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ABSTRACT Multivalent interactions play a critical role in a variety of biological processes on both molecular and cellular
levels. We have used molecular force spectroscopy to investigate the strength of multiple parallel peptide-antibody bonds using
a system that allowed us to determine the rupture forces and the number of ruptured bonds independently. In our experiments
the interacting molecules were attached to the surfaces of the probe and sample of the atomic force microscope with flexible
polymer tethers, and the unique mechanical signatures of the tethers determined the number of ruptured bonds. We show that
the rupture forces increase with the number of interacting molecules and that the measured forces obey the predictions of a
Markovian model for the strength of multiple parallel bonds. We also discuss the implications of our results to the interpretation
of force spectroscopy measurements in multiple bond systems.

INTRODUCTION

Organisms perform many biological functions using multi-

valent interactions where multiple weak individual bonds

between receptor-ligand pairs combine to produce a much

stronger interaction. Multivalent bonds feature prominently

in a variety of biological processes, such as activation of

T cells (1) and intercellular adhesion (2). Biomedical re-

searchers also use multivalent binding to increase the binding

time of pharmaceuticals to their targets (3,4). In one par-

ticular example, researchers link multiple antibody fragments

to produce therapeutic agents with strong recognition and

affinity to specific markers on cancer cell surfaces (5). These

recognition constructs can then deliver therapeutics or im-

aging agents to the tumors.

Although it is clear that multivalent interactions increase

the overall bond strength, quantifying this increase is sur-

prisingly difficult. Experimentalists typically use a variety of

ensemble techniques such as fluorescence (6), radiolabeling

(7), and surface plasmon resonance (8) to determine the over-

all strength of the multivalent interactions. However, the

primary problem for these measurements is determining the

actual valency of the binding. The creation of a multivalent

construct does not guarantee that all ligands are bound to a

receptor during the observation time interval. Rather, the

number of interacting ligands will typically vary from mole-

cule to molecule, especially for higher valency constructs.

Bulk ensemble measurements will almost always include

contributions from interactions of different valency and thus

reflect only the average bound number of ligands per con-

struct. Force spectroscopy (9,10), which uses mechanical

force to rupture the bond, provides a direct method for mea-

suring binding strength with a resolution at the single mole-

cule level. In a typical force spectroscopy experiment, the

bond strength is defined by the force that produces the most

frequent bond failure in repeated tests of bond breakage on a

given timescale (11). Methods capable of resolving single

molecule binding, such as antibody-antigen pairs, have an

advantage over techniques that measure ensembles of

molecules because they avoid spatial and temporal aver-

aging that can obscure the details of the interaction (10,12–

14). Despite the conceptual simplicity of these experiments,

there have been very few measurements of the strength of

multiple bonds (15,16), especially in the parallel binding ar-

rangement where the force is distributed among several

binding units. The main difficulty in interpreting multiple

bond measurements remains is the absence of a reliable way

to determine the number of interacting molecules indepen-

dent of the binding force values. Of three main force spec-

troscopy techniques—atomic force microscopy (AFM),

surface forces apparatus (SFA), and optical tweezers—only

SFA provides independent contact area assessment; yet the

contact area in the SFA measurements tends to be large and

thus makes it difficult to probe a limited number of bonds.

Determination of the number of the interacting bonds solely

by measuring rupture force with AFM or optical tweezers is

equally problematic since stochastic rupture (17) and var-

iation in the bond load rate (11) typically produce over-

lapping binding force distributions.

We have recently demonstrated that we can discriminate

between single and multiple binding events in AFM mea-

surements by attaching the interacting molecules to the ends

of flexible polyethyleneglycol tethers. We have used this

system to determine the kinetic parameters for single and

multiple bonds. In this work we focus on how the measured

binding strength varies as a function of the peptide-antibody

bond number. We demonstrate that elastic properties of the

PEG tethers provide an independent and accurate measure of

the number of bonds. With this system we demonstrate that

the measured dynamic bond strength follows the predictions

of a Markovian dissociation model of multiple bonds.
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Finally, we discuss the specific applicability of this model to

the binding strength measurements using AFM.

MATERIALS AND METHODS

Adetailed description of the preparation ofMUC1 peptide and anti-MUC1 sin-

gle chain Fv fragment (scFv) was presented in a previous publication (18).

Functionalization of the AFM tips and substrates

Silicon nitride cantilevers (Veeco, Santa Barbara, CA) were coated on the tip

side with a thin layer of gold (750 Å with a 50-Å chromium adhesion

underlayer), cleaned with a piranha etch, rinsed, and then incubated in 1-mM

cystamine solution to form an amine-terminated self-assembled monolayer

(SAM).

Bifunctional PEG linkers (3400 Da, Nektar Therapeutics, Huntsville,

AL) linked the scFv to the probe tip. N-hydroxysuccinimyl (NHS) on one

end of the PEG linked to the amine derivatized tip surface. Maleimide (Mal)

groups linked to terminal cysteine residues on the scFvs. The MUC1 peptide

was linked to a flat gold surface similarly but through the terminal amine

group in the peptide. We controlled the density of functional molecules by

varying the molar ratio of scFv/MUC1 functionalized PEG to short (2000

Da), passivating methoxy (OMe) terminated PEG molecules. The dilution

ratio is critical for controlling the final density of the functional tethered

molecules on the AFM tip, and we typically used a 1:50 dilution ratio, which

resulted in ;10% probability of detecting a tethered molecule interaction.

To increase the frequency of multivalent interactions, some measurements

were made at a dilution ratio of 1:30.

Force spectroscopy

Force measurements were made using a Nanoscope IIIa AFM (DI-Veeco) in

force calibration mode. Measurements were performed at 0.5–3-Hz fre-

quencies with an actuator retraction of 50–400 nm. All measurements were

carried out in 20 mM phosphate-buffered saline and 100 mM NaCl.

Data analysis

Rupture traces were analyzed using Igor Pro 5.0 (WaveMetrics, Lake

Oswego, OR) and a custom-written set of procedures. We collected the can-

tilever deflection data at a 14-kHz acquisition rate, which helped to visualize

multiple rupture events occurring in close succession. If necessary, the force

versus distance traces were corrected for laser optical interference. Traces

were low-pass filtered before and after the rupture event to reduce noise and

improve the curve-fitting routine accuracy. We fit the region of PEG

stretching to an extensible freely jointed chain (EFJC) model (see Eq. 5 in

the Results and Discussion section) by solving the force-extension rela-

tionship numerically. The model contained two fitting parameters: the nu-

mber of tethers, Nt, and the number of PEG monomers in a tether, nm (i.e.,

tether contour length). The values of all other parameters were taken from

Oesterhelt et al. (19): the Kuhn length, Lk of 7 Å, the monomer stiffness,

Ks of 150 N/m per monomer, the monomer lengths in planar and helical

configurations, Lplanar and Lhelical of 3.58 and 2.8 Å respectively, and the

difference between the planar and helical conformation free energies in

absence of applied load, DG of 3kBT.

Stepwise rupture events were fit by a two-step process. First, we deter-

mined the length of the first (longer) tether by fitting the tether extension

preceding the final rupture. Second, we used this value to remove the

contribution from the first tether to the multiple tether extension region

preceding the first rupture. Finally, we fit the remaining force versus ex-

tension curve to determine the length of the second (shorter) tether. The

slope of the individual force versus extension curves at rupture determined

the instantaneous loading rate. For the first rupture, we assumed that the

loading rate was distributed in proportion to the individual tether forces at

the point of rupture. The loading rate for the second rupture was determined

directly from the stretching trace.

For kinetic analysis of the rupture events we have plotted the rupture

force, F, as a function of instantaneous loading rate, r. Evans and Ritchie

showed that the rupture force increases linearly as a function of the logarithm

of the loading rate (20):

F ¼ kBT

xb

ln
rxb

koffkBT

� �
; (1)

where the xb is the distance to the transition state, r is the loading rate, and

koff is the bond dissociation constant in absence of applied force. We de-

termined the value of xb and koff by fitting our data to Eq. 1.

RESULTS AND DISCUSSION

We have recently demonstrated that we can detect specific

interactions between single and multiple pairs of a MUC1

peptide and an scFv-recognizing MUC1 (18,21). MUC1 is a

cell-surface marker for prostate, breast, and lung cancer, and

clinical researchers use antibodies against MUC1 to deliver

therapeutic agents to the tumor cells (4). To measure the in-

teractions of the antibody with its target, we have attached

MUC1 and the antibody to the surfaces of the sample and tip

of the AFM using long flexible PEG linkers (Fig. 1 A). These
linkers provide several critical advantages to the detection of

the specific forces. First, they separate the specific interaction

that occurs at the tip-sample separation equal to the com-

bined tether length for MUC1 and the antibody from the

nonspecific interactions that occur at smaller tip-sample sep-

arations. A second advantage, which we want to emphasize

FIGURE 1 (A) Schematics of the experimental setup showing MUC1

peptide and scFv antibody fragment attached to the surfaces of the probe and

sample of the atomic force microscope with flexible tethers. (B) Calculated

force versus extension (relative to tether contour length) traces for different

numbers (as indicated in the legend) of identical PEG tethers connected in

parallel. (C,D) Representative force versus extension traces recorded in the

experiment showing stretching of the PEG tethers before the rupture of the

MUC1-scFv bond. The solid blue lines indicate fits to the EFJCmodel (Eq. 1).
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in this work, is that the rupture event in this system is always

preceded by the tether stretching (Fig. 1, C and D). Signifi-
cantly, this stretching region provides a mechanical signature

that we can use to obtain an independent estimate of the

number of the interacting molecules (Fig. 1 B). Rief et al.
have also used a similar concept to distinguish the unfolding

of green fluorescent protein domains to identify intermediate

states (22).

Oesterhelt and co-workers (19) analyzed the configuration

of PEG polymers in solution and showed that in apolar

solvents the length of a PEG polymer, L, under stretching
force, F, follows closely the prediction of an extended

Langevin function. However, stretching of PEG chains in

water leads to a structural transition in the polymer. Mole-

cular dynamics simulations and the experimental measure-

ments suggest that this transition represents breakage of

supramolecular helical formations stabilized by water bridges

(19). Applied forces larger than 100 pN break these water

bridges, lengthening the polymer. The model accounts for

this transition by allowing each PEG segment to exist in two

states, a compact (helical) state and extended (planar) state.

The equilibrium population of these two states is thermally

distributed and tilted toward the compact state at zero force

and toward the extended state at high force. The force-

extension relationship for a single PEG tether containing nm
monomers is described by (19)

LðFÞ ¼ LCðFÞ3 coth
FLK

kBT

� �
� kBT

FLK

� �
1

nmF

KS

: (2)

Here, Lk is the Kuhn length, Ks is the chain stiffness, and

Lc(F) is a force-dependent contour length, which is simply a

sum of the lengths of the compact and extended monomers in

the chain at a given force F. Lc(F) is described by

LCðFÞ ¼ nm

Lplanar

e
DG=kBT 1 1

1
Lhelical

e
�DG=kBT 1 1

� �
; (3)

where Lplanar and Lhelical are the monomer length in planar

and helical configuration, and DG is the energy difference

between the planar and the helical conformation state. Under

applied load this energy difference becomes

DGðFÞ ¼ DG� F3 ðLplanar � LhelicalÞ: (4)

If we consider Nt identical parallel PEG tethers (each con-

taining nm monomers), then the force as a function of ex-

tension will simply be a linear combination of each individual

tether force. Therefore, the force-extension relationship for

Nt PEG tethers will be identical to Eq. 2 but with F replaced

by F/Nt:

LðF; NtÞ ¼ LCðF; NtÞ3 coth
FLK

NtkBT

� �
� NtkBT

FLK

� �
1

nmF

NtKS

:

(5)

As we extend the single tether model to the case of

multiple tethers connecting the tip and sample, we can neglect

the variation in the position and length of the individual PEG

tethers on the AFM tip. This is a valid assumption because

our tethers are much longer than any offset introduced by

such position variations. In this case the distribution of the

loading force among the multiple tethers will be defined by

the stiffness of the individual PEG tethers at a given common

extension, and the total force acting on the AFM cantilever

will be equal to the sum of the forces from individual tethers.

The model shows that PEG linker stiffness follows three

distinct regions (Fig. 1 B). In the ‘‘soft’’ regime below

100 pN, only the entropic forces contribute to the molecule

stiffness (region I). The stiffness at moderate forces between

100 and 300 pN represents breaking of water bridge-

mediated helical structures and results in a relatively constant

stiffness value (region II). High stiffness region III represents

enthalpic stretching of the covalent bonds within each mono-

mer. Fig. 1, C and D, shows that the measured single PEG

tether extension traces fit this model very well, even if the

model uses only a single parameter—the number of PEG

monomers.

Stepwise rupture of MUC1-antibody bonds

The majority of the rupture traces for the specific MUC1-

scFv interactions fit the signature of a single trace (as shown

in Fig. 1, C and D), and the subsequent analysis showed that

these ruptures corresponded to the rupture of a single MUC1-

Ab bond (18). However, a fraction of the specific rupture

traces corresponded to the rupture of two MUC1-scFv units

connected to the AFM tip and sample through the tethers of

slightly unequal length. In this situation the force versus ex-

tension traces showed the characteristic stepwise rupture

profile (Fig. 2, A and B) where the AFM tip was initially

stretching both tethers until one of the bonds broke. Then the

remaining slack in the second, longer tether allowed the ap-

plied force to drop. The instrument trace showed a brief

region corresponding to the loading of the remaining tether

followed by rupture of the remaining bond. In the case of the

unequal length tethers, we can no longer apply Eq. 5. In this

case, we used a two-step procedure that first determined the

length of the longer tether and then used this value to remove

the contribution of the longer tether to the two-tether stretch-

ing region. Finally, a second fitting step determined the length

of the shorter tether (for a detailed description of the pro-

cedure, see the Materials and Methods section).

This procedure also allowed us to determine instantaneous

loading rates corresponding to the rupture of both bonds. The

plot of the rupture forces for both rupture events as a function

of loading rate (the dynamic force spectrum) that we obtained

for these stepwise rupture events shows the characteristic

linear dependence of the force on the logarithm of the

loading rate. Significantly, the dynamic force spectrum for

the stepwise rupture of MUC1-scFv bonds matches the
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dynamic force spectra for the individual bond ruptures (Fig.

2 C). The kinetic parameters obtained from both dynamic

force spectra are identical to within the fit margin of error

(Table 1). This comparison indicates that the EFJC model fit

provides a robust instrument for analyzing complex rupture

events in our system.

Rupture of multiple MUC1-scFv bonds

If the connecting tethers have equal length, the stepwise

rupture becomes impossible to observe. In this case, there is

no slack in the remaining tethers to absorb the loading, and

the force simply redistributes among the remaining bonds.

We can use kinetic parameters for the single bond (Table 1)

to estimate that abrupt increase in the applied load will drop

the bond lifetime to nanosecond levels. Therefore it is

reasonable to expect that the remaining bonds would rupture

very shortly after the rupture of the first bond, and the finite

bandwidth of the force microscope would cause these suc-

cessive bond failures to register as a single rupture event.

Fortunately, we can use the mechanical signature of tethers

to discriminate multiple bond ruptures.

Stretching of multiple identical PEG tethers

It is straightforward to generate an expression describing

stretching of multiple PEG tethers of identical length. Since

the load force is shared equally among all tethers, the total

force will simply be a multiple for the force generated by an

individual tether. A comparison of the stretching profiles for

multiple identical PEG tethers (Fig. 1 B) shows that an

increase in the number of tethers produces a stiffness in-

crease in the intermediate regime II. This difference in the

force-extension profiles accounts for a unique signature that

identifies the number of tethers that produce a particular

rupture trace. Fig. 3 shows an example of such a determi-

nation. Even if we allow the tether contour length change to

obtain the best possible fit, the stretching profile for three

tethers still produces a quantifiably better fit to the exper-

imental data than the stretching profile for the two tethers

in the critical conformational transition regime (region II in

Fig. 1 B).

Rupture of multiple MUC1-scFv bonds

We have used this procedure to determine the number of

bonds corresponding to each of the large number of the spe-

cific rupture events that we measured in our experiments.

These data (Fig. 4) showed that an increase in the number of

bonds lead to the increase in the measured rupture force. It is

interesting to note that the measured force appears to

increase nearly linearly with the number of bonds. Williams

(23) and subsequently Williams and Evans (24) have an-

alyzed rupture of multiple identical bonds and showed that

FIGURE 2 (A) A rupture trace showing stepwise rupture of two MUC1-

scFv bonds. The dashed line corresponds to the fit of the brief one-tether

stretching region to the EFJC model, and the solid line represents the fit of

the two-tether stretching region to a linear combination of two tethers of

unequal length. The fit to the one-bond loading region determined the length

of one of the tethers (54.3 nm), which was then used in the fit of the two-

bond stretching region to determine the length of the remaining tether (49.9

nm). (B) A similar trace showing another stepwise rupture of two MUC1-

scFv bonds with the tether length of 61.6 nm and 70.3 nm. (C) Plot of the
rupture force for the MUC1-scFv interactions as a function of the logarithm

of the instantaneous loading rate (Rf) for stepwise rupture events (blue

diamonds,e) and individual rupture events (red squares, h). Solid red and

blue lines indicate the best fits of the data to the linear functions.
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the measured rupture force, f*, will scale with the number of

bonds, NB, and the measured loading rate, rf, as

rf ¼ koff
kBT

xb

+
NB

i¼1

1

i
2 exp �f �xb

ikBT

� �� ��1

; (6)

where xb is the characteristic bond width, koff is the

thermodynamic off rate for a single bond, and kBT is the

thermal energy scale. The rupture forces that we calculated

using Eq. 6 and the kinetic parameters that we obtained from

the dynamic force spectrum in Fig. 2 C show reasonable

agreement with the experimental data for the full range of

loading rates used in our experiments (Fig. 4). However, all

calculated curves show a more pronounced curvature than

the experimental data for both high and low loading rates.

This deviation disappears, however, when we take into

account the details of the bond loading in the AFM experi-

ment. Nonlinear stiffness of PEG tethers and fluctuations

in the binding force cause every rupture event to occur at

a different instantaneous loading rate. The increase in the

number of bonds produces stronger connections that need to

be loaded by higher forces, which then produce increased

loading rates even if the AFM transducer retracts at a con-

stant velocity. The net result is that the rupture events re-

corded in our experiments show a bias toward higher loading

rates at a higher bond number (Fig. 4, inset). Indeed if we use
the average loading rates for each number of bonds to cal-

culate the expected rupture force, the calculated forces match

the experimental data over the entire range of the number of

bonds observed in our experiments (Fig. 4).

Interestingly, the apparent-linear dependence of the mea-

sured rupture forces on the number of bonds seen in Fig. 4

can hint at the reasons some AFM-based force measurements

at first seem to match the predictions of the Poisson statistics

model (25). This method is based on the assumption that the

rupture force for multiple parallel bonds scales linearly with

the number of bonds; this assumption has since been proved

to be incorrect (23). We note that in our experiments the

‘‘linear’’ scaling reflects the bias in loading rates specific to

the AFM measurement with tethered ligands and not the

fundamental scaling relationship for the strength of multiple

bonds. Therefore, we stress that the Poisson statistical anal-

ysis will not produce a meaningful value for the single bond

strength even in this case. Researchers need to use a full

Markovian model for the strength of multiple bonds (23) to

analyze force spectroscopy measurements.

CONCLUSIONS

We have demonstrated that it is possible to design force

spectroscopy measurements that will determine the bond

rupture strength and the number of interacting molecules in-

dependently. Our results show that connecting the interact-

ing molecules to the surfaces of the AFM tip and sample

provides a means to determine the number of the interacting

molecules using a unique mechanical signature of a flexible

polymer tether. This system allowed us to measure the

rupture strength for several peptide-antibody bonds con-

nected in parallel for various numbers of bonds. We found

that the measured rupture forces obey the predictions of a

FIGURE 3 Use of the mechanical signatures of the PEG tethers for

discriminating the number of bonds ruptured in a particular measurement. A

comparison of a multibond rupture trace (gray dots) with the calculated force

versus extension profiles for three (solid line) and two (dashed line) tethers.

The calculated profile for the three-tether case provides a noticeably better fit

with a 40% reduction in the x2 value.

FIGURE 4 Plot of the measured rupture forces (open squares, h) as

a function of the number of MUC1-scFv bonds between the AFM tip

and sample. Solid diamond symbols (¤) correspond to the rupture forces

calculated using the Markovian model for the strength of multiple bonds

using the average loading rate determined for each particular number of

bonds. Lines correspond to the predictions of the same model using a single

value of the average measured loading rate for one (dashed), three (dotted),

and six (dash-dotted) bonds over the whole range of bond numbers. The

inset shows the average measured instantaneous loading rates (solid tri-
angles,:) for the full range of bond numbers used in our experiments. The

solid line is provided as a guide to the eye.

TABLE 1 The distances to the transitions state, xb, kinetic

off-rates koff, and the average bond lifetime toff ¼ 1/koff values

determined from the fits of the data in Fig. 2 to Eq. 1

Parameter Stepwise bond rupture Single bond rupture

xb (Å ) 2.7 6 .3 2.8 6 .2

koff (s
�1) 6.9 3 10�3 6 7.0 3 10�3 3.3 3 10�3 6 2.8 3 10�3

toff (s) 145 303
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Markovian model for the strength of parallel bonds if we

account for differences in loading rates used in our experi-

ment. Interestingly, this loading rate bias tends to produce an

almost linear dependence of the rupture force on the bond

number, which may create a false indication of a ‘‘quan-

tized’’ adhesion. We stress that the rupture force measure-

ments alone do not provide sufficient information about

the multivalent interactions, and researchers always need to

explore the full parameter space that includes the loading rate

and the number of bonds. Our measurements specifically

underscore the need for an independent means of determin-

ing the bond number in the multivalent interactions mea-

surements.

These measurements open up several avenues for funda-

mental and applied research. Biophysicists could use our

measurement system to investigate how different configura-

tions of multivalent ligands influence the binding strength

and kinetic parameters of the interactions. This research could

then directly translate into the next generation of multivalent

drugs and labels that show tighter binding and improved

specificity.
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