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Abstract  
Tethering beads to DNA offers a panel of single molecule techniques for the refined analysis of the 
conformational dynamics of DNA and the elucidation of the mechanisms of enzyme activity. Recent 
developments include the massive parallelization of these techniques achieved by the fabrication of 
dedicated nanoarrays by soft nanolithography. We focus here on two of these techniques: the 
Tethered Particle motion and Magnetic Tweezers allowing analysis of the behavior of individual DNA 
molecules in the absence of force and under the application of a force and/or a torque, respectively. 
We introduce the experimental protocols for the parallelization and discuss the benefits already 
gained, and to come, for these single molecule investigations. 

 

 

Highlights 

• Single molecules techniques reach their full potential when parallelized 
• Tethered Particle Motion and Magnetic Tweezers are candidates for parallelization 
• The “free” motion of DNA tethered beads informs on DNA conformational changes 
• Applying traction force or torque gives access to the mechanical action of enzymes 
• Nanoarrays are affordable and easy to fabricate using microcontact printing 

 

Keywords  

Tethered Particle Motion; Magnetic Tweezers; high-throughput single-molecule techniques; 
microcontact printing; DNA conformational changes; dynamic activity of DNA enzymes. 
  

  

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S1046202318303062
Manuscript_401a4063f4f9b410b013e935da4ad8ed

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S1046202318303062
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S1046202318303062


1. Introduction 

“Single molecule but multiple experiments” was the introduction of K. Kinosita’s keynote conference 

at the first Single Molecule international meeting in 1999 in Tours (France). In these early days of 

single molecules imaging, obtaining statistically significant measurements required multiple repeats 

of the observations, which was extremely time consuming. As quoted further by Kinosita, “having 

single molecule data to present was rewarding for lab heads but a nightmare to obtain for their 

students or collaborators”. While the visualization of fluorescently labeled individual single DNA 

molecules opened the route towards direct observation of DNA conformations [1], it was followed by 

the emergence of a variety of techniques that allow a more precise characterization of its mechanical  

structure, in the absence of labeling of the DNA filament itself. Those techniques are based on the 

observation of beads tethered to DNA molecules immobilized on glass slides by the opposite end. 

Molecules can be dsDNA, ssDNA, DNA hairpins, Holliday junctions; they have to be end modified, 

usually by biotin and digoxigenin moieties. Beads, and substrate, have to be functionalized with 

either neutravidin or anti-digoxigenin, accordingly. Optical videomicroscopy coupled to image 

analysis is used to detect and track the beads with a nanometer-scale precision. In the absence of an 

external force applied, it is then refered to Tethered Particle Motion (TPM), the bead is submitted to 

the sole effective force of repulsion due to a volume exclusion effect of only a few fN [2]. The bead is 

thus considered to freely explore a half-sphere around its anchoring point following the statistical 

fluctuations of the DNA molecule. TPM analysis consists of the measurement of the amplitude of 

motion of the bead. Initially determined as the size of the blurred image of the bead [3], it is now 

usually and more reliably measured from the bead’s trajectory as the standard deviation of the 

distribution of successive positions of the bead in a given time interval [4].  From the bead’s 

amplitude of motion, the DNA end-to-end distance can be extracted with a great precision, 

depending on the bead size and temporal resolution, by a careful treatment of the data explicited in 

section 3. This simple but powerful technique allows studying biological processes such as 

transcription or recombination involving a change in the DNA conformation. Notably, the TPM 

analysis of DNA looping provided major contributions to the full understanding of the regulation of 

gene expression by Lac repressor [5,6]. As illustrated in this chapter, fundamental questions can also 

be addressed regarding the physical properties of the DNA molecule such as the influence of 

temperature or of particular sequences. 

Magnetic Tweezers (MT) experiments refer to the use of superparamagnetic beads to apply 

controlled traction force and torque to DNA molecules by tuning the position and rotation of external 

magnets. The force spectroscopy analysis relies on the “direct” measurement of the end-to-end 

distance given by the z position of the bead as a function of the applied force deduced from the x-y 

position fluctuations. MT give access to elastic properties of the DNA,  and offer a mean to unveil the 

sensitivity of DNA enzymes activity to topology by applying torque [7,8]. MT, among other well 

established force spectroscopy methods such as Atomic Force Microscopy (AFM), Optical Tweezers 

and Biomembrane Force Probe (BFP), are more prone to efficient parallelization [9]. DNA tethered 

bead motion experiments under shear flow were also successfully parallelized but are less precise 

[10,11]. More recently, resonant acoustic waves proved to be applicable to hundreds of DNA 

tethered beads in parallel paving the way to a new generation of tool [12]. 

Recent developments in these tethered particle based techniques include parallelization, which is 

mandatory to reach their full potential. In this chapter, we first describe and discuss the respective 

advantages and limitations of the nanolithography techniques that have been used to produce single 

DNA tethered beads nanoarrays and to successfully develop high-throughput TPM (htTPM) and high-

throughput MT (htMT). The following sections provide highlighting examples of the unique 



advantages of the massive parallelization of TPM and MT measurements and discuss also for the 

latter the specific situations for which parallelization would not be critical. Finally, we give a glance at 

the future technological developments that could enhance the capabilities of htTPM and htMT. 

 

2. Design of DNA tethered bead arrays using nanolithography 

At that time of the premises of single molecule approaches, the studies focused at observing the 

molecules one by one and most frequently one at a time. Molecules were preferably isolated on 

glass slide homogeneously coated with an anchoring molecule. In order to keep the molecules at 

distance one from another the concentration of the solution incubated in presence of the slide was 

quite low. For single DNA experiments using DNA tethered beads, the two extremities of the DNA 

molecules were functionalized by a biotin and a digoxigenin, respectively. Neutravidin was adsorbed 

on the glass slide to immobilize the biotinylated end of the DNA and the bead coupled to an 

antidigoxigenin antibody was tethered through the free digoxigenin end of the DNA, or vice versa. 

These remain the most common combinations of linkers to date. 

Microscopy images were recorded on videotapes that were further digitized. The standard image 

analysis tools were limited to the treatment of a single bead at a time. They allowed establishing the 

blurred image over a time interval [3,13] or the position image after image [4], i.e. the trajectory, of a 

tethered bead and to determine its z position by comparison with reference images [14]. 

Rapidly, as softwares for image analysis progressed, it became accessible and easy to analyze 

multiple beads simultaneously and therefore to optimize data collection. Videos were most generally 

treated after their recording which is satisfactory for a majority of experimental situations but teams 

with coding skills could develop real-time analysis tools [14,15]. Increasing the bead density on the 

video images was achieved by two different manners. First, the density of the beads on the 

microscope slides was raised by incubation with higher concentrations of DNA/bead complexes or 

DNA molecules prior addition of the beads. The need to avoid interferences between DNA molecules 

and between the beads themselves imposes a limit to the surface density of tethered bead density. 

Second, an additional gain can be expected from an enlargement of the field of view either by using 

larger camera detectors or smaller objective magnification. In both cases, the pixel size, which 

dictates the precision of the bead tracking, imposes a limit to the extension of the observed field. In 

the various DNA tethered bead approaches and whatever the method used for the determination of 

the x,y position of the bead , i.e. center of mass of the bead image, Gaussian fit of the intensity 

profile or cross-correlation with a reference image, the larger the number of pixels covered by the 

bead image is, the better is the precision on the bead’s localization.  Optimal image magnification to 

increase the resolution is however limited by the number of photons and background noise, and 

corresponds for most cases to a standard deviation of the point spread function about equal to the 

pixel size [16]. As a general rule of thumb, one needs to reach a compromise to have enough pixels 

for one bead for a good precision in localization, but not too many to keep enough photons per pixel 

for detection and keeping enough beads for parallelization. 

 

Tethered Particle Motion experiments performed on homogeneously functionalized substrates 

[5,17–21] report a maximum of one hundred of valid  beads observed simultaneously. This allows 

accelerating the data acquisition but remains insufficient to identify rare events, reporting on 

multiple co-existing populations and properly averaging the molecular details of the experiment[22]. 

In the case of magnetic tweezers experiments the beads need to be kept apart by a larger minimal 

distance than for TPM to neglect bead-bead interactions induced by the magnetic field. Accordingly, 



Ribeck and Saleh [23] reported the manipulation and measurement of 34 beads in parallel, the 

positions of which they could track in real time. This score was surpassed by Cnossen et al in 2014 

[24] with more than 200 beads tracked simultaneously at about 60 Hz thanks to a 12 M pixel camera 

and a tracking software based on a parallel computing framework. 

For a massive parallelization, i.e. a thousand of beads per field of view, the packing density had to be 

further increased. The best way to optimize the spacing between individual beads is to immobilize 

the DNA molecules on regular arrays of anchoring spots. Various nano or micro-lithography 

techniques can be implemented to realize such substrate patterning.  

The first method reported in the literature is the deposition of gold which can be easily patterned at 

the nanometer scale by physical vapor deposition through a shadow mask [25]. Gold-thiol chemistry 

allowed the conjugation to the gold nanoposts (100 – 400 nm in diameter) of multiply thiolated DNA 

at one end, the other end being biotinylated and further attached to streptavidin beads. This 

procedure, followed by passivation steps, proved to be robust, as demonstrated by force 

spectroscopy measurement performed using optical-trapping microscopy. Although promising, these 

chemistry and patterning approaches have not spread widely. Apart from cost considerations, 

several limitations can be responsible for this. Masks can be obtained from technological facilities, 

reused multiple times and stored for long periods in the labs, but a direct access to a deposition 

machine is preferable since the anchoring of the thiolated-DNA on the gold nanoposts must be 

accomplished immediately after deposition. The occupancy rate is limited to hardly more than 10% 

of the posts in conditions that ensure a single molecule anchoring. Depending on their size, a 

minimum is necessary to optimize the occupancy of the array, the metallic deposits may not be 

compatible with the tracking of sub-micrometer sized tethered beads by optical microscopy. A 

variant of the method was designed to allow the application of a dielectrophoretic force to the 

tethered bead. Micrometer sized wells are patterned with a resin photoresist using photoligraphy on 

a continuous 130 nm gold coating that is consecutively chemically etched in the bottom of the wells 

before a new thin optically transparent gold layer is deposited and the DNA added, followed by a 

passivation treatment [26]. With successive deposition steps and chemical treatments, this solution 

hardly meets the quest for an efficient but as simple as possible solution. 

The so-called soft lithography techniques bring responses to these issues [27]. Among those, 

microcontact printing, appropriate for the fabrication of microfluidic systems with applications in 

biotechnology, is extremely attractive because of its simplicity and affordability. Several microcontact 

printing techniques have been developed but here we will limit ourselves to the introduction of the 

variants involved in the sole two methods that allowed to really attain high-throughput (see fig 1A 

and B). Microcontact printing uses an elastomeric stamp, made of polydimethyl siloxane (PDMS) 

typically, and decorated by a pattern of anchoring molecules. In the patterning by subtraction 

method, a flat pre-cured PDMS is first inked with the anchoring molecule. After conformal contact 

with a silicon template patterned with a negative image of the desired features, the positive image of 

the features of anchoring molecules remain on the PDMS and are ultimately transferred on a glass 

slide by a second conformal contact step. Using this method for the parallelization of magnetic 

tweezers experiments, Vlaminck et al [28] fabricated regular hexagonal arrays of antidigoxigenin 

square patches of size down to 200 nm. With a field of view of 300 µm x 400 µm they could observe 

nearly 1000 sites of the array yielding statistical data for about 350 DNA molecules. Plénat, Tardin et 

al [29] proceeded by standard microcontact printing where the PDMS has a surface structured with 

relief features obtained by casting the elastomer against a silicon master with the complementary 

features.  The surface of the PDMS stamp is inked with neutravidin and conformal contact with a 

substrate leads to the transfer of neutravidin features reproducing the design of the pattern of the 



silicon master. Neutravidin patterns enable the anchoring of DNA molecules through their 

biotinylated end. The reverse procedure works also fine with the patterning of antidoxigenin to 

immobilize DNA through the digoxigenin moiety. In this procedure the silicon master can be reused 

extensively (more than 50 times) without having to proceed to a particular intermediate treatment 

or cleaning, which is a clear advantage compared to the subtraction method. Care must be taken, 

however, in this standard microcontact printing procedure, to the design of the PDMS stamp in order 

to avoid its collapse during the conformal contact with the glass slide. Optimal aspect ratios between 

the dimensions of the structures must be respected[30]. Fortunately, they are compatible with pre-

requisites for TPM and MT experiments (see fig 1C). With arrays of 800 nm sized square features and 

3 µm pitch, Plénat, Tardin et al cover about 2000 sites in a field of view of 150 µm x 125 µm which 

offer after the application of selection criteria between 500 and 1000 beads of 300 nm diameter 

tethered to 500 - 2500 bp DNA valid for TPM analysis (see fig 1D). 

With a view to produce large series of arrays, the standard method seems to be more suitable in 

particular because the whole process starting from the inking of the stamp to print can be automated 

thanks to a dedicated machine [31].  

When various geometries of arrays have to be tested, microcontact printing suffers from the need of 

an important initial investment in terms of time and budget for the mask fabrication and is not 

suitable as part of a trial-and-error approach. For such needs, a novel photolithography method 

called Light-induced molecular adsorption of proteins (LIMAP)[32] which allows for sub-micrometer-

resolution printing of biomolecules should be considered. Based on this method, a commercial 

device to be docked on an optical microscope has been developed for custom micropatterning 

without mask or contact [33]. 

After patterning, the biochips are sealed to bare glass slides with holes via spacers defining the 

channels of a fluidic chamber. Before introducing the pre-formed DNA-bead complexes, a critical 

step is required to prevent non-specific interactions between not only DNA and the non printed 

areas which occupy a vast majority of the surface but also between beads and the whole surface of 

the substrate. In the context of patterning by microcontact printing, several procedures have been 

successfully applied. Two of them proceed by a treatment after assembling the fluidic chamber. The 

simplest one uses a global passivation of the chamber by the incubation with a solution of blocking 

agents [29]. The other one [28] is based on the formation of an inert lipid bilayer on the bare surface 

areas by incubation with a suspension of small unilamellar lipid vesicles. Full coverage of the bare 

surface of the glass slide with bilayer should be proof checked carefully. A third approach consists of 

the pegylation of the glass slide with a mixture of PEG/PEG-biotin before the print of neutravavidin 

[34]. A notable drawback of the two last methods is the additional time of implementation. 

 

3. TPM a zero force method to investigate global and local changes in DNA conformation  

On average, the double-stranded DNA (dsDNA) assumes the structure of a B-form double helix; 
however, some distortions of this ideal right-handed double helix have been observed locally for 
some naked dsDNA [35] as well as for some specific sequences when bound to proteins such as the 
transcription factors [36]. These local distortions include bends, kinks, G-quadruplex, B-to-Z 
transitions but also changes of dsDNA rigidity. These local distortions of dsDNA appear important to 
detect and characterize as they are very likely to be part of an indirect recognition process of specific 
sequences by proteins based on the DNA shape [37,38], which can affect any biological processes 
occurring in the chromosome. To achieve this goal with high precision, the tools of structural 
biophysics are usually employed as well as single molecule approaches such as Fluorescence 



Resonance Energy Transfer and AFM [39]. Nevertheless, these techniques are highly demanding in 
terms of technology and time, and, in addition, constrain the DNA sample to severe experimental 
conditions such as crystalline organization or immobilization onto a surface. As previously explained, 
TPM alleviates these conditions of observation and makes it possible to characterize a dsDNA 
molecule submitted to a few fN force only. Thus, the large number of measurements obtained on the 
highly parallelized TPM biochip enabled us to quantify both local defects present at the core of DNA 
molecules as well as weak changes occurring globally on the molecule. The challenging issue in these 
two cases arose from the fact that the induced modifications in the amplitude of motion of DNA 
tethered particle measured by TPM could be extremely small, down to a few nm. To ensure the 
robustness of our final characterization, we first took advantage of the high throughput capacity of 
our biochip coupled to the large field of view acquired with a Dark-Field microscope. In practice, we 
perform the measurements on three different fluidic chambers containing each at least 300 tethered 
particles with 2D trajectories that were considered to be valid on the basis of their asymmetry factor 
(see fig 2). Secondly, the DNA modifications under study affect the entire DNA population; thus the 

distribution of the amplitudes of motion defined as R∥��� = �< R		
∥��� > with R		
∥���  calculated as 

the 2D-vector positions of the bead relative to the anchoring point of the DNA, which corrects for 
experimental drift of the tracked particles measured over time,  is expected to form a normal 
distribution characterized by the mean <R∥���> and the standard deviation σ. We filtered out the 

tracked particles exhibiting an individual mean amplitude of motion out of the interval [<R∥���> - 2.5 

σ ; <R∥���> + 2.5 σ], which would correspond to 1.2 % of a normal distribution (see fig 2). Then, we 

applied a second round of similar filtering on the relaxation time of tethered particle. These 
abnormal cases, corresponding typically to ~20% of the supposedly valid tethered particles, could be 
due to aberrant DNA lengths, despite the selection and purification of the molecules by gel 
electrophoresis, or to the locally imperfect passivation of the chamber surfaces. Finally, the mean 
amplitude of motion was calculated as the arithmetic average of the mean amplitude of motion of 
each individual tethered particles and the uncertainty on the measurements is evaluated by 
calculating the standard deviation of means of 1000 distributions of amplitude of motion obtained by 
a bootstrap procedure (R software). This procedure was applied to derive both the angle of local DNA 
bend as well as to determine the influence of temperature on the persistence length of DNA. 
 
In previous works on the molecular mechanism of action of recombinases [40,41], we had noticed 

slight changes induced by the binding of the proteins to a single interaction site present in a 2 kbp 

DNA, which we attributed to local protein-induced bends. To check this hypothesis and demonstrate 

the capacity of htTPM for detecting and quantifying local bends in DNA molecules almost free in 

solution, we extended the strategy of Rivetti et al [42] used to evaluate bend angles by AFM. Our 

method is directly applicable for the characterization of any intrinsic or protein-induced bend. It 

requires DNA molecules of ∼ 600 bp with the bent sequence site located at mid-length, as a trade-of 

between a high impact on the DNA end-to-end distance and a correct TPM sensitivity. We showed 

that, when particles with a radius R� = 150 nm with DNA molecules of L = 600 bp, the end-to-end 

distance of a DNA molecule, with a bend of angle θ localized at the l position of the contour length, 

can be correctly extracted using the basic formula 〈R���〉 = √���〈R∥�〉 − R�� �. In this case, the 

dependence of R��� as a function of the bend angle is correctly described by the kinked worm-like-

chain model leading to the following analytical formula where L� ≈  150 bp is the persistence 

length: 

〈R���(θ)〉 = %2 L�� ' LL� − 2 + e* +,- + e*,*+,- + cos(θ) 11 − e*,*+,- − e* +,- + e* ,,-23 

All the details about the establishment of these formula are given in the publication written by 

Destainville et al. at the end of this book. In the case of large bending angles (> 33°), only two DNA 



fragments with and without the bend can be enough. Nevertheless, the characterization will be more 

precise if the measurements are performed on a series of molecules with in-phase assembly of the 

identical bend. To do so, we designed a family of plasmids (pTOCx) derived from pBR322 with a 

replaceable 88 bp core [43,44]. We incorporated in-phase or out-of-phase assemblies of the intrinsic 

bends CA6CGG and showed that the angle of this intrinsic DNA bend free in solution would be equal 

to θ = 15° ± 2° in good agreement with the results obtained by classical tools [34]. In fact, describing 

our entire 575 bp long DNA molecule as a worm-like chain polymer with a single local bend is not 

fully satisfactory. The publication written by Destainville et al. details the additional parameters that 

can be added to refine the modeling of the DNA.  

 

The same method extracts the persistence length, L�4, of a local insert of contour length b on the 

basis of a derivation of the worm-like chain model that leads to the following equation:     
〈R���(L�4)〉 = 2 L�� 'L − bL� + e* +,- + e*,*4*+,- − 2 + e* 4,-5  11 − e* +,-2 11 − e*,*4*+,- 2

+ 2L�L�4 11 − e* 4,-52 12 − e* +,- − e*,*4*+,- 23 +  2L�4� 1 bL�4 − 1 + e* 4,-52 

This method and more generally TPM measurements are thus sensitive to a local loss in DNA rigidity. 

We thus strived for detecting the stable DNA bubbles that were suspected to appear in growing 

number with the increase in temperature, but in vain although a single 3 bp long permanent DNA 

bubble was expected to reduce the amplitude of motion by a significant value of 3 nm. This study 

was only possible because we could track simultaneously a large number of DNA tethered particles, 

as temperature tends to destabilize the weak interactions linking DNA with particles and the 

coverslip, in our conditions. Reaching high precision requires not only high throughput capacity but 

also the appropriate correction to suppress the video averaging effect from the measured amplitude 

of motion [45]. This phenomenon usually biases the measured value of amplitude of motion as it 

depends on T���789:� τ:�+<�<=>7?⁄  with the duration of the camera exposure T���789:� ≈ 40 ms and τ:�+<�<=>7? ranging from 1 to 40 ms typically, theoretical development are given in the publication 

written by Destainville et al. at the end of this book  [46]. It all particularly leads to dramatic biases 

when the relaxation time of the tethered particles changes as it is the case when the buffer viscosity 

is altered by temperature variation and when exact physical parameters such as the persistence 

length are sought. The precision brought by the large number of TPM measurements and the video-

averaging correction is essential to give access to unbiased experimental amplitude of motion, which 

can be compared to simulated values allowing the extraction of the DNA persistence length in 

particular. Thanks to this instrumental and computational arsenal, we could measure precisely the 

influence of the ion concentrations on the persistence length and determine the appropriate physical 

model describing it [47,48]. Obviously, all this procedure will help in getting accurate data but 

requires that the biochemical conditions to study the nucleoproteins complexes are under strict 

control [48]. 

Our htTPM acquisition and analysis is also a valuable tool to dissect the dynamic molecular 

mechanism induced by the presence of proteins, in particular enzymes, as it permits to test many 

conditions in a reasonable time. In these types of samples, the recording is performed on a single 

field of observation and starts before the injection of the proteins in order to select the DNA 

molecules with an initial amplitude of motion comprised in the distribution of the naked DNA as in 

the first filtering step described above. We explored the mechanisms of looping and recombination 

between two dif sites induced by the XerC and XerD recombinases, which ensures the resolution of 

chromosome dimers in E.coli, and is implicated in the integration of mobile genetic elements in other 

prokaryotic chromosomes. An impairment of this looping step was thought to be responsible for the 



surprising persistence of the pathogenic island in the Neisseria Gonorrhea genome.  Within a few 

months only, we could analyze series of thousands of tethered DNA molecules and observe that the 

assembly of a DNA synapse by the recombinase XerCD was still possible between dif sites located at 

the borders of the pathogenic island [22].  

 

4. Stretching and twisting DNA using MT to unveil replication  

Mechanical constraints are now accepted as a useful tool to probe biomolecular structure, 

interactions or activity. If this was obvious in the case of molecular motors involved in the movement 

in living organisms, it was less natural in the case of nucleic acid or protein structure. Nevertheless 

new knowledge could be obtained on the folding mechanisms of proteins, RNA, or DNA structure 

under torsional or elongation constraints for example [49]. 

 

Different techniques have been used in different contexts: AFM, Optical Tweezers, BFP, Acoustic 

Force Spectroscopy (AFS) and MT. They all have different characteristics (force/torque sensitivity, 

bandwidth, force range) but at the simplest level they can be divided in two categories: they are 

constant force or constant extension apparatus. In the first case, the force is imposed and the 

biomolecule extension adapts to the constraint, this is the case of MT or AFS if the force gradient is 

not too high. In the second configuration, the extension of the molecule is imposed and the force 

varies to keep the extension constant. This is typically the case of AFM or optical tweezers. One may 

switch between the two configurations by using a feedback loop, but this is at the cost of a reduction 

of the temporal bandwidth. 

  

Another parameter in the choice of an experimental technique is the achievable parallelization. It 

may appear paradoxical to use intrinsic single molecule techniques and then require parallelization, 

but these are the only way to apply a controllable mechanical constraint with high detection 

sensitivity while throughput is important to get more statistics, more precision and, to detect rare 

events. This is important in the case of experiments using multicomponents where the requirement 

to have all individual components to be fully active at the same time is really restrictive. 

 

Clearly AFM or BFP are not the best candidates when parallelization is required even if some efforts 

have been done in the case of AFM  [52]. Optical tweezers may achieve multiple beads trapping [53–

55]. As many as few hundreds of beads can be trapped, but in practice to be able to measure the 

force only few objects can be used. In that sense MT and AFS are much more parallelizable than the 

other techniques. The magnetic field gradient can be constant over more than few hundreds of 

microns on the sample as well as the acoustic wave that can impose the same radiation pressure on a 

large portion of the sample. If the particles used to manipulate the biomolecules are homogeneous 

this results in a relatively similar force (typically variation of less than 10 % on MyoneTM beads on a 

field of view) on many beads[56,57]. 

 

An important parameter for the parallelization is thus the material of the beads. In the case of MT 

the beads used are superparamagnetic which implies magnetic interactions between beads in 

addition to, the always present, Van der Waals or electrostatic interactions. These magnetic 

interactions preclude a very high density as typically for beads of one micron diameter, a typical 

distance of 5 µm, seems to be a lower limit. This number might seem large enough (on a 250 µm x 

250 µm field of view it allows studying 2500 beads in parallel) but in fact to fill all the spots on the 

surface treated to bind a bead, one has to incubate at a higher concentration than on a 

homogeneous surface. And this favors non-specific interactions between beads that play a larger role 



than with non-magnetic beads. This is why until now in almost all the cases parallelization with 

magnetic tweezers was achieved mostly without  arrays. Coverage is not as dense as it could be with 

an array system, but nevertheless hundreds of beads can be analyzed in parallel using a 

magnification allowing a few nanometer resolution [58]. In the case of enzymatic activity where 

monitoring the state of the biomolecule can be important to modify in real time the experimental 

parameters it is important to acquire and partially treat the data in real time. This adds an additional 

constraint. The data can be acquired in real time even for a large number of beads thanks to GPU 

despite a clear need of computational power as the computation is the same for all beads so it can 

be parallelized[24,59].  

 

By definition the yield of single molecule experiments is not high and when multicomponents and 

complex systems are studied in vitro the ratio of desired events over observed molecules falls down 

sometimes dramatically. Without parallelization, obtaining enough data would sometimes not be 

possible. We will illustrate the interest of micromanipulations on DNA or RNA tethered beads with 

different examples and determine when parallelization is important. 

The essential components of DNA replication are the replicative DNA polymerases. Due to different 

mechanical responses under tension of single stranded DNA (ssDNA) compared to double stranded 

DNA (dsDNA), it is possible to monitor in real time the replication of DNA at different forces, 

excepted the one, typically 5pN, where ssDNA and dsDNA have the same extension. Above this force, 

when a polymerase replicates one base, as dsDNA is shorter than ssDNA, the bead used both for 

applying a force on the DNA and measure DNA extension allows the determination of the number of 

bases replicated. Speed can be obtained by measuring the local slope of the curve extension vs time 

(up to 200 bps-1 for T7 DNA polymerase at ∼ 6 pN [60]). Pauses can be detected as constant 

extension periods. From the elastic response of ssDNA and dsDNA, one can determine, by a linear 

relation, at a given force, the change in extension in nanometers when a polymerase does replicate 1 

base of ssDNA to create 1 bp of dsDNA, with typically ∼ 0.1nm/bp. The final speed is thus in bp/s. 

Models have been proposed to interpret the dependence of the speed as function of the force  as 

the signature of the number of bases adjusted by the finger to accommodate the template dsDNA 

[60,61]. At forces around 30 pN the polymerase could be stopped by the force. Surprisingly at higher 

force (∼ 40 pN) a processive exonuclease activity was detected, likely because DNA deformation 

induce the proofreading function of the DNA polymerase (see fig 3). This observation is not limited to 

T7 DNA polymerase as it was also observed with Φ29 polymerase [62]. Observing a force-controlled 

enzymatic activity at 40pN requires to pull at high force for a relatively long time. Then the linkers to 

bead or surface (usually biotin/streptavidin or dig/antidig) have a large probability to break. Like in 

previous TPM examples without force, starting with a higher number of beads would increase the 

probability to observe an interesting event.  

Not only DNA  but also RNA can be manipulated. RNA replication of RNA dependent RNA 

polymerases could also be studied by Dulin et. al [63,64]. To obtain the general behavior of the 

enzyme (speed for example) parallelization is not absolutely necessary. Nevertheless parallelization is 

necessary to reveal rare events such as  the kinetics of rare mutation incorporation. Analysis of many 

polymerization traces allowed the Dulin et. al to propose to attribute all the measured/determined 

characteristic times to specific polymerization events and in particular among the detected pauses, 

the longest and rarest ones to mutation incorporation events. Their occurrence is indeed related to 

the average mutation rates detected in bulk measurements. Data accumulation was possible thanks 

to parallelization but also because the traces could be obtained with the same experimental 

parameters on all the beads (same force). 



More recently another experiment using force revealed an unexpected exonuclease activity for some 

DNA polymerases (T4 and T7) in what looks like a more natural configuration [65]. In a DNA hairpin 

configuration, one pulls on a ssDNA but its sequence is partially palindromic so that at low force 

(below 15 pN) it forms a hairpin (see fig 3). With a primer that may bind to the remaining ssDNA, a 

polymerase may start replication in the direction of the apex of the hairpin. If the polymerase has a 

strand displacement activity, it may replicate the DNA inside the hairpin. An additional positive 

element in this configuration is that for every base that opens at a force of about 10 pN the DNA 

increase in extension is about 1 nm which is large enough to almost detect every base replicated. 

This assay is then more sensitive than the previous one. Here again the replication rate is determined 

by the change of the extension with time. Interestingly the extension increases, as expected for a 

replication, but there are some pauses and, more surprisingly, events where the extension 

decreases, the signature of an exonuclease activity. The frequency of switching from one mode to 

the other depends strongly on the force. At forces above 8 pN the polymerase mainly performs 

strand displacement and DNA synthesis. At forces below 8 pN mainly exonuclease activity is 

observed. So the switch between polymerization and exonuclease is force controlled. Such a 

behavior can of course be observed easily only in a micromanipulation experiment. In this type of 

experiment, the force is not so high. With active and stable enzyme, the typical current 

parallelization (tens to hundreds of beads in magnetic tweezers) is sufficient to obtain enough results 

as the force is not very high (typically one can observe a good number of events from about ten 

molecules to about fifty). It is even not useful to have a high parallelization because it is important to 

monitor and have a different feedback on each bead independently in real time. In the case of the 

hairpin assay, when the replication goes further than apex, the replication is no more in a strand-

displacement mode but in the primer extension mode. The behavior is then different. The intrinsic 

asynchronous activity on different molecules in single molecule experiment may thus lead to the 

observation of different behaviors despite the fact that the starting point is the same for all the 

molecules.  

 

The same limitation in the parallelization is present in the case of topoisomerase studies. 

Topoisomerases are enzymes that modify DNA topology. They can transiently cut one, or two strands 

of DNA, modify DNA topology by relaxing or adding torsion on the DNA before religating the DNA [7]. 

Their action is a mechanical action. They directly play on torsion and, in addition, there is a coupling 

between force and torsion. Micromanipulation tools can thus provide important new information. In 

particular, for topoisomerases, tools that can impose a number of turns to the DNA like the magnetic 

tweezers or the one that can control the torque on DNA. In bulk experiments to generate DNA under 

torsion, one must purify it from an organism (it is usually under-twisted i.e. negatively supercoiled) or 

use topoisomerases or intercalators that modify the helical pitch. In single molecule 

micromanipulation techniques one simply has to start from relaxed DNA  and use electric motors to 

rotate magnets [66], an electromagnet to rotate the magnetic field or use the polarisation of light 

[67] to  rotate the bead that through an adequate linker, a multilinker in fact, induce torsion, torque, 

on the DNA. As the majority of the topoisomerase relax torsion (it is not the case of the gyrase that 

can create negative supercoiling, and reverse gyrase that can create positive supercoiling), once the 

reaction has been completed the experiment is finished when performed in bulk. By contrast, using 

micromanipulation tools the experimentalist can regenerate a supercoiled substrate on which the 

enzymes can react again. As a bonus, as the generation of one turn can produce a change in DNA 

extension of about 40nm [66] it can be easily detected. Single enzymatic cycle on a single DNA 

molecule [7,8,68] can be observed, as well as the processivity of the enzymes. It has been recently 

possible to detect the insertion of individual topoisomerases in a DNA  in real time [69]. 



Experimentalists then have a simple, but elegant, tool to investigate the action of drugs acting on 

topoisomerases like antitumor agents [70,71].  

In these experiments one needs to work on a relatively large number of molecules because a non-

negligible part of them are not sensitive to torsion due to a nick or improper attachment to the solid 

surfaces. In addition, as the topoisomerase activity events are not synchronized, when a relaxation 

event occurs on one molecule the experimentalist may regenerate new supercoils whereas other 

molecules are not yet relaxed. One has then to deal with an heterogeneous, in terms of supercoiling, 

population of molecules which is not easy to work with. In this particular case, parallelization may 

lead to difficulties in managing the experiment, but it will never be worse than without it as it is 

easier to reduce the number of molecules of interest than increasing the number of experiments. 

 

In the case of DNA, another mechanical means to apply a force, which allows parallelization, has 

been successfully exploited. It uses a flow to stretch the molecules. The drag generated on the 

tethered beads by the flow dominates drag on DNA and drives the force acting on the DNA. DNA 

extension [10,72] is directly due to the drag on the bead. These techniques are not as versatile and 

precise regarding the force applied or the possibility to apply a torque like magnetic tweezers. In 

addition, it relies on a flow, so more biological material must be used to keep material concentration 

constant when DNA protein interactions are studied. These approaches are now easy to implement 

as stable pumps are available. 

 

Many DNA interacting proteins have a mechanical action, even if they do not move, they often bend 

or twist DNA. Their action can thus be measured through DNA mechanical response. During 

replication, helicases separate the DNA strands. Some of them have been studied by single molecule 

micromanipulations [73] and likewise all components of the replication machinery can be studied 

separately but the goal is to try to get insight on the full replication machinery. Of course, the 

simplest systems are studied first. Nevertheless, this is a step towards more complexity. T7 phage has 

a simple replication machinery. It involves a helicase-primase, polymerases, and Single Strand 

Binding proteins (SSB). In order to monitor at the same time the synthesis of the leading and lagging 

strand, A. Van Oijen’s group attached two beads at the extremities of a designed DNA molecule (see 

fig 4)[74]. One bead is attached at the extremity of the leading strand and the other at the one of the 

lagging strand. Leading and lagging strand can be distinguished thanks to different distances from the 

attachment point. A flow is used during the experiment in order to apply a drag on the beads and so 

a force on the two strands. The DNA molecule is designed so that when only replication of the 

leading strand synthesis is active the corresponding DNA extension increases. When the Okazaki 

fragment on the lagging strand is synthesized, the corresponding bead moves in the direction 

opposite to the flow. The leading strand attached bead has a net movement resulting from both 

synthesis. The movement of the two beads reveals the complex coordination of the replisome 

activity of both strands. This experiment shed light upon the plasticity of the replisome.  

 

In this configuration, one may have access to a lot of information on a complex system but the cost is 

the very low rate of success of the construct. Duderstadt et al. had to observe tens of thousands 

beads in parallel in order to get data on the leading and lagging strand synthesis on a number of 

molecules varying between 53 and 535 [74,75]. With such a low yield one may see that, without 

parallelization and an efficient data analysis to extract the useful information, such observations 

would be impossible. 

 



Note finally, that flow or electric field can also be applied without an attached bead [76–79] which 

may result in a less homogeneous stretching along the molecule as the force may depends on the 

position along DNA or distance from the surface [79]. 

5. Concluding remarks 

Undoubtedly, the developments performed for parallelizing the TPM and MT techniques were worth 
the efforts. The advantages of high-throughput single molecule experiments are vast: an improved 
precision on the measurements due to the large number of simultaneous observations, a fast 
acquisition rate together with a sensitivity to a population heterogeneity or the occurrence of rare 
events, a robust method thanks to the rationalization of the microfluidic chamber preparation and 
the development of efficient protocols to limit non-specific interactions. 

We foresee two major directions for future progress. First, true multiplexing, i.e. the simultaneous 
observation of a variety or similar molecules in various conditions, will drastically expand the data 

throughput and should be feasible by a smart coupling with microfluidics [80,81]. Second, as it has 
been already achieved for conventional MT experiments, the combination with fluorescence single 
molecule microscopy will provide additional information such as local conformational changes by 
FRET measurements [82–85]. 

Ten years after the first report of a single DNA tethered bead experiment on array, we must 

recognize that still only a very limited number of research groups have developed such methods. This 

is probably due to the belief that the technology is difficult to implement and training is long. The 

present article intended to provide an argument convincing the reader that actually the protocols are 

now quite robust and the necessary investment limited. We hope TPM and MT on arrays will become 

soon a routine tool of the biophysics and molecular biology laboratories. 

 

Acknowledgements 

We thank the members of the Membrane and DNA dynamics team of IPBS and of the ABCD team of 
LPENS for stimulating discussions. We apologize to our colleagues of whom the work we could not 
cite for sake of conciseness. 
This research did not receive any specific grant from funding agencies in the public, 

commercial, or not-for-profit sectors. 

 

References  

[1] M. Yanagida, Y. Hiraoka, I. Katsura, Dynamic Behaviors of DNA Molecules in Solution Studied by 
Fluorescence Microscopy, Cold Spring Harb. Symp. Quant. Biol. 47 (1983) 177–187. 
doi:10.1101/SQB.1983.047.01.023. 

[2] D.E. Segall, P.C. Nelson, R. Phillips, Volume-Exclusion Effects in Tethered-Particle Experiments: 
Bead Size Matters, Phys. Rev. Lett. 96 (2006). doi:10.1103/PhysRevLett.96.088306. 

[3] D.A. Schafer, J. Gelles, M.P. Sheetz, R. Landick, Transcription by single molecules of RNA 
polymerase observed by light microscopy, Nature. 352 (1991) 444. doi:10.1038/352444a0. 

[4] N. Pouget, C. Dennis, C. Turlan, M. Grigoriev, M. Chandler, L. Salomé, Single‐particle tracking for 
DNA tether length monitoring, Nucleic Acids Res. 32 (2004) e73–e73. doi:10.1093/nar/gnh073. 

[5] S. Johnson, J.-W. van de Meent, R. Phillips, C.H. Wiggins, M. Lindén, Multiple LacI-mediated loops 
revealed by Bayesian statistics and tethered particle motion, Nucleic Acids Res. 42 (2014) 10265–
10277. doi:10.1093/nar/gku563. 



[6] D.T. Kovari, Y. Yan, L. Finzi, D. Dunlap, Tethered Particle Motion: An Easy Technique for Probing 
DNA Topology and Interactions with Transcription Factors, in: E.J.G. Peterman (Ed.), Single Mol. 
Anal. Methods Protoc., Springer New York, New York, NY, 2018: pp. 317–340. doi:10.1007/978-
1-4939-7271-5_17. 

[7] T.R. Strick, V. Croquette, D. Bensimon, Single-molecule analysis of DNA uncoiling by a type II 
topoisomerase, Nature. 404 (2000) 901–904. doi:10.1038/35009144. 

[8] D.A. Koster, V. Croquette, C. Dekker, S. Shuman, N.H. Dekker, Friction and torque govern the 
relaxation of DNA supercoils by eukaryotic topoisomerase IB, Nature. 434 (2005) 671–674. 
doi:10.1038/nature03395. 

[9] D. Dulin, B.A. Berghuis, M. Depken, N.H. Dekker, Untangling reaction pathways through modern 
approaches to high-throughput single-molecule force-spectroscopy experiments, Curr. Opin. 
Struct. Biol. 34 (2015) 116–122. doi:10.1016/j.sbi.2015.08.007. 

[10] S.B. Smith, L. Finzi, C. Bustamante, Direct mechanical measurements of the elasticity of single 
DNA molecules by using magnetic beads, Science. 258 (1992) 1122–1126. 
doi:10.1126/science.1439819. 

[11] J.-B. Lee, R.K. Hite, S.M. Hamdan, X.S. Xie, C.C. Richardson, A.M. Van Oijen, DNA primase acts as 
a molecular brake in DNA replication, Nature. 439 (2006) 621–624. doi:10.1038/nature04317. 

[12] D. Kamsma, R. Creyghton, G. Sitters, G.J.L. Wuite, E.J.G. Peterman, Tuning the Music: Acoustic 
Force Spectroscopy (AFS) 2.0, Methods. 105 (2016) 26–33. doi:10.1016/j.ymeth.2016.05.002. 

[13] L. Finzi, J. Gelles, Measurement of lactose repressor-mediated loop formation and breakdown in 
single DNA molecules, Science. 267 (1995) 378–380. doi:10.1126/science.7824935. 

[14] C. Gosse, V. Croquette, Magnetic tweezers: Micromanipulation and force measurement at the 
molecular level, Biophys. J. 82 (2002) 3314–3329. doi:10.1016/S0006-3495(02)75672-5. 

[15] N. Laurens, S.R.W. Bellamy, A.F. Harms, Y.S. Kovacheva, S.E. Halford, G.J.L. Wuite, Dissecting 
protein-induced DNA looping dynamics in real time, Nucleic Acids Res. 37 (2009) 5454–5464. 
doi:10.1093/nar/gkp570. 

[16] R.E. Thompson, D.R. Larson, W.W. Webb, Precise Nanometer Localization Analysis for Individual 
Fluorescent Probes, Biophys. J. 82 (2002) 2775–2783. doi:10.1016/S0006-3495(02)75618-X. 

[17] S. Ucuncuoglu, D.A. Schneider, E.R. Weeks, D. Dunlap, L. Finzi, Multiplexed, Tethered Particle 
Microscopy for Studies of DNA-Enzyme Dynamics, Methods Enzymol. 582 (2017) 415–435. 
doi:10.1016/bs.mie.2016.08.008. 

[18] G. Nir, M. Lindner, H.R.C. Dietrich, O. Girshevitz, C.E. Vorgias, Y. Garini, HU Protein Induces 
Incoherent DNA Persistence Length, Biophys. J. 100 (2011) 784–790. 
doi:10.1016/j.bpj.2010.12.3687. 

[19] D. Rutkauskas, H. Zhan, K.S. Matthews, F.S. Pavone, F. Vanzi, Tetramer opening in LacI-mediated 
DNA looping, Proc. Natl. Acad. Sci. 106 (2009) 16627–16632. doi:10.1073/pnas.0904617106. 

[20] L. Han, H.G. Garcia, S. Blumberg, K.B. Towles, J.F. Beausang, P.C. Nelson, R. Phillips, 
Concentration and Length Dependence of DNA Looping in Transcriptional Regulation, PLoS ONE. 
4 (2009) e5621. doi:10.1371/journal.pone.0005621. 

[21] S.-W. Liu, J.-F. Chu, C.-T. Tsai, H.-C. Fang, T.-C. Chang, H.-W. Li, Assaying the binding strength of 
G-quadruplex ligands using single-molecule TPM experiments, Anal. Biochem. 436 (2013) 101–
108. doi:10.1016/j.ab.2013.01.021. 

[22] F. Fournes, E. Crozat, C. Pages, C. Tardin, L. Salomé, F. Cornet, P. Rousseau, FtsK translocation 
permits discrimination between an endogenous and an imported Xer/dif recombination 
complex, Proc. Natl. Acad. Sci. 113 (2016) 7882–7887. doi:10.1073/pnas.1523178113. 

[23] N. Ribeck, O.A. Saleh, Multiplexed single-molecule measurements with magnetic tweezers, Rev. 
Sci. Instrum. 79 (2008) 094301. doi:10.1063/1.2981687. 

[24] J.P. Cnossen, D. Dulin, N.H. Dekker, An optimized software framework for real-time, high-
throughput tracking of spherical beads, Rev. Sci. Instrum. 85 (2014) 103712. 
doi:10.1063/1.4898178. 



[25] D.H. Paik, Y. Seol, W.A. Halsey, T.T. Perkins, Integrating a High-Force Optical Trap with Gold 
Nanoposts and a Robust Gold−DNA Bond, Nano Le]. 9 (2009) 2978–2983. 
doi:10.1021/nl901404s. 

[26] M.J. Barrett, P.M. Oliver, P. Cheng, D. Cetin, D. Vezenov, High Density Single-Molecule-Bead 
Arrays for Parallel Single Molecule Force Spectroscopy, Anal. Chem. 84 (2012) 4907–4914. 
doi:10.1021/ac3001622. 

[27] D. Qin, Y. Xia, G.M. Whitesides, Soft lithography for micro- and nanoscale patterning, Nat. 
Protoc. 5 (2010) 491–502. doi:10.1038/nprot.2009.234. 

[28] I. De Vlaminck, T. Henighan, M.T.J. van Loenhout, I. Pfeiffer, J. Huijts, J.W.J. Kerssemakers, A.J. 
Katan, A. van Langen-Suurling, E. van der Drift, C. Wyman, C. Dekker, Highly Parallel Magnetic 
Tweezers by Targeted DNA Tethering, Nano Lett. 11 (2011) 5489–5493. doi:10.1021/nl203299e. 

[29] T. Plénat, C. Tardin, P. Rousseau, L. Salomé, High-throughput single-molecule analysis of DNA-
protein interactions by tethered particle motion, Nucleic Acids Res. 40 (2012). 
doi:10.1093/nar/gks250. 

[30] D. Qin, Y. Xia, G.M. Whitesides, Soft lithography for micro- and nanoscale patterning, Nat Protoc. 
5 (2010) 491–502. doi:10.1038/nprot.2009.234. 

[31] J. Foncy, J.-C. Cau, C. Bartual-Murgui, J.M. François, E. Trévisiol, C. Sévérac, Comparison of 
polyurethane and epoxy resist master mold for nanoscale soft lithography, Microelectron. Eng. 
110 (2013) 183–187. doi:10.1016/j.mee.2013.03.102. 

[32] P.-O. Strale, A. Azioune, G. Bugnicourt, Y. Lecomte, M. Chahid, V. Studer, Multiprotein Printing by 
Light-Induced Molecular Adsorption, Adv. Mater. 28 (2016) 2024–2029. 
doi:10.1002/adma.201504154. 

[33] O. Theodoly, N. Garcia-Seyda, F. Bedu, X. Luo, S. Gabriele, T. Mignot, J. Giermanska, J.-P. Chapel, 
M. Métivier, M.-P. Valignat, Live nanoscopic to mesoscopic topography reconstruction with an 
optical microscope for chemical and biological samples, PLOS ONE. 13 (2018) e0207881. 
doi:10.1371/journal.pone.0207881. 

[34] A. Brunet, S. Chevalier, N. Destainville, M. Manghi, P. Rousseau, M. Salhi, L. Salome, C. Tardin, 
Probing a label-free local bend in DNA by single molecule tethered particle motion, Nucleic Acids 
Res. 43 (2015). doi:10.1093/nar/gkv201. 

[35] J.C. Marini, S.D. Levene, D.M. Crothers, P.T. Englund, Bent helical structure in kinetoplast DNA, 
Proc. Natl. Acad. Sci. U. S. A. 79 (1982) 7664–7668. 

[36] P.C. van der Vliet, C.P. Verrijzer, Bending of DNA by transcription factors, BioEssays. 15 (1993) 
25–32. doi:10.1002/bies.950150105. 

[37] R. Rohs, S.M. West, A. Sosinsky, P. Liu, R.S. Mann, B. Honig, The role of DNA shape in protein–
DNA recognition, Nature. 461 (2009) 1248–1253. doi:10.1038/nature08473. 

[38] S. Harteis, S. Schneider, Making the Bend: DNA Tertiary Structure and Protein-DNA Interactions, 
Int. J. Mol. Sci. 15 (2014) 12335–12363. doi:10.3390/ijms150712335. 

[39] J.P. Peters, L.J. Maher, DNA curvature and flexibility in vitro and in vivo, Q. Rev. Biophys. 43 
(2010) 23–63. doi:10.1017/S0033583510000077. 

[40] N. Pouget, C. Turlan, N. Destainville, L. Salomé, M. Chandler, IS911 transpososome assembly as 
analysed by tethered particle motion, Nucleic Acids Res. 34 (2006) 4313–4323. 
doi:10.1093/nar/gkl420. 

[41] C.T. Diagne, M. Salhi, E. Crozat, L. Salomé, F. Cornet, P. Rousseau, C. Tardin, TPM analyses reveal 
that FtsK contributes both to the assembly and the activation of the XerCD-dif recombination 
synapse, Nucleic Acids Res. 42 (2014) 1721–1732. doi:10.1093/nar/gkt1024. 

[42] C. Rivetti, C. Walker, C. Bustamante, Polymer chain statistics and conformational analysis of DNA 
molecules with bends or sections of different flexibility, J. Mol. Biol. 280 (1998) 41–59. 
doi:10.1006/jmbi.1998.1830. 

[43] H.S. Koo, H.M. Wu, D.M. Crothers, DNA bending at adenine . thymine tracts, Nature. 320 (1986) 
501–506. doi:10.1038/320501a0. 

[44] D. MacDonald, K. Herbert, X. Zhang, T. Pologruto, P. Lu, T. Polgruto, Solution structure of an A-
tract DNA bend, J. Mol. Biol. 306 (2001) 1081–1098. doi:10.1006/jmbi.2000.4447. 



[45] A. Brunet, L. Salomé, P. Rousseau, N. Destainville, M. Manghi, C. Tardin, How does temperature 
impact the conformation of single DNA molecules below melting temperature?, Nucleic Acids 
Res. 46 (2018) 2074–2081. doi:10.1093/nar/gkx1285. 

[46] M. Manghi, C. Tardin, J. Baglio, P. Rousseau, L. Salomé, N. Destainville, Probing DNA 
conformational changes with high temporal resolution by tethered particle motion, Phys. Biol. 7 
(2010) 046003. 

[47] A. Brunet, C. Tardin, L. Salomé, P. Rousseau, N. Destainville, M. Manghi, Dependence of DNA 
Persistence Length on Ionic Strength of Solutions with Monovalent and Divalent Salts: A Joint 
Theory–Experiment Study, Macromolecules. 48 (2015) 3641–3652. 
doi:10.1021/acs.macromol.5b00735. 

[48] S. Guilbaud, L. Salomé, N. Destainville, M. Manghi, C. Tardin, Dependence of DNA Persistence 
Length on Ionic Strength and Ion Type, Phys. Rev. Lett. 122 (2019) 028102. 
doi:10.1103/PhysRevLett.122.028102. 

[49] S. Haldar, R. Tapia-Rojo, E.C. Eckels, J. Valle-Orero, J.M. Fernandez, Trigger factor chaperone acts 
as a mechanical foldase, Nat. Commun. 8 (2017). doi:10.1038/s41467-017-00771-6. 

[50] G. Sitters, D. Kamsma, G. Thalhammer, M. Ritsch-Marte, E.J.G. Peterman, G.J.L. Wuite, Acoustic 
force spectroscopy, Nat. Methods. 12 (2015) 47–50. doi:10.1038/nmeth.3183. 

[51] K.C. Neuman, A. Nagy, Single-molecule force spectroscopy: Optical tweezers, magnetic tweezers 
and atomic force microscopy, Nat. Methods. 5 (2008) 491–505. doi:10.1038/nmeth.1218. 

[52] H. Sadeghian, R. Herfst, B. Dekker, J. Winters, T. Bijnagte, R. Rijnbeek, High-throughput atomic 
force microscopes operating in           parallel, Rev. Sci. Instrum. 88 (2017) 033703. 
doi:10.1063/1.4978285. 

[53] M. Soltani, J. Lin, R.A. Forties, J.T. Inman, S.N. Saraf, R.M. Fulbright, M. Lipson, M.D. Wang, 
Nanophotonic trapping for precise manipulation of biomolecular arrays, Nat. Nanotechnol. 9 
(2014) 448–452. doi:10.1038/nnano.2014.79. 

[54] E.R. Dufresne, G.C. Spalding, M.T. Dearing, S.A. Sheets, D.G. Grier, Computer-Generated 
Holographic Optical Tweezer Arrays, Rev. Sci. Instrum. 72 (2001) 1810. doi:10.1063/1.1344176. 

[55] J. Leach, G. Sinclair, P. Jordan, J. Courtial, M.J. Padgett, J. Cooper, Z.J. Laczik, 3D manipulation of 
particles into crystal structures using holographic optical tweezers, Opt. Express. 12 (2004) 220. 
doi:10.1364/OPEX.12.000220. 

[56] E. Ostrofet, F.S. Papini, D. Dulin, Correction-free force calibration for magnetic tweezers 
experiments (Scientific Reports, (2018), 8, 1, (15920), 10.1038/s41598-018-34360-4), Sci. Rep. 8 
(2018). doi:10.1038/s41598-018-36219-0. 

[57] Z. Yu, D. Dulin, J. Cnossen, M. Köber, M.M. van Oene, O. Ordu, B.A. Berghuis, T. Hensgens, J. 
Lipfert, N.H. Dekker, A force calibration standard for magnetic tweezers, Rev. Sci. Instrum. 85 
(2014) 123114. doi:10.1063/1.4904148. 

[58] F. Ding, M. Manosas, M.M. Spiering, S.J. Benkovic, D. Bensimon, J.-F. Allemand, V. Croquette, 
Single-molecule mechanical identification and sequencing, Nat. Methods. 9 (2012) 367-U74. 
doi:10.1038/NMETH.1925. 

[59] A. Huhle, D. Klaue, H. Brutzer, P. Daldrop, S. Joo, O. Otto, U.F. Keyser, R. Seidel, Camera-based 
three-dimensional real-time particle tracking at kHz rates and Ångström accuracy, Nat. Commun. 
6 (2015). doi:10.1038/ncomms6885. 

[60] G.J.L. Wuite, S.B. Smith, M. Young, D. Keller, C. Bustamante, Single-molecule studies of the effect 
of template tension on T7 DNA polymerase activity, Nature. 404 (2000) 103–106. 
doi:10.1038/35003614. 

[61] M. Manosas, M.M. Spiering, F. Ding, D. Bensimon, J.-F. Allemand, S.J. Benkovic, V. Croquette, 
Mechanism of strand displacement synthesis by DNA replicative polymerases, Nucleic Acids Res. 
40 (2012) 6174–6186. doi:10.1093/nar/gks253. 

[62] B. Ibarra, Y.R. Chemla, S. Plyasunov, S.B. Smith, J.M. Lázaro, M. Salas, C. Bustamante, 
Proofreading dynamics of a processive DNA polymerase, EMBO J. 28 (2009) 2794–2802. 
doi:10.1038/emboj.2009.219. 



[63] D. Dulin, J.J. Arnold, T. van Laar, H.-S. Oh, C. Lee, A.L. Perkins, D.A. Harki, M. Depken, C.E. 
Cameron, N.H. Dekker, Signatures of Nucleotide Analog Incorporation by an RNA-Dependent 
RNA Polymerase Revealed Using High-Throughput Magnetic Tweezers, Cell Rep. 21 (2017) 1063–
1076. doi:10.1016/j.celrep.2017.10.005. 

[64] D. Dulin, I.D. Vilfan, B.A. Berghuis, S. Hage, D.H. Bamford, M.M. Poranen, M. Depken, N.H. 
Dekker, Elongation-Competent Pauses Govern the Fidelity of a Viral RNA-Dependent RNA 
Polymerase, Cell Rep. 10 (2015) 983–992. doi:10.1016/j.celrep.2015.01.031. 

[65] M. Manosas, M.M. Spiering, F. Ding, D. Bensimon, J.-F. Allemand, S.J. Benkovic, V. Croquette, 
Mechanism of strand displacement synthesis by DNA replicative polymerases, Nucleic Acids Res. 
40 (2012) 6174–6186. doi:10.1093/nar/gks253. 

[66] T.R. Strick, J.F. Allemand, D. Bensimon, A. Bensimon, V. Croquette, The elasticity of a single 
supercoiled DNA molecule, Science. 271 (1996) 1835–1837. doi:10.1126/science.271.5257.1835. 

[67] A. La Porta, M.D. Wang, Optical torque wrench: Angular trapping, rotation, and torque detection 
of quartz microparticles, Phys. Rev. Lett. 92 (2004) 190801-1-190801–4. 
doi:10.1103/PhysRevLett.92.190801. 

[68] N.H. Dekker, V.V. Rybenkov, M. Duguet, N.J. Crisona, N.R. Cozzarelli, D. Bensimon, V. Croquette, 
The mechanism of type IA topoisomerases, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 12126–12131. 
doi:10.1073/pnas.132378799. 

[69] M. Mills, Y.-C. Tse-Dinh, K.C. Neuman, Direct observation of topoisomerase IA gate dynamics, 
Nat. Struct. Mol. Biol. 25 (2018) 1111–1118. doi:10.1038/s41594-018-0158-x. 

[70] D.A. Koster, K. Palle, E.S.M. Bot, M.-A. Bjornsti, N.H. Dekker, Antitumour drugs impede DNA 
uncoiling by topoisomerase I, Nature. 448 (2007) 213–217. doi:10.1038/nature05938. 

[71] Y. Seol, H. Zhang, Y. Pommier, K.C. Neuman, A kinetic clutch governs religation by type IB 
topoisomerases and determines camptothecin sensitivity, Proc. Natl. Acad. Sci. U. S. A. 109 
(2012) 16125–16130. doi:10.1073/pnas.1206480109. 

[72] E.C. Greene, S. Wind, T. Fazio, J. Gorman, M.L. Visnapuu, DNA curtains for high-throughput 
single-molecule optical imaging., Methods Enzymol. 472 (2010) 293–315. 

[73] M. Manosas, M.M. Spiering, Z. Zhuang, S.J. Benkovic, V. Croquette, Coupling DNA unwinding 
activity with primer synthesis in the bacteriophage T4 primosome, Nat. Chem. Biol. 5 (2009) 
904–912. doi:10.1038/nchembio.236. 

[74] K.E. Duderstadt, H.J. Geertsema, S.A. Stratmann, C.M. Punter, A.W. Kulczyk, C.C. Richardson, 
A.M. van Oijen, Simultaneous Real-Time Imaging of Leading and Lagging Strand Synthesis Reveals 
the Coordination Dynamics of Single Replisomes, Mol. Cell. 64 (2016) 1035–1047. 
doi:10.1016/j.molcel.2016.10.028. 

[75] J.S. Lewis, L.M. Spenkelink, G.D. Schauer, F.R. Hill, R.E. Georgescu, M.E. O’Donnell, A.M. van 
Oijen, Single-molecule visualization of Saccharomyces cerevisiae leading-strand synthesis reveals 
dynamic interaction between MTC and the replisome, Proc. Natl. Acad. Sci. 114 (2017) 10630–
10635. doi:10.1073/pnas.1711291114. 

[76] H. Kabata, O. Kurosawa, washizu, Visualization of single molecules of RNA polymerase sliding 
along DNA, Science. 262 (1993) 1561. 

[77] I.J. Finkelstein, M.-L. Visnapuu, E.C. Greene, Single-molecule imaging reveals mechanisms of 
protein disruption by a DNA translocase, Nature. 468 (2010) 983–987. doi:10.1038/nature09561. 

[78] C. Igarashi, A. Murata, Y. Itoh, D.R.G. Subekti, S. Takahashi, K. Kamagata, DNA Garden: A Simple 
Method for Producing Arrays of Stretchable DNA for Single-Molecule Fluorescence Imaging of 
DNA-Binding Proteins, Bull. Chem. Soc. Jpn. 90 (2016) 34–43. doi:10.1246/bcsj.20160298. 

[79] P.S. Doyle, B. Ladoux, J.-L. Viovy, Dynamics of a Tethered Polymer in Shear Flow, Phys. Rev. Lett. 
84 (2000) 4769–4772. doi:10.1103/PhysRevLett.84.4769. 

[80] S. Sathish, S.G. Ricoult, K. Toda-Peters, A.Q. Shen, Microcontact printing with aminosilanes: 
creating biomolecule micro- and nanoarrays for multiplexed microfluidic bioassays, Analyst. 142 
(2017) 1772–1781. doi:10.1039/C7AN00273D. 

[81] R. Ghaemi, M. Dabaghi, R. Attalla, A. Shahid, H.-H. Hsu, P.R. Selvaganapathy, Use of flame 
activation of surfaces to bond PDMS to variety of substrates for fabrication of multimaterial 



microchannels, J. Micromechanics Microengineering. 28 (2018) 087001. doi:10.1088/1361-
6439/aabd29. 

[82] F.E. Kemmerich, M. Swoboda, D.J. Kauert, M.S. Grieb, S. Hahn, F.W. Schwarz, R. Seidel, M. 
Schlierf, Simultaneous Single-Molecule Force and Fluorescence Sampling of DNA Nanostructure 
Conformations Using Magnetic Tweezers, Nano Lett. 16 (2016) 381–386. 
doi:10.1021/acs.nanolett.5b03956. 

[83] E.T. Graves, C. Duboc, J. Fan, F. Stransky, M. Leroux-Coyau, T.R. Strick, A dynamic DNA-repair 
complex observed by correlative single-molecule nanomanipulation and fluorescence, Nat. 
Struct. Mol. Biol. 22 (2015) 452–457. doi:10.1038/nsmb.3019. 

[84] J. Fan, M. Leroux-Coyau, N.J. Savery, T.R. Strick, Reconstruction of bacterial transcription-coupled 
repair at single-molecule resolution, Nature. 536 (2016) 234–237. doi:10.1038/nature19080. 

[85] H. Brutzer, F.W. Schwarz, R. Seidel, Scanning Evanescent Fields Using a pointlike Light Source and 
a Nanomechanical DNA Gear, Nano Lett. 12 (2012) 473–478. doi:10.1021/nl203876w. 

 
  



Figure Captions 

Figure 1: Parallelization of TPM and MT experiments on nanoarrays. 

A. Fabrication of the arrays by microcontact printing. 1. Standard mode: 1a) an elastomeric stamp is 

molded on a silicon wafer with the inverse features, 1b) inking of the stamp by incubation of the 

stamp with the anchoring molecule solution followed by a drying step, 1c) the inked face of the 

stamp is put in contact with a clean and eventually pre-treated microscope glass slide, 1d) upon 

removal of the stamp, the anchoring molecules transferred from the stamp remain on the 

substrate. 2. Subtraction mode: 2a) a silicon template with a negative image of the desired 

pattern is applied to an inked planar elastomeric stamp, 2b) transfer of the anchoring molecules 

occur in the contact zones and the anchor patterns remain on the elastomer upon lifting the 

silicon, 2c) the elastomer is applied on a clean and eventually pre-treated microscope glass slide, 

2d) the pattern of anchoring molecules is transferred to the substrate. 

B. Regular arrays of anchoring spots can be printed on mm2 sized areas by the above methods 

chosen depending on the spot size and pitch desired. 

C. A minimum distance between nearest neighbors is required to avoid interferences between DNA 

and beads for TPM experiments and attraction between the magnetic beads for MT experiments. 

D. Preformed DNA-bead complexes self-assemble on the nanoarrays (dark-field microscopy imaging 

with a X51 magnification (see text) 

Figure 2: Treatment of the data before analysis. After correction of the positions of the tethered 

particles by the drift of their anchoring point, those with symmetrical trajectories are selected if their 

symmetry factor S<1.35. S is calculated as B = √(CDEF/CDHI) where CDEF and CDHI are the 

eigenvalues of the covariance matrix of the 2D corrected positions. Then the particles out of the 

normal distribution of the amplitude of motion J//KFL and the relaxation time M are discarded, and 

the video-averaging effect is corrected on the amplitude of motion.  Finally, the mean amplitude of 

motion of the tethered particles are calculated and the uncertainty is obtained by bootstrap. All 

these steps permitted us to observe the decrease induce by the presence of increased number of 

bends assembled in phase (green circle) located at the center of a ∼ 600 bp DNA molecule with a 

reduced uncertainty that is smaller than the marker size. This decrease disappears when the 4 

intrinsic bends are assembled out of phase (black circle).  

Figure 3: Enzymatic activity can be force controlled. Using optical tweezers A) Wuite et al observed  

that at high force T7 DNA polymerase can switch from primer extension activity, where DNA 

extension shortens, to exonuclease activity where bead to bead distance increase with time B). 

Adapted from [60]. Similarly on a DNA hairpin, the exonuclease activity can be switched on from a 

strand displacement activity on T4 and T7 DNA polymerases (C and D). Polymerase speed is positive 

when polymerizing and negative in the exonulease mode G). Speed is measured thanks to the change 

in DNA extension. Around 8pN the speed is almost 0 as it is the critical force where the polymerases 

continuously switch from one mode to the other. Increasing the force increase the polymerizing time 

and as a consequence the average speed becomes positive. Adapted from[65]. 

   

Figure 4: Duderstadt et al designed a construct with 2 beads attached to study T7 replisome A). The 

success rate of the construct, where different outcomes may happen (C), is low. Parallelization is 

needed to observe enough events. A low magnification microscope with a camera with 29 Mpixels 

are used to ensure the observation of a very large field of view B). To detect interesting events one 

must detect in the image, among about 20000 beads the ones with 2 close beads aligned by the flow. 

Their movement in the flow, in the direction of the flow for leading strand synthesis or in the 

opposite direction for loop synthesis provides information on the kinetics and coordination of the 



synthesis of the two strands. These observations lead to the conclusion that the replisome has 

plasticity in its operation modes. Adapted from [74]. 
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