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Abstract

Ligands mounted to particle surfaces via flexible tethers represent a growing class 

of molecules used to engineer adhesion in biosensing, drug targeting, and self-assembling 

nanostructures. In this work we show that the combination of lock-and-key specificity 

and the tether dynamics cooperate to allow the interaction between a tethered ligand and 

receptor to be easily tuned. In this way, the adhesion between surfaces decorated by 

herein-called “entropical forests” can be described by a set of practical, back-of-the- 

envelope relations that accurately predict the rate, range, and strength of adhesion. Over a 

wide parameter space, the relations agree well with direct measurements of the attractive 

cross-bridging forces and the repulsive polymer steric forces when strongly-binding 

biotin/streptavidin is used as a model ligand-receptor pair in the Surface Forces 

Apparatus. A more general theoretical framework is also developed to relate key 

properties of single tethered ligand-receptor interactions to multiple bond formation 

between curved surfaces in both static and dynamic conditions. This framework, along 

with the development of a high-resolution, automated Surface Forces Apparatus, has 

enabled some o f the first direct force measurements of the decohesion o f a low-affinity 

ligand-receptor bond. These results provide rare information on the kinetics of tethered 

ligand-receptor interactions. Implications are presented for the design of targeted drug 

carriers and self-assembling nanostructures, as well as for understanding bridging forces 

in colloidal and biological systems.
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Overview

Chapter 1 develops a thermodynamic framework for predicting the strength, 

range, and rate o f adhesion between particles bridged by many tethered ligands and 

receptors, and presents experimental justification for the scaling relations derived. By 

comparing direct force measurements of tethered ligand-receptor architectures of varying 

polymer composition, Chapter 2 shows that the specific bridging and steric forces are 

uncorrelated in the parameter regime relative to drug targeting. Also presented are 

implications for the design of targeted liposomes and other particles conjoined by 

tethered ligands and receptors. Chapter 3 presents rare direct force measurements of a 

weakly-binding ligand receptor pair. For this work, an automated Surface Forces 

Apparatus was constructed to enable high-resolution measurement. Additional theory is 

developed to relate these measurements to those presented in Chapters 1 and 2 and to 

explain the roles of tether polydispersity and lipid-membrane “bond” strength on the 

surface adhesion. Chapter 4 provides a more complete record o f the methods used in 

Chapter 3 but is otherwise not pivotal to the dissertation. Specifically, it describes the 

synthesis and characterization of a novel lipolymer-tethered ligand that binds to 

streptavidin with an affinity that more closely resembles that of biological ligands and 

receptors, which was used for the experiments reported in Chapter 3.

In all chapters, references to cited works and appendices refer to those listed at the 

end of each chapter.
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2

Chapter 1: The Role Of Flexible Tethers In Multiple Ligand- 
Receptor Bond Formation between Curved Surfaces

Reproduced with permission from Moore, N. W. and T.L. Kuhl. The Role o f Flexible Tethers in 
Multiple Ligand-Receptor Bond Formation between Curved Surfaces. 2006. Biophys. J., 

91(5):1675-1687.. Copyright 2006 The Biophysical Society.

1.1 Abstract

Ligands mounted to surfaces via extensible tethers are present in nature and 

represent a growing class of molecules used to engineer adhesion in drug targeting, 

biosensing, self-assembling nanostructures, and in other biophysical research. Using a 

continuum approach with geometric and thermodynamic arguments we derive a number 

of analytical expressions that relate key properties o f single tethered ligand / receptor 

interactions to multiple bond formation between curved surfaces. The theoretical 

predictions are in good agreement with measurements made with the Surface Forces 

Apparatus (SFA). We establish that, when ligated, many tethers commonly used in 

biophysical research exhibit a discrete binding range that can be accurately measured 

with force spectroscopy. The distribution of bound ligated tethers is independent o f the 

surfaces’ interaction radius, R. The bridging force scales linearly with R, the tether’s 

effective spring constant and grafting density, and with the ligand-receptor bond energy 

when the surfaces are in direct contact. These results are contrasted to bridging forces 

that evolve between plane-parallel geometries. Last, we show how our simple analytical 

reductions can be used to predict adhesive forces for Stealth® Liposomes and other 

targeted and self-assembled nanoparticles.
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1.2 Introduction

In this work we examine the adhesive forces between tethered ligand-receptor 

architectures. As an example, Fig.1-1 shows two surfaces— one anchoring extensible 

molecular tethers that each bear a ligand that can bind specifically to a dense field of 

receptors on the opposing surface. Such architectures are biomimetic and are used in 

targeting liposomes and other bioactive particles towards cell tissues (1, 2), in 

biofunctionalizing surfaces (3, 4), and in the self-assembly of colloidal- and nano

structures (i.e. refs (5, 6)).

Target cell (or nanoparticle) >

receptor'

ligand

t h’q^ L  

! v
Vesicle (or nanoparticle)

Figure 1-1. Depiction o f two particles (i.e. cells, liposomes, or nanoparticles) bridged 
by tethered ligand / receptor bonds. The gap height, or surface separation, h (D ,r ) ,  is
a function of the spheres’ tip-to-tip distance (D) and the position along the lateral axis 
(/•). The surface curvature limits how many particles may bridge the two surfaces. The 
relevant interaction area is constrained by the tether extension, or contour length (/.), 
and the corresponding radial distance (r i ). The area containing bound tethers is 
geometrically limited by the effective binding range of an individual tether (/#) and 
the corresponding radial distance {tb). Ligands tethered to extensible molecules, such 
as polymers in good solvents, will stochastically sample many distances (/) away 
from their tether’s anchor, which can be much farther away than the tether’s time- 
average or equilibrium extension (leq) (16,17). These larger extensions produce the 
bridging forces that we model in this paper.

A wide range of tethers have been utilized in drug targeting and controlled nano

assembly, including the nonimmunogenic poly(ethylene glycol) (PEG) and other
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4

synthetic polymers, and biologically harvested materials such as DNA strands, actin 

filaments, and fibronectin (7-12). Likewise, a wide range o f biospecificities has been 

imparted to many of these tethers and their binding efficacy studied (13-15). What 

remains debated is the most efficacious structure for engineering adhesion between 

particles coated with tethered ligands / receptors.

The tethered ligand / receptor architectures that have been studied most are found 

in targeted Stealth® Liposomes. Like the stealth bomber, these drug-carrying vesicles are 

designed to evade the body’s defenses—the immune system—and deliver their payload 

in a precisely targeted location, such as a cancer cell (1). They are armored by a forest of 

PEG chains, some o f which bear target-specific ligands. These grafted polymer chains 

stochastically sample many chain conformations, which dramatically increases a tethered 

ligand’s probability o f finding its target compared to ligands mounted flush on a surface 

(16-20). The entropic motion of grafted chains also produces a spring-like force that 

pulls bridged surfaces together once the tethered ligand and receptor bind (18, 19, 21). 

This same entropic motion is responsible for repulsive steric forces as the grafted layer is 

compressed. The net achievement o f these “entropical forests” is a long-range attraction 

and a shorter-range repulsion between surfaces they bridge. These forces may extend 

beyond the influence o f attractive van der Waals or repulsive electrostatic forces and thus 

dictate the adhesive properties o f surfaces, such as the distance at which bonds form and 

how strongly a liposome adheres to a target cell.

The tether’s tug against the ligand-receptor bond reduces the bond lifetime (22), a 

phenomenon that has been examined through a variety o f kinetic (18, 19, 21, 23), 

thermodynamic (23a-28), and mechanical (29) models. The rupture of single and
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multiple tethered bonds has also been studied extensively through force microscopy (for a 

review see (30)). Unfortunately, it is very difficult to experimentally measure the 

formation of multiple molecular cross-bridges and to relate the measured adhesive 

properties to the properties of individual tethered ligand-receptor bonds. The most similar 

prior works have studied ensembles o f grafted tethers using “adhesive dynamics”— a 

stochastic simulation method that tracks binding probabilities for each molecule and 

sums the forces on each bond to calculate the net adhesive force between two bridged 

bodies (31-36).

Here, we seek a continuum model to describe the interaction between individual 

tethered ligands / receptors and to relate those single-molecule properties to the adhesive 

strength, range o f interaction, and speed of approach between surfaces bridged by many 

tethered ligands / receptors. This framework allows us to develop scaling laws that are 

useful for understanding multiple bond formation between tethered ligand-receptor 

architectures on curved surfaces. We demonstrate the predictive accuracy of our model 

by comparing it to measurements with the Surface Forces Apparatus. Last, we illustrate 

how our analytical solutions can be used to design “smart” biointerfaces for drug 

targeting, biosensing, and nano-assembly, using Stealth® Liposomes as an example.

1.3 Single Bond Formation: Critical Binding Ranges

Of fundamental importance to tethered ligand-receptor interactions is the 

question: at what distance will tethered ligands bind to receptors? Bonds formed when 

the tether is stretched beyond its equilibrium extension are antagonized by the tether’s 

contractile force and can dissociate if  the entropic pull o f the tether is sufficiently strong 

(18, 19, 22, 38). External forces, such as those applied in force microscopy, can also
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increase the rate o f bond dissociation (22, 38). However, in contrast to the bulk of 

experimental work where surfaces are separated (i.e., ref. 38), with approaching surfaces 

the apparent bond strength may appear to decrease with increased surface speed if  bond 

formation is constrained by the time required for tethered ligands to diffuse towards 

receptors (16, 18, 19). In Section 1.5 we show quantitatively that this is not always an 

important constraint for modeling the adhesion o f liposomes and larger particles, since 

diffusion o f the kinds o f small, high affinity ligands tethered by polymers used in drug 

targeting is often very rapid compared to the timescale of the entire adhesion event. 

Nonetheless, assuming that tethered ligands and receptors are in chemical equilibrium 

will reveal some useful scaling relations and provide explicit expressions for the 

maximum bridging force between surfaces bound by tethered ligands, as well as estimates 

of the adhesion timescale and fraction of bound tethers.

Moreira, et al. (18, 19) used a kinetic model to show that in the limit of chemical 

equilibrium, tethered ligands / receptors have the binding probability:

E q l _ ,

where W is the ligand-receptor bond dissociation energy and U(l) is the energy required 

to stretch a tether a distance / away from its anchor. Fig. 1-2 plots the probability o f bond 

formation for PEG2000 tethers with various ligand-receptor dissociation energies. Each 

curve is sigmoidal, with a high probability o f bond formation when Ufl) < W and a low 

probability of binding when U(l) > W. At the inflection point U(l) = W, the binding 

probability is 0.5.
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Figure 1-2. Probability of a single PEG2000 tether binding (Eq.1-1) as a function of its 
extension, /, for various ligand-receptor bond energies (left to right: W= 5, 15, 25, 35 
kBT). Arrows mark each tether’s binding range, Is, defined as the tether extension at 
which 0 = 0.5, which coincides with each curve’s inflection. Bonds form less 
frequently when the distance between the tether’s anchor and the receptor is greater 
than Ib. This critical binding range becomes greater as the ligand-receptor bond 
energy increases, as the bond becomes more thermodynamically stable and can more 
easily resist the entropic pull of the tether. Brackets above the graph designate each 
curve’s Al, which estimates the range over which 0 changes from 1 to 0. The fully 
extended tether length is Z=159A (length of abscissa). As W increases, Al/L decreases 
and 0 more closely resembles a step function. If the receptor is moving towards the 
anchored tether, the general shape of the binding probability curves remains, although 
the inflection point ( I b )  will be decreased by an amount that depends on the approach 
velocity (18, 19).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



As seen in Fig. 1-2, the interval in / over which the binding probability changes

from 1 to 0, A/, is a small fraction o f the tether length, L. In such cases, there is a sharply

We call this critical extension, Ib, the tether’s binding range, corresponding to the 

inflection o f each curve in Fig. 1-2. For tethers with a harmonic stretching potential,

binding range is lB = leq +{2W/ k f ~  and AI = 3kRT j { k W ^ 2 (39). Eq.1-2 also describes

well the binding probability of tethered ligands when surfaces approach quickly 

compared to the bond formation timescale (of the order ~1 ps for PEG tethers)(16). In 

that case, the binding probability curve still approximates a step function, but the critical 

binding range decreases by an amount that depends on the approach speed (18, 19). Thus, 

in settings far from equilibrium, Ib can be interpreted as the maximum effective binding 

range.

The question is: do biological tethers (and synthetic tethers) in common use have 

a sharply defined binding range when interacting with biological receptors? To answer 

this broad question, we first determine typical bond energies (W) for biospecific 

interactions. Table 1-1 compares the bond energies of ligand-receptor pairs commonly 

used in drug targeting and other biophysical research (13, 14). Although this list is not 

exhaustive, an attempt has been made to represent a variety o f molecular classes. With 

the exception of a single nucleotide bond, all the biospecific interactions listed in Table

defined extension, Ib, below which nearly all tethers bind and beyond which the binding

probability is essentially zero. Mathematically,

Eq.1-2

U(l )  = ( k / 2 ) ( l - l eq) ' , where k  is an effective tether spring constant, and so the critical
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1-1 have a bond energy of W>5 kBT and most have W>15 kBT. In fact, o f the 2,276 

biological ligand-receptor complexes currently listed in the PDBbind database v.2004 

(41, 42), we calculate an average bond energy of W=\A.l kBT (monomodal with standard 

deviation 4.9 kBT) (43). The strongest biological noncovalent interaction is between 

biotin and avidin (W=35 kBT).

To survey characteristic values for tether stiffness, Table 1-2 compares the lengths 

(L) and effective spring constants (k) of tethers that have been used in drug targeting, 

controlled self-assembly, and elsewhere (7). Importantly, a calculation of Al/L is listed 

using the characteristic value of W=15 kBT  that was determined from Table 1-1. In all 

cases, A/ is a small fraction of L\ thus, tethers listed in Table 1-2 are expected to exhibit a 

discrete binding range when bearing “typical” biospecific ligands, such as those listed in 

Table 1-1. In some cases, A / « Z  and we expect a binding probability curve much 

steeper than those shown in Fig. 1-2, and thus an even more distinct binding range.
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Table 1-1. Some ligands and receptors of interest for drug targeting and other biophysical 
research.

Ligand Receptor Bond energy 
W / k BT*

Dissociation  
constant Kd (M)*

Ligand 
MW (D)

Ref.

folic acid folate receptor 21-25 0 b 1 O 441 (68, 69)

sialyl Lewis X+ L-selectin 18-24 2 x l0 '8 - 4 x l 0 ' n 120,000 (70-72)

PSGL1 P-selectin 17 5 .5 x l0 '8 120,000 (72, 73)

adenine (A) thymine (T) 2.3 lx lO '1 135 (74)

RGD peptide integrm a np3 14 lxlO"6 770 (75)

fibrinogen integrin a nP3 16 lxlO '7 N/A (75)

145-2C11 mAb 
(antibody)

CD3 16 7xl0"8 N/A (76, 77)

fluorescein anti-fluorescein 19-21 0 .7 5 -8 .9 x l0 ‘9 380 (78)

human serum 
albumin (HSA)

anti-HSA 14* 8 .3 x l0 ‘7 66,500 (79)

serine
endopeptidases
(various)

protein inhibitor 18-29 1.5xl0 '8 —2 .5 x l0 '13 N/A (77)

“typical”
antibody

“typical” antigen 18 10'8 >100,000 (22, 73)

biotin avidin 35 l.OxlO’15 244 (80)

biotin analogues 
(various)

streptavidin 5-30 o X 0 1 X o 00 214-258 (80, 81)

* When only one of W  or Kd was reported, the other was estimated (43). fModified 
PSGL-1 ligand.+ Estimated as W -  (rupture force) x (effective rupture length) (22).
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Table 1-2. Some tethers o f interest for drug targeting and other biophysical research.

Tether Spring 
constant., k 
(mN/m)

Length, Z/ Binding
interval,
A I (nm )31

A l/L Ref.

DNA

T
fO1

V,0

20 pm 70 0.0035 (82)

* RNA 0.1 320 nm 6.1 0.019 (83)

* dextran (polysaccharide) 5.1 0 .4 -1 .6  pm 0.7 0.0004-0.002 (84)

* xanthan (polysaccharide) 93 ~1 pm 0.2 0.0002 (85)

* cellulose
(carboxylmethylated)

1-30 0.1-1 .2  pm 2 0.001-0 .02 (85)

neutrophil microvilli 0 .15-1.3 0.2-1 .6  pm 1.2-3.0 0.006-0 .002 (86)

lamellar bodies (lung 
surfactant complex)

0.0125 8 pm 14 0.0018 (87)

P E G 2ooo 1.0 15.9 nm 3.7 0.23 11

P E G 3 3 0 0 0.57 23.2 nm 4.4 0.19 11

P E G 6 2 6 0 0.27 49.7 nm 7.0 0.14 11

poly(styrene) 0 .1 -2 10-1000 nm 1-4 0 .04-0 .10 11

* poly(vinyl alcohol) 1.0 50-1000  nm 1.6 0.002-0.03 (88)

* poly(methylacrylic acid) 1.1 20-120  nm 1.0 0.05-0.005 (89)

* poly(NIPAM) 1.8 100-1600 nm 1.0 0.0007-0.01 (90)

* An effective molecular stiffness was estimated from the slope of reported force- 
distance curves in the low-force regime. + “Contour length” or fully-stretched extension. 
■"Estimated for a characteristic value of W= 15 k#T (c.f. Table 1-1). (43); for comparison, 
see refs. (91-93).
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1.4 Multiple Bond Formation at Curved Interfaces

In the rest o f this paper we relate the properties o f single tethered ligand-receptor 

interactions to what may be observed when many such molecules decorate curved 

surfaces (i.e. Fig.1-1). We seek to answer: how many bonds will form at a given surface 

separation, what will be the bridging force between the two surfaces, and what is the 

timescale of the adhesion event? Our analysis assumes that anchoring surfaces are non- 

deformable as the conventional first step in quantifying the interactions of deformable 

solids (44).

When tethered ligand-receptor pairs are evenly spread across two opposing 

curved surfaces, geometry dictates the maximum number of tethers that may bind:

Ntotal = L o  gq ^

where R is the effective interaction radius of the surfaces (45), L is the tether’s fully 

extended length or contour length, and cris the tether surface grafting density (46). Eq.l- 

3 assumes the surfaces are touching (see Fig.1-1). It is exact provided R^> L , and is still 

correct to a factor less than 10 when R = L . Examples of when Eq.1-3 is accurate include 

the adhesion of two cells (R = 10 pm, L ~ 1 pm) (Table 1-2), the binding of a targeted 

liposome onto a cell surface (R = 38-100 nm, L -  16 nm)(47), and the cross-linking of 

nanoparticles via adsorbed polymer ( R -  100 nm, L = 21 nm)(5). Using Eq.1-3, a 100-nm 

Stealth® liposome with a=105 tethers/pm2 of PEG2000 (1) may form a maximum of 

—1,000 bonds to a cell, while the folate-targeted liposom es used by Reddy, et al. (R=50 

nm, L=27 nm, cr~10 tethers/pm ) (48) would be expected to form at most -10  bonds per 

liposome. We postulate that in both cases these are enough bonds to render continuum 

models insightful.
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The number o f tethers that can form bonds depends not only on the tether / ligand 

/ receptor properties but also on the surface curvature. Tethers near the interaction center 

will be closest to the receptor surface and thus more likely to form bonds, while those 

away from the center will be more highly stretched and thus less frequently bound. As we 

have shown that most tethers o f interest exhibit a discrete binding range (Eq.1-2), we can 

simplify the analysis considerably. Using geometric arguments, the number o f tethers 

bridging two curved equilibrated surfaces may be readily estimated:

Nt^ = 2 x R a { l B- D )  Eq.1-4

for D < lB and L . Thus, the number of tethers that can bind depends intimately on fy. 

Further, by comparing to the total number o f tethers in the interaction area (Eq.1-3), the 

fraction of chains bound is

® =  N bom d  / N m ai = ( } b ~  D) jL  Eq.1-5

Thus, the fraction of bound chains is independent o f the size of the interaction area. 

Although simple in form, Eq.1-5 makes a remarkably accurate calculation of <t> 

compared to our numerical solutions for complimentary surfaces decorated with multiple 

PEG tethers (identical within ±1% over the entire range, 0 < D < L  for 

5kBT < W < 35kBT ). For approaching surfaces, Eqs.1-4 and 1-5 estimate maximum 

expected values, since lB decreases with increased approach speed (18, 19).

With justification for treating binding ranges of single tethers as discrete when 

multiple tethers are present, we now develop an analytical solution for the maximum 

bridging force between two curved, approaching surfaces. Our derivation centers on 

developing appropriate expressions for the component of the interfacial energy, £ ( D ) ,  

per unit area that develops from multiple tethered ligand / receptor bond formation
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between two plane-parallel surfaces. As detailed in Appendix 1-A, the many angles at 

which tethers bind have little effect on the bridging force normal to the plane of 

interaction. By our definition, individual tethers at equilibrium exhibit significant binding 

probabilities when 0 <1 <lB. Thus, we set <j> = \ (maximum) for 0 <1 <lB, which 

restricts the validity of the result to 0 <D <1B. (We will address the possibility of 

nondiscrete binding ranges in Section 5.1). Last, we assume a constant grafting density, o  

(46). Then for the plane-parallel geometry, the component of the interfacial energy per 

unit area that arises from the bridging force is:

D

E{ D)  = - a \ f { l ) d l  Eq.1-6

We employ two models for the stretching force, / ( / )  = d U ( l) /d l . In the first we

treat each tether as a Hookian (harmonic) spring. Although ideal springs do not exist in 

nature, this simplification is useful because spring models are often used to approximate a 

single molecule’s actual mechanical behavior (29, 49). For example, single-molecule 

force spectroscopy has been used to measure effective spring constants for a number of 

tether molecules (e.g., Table 1-2) (51). Moreover, because the spring model is one of the 

simplest models for polymer stretching, it will make the scaling behavior of the bridging 

force more apparent.

The maximum (or equilibrium) bridging force between two surfaces is calculated 

using the Derjaguin approximation, which has been shown to be valid for any type o f  

force provided R »  D  (51). For the spring model the result is:

(D)  = - x R k c ( l , - D ) ( D + I , - l Q  Eq.1-7
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Eq.1-7 shows that the maximum bridging force for spring-like tethers bridging 

approaching surfaces scales linearly with the interaction radius (R), tether spring constant 

(k), and tether grafting density (<r) (46). This scaling behavior for tethered ligand-receptor 

interactions is also validated in Appendix 1-B without using the Derjaguin 

approximation. Using Eq.1-7 with our analytical estimate for lB suggests that the bridging 

force scales linearly with the ligand-receptor bond energy (W) over the entire regime 

0 < D < L  when W »  k ls jk BT , which for freely-jointed polymers (i.e. PEG) requires

polymer length. This latter constraint is typically met in drug targeting; thus, we might 

anticipate Fbrtdgjng cc W  when liposomes are attached to target cells.

The second model we employ for the polymer stretching force is the “worm-like 

chain” (WLC) model, which is known to more accurately describe the stretching 

potential of many bio- and synthetic polymers at long extension, as it accounts for finite 

chain length (29). In the WLC model, the force required to stretch a single tether is:

where Ip is the tether’s persistence length, which characterizes the chain’s resistance to 

bending stress between adjacent mers. Applying the same assumptions used to derive 

Eq.1-7 except using the WLC model (Eq.1-8) estimates the maximum (or equilibrium) 

bridging force for an entire ensemble o f flexible tethers between two curved, approaching 

surfaces:

W » ( 3 /2 ) ( A 2/5 - l )  kBT  (51), or when D < leq requires simply W » ( 3 / 2 )k BT  for any

Eq.1-8

f
bridging (:<tRak,Tl2Ir ) [ ( I , - D ) l ( l t - L ) ( L - D )]

X [ 3 L + 2Dig (lB+ D ) /L - ( 2 lB+ D )(lB+2D)]
Eq.1-9
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As with the spring model, the WLC model predicts that the bridging force will scale 

linearly with the interaction radius (R) and tether grafting density (cr), and will vanish as 

D —► Ip. The stiffness of individual chains is manifest in the bridging force as an inverse 

proportionality to the persistence length (Ip) in Eq.1-9.

1.5 Bridging Dynamics and Surface Approach

The preceding analysis is useful for calculating the maximum effective binding 

range o f an individual tether (via Eq.1-1), the maximum number and fraction of bound 

tethers (Eqs.1-4 and 1-5), and the maximum bridging force (Eqs.1-7 and 1-9). However, 

these expressions can represent not just maximal values but exact values when the 

surface speed is slow enough that tethered ligands and receptors can be assumed to be in 

a state o f chemical equilibrium. Although a detailed kinetic analysis is beyond the scope 

o f this paper, identifying the conditions in which tethered ligands and receptors anchored 

to curved surfaces are expected to be in chemical equilibrium clarifies the applicability of 

our model and provides useful information about the dynamics of surface approach.

For ligands tethered to immobile surfaces, the average rate of bond formation to 

opposing receptors depends on the intrinsic kinetics of ligand-receptor bond formation 

and on the effective diffusion rate of the ligated tether. The distal end of a grafted 

polymer chain in good solvent has the characteristic diffusion time, 

t (1) = 1A3tzEx p (U (1 ))/u (1) (18, 19). The chain relaxation time used here is the

“Zimm time”, xz -  j k BT , which takes into account hydrodynamic drag of the chain 

as it moves thermally (37). As an example, a characteristic value for this diffusion time 

for a single, ligated PEG2000 tether in water opposing a receptor less than 100A away is zy
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« 1 (_is. Because this timescale is much longer than that o f intrinsic ligand-receptor bond 

formation (in the nanosecond range), bond formation with ligated PEG— and with less 

flexible tethers—can be assumed to be diffusion limited. In such cases, surfaces that 

move slowly compared to the tether diffusion timescale will have equilibrium bond 

kinetics and equilibrium adhesion forces.

To estimate the surface approach timescale, we note that the adhesion begins near 

the surface separation D « lB, where tethers grafted near the contact center are first able to 

form stable cross-bridges (Fig.l). These bound tethers begin tugging the surfaces 

together, bringing more tethers into range until the surfaces are an equilibrium distance 

apart, Deq<lB. The characteristic time for the surfaces to move across this distance is then:

= { h - D eq) l  (dD/dt) Eq. 1 -10

where (dD /dt) is a representative speed of the surfaces’ approach. To calculate the

approach speed, we use the thin film assumption (52) to write the force balance: 

p  + F + F =0
intersurface cantilever hydrodynamic Eq.1-11

Fimersurface ' s the bridging force plus any nonspecific intersurface forces. Fcanlllever is the

force o f an external cantilever mounting one surface, as would be present in a force 

microscopy experiment. It has previously been shown that when R » L the 

hydrodynamic force is dominated by the force required to squeeze out fluid from between 

the two surfaces, viz.,

= 6 w R c X„ (d D / d t ) / ( D - S P ) Eq.1-12

where RG = (R]R2)iU and RH -  2{\/Rx + l/i?2) ' are the geometric and hyperbolic radii, 

respectively, /j. is the fluid viscosity, and SP is the distance that the hydrodynamic slip
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plane extends from the surface (from D = 0) (52). We simplify with R{ = R2 so that 

RgRh=R- Then from Eqs.1-11 and 1-12, the approach velocity is

dD/dt  = (D)  + F<m,„mr ( D ) ] ( D - S P ) / 6 V R'  Eq.1-13

It is insightful to simplify Eq.1-13 as follows. First, Fcmti,erer is typically much

smaller than Fintersutface during surface movement in force microscopy, and is zero in the

context of liposomal targeting in vivo. Second, the bridging force typically dominates 

over the nonspecific forces except at short distances, and so Fintersurface ~ Fbndgmg. With 

these simplifications we can use Eqs.1-7 and 1-11 to derive the maximum surface 

approach speed:

\dD/dt\ < (ker/6 fiR )[(D - SP)(lB - D ) ( d  + Ib - 21 eq)] Eq.1-14

By comparing Eq.1-14 to Eq.1-10 we can identify the following scaling relation:

Fumes,on «  p R /k a  Eq.1-15

We can use this scaling relation to estimate the minimum adhesive timescale for 

particles o f different sizes, for example. For an SFA experiment that mimics architectures 

commonly used in drug targeting (1), the adhesion timescale is o f the order of Is for 

R~ lcm. For a self-similar liposomal architecture with R=50 nm, Eq.1-15 estimates 

Tadhesion -  $ F s  • I n  both cases, Tadhesion is longer than the 1 ps sampling time typical for

PEG2000 chains extended below 1 < 100A where surface movement is fastest, and is 

significantly larger than the polymer’s intrinsic relaxation (Zimm) time o f 9 ns. This 

observation substantiates our assumption o f chemical equilibrium between PEG-anchored 

ligands and receptors for the drug targeting applications with which this paper is 

primarily concerned.
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1.6 Methods for Evaluating the Analytical Solutions

1.6.1 Independent Numerical Solutions

To evaluate our analytical reductions, we also calculated more exact expressions 

for the bridging force as follows. As discussed previously, the bridging force for an 

ensemble of tethered ligands spread between two curved surfaces depends on the surface 

geometry and on properties of the ligand, receptor, and tether. Tethers near the interaction 

center (r = 0) will be less stretched than tethers near the periphery of interaction (see 

Fig. 1-1). Thus, the contractile force o f a tether, f ( h ) ,  depends on the gap height, h. 

Because a stretched tether opposes bond formation, the probability that a given tether will 

bind, 0(h) ,  also depends on the gap height. Thus, calculating the total bridging force 

between two curved surfaces requires an integral over the entire interaction area:

K i d g i n g  {D ) = i  r (T f  (h) • (j)(h)  (/?) dr Eq. 1 -16
r= 0

where N( h)  is a mathematical operator that accounts for tethers binding to receptors at 

different angles and ri is the radius o f the interaction area corresponding to a gap height 

of h(D ,rL) = L (Fig.1-1). For two curved surfaces, the gap height is

h(D ,r) = D + R - ( R 2- r 2f 2 Eq.1-17

where D is the nominal surface separation (tip to tip), R is the effective interaction radius 

(45), and r is the lateral distance from the center of the interaction area (see Fig.1-1). To 

compute this force for PEG tethers, we have interpolated stretching force profiles from 

Monte Carlo simulations reported elsewhere for various PEG lengths (16). To compute

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20

the local binding probability of a single tether, (/>{ti) , we replace / with the gap height, h,

bridged by tethered ligands. In scenarios relevant to drug targeting, ^C(h) ranges

between 1 and 1.15, and thus serves as only a small correction to Eq.1-16 that we account 

for in our numerical results.

1.6.2 Experimental Measurements

To further validate our model, we compare it to measured adhesive forces 

between membranes functionalized with tethered ligands and receptors, measured with 

the Surface Forces Apparatus (SFA) as reported elsewhere (16, 17; Kuhl, T.L. S. 

Zalipsky, and J.Y. Wong, unpublished data). The SFA technique is one of the most 

powerful tools available for determining the force-distance relationship between weakly 

interacting surfaces (49). In short, two molecularly smooth mica surfaces were coated 

with lipid membranes anchoring a known fraction o f ligated PEGX, where the subscript 

‘x ’ is the average polymer molecular weight. This coating was made using Langmuir 

Blodgettry, which allowed the tether grafting density to be controlled for each sample. 

Biotin (to oppose streptavidin receptors) was the chosen ligand because of its typical 

molecular weight and extensive characterization (c.f. Table 1-1)(54). A dense field of 

streptavidin receptors (>79% coverage) (55) was presented on the opposing membrane. 

One surface was mounted on a double cantilever spring; its measured displacement is 

proportionate to the intersurface force. Simultaneously, the intersurface spacing, D, was

in Eq.1-1:

Eq. 1-18

Appendix 1-A provides a detailed derivation o f ^C(h) for two spherical particles
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controlled and measured with angstrom precision using white-light interferometry (56). 

For dynamic measurements, a camera recorded the interferogram (52).

In comparing to these experiments, we added to our model nonspecific 

interactions between biological surfaces as follows: 1) van der Waals attraction between 

lipid membranes calculated using a non-retarded Hamaker constant typical for 

membranes (57); 2) electrostatic repulsion calculated numerically by solving the 

nonlinear Poisson-Boltzmann equation for membranes characteristic in drug targeting 

research (58); and 3) polymer steric repulsion calculated using Dolan and Edwards theory 

for grafted polymer mushrooms (59) These three nonspecific forces were added to the 

specific bridging force (Eqs.1-7 or 1-14) for direct comparison to both static and dynamic

measurements with the SFA. For D < leq it was also necessary to add n R k a  ( D -  lcq )2 so

that polymeric compression was not accounted for twice when summing Dolan and 

Edwards theory to either of Eqs.1-7 or 1-14.

The predicted forces were also used to estimate the ensemble capture distance, Db 

« /b, which is the farthest separation at which two surfaces experience net attraction. In 

surface force measurements, the capture distance is an artifact of the experiment (the 

distance at which the slope o f the net intersurface force profile equals the spring constant 

of the cantilever (kcantuever) that holds one surface (60). Yet because it is easily 

quantifiable, Db serves as a useful third validation of our adhesion model. More 

specifically, the predicted capture distances were calculated by solving for the farthest 

distance at which

SKuersurface {D) /  SD = kamtUmr Eq. 1 -1 8b

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



22

where Fintersurface represents the predicted force profile (Eq.1-16 plus values for the 

nonspecific forces described above).

Input parameters for the numerical (and analytical) solutions were chosen to 

match experimental variables (Table 1-3). Except where noted, all results are a priori 

estimates, not data fits. The three molecular weights of PEG correspond to lengths that 

have been commonly used for drug targeting in vivo (47). Likewise, the tether grafting 

density of ~105 tethers/pm2 is typical for drug targeting (47). This grafting density is also 

on par with reported expressions of folate receptors on tumor cells (34, 61), and only one 

order of magnitude greater than estimated cell surface densities o f integrin receptors (33).
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Table 1-3. Parameters used in calculating numerical results (except where specified). 
Values with uncertainties indicate experimentally measured values, which were used in 
the model when comparing to experimental data.

Symbol Value(s) Units Ref.

Tether (PEG) Properties

molecular weight PEGX 2000, 3300, 6260 g/mol

number o f  mers N 45, 75, 142*

length (full extension) L 159, 262, 497* + A

tether resting extension h q 42.8, 58.4, 87.9* : A  (16)

length per mer a 3.51 A

grafting density a (1.17±0.03)x 105 tethers/pm2 11

ligand-receptor bond energy W 5-35 kBT

Surface Properties

Hamaker constant 3.0 x 10'21 J (58)

surface charge densities (grafting -0 .0186 /-0 .01 C/m2 (94)
surface / receptor surface)

interaction radius R 0 .1 -3 .0 , 1.48±0.05 cm 11

slip plane P 0, 158 A

cantilever spring constant kcantilever 100-300, 236±18 N/m 11

Environmental properties

Temperature T 25.0±0.2 °C "

pH 7.2±0.1 11
ionic concentration 0.50±0.01 mM 11

Viscosity P 8.9 x 10'4 kg m ' V 1 11

Dielectric constant 78

* Corresponding to the three polymer molecular weights listed above. fL = a x N  (50). 
Calculated from Monte Carlo data (16). ^Coincidentally about the same length as an 
amino acid in a polypeptide (95). 'lKuhl, T.L. S. Zalipsky, and J.Y. Wong, unpublished 
data
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1.7 Results & Discussion

1.7.1 Experimental Validation

It is nontrivial to measure bridging forces directly because mechanical instabilities 

that are present in all force spectroscopy create regions of distances where the surfaces 

move quickly and equilibrium forces cannot be measured (60). Therefore, to validate our 

model we rely on a combination o f measurements of static forces, capture distances, and 

the speed of surface approach.

Figs. 1-3A and 1-3B compare the measured intersurface forces to those predicted 

a priori for two tether lengths (PEG6260 and PEG2000, respectively), using the spring 

model (Eq.1-7) for the specific bridging force. The model correctly identifies the capture 

distances (D b) ,  adhesive minima, and equilibrium resting positions ( D eq) to within 

experimental error (±0.1 D /L ). From these figures we see that the model predictions are 

numerically accurate to better than an order o f magnitude. It should be emphasized that 

the solutions shown in Fig. 1-3 were not “fit” to the experimental data. Instead, these 

calculations were made a priori using the parameters in Table 1-3. Further, the predicted 

force profiles are based on the maximum bridging force expected. With these views, we 

find that the model agrees remarkably well with the experimental data.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



25

-20

a

-40

-50
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

Norm alized surface separation (D /L)

Figure 1-3. Comparison of a  p r i o r i  predictions of the maximum expected bridging 
force (lines) and measurements with the Surface Forces Apparatus (SFA) for 
biotin/streptavidin ligand/receptors (W= 35 JcbT) mounted on two tether lengths: A) 
PEG6260 and B) PEG2000 (Kuhl, T.L. S. Zalipsky, and J.Y. Wong, unpublished data). 
Forces were measured between unperturbed surfaces as they approached (solid 
circles) and during withdrawal after surfaces had been pressed into adhesive contact 
(open circles). Discontinuities in the measured data exist from instabilities in the 
cantilever spring that support one o f the functionalized surfaces. The a  p r i o r i  model 
correctly identifies the capture distances (D b)  and equilibrium resting positions (Deq) 
to within experimental error (±0.1 D/L), and forces to within less than a factor of 
three.

Differences between the predicted and measured forces arise from two primary 

sources. First, what is common to both Figs. 1-3 A and 1-3B is that the long-range steric 

repulsion is overestimated by the Dolan and Edwards theory. In fact, reliable force laws 

for grafted polymer mushrooms are only well established for polymer compression 

( D < leq)  (59). However, this has little effect on either the capture distances ( D b) or the 

majority of the force profile because the polymer bridging force dominates whenZKDs.
I

Second, the measured bridging force for the PEG2000 tethers (Fig.l-3B) is 

underestimated by about a factor o f three. It has been shown that lipid anchors can be the
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weakest “bond” between membranes bridged by polymers (62). In short, the energy 

required to extract a phosphatidylethanolamine from a lipid membrane ranges from 10- 

25 kBT  (62-66), which is significantly less than the biotin-streptavidin bond energy (35 

ksT). Thus, it is likely that the uprooting of lipid anchors— which may also depend on the 

tether spring constant or kinetics— decreases the bridging force in these experiments. For 

example, shorter polymer chains are stiffer and would apply more force to the lipid- 

membrane “bond” and rupture them more quickly (22, 37). However, this effect is most 

significant in separating surfaces (62), and does not invalidate our a priori model’s 

general agreement with the SFA data.

The ensemble capture distances (DB) measured with the SFA were found to agree 

with our model’s predictions, as shown in Table 1-4. Within experimental error, the 

ensemble capture distances were also identical to the predicted binding ranges of 

individual tethers (Ib). However, comparing the predicted capture distances to the 

predicted binding ranges shows that the two are not numerically equivalent. That is, Ib is 

a property of a single tether—the inflection point in Fig. 1-2—while DB is a property of an 

ensemble and o f the measuring method. In fact, using our numerics we estimate the total 

fraction of bound chains required to pull these surfaces in these experiments together 

as ®(Z)B) * 0.001 (Kuhl, T.L. S. Zalipsky, and J.Y. Wong, unpublished data). In

contrast, Ib is defined by <f>(l) = 0.5. Although the two quantities are not strictly 

synonymous, our numerical model predicts that Db is a reasonable estimate of lB when lB 

is discrete (viz., when A//Z is small), and that the same capture distances would be 

measured for a broad range of cantilever spring constants (1-100 mN/m) and interaction
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radii (lpm -10  cm). Consequently, the SFA measurements provide direct evidence of 

tethers exhibiting discrete binding ranges.

Table 1-4. Measured and predicted ensemble capture distances and predicted single
tether binding ranges for PEG tethers of different lengths. Ligand / receptor was biotin / 
streptavidin (W= 35 ksT). The ensemble capture distance is the farthest range at which 
two surfaces are observed to experience bridging, and hence depends on the measurement 
method. In contrast, the theoretical binding range of single tethers depends only on the 
properties o f the tether and ligand/receptor.

Tether Ensemble capture distance ( D b) ,  A Single-tether binding range (Ib) , A

Measured* Predicted+ Predicted *

PEG2000 129±10 127 122

PEG3300 176±20 187 181

PEG6260 275±25 294 284

* With SFA as reported elsewhere (16). fEq.l-18b. "'From Eq.1-1; i.e., inflection points in 
Fig. 1-2.

As a third verification, we report the dynamic approach of two surfaces identical 

to those shown in Fig.l-3B. The results are shown in Fig.1-4 along with the prediction 

based on the dynamic model (Eq.1-13). Again, the model’s prediction is an a priori 

estimate, not a data fit. With this view, we find the agreement to be excellent. As 

predicted by Eq.1-13, the surface separation varies sigmoidally with time. By fitting the 

data to a three-parameter logistical model, we measure Tadhesion = 0.88±0.06 s, in 

reasonable agreement with the predicted Tadhesm„ = 0.3 s. It was also found numerically 

that moving the hydrodynamic slip plane to be coincident with the tether’s equilibrium 

extension (SP = leq) increased the adhesive timescale by less than 5% compared to when
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SP = 0. Thus, although the value of the slip plane affects the equilibrium resting position 

(Deq), it should have little effect on the adhesion dynamics in these scenarios.

180

160

o  Measured with SFA 
 Sigmoidal data fit

 Predicted a priori

140

120eo
2  ioo
C3CUoVD
O 80o,C3‘c
3

O 'o

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Time (s)

Figure 1-4. Dynamic approach o f surfaces bound by PEG2000 tethers. The ligand and 
receptor were biotin and streptavidin (PF=35 kpT). Measurements with SFA (circles) 
follow the prediction o f Eq.1-13 (solid line). Fitting the measured data to a three- 
parameter logistic m odel. (dashed line) (96) calculates the measured Tadheswn = 
0.88±0.06 s, in reasonable agreement with the a priori model’s predicted o f Tadhesion -  
0.30 s.

1.7.2 Scaling Behavior o f  the Bridging Force

Fig. 1-5 demonstrates a calculation o f the bridging force for PEG2000 tethers. 

Plotted are both the full numerical solution (Eq.1-16) and the two analytical solutions 

(spring model, Eq.1-7; WLC model, Eq.1-9). The spring model was fit to the numerical 

solution by varying only the PEG tether’s effective spring constant, k. Reasonable 

agreement was found for k=2.6±0.6 mN/m, which is in reasonable agreement with the 

k - 1.0 mN/m predicted for PEG2000 chains (51). For high ligand / receptor bond energies 

(here W > 15 kBT) the WLC model gives better overall agreement. The latter yields a
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persistence length of Ip -  5.71 ± 0.01 A, just longer than the 3.5A mer length, and close to 

the Ip = 4.75 A determined from fitting Monte Carlo data reported elsewhere for single 

chains (16). In addition, bridging forces predicted by the numerical solutions scale 

linearly with the interaction radius, R, as predicted by Eqs.1-7 and 1-9.

o

-10

-20

-30

-40

-50
Increasing ligand-receptor 

bond energy ( W)
-60

— Spring model (Eq.1-7)
— WLC model (Eq. 1-9)
o  Numerical solutions (Eq. 1 -16) _-80

0.3 0.4 0.5 0.6 0.7 0.8 0.9

Normalized surface separation (D/L)

Figure 1-5. Maximum bridging force between approaching surfaces decorated with 
ligated PEG2000 as a function of the surface separation (normalized as D/L over the 
range leq<D<L, where leq is the tether’s equilibrium extension and L is the tether’s 
contour length). Ligand-receptor bond energies were (left to right): 5, 15, 25, and 35 
kpT, as marked. The spring model (Eq.1-7, solid lines) was fit to exact numerical 
solutions (Eq.1-16, circles) by varying only the tether spring constant, k. Best 
agreement was found for k=2.6±0.6 mN/m. For W > 15 kpT, better agreement was 
achieved by modeling PEG tethers as worm-like chains (Eq.1-9, dashed lines), giving 
a persistence length of 5.71±0.0lA. All solutions converge to zero near the critical 
binding ranges (left to right, Ip = 77, 100, 113, 122A), and reach maximum force at D 
< leq (far left). There the bridging force increases linearly with W, as predicted by the 
spring model.

Differences in these force profiles stem from differences in mathematical form. 

For example, the analytical solutions assume that no tethers bind beyond D > lB (c.f.
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Fig. 1-2); thus, both slightly underestimate the bridging force at these long extensions. For 

smaller distances (i.e. D  « leq), the poorer agreement of the WLC model to the numerical 

solution with lower bond energies (i.e. W -  5 ksT) partly arises from assuming all tethers 

bind in the direction of the surface normal (Appendix 1-A), and it is perhaps an empirical 

coincidence that the spring model is less sensitive to this simplification, giving 

differences that are <6%. The numerical solutions correctly converge to zero force as 

D  —̂ lg , reflecting the distance at which most receptors are beyond the stable binding 

range of tethers, as predicted by Eqs.1-7 and 1-14. Both the spring model and the 

numerical solutions reach maximum force at D = I , where as predicted the bridging

force increases linearly with increased ligand-receptor bond energy, W (R =0.9998; note 

even spacing of vertical intercepts in Fig. 1-5). Qualitatively, this is because more tethers 

are able to form stable cross-bridges at larger gap heights near the edge of the interaction 

area.

It should be noted that the forces plotted in Fig. 1-5 represent the maximum 

bridging forces that may be achieved with these molecular architectures, as discussed 

previously. Kinetic constraints or the uprooting o f lipid anchors may create binding 

probabilities for individual tethers that are functions of time, viz., <1 for / < lB, or

that are more complicated functions of the tether extension than expressed by Eq. 1-1. 

While these effects decrease the magnitude of the bridging force, they are not expected to 

change its scaling with respect to k, a, or R, since Moreira et al. have shown that tethered 

ligands mounted to a movable surface still have discrete, albeit shortened, binding ranges 

(18, 19). Likewise, the scaling of the adhesive timescale (Eq.1-15) does not strictly 

require ligands and receptors to be in chemical equilibrium.
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The force profiles shown in Fig. 1-5 are distinct from what would be observed 

between two plane-parallel surfaces. As a shortcut, it may be tempting to model the 

interface as two flat surfaces (hereon “flat-flat”) on the grounds that R »  D in many 

applications, as discussed. However, at a flat-flat interface all tethers would have equal 

probability o f binding to receptors. Fig.6 illustrates how this phenomenological 

difference creates a qualitatively different force-profile than our model for curved 

interfaces. As seen in Fig. 1-6, the bridging force between curved interfaces is zero near Ib 

and reaches a maximum force at D=leq. In contrast, the bridging force between flat-flat 

interfaces increases sharply at Ib, then vanishes as Z) —» leq. These results are normalized

by the number of tethers in the interaction area; hence, they are independent of R. Thus, 

although correct to an order of magnitude, modeling a curved interface as flat-flat will 

produce significant error in estimating individual bond forces when ligands are tethered. 

This finding may be significant for those doing force spectroscopy or flow cytometry. 

Instead, Eqs.1-7 and 1-9 provide simple yet accurate ways to predict equilibrium or 

maximum bridging forces while still accounting for the curvature o f slowly adhering 

surfaces (46).
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Figure 1-6. Effect o f surface curvature on the force between two surfaces bridged by 
tethered ligand/receptors. The tether is PEG2000 with streptavidin / biotin (W= 35 knT). 
The abscissa corresponds to leq < D < L .  Shown is the average bridging force per
tether calculated for two geometries: spherically curved interfaces (i.e. Fig.1-1, or 
equivalently, sphere-flat or cross-cylinder geometries (45); dashed line) and a plane- 
parallel, or “flat-flat” interface (solid line). Both are normalized by the number of 
tethers and therefore are independent o f the size of the interaction area (or of the 
interaction radius for curved interfaces). The presence or absence of curvature at the 
interface creates phenomenologically different force profiles; i.e., curved interfaces 
have a bridging force that increases as D  - » /  and decreases as D ^  IB (center of 
bracket), while the reverse is true for plane-parallel interfaces.

1.7.3 The Model as a Predictive Tool fo r  Drug Targeting

We briefly demonstrate how the analytical solutions we have derived can be used 

to estimate the adhesive properties of targeted liposomes. Fig.l-7A shows the expected 

force profile for a “typical” liposome targeted with PEG2000 tethers (1) (parameters in 

Table 1-3). As shown in Fig.l-7A, a strong adhesion can be transformed into what is 

nearly a net repulsion by reducing the ligand-receptor bond energy (W) by less than one 

order of magnitude. Also, the capture distance (DB) decreases with decreasing W. As
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before, these forces represent the maximum adhesive forces expected. Anchor removal or 

impedance from glycocalyx or other membrane-bound molecules may reduce the 

attractive forces significantly.

6
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Figure 1-7. Examples o f tuning the interaction profile to optimize adhesion for drug 
targeting or nanoassembly. A) Choosing ligand-receptors with different bond energies 
(top to bottom: W-5, 15, and 25 ksT). Tethers are PEG2000; all other parameters are 
from Table 1-3. Increased bond energy increases the maximum number of bound 
tethers and hence the net adhesion. Too small of a W will result in an insufficient 
probability of ligand-receptor bond fonnation to produce a bridging attraction large 
enough to counteract the repulsive steric and electrostatic forces also present in 
adhesion. B) Parameters chosen to simulate folate targeting for a Stealth® Liposome. 
Choosing different lengths for the PEG tether suggests the existence of an optimum 
tether length for producing the strongest adhesion.

Fig.l-7B shows the predicted interaction profile for a folate-targeted liposome 

(for a review see (20)). The folic acid / folate receptor bond energy was fixed at W= 25 

kgT (Table 1-1), while the PEG tether length was varied. Grafting densities were

(l/C )x 9 0 %  to model PEG chains in the slightly overlapping brush regime, which has 

been shown to be important in minimizing nonspecific adhesion between liposomes and
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extracellular components (1). The characteristic surface density o f folate receptors (2 x

16 ^10 sites/m") (67) was on the same order but always less than the density of ligands; 

thus, this number was used to calculate the number of cross-bridges formed. Also, the 

folic acid ligand has only twice the molecular weight of biotin (Table 1-1), which is small 

compared to the length of the shortest tether considered (159A for PEG2000); 

consequently, its length does is assumed to not impact the results of the present 

calculation. As before, these are a priori estimates o f the maximum adhesive force 

between such particles. Fig.7B suggests there may be an optimum tether length that 

capitalizes on the synergy between maximizing bond formation and minimizing steric 

repulsion. Perhaps not coincidentally, the strongest adhesion shown in Fig.7B occurs 

when the PEG tether has a molecular weight o f 3400—the same tether some recommend 

for folate targeting in vitro (48, 61).

1.8 Conclusions

We have shown that tethers of practical interest in drug targeting and other 

biophysical research exhibit a critical binding range. This observation has allowed us to 

develop analytical predictions for the range, strength, and rate o f adhesion between single 

tethered ligand-receptors and between surfaces they decorate. These metrics were 

accurately predicted in comparison to measurements made with the Surface Forces 

Apparatus and with independent numerical predictions. These relations should be useful 

for optimizing adhesion in drug targeting, biosensing, and nano-assembly, as well as for 

providing insight into bridging forces involved in biological adhesion.
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1.9 Appendix 1-A: Bridging Angle Inconsequential to Normal Force

Cross-bridges formed at angles away from the surface normal are more highly

point. Because tethers that are more highly stretched tend to form bonds less frequently, 

the angle (0) at which a tether binds affects not only the force that bond exerts in the 

normal direction but also the probability o f attachment. To correct for these effects, we 

derive a continuum expression for the angle operator jC (h) in Eq.1-16.

If an individual spring-like tether has a contour length, L, much smaller than the 

particle radius (L  <sc R ), then the gap height, h, will appear constant within each tether’s 

vicinity. A tether can form bonds at an arbitrary angle 6  away from the surface normal 

by stretching a distance I -  h/Cos 8 . Upon forming a cross-bridge, the normal component 

o f the bridging force is

f ± (h) = f ( t i )C o s 8  = - k (h /C o s 8 - leq̂ Cos0 = - k ( h - l eqCosd} Eq.1-19

When 0 = 0, f L (h) = f { h ) = - k { h - l eq) ,  which is what we would calculate if  we

ignored angling effects. By comparing these two quantities, we can estimate the angle 

operator as

where 8  ( h) is the average angle that tethers bind for a given gap height, h. The angle 

operator £ { h )  is essentially a correction factor to the integrand in Eq.1-16. We compute 

the average binding angle using Boltzmann statistics, viz.,

stretched than bridges formed to a receptor that is directly above the tether’s anchor

1 - ( l J h ) C o s ( 0 ( h ) )
Eq.1-20
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/ '4«(A) N
f dPe dd / f PgdQ Eq.1-21

K 0 / I  0 J
where Pg is the probability o f bond formation at a given angle and 

<9nm (h) = A rcC os(h/L ) is the maximum angle at which bridging can occur. An 

analytical solution for Eq.1-21 exists for tethers with a discrete binding range. A critical 

binding range (7g) will correspond to a critical angle ( 0b )  beyond which no binding 

occurs. The average binding angle then approaches

6  (h) dB (Ji)j2 = ArcC os^h/lg^/l Eq.1-22

For the ensemble, the error in ignoring angling effects is greatest when the 

surfaces are in contact (Fbndging underestimated by -15%  for R>10L and -25%  for R=L.). 

This error reduces to zero when the surfaces are far apart. This behavior can be explained 

by noting that when the surface separation is near the binding range (D ~ h )  only highly 

stretched tethers can bind. There 0{ti)&  0 and hence «1 (Eq.1-20). At closer

distances, the error is still small because most o f the tethers that are bound are away from 

the interaction center. It is these highly stretched tethers, which are more numerous, that 

constitute the bulk o f the bridging force (37). Further, anchor diffusion tends to alleviate 

stresses on cross-bridges by moving anchors nearer receptors (25). Overall, the total 

bridging force normal to particle interfaces has little dependence on the angles at which 

tethers bind to receptor surfaces.

1.10 Appendix 1-B: Exact Analytical Solution for the Bridging Force Validates 
Scaling Behavior

To validate the scaling behavior of the bridging force between tethered ligand- 

receptor architectures (Eq.1-7), we have derived an analytical solution for the bridging
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force (Eq.1-16) without using the Derjaguin approximation. As before, we set 4̂  = 1, 

and o’constant in the range 0 <r  <rB, where rB corresponds to h(D,rB) = lB. Then 

Eq.1-16 simplifies to:

F t,ndglnS (D ) = 2 n G  \ r f { h )  d r  £ q-1 -23
0

where the gap height, h, is given by Eq.1-17. Then for harmonic tethers Eq.1-23 has the 

exact solution

\3/2

Eq.1-24
(O ) = -2<r*o- {(1/3) [ ( R (R  + 2D  -  21, ) )  -  R >

- D ) R 1+(IB- D ) ( D - l ^ ) R }

Contrary to how it looks, Eq.1-24 is remarkably linear with respect to R over a 

tremendous range of R values. When leq < 0.25 lB, Eq.1-24 is linear in R over the range

lB <R  <107/b . And when leq< 0.951 B, Eq.1-24 is linear in R over the range

lB < R < \ 0 6lB. In these regimes, this exact solution is numerically equivalent to the 

expression for the bridging force for spring-like tethers derived using the Derjaguin 

approximation (Eq. 1 -7) and exhibits the same scaling behavior.
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Chapter 2: Bimodal Polymer Mushrooms: Compressive Forces 
and Specificity toward Receptor Surfaces

Reproduced with permission from Moore, N. W. and T.L Kuhl. Langmuir, 2006, 22(20) :8485- 
8491. Copyright 2006 American Chemical Society.

2.1 Abstract

End-grafted poly(ethylene glycol) (or PEG) polymer chains are used to extend the 

in vivo circulation time of targeted liposomes and nanoparticles; however, the most 

efficacious structure for also imparting high target specificity remains unknown. Using 

the surface forces apparatus, we have measured the specific and nonspecific forces 

between bimodal mixtures o f grafted polymer mushrooms and model receptor surfaces. 

Specifically, supported lipid membranes anchoring 2000- or 5000- Dalton (D) PEG with 

a controlled fraction o f PEG-2000 bearing biotin ligands were compressed against 

opposing streptavidin surfaces. The presence of the longer 5,000 Da chain increased the 

steric repulsion o f the bimodal mushroom layer and thus decreased the net adhesive force 

when shorter chains were ligated. However, the 5,000 Da chain did not detectably alter 

the distance where ligand-receptor binding occurs and adhesion begins. This latter result 

is in good agreement with theoretical predictions based on summing the repulsive steric 

and attractive bridging forces. Further, all ligated structures adhered to receptors under 

both static and dynamic fluid flow conditions. The dynamic movement of the flexible 

PEG tethers permitted ligand-receptor bonds to form far beyond the equilibrium edge of 

the bimodal mushroom layer. This work demonstrates that liposome targeting should be 

enhanced by grafting ligands to liposomes with a tether that has a contour length longer 

than the equilibrium height of the bimodal mushroom layer.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



46

2.2 Introduction

A primary goal o f drug targeting is to engineer drug delivery vehicles with high 

specificity, that is, with a high affinity for targets and a low affinity for nontargets. There 

are many surface functionalization strategies for imbuing liposomes (or nanoparticles) 

with a high affinity for various known targets, most notably by attaching specific ligands

1 *5to the liposome surface ’ . It has also been established that affinities for nontargets may 

be reduced by coating liposomes with grafted poly(ethylene glycol) (or PEG) polymer 

chains3. However, the dual goals of maximizing adhesion to targets and minimizing 

nonspecific adhesion may prescribe different polymer architectures, and the most 

efficacious structure for doing both remains unknown4. For example, a study by Blume et 

al. showed that liposomes had the greatest circulation time in vivo when the ligand was 

deeply buried in the polymer layer (close to the liposome bilayer), but that these 

architectures bound to targets less frequently5. Thus, a useful structure may be a bimodal 

mixture of grafted PEG chains: a fraction bearing ligands to target the liposome and a 

fraction without ligands to minimize adhesion to nontargets5-7. However, the ideal 

structure of such a bimodal coating o f PEG remains debated. Specifically, should the 

ligated PEG chains be shorter than, longer than, or the same length as those PEG chains 

that do not bear ligands, and in what concentrations?

At issue is how these polymer architectures modulate the specific and nonspecific 

forces involved in targeting biological surfaces. In thermodynamic terms, PEG chains 

grafted at a spacing just less than their radius of gyration are in the mushroom phase8-10 

and stochastically sample conformations that put their distal end much farther away than 

their equilibrium end-to-end distance11-14. An approaching surface or protein confines 

these chains, producing an osmotic repulsion that inhibits adhesion or protein adsorption
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and renders liposomes nonimmunogenic15 -17. The conformational sampling / chain 

motion can also be harnessed to increase ligand accessibility for more effective targeting. 

Therefore, we are interested in defining the compressive steric forces in bimodal 

mushroom architectures and the impact of architecture on specific bridging forces.

Force laws for compressing polymers in the closely packed “brush” regime have 

been well characterized both experimentally and theoretically for both bimodal18-24 and 

monomodal15,19:25-29 architectures. Likewise, force laws between more widely spaced 

polymer “mushrooms” that are monomodal have been studied experimentally22,30-34 and 

theoretically28,35̂ 10. There have also been theoretical descriptions for compressing 

polydisperse polymer mushrooms32 and brushes24. However, quantitative experimental 

measurements and comparisons are limited, especially for short grafted chains as 

investigated here.

As for specificity, polymer chains bearing ligands are able to bind to 

complementary receptors on an opposing surface. Once bound, the entropic motion of 

individual tethers produces a spring-like force that attracts bridged surfaces12-14,41,42, 

compressing the polymer layer until a mechanical equilibrium is reached6,28. The net 

achievement of these “entropical forests” is then a long-range attraction and a shorter- 

range repulsion between surfaces they bridge. In many situations these forces extend 

beyond the influence o f attractive van der Waals or repulsive electrostatic forces and thus 

dictate the adhesive properties11,28,43,44. For example, it has been shown that grafting 

2000-Dalton PEG prevents liposomes from attaching specifically to model targets when 

the ligand is hidden inside the polymer layer on a relatively short tether (10-12 A)5,22. 

Thus, successfully targeting these liposomes may require tethers that are considerably
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longer. Likewise, Monte Carlo simulations with ligated PEG tethers o f fixed length (64 

mers) and variable lengths for neighboring, non-reactive PEG suggest the existence of an 

optimum ratio o f lengths for polymers in the bimodal mixture, which in principle might 

also depend on their grafting density, ligand-ligand and ligand-polymer interactions, 

receptor concentration and accessibility, and other in situ conditions6. Thus, it remains to 

be determined how long the ligated tethers should be, how long the non-ligated chains 

should be, and in what concentrations. Also unresolved is the role that the longer, non- 

ligated chains in a bimodal architecture may have on the kinetics or strength o f this 

specific bridging for polymer lengths o f interest, for example, if  neighboring chains may 

entangle45 or sterically reduce the ligands’ access to receptors.

To quantify the interactions of bimodal mixtures of PEG with receptor surfaces, 

we used the surface forces apparatus (SFA) with bimodal and monomodal mixtures of 

grafted polymers. In particular, we measured the forces induced against an opposing 

receptor surface during the surfaces’ approach and separation. Both ligated and non- 

ligated polymer mixtures were studied to separate specific from non-specific forces. For 

the ligated architectures, we also quantified the capture distance where significant cross

bridge formation first occurred during the approach. With these measurements, our goal 

is to further elucidate molecular features o f the polymer layer that are important for 

designing targeted liposomes.

2.3 Materials

Hereon the subscript in PEGX refers to the chain molecular weight of a single 

component. PEGX was purchased pre-conjugated to DSPE lipid and to the biotin ligand 

where indicated (Fig.IB). The following high purity lipids and lipid conjugates (>99%)
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were purchased from Avanti Polar Lipids (APL; Alabaster, AL) and Northern Lipids 

(NL; Vancouver, British Columbia, Canada): dipalmitoylphosphatidylethanolamine 

(DPPE, Lot#160PE-81), dilauroylphosphatidylethanolamine (DLPE, Lot#120PE24), 

distearoylphosphatidylethanolamine (DSPE, Lot#180PE62), DSPE-poly(ethylene 

glycol)(PEG MW = 2000) (DSPE-PEG200o), DSPE-poly(ethylene glycol)(PEG MW = 

2000)-biotin (DSPE-PEG20oo-biotin, APL Lot#180PEPEG2Bio-14, NL 

Lot#ALl 1203601), and DSPE-poly(ethylene glycol)(MW5000) (DSPE-PEG5000, 

Lot#180PEG5PE-26). A-((6-(biotinoyl)amino)hexanoyl)-1,2-dihexadecanoykvn-

glycero3-phosphoethanolamine, triethylammonium salt (biotin-X DHPE, Lot#45311) 

was purchased from Molecular Probes (Eugene, OR). Streptavidin was purchased from 

Pierce Biotechnology (Rockford, IL) (Lot#GC94900). Octadecyltriochlorosilane (OTS) 

and all salts were o f high purity (>99.5%) and were purchased from Sigma-Aldrich (St. 

Louis, MO). Water was purified with a Millipore Milli-Q filtration system (Billerica, 

MA). HPLC grade methanol and chloroform were from Fisher Scientific (Pittsburgh, 

PA). 6-pm streptavidin-coated silica microspheres were from Bang’s Laboratories 

(Fishers, IN) (Lot#553313).

2.4 Methods

2.4.1 Bimodal Architectures

Various mixtures of two PEG chain lengths were studied— some with ligands, 

some without, and some longer than others— by incorporating them in defined ratios into 

supported lipid membranes. The properties of the polymer portion of the DSPE-PEGX- 

biotin used are listed in Table 2-1. The compositions of the five polymer mixtures studied 

are listed in Table 2-2.
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Table 2-1. Properties o f the PEG chains studied.

Abbreviation MW a N b L (A) b Rf { A)b Tzimm (os)

2k 2000 45 159 35 9

5k 5000 113 397 60 46

a molecular weights, excluding the DSPE or biotin portions of the conjugates used b The 
polymerization index (N) was used with the average length per mer (a = 3.5 A) to 
estimate the chain length (L = a x N) and Flory radius (Rf = a x N0 6) 10. For grafting 
densities greater than the overlap concentration, grafted polymer chains will tend to 
extend further away than Rf to decrease chain crowding and increase solvent contact. c 
The characteristic relaxation time of these polymers was estimated as r,jmm « fiR^ f  k T , 

where fi is the solvent viscosity, k is the Boltzmann constant, and T  is temperature10.

Table 2-2. Molar compositions (%) of the polymer-anchoring lipid leaflets.

5k-2kB
architecture 

2k-2kB 2kB 5k-2k 2k

DSPE-PEG5000 3% — — 3% —

DSPE-PEG2000 — 3% — 2% 5%

D S PE-PEG2ooo-biotin 2% 2% 5% — —

DSPE 95% 95% 95% 95% 95%

In the 5k-2kB mixture, 60% of the grafted chains were 2.5 times longer than the 

chains that bore ligands. In the 2k-2kB mixture, all polymers were the same length, and 

again only 40% bore ligands. In the 2kB case, all polymers were the same length and all 

bore ligands. No ligands were present in the 5k-2k and 2k cases. In all cases, the fraction 

of lipids in the leaflet anchoring polymers totaled 5% so that the polymer layer remained
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in the weakly-overlapping mushroom regime. The net surface grafting density o f polymer

S  'J  • • •was always cr= 1.19x10 PEG chains per pm ' to mimic typical grafting densities of

TOtargeted liposomes . To ensure statistical validity, each architecture was prepared 

between two and five times in independent experiments, with multiple measurements 

possible in different regions of each sample, as described below.

2.4.2 Substrate Preparation

Supported lipid bilayers were prepared by Langmuir-Blodgett (LB) deposition 

using a Wilhelmy trough (Nima Technology Ltd., Coventry, UK) as described

o

elsewhere . All preparations were carried out in a laminar flow box (Labconco, Kansas 

City, MO). Lipids were dissolved in 9:1 chloroform/methanol at a concentration o f ~1 

mg/mL. Fig.2-1 shows a schematic of the receptor and ligand surfaces constructed for 

this study. A close-packed, solid phase inner monolayer of DPPE (—43 A2 per molecule, 

n  -  40mN/m) was deposited onto molecularly smooth, back-silvered mica substrates 

glued onto silica disks by pulling the substrates up through a compressed DPPE 

monolayer at the air-water interface. Afterward, the DPPE-coated mica substrates were 

allowed to air-dry overnight. For the tethered ligand surface, a mixture of DSPE, biotin- 

PEGx-DSPE, and/or PEGX-DSPE was then deposited by passing the DPPE coated 

substrates down through the monolayer film (~43 A2 per molecule, n  = 40 mN/m) to 

form the outer leaflet of the membrane. Subsequently, the membrane-coated surfaces 

were kept under water. All measurements were conducted in phosphate buffer containing 

0.5 mM Na+ at pH 7.2. The buffer was saturated with DSPE to prevent solubilization of 

the bilayer. Lateral diffusion of lipids was minimized by operating at 25±0.2 °C, which is 

below the phase transition temperature o f the lipid bilayers.
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Figure 2-1. (A) Schematic o f the experiments in the SFA. Shown as an example is a 
monomodal grafting of PEG ligated with biotin and positioned at a distance (Z>) from 
the receptor surface. Here the chains are grafted apart at a distance near their Flory 
radius (Rj). The receptor pockets of streptavidin are parallel to the upper supported 
membrane. The surface curvature is exaggerated for clarity (typically the interaction 
radius is ~1 cm). Shown also are the chemical structures of PEG-lipids used in these 
studies: (B) ligated 2kB and (C) non-ligated 2k and 5k.

2.4.3 Receptor Architecture

The high-affinity ligand-receptor pair biotin-streptavidin was utilized in these 

studies (binding energy of 88 kJ/mol or -35 kT  per bond)46-51. Although biotin and 

streptavidin are not cellular adhesion molecules, their high binding affinity is ideal for 

studies on the effect of flexible tethers in ligand-receptor binding and complementary 

adhesion, since the off-rate or back-reaction is minimized. Likewise, the small size of 

biotin (MW = 234 D) is less likely to perturb the sampling of the polymer chains.
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Commonly used targeting ligands such as folic acid (MW = 441 D) or the GRGDSP 

motif o f fibronectin (MW = 569 D) also have relatively low molecular weights and 

similar molecular dimensions52 (for more examples see Table 1-1).

The preparation of oriented monolayers of streptavidin has been described 

previously49,53. Briefly, streptavidin was assembled by specific adsorption onto a 

supported lipid bilayer where the outer leaflet was a mixture of DLPE and 5 mol % 

DHPE-X-biotin, a lipid conjugate where biotin is coupled to DHPE via a thirteen-carbon 

spacer, (~43A per molecule, n  = 35mN/m). After deposition of the mixed DLPE:DHPE- 

X-biotin outer leaflet, the membrane was removed under water from the Wilhelmy trough 

and incubated with streptavidin at a concentration of 0.05 mg/mL in phosphate buffer for 

a minimum of 3 h. The coverage of streptavidin using this adsorption method has 

previously been determined to be -3600 A2 per streptavidin, or 79% of the bilayer

T1surface . The receptor grafting density was comparable to the ligand grafting density, 

and comparable to reported expressions of folate receptors on tumor cells54,55.

2.4.4 Force-Distance Measurements

The surface forces apparatus (SFA) technique has been used extensively to

r z  cn
measure interaction forces between surfaces ’ . Unlike the AFM technique, the SFA 

provides a definitive reference for the surface separation (±2 A) and quantitative

o
information on the interactions of an entire ensemble of chains (~10 ), ensuring statistical 

significance without the need for complicated analysis. A Mark II SFA was utilized in 

these studies. One surface was mounted on a fixed support, while the other was mounted 

on a double-cantilever spring, displaceable vertically by a micrometer screw (Fig.2-1A). 

The silver layer on each disk partially transmits light directed normally through the
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surfaces but also constructively interferes such that distances between the surfaces can be 

measured by observation o f the displacement of fringes of equal chromatic order (FECO) 

within a spectrometer . The uncertainty in measuring forces with this technique is 

typically ±10%.

In the force-distance curves shown in this study, D is defined as the distance 

between the outer edge of the streptavidin receptor and the outer lipid leaflet on the 

opposing ligated surface as shown in Fig.2-1A. This reference frame was determined at 

the end of each experiment by draining the buffer from the SFA with the surfaces well 

separated. This process removes the outer monolayers o f the assembled bilayers. After 

draining, the surfaces were brought into contact and the thickness change was measured 

with interferometry. Known thicknesses for DSPE, DLPE, and streptavidin allow the 

remainder to be ascribed to the PEG chains53. The surfaces were then dried in situ with a 

stream of dry nitrogen or 0.2 pm-filtered air and subsequently treated with UV light to 

vaporize the DPPE monolayers remaining on each surface. The surfaces were then re

contacted and the polymer thickness recalculated independently.

2.4.5 Capture Distance Measurements

As in Chapter 1, we define the capture distance (Db) as the distance during 

surface approach at which surfaces jump into contact. This mechanical instability occurs 

when the gradient o f the interaction force exceeds the spring constant of the measuring 

spring in the SFA59. It has been shown that Db is a reasonable estimate o f the extension at 

which cross-bridge formation becomes favorable for a single polymer tether12,43. This is 

because for a single tether the transition from the bound to the unbound state occurs over 

a very small range in the surface separation (~3 A for PEG2000 bearing biotin against
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streptavidin, or ~2% of the tether length)12. Thus, when many such molecules decorate 

curved surfaces, near the capture distance the attractive polymer bridging force increases 

extremely rapidly compared to the repulsive steric and electrostatic forces. Consequently, 

for the parameters of interest, the measurement o f Db does not depend strongly on either 

the cantilever spring constant or the interaction radius of the substrates43. Conveniently, 

the capture distance should therefore represent the distance at which a targeted liposome 

or other particle will spontaneously adhere to its target.

Three nonidealities in the experiment were corrected for as follows. First, in a 

typical experiment the surfaces are approached stepwise with steps AD ~15 A. This 

means that on average the capture distance ( D b)  would be overestimated by a value equal 

to AD/2. Thus, AD/2 was subtracted from the Db measured for each case. Second, it 

would seem improbable for the capture distance to be greater than the polymer length (X). 

Thus, capture distances greater than L+AD/2 were classified as outliers and ignored in 

computing statistical averages. As this tended to occur in the minority of measurements 

(~25% of the time) and in seemingly random fashion, we attributed these occurrences to 

over-stepping of the surface separation, which was controlled manually by a simple 

on/off switch that actuated a motor on the SFA. Third, because surface damage may 

occur after the surfaces have contacted (due to pull-out of the lipid anchors), only capture 

distances from the first approaches were averaged.

2.4.6 Statistical Methods

Because our method only allows the polymer thickness to be measured once per 

sample, each architecture was prepared and characterized in 2-5 independent 

experiments, with multiple force measurements made in different regions of each sample,
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and occasionally with different operators to reduce bias. Uncertainties in calculating 

capture distances were propagated in the usual way, and can be attributed to stepping the 

surface separation (±2-8 A), measuring the polymer layer thickness (±3-10 A), and other 

effects that produced random variation, such as is present in all experimental endeavors 

(±17-20 A, 95% Cl calculated with Student’s t distributions).

Before compression force profiles were fitted, electrostatic repulsion was 

subtracted by fitting data in the electrostatic regime (D > 100 A) to:

F  -{n R crl j e e ^ e ~ kD , where ae is the surface charge density (assumed constant), k 1 is

the Debye length, s  is the permittivity, and So is the permittivity of a vacuum15. This 

expression adequately represented the electrostatic force to ±0.5 mN/m, as compared to 

numerical solution of the nonlinear Poisson-Boltzmann equation using a computer 

program kindly provided by Alexis Grabbe60. The semi-quantitative choice of cutoff 

distance (D > 100A) dominated the error in fitting, which we account for in the reported 

uncertainties. For the non-ligated surfaces, the uncertainty in measuring D (±4.1 A and 

±6.5 A for 5k-2k and 2k, respectively), which arose primarily from measuring the 

thickness of the polymer layers under compression, was also incorporated into reported 

uncertainties of fitted parameters.

2.4.7 Flow Adhesion Assay

To determine how the bimodal structure affects adhesion under flow (and to 

mimic targeted liposomes in vivo), the same architectures studied here were coated onto 

standard microscope slides hydrophobized with octadecyltriochlorosilane (OTS), 

incubated with 6-|am streptavidin-coated silica microspheres, and sheared in a standard
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parallel-plate flow chamber. This procedure, which was repeated thrice for each 

biotinylated architecture and twice for each of 5k-2k and 2k, was also performed using 

DSPE- and OTS-coated substrates.

2.5 Results and Discussion

Fig.2-2 shows an example of a measured force vs distance profile, for the bimodal 

5k-2kB mixture interacting with streptavidin. When the surface separation was much 

greater than the length of the tether (D »  159 A), a screened electrostatic repulsion 

consistent with the buffer electrolyte concentration and known surface charge density 

was observed. As the surfaces approached, a discontinuity in the data was observed near 

the capture distance (DB) where the surfaces “jumped” into adhesive contact, typically 

within ~1 s. The large attractive force that produced this movement can be attributed to 

specific bridging between the surfaces12,42. Upon closer approach, a strong steric 

repulsion was measured as the polymer layers were compressed. Upon withdrawing the 

surfaces, a comparable steric repulsion was followed by a regime where once again the 

attractive (negative) bridging force dominated until the pull-off force (Fadh) was reached 

and the surfaces jumped apart. This pull-off force generally corresponded to a minimum 

(most negative) in the force profile, as exampled in Fig.2-2.
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Figure 2-2. Examples of force vs distance profiles for a bimodal mixture of grafted 
PEG ligated with biotin (here 5k-2kB) interacting with a streptavidin-coated 
membrane. Shown are successive approaches (o, □, 0) and withdrawals ( • , ■, ♦). 
Arrows mark discontinuities in the measurements due to instability of the cantilever 
spring. During approach, this measured discontinuity is always slightly greater than 
the actual capture distance (DB) due to incremental stepping of the surface 
separation. During withdrawal, the force at the instability was defined as the adhesive 
pull-off force (Fadh). Above graph: Schematic o f the ligated 5k-2kB bimodal surface 
(left) and movable receptor surface (right) used in these measurements. Below graph: 
Distance regimes over which each force is significant. For distances below Db, both 
steric and bridging forces have significant magnitudes. Beyond Db, electrostatic 
repulsion dominates the force landscape.

In contrast, Fig.2-3 shows an example of a force vs distance profile for a non- 

ligated bimodal architecture (5k-2k). Here no adhesion was observed, only electrostatic 

and steric repulsion as surfaces were approached and then compressed. However,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



significant hysteresis in the force profile for 5k-2k was observed (Fig.2-3 inset); that is, 

the force during surface separation was less than that during approach for a given surface 

separation. A detailed explanation o f this phenomenon is beyond the scope of this paper. 

Proposed explanations include hydrophobic or bridging interactions from protein 

unfolding, nonspecific adhesion of PEG to streptavidin, transformation of the PEG 

backbone into the less ordered gauche configuration, compression induced phase

segregation, and electrostatic attraction between streptavidin and ions chelated by

1,61,62
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Figure 2-3. Example of a force vs distance profile for the compression of a non- 
ligated, bimodal mixture of grafted PEG (here 5k-2k) interacting with a streptavidin- 
coated membrane. The superimposed measurements of the force during approach 
show a consistent steric repulsion (positive force). The regime where this force 
dominates (marked below graph) is short-range compared to the electrostatic 
repulsion between opposing membranes. In contrast to the ligated surface shown in 
Fig.2-2, a bridging force was not observed. Inset: Superposition of examples of 
surface approach (• )  and withdrawal (o), showing hysteresis during 
compression/decompression o f the non-functionalized polymer layers.
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Figure 2-4. Compression o f the bimodal polymer mixture (5k-2k, • )  compared to the 
monomodal mixture (2k, o), after subtraction o f electrostatic repulsion. Several 
repeated measurements of the same representative samples are shown superimposed 
in the graph. The measured compression o f both 5k-2k and 2k is log-linear, as shown 
by the fits to the Dolan and Edwards exponential-decay form (lines, Eq.2-1, 
parameters in Table 2-3). The depictions of each architecture reflect the observation 
that the presence o f the 5k chains increases the steric repulsive force.

Fig.2-4 compares the compression o f the non-ligated bimodal 5k-2k and 

monomodal 2k layers. The presence of the longer 5k chains significantly increased the 

repulsion against the model receptor surface. For both architectures the force decays 

exponentially with distance (R2 > 0.95). Thus, it is convenient to fit these data to an 

empirical form of the Dolan and Edwards theory for the compression o f monomodal 

polymer mushrooms15:

F  = 12nkTRo(peDI' Eq.2-1
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where k  is the Boltzmann constant, T is temperature, R is the effective intersurface radius, 

cr is the surface grafting density (chains/area), and D  is the surface separation. Because 

Eq.2-1 is derived from scaling relations, it was necessary to simultaneously fit the 

prefactor, <p (expected to be on the order of 1), and the length scale / (expected to equal 

the polymer layer thickness). For dilute monomodal mushrooms, / has been shown to

o
equal the polymer Flory radius (R/) . In our experiments, lateral crowding may extend / 

because the average distance between the anchors of neighboring chains was 29A , less 

than either chain’s Rf. This changes the equilibrium extension of the polymer layer, which 

for closely packed bimodal brushes is:

where Ni and Ni are the number of mers of the longer and shorter chains, respectively,

in our experiment, one might expect R/ :2  < I < H, where R/j is the Flory radius o f the 

smaller chain.

As shown in Table 2-3, compression o f the non-ligated surfaces reasonably fitted

within experimental error there was no difference between the compression length scales 

o f 5k-2k and 2k. Instead, the larger steric repulsion of 5k-2k was seen in a prefactor to

streptavidin using an SFA under experimental conditions nearly identical to our own and 

achieved similar results. Some of their observations included: 1) significant attraction 

between end-grafted PEG and streptavidin upon high compression (F/R > 12 mN/m) that

Eq.2-2

1 o
and <jt is a dimensionless surface concentration . For the bimodal polymer mushrooms

the form of Eq.2-1, but with significant deviation from expected values. For example,

Eq.2-1 that was nearly twice 2k’s (statistically distinguishable). Further insight is 

provided by Sheth and Leckband31, who explored the compression of 2k chains against
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uprooted molecules from the interface and thickened the grafted layer; and 2) hysteresis 

in the measured force between successive approaches and withdrawals. Both phenomena 

were observed in our measurements o f 2k and 5k-2k, further validating that the high 

compression o f these PEG layers against streptavidin cannot be modeled as pure steric 

repulsion. Indeed, the Dolan and Edwards theory fails here in that both 2k and 5k-2k 

exhibited length scales that were significantly smaller than either chain’s R/. For brevity 

we omit fits to other models for polymer compression that also poorly represented these 

data, including blob theory39, Flory mean field analysis34, and de Gennes theory63 for the 

compression of polymer mushrooms, and the theories of Milner, Witten, and Cates9,24 

and Alexander and de Gennes10,64 for the compression o f polymer brushes. To our 

knowledge, models have not yet been developed that accurately model the complex 

interactions o f PEG with streptavidin reported here and elsewhere31.

Table 2-3. Parameters fit to Eq.2-1 for compression of the non-ligated polymer layers.

coefficient, (p length scale, I (A)

measured predicted measured predicted R2a

5k-2k 1.3 ±0.3 1 14 ± 2 88b 0.95

2k 0.8 ±0.3 1 15 ± 1 35c 0.95

a correlation coefficient from linear regression. b maximum value expected; with the 
brush model (Eq.2-2).c Flory radius, R/ (Table 2-1).

To test if  the 5k chains interfere with specific ligand-receptor bond formation, the 

measured Db values of the ligated architectures are compared in Table 2-4. Within 

experimental error there was no statistically significant difference in Db among the three 

architectures. The average capture distance for all three cases was 124±7 A, about 80% of
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the tether’s contour length. This matches well with the 125±5 A reported for 2kB-coated 

surfaces and the 122 A predicted for an isolated 2kB chain12. This similarity between the 

three architectures’ capture distances would be expected if near DB the 5k chains neither 

interfered with the kinetics of bond formation nor significantly repulsed the particles. To 

quantify these effects, we have predicted DB for each architecture using numerics 

described elsewhere43. In short, a priori estimates were made of the repulsive steric and 

electrostatic forces and of the attractive bridging and van der Waals forces, which were 

used to predict DB 59. For the steric force, Eq.2-1 was used with the parameters in Table 

2-3. As shown in Table 2-4, the predicted DB increased when the steric repulsion was 

reduced (cf. 5k-2kB to 2k-2kB), or when the ligand density was increased (cf. 2k-2kB to 

2kB). Both of these effects increased DB slightly because stable cross-bridges were able 

to form at slightly farther chain extensions. However, these subtle distinctions are hardly 

significant considering that all three predicted DB values are identical within ±lA . That 

the experimentally measured capture distances are statistically identical to the three DB 

values predicted from estimates of equilibrium forces suggests that the 5k chains did not 

interfere with the kinetics o f bond formation near the surface separation DB within the 

measurement time frame of ~1 s.

The similarity in capture distances is further explained through a simple 

geometrical argument. For 2kB, we estimate that the discontinuity that marks 

spontaneous adhesion occurs when an estimated -11,000 chains have formed specific

cross-bridges. At this extension the bridging force averages -52  pN per chain (calculated

1 0from Monte Carlo data reported elsewhere ). It is easy to show geometrically that 

bringing the surfaces 1 A closer will bring into range another -36,000 tethers at roughly
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the same extent of stretching (-50 pN per chain), quadrupling the bridging force. Thus, 

the attractive bridging force near Db is very sensitive to D. In comparison, repulsive 

electrostatic and steric forces near Db are much weaker and change slowly with distance 

(Figures 2-3 and 2-4). Consequently, the capture distance occurs abruptly in all cases.

Table 2-4. Measured properties of bond formation and rupture for the biotinylated 
architectures.

capture distance, Db (A)
average 

decohesion 
force, Fadh

average
maximum

compression

average
contact

time

measured predicted3 (mN/m)b (mN/m) (min) ns °

5k-2kB 127 ± 22 123.3 -6 ± 4 45 ± 11 3.6 ± 1.5 5 13

2k-2kB 131 ± 11 124.4 -14 ± 9 33 ± 8 4.2 ±2.1 2 5

2kB 115 ± 27 125.1 -12 ± 6 17 ± 11 2.5 ± 0.9 4 13

a A priori estimates; method described elsewhere43. b Negative signs indicate attractive 
forces.c Number of independently prepared samples. Prior to each measurement, samples 
were repositioned to allow interaction o f regions of the samples that had not previously 
contacted, allowing multiple measurements per sample. d Number of independent force 
profiles (runs) used to calculate the decohesion force.

To compare how the presence of 5k chains influences bond rupture, Table 2-4 

reports the average force required to decohere each architecture (Fadh). Although the 

reported uncertainties arising from variation between measurements cannot be 

discounted, it seems plausible that the generally lower adhesion strength measured for 

5k-2kB arose from steric repulsion from the 5k chains. Even while in contact, increased 

steric repulsion would tend to hold the surfaces farther apart, where fewer bonds would 

be able to form within the experimental time frame43. This is because the rate of tethered 

ligand-receptor bond formation decreases exponentially with increased surface

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



65

separation12-14. The combination o f greater steric repulsion and a reduced attractive 

bridging force would decrease the measured decohesion force.

Variation in the duration and amount o f compression may also lead to variation in 

the number of bound chains. Higher amounts of compression o f the polymer layer bring 

the surfaces closer together, bringing more receptors into range of the ligated chains 

across the surfaces’ curved landscape. A further uncertainty in these decohesion 

measurements is that either the ligand-receptor bond or the lipid anchor-membrane bond 

may be broken65. Although the effects of the amount of compression, contact time, and 

lipid pullout cannot be discerned quantitatively from these data, it is clear that the 

presence or absence of the 5k chains plays a dominant role in determining the decohesion 

force. Through steric repulsion between surfaces, the 5k chains likely destabilize the 

anchored ligand-receptor bonds, and would increase the rate that mimetic liposomes 

would detach from targeted cells66. Last, the decohesion forces of 2kB and 2k-2kB were 

statistically indistinguishable despite their ligand densities differing by a factor o f 2.5. 

This is likely due to saturation of the streptavidin receptors, which had a smaller areal 

density (4.4x104 pm"2) than either of the ligands in 2kB (1.2xl05 p m"2) or 2k-2kB 

(4.8x104 pm"2).

In the flow adhesion assay, none of the controls (5k-2k-, 2k-, DSPE-, or OTS- 

coated substrates) arrested the functionalized microspheres. However, all biotinylated 

architectures showed robust adhesion to the microspheres, with loss o f less than 50% of 

the bound microspheres at shear rates between 16 and 500 s"1. Thus, we found that the 5k 

chains did not prevent specific adhesion to the model receptor surface under either static 

or dynamic fluid conditions.
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Our results contrast with findings that adhesion fails if  the ligand is mounted 

inside the polymer layer. Blume et al. observed that liposomes targeted with ligands on a 

- 1 0 A  spacer beneath a canopy of 6.8 mol % PEG5000 bound to in vitro targets up to 7 

times less frequently than when ligands were mounted on the distal ends o f the PEG5, 

suggesting that the magnitude of their polymer bridging force was smaller than in our 

experiments. Similarly, Kim et al. showed in a force microscopy experiment that 

adhesion failed when biotin ligands were tethered to a membrane by a -12  A

aminohexanoyl spacer beneath a canopy of PEG1760 (40 mers, R / -  32A, a  = 2.5x 10'

2 22chains/pm ) . In both cases, the spacer was significantly shorter than the equilibrium 

thickness o f the polymer layer (Rj), dictating that specific binding could only occur when 

opposing membranes were separated by -10-12  A  apart. Using Eq.2-1, we estimate that 

compressing the polymer layer into a 10 A  gap would induce a repulsive force on the 

order o f -80  mN/m. At that range, the maximum attractive force that would evolve from 

specific bridging can be estimated to be a mere -11 mN/m (numerics described 

elsewhere43). Although these are perhaps crude estimates of the forces involved, they 

likely explain why adhesion was not observed.

What is different in our study is that ligands were mounted onto PEG chains that 

can form cross-bridges at distances up to 125 A , or about 80% of their contour length— 

well beyond our largest estimate for the equilibrium height o f the bimodal mushroom 

layer (88 A). Thus, cross-bridge formation can occur far away from the polymer layer, 

where the polymer chains are not compressed. At a distance 10A closer than Db (at D = 

114 A) the steric repulsion is still only on the order of -  1.5 mN/m while the estimated 

bridging force is — 7 mN/m, inducing a long-range net attraction between the surfaces
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on the order of -— 5.5 mN/m. Thus, we observe rapid and strong adhesion among all 

three architectures. Consistently, Gabizon et al. observed with cancer cells 

overexpressing folate receptor that liposome attachment frequencies were enhanced when 

folic acid (FA) ligands were extended beyond the polymer corona by a longer tether

n

(PEG3350-FA vs PEG2000) • For such an architecture, repulsive steric forces that 

antagonize ligand-receptor bonds are minimized and ligand accessibility is enhanced.

2.6 Conclusions

We have measured the compression of bimodal and monomodal mixtures of 

grafted polymers and the effect of their structure on the specific adhesion of tethered 

ligands. The presence of a longer 5k chain significantly increased the steric repulsion of 

these layers and lessened their adhesion to model receptor surfaces. Still, all the ligated 

structures adhered to receptors under both static and dynamic fluid flow conditions. Their 

capture distances were experimentally indistinguishable, which agrees with our 

theoretical predictions. It is clear from comparison to other studies that ligand 

accessibility plays a dramatic role in the efficacy of specific adhesion in these 

architectures. However, ligands need not be grafted on the exterior of the PEG layer to 

observe adhesion. Ligands grafted by shorter chains can escape from the mushroom layer 

and form cross-bridges to opposing receptors at distances far beyond the equilibrium 

thickness of the bimodal mushroom layer. Our observations suggest a guideline for 

designing targeted liposom es, namely, that the length o f  the tether be greater than the 

equilibrium thickness of the bimodal mushroom layer. This work should be useful to 

those designing targeted liposomes and nanoparticles, bioassays, nonimmunogenic 

coatings, and self-assembled biomimetic nanostructures.
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Chapter 3: Weak Ligand-Receptor Interactions Probed with 
an Automated Surface Forces Apparatus

3.1 Abstract

We present rare, direct force measurements of a small, low-affinity ligand 

extracted from a receptor. Specifically, we have used an automated Surface Forces 

Apparatus (SFA) to explore the specific adhesion between two curved surfaces bridged 

by an ensemble of tethered ligand and receptor molecules. Such architectures are 

commonly used for targeted therapeutic carriers, biosensors, and self-assembling 

nanostructures. Two streptavidin-binding ligands tethered to PEG were compared: biotin 

(Kd ~ 10' 15 M) and (2-(4-hydroxyphenylazo) benzoic acid) (or HABA), whose affinity 

approaches typical antibody-antigen interactions (Kd ~  10'6 M). With the HABA ligand, 

less surface damage (lipid pullout) occurred during decohesion than when the biotin 

ligand was used in otherwise identical experiments. Instead, we are able to show from our 

data that HABA-streptavidin bonds ruptured and reformed on a timescale on the order of 

-1 -100  ns in the slow pulling regime (loading rate -  0.1 pN/s). Importantly, we show 

that the timescale for bond equilibration is fast compared to experimental and biological 

timescales, which complicates the analysis of bond rupture forces under the slow pulling 

regime. Also, with the weaker, tethered HABA ligand, the probability o f cross-bridge 

formation—and hence the specific bridging force between surfaces— was significantly 

reduced. Last, we show using thermodynamic arguments that moderate levels of
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polydispersity o f the PEG tether (P.I. < 1.2) has little influence on the magnitude of the 

force between particles bridged by many tethered ligands and receptors.

3.2 Introduction

The forces of interaction between specific ligand and receptor pairs control many 

biologically important events, including cell adhesion and communication (1-3). As 

discussed in Chapters 1 and 2, understanding ligand-receptor interactions is also critical 

to many commercial endeavors, including the design of drug delivery vehicles and self

assembling nanostructures, as well as for understanding bridging forces in colloidal and 

biological systems. When a ligand is attached to a surface by a flexible polymer tether, 

the tether’s mechanical properties alter the force landscape between the tethered ligand 

and a complementary receptor protein in certain predictable ways (2, 4-6). This synergy 

is frequently harnessed to elucidate the strengths of biomolecular bonds, for example (7- 

8 ). Shorter tethers, such as PEG oligomers, are also frequently used in interfacial 

biochemical assays to immobilize specific receptors to surfaces (8 ).

The rupture forces between ligand-receptor bonds have been studied extensively 

through dynamic force microscopy applied with the atomic force microscope (AFM), 

optical traps, and other mechanical transducers (for reviews see refs. (9-11)). Many of 

these mechanical studies concern the rupture of bonds with a dissociation constant less

o
than 2x10' M, so that more than ~18 kgT of thennal energy is required for their 

separation (Appendix 3-A). The best characterized is the streptavidin-biotin bond, which 

requires an enormous 35 kgT to dissociate (Kd ~10' 15 M)(12-15). In the absence of 

external forces, such “strong” bonds appear irreversible to the experimentalist. It is in this 

regime that many of the theories relating to bond rupture forces have been developed (5,
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6 , 16, 17), since the bond can be assumed to be formed before the application o f an 

external force.

Nature, however, seems to have chosen a much lower regime of bond energies in 

which to facilitate life— one that is centered on 14.7 kgT (Appendix 3-A). According to 

Kramer’s reaction-diffusion theory (17a, 17b), the intrinsic lifetime of a bond with that 

energy would be -3  ms, enabling rich kinetic interactions even when external forces are 

not present. If pulled slowly (i.e. by an AFM tip), the ligand may unbind and rebind many 

times during a single measurement. Under very fast loading rates, the bond may appear to 

break very early along the rupture pathway. Thus, capturing such delicate interactions 

with force spectroscopy includes challenges such as enhancing single-molecule 

sensitivity, differentiating specific interactions from themial noise, and decoupling the 

history of applied force from the intrinsic force landscape (18).

Here we explore this weaker-binding regime using 2-(4-hydroxyphenylazo) 

benzoic acid (or HABA)— a small ligand that is nearly the same size as biotin but which 

binds to streptavidin (SA) with an energy of only 9-12 ksT {Kd -1 0 '6 M) (14, 19, 20). We 

circumvent many of the aforementioned issues by using a Surface Forces Apparatus 

(SFA) to measure the interactions o f -  107 weakly-binding tethered ligand receptor pairs 

in equilibrium, which ensures statistical significance with each measurement. Using 

automated interferometry and near-angstrom surface positioning, we are able to 

determine with high precision the probability that a weakly binding ligand-receptor pair 

forms a molecular cross-bridge between two opposing surfaces. The polymer cross

bridges exert a well-characterized force that can be related to the single-molecule kinetics 

by adapting the theoretical frameworks discussed in the previous chapters. Last,
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implications are presented for the performance of biofunctionalized coatings used in 

targeted drug delivery vehicles, biosensors, and self-assembled nanostructures.

3.3 Methods

3.3.1 Materials

The following high purity lipids and lipid conjugates (>99%) were purchased 

from Avanti Polar Lipids (APL; Alabaster, AL) and Northern Lipids (NL; Vancouver, 

BritishColumbia, Canada): dipalmitoyl phosphatidyl ethanolamine (DPPE, Lot#160PE- 

81), dilauroylphosphatidyl ethanolamine (DLPE, Lot#120PE24), and distearoyl 

phosphatidyl ethanolamine(DSPE, Lot#180PE62). V-((6-(biotinoyl)amino)hexanoyl)-l,2- 

dihexadecanoyL/?-glycero-3- phosphoethanolamine, triethylammonium salt (biotin-X 

DHPE, Lot#45311) was purchased from Molecular Probes (Eugene, OR). Streptavidin 

was purchased from PierceBiotechnology (Rockford, IL) (Lot#GC94900). Salts (>99.5% 

purity) were purchased from Sigma-Aldrich (St. Louis, MO). Water was purified with a 

Millipore Milli-Q filtration system (Billerica, MA). HPLC grade methanol and 

chloroform were from Fisher Scientific (Pittsburgh, PA). The HABA-PEG-DSPE 

conjugate (Fig.3-1B) was synthesized using materials and methods described in a 

separate publication (29).

3.3.2 Preparation o f  Fimctionalized Bilayers

Supported lipid bilayers were prepared by Langmuir-Blodgett deposition (LB) 

using a Wilhelmy trough (Nima Technology Ltd., Coventry, UK) as described elsewhere

(19). All preparations were carried out in a laminar flow box (Labconco, Kansas City, 

MO). Lipids were dissolved in 9:1 chloroform/methanol at a concentration of ~1 mg/ml.
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Fig.3-1A shows a schematic of the receptor and ligand surfaces constructed for this 

study. A close-packed, solid phase inner monolayer of DPPE (-43 A 2 per molecule, IT = 

40 mN/m) was deposited onto molecularly smooth, back-silvered mica substrates glued 

onto silica disks by pulling the substrates up through a compressed DPPE monolayer at 

the air-water interface. Afterwards, the DPPE coated mica substrates were allowed to air- 

dry overnight. For the tethered ligand surface, a 5:95 mixture o f HABA-PEG2000-DSPE 

and DSPE was then deposited by passing the DPPE coated substrates down through the 

monolayer film (~43 A 2 per molecule, FI = 40 mN/m) to form the outer leaflet o f the 

membrane. Subsequently, the membrane-coated surfaces were kept under water.

The preparation o f oriented monolayers of streptavidin has been described 

previously (20, 21, 13). Briefly, streptavidin was assembled by specific adsorption onto a 

supported lipid bilayer where the outer leaflet was a mixture o f DLPE and 5 mol% 

DHPE-X-biotin (a lipid conjugate where biotin is coupled to DHPE via a thirteen-carbon 

spacer, (~43A per molecule, n  = 35mN/m). After deposition of the mixed DLPE:DHPE- 

X-biotin outer leaflet, the membrane was removed underwater from the Wilhelmy trough 

and incubated with streptavidin at a concentration of 59 pg/ml (“high-SA” samples) or 

0.59 pg/ml (“low-SA” samples) in phosphate buffer for a minimum of three hours. The 

coverage o f streptavidin using this adsorption method for the high-SA samples has 

previously been determined to be ~3600 A 2 per streptavidin, or 79% of the bilayer surface

(22). This receptor grafting density was comparable to the ligand grafting density 

(1.19.105 /pm2), which is comparable to reported expressions of folate receptors on tumor 

cells (23, 24) and to grafting densities of targeted liposomes (25). For the low-SA 

samples, the 1 0 0 -fold smaller streptavidin concentration may have decreased the
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adsorption rate, resulting in a substantially lower grafting density o f streptavidin on the 

receptor surface compared to the high-SA samples.

All measurements were conducted in phosphate buffer containing 0.5 mM Na+ at 

pH 7.2. The buffer was saturated with DSPE to prevent solubilization of the bilayer. 

Lateral diffusion of lipids was minimized by operating at 25 ± 0.1 °C, which is below the 

phase transition temperature of the lipid bilayers. In all cases, the duration of 

measurement was much smaller than the 1 - 1 0  h diffusion timescale estimated for gel- 

phase lipids (26) and observed for PEG-DSPE (27). The diffusion rate would also be 

decreased during surface contact due to obstruction from anchored cross-bridges (28).

R eceptor Surface

R ec ep to r
(streptavidin)

Ligand
£ -(H A B A )

Ligand Surface

(CH2CH20)45-r-C"^

Ligand | T e th e r j A nchor
(HABA) i (P E G  chain ) , (P hospholip id)

Figure 3-1. (A) Schematic of the experiments in the SFA. Shown as an example is a 
grafting of PEG ligated with HABA and positioned at a distance (D) from the 
receptor surface. Here the chains are grafted apart at a distance near their Flory radius 
(Rf). The receptor pockets of streptavidin are parallel to the upper supported 
membrane. The surface curvature is exaggerated for clarity (typically the interaction 
radius is ~1 cm). (B) Chemical structure of the HABA-PEG-DSPE conjugate 
synthesized by Moore et al. (29).
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3.3.3 Computer-Assisted Force-Distance Measurements

The surface forces apparatus (SFA) technique has been used extensively to 

measure interaction forces between surfaces (30, 31). Here we only briefly describe the 

conventional technique and enhancements we have made to achieve high accuracy and 

precision. Both the conventional (“manual”) method and automated method were used to 

characterize the tethered HABA / streptavidin architecture. The latter is described below. 

Table 3-2 compares the procedural parameters used with each technique, as well as with 

manual measurements o f an analogous tethered biotin / streptavidin architecture 

published elsewhere (32).

Table 3-1. Procedural Parameters used in the SFA studies*

SFA method
Biotin**
manual

HABA 
automated manual

Approach step size (AD), A 17±7 3±1 34±10

Average approach rate near DB, A /s 2.4±0.7 0 .6 ± 0 .1 17±5

Maximum compression, mN/m*** 17±11 14±5 21±5

Contact time, m 3±1 1 2 ± 1 3±1

Average withdrawal rate, A /s 1.3±0.5 0.5±0.2 1±3

Loading rate (withdrawal, last stage), pN/s 0.3±0.1 0.13±0.05 0.3±0.7

Cycle time, m 5±2 35±4 4±1

* Reported uncertainties are standard deviations. ** (32). *** Data from first approaches.

In short, one surface (i.e. the ligated surface) was mounted on a fixed support 

while the other (i.e. the receptor surface) was mounted on a double cantilever spring,

displaceable vertically by a motorized micrometer screw. The silver layer on each disk
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partially transmits light directed normally through the surfaces but also constructively

interferes such that distances between the surfaces can be measured by observation of the

displacement of fringes of equal chromatic order (FECO) within a spectrometer (30-32).

In the force-distance curves shown in this study, D was defined as the distance between

the outer edge of the streptavidin receptor and the outer lipid leaflet on the opposing

ligated surface as shown in Fig.3-1 A. This reference frame was determined at the end of 
♦

each experiment by draining the buffer from the SFA with the surfaces well separated, 

which removes the outer monolayers of the assembled bilayers. After draining, the 

surfaces were brought into contact and the thickness change measured with 

interferometry. Known thicknesses for DSPE, DLPE, and streptavidin allow the 

remainder to be ascribed to the PEG chains (27). The surfaces were then dried in situ 

with a stream of dry nitrogen or 0.2pm-filtered air and subsequently treated with UV 

light to vaporize the DPPE monolayers remaining on each surface. The surfaces were 

then re-contacted and the polymer thickness recalculated independently.

Samples were illuminated by a 100W quartz-tungsten halogen lamp reflected 

from a cold mirror and focused into and aligned normal to the sample by a liquid light 

guide (Oriel Instruments). Light transmitted from the SFA environmental chamber (Mark 

II) was polarized and aligned into a 750-mm spectrometer with a 600-line/inch diffraction 

grating (Acton). The spectrometer was controlled with WinSpec software version 

2.5.16.2 (Roper Scientific) and our own custom software. FECO images were digitized 

using a 2048 x 512 pixel CCD detector (Princeton Instruments) stabilized at -70°C to 

achieve a -40%  photon efficiency, yielding resolution of ±0.25A in wavelength and ± 1  

pm in lateral distance across a sample surface.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Automated, high-resolution determination of FECO peak wavelengths were 

obtained to ±0.5A with time resolution up to ± ls  as follows: 1 ) The region of the digital 

FECO image containing the FECO center (surface contact point) was binned over the 

central few pixels to produce a calibrated transmission spectrum of intensity (I) vs. 

wavelength (A) at each point of data collection. 2) Spectra were smoothed using a five- 

term simple moving average linear transformation to filter transient noise. 3) Intensities 

below a moveable baseline were truncated to yield spectra with high signal-to-noise ratio. 

4) The truncated spectra were interpolated with 2nd-order polynomials to minimize error 

from discretization of the true spectra. 5) Boundaries for the location and number of 

peaks were determined by comparing the signs o f d l/d A  at a variable number of 

wavelengths along the reduced spectrum. Two consecutive sampled wavelengths with 

positive and negative derivatives, respectively, indicated the presence o f a peak between 

them and provided boundaries for a Newton’s method search for the maximum intensity. 

Separate algorithms identified the contact fringe and measured the surface topography. 

The above computation was performed in Mathematica 5.0 (Wolfram) and the results 

input to a spreadsheet for automated calculation o f the force-distance profiles, giving 

users rapid feedback during an experiment.

To minimize mechanical drift o f the samples in the SFA chamber, the temperature 

of the sample and SFA mechanical train was stabilized to ±0.05° by enhancing 

convection inside a closed-circuit temperature-stabilized room. The SFA was allowed to 

re-equilibrate for 10 minutes after each user intervention. Further, stepping the surfaces in 

five-second intervals allowed the samples and the SFA mechanical drive train to fully 

equilibrate after each motor pulse. Under these conditions, undirected movement o f the
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surfaces (drift) averaged only 0.4A / h. Fine control of surface movement (±0.5A) was 

obtained from a digital timing circuit that delivered 1-ms pulses to an 8-rpm AC motor 

(Hurst), thus avoiding the need for expensive piezoelectric crystals.

The enhancements o f the automated SFA permitted a more precise determination 

o f the range of adhesion than has been previously reported (32-35). We define the 

capture distance, D b , as the distance during surface approach at which surfaces jump into 

contact (32, 35). This mechanical instability occurs when the gradient o f the interaction 

force exceeds the spring constant of the measuring spring in the SFA (36). It has been 

shown that D b is a reasonable estimate of the extension at which cross-bridge formation 

becomes favorable for a single polymer tether (33, 35). This is because for a single tether 

the transition from the bound to the unbound state occurs over a very narrow range in the 

surface separation (~3A for PEG2000 bearing biotin against streptavidin)(33). For the 

range of parameters typically used in SFA, the measurement of D b does not depend 

strongly on either the cantilever spring constant or the interaction radius o f the substrates 

(Appendix 3-B). Conveniently, the capture distance should therefore represent the 

distance at which a targeted liposome or other particle will spontaneously adhere to its 

target. Two nonidealities in measuring the capture distance were accommodated as 

described previously (32). First, because the surfaces are approached with steps AD 

(typically ~ 3A), AD/2 was subtracted from the measured discontinuity. Second, because 

surface damage may occur after surfaces have contacted (due to pullout of the lipid 

anchors, discussed later), only capture distances from the first approaches were averaged.
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3.3.4 Statistical Methods

Each architecture was prepared and characterized in four independent 

experiments, with multiple force measurements made in different regions of each sample. 

Uncertainties in the absolute surface separation, D, were dominated by determination of 

the polymer layer thickness (±6.2-8.1 A) and FECO peak wavelengths (±0.5A), and 

surface vibration (±0.5A near contact). Uncertainties in capture distances also contain 

error attributed to stepping the surface separation (±1.5A). Uncertainties in the measured 

forces (±4%) were dominated by determinations o f the cantilever spring constant (±3%) 

and surface interaction radii (±0.3%) (Appendix 3-C). Except where noted, reported 

uncertainties represent 95% confidence intervals from the student-t distribution 

propagated through calculation in the usual way. Uncertainties in theoretically derived 

quantities incorporate uncertainties from any experimentally determed parameters used in 

the calculations.

3.4 Results and Discussion

We now present direct measurements of the interaction forces between the 

weakly-binding ligand-receptor pair, HABA-streptavidin.

3.4.1 Force-Distance Profiles

Fig.3-2 shows an example of a measured force vs. distance profile for the tethered 

HABA interacting with streptavidin during several successive approaches. When the 

surface separation was much greater than the length of the tether (D »  159A), a 

screened electrostatic repulsion consistent with the buffer electrolyte concentration and 

known surface charge density was observed (27). As the surfaces approached, a
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discontinuity in the data was observed near the capture distance ( D b ) where the surfaces 

“jumped” into adhesive contact, completing the traverse in -10 s. The attractive force that 

produced this movement can be attributed to specific bridging between the surfaces12,42. 

The observed capture distance of Db = 92±9A for the high-SA architecture was 

substantially smaller than the 125±7A measured elsewhere for biotin architectures (32, 

33) and is consistent with the known weaker bond strength of HABA-SA (14). After the 

initial capture, a strong repulsion was measured as the polymer layer was compressed. No 

long-range adhesion was observed for the low-SA architecture.
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Figure 3-2. Example force profiles measured during surface approach for the high- 
SA surface (consecutive approaches marked by # ,  ■, ♦ ,  and ▲, respectively) and 
the low-SA surface (crosses; for clarity shown is an average of two independent 
measurements of the same sample, first approaches only; electrostatics subtracted for 
comparison). During approach of the high-SA surfaces, a discontinuity in the 
measured force is correlated to the capture distance (DB) by accounting for the 
incremental stepping of the surface separation. Below graph: the distance regimes 
over which each force is significant. For distances below DB, both bridging and steric 
forces have significant magnitudes. The latter is estimated from a parameterization of
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Dolan and Edwards theory (line marked F dae, Eq.3-7). Beyond D B, electrostatic 
repulsion dominates the force landscape (line marked Fe\ec; Eq.3-6). Together, these 
comparisons demonstrate the presence o f an attractive bridging force between the 
surfaces for the high-SA surface. Within experimental error, the presence o f bridging 
for the low-SA surface cannot be identified. The abscissa is just shorter than the 
length of the PEG tethers (159A).

During the first three approaches the surfaces were compressed to 14±5 mN/m to 

minimize structural changes in the PEG layer at higher compression (22, 25). During the 

fourth approach, the surfaces were compressed to 28±2 mN/m. From these controlled 

measurements several compressive regimes are clear. Following the initial long-range 

bridging by the polymer tethers near -90A, the surfaces equilibrated to a separation of 

49±7A. Compressing the surfaces steadily and slowly (0.3A/s for 20 < D  < 50A) 

evidenced a transition in the measured force near D = 32h  that was observed in -8 5 %  of 

the approaches. This transition roughly corresponds to compression of the grafted 

polymer chains below their Flory radius, Rj, of 35A (37), below which the compression 

of polymer mushrooms produces significant repulsive force (for a review, see ref. (38)). 

The repulsive force before and after this transition increased uniformly with the number 

o f times the surfaces had contacted— a phenomenon observed elsewhere (22, 26, 32, 33) 

that we discuss later in more detail.

Compressing below 2 0 A  at a rate of 0.05A/s yielded a compressive force that was 

linear with respect to D  and independent o f the number of times the surfaces had been in 

contact. There the bridging force changed little with respect to D  (35), while steric 

repulsion is generally believed to increase exponentially with decreased distance (39) but 

could appear quasi-linear over the range 10A  < D  < 2 0 A  (c.f. the slope o f the predicted 

steric force in Fig.3-2). Also, the compression may force any extracted tether-anchoring

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



85

lipids to reinsert into the membrane, so that osmotic forces arising from the confinement 

o f material between the surfaces would be independent of the number of times surfaces 

had contacted. Although to our knowledge the kinetics of lipid reinsertion has not been 

fully explored, this may not be unrealistic considering the relatively slow 

compression/decompression cycle time o f —11.5 min.
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Figure 3-3. Example force profiles measured during four consecutive withdrawals 
(O , □ , O , and A , respectively). Forces measured during the first three withdrawals 
were coincident. Higher compression preceding the fourth withdrawal increased the 
depth of the force well. Arrows mark discontinuities in the force profile, which were 
observed consistently during each withdrawal. The second discontinuity is the “jump 
out” distance (Dout) corresponding to the adhesive pull-off force (Fadh)- Dashes mark 
data captured by the automated SFA while surfaces moved beyond these points of 
instability. The abscissa is just shorter than the length of the PEG tethers (159A).

During surface withdrawal, an initially steep force gradient corresponding to 

decompression o f the PEG chains was followed by a relatively shallow gradient, 

corresponding to the rupture of many ligand-receptor and/or lipid-membrane bonds 

across the curved interfacial landscape (Fig.3-3)(33, 34). Between these two distance
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regimes (~ 2 0 A  < D < 40A) exists a discontinuity in the measured force profile, which 

we observed in all measurements. This discontinuity, which likely stems from a shallow 

secondary minimum in the force profile, has not been observed in otherwise identical 

experiments with the more strongly-binding biotin ligands (32-35). Upon further 

separation, a mechanical instability was observed where the force gradient exceeded the 

cantilever spring constant. Just before this discontinuity surfaces moved more quickly 

with each motor step, resulting in a lower data density. This last stable point defined the 

adhesive pull-off force, Facth, and the critical “jump out” distance, D0Uu beyond which the 

surfaces rapidly separated to a distance o f -1000A within 5-10 s (Appendix 3-D).

At close separations (D  < 2 0 A ), the force during withdrawal decayed roughly 

exponentially, corresponding to decompression and slow relaxation of the polymer 

chains. Also noteworthy is that the force gradient was steeper during withdrawal than 

during approach, as observed and discussed elsewhere (22, 32, 40, 41). In short, it has 

been shown that compressing grafted PEG against streptavidin can induce non-specific 

attractive forces between the polymer and the protein (Sheth&Leckband PNAS 1997). 

Also, higher compression of the surfaces brings more tethered ligands into range of 

receptors, which allows more polymer cross-bridges to form. Consistently, the first three 

withdrawals gave coincident force profiles, while the fourth withdrawal— following 

compression to nearly twice the force— exhibited stronger adhesion and a steeper force 

gradient.

3.4.2 Bond Rapture Forces

One unique feature o f these measurements is the small adhesive pull-off force, 

Fadh, of -1.6±0.4 mN/m (n = 54), or almost equivalently, -l.4±0.9 mN/m when only first
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withdrawals are considered (n = 13). For comparison, in otherwise identical experiments 

with biotin ligands, Fadh was -12±6 mN/m (32) due to the higher biotin-streptavidin bond 

strength. The measured pull-off force was roughly double that measured for a PEG 

adhering non-specifically to streptavidin after similar compression (22). Further, in the 

control experiment with low streptavidin coverage no adhesion was observed. Thus, we 

believe the long-range adhesion shown in Fig. 3-3 originates from the specific adhesion of 

tethered HABA to streptavidin.

We now calculate the average rupture force per bond and show that it depends 

intimately on the surface geometry. During withdrawal the surfaces separated 

spontaneously when the nominal distance between surfaces was Dout -  74±4 A. A 

comparable average o f Dout = 74±15 A was obtained from data from the first 

withdrawals. However, due to surface curvature the average surface separation around 

the contact area was always somewhat larger, given by:

( h ) * ( D  + lB) / 2 Eq.3-1

Eq.3-1 is accurate to better than ±2% for any 0 < D < /g when R > 10 /g. This 

approximation accounts for the fact that the interaction area for tethered ligand-receptor 

architectures becomes smaller as the surface separation increases (35). Importantly, the 

average surface separation approaches D only as D  -»  /g . In adhesion studies with SFA, 

the average surface separation is often approximated as D; however, Eq.3-1 shows that 

f o r  a  c o n t a c t  a t  D  = 0 t h e  a v e r a g e  s u r f a c e  s e p a r a t i o n  i s  —50A f o r  R — 1 c m  a n d  lB — 100A, 

and over the range of interest h ranges from 0-100A. Using the spring model for the 

tether stretching force (Eq.3-1-7), the ratio of the average force against a tethered bond 

compared to the nominal force at the contact center is:
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/ « * » / / ( * )  » (*  + / , -  K  )/(2A -  2l,„) Eq.3-2

with / /  > leq. At our measured Z)0i(r, the average surface separation was (h) = 87±2 A

(87±10 A  based on first withdrawals). At these distances, the ratio in Eq.3-2 is -1.1. 

Thus, at these far extensions all bonds have experienced roughly the same stress. At this 

distance, Monte Carlo data proffers a bond force of 17±1 pN (17±5 pN for the first 

withdrawals) as the force that each bond would experience if a cross-bridge were formed

(33). However, normalizing the measured force at Dout by the estimated (4.8±0.7) x 106 

receptors within range of the tethered surface at that distance would suggest that each 

tether actually contributed 2.4±0.4 pN to the total measured force. The ratio of the forces 

calculated with these two approaches suggests that at any instant in time only 14±3% of 

the tethered HABA ligands formed cross-bridges to the opposing surface. The lower 

propensity o f the tethered HABA ligand to form cross-bridges is a unique feature of this 

weakly-binding streptavidin ligand.

In contrast, when the same analysis is repeated on the otherwise identical 

measurements with biotin ligands, we found that the stronger ligand-receptor bond 

resulted in all or most of the biotin ligands being bound to streptavidin receptors during 

the last stage of surface separation. Specifically, we found that Dout = 85±14 A  where

{h)~  93±7 A , / ( ( ^ ) ) / f { h )  »1-1, and there were -2 .8  x 106 chains bound (32). Then

based on the stretching potential o f PEG, the force per bond that would be expected to 

evolve if all tethers in the interaction area formed cross-bridges is 20±4 pN. Within 

experimental error, this force is in good agreement with the 23±11 pN corresponding to 

the measured force of the tethered biotin ensemble normalized by the number of 

receptors, confirming that a high fraction o f biotin ligands were bound preceding the
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surfaces’ jump out. These results demonstrate that the bond’s relative propensity to 

rebind after dissociation plays a dominant role in the outcome of force spectroscopy— a 

phenomenon not observable with strongly-binding ligands (i.e. biotin) due to their low 

rate of dissociation.

It is also insightful to compare the measured bond decohesion forces with the 

19±3 pN measured for a HABA-streptavidin bond by Leckband et al., also using a 

Surface Forces Apparatus (14). In their experiment, the rupture force was calculated by 

assuming that all HABA ligands within range of a streptavidin receptor would have 

formed a bond. Consistently, their estimate for the HABA-streptavidin rupture force is 

comparable to the 17±1 pN we estimated above by assuming 100% binding. However, 

the rapture force that will be measured for a weakly-binding ligand-receptor bond 

depends intimately on the probability o f cross-bridge formation, which may be much less 

than unity even under equilibrium conditions.

Another difficulty in comparing our results to Leckband’s measurements is the 

marked difference in the loading rate applied to the bonds (9). In both SFA experiments 

force was transduced to each ligand-receptor through PEG tethers; consequently, the 

loading rate was independent o f the surface geometry; viz., dF/dt = keffectiw\dD/dt\,

where keffecuve = {k~lmlever + k;lG) ' (6). In our experiments, kPEc; « 2.6x1 O'3 N/m for PEG

(35), much less than the SFA measuring spring’s kcamiiever -  328±11 N/m, so kefjective » 

kpEG• Thus, the loading rate was ~ 0.1 pN/s in our study, well within the limits of the 

equilibrium regime (5). In contrast, in Leckband’s experiments the PEG tethers were 

oligomers (4 mers), for which the molecular stiffness is known to increase sharply with 

decreased length. A lower bound for the molecular stiffness of a 4-mer PEG chain can be
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gleaned from molecular dynamics simulations o f a 6-mer PEG chain in water (41a). In 

the low extension regime we calculate from the simulations an effective spring constant 

on the order o f -0.15 N/m. (In justification, the binding range for the 6-mer PEG would

be lB » /  + { W j k f  (35), or about 15 A, where the force extension curve is still quasi-

linear.) For an upper bound, we consider a structurally similar 10-carbon, planar 

poly(ethylene) chain, which has a calculated stiffness on the order o f ~ 10 N/m (42). 

Then, assuming a comparable rate of separation, the loading rate in Leckband’s 

measurements may have been in the range -  6-400 pN/s, which would dramatically 

increase the rupture force compared to our experiments (5, 15).

3.4.3 Repeated Compression and Withdrawal

To determine the effect of repeated compression and withdrawal on the surfaces’ 

adhesivity, Fig.3-4 shows the pull-off force as a function of the number of times surfaces 

had contacted prior to separation (cycle #). Shown is a superposition of measurements 

with both the automated SFA (-40%  of trials) and the manual method, which had 

statistically indistinguishable results. The HABA-ligated surfaces typically remained 

adhesive for up to eight repetitions o f compression and withdrawal, in contrast to 

analogous experiments with biotin ligands where surfaces lost specificity after three to 

four repetitions due to extraction of lipid anchors with each withdrawal (32-35). It is an 

unusual result that the surfaces retained adhesivity (Fig.3-4) despite an increase in the net 

repulsion with each cycle at small separations (Fig.3-2). To explain this discrepancy, we 

briefly quantify how each force might have been altered by repeated compression and 

withdrawal.
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Figure 3-4. Measured decohesion force (Fadh) as a function o f the number of times 
surfaces had contacted (cycle #). Error bars are standard deviations of 2-13 
measurements among four independently prepared samples.

According to estimations elsewhere (32), at D = 25A (for example) the 

electrostatic force likely was on the order o f ~1 mN/m, which is not significantly smaller 

than the 4.4±0.2 mN/m measured at that distance during the first approach. The lipids 

anchoring PEG carry a 1- charge; however, they outnumber the streptavidin receptor sites 

on the opposing surface by a factor of -3. For example, removal of 50% of bridged 

tethers would only reduce the surface charge o f the tether-anchoring membrane by -17% . 

According to solution o f the non-linear Poisson Boltzmann equation for our experimental 

parameters (43), this decrease in surface charge would decrease the electrostatic forces by 

an average o f 5% over the range 5A < D < 100A. Thus, the electrostatic force should not 

be significantly altered by the extent of lipid pullout.

As for the steric force, it has been shown that when PEG is compressed above 12 

mN/m against oriented streptavidin monolayers the range of the steric force decreases
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due to attraction between PEG (22, 25). The apparent attraction has also been attributed 

to structural changes in the PEG layer, which can exhibit relaxation times of > 3 h (22). 

In contrast, our experiments show an increase in the measured force with each cycle.

A more plausible explanation for the increased repulsion between compression 

cycles may be that a fraction o f lipid anchors were uprooted from the membrane with 

each cycle after ligands bound to a receptor. (The kinetics of this process is discussed in 

Section 3.4.6). Because of the low binding affinity of the HABA-streptavidin bond, 

tethers grafted to the receptor surface by the HABA-streptavidin bond would frequently 

dissociate and become “free” in solution, while the contractility o f the polymer tether 

would minimize the rate of rebinding. The high tether density, large radius of surface 

curvature, and the small surface separations maintained throughout the experiment would 

minimize diffusion of “free” tethers away from the intersurface gap. Consequently, such 

unbound tethers would make a larger contribution to the measured repulsion than bound 

tethers due to the presence o f the uprooted lipid in the intersurface gap. However, the 

bridging force would not decrease until > 2/3 of the tethers desorbed, since tethered 

ligands outnumbered receptors by a factor of ~3. This proposed mechanism is consistent 

with the coincidence of the measured force profiles during surface separation at far 

distances (Fig.3-3), since there the distances may have been sufficiently large as to render 

the steric repulsion of any extracted lipids negligible with respect to the other, longer- 

range forces.

To relate the measured force to the extent of lipid pullout, we assume that the 

probability that a tether bridging the two surfaces will remain attached to the lipid- 

anchoring membrane between successive cycles is <f> = 1 -  <f>uproo,ed + <j>mnserted •> where
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(fhtprooted and Reinserted are the probabilities that the tether’s lipid anchor is uprooted from or 

reinserted into the anchoring membrane, respectively. The slow timescale of these 

experiments may allow both processes to occur during either surface approach or 

withdrawal. Also, due to their additivity, Rprooted and Reinserted cannot be determined 

uniquely from these measurements. In the simplest view, the measured force includes 

contributions from the forces o f specific bridging, electrostatic repulsion and van der 

Walls attraction (DLVO), polymer compression, and the osmotic confinement o f any 

lipids extracted from the membrane; in order, these forces are summed as:

F'total ^ b r id g in g ( £ )  + Fdlvo (.D) + ^ s t e r ic ,  polymer (D ) + ^ o s m o tic l ip id (O ) Eq.3-3

For this particular analysis, we assume that at any distance the first three terms in Eq.3-3 

are constant with respect to repeated compression and withdrawal. The force arising from 

osmotic confinement o f any extracted lipids should be proportional to the fraction of 

uprooted lipids; viz.,

(D ) = C (D )( 1 -<r') Eq.3-4

where n is the cycle number and C(D) is constant with respect to n. Combining Eq.3-3 

and Eq.3-4, the measured force has the empirical form:

Fm ,(D ,n )  = F "(D ) + C ( D ) f - '  Eq.3-5

The three fitting parameters are <f) (assumed constant), and F* and C (both distance 

dependant). We have fit Eq.3-5 to the approaching force profiles in Fig.3-2 for 20 

distance values over the range 17 < D < 3 6A, where the shift in the measured force was 

the most clearly discemable between runs. Because it was necessary to linearly 

interpolate the profiles to perform the comparison, only the results from the majority 75%
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o f the fits are considered. As an example o f a typical fit, Fig.3-5 shows the fit at D  = 30A, 

which shows excellent agreement between the data and the form of Eq.3-5.

7

6

5

4

3
31 2 4

Cycle number, n

Figure 3-5. Example fit (line) of Eq.3-5 to the force measured during surface 
approach (circles) as a function of the cycle number at D = 30 A.

The fits to Eq.3-5 gave an average of <f> = 0.79±0.12 for the fraction of bridged 

tethers remaining anchored in the membrane between successive cycles. The measured <j> 

is a lower bound for the probability of lipid pullout, since Reinserted is unknown. If Reinserted 

is negligible, then this result suggests that during each withdrawal -21%  of lipids 

anchoring bound tethers were extracted from the outer leaflet o f the ligated membrane. 

Because of the excess of tethers to receptors, the surfaces should begin to loose 

adhesivity when n = -ln(3)/ln(0.79) « 5 (cycles). Unfortunately, the large scatter in these 

measurements, possibly owing to variation in the amount and time of compression, may 

obfuscate any reduction in the measured adhesion after 5 cycles.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



95

3.4.4 Extraction o f  Bridging Forces from  the Force Profiles 

To characterize the specific bridging force, steric and electrostatic forces were 

subtracted from the measured force profiles. To model the electrostatic force, we have fit 

the measured force profiles over the range 200A < D < 900A to an empirical 

approximation of the electrostatic force,

Fdec=(xR<rl/eeoK) e~KD Eq.3-6

where <je is the surface charge density (assumed constant), k 1 is the Debye length, e  is 

the permitivity, and so is the permitivity o f vacuum (44). Eq.3-6 represents the 

electrostatic forces accurately to better than ±10% over the entire distance regime, as 

compared to solving the nonlinear Poisson-Boltzmann equation using code kindly 

provided by Alexis Grabbe (43). For the steric force we use the form of Dolan and 

Edward’s theory (39),

Fmr„ = 1 2 xkBTRa,<pe-DI1 Eq.3-7

where k fT  is the thermal energy, cr, is the surface grafting density of tethers, R is the 

surface interaction radius, and the empirical parameters X and u are the decay length and 

a correction factor to Dolan & Edwards scaling theory for the compression of polymer 

mushrooms, respectively (32). For a conservative estimate, fitting the low-SA data to 

Eq.3-7 over the range 25A < D < 100A gave the parameters <p = 0.48±0.01 and X = 

16.8±0.2 A, in close agreement with parameters reported for the compression of 

PEG2000 against streptavidin (shown by the gray line in Fig 1) (32). The bridging force 

was then extracted by subtracting the electrostatic and steric forces. The bridging forces 

were then linearly interpolated and smoothed using a moving average filter to minimize 

propagation of error when derivatizing the force profiles in subsequent analysis. Due to
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the high data density achieved with the automated SFA, these transformations reduced 

the numerical accuracy of the data by < 5%. Although in principle this method could be 

applied to the forces measured during all approaches or withdrawals, we omit this 

comparison because: 1) the origin of the change in forces measured during approach 

between cycles has not been fully explored (Section 3.4.3); and 2) the first three 

withdrawals gave coincident results (note coincident force profiles in Fig.3-3), while the 

fourth withdrawal (following double the compression) exhibited an insufficient data 

density for D > 25 A due to more rapid withdrawal of the surfaces.

Using these methods, we have extracted the bridging forces from the forces 

measured during the first approach and withdrawal, for the data shown in Fig.3-2 and 

Fig.3-3. The results of this calculation are shown in Fig.3-6. At larger distances, the 

bridging force measured during the approach appears to follow the same trend as the 

bridging force measured during surface separation. After the approach the bridging force 

increased in magnitude by ~ 35%. This effect was only seen at closer distances (D < 

25A), and may originate from providing tethers near the periphery of the contact area 

more time to form cross-bridges, or from allowing any uprooted lipid anchors to reinsert 

into the membrane. In all cases, the magnitude o f the bridging force tended to increase as 

the surfaces approach, as suggested elsewhere (35).
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Figure 3-6. Bridging forces extracted from the force profiles in Fig.3-2 and Fig.3-3 as 
measured during the first surface approach (solid black) and first withdrawal 
(dashed). Arrows mark discontinuities arising from mechanical instabilities that 
produced gaps in the measured forces during approach (at Db) and during withdrawal 
(D ~ 25A, and at D0Ut). These discontinuities precluded calculation of the bridging 
force over the entire distance range. In all cases, the bridging force extracted from the 
data is smaller in magnitude than what is predicted by the thermodynamic model 
(gray line, Eq.3-10, discussed in Section 3.4.5).

3.4.5 Thermodynamic Model fo r  the Bridging Force

In this and the next section we evaluate two competing models for the bridging 

force between tethered ligand-receptor architectures, based on thermodynamic and 

kinetic arguments, respectively.

It has previously been shown using otherwise identical experiments with biotin 

ligands that many important features of the bridging force could be accurately described 

using an equilibrium model developed from thermodynamic arguments (32, 35). In short, 

a priori estimates were made of the repulsive steric and electrostatic forces and of the 

attractive bridging and van der Waals forces. In that model, lipid anchors were assumed
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to be permanently bound within the membrane, so the probability o f cross-bridge 

formation at a given tether extension, /, was:

(0  = e["“ -I,('l]/‘*T/ ( l  + ) Eq.3-8

where Wlr is the bond energy o f the ligand-receptor pair, f / ( / )  is the energy required to

stretch the tether a distance /, and kgT is the available thennal energy (45, 46). Eq.3-8 is 

sigmoidal with a steep transition between bound and unbound states for most tethers and 

ligand/receptors of interest in biophysical research (35). The inflection in Eq.3-8 is 

defined as the tether’s binding range, Ib , and can be used to provide a reasonable estimate 

of the maximum (or equilibrium) bridging force between two opposing, curved surfaces 

bridged by tethered ligands / receptors according to:

Fbndgmg = -xR kcr(lB - D ) ( D  + 1b - 2leq) Eq.3-9

where k  and leq are the tether’s effective spring constant and equilibrium extension, 

respectively, R is the surface interaction radius (35). Here cr is the areal density of

1 f\ 'ystreptavidin receptor pockets (3.9x10 m‘ ), which is smaller than the ligand density 

(1.2xl017 m'2). For short PEG tethers, the critical binding range, and consequently the 

bridging force, has been hypothesized to be independent of the approach velocity for 

dD /dt <104 A  / 5(45, 46)— a condition that is generally true in SFA experiments. 

Although, Eq.3-9 is a very practical form, in this work we calculate the maximum 

bridging force more precisely using

Fbruigi„s (D )=  j  2 x ra f(h ) '< l> (h ) '^ (h )d r  Eq.3-10
r=0
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where f(h) is the polymer stretching force based on Monte Carlo simulations reported 

elsewhere (33), £ { h ) »1 is an operator that accounts for bridging at angles away from 

the surface normal, h(r) is the gap height that varies along the in-plane radial distance, r,

Here we improve this previous thermodynamic model by allowing tether-

the polydispersity of the PEG tethers used in this study and for moderate levels of 

polydispersity (i.e. < 1.2) has only a miniscule effect on the binding range of individual 

tethers, and therefore should not significantly affect either the ensemble capture distance 

(Db) or the resulting bridging force between surfaces; thus, we subsequently ignore 

polydispersity. To account for the uprooting of lipid anchors, we also use Boltzmann 

statistics for the equilibrium probabilities of attaining the following states, which are 

depicted in Fig.3-7: I) tether bound to lipid-anchoring membrane only ( (f)lipid); II) cross

bridge formed between membranes ( <j>CB); III) tether bound to receptor membrane only 

{<f>LR); and IV) neither lipid nor ligand bound. Mathematically,

according to h = D + R -  ( it2 -  r 2 , and rL is the radius of the contact area in the surface

plane (Fig.l-1)(32, 35).

anchoring lipids to be uprooted from the membrane. Appendix 3-E explicitly shows that

Eq.3-11

Eq.3-12

Eq.3-13

where Q (l)  = i + / W i*r +  e wa lkaT + . In the thermodynamic limit the

probability o f both tether ends disjoining, Q (l) 1, is small compared to the other states.
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Further, numerical exploration of Eq.3-12 shows that the probability of cross-bridge 

formation is dominated by the weaker bond; that is, Eq.3-8 and Eq.3-12 are 

indistinguishable when the weaker bond energy is used in Eq.3-8 except when

\Wnpid-W LR\< 1 h T .

iJX_!cT—►)
x & a  i

'V'T̂'V-'V 'l

i i

i n

IV

Figure 3-7. Four hypothesized configurations illustrating anchoring of a tether to: I) 
the ligated surface only (initial state), II) both surfaces via cross-bridge formation, III) 
the receptor surface only via lipid pullout, and IV) neither surface via dissociation of 
the ligand-receptor bond during state III. All tethers are presumed to be in state I at 
the experiment start but may “switch sides” to state III through the intermediary state 
II during repeated compression and withdrawal cycles. Given sufficient time (an open 
question), the lipids may reinsert (transition from state III to II) to achieve a more 
thermodynamically favorable environment.

We now compare the predictions o f the thermodynamic model to three metrics in 

our experiment: the capture distance (Db), the bridging force (Fbndgmg), and the jump out 

distance (D0llt). The latter is discussed in Appendix 3-D.

Assuming that lipids are permanently bound within the membrane (Wupid —» °o) as 

in Eq.3-8 suggests a capture distance for the HABA architecture o f 101±3A, which is 

within the experimental uncertainty of the measured 92±9A. If  lipid anchors are instead
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assumed removable, Eq.3-10 predicts the same DB within ±0.2A when Wupici > W h a b a -  

Estimates o f PEG-DSPE’s anchor energy vary considerably depending on the 

measurement method: 13±1 kBT from CMC data of PEG2000-DSPE (47-50), 26 kBT 

from single-molecule force spectroscopy of gel-phase DMPC (26) extrapolated for the 

longer length of DSPE, and 36±4 kBT  from CMC data of a variety o f phospholipids (51). 

However, all estimates give Wi,pul > ( W h a b a  = 10.5±1.5 kBT). Consistently, the measured 

Db can be used as input to Eq.3-10 (with Eq.3-12) to back-calculate that the measured DB 

could only be produced by Wupid > 9±6 hBT. Thus, a wide range of lipid-membrane bond 

energies can be used to explain the measured capture distance of the tethered HABA 

architecture, as suggested by the lack o f a term representing bond strength in the 

approximation for DB derived in Appendix 3-B. This coincidence is somewhat 

remarkable given that the measured bridging forces are only marginally represented by 

the equilibrium model (Fig.3-6).

Similarly, Eq.3-10 and Eq.3-12, predict that the capture distance of the 

biotinylated tethers should be quite sensitive to Wupid. Because biotin and streptavidin 

have one of the highest known ligand-receptor bond energies of 35 kBT  (52), Eq.3-10 

predicts that a smaller lipid-membrane bond energy will dominate the probability of 

cross-bridge formation. The estimates of DB for the biotinylated architecture range from 

97-125A for 9 kBT < Wupid < 36 kBT, respectively. Mapping Eq.3-10 and Eq.3-12 to the 

measured DB of the biotinylated architecture suggests that W Bpid >  25 kBT. Mapping Eq.3- 

12 the <f> measured from the model of repeated compression and withdrawal (Eq.3-5) 

along with the known HABA-streptavidin bond energy estimates that the lipid-membrane 

bond energy was >12±1 kBT, in good agreement with the 13±1 kBT  estimated from the
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CMC of PEG-DSPE (47-50). Consequently, the biotin experiments provide a more 

accurate way to estimate the lipid-membrane bond energy. Though, both experiments 

give lower bounds for Wupi(j, since similar results could be obtained for higher bond 

energies under non-equilibrium conditions (discussed in Section 3.4.6).

Fig.3-6 shows the bridging force expected from the thermodynamic model for the 

maximum bridging force (Eq.3-10 and Eq.3-12). The apparent plateau in the predicted 

bridging force for D < h q  evolves from a balance between tethers near the contact center 

exhibiting no force extension and tethers in the contact’s periphery coming into range as 

D is decreased. The bridging force o f ~ -10.5 mN/m at close contact (D  ~ 20A) measured 

during the first approach is accurately predicted by the a priori thermodynamic model. 

These results do not invalidate the thermodynamic model as an estimate o f the maximum 

bridging forces as a function o f the surface separation. Indeed, the prediction in Fig.3-6 

was made a priori— and deviated by less than a factor of 3 at all distances. And the 

thermodynamic model accurately predicted both the jump-in and jump-out distances, 

which depend intimately on tether properties. But clearly a more complex model is 

needed to fully account for the rich behavior of tethered HABA-streptavidin interactions, 

which was not evident in the biotin-streptavidin experiments due to the much stronger 

ligand-receptor bond strength.

3.4.6 Kinetic Model fo r  the Bridging Force

For new insight we briefly develop a kinetic model of tethered ligand-receptor 

interactions and use the high-resolution data captured with the automated SFA to 

compute the rates o f bond formation. As mentioned previously, the events that may 

dynamically affect the adhesion and decohesion include: ligand-receptor bond formation
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and reformation, lipid pullout and reinsertion, and biased diffusion of the ligand on the 

flexible polymer tether. This diffusion rate is estimated from scaling arguments according 

to:

kp (h) = U (h)e~u{h)/ \A 3 r z , Eq.3-14

where Tz is the chain’s Zimm relaxation time, as described fully elsewhere (33, 37, 45, 

46). This diffusion rate ranges from 103 — 107 s '1 over the distance regime of interest, and 

is therefore fast compared to the experimental timescale. Moreira et al. show using an 

adaptation of Kramer's kinetics for the escape of a particle over a potential barrier that a 

single ligand-receptor pair tethered by a 100-mer PEG chain should exhibit equilibrium 

bond kinetics for surface approach or withdrawal speeds < 104 A/s for W ~ 10 kgT (45, 

46)—conditions that are met here.

To quantify the rate of lipid pullout, we have estimated the impact of the known 

forces on the lifetimes o f the ligand-receptor and lipid-membrane “bonds”. To a first 

approximation, ligand-receptor and lipid-membrane bond lifetimes have been shown to 

depend on the force, f  applied to the bond according to r  = T0e~fx/keT, where x is the

effective bond length as first proposed by Bell (2) and discussed by others in the context 

of lipid extraction (14, 26, 53). Although the Bell model lacks predictive precision in 

many situations, it is nonetheless sufficiently accurate to semi-quantitatively compare the 

timescales relevant to this study (6, 16). Because the anchoring DSPE lipid is long 

(28.9A)(51) compared to the force length scale (Ib  -  l eq « 50A), the polymer extension 

force that is applied to the lipid-membrane bond changes dramatically as the lipid is 

pulled out from the membrane. Therefore, we calculate an average dissociation time, viz.,
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T bond = ( r o /* ) je~fx/ktTdx Eq.3-15
o

which is significantly longer than if the lipid length were ignored. For the intrinsic 

lifetime of a DSPE-membrane bond we use the empirical observation that samples 

prepared and characterized in the SFA exhibit negligible loss of adhesion for up to ~3 

days, suggesting a natural timescale for the spontaneous transfer of ligated PEG-DSPE 

from the membrane to the solvent. Similarly, liposomes protected by a layer of 

PEG2000-lipid are able to circulate in vasculature for several days (i.e. ref 54), 

suggesting a comparable timescale for PEG-lipid / membrane dissociation. For the 

lifetime of the ligand-receptor bond, we use the Bell model to calculate r  = 1Jkoff along

with a harmonic function for the lifetime of the unstressed bond; viz., r0 = (l/v)e~ lVu</kl’T

and x = 4A, the length of a hydrogen bond, where 109 s '1 is the damped vibrational 

frequency o f the bonded ligand in an aqueous (viscous) environment (17a, 17b).

Table 3-2 shows the predicted lifetimes for single HABA-streptavidin, biotin- 

streptavidin, and DSPE-membrane bonds as a function o f the gap height. For first-order 

continuum processes, the system timescale is dominated by the slowest internal 

mechanism. As shown in Table 3-2, the controlling timescale depends intimately on h 

and therefore varies across the curved interfacial landscape o f the SFA surfaces. 

Considering just the center of the interaction area (h = D), when tethers are stretched near 

their b ind ing range (~ 1 0 0 A ), cross-bridges w ou ld  be exp ected  to d issocia te  rapidly  

through breakage of HABA-streptavidin bonds and slowly through lipid-membrane 

bonds. Likewise once the surfaces had pulled themselves into a close adhesive contact 

where bonds are largely unstressed (h » 50A), separating up to the jump out distance (h «
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90A) would primarily break HABA-streptavidin bonds. Away from the contact center (h 

> D), bonds within range (h < In) would experience nearly the same history of approach 

and withdrawal, h(t), and similar rates of dissociation would be expected during surface 

movement. However, while the surfaces were in contact, typically for -12  min., tethers in 

the periphery of the contact area where h « 100 A might be expected to rapidly form 

cross-bridges and occasionally pullout lipids. However, in all cases the rate of HABA- 

streptavidin dissociation is very fast compared to the timescale of lipid pullout, and we 

expect the decohesion to be principally governed by the breakage of ligand-receptor 

bonds. Lipid reinsertion, if  present, would be inconsequential if  lipids had a small 

probability of leaving the membrane. Only for the biotin experiments would lipid pullout 

be expected to significantly contribute to the decohesion due to the long lifetime o f the 

biotin-streptavidin bond.

Table 3-2. Predicted lifetimes o f bonds stressed by PEG2000 tethers for various tether 
extensions, h.

“Bond” To (bond unstressed) r (bond stressed)

ii h = 50A h — 90A h = 100A

HABA-streptavidin * 37 ps 31 ps 6 ps 3 ps

biotin- streptavidin * 19 d 14 d 3 d 38 h

Lipid-membrane 3 d * * 62 h 8 m 34 s

* Whaba = 10.5 kj)T; Wt,lo/m = 35 ksT. ** from experimental observation.

Therefore, as a first approximation we assume negligible rates of lipid pullout and 

lipid reinsertion, so the fraction of tethers forming cross-bridges at a given gap height is:
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d <t>CR!d t = Kn </>CB ) ~  K fftcB  Ecb3 - 16

where in general <f)CB = $ 3  (M O) - tEe sl°w"aPProach regime o f our experiments, the 

equilibrium probability o f cross-bridge formation is:

4cb w  =  K n  (*»)/(*«, ( h )  +  K f f  (*»)) • Eq.3-17

Although the initial rate of ligand-receptor association is governed by the 

diffusion timescale o f the tethered PEG (~ 1 ms near D b)  (33, 34, 45, 46), the re

association rate may be dramatically faster because the relatively sluggish movement of 

the polymer chain may allow many more attempt frequencies than if a polymer chain 

recoiled completely after breaking a ligand-receptor bond. Here we calculate kon from the 

presumed bridging forces using Eq.3-17. For this computation, the bridging forces 

inferred from surface withdrawal were used, since the data spanned a more useful range 

than the forces measured during surface approach (Fig.3-2 and Fig.3-3). The probability

of cross-bridge formation was deciphered by inverting Eq.3-10 with = 1; viz.,

*CB (D ) = ( d ( F IR ) l8 D ) l(2 n a f (D ) ) . Eq.3-18

Fig.3-8 shows that the probability of cross-bridge formation measured for tethered 

HABA-streptavidin was always much less than that predicted by the thermodynamic 

model (Eq.3-12). Both approach 1 and 0 at near and far distances, respectively, but differ 

significantly at intermediary distances. During the first three withdrawals, the calculated 

$tb curves were coincident within ±5%; of these withdrawals only the first is shown for 

clarity. Although Eq.3-18 properly accounts for the curved interfacial geometry, it 

nonetheless is an area-weighted average, which precludes a more precise description of 

its origin. Another limitation is that Eq.3-18 is less accurate at close distances because it
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divides two values close to zero, and is therefore very sensitive to noise in the data. 

Consequently, the calculated probabilities of cross-bridge formation were not bounded by

1. Also, values within 4A of Dout could not be determined due to trunctation of the dataset 

from the smoothing filter. However, back-substitution o f the calculated <Pcb curves into 

the numerical solution for the bridging force (Eq.3-10) produce reasonable agreement to 

the measured results (omitted for brevity).

Thermodynamic 
I model

| Measured 
1 with SFA0.6

CB

0.4

0.2

out

100 110

tether extension, h (A)

Figure 3-8. Probability of a single tether forming a cross-bridge as a function of the 
distance, h, between the tether anchor and a complementary receptor on an opposing 
surface. The thermodynamic model (solid gray, Eq.3-12) overestimates the 
probability of cross-bridge formation for the weakly binding HABA-streptavidin 
tethered interaction, compared to that measured during the first surface withdrawal 
(solid black, Eq.3-18). The latter decays exponentially, as shown by the fit to Eq.3-19 
(dashed gray).
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The binding probability curve shown in Fig.3-8 coincided with the form,

<j>CB= v e {h-5)lK Eq.3-19

for h > S. The fitted parameters are S  = 48±lA, o = 0.97±0.05, and A  = 5.84±0.03A. 

Although empirical in origin, the exponential dependence of </>cb on D  is expected from 

the form of Eq.3-12. The probability o f cross-bridge formation decays towards zero as 

the receptor is moved farther away from the anchor of the tethered ligand. This result is 

also seen by repeating the same analysis on the forces measured during the first approach, 

for which <Pcb can only be calculated over the range D b <  h < L due to discontinuities in 

the data (Fig.3-2). Although this is a fairly narrow range of distances and the numerical 

uncertainty is significant, we nonetheless found that there (f>cB also diminished towards 

zero as h —> L, in agreement with the form of Eq.3-19.

Using the fit to Eq.3-19 for the probability of cross-bridge formation, we have 

extrapolated the probability curve shown in Fig.3-8 beyond the measured range to 

estimate the kon for the tethered HABA-SA reaction over the entire distance regime via 

Eq.3-17. Fig.3-9 compares the measured rates of HABA-streptavidin association against 

the presumed rates o f dissociation as a function of the gap height, h. As with the binding 

probability curves (Fig.3-8), the calculated association rates are area-weighted averages, 

which precludes precise interpretation; however, several important features are clear. The 

rate of association decreased by nearly two orders of magnitude over a distance o f just 

50A, while the predicted dissociation rate increased by only one order of magnitude. 

Both rates are influenced by the tether properties. For the dissociation rate, this was an 

assumption of the Bell model, as the tether pulls against the bond (2). For the initial 

association rate, the role of the tether’s stretching potential is implicit in Eq.3-14. The
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characteristic timescale for re-association is o f the order l / k on ~ 100 (as, which is typically 

superiorly faster than the characteristic diffusion rate of the distal end of a PEG tether 

(Fig.3-9). Thus, we infer that the preference o f the polymer chain to return to its relaxed 

state biases the diffusion of its distal end but not strongly enough to remove the ligand 

from the vicinity of the receptor surface. This comparison may suggest a more universal 

result; namely, that for a single tethered ligand-receptor a large difference in timescales 

may exist between the first and subsequent bridging events.

8

6

off, HABA

4

o n , HABA

2

0

■2

■4

off, lipid

•6
off, biotin

50 60 70 80 90 100

Tether extension, h ( A )

Figure 3-9. Kinetic parameters o f the tethered HABA-streptavidin interactions. The 
interaction distance, h ,  is defined as the distance between the tether anchor and a 
complementary receptor on an opposing surface. In SFA experiments, h  varies across 
the curved substrates (Fig.1-1). The rate of association between tethered HABA and 
streptavidin (k 0„, h a b a )  is shown as a solid line over the measured region. Beyond the 
measured region, k on, ha b a  was determined by extrapolating the measured cross-bridge 
probability using Eq.3-19 and thus has considerable uncertainty (dashed line). The
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bond dissociation rates of tethered HABA-streptavidin ( k 0f f t h a b a )  and of tethered 
biotin-streptavidin (k0ff, biotin) are derived from the Bell model (2). For the 
measurements with HABA, over most o f the distance regime the kinetic rates are 
much slower than the polymer sampling rate (kp, Eq.3-14) but much faster than the 
rate o f lipid pullout (k0/f uPid), justifying the quasi-steady state assumption used to 
derive Eq.3-18.

With these kinetic effects in mind, it is both remarkable and convenient that the 

equilibrium framework discussed in Section 3.4.5 accurately predicts the capture 

distances for both the HABA and biotin architectures. However, it is uncertain from 

where this coincidence arises. Although all experiments were performed within the slow 

velocity regime, and with loading rates slower than most reported in the literature (Table 

3-l)(6, 16), there are clear non-equilibrium effects, such as a persistence o f lipid anchors 

between successive cycles o f approach and withdrawal despite low thermodynamic 

probabilities of retention.

However, one significant limitation of the equilibrium model is that it does not 

account for molecular structure. The pull of a tether may bias the trajectory o f a ligand 

leaving a binding site, which could dramatically alter the bond kinetics by defining a new 

energy landscape along the reaction coordinate (17, 18, 55). Thus, the energy o f the 

HABA-SA bond under directed stress could be lower than the 9-12 kgT reported from 

solution thermodynamics (14, 19, 20). A decrease in bond energy would shift the 

inflection of the sigmoidal binding-probability curve towards shorter distances, which is 

c o n s i s t e n t  w i t h  o u r  o b s e r v a t i o n s  ( F i g . 3 - 8 ) .

Also, Martin et al. showed that a reduction in the mobility of ligands or receptors 

within their anchoring planes could decrease substantially (11). In our experiments, 

there is one receptor pocket per -1800 A2 of surface, which along with the lateral
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diffusion rate of the lipids anchoring tethers (Section 3.3.2), suggests that the relevant 

diffusion timescale is of the order of ~ 1 ms, which is fast enough that this effect is 

unlikely to be significant. Importantly, though, Martin et al. suggested that the probability 

o f cross-bridge formation is significantly reduced when tethered ligands outnumber 

receptors due to competition and exclusion effects (11). Such occlusion, which is not 

accounted for by our thermodynamic model, would also decrease the probabilities of 

cross-bridge formation.

3.5 Conclusions

We have characterized the binding frequency of a weak ligand-receptor bond 

using an automated Surface Forces Apparatus (SFA). The use o f PEG to tether the 

ligands deconvoluted the curved geometry of the SFA by simultaneously applying the 

same loading rate to several million bonds. Along with the control and precision afforded 

by our automated SFA, this has enabled the weakly-binding HABA-streptavidin bond to 

be characterized with a precision and statistical validity that is not usually available with 

other force spectroscopies. Primary advantages of using HABA instead of biotin as a 

ligand towards streptavidin include: 1) less surface damage (lipid pullout) occurs during 

decohesion; and 2) the binding affinity is similar to the average encountered in nature, 

making studies more generalizable to the vast array o f biological interactions.

Results from this experiment with HABA ligands interacting with streptavidin 

receptors were compared to otherwise identical experiments with biotin ligands. The 

probability o f cross-bridge formation— and hence the specific bridging force between 

surfaces—was significantly smaller when HABA was used as the ligand. We have shown 

that for weakly-binding tethered ligands and receptors the intrinsic off-rate and
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subsequent on-rate may be significant on the experimental or biological timescales, 

which complicates the analysis of bond rupture forces under the slow pulling regime. 

However, the thermodynamic model for specific bridging (Eq.3-10) still provides an 

order-of-magnitude estimate for the maximum bridging force between the surfaces as a 

function of their separation. The thermodynamic model also reasonably estimates the 

surface capture distance and jump-out distance when corrections are made for the pullout 

of lipid anchors and tether polydispersity. The latter is shown to have only a small effect 

on the range and magnitude of the adhesion.

Continued research into the behavior of weakly-binding ligands and receptors 

should foster enhanced performance of biofunctionalized coatings used in targeted drug 

delivery vehicles, biosensors, and self-assembled nanostructures.

3.5 Appendix 3-A: Survey of Ligand-Receptor Bond Energies and Molecules 
Selected for Force Spectroscopy

It is insightful to compare the energies of dissociation for ligand and receptor 

pairs used in dynamic force spectroscopy (DFS), shown in Table 3-3. Although this list is 

not exhaustive and not all energies are known by the author as of the date of this 

publication, an attempt has been made to represent work that in our opinion has been 

pivotal to the progress o f the technique. Note that there is significant overlap between the 

entries in Table 3-3 and those in Table 1-1, as many of the ligands and receptors o f broad 

interest have been explored with DFS.
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Table 3-3. Selected ligands and receptors studied with DFS.

Molecular pair Bond
energy*

{kBT)

Kd(nM)* Technique(s) used 
for force 

transduction **

Refs

biotin /  (strept)avidin 35 10'6 BFP, AFM, SFA (5, 1 2 -1 5 ,2 2 , 26, 
32-35 , 56, 57, 

64a-64i)

lipids (various) /  membrane 20-23 0.55 AFM (26)

anti-fluorescein /  Fab’ 
(including mutants)

17-24 0 .04-39 SFA, AFM (6 5 -6 7b)

neural cell adhesines 19-21 0 .8 -6 AFM (68)

sialyl Lewis X  /  selectin 18-24 0 .04-20 AFM (61-64)

Ferritin /  antiferritin Ab 20 13 AFM (68a-68b)

MUC1 / scFv 18.5 9 AFM (60)

Recombinant P-selectin /  P- 
selectin glycoprotein ligand- 
1 (PSGL-1)

17 55 AFM (68c)

Anti-HSA / HSA 14 830 AFM (68d)

carbohydrate /  L-lectin . . . . . . BFP (4)

concavalin A  / alpha-D- 
mannose

— — AFM (69)

mannuronan C-5 epimerase 
AlgE4 and its polymer 
substrate

AFM (70)

digoxigenin / antibody . . . . . . AFM (71)

IgG— Ab / protein G . . . . . . AFM (71a)

Anti-intercellular adhesion 
m olecule-1 (IC A M -1)/ 
ICAM-1

AFM (71b)

Actin / actin in actin . . . . . . AFM (64 f)

Cell adhesion proteoglycans . . . . . . AFM (71c)

Insulin/insulin

Two protein substrates 
citrate synthase or p-  
lactamase / E.coli 
chapteronin GroEL

AFM

AFM

(7 Id) 

(71e)

Mylein basic protein /  lipid 
bilayers

— — AFM (7 If)

DNA, various lengths . . . — AFM, OT (71g-71k)

* When only one o f  W or Kd was reported the other was estimated: Kd = exp(-W /kBT) (2). ** BFM =
biomembrane force probe; AFM = atomic force microscopy; SFA = surface forces apparatus; OT = optical 
trapping.
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Also, in Chapter 1 it was stated that the average bond energy for the 2,276 

biological ligand-receptor complexes listed in the PDBbind database v.2004 was 14.7 kBT 

(monomodal with standard deviation 4.9 kBT) (72, 72). Now that the latest version o f this 

database (v.2005) has grown substantially, now encompassing 2,756 entries from the 

protein databank, it is worth re-examining. The average bond energy calculated from 

dissociation constants reported in this newer database is 14.6 kBT (standard deviation of 

4.8 kBT), in good agreement with the value reported in Chapter 1. A plot o f the calculated 

bond energies in Fig.3-10 shows that the distribution of bond energies for biologically 

occurring ligand-receptor complexes roughly follows a gaussian distribution centered 

around 14.6 kBT.
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§ oO
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Figure 3-10. Distribution of biologically occurring ligand-receptor bond energies, 
calculated from dissociation constants reported in the PDBbind database v.2005 (72, 
72) via W = - k BT ln (K d) (2). Arrows mark the estimated energy of the HABA-SA 
bond (left) and the biotin-SA bond (right).
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3.6 Appendix 3-B: Analytical Solution For the Capture Distance

It can be shown that the capture distance during surface approach is relatively 

insensitive to variation in kcan,iiever, R, and cr, as shown numerically elsewhere (35), when

h q  »  k c a n t i l e v e r  fanRc>  , giving the approximation:

where cre is the surface charge density, s  and so are the permitivity o f solvent and

Eq.3-6). Although this value coincides with the measured DB of 92±9A, Eq.3-20 should 

underestimate DB because it assumes that each tether’s binding range is discrete; 

consequently, DB is always slightly extended beyond lB, as shown elsewhere numerically

3.7 Appendix 3-C: Measuring Interaction Radii with a CCD

Although the use of a CCD camera to record FECO fringes during an SFA 

experiment is gaining wider acceptance, it is worth noting that it produces considerably 

smaller error in measuring the interaction radius compared to the 10-20% usually 

reported (74-77). This is because in conventional (manual) SFA technique, the 

interaction radius is measured by repeatedly measuring the relative positions of only three 

or a few points along the shape of the FECO fringe; therefore, the sphericity o f the 

contacting surfaces must be assumed. In contrast, digitization o f the FECO fringes allows 

100-200 points along the path o f each FECO fringe to be fit simultaneously. Here the 

error in measuring either a normal or cross radius was typically ±0.1% (95% Cl), which 

propagates to ±0.3% in the effective R. Because all the forces of interest scale linearly

Eq.3-20

vacuum, and k'1 is the solvent Debye length—giving DB « 90A for this study (see also

(35).
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with R (78), including the specific bridging force (35), this reduction in the uncertainty of 

R significantly improves the precision in determining the intersurface forces.

3.8 Appendix 3-D: Analytical Solutions for Jump Out Distance

To posit how decohesion may have involved the breakage o f lipid-membrane 

bonds, we briefly develop several expressions that relate the critical distance of 

decohesion (Dout) to physical properties of the tether architecture. The analysis is based 

on the thermodynamic model, which we have shown provides a reasonable estimate of 

the bridging forces for strongly-binding tethered ligands (Section 3.4.5). At present, 

derivations based on the kinetic model for weakly-binding tethered ligand-receptor pairs 

(Section 3.4.6) have not yet been developed.

As with the capture distance, the jump out distance occurs from a mechanical 

instability at the distance where the derivative of the force profile exceeds the stiffness of 

the measuring cantilever (kcantUever) (36). In general, it may be predicted by solving:

dFtomi/dD « d\_Fslmc(Doul) + ^ b r id g in g  ^can tileve r  * Eq.3-21

For the steric force we use the form of Dolan and Edward’s theory (Eq.3-7). For the 

bridging force we use the thermodynamic model (Eq.3-9). Then the jump out distance is:

V

36 ukBT
 t —Exp

kA
'  l lA

Jc2^  _|_ cantilever

v eq 7tkR<y j
Eq.3-22

where Y is the Lambert W-function applied to the parenthetical terms (79). Eq.3-22 

shows that to a first approximation the jump out distance does not depend on Ib (or by 

implication on the bond strengths), but instead is related to the balance between 

compressive and elastic properties o f individual tethers. Consequently, Dout is also 

relatively insensitive to the surface from which the tether disjoins.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



117

Eq.3-22 predicts Dout = 51.8A. which is slightly larger than the 45A obtained from 

subtracting the length of a DSPE lipid (28.9A) from the measured Dout. This discrepancy 

likely results from the inadequacy of the thermodynamic model to capture the complex 

interactions of the weakly-binding HABA-SA conjugate. The extrinsic measurement 

conditions (kcam,iever, R, cr) are inconsequential when / »  kcantileverj2 k n R G , as in our

measurements. In such cases,

D „  » +  Z t f o u k J e - ’̂ / k Z 1) Eq.3-23

or 51.7A for the architecture in this study. The value leq is a lower bound for D0ll, and is 

reached in the limit Fstenc 0. Due to the relative weakness of the measuring cantilever 

used (328±11 N/m), Dout can also be accurately estimated from the location of maximal 

adhesive force, Dy*. Solving d  ( Fslenc + Fhridf,illg) jd D  = 0 for D gives a positive second 

derivative in the force profile, and the minimum (most negative) force occurs at:

Df , « /\x{?>6kBTv/l~2e eqlx) - l eq Eq.3-24

or 51.7A. To test these analytical solutions, we use the numerical model Eq.3-10 with 

Eq.3-12 to locate where the force gradient equals kcantiiver• In agreement with the 

analytical solutions, the Dout predicted with this numerical method changed by less than 

1% over an enormous range of cantilever spring constants (0-106 mN/m) and surface 

interaction radii (0.1 cm ^  +co) for the parameters o f interest. When the lipid length is 

added, the jump out distances predicted by both the numerical and analytical solutions 

agree with the measured Dout within ±2A over a wide range o f ligand-receptor and lipid- 

membrane bond energies (Wupict ~ 9-36 kgT, WLR ~ 10.5-35 kRT  ), showing that lipid 

pullout is a major component of the decohesion mechanism. The insensitivity of Dout to
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the bond energies is expected from the analytical solutions for Dout (Eqs.22, 23, and 24) 

for the parameters o f interest.

Eqs.22, 23, and 24 show that to a good approximation the distance of maximal 

adhesive force between curved surfaces bridged by many tethered ligand-receptors is not 

a strong function of the binding ranges or bond strengths, but is more closely related to 

the balance between compressive and elastic properties of individual tethers. This 

insensitivity likely explains why the thermodynamic still provides reasonable estimates 

for Dout and Db (Appendix 3-B).

3.9 Appendix 3-E: Polydispersity Effects

To examine the role of polydispersity on specific cross-bridge formation, we first 

consider the binding probability of an ensemble of tethered ligand / receptors averaged 

over a gaussian distribution of chain lengths; viz.,

oO

( * ( * ) ) =  fa (h )P „ d N  Eq.3-25
0

where A  is the chain length in mers, where $ ( h ) is Eq.3-12 with the tether stretching 

energies interpolated from Monte Carlo data (33), and P^  is a gaussian distribution with 

center,(A), and standard deviation, s.d. Fig.3-11 plots Eq.3-25 for several levels of

polydispersity. Expectedly, the transition between bound and unbound states becomes 

less discrete with respect to distance as the width of the distribution increases. However, 

the predicted inflection point, 1b, changed by less than 0.03A over a wide range of 

parameters relevant to this study ((A ) = 45 mers, 1 mer < s.d. < 15 mers, and W = 10.5 

kBT). Because the thermodynamic model shows that the bridging force (Eq.3-9) is
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correlated to the binding range of individual tethers (Ib), we intuit that the bridging force 

should not be very sensitive to tether polydispersity.

0.6
A

- © -

V

0.4

increasing
polydispersity

0.2

60 80 100 120 140

Tether extension, h (A)

Figure 3-11. Ensemble-averaged probability o f cross-bridge formation between 
plane-parallel interfaces bearing PEG-ligand / receptor architectures for various levels 
of polydispersity (Eq.3-25). The arrow marks the direction o f increasing 
polydispersity o f the PEG tether; left to right: s.d. = 0 (PI = 1), s.d. = 4.2 (PI = 1.008), 
s.d. = 10 (PI = 1.04), s.d. = 15 (PI = 1.1). In all cases the average polymer length is 
{N)=  45 mers and the ligand-receptor bond energy of 10.5 ksT  corresponds to 
H A BA /SA .

To test this hypothesis, we calculated the bridging force expected for both a 

mono- and poly-disperse mixture of PEG tethers using the thermodynamic model; viz.,

r= rL oo

F b rid g m g  ( D ) = J 2 j Vv fti (h) • 4>n  (h) *<v {h)dN dr
'=° 0 Eq.3-26

where the functions f(h), <p(h), jC{h), and the constant cr, have been explicitly written as

functions of the polymerization index. The known distribution of the length of the
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HABA-PEG-DSPE conjugate used in these studies was used to determine each ^ ( ( J V )

= 45 mers, s.d. = 4.2 mers, or polydispersity index (PI) = 1.008 (29)). For the stretching 

forces and energies, the Monte Carlo data were interpolated as before.

Expectedly, the bridging force was reduced by less than a few percent over the 

entire distance range when the effect o f polydispersity was considered. As the width of 

the chain length distribution increases, the bridging force decreases due to a balance 

between shorter and longer chains exhibiting more or less elasticity, extent o f stretching 

at a given distance, and frequency o f bond formation. The predicted capture distance (D b)  

was only 0.5A smaller than that o f the monomodal distribution. At close distances where 

the effect of polydispersity is greatest, the predicted jump-out distance (Doul) was 1.9A 

larger than in the monodisperse case. For an enormous standard deviation of 20 mers (PI 

= 1.18), the model predicts a reduction of Fadh by only 2 mN/m.

o

•2

■4

■6

■8

10
50 60 70 80 90 100 110

Surface Separation, D  (A)

Figure 3-12. Ensemble-averaged bridging force between spherically-curved surfaces 
bearing PEG-ligand / receptor architectures, predicted using the thermodynamic 
model for monodisperse (solid line, Eq.3-10) and polydisperse (dashed, Eq.3-12, s.d.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



121

= 4.2 mers) PEG2000 tethers wielding HABA against a field o f streptavidin receptors 
( {N)=  45 mers, WLR = 10.5 kBT).
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Chapter 4: Synthesis of a Reversible Streptavidin Binder for
Biomimetic Assemblies

Submitted to the Australian Journal o f Chemistry, August 30, 2006, under the same title, with 
authors (in order): Nathan W. Moore, Anthony R.C. Delacruz, Katherine S. Lancaster, Thorsten

Dieckmann, and Tonya L. Kuhl.

4.1 Abstract

The biotin/streptavidin ligand/receptor pair is used extensively in biotechnology. 

However, less is known about HABA, (2-(4-hydroxyphenylazo) benzoic acid), which 

binds to streptavidin with a bond energy and dissociation constant that more closely 

mimics antibody/antigen interactions. In this work we demonstrate some of HABA’s 

useful properties that may make it a good substitute for biotin in a broad range of 

biochemical research. Specifically, we investigate its ease of conjugation to an anchoring 

pegylated lipid, characterization with MALDI, NMR, and VIS spectroscopies, and 

incorporation into lipid vesicles and membranes.

4.2 Introduction

Biotin and the proteins avidin or streptavidin are used extensively as biomimetic 

ligand/receptor pairs in research whose applications include drug targeting, membrane 

adhesion, and biomimetic nanoassembly.[1_9] Their bond strength is relatively insensitive 

to pH and the protein receptor can be readily incorporated onto vesicles, supported 

bilayers, and other s u r f a c e s H o w e v e r ,  the dissociation energy between biotin and 

avidin is 35 k fT —the strongest biological noncovalent interaction known, with a 

remarkable dissociation constant of lO'1' M.[12] In contrast, a recent survey found that a 

typical bond dissociation energy is of the order of 10-20 k$T for antigen/antibody and
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other ligand/receptor interactions more commonly occurring phenotypically, including 

those used in drug targeting/131 This survey included 2,276 biological ligand-receptor 

complexes listed in the PDBbind database v.2004 (Wang et al. 2004, Wang et al. 2005), 

for which the average bond energy was estimated as 14.7 kBT  (monomodal with standard 

deviation 4.9 kBT), corresponding to a dissociation constant o f 4 .1x l0 '7 M (Moore and 

Kuhl 2006). Thus, to make full use of streptavidin’s robust physical and chemical 

properties, what is needed is a ligand that complexes streptavidin with a bond energy that 

is comparable to those encountered phenotypically.

2-(4-hydroxyphenylazo) benzoic acid, or HABA 1, is one o f several commercially 

available streptavidin ligands, including also lipoic acid, 2 ’iminobiotin, desthiobiotin, and 

biotin methyl ester. All have molecular massess from 214-258 D and together cover a 

range of dissociation energies with streptavidin from 5-35 f o r / 10,161 Because HABA’s 

dissociation energy with streptavidin o f 9-12 kBT  is typical of many biological ligand- 

receptor pairs, using HABA as a ligand with streptavidin in biomimetic research may 

more accurately model ligands encountered biologically/16,171 Unlike the 

biotin/streptavidin bond, HABA binds to streptavidin with an estimated dissociation 

constant of 10'6 M that is low enough to permit significant dissociation rates1181. It also 

binds with an energy comparable to that anchoring lipids into bilayers; thus, vesicles 

wielding HABA ligands may be less susceptible to destruction upon decohesion from 

receptor surfaces/18-231

Further, HABA’s optical properties may facilitate the quantification of vesicle 

targeting, competitive adsorption, and dissociation kinetics. Its bright orange color acts as 

a convenient label, with an absorbance peak at 356 nm (near UV) that shifts to 500 nm
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(bluish-green) after conjugating with streptavidin.[18,25’25] Of particular interest for drug 

targeting and surface functionalization are conjugations between such ligands and lipids 

like l,2-distearoyl-SN-glycero-3-phosphoethanolamine (DSPE) 2 that form vesicles 

capable o f retaining crystallized drug, and between polymers such as 2000-D 

poly(ethylene glycol) (or PEG) 3 that are capable o f sterically stabilizing vesicles and 

other surfaces from nonspecific protein adsorption.[26_28] Thus, due to the broad interest in 

such conjugates that is likely to increase, we demonstrate a simple route to conjugating 

the weakly binding streptavidin ligand 1 to PEG-DSPE 4 and its incorporation into lipid 

vesicles. We hope that this method will serve as a useful pattern for others researching 

liposomal drug delivery, membrane adhesion, biomimetic self-assembly, and other 

biochemical research.

4.3 Materials

Amino-poly(ethylene glycol) (2000)-l, 2-distearoyl-SN-glycero-3- 

phosphoethanolamine (NH3-PEG(2000)-DSPE, MW=2788.78D) 5, 1,2-dioleoyl-SN- 

glycero-3-phosphocholine (DOPC) 6, and fluorescent l,2-dioleoyl-SN-glycero-3- 

phosphoethanolamine-NBD (DOPC-NBD) 7 were purchased from Avanti Polar Lipids, 

Inc. (Alabaster, AL). Obtained from Fluka (Buchs, Switzerland) were 2-(4- 

hydroxyphenylazo) benzoic acid (HABA, MW=242.23D, >99.5%) 1, N ,N '-

dicyclohexylcarbodiimide (DCC, MW=206.33D, >99%) 8, and N-(3-

D i m e t h y l a m i n o p r o p y l ) - N ’ - e t h y l c a r b o d i i m i d e  h y d r o c h l o r i d e  ( E D C ,  > 9 7 % )  9 .  P y r i d i n e  

(>99.9%, MW=79.1D) and ninhydrin were purchased from Sigma-Aldrich (Saint Louis, 

MO). Avidin (Neutravidin Protein) was from Molecular Probes (Eugene, OR). Water was 

obtained from a Bamstead NANOpure ultra pure water system (Dubuque, Iowa). lOmL
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dialysis tubes (1000D MWCO) were purchased from Spectrum Laboratories, Inc. 

(Rancho Dominguez, CA). All other reagents were of analytical grade.

4.4 Synthesis of HABA-PEG-DSPE 10

With the carboxylic group on 1 and the amine on 5, carbodiimide chemistry 

provides a convenient route to conjugation using initiators 8 and 9 for the organic- and 

aqueous-phase reactions, respectively (Fig.4-ls). The formation of an unstable 

intermediate (o-acylisourea) occurs when the initiator is introduced to a carboxylic 

group.[29] When the nucleophile (i.e. the amine of 5) is introduced to this intermediate, the 

product 10 is formed and the dicyclohexyl urea byproduct 11 precipitates. The reaction 

scheme for the aqueous synthesis is analogous to the organic reaction (Fig.4-ls) if  8 is 

replaced by the water-soluble carbodiimide 9. Both syntheses yield products with 

identical structure, and the initiator forms an ureal byproduct identical to the respective 

initiator except with both nitrogens protonated and the central carbon oxidized.

For both the organic and aqueous syntheses, all glassware was washed with a 

NaOH solution, rinsed, dried in vacuo, rinsed in the solvent to be administered, and dried 

with anhydrous nitrogen (purity 99.997%). Much of the work was conducted in a Class 

100 laminar flow hood to maintain purity and cleanliness.
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Figure 4-ls. Reaction mechanism and pathways used for the organic phase synthesis.

4.4.1 Organic-phase synthesis

For the organic-phase synthesis, 60 mg (22 pmol) of 5 was added to a 2-mL 

tapered vial and dissolved in 307 pL pyridine and 614 pL of DMSO was added. Between 

each addition of organic solvent the vial was sonicated for 10 min. The mixture was then 

agitated via micro-magnetic stirring rod, dosed with 9.08 mg (37 pmol) o f 1, and 

sonicated again for 10 min. 1 has a solubility in DMSO > 0.2 M and is bright orange. 

19.98 mg (97 pmol) o f 8 was then added to initiate the reaction. Thus, at the start o f the 

reaction the mixture contained 0.024 M of 5, 0.041 M of 1, and 0.107 M 8. The mixture 

was rapidly agitated for 4 hours at 22°C. After about 2 h into the reaction the solution 

was appreciably darkened to orange-brown, presumably due to formation of water and 

the insoluble byproduct l l . [30] To quench the reaction, the solution was placed in a 

vacuum oven at 35°C for 30 min to remove the bulk of the pyridine. 6 mL of water was
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added and 10 was removed by centrifugation. The solution was then dialyzed (1000D 

MWCO) in water for 40 h. The solution was again centrifuged to remove potential traces 

of insoluble byproduct or other trace contaminants prior to lyophilization into a dry, 

orange powder.

4.4.2 Aqueous-phase synthesis

For the aqueous-phase synthesis, 25 mg (9 pmol) of 5 was agitated in 1.4 mL of 

water with a micro-magnetic stirring rod for 10 min. 26.04 mg (108 pmol) of 1 was then 

added and sonicated for 10 min. To this mixture, 108 pL of 1 M NaOH was added to 

fully dissolve 1. Sodium phosphate buffer (644 pL, pH 6, 1 M) was added to favor 

deprotonation of the amine terminus of 5. The mixture was sonicated for 10 min prior to 

adding 19.2 pL (108 pmol) of 9 to start the reaction. Thus, at the start o f the reaction the 

mixture contained 0.017 M of 5, 0.05 M of 1, and 0.05 M of 9. The mixture was rapidly 

agitated for 12 hours at 22°C. The solution darkened with time but did not yield 

precipitate upon the addition of the 3.85 mL of H2O to dilute the mixture and quench the 

reaction. The supernatant was dialyzed for 30 h to remove unreacted reagents and then 

lyophilized.

4.5 Characterization

4.5.1 MALDI

P r o d u c t  m a s s e s  w e r e  c h a r a c t e r i z e d  u s i n g  M a t r i x  A s s i s t e d  L a s e r  D e s o r p t i o n  /  

Ionization (MALDI), performed on an IonSpec (Lake Forest, CA) Fourier transform 

mass spectrometer instrument equipped with an external multisample plate source and an 

actively shielded 7 T magnet. One pL of sample was spotted on a stainless steel probe
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followed by 1 jxL o f matrix. The matrix used was 0.1 M 2,5-dihydroxybenzoic acid 

(DHB) (Sigma). The sample was air dried at room temperature and then ionized with a 

Nd:YAG laser (X -  226 nm). As a further test for the presence o f unreacted 5 (viz., the 

presence o f unreacted amines), ninhydrin (2M in ethanol) was applied to a TLC sheet 

treated with the conjugate solution and allowed to dry.

4.5.2 'H-NMR

All NMR spectra were collected on Bruker DRX-600 or DRX-500 spectrometers 

equipped with a HCN triple resonance, triple-axis PFG probe. The 600 MHz system was 

outfitted with a cryogenic probe. Quadrature detection for the indirect dimensions in 

multidimensional experiments was achieved using the States-TPPI method.[31] Two- 

dimensional DQF-COSY was conducted at 293K using NMR samples in methanol.[32] 

All spectra were processed using the XWIN-NMR 2.6 software package (Bruker Inc.) 

and analyzed using XEasy on a Silicon Graphics 0 2  w orkstation.^ 'H chemical shifts 

were referenced to an external standard of DSS.

4.5.3 Absorption Spectroscopy

VIS-spectrometry was performed at 24.0 ± 0.1 °C using a 750-mm spectrometer 

with a 600 line/inch diffraction grating (Acton, Acton, Massachusetts). Spectrum 

digitization was achieved using a CCD detector (Princeton Instruments, Trenton, New 

Jersey) stabilized at -70°C to achieve a —40% photon efficiency. The spectrometer was 

controlled with WinSpec software version 2.5.16.2 (Roper Scientific, Acton, New Jersey) 

and our own custom software. Sample solutions held in quartz cuvettes (Fisher Scientific, 

Pittsburg, Pennsylvania) were illuminated by a 100W quartz-tungsten halogen lamp
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reflected from a cold mirror and focused into and aligned normal to the sample by a 

liquid light guide (Oriel Instruments). For each wavelength, transmittance was calculated 

as (1 / L) ( /s a m p le  /b a c k g ro u n d )  / ( /s o lv e n t  /b a c k g ro u n d )?  where L is the cuvette thickness and /  

are the wavelength-dependant intensities incident on the CCD, and the subscripts sample, 

solvent, and background refer respectively to light transmitted through the sample 

solution, an identical quartz cuvette filled with the same solvent, and ambient sources.

4.5.4 Vesicle Preparation

Vesicles were prepared with a mixture o f 10, 6, and 7 with molar ratios 

86:4.5:9.5, respectively, which was solvated in chloroform, dried in vacuo at 40°C for 72 

h and reconstituted with a 35 mM sucrose solution to a final lipid concentration o f 50 

pM. A small aliquot o f the vesicle solution was dispersed in a 35 mM glucose solution to 

aid vesicle settling and was wicked between two glass slides separated by a 2-mm spacer 

to minimize fluid motion during microscopy. The vesicles (9.9 nM lipids, 0.45 nM 1) 

were then incubated in situ with an excess of avidin (5.7 nM) for 18 h at 23°C and re

imaged. Fluorescence microscopy was performed on a Nikon Measurescope M M -11 

equipped with a Hg lamp, FITC HQ filter cube, 20x & 50x long working-distance 

objectives (Nikon USA, Florham Park, NJ), CoolSNAP-Pro cf monochrome CCD 

camera (Media Cybernetics, Silver Spring, MD), and Simple PCI data acquisition 

software (Compix Inc., Lake Oswego, OR).

4.6 Results & Discussion

The following demonstrate the formation of the new conjugate 10 via the organic- 

phase synthesis in Fig.4-ls.
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MALDI spectra from both the organic and aqueous syntheses are shown in Fig. 4- 

1. For the organic synthesis (Fig. 4-1 A), a peak at 3,044 D, corresponding to the expected 

molecular mass o f the desired conjugate 10 (3,029 D), suggests its formation. However, 

due to fragmentation o f the heat labile lipid tails during laser ionization, a more dominant 

peak is observed at 2,300 D, which coincides with the molecular mass of the ligand 1 

conjugated to the reactant 5 less the molecular mass of the lipid 2 (3,029 D -  748 D = 

2,281 D). Some of 1 may also have been lost from fragmentation. Nonetheless, two major 

series of peaks sculpt a definitive bell shaped curve that reflects the polydispersity of the 

polymer 3. Within each series, the spacing between adjacent peaks is 44.03ID, 

corresponding to the mass of the polymer unit (44.054 D). The two series differ by

18.006 D, suggesting that water crystallized onto the hygroscopic 3 when the sample was 

cooled before ionization.
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Figure 4-1. MALDI spectra of products separated from organic (A) and aqueous (B) 
syntheses o f HABA-PEG-DSPE 11. The interval between isotopic clusters of signals 
is 44 m/Z, corresponding to the polymer repeat unit. Not all peaks labeled for clarity.

In contrast, the aqueous synthesis yielded only a broad series of peaks centered on 

a mass o f 2,044 D (Fig. 4 -IB). This peak coincides with the difference in molecular 

masses o f 5 and the lipid 2 (2,789 D -  748 D = 2,041 D), suggesting that the reactant 5 

(and not the desired product 10) was present before fragmenting into 2 and NH2-PEG 12. 

The lack of a peak near the molecular mass of 10 (3,029 D) also suggests that the 

aqueous synthesis did not yield a significant amount of product despite both syntheses 

having comparable concentrations of 5 and of the initiators 8 or 9, and the aqueous 

synthesis having thrice the reaction time. Although a detailed analysis is beyond the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



139

scope of this paper, it is likely that the o-acylisourea intermediate hydrolyzes rapidly 

compared to the diffusive timescale o f the PEG-lipid, which may have had reduced 

collision frequency from micellization, as its CMC of 1-20 pM was comparable to the 

reaction conditions.[22,23,34]

To further validate the conjugation of 1 to 5 via the organic-phase synthesis, high 

resolution NMR spectroscopy (2D-DQF COSY) of the reactant 5 and product 10 are 

shown in Figs. 4-2A and 4-2B, respectively. The spectrum of 5 shows all resonances at 

the expected chemical shifts.[28J The spectra of the product 10 displays additional 

aromatic signals from the HABA 1 moiety between 6.8 and 8.5 ppm, as well as a new 

signal at 8.95 ppm. This signal has one cross peak at 3.75 ppm in the DQF-COSY 

spectrum and can be assigned to the NH group linking 1 and 5, showing covalent 

conjugation o f these two compounds.

HABA-PEG-DSPE4

5

6

7

• r ’
8

PEG-DSPE

m

9 8  7 6 9 8 7 6

Figure 4-2. 600 MHz *H 2D DQF-COSY spectra of the aromatic/NH region of the 
reactant 5 and product 11. All axes are ppm. The dashed box marks the signals 
originating from the conjugated moiety 1. The arrow marks the cross peak between 
the linking amide NH and the PEG 3 protons.
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The VIS transmittance of 1 dropped significantly over the range 500-650 nm, as 

expected from the orange appearance of 1 and its absorption frequency o f 356 nm.[18] At 

a wavelength of 550 nm the transmittance was 50% and the molar absorptivity was 19.5 

M '1 cm'1. The transmittance (7) of 1 had the greatest sensitivity to its molarity (C) at a 

wavelength of 525 nm, which scaled as - lo g (T )  = 358C + 9 x l0 “5 (R2=0.9994, 0.1 < C <

1.6 pM). Because neither chloroform nor aqueous solutions of the pegylated lipid 5 

portion o f the product were absorbing, we were able to use absorbance to calculate the 

product yield for the organic phase synthesis of 10 after purification to be >97±3%. In 

agreement, ninhydrin tested negative for the presence o f unreactive amines o f 5 in the 

product, indicating a substantial extent o f conjugation.

As further validation, Fig. 4-3 shows vesicles prepared with the product 10 before 

and after the addition of an avidin linker. Before addition, vesicles were numerous and 

polydisperse, freely diffusing throughout the solution, as exampled in Fig. 4-3A. 

However, after adding avidin ~5% of the visible vesicles adhered to another vesicle, as 

exampled by the vesicles in Fig. 4-3B, which rotated and translated together. The 

relatively low yield o f coupling is likely from the large molar excess of free avidin over

saturating the vesicle’s ligands 1. Nonetheless, Fig. 4-3 demonstrates that 10 was 

synthesized and shows its ability to stabilize vesicles and to cross-link them in the 

presence of avidin. Further, adhesion measurements with a Surface Forces Apparatus 

demonstrated that supported membranes incorporating 10 exhibited specificity towards 

complementary streptavidin membranes (to be published elsewhere). Bond formation 

between 1- and streptavidin- functionalized surfaces was weaker and more easily 

reversible than when biotin was used in otherwise identical experiments.
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Figure 4-3. Fluorescence micrographs of vesicles functionalized with the sterically 
stabilizing HABA conjugate 11. A) In the absence of the avidin linker, vesicles were 
non-adhering throughout the entire sample. The few vesicles that appear coincident 
moved independently in different focal planes and were not coupled. Larger vesicles 
appear flared due to limited depth of field. B) A collage of adherent vesicles after the 
addition of avidin. Left to right: clusters of 2, 2, 2, 3, 3, and 4 vesicles.

4.7 Conclusions

We have demonstrated the synthesis of a functionalized PEG-lipid 10 with a more 

biomimetic binding affinity to streptavidin than biotin. MALDI, NMR, and VIS 

spectroscopy cooperatively confirm that 10 was synthesized in the organic-phase reaction 

and purified to >97%. This same synthetic route may be utilized with other streptavidin- 

binding ligands, all o f which display carboxylic groups except for biotin methyl ester. In 

contrast, synthesis in aqueous media proved ineffective. This new streptavidin binder, 

which can be easily incorporated into lipid vesicles and supported membranes and 

provides steric stabilization, should promote research into tethered ligand/receptor 

interactions that are more biomimetic than when biotin is used.
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