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Abstract

Aptamer and antibody mediated adhesion is central to biological function and valuable in the

engineering of “lab on a chip” devices. Single molecule force spectroscopy using optical tweezers

enables direct non-equilibrium measurement of these non-covalent interactions for three peptide

aptamers selected for glass, polystyrene, and carbon nanotubes. A comprehensive examination of

the strong attachment between anti-fluorescein 4-4-20 and fluorescein was also carried out using

the same assay. Bond lifetime, barrier width, and free energy of activation are extracted from

unbinding histogram data using three single molecule pulling models. The evaluated aptamers

appear to adhere stronger than the fluorescein antibody under no- and low-load conditions, yet

weaker than antibodies at loads above ~25pN. Comparison to force spectroscopy data of other

biological linkages shows the diversity of load dependent binding and provides insight into

linkages used in biological processes and those designed for engineered systems.
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1. Introduction

Non-covalent interactions drive a myriad of biological processes such as association,

adhesion, motility, structural rearrangement, and signaling. Aptamers1 and antibodies are

two broad categories of biomolecules with specific binding affinity, enabling applications in

sensing,2 diagnostic,3 drug delivery,4 imaging5 and therapy.6,7 Peptide aptamers typically

contain 8–20 amino acids and bind materials or biomolecules. They can be engineered via

selection from large libraries of random sequences (~1010) by directed evolution techniques

such as phage display. Antibodies are much larger and have hypervariable regions of over

60 residues susceptible to interact with an antigen, allowing high specificity and fine tuned

adhesion for reversibility.

Force-based studies of aptamer and antibody dissociation kinetics offer unique insight into

the energetic landscape underlying these interactions as well as direct quantification of bond

lifetimes under load. Despite the non-equilibrium nature of biological processes, bulk

adhesion methods (surface plasmon resonance, ELISA, radioligand assay) are limited to

measurements of unloaded bond lifetimes. Driving the system out of equilibrium is

necessary for probing tight binders with extremely slow offrates. Single molecule force

spectroscopy is an invaluable tool to pry apart molecular interactions in non-equilibrium

conditions; capable of quantifying bond strength and lifetimes by surveying the reaction

coordinate,8 in addition to exposing individual contributions underlying a population

distribution. Further examination of unbinding forces of peptide aptamers and their loading

rate dependence reveal the physical interactions governing adhesion, opening possibilities

for engineering and modeling linkages for biologically guided assembly of materials.

Not only are aptamers important for guided and self-assembly of larger materials but they

are valuable in single molecule assay design. These complex assays are challenging to

construct and rely upon the availability of various linkers and points of adhesion which must

be both strong and specific allowing for the isolation of the desired molecular interaction.

Aptamers offer a novel single molecule linkage that is specific, readily commercially

available, very easy to engineer into a system, and small in size compared to linkers

including streptavidin and antibodies. Comprehensively measuring the behavior under load

for both aptamers and antibodies allows them to be correctly engineered into an assay and

their contribution to the force response of the system to be accurately decoupled.

While a majority of research has been focused on elucidation of aptamer sequences and

applications, a minority has explored the mechanism of adhesion and an even smaller subset

of these have extracted valuable force and kinetic parameters. A wide range of force

measurements have been made using a naturally occurring aptamer, ferritin, obtaining

adhesion strengths on Ti, Si, and Au ranging from 0.25 to 2 nN when probed with an atomic

force microscope, AFM.9 However, ferritin is a multi-subunit protein over 20kDa in size

and the interactions could not be isolated to individual peptide sequences. Lee et al designed

a single molecule assay to probe an adhesive amino acid, dihydroxyphenylalanine, DOPA, a

modification of tyrosine used by marine mussels.10 DOPA adheres to both organic and

inorganic surfaces and the rupture distribution from a titanium surface was measured with a

mean of 805 pN using an AFM. Binding by a twelve amino acid peptide designed by phage
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display for adhesion to chlorine doped polypyrrole, PPyCl, was examined with an AFM by

Sanghvi et al.11 Unbinding force distributions with a mean of 112 pN were determined, yet,

explicit control for single molecule rupture was not made. While these studies highlight the

importance of quantification of adhesive force, a broader understanding can be achieved

through rigorous single molecule measurement.

Here, optical tweezers are used to investigate peptide aptamers with high affinity for specific

materials (carbon nanotubes,12 polystyrene13 and glass14) and, for comparison, to probe a

tightly binding antibody for fluorescein. Our aptamer measurements extend initial forays

examining adhesion forces of biomolecules on surfaces by explicitly reaching the single

molecule limit and obtaining rupture force histograms, thus providing extensive information

relating to the rupture coordinate including bond lifetimes (τ(F)), barrier width (x‡) and free

energy of activation (ΔG‡). The bond lifetime under zero force (τ0), x‡, and ΔG‡ are found

to be larger for peptide aptamers than for anti-fluorescein. Peptide aptamers are found to

have longer lifetimes under low forces than anti-fluorescein, however under forces higher

than ~25pN, anti-fluorescein lifetime exceeds that of the aptamers.

2. Experimental Section

Single molecule studies are composed of a wet lab assay to isolate single tethers physically

attached to the probe bead, an optical trap based force spectroscopy to measure the strength

of the interaction, and data analysis to extract parameters relating to the underlying reaction

coordinate. The general principals guiding assay design are based on foundational single

molecule studies of motility15 and structure.16

2.1 Single molecule pulling assay

Figure 1 is a cartoon view of the geometry of a single molecule optical trap assay for

aptamer adhesion to a carbon nanotube. A polystyrene bead (A) is used as a handle for the

optical trap to apply force. The bead is attached to the aptamer (D) via a DNA linker (C) and

biotin/streptavidin attachment chemistry (B). The glass, polystyrene, and antibody-antigen

measurements follow a very similar assay geometry. Non-specific interactions are mitigated

by blocking available surfaces with casein. Long dsDNA linkers are used to minimize

potential surface interactions from the microbead and to reduce the angle in the pulling

geometry. For the peptide adhesion measurements, 3500 bp DNA tethers, 1.190 μm in

length, are synthesized via PCR using a biotin conjugated forward primer (5′ - Biotin - AAT

CCG CTT TGC TTC TGA CT - 3′, IDT) and an amine conjugated reverse primer (5′ -

Amine - TTG AAA TAC CGA CCG TGT GA - 3′) on a M13mp18 plasmid (Bayou

Biolabs). A cysteine and two glycine residues (CGG) are added at the N-terminus of the

glass binding peptide (CGGRSGRRRSHHHRL), the polystyrene binding peptide

(CGGRAFIASRRIKRP) and the carbon nanotube (CNT) binding peptide

(CGGHWSAWWIRSNQS). DNA is conjugated to this N-terminal cysteine via the single

amine group on DNA using Sulfosuccinimidyl 4-[N-maleimidomethyl] cyclohexane-1-

carboxylate (sulfo-SMCC, Pierce). For the anti-fluorescein adhesion measurements, 1100 bp

DNA tethers, 0.374 μm in length, are obtained with a biotin conjugated forward primer (5′ -

Biotin - TAT TGC GTT TCC TCG GTT TC - 3′) and a fluorescein conjugated reverse
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primer (5′ - FI - TTG AAA TAC CGA CCG TGT GA - 3′). Assay conditions are optimized

to insure that beads are linked to the surface by a single tether.

A 15μL flow chamber is prepared by attaching a KOH-etched coverslip to a microscope

slide with double-sided tape. The sample is loaded on one side of the channel and buffer can

be exchanged with the use of a pipette tip connected to a vacuum pump to provide suction at

the other side.

In the glass binding assay, the DNA-peptide (DNA-CGGRSGRRRSHHHRL) conjugate is

loaded in the channel at a concentration of 10ng/uL in PBST (Phosphate buffered saline, pH

7.4, with 0.01% Tween) and incubated 1h at room temperature, RT. 1mg/mL casein in

PBST is then loaded into the channel and incubated for 30 min. At the same time, 0.80μm

polystyrene beads coated with streptavidin (Spherotech) are also incubated in 1mg/mL

casein in PBST for 30 min. Next the beads are loaded in the channel, incubated for 30 min,

and a final wash of the channel is made using 1mg/mL casein solution. Tethered beads

exhibit a tethered diffusion or “wobble”.

In the polystyrene binding assay, in order to minimize nonspecific binding, cover slips are

coated with a layer of aminosilane, which are then reacted with a mixture of 99% NHS-PEG

and 1% NHS-PEG-biotin (MW 5000, Laysan Bio.) for 4 h at RT. Chambers built with PEG

coated cover slips are incubated with 0.1mg/mL streptavidin in PBST for 30 min and then

with the 1.025μm polystyrene beads (Polysciences). The beads are pre-incubated with

0.05ng/μL of peptide-DNA conjugate (DNA-CGGRAFIASRRIKRP) for 3h at 4°C, spun

down at 10000 rpm for 6 min, and resuspended in 1mg/mL casein in PBST. This assay is

inverted compared to that of the glass or carbon nanotubes, with the aptamer binding to the

bead rather than the slide surface. A 30 min incubation at RT of the beads-peptide-DNA

solution in the microscope slide chamber allows attachment of the DNA to the

functionalized PEG surface. A final wash step using 100 μL of PBST removes unbound

complexes.

In the carbon nanotube binding assay, a stock solution of 0.5% multi-walled carbon

nanotubes (<8nm diameter, Cheap Tubes inc) with 0.7% tween-20 in PBS is diluted 10X

with Millipore water. Larger CNT bundles are removed by centrifugation at 14,000g for 30

minutes. Before making the flow cell, 150uL of the nanotube containing supernatant is dried

on the cover slip and then rinsed with Millipore water. The DNA-peptide (DNA-

CGGHWSAWWIRSNQS) is loaded in the channel at a concentration of 0.1ng/uL in PBS

(Phosphate buffered saline, pH 7.4) and incubated for 1h at RT. A 1mg/mL casein in PBS

solution is then incubated in the channel for 30 min. At the same time, 1.26μm polystyrene

beads coated with streptavidin (Spherotech) are also incubated in 1mg/mL casein in PBS for

30 min. The beads are then loaded into the channel, incubated for 30 min, and a final wash is

completed with 100μL of the 1g/L casein solution. Controls with only Tween-20 (no CNT)

dried on the slip show 10X less beads attached on the surface.

In the antibody-fluorescein binding assay, mouse monoclonal antibody (clone 4-4-20,

Invitrogen) is loaded in the channel at a concentration of 15μg/μL in PBT (Phosphate buffer

from 0.1% Tween-20 pH 7.4) and incubated for 40 min. 1mg/mL casein in PBT is then
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incubated in the channel for 20 min at RT. Avidin coated polystyrene microspheres

(Spherotech) with diameters of 0.56μm or 0.76μm are also incubated in 1mg/mL casein for

30 minutes at RT. Then the beads are loaded in the channel, incubated for 30 minutes at RT,

and a final wash with 1mg/mL casein solution in PBST is completed to remove unattached

beads.

Concentrations of antibody, fluorescein-conjugated DNA, or peptide-conjugated DNA, are

adjusted to maximize the number of single molecule tethers present and minimize rebinding

events. Control scenarios using DNA tethers with only the terminal amine or the terminal

amine attached to the sulfo-SMCC, but without a peptide demonstrate negligible interaction

or attachment to the surface.

2.2 Optical trap based force spectroscopy

Experiments are performed using an optical trap as described previously.17 Briefly, it

consists of a 10W 1064 nm trapping laser (IPG Photonics) which is steered with acoustic

optic deflectors (IntraAction) before being focused at the sample plane with a 100X 1.4 NA

objective (Nikon). A second 975 nm laser beam (Avanex) is passed through the objective

and is projected on a position sensitive device providing nanometer scale position resolution.

A piezo driven stage (Physik Instrumente) provides controllable motion.

Single molecule tethers are centered perpendicular to the optical axis by repeated tether

stretching at very low force. Centering is crucial to provide a constant pulling rate along a

single axis and collecting a consistent data set. The centering procedure also provides an

estimate of the DNA tether length and symmetry allowing for quick detection of beads with

multiple or incorrectly attached tethers. After centering, the trap stiffness is increased to

approximately 0.25pN/nm (0.3–0.5pN/nm) for the peptide aptamer (fluorescein-

antifluorescein) rupture and the tether is stretched by translating the sample relative to the

trap with the piezo stage at a constant speed of 40μm/s for the aptamer binding assays and

40μm/s, 80μm/s or 120μm/s for the antibody binding assay, until the bond ruptured. After

rupture, each bead is run through automated protocol to calibrate the exact position and

forces applied. Trap stiffness is obtained using the equipartition method.18 Each event is

analyzed for rupture force, loading rate, and an approximate tether length. A representative

rupture curve is shown in Figure 2. Events showing multiple, or stepped breaks, too short or

too large tether lengths as well as those where the bead did not return to the center of the

trap after the rupture are discarded.

2.3 Avoiding carbon nanotubes heating

Carbon nanotubes (CNT) absorb in the near IR and may generate heat when illuminated by

the trapping laser. To avoid this, while the beam center is within 0.5 μm of the peptide-CNT

bond, an interposable filter that blocks 90% of the light intensity is placed in front of the

laser beam. To test if this procedure prevents temperature increase in the vicinity of the

peptide-MWNT interface, rupture forces are measured at two laser powers of 338 mW and

520 mW, measured before entering microscope objective. At low laser power, a mean

rupture force of 25.5 pN is found with a mean loading rate of 5.7 pN/s. At high laser power,

a comparable mean rupture force of 22.5 pN is found. The slight decrease can be attributable
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to a slower loading rate of 4.6 pN/s. Overlapping distributions suggest CNT heating is not

occurring and the two data sets are combined into a single histogram.

2.4 Data analysis

Rupture forces and loading rates are extracted directly from the bead position, obliviating

the need for DNA tether stiffness correction.19 Data analysis is performed using automated

routines in MATLAB (MathWorks) and Igor Pro (Wavemetrics). A correction to the applied

force based on the pulling angle is made by dividing the measured force by the cosine of the

angle between the DNA linker and the surface, assuming that the bead is almost in contact

with the surface. The pulling angle is 14.6° for the glass binding aptamer assay, 17.5° for the

polystyrene, 20.3° for the CNT, 25.3° for the fluorescein-antifluorescein unbinding assay

with the 0.56 μm beads and 30.3° for the assay with 0.76 μm beads. The force applied to the

adhesion is that which is directly applied to the bead as the DNA is assumed to be perfectly

elastic and the DNA and peptide can be modeled as two spring in series.

3. Results and discussion

3.1 Peptide aptamers show comparable rupture force

Peptide aptamers with affinity for glass,14 polystyrene13 and carbon nanotubes12 are studied.

The glass binding peptide (RSGRRRSHHHRL) is highly positively charged as two thirds of

its residues are either Arg or His, suggesting that binding to the negatively charged glass

surface is electrostatically driven. The polystyrene binding peptide (RAFIASRRIKRP) is

similarly enriched in positive amino acids and interacts electrostatically with the surface of

polystyrene microbeads which carry a slight negative charge from the sulfate ester. In

contrast, the highly hydrophobic carbon nanotube (CNT) binding peptide

(HWSAWWIRSNQS) suggests hydrophobically driven interactions. Glass peptide adhesion

is not limited to the surface it was selected for, as it has also been found to bind CdS, ZnS,

and Au.14 Since the polystyrene binding mechanism is similar, non-specific adhesion would

be likely. However, due to the diversity in surface charge magnitude and spacing at the

atomic scale for different surfaces, the avidity and strength of the adhesion would be

expected to vary.

Conveniently, the glass and polystyrene binding aptamers attach directly to the glass

coverslips and the polystyrene beads typically used in optical trapping assays, thus

simplifying the setup by removing the need for additional surface functionalization. Carbon

nanotube binding aptamers are studied by immobilizing CNTs on glass coverslips (Figure 1

and Table 1). As CNTs absorb in the NIR and generate heat when illuminated with the

1064nm trapping laser, precautionary measures described above are taken to insure that

CNTs do not heat during the rupture event. Single molecule rupture force distributions,

Figure 3, exhibit average rupture forces of 19 pN for glass binding aptamers, 29 pN for

polystyrene and 24 pN for CNTs with average loading rates of 2.2 pN·s−1, 7.3 pN·s−1 and

5.2 pN·s−1 respectively.

The specific conformation the peptide takes on the surface is currently unknown. This, in

combination with the amorphous surface of glass and polystyrene make it difficult to

determine if the interactions the peptide makes with the surface are broken simultaneously
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or sequentially. Thus we anticipate that the unbinding distribution becomes broader as it

reflects the overlap or masking of multiple individual distributions for each potential binding

orientation and unbinding trajectory. A shorter distance to the transition state is obtained as

the unbinding distribution becomes wider. However, for the polystyrene binding apatamer

we are measuring only one unbinding trajectory, as the bead can freely rotate within the trap

forcing a sequential unbinding of the adhesion.

3.2 Anti-fluorescein rupture from fluorescein increases from 30pN to 60pN with loading
rate

To validate our method and compare our results to a different biomolecular interaction, we

studied the attachment of an antibody/antigen pair. The adhesion of the murine monoclonal

antibody, clone 4-4-20, to the fluorescein antigen is probed. Here, rupture force histrograms

are obtained at loading rates of 6.1, 11.8 and 24.7 pN·s−1, Figure 4. Average rupture forces

are found to increase with the loading rates from 30 pN to 60 pN.

3.3 Model fitting allows extracting kinetic and energetic parameters

Theoretical advances allow for extracting kinetic and energetic information from single

molecule pulling experiments. Bell20, Evans and Ritchie21 described single molecule bond

rupture as a thermally activated escape along a reaction coordinate, x, over a potential

barrier, providing general shape of population distributions and exponential dependence of

rupture time vs. load. This “phenomenological” model assumes that the potential barrier is

very tall and that the transition state remains stationary during pulling. Hummer and Szabo22

have refined this model by considering the system as being pulled by a harmonic spring

moving at constant velocity, with a harmonic underlying free-energy surface. More recently,

Dudko, Hummer and Szabo23 also considered cusps and cubic-linear shaped transition state

surfaces. A wide variety of pioneering theoretical21–24 and experimental25–29 work in this

area can be found in literature. Models are still advancing to include probability of

rebinding.30 The antibody and aptamers rupture force histograms are fit here to the Evans-

Ritchie model,21 Hummer-Szabo model22 and Dudko-Hummer-Szabo model23 assuming a

cusp shaped (ν=1/2) or a linear-cubic (ν=2/3) energy barrier, to provide estimates for τ0, x‡

and ΔG‡. The following equations for distribution of forces at rupture, P(F), are used for the

Evans-Ritchie model fitting:

for the Hummer-Szabo model:

with
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and

and for the Dudko-Hummer-Szabo model:

with

k0 is the intrinsic off rate constant at zero force (k0=τ0
−1), kB is the Boltzmann’s constant, T

the absolute temperature,  the loading rate, ks the force constant of the pulling apparatus

and S(t) the survival probability of the system.

Tables 2 and 3 show the results from fitting our data with several of these models assuming

either a cusp shaped or a linear-cubic free energy profile.31 Fits with either energy profiles

lead to comparable estimates, however slightly smaller τ0, x‡ and ΔG‡ are found for the

linear-cubic profile in the cases of peptide aptamer adhesion.

Energy landscapes of peptide aptamers and antibody/fluorescein interactions are shown in

Figures 5 with energy wells represented as harmonic potentials. The transition state distance

x‡, along the pulling direction is extended for the glass and polystyrene binders (~1.6 nm)

compared to that of the CNT binding peptides (0.8 nm). The lengths are consistent with the

shorter range of hydrophobic interactions compared to electrostatic. In addition,

comparisons of τ0 and ΔG‡ indicate that adhesion is the weakest for the CNT binding

aptamers and the strongest for the polystyrene binding aptamers with ΔG‡ varying from 5.2

kBT for CNT, up to 10.5 kBT for polystyrene assuming a cusp shaped barrier. Values for τ0

follow the same trend with 46 s for CNT, 423 s for glass and 2945 s for polystyrene.

For the antibody-fluorescein interaction, fitted parameters for the three loading rates are in

close agreement and have a relative standard deviation of only ~10%, highlighting the

remarkable consistency of our method. Furthermore, Boder et. al.32 measured a bulk τ0
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value of 39.8 s for clone 4-4-20, which is compatable with our results when considering

differences in buffer conditions.

ΔG‡ for antibody-fluorescein unbinding is 4 kBT, which is lower than that of aptamers (5–10

kBT). Transition state distance, x‡, is nearly an order of magnitude longer for peptide

adhesion than antibody binding. The larger x‡ and ΔG‡ obtained for peptide aptamers are

rationalized by considering the solvent accessible surface area, which gives an estimate for

the number of non-covalent interactions involved in the bond. Fluorescein has a solvent

accessible surface area of 5 nm2.33 Accessible surface area of peptides are computed by

summing the surface areas of each amino acid side chain34, assuming that they adopt an

extended conformation. Using this method, a similar surface area of 17 nm2 is obtained for

each aptamer in extended conformation, three times more than that of the antibody.

Aptamer-materials interactions could therefore involve a higher number of electrostatic,

hydrogen-bonding and van der Waals forces, which is evidenced by larger x‡ and ΔG‡.

Lifetime under no load is lower (11 s) for anti-fluorescein. However, under high forces the

antibody lifetime surpasses that of aptamers.

It is important to note that our rupture experiments are done in the low loading rate regime

(2–25 pN/s). Alternate kinetic and energetic parameters might have been found in a higher

loading rate regime.35,36 However, extrapolated unloaded off-rates (or lifetimes) are most

valid when extracted from lower loading rate force measurements, which approach unloaded

conditions.

3.4 Comparison of lifetime-force relationships with other bimolecular interactions

Lifetimeforce relationships of peptide aptamers and antibody/fluorescein interactions are

obtained from the following equation31:

where ν depends on the energy profile (1/2 for cusp shaped, 2/3 for linear-cubic and 1 for

the phenomenological model). Figure 6 shows the aptamer and antibody lifetimes compared

to several other biomolecular interactions that have been studied with single molecule force

spectroscopy. Parameters for these interactions are shown in Table 4. Unloaded off rates

(τ0
−1) span several orders of magnitude. Slopes of τ(F) allow for comparison of relative

barrier width x‡, with the longest x‡ for kinesin-microtubule unbinding and the smallest x‡

for antibody-fluorescein unbinding. A τ(F) plot also allows for comparison of spontaneous

rupture (τ<1s). The fastest unbinding is observed for the molecular motor kinesin, which

must readily break adhesions in order to produce processive motility. Nature tunes

interactions balancing stability needed to make lasting bonds with requirements to break

them within larger systems which may require rearrangement or conformational change. For

example unbinding and unfolding of filamin require similar forces with a slight bias for

filamin rupture at low loads and unfolding at higher.37 Described more graphically, one can
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control interactions not only by identifying the intercept, or unloaded off rate but by the

slope of the curve.

4. Conclusions

In summary, optical tweezers are used for single molecule force spectroscopy studies of

peptide adhesion to materials and antibody-fluorescein interaction. Energy landscapes are

reconstructed using theoretical models. Free energies of bond rupture are all in the same

order of magnitude with ~ 5–10 kBT for peptide aptamers and ~3–5 kBT for anti-fluorescein.

We find that peptide aptamers are strong no load binders, yet at higher loads anti-fluorescein

adheres better. The developed assay has great potential to assess new linkers for biomimetic

self-assembly and explore how their adhesion strengths compare to inter- and intramolecular

interactions found in nature.
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Figure 1.
Schematics of optical tweezers pulling on a single peptide aptamer molecule linked to a

carbon nanotube. The optical trap (red cone) captures a bead (A) which is linked to an

aptamer (D) via a DNA molecule (C) and a biotin/streptavidin linkage (B).
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Figure 2.
Representative force curve showing a rupture event. Rupture forces and loading rates,

dashed line, are directly measured from rupture curves.
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Figure 3.
Rupture-force probability distributions for peptide aptamer binding to a) glass, b)

polystyrene and c) carbon nanotubes. Histograms are fit to the model of Evans-Ritchie21

(dotted line), Hummer-Szabo22 (gray) and Dudko et al.23 assuming a cusp shaped (ν=1/2,

black solid line) or a linear-cubic (ν=2/3, black dashed line) energy barrier.
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Figure 4.
Rupture-force probability distributions for fluorescein binding to antibody 4-4-20 at average

loading rates of a) 6.1 pN·s−1, b) 11.8 pN·s−1 and c) 24.7 pN·s−1. Histograms are fit to the

model of Evans-Ritchie21 (dotted line), Hummer-Szabo22 (gray) and Dudko et al.23

assuming a cusp shaped (ν=1/2, black solid line) or a linear-cubic (ν=2/3, black dashed line)

energy barrier.
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Figure 5.
Energy landscape from parameters fitted using the model of Dudko et al.23 assuming a cusp

shaped (ν=1/2) barrier, with energy wells represented as harmonic potentials.
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Figure 6.
Lifetime τ(F) as a function of the applied force (F) compared to curves derived from

parameters obtained from literature (Table 4) for a range of biological interactions. Kinesin-

microtubule interaction is for single headed kinesin in ADP state with plus-end loading. τ(F)

is obtained assuming a cusp-like barrier23 when ΔG‡ available solid lines; otherwise, Evans-

Ritchie model21 is used with ν=1, dashed lines.
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