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 Force measurements provide new fundamental and com-

plementary information on biomolecular interactions, par-

ticularly in the high and low affi nity regimes, which may 

hardly be obtained otherwise. [  1  ]  We introduce a label free 

parallel format assay to quantify the binding forces in pro-

tein–DNA complexes on a chip in crowded environments. 

It employs arrays of molecular force balances with fl uo-

rescent read-out and fulfi lls all essential criteria for high 

throughput screening. The assay is fast, easy to operate and 

requires only a quantitative fl uorescence microscope as 

instrumentation. 

 Despite years of intensive research, the need for a deeper 

understanding of protein–DNA interactions remains emi-

nent. [  2  ]  A multitude of different techniques were introduced 

over the past years to characterize intrinsic affi nities and dis-

sociation constants in low throughput formats. [  3  ]  However, 

the growing complexity of the systems e.g. in epigenetics or 

systems biology, spurs the urgent need for precise and reli-

able high-throughput methods, which can provide large data 

sets not only on the qualitative level but moreover give quan-

titative information on the underlying biophysics of protein–

DNA interactions. [  2  ]  

 Conventional techniques measure protein–DNA inter-

actions by comparing them with the energy of thermal exci-

tations, e.g. by “counting” the number of proteins bound 

to DNA at different concentrations, or determine rates by 

measuring the kinetics of the return to equilibrium after a 

disturbance. [  4–8  ]  Weak interactions will thus result in fast off 

rates and may be missed in washing steps whereas strong 

interactions will result in off rates beyond the time span of 

the experiments. [  9  ,  10  ]  These protein–DNA interactions are the 

result of forces between the binding partners, which promise 

higher accuracy when measured directly. Single molecule 

force techniques, like optical or magnetic tweezers or AFM, 

have successfully been used to quantify binding forces with 

superb precision, but none of these methods offers high 

throughput. [  11–17  ]  The lack of suitable methods to achieve a 
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high level of parallelization in force measurements was up to 

now the dominant bottleneck. 

 Recently, we introduced a comparative force assay, which 

employs molecular force probes (MFP) consisting of a refer-

ence complex as force sensor and labels for the fl uorescent 

readout. We successfully used this assay to measure DNA-

ligand binding in crowded and complex molecular environ-

ments. The format requires no labeling of the DNA binding 

ligand itself, and is applicable over a broad range of affi ni-

ties (p m  to m m ). [  18–22  ]  Here, we present a binding force chip, 

which for simplicity we refer to as BiFo-Chip. It is a conse-

quent miniaturization and parallelization, which uses an array 

of different MFPs to characterize the binding forces between 

DNA and proteins in a very sensitive manner. Parallel arrays 

of MFPs with different reference complexes are used acting 

as analog to digital converters for the binding forces under 

investigation. The size of the MFP spots was reduced to a 

diameter of approximately 20  μ m, providing the feature den-

sity needed for high-throughput applications. 

 As depicted in  Figure    1  , the MFPs used in this study are 

anchored covalently via one DNA strand to the (lower) chip 

surface at a density of around 10 4  MFPs per  μ m 2 . Each MFP 

is comprised of three DNA strands. These three DNA strands 

form two DNA duplexes coupled in series, a 20 bp target 

duplex (upper duplex, red), as well as a reference duplex with 

15 bp to 50 bp (lower duplex, black and blue). The middle 

DNA strand carries Cy5 as a fl uorescent marker while the 

other strand of the target duplex has a Cy3 fl uorescence 

marker at one end and biotin at the other end for coupling 

via streptavidin to the upper surface, which consists of an 

elastomer stamp with a square pattern of drainage channels. 

Upon separation of the two surfaces, a force builds up gradu-

ally in each individual MFP until either the target duplex or 

the reference duplex ruptures. Subsequently, the ratio of rup-

tured target to reference duplexes is read out on the lower 

surface with a quantitative fl uorescence microscope and 

analyzed to calculate the normalized fl uorescence (NF). The 

NF is defi ned as the ratio of broken target bonds to the total 

number of MFPs that were under load. Accordingly, the NF is 

a quantitative measure which describes the relative mechan-

ical stability between the target and reference DNA duplex 

of a MFP. The color-coded fl uorescence maps of the two 

experiments (see Figure  1 ) show clearly that in the symmetric 

case NF is close to 0.5 with small local variations, whereas 

the asymmetric MFP shows a NF of close to 1.0. It should be 

noted here that the physical force measurement - the com-

parison of the sample force with a reference force - occurs 

simultaneously in all 10 11  MFPs on the cm 2  chip within frac-

tions of a second in the moment when the stamp is removed, 
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     Figure  2 .     Implementation of the BiFo-Chip. Numbers in white boxes specify the reference 
duplex length in base pairs. (a) NF images of a representative BiFo-Chip experiment with 
a spot-size of 1 mm per type of MFP. (b) BiFo-microarray. (c) NF high-resolution image of a 
single BiFo-unit. (d) Graph of the mean NF against the reference duplex length. With growing 
reference duplex length the NF increases from approx. 0.35 at 15 bp to approx. 0.80 at 
50 bp. Above a length of 40 bp (light yellow), the rupture forces of the DNA-oligomers reach 
signifi cantly into B-S transition of DNA at 65 pN, which results in a plateau in NF. Black fi lled 
circle: NF-mean and s.e.m. of 32 spots of 1 mm diameter (as in (a)); fi lled red square: NF-mean 
and s.e.m. of 25 units BiFo-microarray; black empty square: single, typical BiFo-microarray 
unit; grey fi lled diamond: high-res. NF-image (as in (c)).  
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     Figure  1 .     Schematics of a BiFo-Chip. The MFPs are composed of two dsDNA duplexes, a target 
duplex and a reference duplex, which are coupled in series and connected between two 
surfaces. After separation of the surfaces: 20 bp reference duplex versus 20 bp target duplex 
results in a normalized fl uorescence (NF) of 0.5 (left), while 50 bp reference duplex versus 
20 bp target duplex results in a NF  >  >  0.5. In the NF image the contacted and probed areas 
are clearly visible (microstructure of 100  μ m x 100  μ m squares).  
while the readout via fl uorescence may 

occur serially at a much later time e.g. via 

slow scanning.  

 In  Figure    2  , the implementation of 

the BiFo-Chip at different length scales is 

demonstrated in a series of representative 

experiments. The BiFo-Chip utilizes eight 

different reference duplexes ranging in 

5 bp steps from 15 bp through 50 bp and the 

target duplex has a length of 20 bp. While 

in Figure  2 (a) a BiFo-Chip experiment 

was performed as proof of principle with 

1 mm (diameter) spots per type of reference 

duplex, in Figure  2 (b) a NF-image section 

of a BiFo-microarray with identical units is 

shown, and Figure  2 (c) presents a high res-

olution NF-image of a single BiFo-micro-

array unit. A comparison of the NF-values 

for the BiFo-Chip at different length scales 

is illustrated in Figure  2 (d). In summary, 

fl uctuations in the NF values are virtu-

ally independent of the feature size, which 

means that we can achieve even further 

miniaturization with no degradation in 

readout accuracy. The dashed curve is the 

analytical solution based on the Bell-Evans 

model (Supporting Information). [  23  ,  24  ]   

 The central idea of the BiFo-Chip as 

a sensor for DNA-ligand interactions is 

based on a zero-compensation measure-

ment, a concept which is widely used for 

extremely sensitive measurements and is 
3270 www.small-journal.com © 2012 Wiley-VCH Verlag GmbH & Co. KGaA,
best understood by analogy to a simple 

balance, where the gravitational force of an 

object is compared to that of a reference 

and where more and more counterweights 

are added until fi nally the difference con-

verges to zero. In the case of BiFo-Chip, 

we design the target duplex such that it 

will bind to the analyte, whereas the ref-

erence duplex does not. We now compare 

the binding force of the analyte-complexed 

target duplex with the binding force of the 

reference duplexes. On different spots of 

the array, we offer MFPs with different ref-

erence duplex lengths. We offer, so to say, 

an array of balances with different counter-

weights and identify that spot where NF  =  

0.5, which means that the difference is zero. 

Thereby, it must be taken into account that 

the reference force is not only depending 

on the reference duplex length but also on 

the reference duplex composition of A-T 

and G-C base pairs. A demonstration of the 

wide range of applications of BiFo-Chip 
 Weinheim small 2012, 8, No. 21, 3269–3273
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     Figure  3 .     Characterization of DNA-binders via the BiFo-Chip. 
(a) Polyamide P1 (b) Endonuclease EcoRI (c) Transcription factor p53 
DNA-binding domain. In all three cases the target duplex carries a 
specifi c recognition sequence for the corresponding ligand, while the 
reference duplex does not. The complex of ligand and target DNA duplex 
exhibits a higher unbinding force as the target duplex itself. Thus, the NF 
is shifted to a lower value. The dashed curves represent the analytical 
solution based on the Bell-Evans 2-state model.  
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as a force sensor for three different types of DNA binders 

(pyrrole-imidazole hairpin polyamide, restriction endonu-

clease and transcription factor) is given in  Figure    3  . The target 

duplexes contain the corresponding target sequences, while 

the reference duplexes are lacking any binding site (alterna-

tively L-DNA may be chosen for the reference duplexes). The 

BiFo-chip was incubated with the corresponding analyte at a 

concentration at least two orders above the dissociation con-

stant. A description of the DNA oligomers, which were used 

to assemble the 3  ×  8 different MFPs, can be found in the Sup-

porting Information.  

 Figure  3 (a) shows the interaction of a pyrrole-imida-

zole hairpin polyamide (P1), which is programmed to bind 

to the six-base-pair DNA sequence 5 ′ -TGGTCA-3 ′ . [  19  ,  20  ]  

Figure  3 (b) demonstrates the interaction of a type II 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 8, No. 21, 3269–3273
restriction endonuclease (EcoRI). EcoRI binds as a dimer 

to the palindromic DNA target site 5 ′ -GAATTC-3 ′  without 

enzymatic activity in the absence of Mg 2 +   ion cofactor. 

Finally, Figure  3 (c) shows the interaction of the tumor sup-

pressor protein p53 DNA-binding domain with the DNA 

consensus sequence CON2  ×  5. [  25  ]  The p53 protein belongs 

to the family of transcription factors. The DNA-binding 

domain of p53 binds cooperatively as a dimer to CON2  ×  

5. Thereby the ligands cover approximately from 6 to 12 bp 

center positioned on the 20 bp target duplex, leaving several 

bp free to each side of the target duplex. In Figure  3 , dark 

blue circles represent the measurement without ligand and 

light blue squares the equivalent experiment with ligand. In 

all three cases the NF drops to a lower value in the pres-

ence of the ligand. The red dashed line at NF  =  0.5 marks the 

difference in mechanical stability caused by the ligand-DNA 

interaction. The dashed gray curve originates also from the 

2-state model but should not be over-interpreted, since a 

2-state model omits the details of the energy landscape that 

must be overcome in the rupture process and therefore rep-

resents the rupture process of the ligand-DNA complex only 

in a zero order approximation. 

 If needed, the absolute values of the forces in Figure  3  

in units of pN may be obtained by a comparison with AFM-

based single molecule force spectroscopy data. At a loading 

rate of 10 5  pN s  − 1  the 10 bp duplex ruptures at 45 pN and the 

30 bp at 54 pN. [  26  ]  More importantly for the discussion here, 

and also more intuitive, is the relative comparison. Figure  3 (a) 

illustrates that the polyamide stabilizes the DNA duplex in 

the same way as an extension of the duplex by 9.5 bp would 

do, and the interaction of EcoRI stabilizes it even more, 

equivalent to an extension of the duplex by 27.7 bp. To match 

a p53-DNA complex, one would have to extend the reference 

duplex by more than 30 bp. To quantify even strong binders 

like p53 more precisely, one might want to extend the range 

of reference forces. This can be accomplished, e.g. by adding 

one, two or more binding sites for a certain polyamide into 

a reference duplex. Hereby it is possible to use L-DNA ref-

erence duplexes and polyamides, which bind exclusively to 

L-DNA. Thus any interference of the polyamide with the 

investigated ligand is avoided. Alternatively, synthetic nucleic 

acids like PNA may be included in the reference complex, 

increasing its stability. It should be noted here, that this 

method not only provides interaction forces, but has also 

the potential to determine the dissociation constant in one 

measurement when the binding stoichiometry is known and 

the titration curve is determined for one target sequence. [  27  ]  

In addition, BiFo-Chip measurements with different pulling 

velocities may also provide lifetimes and characteristic inter-

action distances of the prominent activation barriers of pro-

tein–DNA interactions on a high-throughput level, which is 

not possible with binding affi nity assays and until now was 

only accessible with force-based techniques. [  27  ]  Furthermore, 

the BiFo-Chip is by principle not affected by unspecifi c 

binding of the protein to the chip surface, since the BiFo-

Chip detects the interaction between DNA and ligand and 

not merely the presence of ligand. Therefore, the BiFo-Chip 

does not exhibit stringency washing or background problems 

as do binding affi nity assays. [  22  ]  
3271www.small-journal.comH & Co. KGaA, Weinheim
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 In summary, we have demonstrated the fi rst high-

throughput format for biomolecular force measurements. 

We characterized with this assay the interaction forces of 

three different types of unlabeled analytes. This force-based 

method enables the measurement of new types of interac-

tion parameters that thus far have been inaccessible for high-

throughput techniques.  

 Experimental Section 

 The fabrication of the BiFo-Chip and the PDMS stamp can be found 
in the Supporting Information. 

  Ligands and Incubation : Prior to the measurement, the DNA-
chips were incubated with the corresponding buffer solution. 
Synthesis, composition and function of the pyrrole-imidazole 
hairpin polyamide P1 have been described previously. [  19  ,  28  ]  
Polyamide measurements were performed in 1 ×  PBS containing 
10 n M  P1. Commercial grade EcoRI (32 kDa per monomer, 2  ×  
10 6  U mg  − 1  specifi c activity, 100 000 U ml  − 1  stock concentration) 
was purchased from NEB and used in the experiment directly 
without further purifi cation at a fi nal concentration of 7 n M . 
EcoRI buffer solution is composed of 10 m M  Hepes, 50 m M  DTT, 
100 mg ml  − 1  BSA, 170 m M  NaCl and 1 m M  EDTA (pH of 7.6). Wild-
type p53DBD consists of residues 94-312 of human p53. Expres-
sion and purifi cation of human p53DBD has been described 
elsewhere. [  25  ]  The p53DBD buffer is composed of 50 m M  potas-
sium phosphate, pH 6.8, 50 m M  KCl and 5 m M  DTT. The p53DBD 
measurements were performed at a concentration of 3  μ  M . All 
control measurements were carried out with the same buffer 
solutions but without ligand. Each DNA-chip was incubated for at 
least 1 h prior to measurement. All experiments were performed 
at room temperature. 

  Contact process, readout and analysis : A detailed description 
of the measurement process can be found in a previous paper. [  22  ]  
Briefl y, a custom-built contact device mounted on a fl uorescence 
microscope controls contact and separation between PDMS stamp 
and DNA-chip via a closed-loop piezoelectric actuator. At fi rst, 
DNA-chip and the soft PDMS stamp are apart. Cy5 is excited with 
a LED (627 nm peak wavelength) and the fl uorescence signal (F A  A ) 
of the DNA-chip is measured. Then Cy3 is excited with a second 
LED (530 nm peak wavelength) and the fl uorescence signal (F D  A ) of 
Cy5 is measured. The PDMS stamp is lowered with the piezoelec-
tric actuator until both surfaces are brought into contact, allowing 
to connect strand 3 of the MFPs to the streptavidin on the PDMS 
surface (complex formation of biotin • streptavidin). After 10 min 
the PDMS stamp is moved upwards to separate the surfaces with 
a retract velocity of 5  μ m s  − 1 . The applied PDMS stamp retraction 
velocity of 5  μ m s  − 1  is chosen that on the one hand the timescale 
of force probing is small compared to the timescale of inverse dis-
sociation rate and on the other hand the deformation of the elastic 
PDMS stamp is not infl uencing the measurement distinctly. After-
wards, F A  A  and F D  A  are read out a second time. For each region of 
interest the four fl uorescence images (F A  A  and F D  A  before contact 
and after separation) are analyzed to determine the normalized 
fl uorescence intensity with custom-build analysis software written 
in LabVIEW.   
2 www.small-journal.com © 2012 Wiley-VCH V
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1. Fabrication of the BiFo-chip (Bottom surface) 

The DNA-chip has been assembled as described previously except for some minor 

modifications described here.[1] DNA oligomers were purchased HPLC grade from IBA 

GmbH (Goettingen, Germany). Each MFP is composed of three DNA oligomers 1, 2 and 3. 

These 3 DNA strands form 2 hybridized dsDNA duplexes, 1 • 2 and 2 • 3, which are coupled 

in series via DNA oligomer 2. Thereby, DNA oligomer 1 is covalently linked to the glass 

slide. DNA oligomer 3 is modified with biotin in order to form a link to the top surface 

(PDMS stamp) after contact. DNA oligomer 1 has an amine-modification at the end of the 

spacer, which allows covalent linkage to aldehyde-functionalized glass slides (Schott GmbH, 

Jena, Germany). For the 1 mm spot size DNA-chip, we spotted 1 µl drops of 5! SSC (saline 
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sodium citrate; Sigma-Aldrich GmbH, Munich, Germany) containing 25 µM oligomer 1 on 

the aldehyde slide in a 4 ! 4 pattern and incubated the slide in a saturated NaCl ddH2O 

atmosphere overnight.  

For the production of BiFo-microarrays, we deposited the same DNA oligomer 1 solution on 

the glass slide with a microplotter (GIX, Sonoplot, Middleton, USA). A standard glass 

capillary (World Precision Instruments, Inc.) with an inner diameter of 5 "m was used, which 

resulted in spots of the diameter of around 20 "m on the glass slide (dispenser voltage 2 V 

and 0.1 s dispensing time). The spots were deposited in a hexagonal grid with a 30 "m spot-

to-spot distance at a controlled humidity of 65%. 

Afterwards, we washed the slide with ddH2O containing 0.2% sodium dodecyl sulfate (SDS; 

VWR Scientific GmbH, Darmstadt, Germany) and thoroughly rinsed it with ddH2O. Then, we 

reduced the resulting Schiff bases with 1% aqueous NaBH4 (VWR Scientific GmbH, 

Darmstadt, Germany) for 90 min. Subsequently, the slide was washed with 1! SSC and 

thoroughly rinsed with ddH2O. In order to reduce nonspecific binding, the slide was blocked 

in 1! SSC containing 4% bovine serum albumin (BSA; Sigma-Aldrich GmbH, Munich, 

Germany) for 20 min. The 100 nM Cy5-modified oligomer 2 and 200 nM biotin-modified 

oligomer 3 were hybridized to the latter for 30 min, completing the 1 • 2 • 3 complex on the 

glass slide. After incubation with DNA oligomer 2 and 3, the slides were washed with a self-

made fluidic system driven by a multi-channel peristaltic pump (Ismatec GmbH, Wertheim-

Mondfeld, Germany) to remove any unspecific bound DNA oligomers. The slide was rinsed 

subsequently with 2! SSC, 0.2! SSC containing 0.1% Tween 20 (VWR Scientific GmbH, 

Darmstadt, Germany) and 1! PBS each with 50 ml in 5 min. For the BiFo-microarray it is 

also possible, to deposit the mixture of oligomer 2 and 3 directly with the microplotter. In this 

case the glass slide remains fixed in the microplotter in order to keep the position calibration 

between capillary and slide, while the washing steps are performed. 

 

 

2. Fabrication of the PDMS stamp (Top surface) 

The stamp consists of polydimethylsiloxane (PDMS) and was fabricated and functionalized 

on the surface as described previously.[2, 3] Briefly summarized, the PDMS stamps were cut 

into a 4 ! 4 or a single pillar arrangement. Each pillar has a diameter and height of 1 mm, and 

is furnished with a microstructure on the flat surface: quadratic pads with a site length of 100 

"m are separated by 41 "m wide and 5 "m deep trenches, which allow the liquid drainage 

during the contact and separation process. For surface functionalization, the PDMS was 
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activated overnight in 12.5% hydrochloric acid and subsequently derivatized with (3-

glycidoxypropyl)-trimethoxysilane (ABCR, Karlsruhe, Germany) to generate epoxide groups. 

NH2-PEG-Biotin (3400 g mol-1; Rapp Polymere, Tuebingen, Germany) was melted at 80 °C, 

and ~1 ml was spotted on each pillar followed by overnight incubation in argon atmosphere at 

80 °C. The excess polymers were thoroughly removed with 80 °C hot ddH2O. Shortly before 

the experiment, the PDMS was incubated for 120 min with a 1! PBS containing 0.4% BSA 

and 1 mg ml-1 streptavidin (Thermo Fisher Scientific, Bonn, Germany. Lastly, the PDMS was 

rinsed with 1! PBS containing 0.1% Tween 20 and then gently dried under N2 gas flow. 

 

 

3. Oligomer sequences 

Oligonucleotides employed had the following sequences and modifications: 

115, 5'-NH2-(T)20-CTG ATA AGT CGT CAA-3' 

120, 5'-NH2-(T)20-CTG ATA AGT CGT CAA CGT AT-3' 

125, 5'-NH2-(T)20-CTG ATA AGT CGT CAA CGT ATG CAA T-3' 

130, 5'-NH2-(T)20-CTG ATA AGT CGT CAA CGT ATG CAA TAT GCT-3' 

135, 5'-NH2-(T)20-CTG ATA AGT CGT CAA CGT ATG CAA TAT GCT CGC TT-3' 

140, 5'-NH2-(T)20-CTG ATA AGT CGT CAA CGT ATG CAA TAT GCT CGC TTA CTA A-

3' 

145, 5'-NH2-(T)20-CTG ATA AGT CGT CAA CGT ATG CAA TAT GCT CGC TTA CTA 

ACT GGT-3' 

150, 5'-NH2-(T)20-CTG ATA AGT CGT CAA CGT ATG CAA TAT GCT CGC TTA CTA 

ACT GGT ATA GC-3' 

2P1, 3'-GAC TAT TCA GCA GTT GCA TAC GTT ATA CGA GCG AAT GAT TGA CCA 

TAT CG-(T)6-5'-(Cy5)-5'-(T)6-AGA TAT GGT CAA TCA TTC GC-3' 

3P1, 5'-biotin-(T)10-GCG AAT GAT TGA CCA TAT CT(Cy3)-3' 

2EcoRI, 3'-GAC TAT TCA GCA GTT GCA TAC GTT ATA CGA GCG AAT GAT TGA 

CCA TAT CG-(T)6-5'-(Cy5)-5'-(T)6-AGA TAT GCG AAT TCA TTC GC-3' 

3EcoRI, 5'-biotin-(T)10-GCG AAT GAA TTC GCA TAT CT(Cy3)-3' 

2p53DBD, 3'-GAC TAT TCA GCA GTT GCA TAC GTT ATA CGA GCG AAT GAT TGA 

CCA TAT CG-(T)6-5'-(Cy5)-5'-(T)6-GAA CAT GTC CCA ACA TGT TG-3' 

3p53DBD, 5'-biotin-(T)10-CAA CAT GTT GGG ACA TGT TCT(Cy3)-3' 
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4. Analytical model of the BiFo-Chip measurements 

In the following section we present the deduction of an analytical model for the BiFo-Chip. 

The central aspect of this model is based on the Bell-Evans model. The Bell-Evans model [4, 5] 

has been proven to accurately describe experimental results in the field of single molecule 

force spectroscopy in many different cases, such as the rupture of the biotin-streptavidin 

interaction.[6] Even though the Bell-Evans model is a two-state model, it has been shown that 

it describes to a first approximation very well more complex interaction patterns such as the 

unbinding of a hybridized dsDNA into two single DNA strands in a shear-geometry, a result 

which has been demonstrated experimentally multiple times.[7-9] Typically, the Bell-Evans 

model is used to analyze experimental data and extract the natural dissociation rate koff and the 

potential width !x for a certain molecular interaction. 

Here, we approach the Bell-Evans model by inserting experimentally determined parameters 

!x and koff for the force-based dissociation of hybridized dsDNA oligomers in order to obtain 

the bond rupture probability density function 𝑝!𝑓!𝑓! for a given loading rate (𝑓): 

 

𝑝 𝑓! 𝑓 !!
𝑘𝑜𝑓𝑓

𝑓
! ! !"#

𝑓 ! !𝑥
𝑘𝐵𝑇

! !"# !
𝑘𝑜𝑓𝑓

𝑓
! ! 𝑑𝑢 ! !"#

𝑢 ! !𝑥
𝑘𝐵𝑇

𝑓

!
 

 

where kB is the Boltzmann constant, T is the temperature and 𝑓 = df/dt is the loading rate. 

In order to calculate 𝑝!𝑓! 𝑓! for different long dsDNA oligomers, the corresponding !x and 

koff values must be known. In a previous study the correlation of !x and koff with the length of 

the dsDNA (n = number of base pairs) was experimentally characterized.[9] Thereby, they 

found the following relation for !x and koff: 

 

𝑘𝑜𝑓𝑓!𝑛! ! !!"𝛼!𝛽𝑛 ! 𝑠!!!!!𝑎𝑛𝑑!!!!𝑥!𝑛! ! !𝑡! 𝑛 ! 𝑚! ! ! 

 

with # = (3 ± 1), $ = (0.5 ± 0.1), t = (7 ± 3) and m = (0.7 ± 0.3). 

Based on the Bell-Evans model and the relation between !x and koff with the number of base 

pairs, an analytical relation for NF can be deduced as follows. The molecular force probe 

consists of two dsDNA duplexes that are coupled in series. The probability with which one of 

the duplexes ruptures is measured by NF, and can be calculated from the overlap of the bond 

rupture probability density functions of the two DNA duplexes using the Bell-Evans model. 

Hereby, the NF is defined as the ratio of broken target bonds to the total amount of probed 

MFPs. 
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Figure S1. Calculated probability density functions. (a) Overlapping probability density 

functions with one intersection. (b) Arbitrary case with two intersections. 

 

Figure S1 (a) shows an example for two overlapping probability density functions (e.g., 20 bp 

and 30 bp DNA duplexes). When the two probability density functions overlap, three areas 

can be distinguished (Figure S1 (a)); one area represents the probability that the reference 

duplex survives. In the overlap area, the probability that the reference duplex (respectively the 

target duplex) survives is 0.5. After some simplification steps, this can be expressed in the 

following mathematical equation: 

𝑁𝐹!𝑓! 𝑛𝑅! 𝑛𝑇! ! !
!
! ! ! 𝑑𝑓!!𝑝𝑅𝐸𝐹

!

𝑓𝐴

𝑓! 𝑓! 𝑛𝑅 !!𝑝𝑇𝐴𝑅!𝑓! 𝑓! 𝑛𝑇!!  

 

This equation describes the MFP without ligand (black dashed curve in Figure 2 and Figure 3), 

since in this case the two probability density functions have only one intersection (𝑛𝑇 (𝑛𝑅) = 

number of base pairs of the target (reference) duplex). A generalization for arbitrary 

parameters !x and koff, which can result in probability density functions with two intersections 

(see Figure S1 (b)), is fulfilled by the following equation: 

 

𝑁𝐹!𝑓! 𝑛𝑅! 𝑛𝑇! !
!
!
! ! 𝑑𝑓!𝑝𝑅𝐸𝐹

!

𝑓𝐴

𝑓! 𝑓! 𝑛𝑅 ! 𝑝𝑇𝐴𝑅!𝑓! 𝑓! 𝑛𝑇!! ! 𝑑𝑓!𝑝𝑅𝐸𝐹

!

𝑓𝐵

𝑓! 𝑓! 𝑛𝑅 ! 𝑝𝑇𝐴𝑅!𝑓! 𝑓! 𝑛𝑇!!  

 

In the case of only one intersection (i.e. fB = 0), this equation simplifies to the previous one. 

Finally, the applied loading rate must be determined before the NF can be calculated. This 

was already described in detail by Albrecht et al.[10] Briefly, since the PDMS-stamp is elastic, 
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the stamp deforms in the separation process, which results in a vertical separation velocity 

acting on the MFPs that is different from the applied one. In order to assess the applied 

loading rate, the stamp-chip separation process is recorded on the inverted microscope. 

Stamp-chip contact areas are separated at the edge of a propagating cleft at which the MFPs 

are loaded and ruptured. Interference patterns emerge after separation behind the moving cleft, 

which allow measurement of the angle of the propagating cleft between stamp and chip. This 

angle translates the measured lateral separation velocity into a vertical separation velocity, 

which acts directly on the MFPs. By knowing the separation velocity acting on the MFPs, and 

the length of the PEG- and poly-t-spacer that define the spring constant of the system, the 

most probable loading rate can be estimated as described earlier.[10] Here, we applied in all 

measurements a separation velocity of 5 "m s-1 on the PDMS-stamp, which resulted on 

average in a most probable loading rate of 1.43 ! 106 pN s-1. 

We applied the NF-model to the measured BiFo-chip data. Fitting the values for #, $, t and m 

resulted in the optimized curve progression shown in Figures 2 and 3 (# = 2.8, $ = 0.48, t = 

6.4 and m = 0.76). The values #, $, t and m are within the error bars of the values determined 

by Strunz et al.[9] The fitted values for # and $ are slightly lower than those obtained by 

Strunz et al., which reflects a lower dependence of koff on the number of base pairs. !x showed 

a slightly higher base pair-dependence. This may be due to the fact that the DNA duplexes 

used for BiFo-Chip have a GC-content of 40% to 42%, while the DNA oligomers used by 

Strunz et al. had a GC-content of around 60% to 65%. Furthermore, in the article by Strunz et 

al., only 3 different oligomers were investigated, while the BiFo-Chip uses 8 different long 

reference duplexes, which should allow a more precise measurement. 
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