interaction times obtained for both assisting and resisting loads, correspond well to the interaction 

time of 0.95 s under unloaded conditions reported previously for the same kinesin-1 construct at 

room temperature30. The good agreements of both run length and interaction time with previously 

reported and predicted values for single kinesin-1 motors ascertains that we evaluated the stepping 

of single motors. 

The marked differences in kinesin-1 motility parameters between our assay and the optical tweezers 

experiments highlight the importance of the load geometry in the single-molecule force 

measurements. The different loading scenarios may reflect the physiological transport of cargos 

differing in size or shape inside the cell, or differently positioned motors in multi-motor assemblies 

present in vivo.  
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Figure 4| Force-dependence of motility parameters for kinesin-1 as probed by the microfluidic assay. (a) 
Stepping velocity of kinesin-1 observed under assisting (violet dots) and resisting (red dots) loads of different 
magnitudes. Plotted values represent means ± SD of velocity data contained within 0.3-pN force bin (n = 52–213 per 
bin). Gray scatter represents individual events used for binning (n = 2484). The black dot represents the velocity of 
the kinesin-1 motor used in this study under no load condition as evaluated by gliding assays (mean ± SD, see 
Supplementary Fig. 4). (b,c) Force dependence of run lengths and interaction times for events in (a), plotted values 
represent means ± 2×SD obtained from bootstrapping. As guides for the eye, means of bins -2.7 to 2.1 pN for run 
length, and mean of all assisting as well as all resisting load bins for interaction time, are indicated with the dashed gray 
line. Shaded areas represent SD. (d) Overlay of force-velocity data from our study (violet and red open circles) with 
data obtained in optical tweezers’ studies by Block et al.28 (open squares, mean velocities with dashed curve showing 
the fit of a five-step model) and by Carter and Cross29 (open triangles, mean velocities). (e) Comparison of experimental 
geometries in the microfluidic assay presented in this study (upper scheme) and in a typical optical tweezers experiment 
(lower scheme). θ - inclination angle between the microtubule and the tether in the case of the microfluidic setup (θmicro) 
and a typical optical tweezer configuration (θtw); Fapplied – force applied on the bead; Fz – vectorial component of the 
force pointing in the z direction (vertical force); Fx - vectorial component of the force pointing in the x direction 
(horizontal force).  

 

Our hydrodynamic force assay not only enables parallelization of the measurements on cytoskeletal 

motors, but also provides an alternative geometry of force application compared to existing 

methods. While optical traps—the method of choice for characterizing cytoskeletal motors—have 

been exploited to study the application of forward, backward29,31,35, and sideward loads28,36 on 

stepping kinesins using a variety of geometries37,38, they generally suffer from a poor control over 

vertically applied forces, which may bias the measurements performed39–42. Although the force is 

applied horizontally onto the bead in a conventional optical trap experiment, the molecule under 

investigation is experiencing a vertical load which, in fact, can surpass the applied horizontal force 
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in magnitude39. Such substantial vertical load is pulling the motor away from the filament and can 

influence its stepping velocity and detachment rate39,42. In our approach, the introduction of a 

spacer between the motor and the bead reduces the vertical force component to less than 15% of 

the applied force (see Fig. 4e and Supplementary Table 1), thus applying forces more stringently in 

the direction of motor movement than in optical tweezers experiments. Optimal performance of 

our method is achieved at intermediate forces. At very low forces (< 0.5 pN) the bead fluctuations 

limit the accuracy of the velocity measurements. At high forces, in turn, the observation time is 

limited due to the decreased processivity of the motor. However, the latter is specific to single 

kinesin-1 motors, exhibiting a force-dependent run length31, and will likely not be an issue for other 

mechanosystems, such as dynein43 or multi-motor transport systems44. 

An additional asset of our method is the possibility to study the motor velocity in an angle-resolved 

manner (see Supplementary Fig. 5). Depending on the alignment of the microtubules with respect 

to the flow direction, some motors will step not directly against or with the direction of applied 

force. In this study, the microtubules were aligned with the long flow cell axis to maximize the 

number of events stepping parallel to the force direction (Supplementary Fig. 3), however, the 

orientation of the microtubules can be randomized by applying a perpendicular or turbulent flow 

while introducing microtubules to the flow cell. The straightforward in situ force calibration and 

the flexibility of the assay geometry design due to adjustable DNA tether length and possibility to 

manipulate the bead height by changing the magnetic force, further enhance the appeal of the 

presented method. Finally, we note that our approach can be implemented using any standard 

wide-field microscope at low cost.  

Single-molecule manipulation techniques have shed light on the functioning principles of many 

molecular machines in the cell. Yet, their widespread applicability and utilization for single-

molecule screening purposes is limited by the lack of robust high-throughput technologies. Our 

versatile, massively multiplexed microfluidic assay for the application of forces to molecular 

mechanosystems, such as stepping cytoskeletal motors and motor complexes, presents a leap 

towards wider usage of single-molecule approaches. We envision a broad implementation of the 

assay in fundamental research of biological systems as well as in medical diagnostics applications, 

where rapid acquisition of population-wide data is of key importance. 
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