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Abstract

Structure and interactions of hyaluronic acid, a model polyelectrolyte

by

Sarah N. Innes-Gold

The biopolymer hyaluronic acid (HA) is ubiquitous in extracellular spaces and forms

complexes with proteins and proteoglycans that contribute to tissue mechanical proper-

ties, provide lubrication at biointerfaces, and affect cell adhesion and motility. It is not

well-understood how structural features within single HA chains control its biological

roles and its potential for use in biomaterials. HA’s structural length scales (persistence

length, charge spacing) are intermediate relative to other biopolymers; this makes it a

useful model system for studying polyelectrolyte physics. We use magnetic tweezers to

investigate how salt and HA-binding ligands can modify its random coil structure.

We present data on HA’s behavior in mixed valence salt solutions, and find a regime

of conformational insensitivity to ionic strength. Experiments on another flexible charged

biopolymer, single-stranded DNA, confirm the effect is a general electrostatic phenomenon.

With simulations and theory, we build a picture of how ion exchange within a counterion-

rich layer near the chain counteracts changes in the bulk ionic strength. We also use

magnetic tweezers to measure changes in HA structure associated with the formation of

HA-proteoglycan bottlebrush complexes. As the large proteoglycan aggrecan binds, it

induces tension in the central HA chain. Using established bottlebrush theory, we con-

nect this tension to structural features of aggrecan. Overall, we find magnetic tweezers

are sensitive to HA’s random coil structure and its modification by solute interactions.
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Chapter 1

Introduction

1.1 Motivation

Unlike small molecules, polymers are comprised of many molecular subunits and can

be arranged in different configurations. In solution, thermal energy bends polymer chains

and causes them to fluctuate between an ensemble of coiled states. The structure of a

coiled polymer is defined by several length scales (Fig. 1.1). First, if the polymer is

modeled as a chain of freely jointed rigid links, the Kuhn length b is the size of this

effective monomer unit, the length scale below which the chain appears straight [4]. At

slightly larger scale, there is the thermal blob size ξth [5], below which interaction energies

are small compared to thermal energy and the chain behaves as an ideal random walk. On

scales larger than the thermal blob size but smaller than the total chain size (quantified

by end-to-end extension Ree or radius of gyration Rg), the behavior is dominated by

interactions (see Chapter 2). All these length scales are controlled not only by the

number of molecular links N in the chain, but also by physical and chemical properties,

such as rotational constraints on bonds, hydrophobicity, polarity, and charge.

Charged polymers (polyelectrolytes, PEs) are particularly challenging to describe the-

1



Introduction Chapter 1

Figure 1.1: A polymer chain, showing statistical segments of length b, thermal blobs
of size ξth, and end-to-end extension Ree

oretically as the presence of charges introduces another length scale: that of electrostatics

in solution. Electrostatics can be very long range, but salt ions in solution screen the

field strength, meaning that this new length scale is solution dependent. The interplay

between salt-dependent electrostatics, polymer structural length scales, and the inhomo-

geneous arrangement of salt ions near the charged chain makes it difficult to predict the

structure of PEs in salty solutions, especially in mixtures of multiple salts.

Both charged chains and salt mixtures are ubiquitous in biology. Nucleic acids (NAs),

polysaccharides, and proteins all carry charges, and these charges are crucial to their

functions. Multiple species of salt (monovalent and divalent) are present in biological

solutions (see Table 1.1), motivating the need for precise experimental work to clarify how

electrostatic interactions control biopolymer conformation, and how salt modifies these

interactions. Additionally, in biology, polymers are often assembled in more complicated

architectures such as bottlebrushes; this further complicates their behavior and motivates

us to study assembly of these structures at the single-complex level.

To study PE solution structure experimentally, we apply constant stretching forces

to single tethered chains. As discussed in Chapter 2, a stretching force f introduces yet

2



Introduction Chapter 1

Table 1.1: Approximate free concentration of common cations in biological solutions
[Na+] [K+] [Mg2+] [Ca2+]

Intracellular (mM) 12 [6] 139 [6] .05-1 [7] 0.0001 [6]
Extracellular (mM) 135-145 [8] 3.5-5.5 [9] 0.36-0.74 [7] 1.1-1.3 [7, 9]

another length scale: the tensile screening length ξ = kBT/f [10], where kBT is thermal

energy. The force aligns the chain globally on length scales greater than ξ, but does not

perturb its structure on shorter length scales. By observing the shape of force-extension

curves and finding the length scales that correspond to crossovers between regimes, we

glean information about the chain’s structure and the interactions that control it. Since

the tensile screening length is inversely proportional to force, long-range interactions like

electrostatics will be revealed by low force experiments. To this end, we use magnetic

tweezers, which can apply stable forces in the range of ∼0.01-10 pN.

Most of our studies will focus on the biological PE hyaluronic acid (HA). HA is a

useful model system to explore poorly understood regimes of PE physics: it can be very

long, has a simple linear architecture, and has moderate flexibility and charge density. HA

is also interesting in its own right: it is not well understood how HA structure controls

its biological roles in the extracellular matrix (ECM), especially at the level of single

chains, and HA is a candidate for engineered cell scaffold materials [11]. Using precision

experiments on HA, we reveal general principles controlling PE solution structure in salt

conditions relevant to biological polymers. We also explore how HA structure relates to

its specific biological functions in complexes with HA-binding ligands.

1.2 Hyaluronic Acid in Biology and Biomaterials

While the biological roles and physical behaviors of proteins and NAs are widely

studied, it is only recently that scientists have begun to explore the large range of bio-

3



Introduction Chapter 1

Figure 1.2: Chemical structure of the hyaluronic acid repeat unit. Typical chain
lengths in biology have n∼1000-10000.

logical roles adopted by polysaccharides [12]. One such polysaccharide, HA (Fig. 1.2),

is widely found throughout biological tissues. It is extruded through the cell membrane

by membrane-bound HA synthases [13]. Some HA is released into the ECM, while some

remains anchored to the cell surface either by the synthase, or by HA-binding receptor

CD44 [13]. As depicted in Fig. 1.3, the cell-attached HA can form a dense, microns-thick

brush called the pericellular matrix (PCM), in which proteoglycans bind to HA chains,

altering their structure [14]. The composition and size of the PCM layer varies between

different tissues in accordance with their function.

HA- and proteoglycan-rich PCM is found in vasculature [15] and perineuronal nets [16]

but the most extreme case is in cartilage– the PCM around chondrocytes– and involves

the proteoglycan aggrecan [17]. Aggrecan consists of a ∼300 kDa protein core heavily

glycosylated by chondroitin sulfate (CS) and keratan sulfate (KS) side chains [18]. Each

aggrecan monomer has about 100 CS side chains (≈20 kDa) as well as tens of KS side

chains (≈5-15 kDa) such that each aggrecan can reach 2-3 MDa in size [18]. A single HA

chain can be decorated by hundreds of aggrecan monomers, and the aggregated complex

can reach 100s of MDa in size. The huge aggrecan/HA complexes found in cartilage are

crucial to maintaining the compression resistance of the tissue [18]. In other tissues, the

HA-rich PCM and ECM affect not only the tissue mechanical stiffness, but control the

4
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Figure 1.3: The pericellular matrix. HA chains anchored to the cell membrane form
complexes with proteoglycans like aggrecan. In certain cells including chondrocytes,
this PCM layer can be ∼1-10 µm thick [14].

adhesion and migration behavior of cells [11].

The structure of these HA complexes can be altered in disease, which in turn affects

the PCM properties and cell behaviors. Families of enzymes called aggrecanases and

matrix metalloproteinases (MMPs) digest the proteoglycans in the PCM complexes [19].

Increased activity of these enzymes occurs under pathological conditions: the resulting

breakdown of aggrecan in cartilage is an early sign of osteoarthritis [20], and aggrecanase

digestion of another proteoglycan, brevican, in the PCM of neurons has been shown to

be a critical step in glioblastoma invasiveness [21, 22]. It is still unclear precisely how

the structural breakdown of PCM complexes affects tissue properties, and how these

mechanical changes contribute to the progression of various diseases.

In addition to its biological roles, HA is of interest for the development of artificial

biomaterials. HA is a major component of natural eye vitreous [23], is involved in several

forms of natural bio-lubrication [24, 25], and is already used in eye drops [26], contact

lenses [27], and during corneal replacement surgery [28] to provide hydration or lubrica-

tion. It is frequently injected for cosmetic dermal fillers [29] and is a common component

of lotions due to its impressive ability to retain water [30]. Injections of high-MW HA

into the knee joint cavity, thought to increase the viscosity of synovial fluid, are used as

5
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a treatment for osteoarthritis [31]. HA is a promising candidate for cell scaffolds due to

its structural roles in the ECM, its effect on cell adhesion, and its intrinsic biocompati-

bility [11]. Researchers have developed covalently [32] and ionically [33] crosslinked HA

hydrogels for use as cell scaffolds, while others have investigated HA materials for drug

delivery applications [34].

1.3 Hyaluronic Acid Structure

In order to understand the nanoscale biophysics underlying HA’s biological roles and

design principles for HA materials, we must first understand the physical properties

of the single HA chain. HA is a glycosaminoglycan (GAG) composed of disaccharide

repeat units, containing glycosidically-linked alternating D-glucuronic acid and N-acetyl-

D-glucosamine. It can be very long, reaching sizes of up to 10 MDa in vivo, which

corresponds to contour lengths ≈20 µm [35]. Relative to other biopolymers, HA is

intermediate in both stiffness and charge density. Intra-chain hydrogen bonding leads

to an intrinsic persistence length l0p of 4-10 nm [36, 37, 38], in between those of flexible

chains like single-stranded DNA (ssDNA; l0p = 0.6 nm) [39] or unfolded polypeptides (l0p ≈

0.5-1 nm) [40], and those of stiff PEs like double-stranded DNA (dsDNA; l0p ≈ 50 nm)

[41]. HA is negatively charged at physiological pH, with one charge per nanometer-long

repeat unit [42], lower than ssDNA (charge spacing ≈ 0.7 nm)[43] or dsDNA (0.17 nm)

[44]. HA’s charge spacing of 1 nm is just slightly longer than the Bjerrum length lB of

0.7 nm, the distance at which the energy between two charges in water is equal to kBT .

As discussed in the next chapter, this has interesting implications for HA’s interactions

with multivalent ions. These regimes of intermediate charge and stiffness have not been

extensively explored experimentally, and it is unclear what will result from the interplay

of intrinsic chain stiffness and electrostatic interactions.

6
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1.4 Layout of this Dissertation

This first introductory chapter motivates our study of charged biopolymers in gen-

eral and introduces the biopolymer HA, a relatively understudied polysaccharide whose

biological roles demand investigation at the single-molecule level, and that also presents

a convenient model system to explore poorly-understood regimes of PE physics. Chapter

2 covers some basic concepts in polymer and PE physics, reviews prior theoretical and

experimental work, and identifies open questions which we will seek to answer. Chapter

3 explains the experimental setup we use for magnetic tweezers stretching experiments.

In Chapter 4, we present experimental results showing the effect of multivalent salt on

several biological PEs, and reveal a salt-insensitive regime of PE structure that arises in

salt mixtures. Simulations provide a picture of the inhomogeneity of the ion environment,

and we explain the effect using a combination of Donnan equilibrium and a two-state

ion condensation model. Chapter 5 presents experimental results which use magnetic

tweezers to explore HA structure when complexed by proteoglycans. We apply theory

of polymer bottlebrushes to quantify the force exerted on the HA chain when aggrecans

bind and explain how this force arises from the bottlebrush structure of the complex. In

Chapter 6, we conclude with a summary of the results presented here and a discussion of

future directions. Appendices A–C include notation, experimental protocols, and some

preliminary data on HA in high monovalent salt, alongside cartilage link protein, and in

a bottlebrush complex exposed to aggrecanase enzymes.

7



Chapter 2

Polymer Physics

2.1 Polymer Structure

A polymer is often modeled as a chain of N statistically independent rigid segments

of size b, where b is known as the Kuhn length [4]. The specific chemistry determines

the Kuhn length, which then allows for a coarse-grained description of chain structure

that applies regardless of the identity of the actual polymer. Given the Kuhn length,

one can predict from theory how the size of the polymer coil, often quantified using the

root-mean-squared (RMS) end-to-end-extension R =
√
< R2

ee >, will scale with N. The

simplest approach is that of the ideal chain, described in Section 2.1.1, which assumes no

interactions between distant monomers. More often, monomers do interact; they present

excluded volume, causing the chain to be self-avoiding. This second case of real chains

will be discussed in Section 2.1.2.

2.1.1 Ideal Chains

An ideal chain performs a random walk in space. Because there are no excluded

volume interactions between distant monomers, self-intersection is allowed. The average

8
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end-to-end distance < Ree >= 0, as a step in any direction is equally likely. However, the

variance < R2
ee >= Nb2, so the RMS end-to-end extension R, or the expected magnitude

of the end-to-end distance (also known as the Flory radius), scales with
√
N . While ideal

conditions are never strictly true, certain polymers in certain solutions behave as if the

excluded volume v = 0, and exhibit ideal scaling. This is called the Θ condition.

2.1.2 Real Chains

Most of the time, polymers do not behave ideally. With excluded volume interac-

tions, the chain behaves as a self-avoiding random walk, which is swollen relative to the

ideal case. This swollen behavior is characteristic of polymers in “good solvent,” mean-

ing monomer-solvent interactions are more favorable than monomer-monomer ones [4].

For a self-avoiding chain, the scaling with N depends on the spatial dimension because

confinement increases the likelihood of monomer-monomer encounters. In 3D, coil size

in a good solvent scales as R ∼ N3/5 [4]. This exponent (1/2 in the ideal case, 3/5 in

the self-avoiding case) is known as the Flory exponent ν. The opposite case of attractive

self-interactions, or a “poor solvent,” leads to a conformation that is more compact than

the ideal case and will not be discussed here.

2.2 Polymers Under Tension

The tension response of a polymer provides information about its structure. When

a stretching force is applied to the ends of the chain, it becomes globally aligned in the

direction of the force, screening out the possibility of interactions between far-removed

monomers. The structure is that of an aligned chain of “tension blobs,” whose size

depends on the applied force f . The length scale dictated by f is the tensile screening

length, ξ = kBT/f [10]. On length scales shorter than ξ– within each tension blob–

9
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the chain is unperturbed by the external force. Using the concept of tension blobs, it

is possible to connect the scaling of the zero-force R with N to the shape of the force

versus extension curve [10], discussed below.

2.2.1 Extension at low forces

As dictated by linear response theory, we expect polymer extension L to scale linearly

with f if the perturbation is very small [45]. For ideal chains, this manifests in the classic

entropic spring result [4]:

f =
3kBT

Nb2
L. (2.1)

de Gennes showed a similar relation holds for self-avoiding chains [5]:

f =
3kBT

R2
L (2.2)

where R is the Flory radius,

R ∼ N ν . (2.3)

If, by contrast, the applied force f significantly perturbs the chain structure, the

elastic response is nonlinear and depends on the force regime. For forces sufficient to

stretch the chain significantly from its unperturbed radius (R < L) but not so large

that L approaches contour length Lc, then the following scaling argument of Pincus [10]

predicts chain elasticity. In this scaling picture, we consider that the two relevant length

scales are the Flory radius R and the tensile screening length ξ = kBT/f . The extension

of the chain stretched by f has the form:

L = RΨ(R/ξ) (2.4)

10
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where Ψ(R/ξ) ∼ (R/ξ)p is a power law function of the dimensionless ratio of the two

relevant length scales. As the chain is strongly stretched, we require that its size scales

extensively with the number of monomers: L ∼ N . By Eq. 2.3, this requires that

(N ν)p+1 ∼ N , and thus that

L ∼ f 1/ν−1. (2.5)

By Eq. 2.5, the size of a self-avoiding polymer will scale as L ∼ f 2/3; this is the

Pincus regime, and is expected to persist until the tensile screening length reaches the

thermal blob size ξth ∼ b4/v, where v is excluded volume [4]. At this point, excluded

volume interactions within each blob are negligible, leading to a second regime of ideal

(linear) scaling until ξ approaches the Kuhn length b [46]. However, in the case of strong

repulsion between monomers, v ∼ b3 and ξth ∼ b [4], and this regime will not appear.

2.2.2 Extension at high forces

The length scale probed is inversely proportional to the applied force, thus, the elastic

transition that defines “high force” will be sensitive to the short length scale structure

that dictates the Kuhn length b. Once ξ decreases below b, the chain is entirely aligned

along the direction of the applied force, but it is still subject to fluctuations. The Marko-

Siggia (MS) wormlike chain (WLC) model [47] treats this chain approaching its contour

length as a continuously bending rod whose fluctuations are increasingly disallowed as

force grows. The result of this model is to characterize the continuous bending by a

persistence length lp, which describes the length scale over which tangent correlations

decay exponentially along the backbone of the chain. For polymers with a properly

defined lp (i.e. “wormlike” polymers with exponentially decaying correlations), the Kuhn

length b = 2lp. The WLC model predicts that for f >> kBT/lp, L will approach the

11
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contour length as

L ≈ Lc

(
1−

√
kBT

4flp

)
. (2.6)

At even higher forces, probing the scale of actual chemical bonds, a freely-jointed chain

model becomes appropriate [48]. However, these very high forces will not be discussed

here.

2.2.3 Experimental studies of polymers under tension

A variety of experiments have been conducted to validate the force-extension predic-

tions described above. WLC behavior has been observed for many different polymers

stretched by moderate to high forces, including in optical tweezers measurements of ds-

DNA [49], atomic force microscopy (AFM) studies of an unfolded polypeptide [50], and

magnetic tweezers experiments on polyethylene glycol (PEG) [51].

Magnetic tweezers studies have achieved low enough forces to experimentally validate

the power-law regimes of force-extension. Such experiments have demonstrated that

PEG, an uncharged hydrophilic polymer, shows a low-force Pincus exponent of 2/3 in

good solvent, and a moderate force linear regime as ξ crosses ξth [51]. Studies have also

shown a Pincus regime for HA [38] and ssDNA [39].

To our knowledge, no force spectroscopy experiment has succeeded in observing the

extremely low force transition to the linear response regime. The attachment of polymers

to surfaces, common to all force spectroscopy methods, biases the chain extensional

distribution due to the exclusion of configurations where part of the chain would intersect

the surface; this effect is discernible when applied force is very small and likely obscures

the linear response regime [3].

12
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2.3 Polyelectrolytes

It is clear that repulsion between charged groups on a polymer will cause it to expand,

but it is not obvious precisely how this repulsion will determine the chain’s solution

structure. Charges complicate polymer structure due to the introduction of another

length scale: that of electrostatics in solution. In a vacuum, the Coulomb potential is long

range, scaling with 1/r. In solution, mobile salt ions screen fields and cause potentials

to decay more rapidly, with a decay length that depends on the concentration of salt.

A frequently used mean-field approach to solution electrostatics is Poisson-Boltzmann

(PB) theory, in which the potential ϕ is governed by the PB equation:

∇2ϕ(r) = − 4π

εε0

∑
i

Zici,0 exp
−Zieϕ(r)

kBT
(2.7)

where summation over i denotes all species of ions, Zi and ci,0 denote valence and bulk

concentration of ion species i, e is the elementary charge, and ε is the dielectric permit-

tivity. In the limit of small potentials, the PB equation can be linearized, giving the

Debye-Huckel (DH) equation:

∇2ϕ(r) = κ2DHϕ, (2.8)

and its solution for the potential near a point charge:

ϕDH(r) =
e

4πεε0kBT
e−κDHr (2.9)

where

κDH =
√

8πlBI (2.10)
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is the inverse Debye length, which describes the length over which electric fields are

screened as a function of the solution ionic strength

I =
1

2

∑
i

Z2
i ci,0 (2.11)

where i again denotes ion species, and lB = e2

4πεε0kBT
is the Bjerrum length.

While DH theory is frequently used, it has significant limitations. The limit of small

potentials means the theory is not reliable near highly charged objects or at low salt

concentrations. Additionally, the mean-field assumption of PB theory means it is not

appropriate for solutions of multivalent ions. Even in situations where DH is appropriate,

it is not obvious how charge screening will change PE chain structure. In the following,

we outline several approaches others have developed for this problem, both within and

beyond the DH framework.

2.3.1 Electrostatic persistence length

Charges on a PE repel one another, swelling the chain to achieve greater separation.

This increases the bending stiffness, as bending the polymer would force the repelling

charges closer together. This electrostatic stiffening is often modeled as an additive term

to the chain’s intrinsic molecular persistence length, giving a total persistence length

lp = l0p + lelecp [52]. From DH theory, it is clear that lelecp should decrease with added salt

and plateau to zero when the screening length decreases below charge spacing d, as the

charges will no longer interact. Much prior work has been devoted to how lelecp should

scale with ionic strength I.

One such theory is that of Odijk [52], Skolnick and Fixman [53] (OSF). They calculate

the increase in bending energy of a semiflexible polymer due to charges that interact via
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a DH-screened Coulomb potential. The resulting expression is:

lelecp =
lB

4κ2DHd
2

(2.12)

notably predicting that the electrostatic persistence length scales with κ−2DH , or I−1. This

theory is frequently used due to its simple analytical expression, and some have found

dsDNA elasticity data in agreement with the OSF prediction [41]. However, many other

studies show definitive disagreement with the OSF prediction, including data on dsDNA

[54, 55], ssNAs [39, 56, 57], and HA [38].

Barrat and Joanny (BJ) revisited the OSF picture, incorporating fluctuation effects

to make the model more appropriate for flexible chains [58]. The BJ calculation predicts

that for flexible chains, lelecp scales with κ−1DH , or I−0.5. Single-molecule experiments on

flexible chains of ssDNA [39, 56] and ssRNA [57] have shown results consistent with this

exponent. Experiments on moderately flexible HA suggest a slightly larger exponent,

around -0.7 [38].

OSF and BJ models still rely on the assumptions of DH screening. A model from

Netz and Orland (NO) goes beyond DH and uses a variational approach to account

for (monovalent) ion condensation on the highly charged chains, modifying the effective

charge spacing in a salt-dependent manner [59]. This approach predicts lelecp ∼ I−0.7,

consistent with experimental data on HA. Further discussion of models incorporating ion

condensation will follow in Section 2.3.3.

2.3.2 Internal tension

The salt-dependent swelling effect of the chain charges can be treated as a mean-field

tension that acts to extend the chain, rather than as an added term in the persistence

length [60]. This internally generated electrostatic tension is strong at low salt, and like
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an externally applied force, acts to configure the PE into a stretched chain of blobs. As

with the electrostatic persistence length, there have been efforts to theoretically describe

the electrostatic tension as a function of salt [60, 61]. Recent experimental work has

shown that this internal tension approach may be superior for treating charged flexible

chains like ssNAs [43], as for strongly charged chains the persistence length may not be

well-defined over all length scales [62], though empirically the WLC model appears to

provide a good description of ssNA data at moderate to high salt [39].

2.3.3 Charge condensation

The mean-field and small potential assumptions of DH theory are not usually appro-

priate for treating multivalent ions, which are highly charge-dense and interact strongly

with charged chains. For highly charged chains, even interactions with monovalent ions

can be strong. These cases are better treated with condensation theories. The approach

of condensation theories is to predict renormalized chain charge spacing deff : once deff

is known, it can be substituted for the structural charge spacing d when calculating

electrostatic tension or persistence length (e.g. when using the OSF expression) [58].

The best-known theory of counterion condensation is that of Manning [63] and Oo-

sawa [64]. It considers a cylindrical PE with no added salt, and is applicable when the

Debye length is very long compared to the PE charge spacing. In outlining the arguments

below, we consider condensing counterions (CIs) of valence +1.

The PE is taken to be an infinitely long line of charges −e spaced by distance d (Fig.

2.1). We can apply Gauss’s law to find the electric field as a function of distance r from

the PE:

E(r) =
−2e

εε0rd
= −dϕ

dr
(2.13)
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Figure 2.1: A uniformly charged rodlike “polyelectrolyte” with charge density 1/d.
In the Manning limit, counterions will condense on the charged cylinder until the
renormalized charge spacing deff = ZlB.

where ϕ is the potential, given by

ϕ(r) =
2e

εε0d
ln (r/a) (2.14)

where a represents a small finite distance of closest approach, and we choose ϕ(a) = 0.

The distribution of counterions near the chain will be determined by Eq. 2.14, giving a

counterion density

ρ(r) = ρ0 exp

(
−2lB
d

ln (r/a)

)
= ρ0

(a
r

)2lB/d
. (2.15)

We then consider a cylinder of radius c enclosing the chain, and write an expression

for the total number of CIs enclosed near the chain:

NCI =

c∫
a

2πrdrρ0

(a
r

)2lB/d
∼

[(a
r

)2 lB
d
−2
]c
a

(2.16)
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where the rightmost expression ignores constant prefactors. Since c > a, the rightmost

expression in Eq. 2.16 gives unphysical values unless 2lb/d− 2 ≤ 0.

This result means that if the PE charge spacing d < lB, counterions will condense

onto the oppositely charged chain, lowering its effective charge density until deff = lB.

For ions of valence Z, this becomes

dM = ZlB (2.17)

where dM is the Manning renormalized charge spacing [65]. Manning’s original theory

considers the limit of rodlike PEs and zero salt. However, since counterion condensation

is an electrostatic phenomenon, it is clear that it will in general be affected by the amount

of salt added to solution.

Attempts have been made to extend counterion condensation theory using two-state

condensation models that incorporate bulk salt through Debye screening [66, 67], show-

ing, as one might expect, that added 1:1 salt weakens condensation. Dobrynin further

expands upon Manning-Oosawa theory to explore how counterion condensation will af-

fect the rigidity of a semiflexible polymer [68]. This theory predicts that in monovalent

salt lelecp ∼ I−0.5 with further logarithmic corrections for fluctuations. Many others have

made theoretical contributions to the field, including investigation of condensation on

flexible PEs [69] and the chain collapse that can result from it [70].

A variety of experiments support the idea that counterions condense onto PEs and

modify their charge. Counterion condensation has been shown for dsDNA using NMR

[71, 72], and collapse and aggregation of dsDNA in the presence of multivalent cations

has been attributed to ion condensation [41, 67]. Models of flexible ssNA force-extension

which treat charge spacing as a free parameter were successful in fitting experimental

data, and found fit charge spacing values much larger than the structural spacing [73, 43],
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Figure 2.2: Blob-based model for polymer bottlebrush. Excluded volume constraints
cause the chains to become more extended.

also supporting condensation. However, a systematic understanding of how multivalent

condensation on PEs is affected by bulk non-condensing salt is still lacking.

2.4 Bottlebrush Polymers

This chapter so far has been limited to isolated polymers with simple linear architec-

tures, but often polymers have more complex branched structures. An extreme example

is the bottlebrush; a central polymer decorated by many side chains, with the spacing

between side chains smaller than the unperturbed side chain radius of gyration. The

conformations of both the central chain and the side chains are strongly restricted in this

architecture, with the central chain experiencing a large increase in stiffness.

Recent theoretical work [74] has sought to explain the changes of the bottlebrush

components as internal tensions induced by confinement from the many nearby chains.

The confinement causes the polymers to adopt a chain of blobs conformation, where each

blob has interaction energy kBT . Due to the cylindrical geometry, the blob size in the
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side chains increases with radial distance, and side chain internal tension decays inversely

with blob size (Fig. 2.2). The authors then use scaling theories to predict the internal

tension in the central filament and its equilibrium length as a function of side chain

length and spacing, Kuhn length, and solvent quality. Prior single-molecule experiments

on synthetic bottlebrush polymers (ssDNA with PEG side chains) [75] support these

scaling calculations. The scaling predictions will be discussed in more detail in Chapter

5 with application to HA/proteoglycan bottlebrushes.
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Chapter 3

Experimental Methods

3.1 Introduction

Chapter 2 discussed how a polymer’s elastic response conveys information about its

structure on different length scales. In particular, the Pincus exponent γ (which can be

related to Flory exponent ν) reports on the excluded volume interactions that affect the

overall coiled structure, while the persistence length lp describes the length scale over

which the chain appears rodlike.

This dissertation concerns moderately flexible chains (l0p ∼ nms) that carry charges,

which will cause stiffening on length scales greater than l0p. To study structure on such

length scales, we need to access forces on the scale of kBT/ ∼1–10 nm. Low force

experiments of this nature are best accomplished with magnetic tweezers, which can

access forces below 0.1 pN [76].
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3.2 Magnetic Tweezers

With magnetic tweezers (MT), single polymer chains are tethered between a surface

and a micron-sized magnetic bead. A moveable assembly of permanent magnets exerts

forces on the beads to stretch the polymers, and the beads are optically tracked to

determine the chain extension. The forces applied in MT are small: usually on the order

of 0.1 to 10 pN [46], although forces up to ∼100 pN can be accessed with 2.8 µm magnetic

beads [75]. These low forces allow experimental observation of the power law regime and

the WLC regime for flexible chains [39, 51, 57, 38].

Due to the low forces used, the technique is susceptible to bias by interactions between

the tethered bead and the surface. To mitigate this, it is generally necessary to use very

long polymers to resolve low-force elasticity, at least of order 1 µm. For short or flexible

chains, data at very low forces may be biased due to the exclusion of chain conformations

by the surfaces; this tends to decrease estimates of γ [3].

3.2.1 Instrument Setup

Experiments discussed throughout this dissertation were performed on a custom-built

MT instrument based on the designs presented in Ref. [77], [78], and [79]. A schematic of

the instrument is shown in Fig. 3.1. The polymer of interest, tethered between a surface

and a magnetic bead, is prepared inside a flow cell (described below), and placed on an

XY stage (Physik Instrumente (PI) M-545.2P, operated by a PI C-867-260 controller),

allowing us to adjust the lateral sample position by as little as a micron. Above the

sample is a machined aluminum casing containing two pairs of 1/2” NdFeB magnets,

oriented north-north and south-south as described in Ref. [80, 81]. Low-carbon steel

pole pieces confine the field [80]; this arrangement leads to a large field gradient near the

tips. The paramagnetic beads inside the sample chamber align their axes with the field
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Figure 3.1: Schematic of the magnetic tweezers instrument.

and are subject to a gradient force acting upwards:

~f = (~m( ~B) · ~∇) ~B (3.1)

where ~B is the magnetic field and m( ~B) is the bead’s magnetic moment. Force is adjusted

by moving the magnet assembly closer or farther from the sample; magnet motion is

accomplished with translation and rotation motors (PI M-126, PI C-843).

The light source is a red super-luminescent diode (SLD) (QPhotonics), which passes
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through a focusing lens and between the magnetic pole piece tips to its focal point

right above the sample, then passes through a high numerical aperture objective (Nikon

60x or 100x, oil immersion), and into an EoSens 3CXP high-speed CMOS camera from

Mikrotron. The camera transfers videos to a computer in real time using the BitFlow

Cyton-CXP4 frame grabber. This setup (high speed camera, frame grabber, and SLD)

can achieve kHz frame rates, although all data shown in this dissertation were measured

at either 60 Hz or 400 Hz. The objective is mounted on a piezoelectric nanopositioning

device (PI P-725), which allows adjustment of the objective height (and image focal

plane) in nanometer increments. The piezo, camera, and magnet motors are controlled

through LabVIEW (National Instruments).

3.2.2 Bead tracking

Measurements of polymer extension and calibration of the applied force both require

tracking the 3D positions of the tethered magnetic beads. The lateral (xy) position is

found with centroid tracking, described in Ref. [77]. To track the vertical (z) position,

we use the pattern of diffraction rings around the bead (see Fig. 3.2A,B). Changes in

the bead height will change the diffraction pattern; thus. for every bead, we perform a

calibration at the beginning of each experiment, mapping the diffraction pattern as the

focal plane is moved. During the calibration, the bead is held by a high force and the

focal plane is stepped up in increments of 0.1 µm using the piezo. At each step, the radial

intensity pattern is recorded to generate a look-up table, which is used during subsequent

tracking (when force is varied) to determine how much bead height has changed (Fig.

3.2C) [77]. Since the calibration image is created by stepping the objective (which moves

in immersion oil), a correction must be applied to the resulting bead heights, since the

bead moves in aqueous solution. The true bead heights are found by multiplying the raw
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Figure 3.2: A. Image of screen showing micron-sized beads. B. Enlarged image of a
single bead showing diffraction rings. C. Calibration image created by stepping the
focal plane up in increments of 0.1 µm over a total distance of 6 µm.

z values by the ratio of refractive indices for the experimental buffer and immersion oil.

For water at 20oC, nH2O = 1.333 [82], and for the Type A immersion oil used here, noil =

1.51, so the correction factor is 0.883. This factor will be different for very salty buffers,

or experiments conducted at different temperatures.

As mentioned above, the instrumental setup allows for kHz tracking. High-speed

tracking is accomplished using a GPU-accelerated algorithm described in Ref. [79].

The above method provides z positions referenced to the bead’s position during the

calibration, but it does not give the absolute height above the surface that corresponds

to the polymer end-to-end extension. To find the position of the surface, we perform an

additional calibration step prior to the experiment: tracking the bead under no applied

force. When no force is applied, the bead will settle to the surface and encounter it

frequently while fluctuating. The distribution of z positions will then be clipped at the

surface, as shown in Fig. 3.3. From such a trace, the surface is chosen as the 2.5th

percentile of sampled heights.
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Figure 3.3: Top: Time trace, and bottom: histogram, of unreferenced z positions for
a fluctuating tethered bead under no applied force. The z position distribution is
clearly truncated at low z due to the surface.
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Figure 3.4: z position traces for a stuck reference bead (top), uncorrected tethered
bead (middle), and corrected tethered bead (bottom). Subtracting the reference bead
trace removes the ≈150 nm of drift that occurred over 20 minutes.

Several sources of noise can affect measurements, most often slow instrumental drift.

To reduce the effect of drift on tethered bead tracking, we simultaneously track immobile

“reference beads,” which are stuck to the surface. We melt 2.5 µm polystyrene beads

(Bangs Laboratories) onto the bottom of our sample chamber for this purpose. Fig.

3.4 shows an example of a raw z trace for a stuck bead and a simultaneously tracked

tethered bead, both affected by slow drift. Applying a low-pass filter and subtracting

off the reference bead trace removes the drift; the corrected trace is shown (Fig. 3.4,

bottom).

Once the tethered bead traces have been corrected by subtracting stuck bead traces

and referencing to the surface, the mean z position gives the extension of the molecule.
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Figure 3.5: The tethered bead, pulled by magnetic force f , is treated as an inverted
pendulum.

3.2.3 Force calibration

The tracked bead trajectories are also used to calculate the applied force at each

magnet position. The tether can be considered an inverted pendulum (Fig. 3.5), where

the applied force is analogous to gravity.

Applying Hooke’s law and the small angle approximation, applied force f = kxL,

where kx is the stiffness of the trap in the x direction, and L is the end-to-end extension

at that force. The average energy of the bead fluctuating in a harmonic well is 1
2
kx〈x2〉,

and by equipartition, we equate the energy of the x degree of freedom to 1
2
kBT , which

gives:

kx = kBT/〈x2〉 (3.2)

showing that kx (and thus f) is inversely proportional to the variance in the lateral bead

position. This relationship can be observed qualitatively in Fig. 3.6.

In practice however, parasitic noise leads to overestimates of 〈x2〉 from traces, and
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Figure 3.6: x, y, and z traces at high (6.3 pN) and low (0.1 pN) force. The position
variance in all three dimensions clearly increases at the lower force.
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thus to underestimates of the applied force. For more accurate force calculation, we

instead use the Allan Variance (AV, denoted by σ2
AV ),

σ2
AV =

1

2
〈(x̄(t+ τ)− x̄(t))2〉 (3.3)

which measures correlation in mean bead position over different timescales τ . The be-

havior of a bead undergoing Brownian motion in a harmonic well appears diffusive on

short timescales; this motion is governed by drag coefficient ad. On longer timescales the

confinement controls the bead position; this is characterized by the trap stiffness kx. This

results in a non-monotonic function with a maximum AV over a timescale of τ ∼ ad/kx,

allowing us to extract a better estimate of kx by fitting the following analytical function

to the AV calculated from a constant-force time trace [78]:

σ2
AV =

2kBTad
k2xτ

(
1 +

2ad
kxτ

e
−kxτ
ad − ad

2kxτ
e

−2kxτ
ad − 3ad

2kxτ

)
. (3.4)

Because the x motion is Gaussian, it can be shown from Eq. 3.3 that the sampled AV

at each τ is drawn from a Gamma distribution. Due to these non-Gaussian errors, least-

squares fitting will give a biased result. Instead, we use maximum likelihood estimation

(MLE) [78]. Examples of calculated AV and MLE fits to Eq. 3.4 are shown in Fig.

3.7. Since we know the theoretical Gamma distribution underlying the AV at each τ

based on the number of points averaged [78], we can calculate a confidence interval (and

corresponding p-value) for each AV point and fit prediction. This allows us to observe

whether any portions of the AV spectrum are affected by noise (generating an improbable

fit).

To extract good estimates of fit parameters ad and kx, we must have enough data to

resolve the AV peak at τ ∼ ad/kx. This characteristic timescale shifts to longer τ for
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Figure 3.7: AV calculated from x position traces for a bead under high (A. 7.4 pN)
and low (B. 0.10 pN) force (black points). Fits to Eq. 3.4 are shown in blue. Red
error bars show 95% confidence intervals, with p-values displayed above each point.

lower forces. Thus, we must collect much longer traces when applied forces are small.

In most experiments, we use a “scaling of acquisition” factor of 1.175, meaning for each

step down in force, the trace length is multiplied by that factor. Conversely, at very high

forces, it can be difficult to resolve the AV increase at small τ . In such cases, the fit

parameters are poorly constrained. This effect is mitigated by using a high frame rate.

If undersampling is still an issue, we can use theoretical knowledge of how beads

behave in solution to separately constrain ad. Faxen’s law [83] describes drag on a bead

as a function of the distance to the surface:

ad(h) =
6πRbη

1− 9Rb
16h

+
R3
b

8h3
− 45R4

b

256h4
− R5

b

16h5

(3.5)

where η is viscosity, Rb is bead radius, and h = L + Rb is the distance from the bead

center to the surface. Eq. 3.5 is fit to the ad versus h data with η and Rb as free

parameters. In the event of poorly-resolved ad from a first attempt at high force AV

fitting, we then predict high force ad from fitting the rest of the data with Eq. 3.5, and

redo the poorly-constrained AV fits with ad fixed to that value (see Fig. 3.8). As a

simpler alternative to using Eq. 3.5, ad can be fixed to the estimated value far from the
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Figure 3.8: Experimental data showing ad (extracted from fits to AV) versus h. High
force values of ad from poorly constrained fits are indicated by red stars. Eq. 3.5 was
fit to the data to predict more reasonable ad values for use in a second fit with kx as
the sole free parameter.

surface, ad = 6πηwaterRb which is about 1e-5 pN.s/nm for a bead of Rb=500 nm.

Force estimation by fitting Eq. 3.4 to the AV is also sometimes affected by high-

frequency noise, likely due to vibrations of the objective on the piezo. This effect is

usually small and has only a slight effect on ad, but leads to a quantitatively poor fit to

the AV at the lowest τ points. To account for such noise empirically, we can add a term

to the AV expression used to fit the data:

σ2
AV =

2kBTad
k2xτ

(
1 +

2ad
kxτ

e
−kxτ
ad − ad

2kxτ
e

−2kxτ
ad − 3ad

2kxτ

)
+ p

ad
τ
. (3.6)

The coefficient p of the extra term is a third fit parameter, along with ad and kx. The

added term accounts for white noise and is equivalent to addition of a constant in the

power spectral density [84].

After fitting to the AV and extracting kx, the applied force is calculated by multiplying
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kx by the mean polymer extension L. All steps in the force calibration and subsequent

generation of force-extension curves are carried out in MATLAB.

3.2.4 Mistethering

Ideally, the polymer would be attached exactly at the bottom of the bead. This is

guaranteed in the y direction (perpendicular to the field lines) since the bead is free to

rotate. However, the bead cannot rotate to correct misalignments in x because its axis

is locked in alignment with the magnetic field. As attachment occurs in the absence

of a magnetic field, the beads are randomly oriented during attachment and frequently

attach at sites displaced from the center in x; this is referred to as “mistethering” (see

Fig. 3.9A).

Our method of locating the surface assumes the polymer attaches to the bottom-most

point on the bead. Thus, mistethering will result in an underestimation of the tether

length by an amount ∆z (Fig. 3.9A). We can correct for the difference ∆z if we know

the horizontal distance from the bead center axis to the actual attachment site, known

as the radius of attachment Ra.

Ref. [85] describes a method to measure and correct for mistethering, as well as

misalignment due to a tilted pulling force (quantified by precession radius Rp). This

method involves tracking the lateral bead position while the magnets rotate. The bead’s

magnetization axis is locked into the field, so it will rotate with the magnets. A perfectly

centered bead would not experience any lateral displacement during rotation. By con-

trast, a misaligned and mistethered bead will trace out a limaçon in the xy plane (for a

bead that is mistethered but not misaligned, the limaçon becomes a circle). A function

describing the pattern can be fit to the lateral bead traces during rotation [85]:

x(t) = Ra cos (ω(t+B)) +Rp cos (2ω(t+B)) + A (3.7)
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Figure 3.9: Mistethered beads. A. Schematic of a mistethered bead, showing how
mistethering by lateral distance Ra causes an understimate in chain extension by an
amount ∆z. B, D. Measured x position traces (blue) under 3 pN of applied force
while magnets rotate at 0.2 Hz. Red curves show fits to Eq. 3.7. Fit values of Ra
are indicated on the plots. C, D. Diagram indicating a close-to-centered and severely
mistethered bead.

where ω is the rotational velocity of the magnets, t is time, and A and B are offsets

in position and phase. We extract Ra, Rp, A, and B as fit parameters. Examples of

time traces during rotation and fits with Eq. 3.7 are shown in Fig. 3.9B and D for a

close-to-centered and a severely mistethered bead. Rp values (not shown) are usually

∼1-10 nm, much smaller than most Ra values, which are frequently ∼100 nm. For data

collected on mistethered beads, ∆z is calculated from Ra and bead radius Rb, and added

to the total tether length.

Very severe mistethering (Ra ∼ Rb) leads to another problem. High forces will cause

significant tilt in a mistethered bead, as the applied force acts nearly perpendicular to the

lever arm. Thus, for forces on the order of 10 pN, Ra and length correction ∆z become

force-dependent. We exclude high force data in such cases, and to avoid underestimating

Ra due to the applied force, we perform the mistethering checks at moderate forces

(magnets about 1 mm from the sample, corresponding to forces ∼3 pN, not high enough
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to severely tilt a mistethered bead).

3.3 Sample Preparation

The following section briefly outlines the protocols for preparing samples to measure

in the MT. More detailed protocols are included in Appendix B.

3.3.1 Flow cell construction

The sample container consists of a layer of parafilm wax with a channel cutout,

sandwiched between two glass coverslips (Fig. 3.10). The bottom glass coverslip (22 x

22 mm) is functionalized to allow attachment of the relevant polymer. Experiments in

this dissertation use low-density maleimide-functionalized, PEG-grafted glass coverslips

from Microsurfaces. Prior to flow cell assembly, 2.5 µm polystyrene microspheres (Bangs

Laboratories) are melted onto the surface to serve as reference beads. The middle layer

is a laser-cut 22 x 22 mm Parafilm M square with a diagonally oriented channel (3 mm

wide) cut out of the center. The top layer is an 18 x 18 mm glass coverslip, with the

upward facing side treated with a hydrophobic coating (Rain-X, ITW Global Brands).

This top coverslip is placed over the parafilm rotated by 45o, leaving open outlets at

both ends of the channel. Once assembled, the parafilm layer is melted with heat from

a soldering iron placed outside the glass coverslips. The resulting flow cell has a channel

with dimensions roughly 18 mm x 3 mm x 100 µm. The assembled flow cell is secured

to the XY sample stage with scotch tape, as illustrated in Fig. 3.10.
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Figure 3.10: Illustration showing top and side view of glass and parafilm flow cell.

3.3.2 Tethering protocol

Hyaluronic Acid (HA): Maleimide-functionalized coverslips were purchased from Mi-

crosurfaces. Bifunctional HA (2.5 MDa) was purchased from Creative PEGworks, with

a reducing end biotin, and on average one thiol group, located randomly. The attach-

ment of the thiol (and associated HA chain) to the maleimide surface is carried out in

50 mM sodium phosphate buffer (pH 7.2), 50 mM NaCl, 0.03% Tween-20, and 100 mM

tris(2-carboxyethyl)phosphine (TCEP). After attachment, excess polymer is removed by

rinsing with a low ionic strength 3-(N-morpholino)propanesulfonic acid (MOPS) buffer

containing 0.03% Tween-20.

Due to the random thiol locations, this attachment strategy unavoidably leads to

polydispersity in HA tether length. To avoid bias from this variation, force-extension

curves in varied solutions can be acquired and compared on the same single tethers.

Single-stranded DNA (ssDNA): Experiments on ssDNA in this dissertation use bi-

functional ssDNA denatured with glyoxal [56]. Lambda phage double-stranded DNA is

first produced by polymerase chain reaction with biotinylated and thiol-attached primer
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oligomers. The dsDNA is thermally denatured at 90oC for 10 minutes, then incubated

with glyoxal at 50oC for 1 hour to permanently chemically denature. The resulting

thiol- and biotin-functionalized denatured ssDNA is attached to maleimide coverslips as

described above.

Bead attachment: After the polymers have been attached to the surface, their free,

biotin-labeled ends are attached to streptavidin-coated, 1 µm carboxylated paramag-

netic beads (MyOne C1 Dynabeads from Invitrogen). Prior to attachment, beads are

pre-treated by rinsing and resuspending in 0.1% Tween-20 in 10 mM Tris HCl buffer

overnight. After attachment, unbound beads are rinsed away. The attachment reaction

and subsequent rinsing take place in 1 mM MOPS buffer, 5 mM NaCl, 0.03% Tween-20.

To ensure attachment is of a single polymer chain, the bead height is tracked while the

magnets are rotated many (∼100) times. Multiple tethers become interwound during

rotation, leading to a characteristic decrease in bead height [86].
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Chapter 4

Flexible Polyelectrolytes in Salt

Mixtures

4.1 Permissions and Attributions

The content of Chapter 4 is the result of a collaboration with Mark Stevens and Philip

Pincus. Portions of this chapter have previously appeared in Physical Review Letters (S.

N. Innes-Gold, P. A. Pincus, M. J. Stevens, and O. A. Saleh. Phys. Rev. Lett. 123(18),

187801, 2019) [1]. It is reproduced here with permission from the American Physical

Society. https://doi.org/10.1103/PhysRevLett.123.187801.

4.2 Introduction

In salty solutions, PEs become more flexible as the repulsion between backbone

charges is screened. This effect is clear in low-force elasticity data, as electrostatic inter-

actions are weak and long-range, affecting the long length scale chain structure (coiling

on length scales > lp). For model PE HA (lp ≥ l0p ≈ 5 nm), electrostatic effects manifest
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Figure 4.1: Example force-extension curves measured on the same HA tether in NaCl
ranging from 10 mM to 1 M, with 10 mM MOPS (pH 7). At low salt (blue points),
the chain is swollen due to electrostatic repulsion.

at sub-piconewton forces. Fig. 4.1 shows example data on an HA chain in monovalent

salt, demonstrating how screening affects the chain’s low force (<∼ 1 pN) extension.

The low force extension is a robust metric to observe qualitative trends with salt, as

it does not require fitting nor quantitative knowledge of the chain elasticity. Extension

at a low (subpiconewton) force, sensitive to electrostatics, is divided by the same tether’s

extension at a high force (5–10 pN), where the chain’s structure is not salt-dependent

(see Fig. 4.1), and plotted versus ionic strength I. Fig. 4.2 clearly shows that as I

increases from 0.5 to 100 mM (by addition of NaCl), the relative extension of HA chains

at low force decreases.

For comparison with theories (and between different PE species), we need to obtain

quantitative information about the chain elasticity. It is useful to quantify chain flexibility

39



Flexible Polyelectrolytes in Salt Mixtures Chapter 4

Figure 4.2: Relative low-force extension of HA chains in monovalent salt. I is increased
by addition of NaCl, on top of 1–10 mM monovalent MOPS buffer (pH 7) whose
contribution to I is 40% of its concentration.

using the persistence length. As discussed in Chapter 2, the total persistence length lp

can be written as the sum of an intrinsic and an electrostatic term, lp = l0p + lelecp . lp can

be extracted from force-extension curves as a fit parameter to the MS-WLC model (Eq.

2.6). This requires that the PE in question actually follows WLC behavior at the forces

probed, and further, that the force-extension curve includes sufficiently many high force

points (f > kBT/b) to allow for fitting. This second requirement is often not met for low

force magnetic tweezers data on flexible PEs, especially when salt is high.

To avoid fitting small numbers of high-force points, we can instead identify the

crossover force out of the Pincus power law regime, as the crossover force fc is inversely

proportional to the persistence length. There are two approaches to finding fc. The

first involves fitting the entire force-extension curve with a piecewise function (described

below) that captures the expected low and high force elastic behavior. Alternatively,

for sets of force-extension curves on the same type of PE, we can multiplicatively shift
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curves at various salts onto a chosen reference curve [56]. The shift factors in force are

proportional to fc for each curve. This second method, called “co-fitting”, has a sig-

nificant advantage: it does not require knowledge of a functional form describing chain

elasticity. However, it gives fc relative to the reference curve, rather than an absolute

value, and so does not allow for comparison between different species of PEs without

additional knowledge.

4.3 Experiments in Monovalent Salt

In this Section, we discuss how monovalent salt controls PE elasticity. Extracting

lp (or equivalently fc) allows us to observe how lelecp scales with ionic strength. We do

so by estimating the scaling exponent α (lelecp ∼ I−α), which we can then compare to

theories. As discussed in Chapter 2, there are several conflicting theories of PE behavior:

OSF predicts α = 1 for rodlike chains [52, 53], BJ predicts α = 0.5 for flexible PEs [58],

and the more recent NO model, incorporating counterion condensation and fluctuations,

predicts intermediate α ≈ 0.7 [59]. Previous experimental work investigating monovalent

salt dependence of fc found flexible chains ssDNA and ssRNA are consistent with the BJ

prediction [39, 56, 57], while HA has α around 0.7 [38].

In the following, we analyze force-extension curves of HA, ssDNA, and ssRNA, and

find exponents in reasonable agreement with previous estimates, although unlike in prior

work, we do not find evidence of a significant difference between them. The HA data

presented here are all newly measured (though some analysis of these data is included in

the associated publication [1]). The ssDNA data are a combination of newly measured

data and data published in Ref. [39], re-analyzed. The ssRNA data presented here

were all measured by David Jacobson; a small subset of those data were published in

Ref. [57, 87] and the rest is unpublished. All analysis is new. Table 4.1 shows values
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Table 4.1: Estimates of scaling exponent α for HA, ssDNA, and ssRNA.
HA ssDNA ssRNA

α from literature 0.65 ± 0.02 [38] 0.54 ± 0.03*† [39] 0.58 ± 0.09 [57]
0.51 ± 0.04* (NaCl) [56]
0.47 ± 0.03* (KCl) [56]

α calculated 0.71 ± 0.02† 0.62 ± 0.09† 0.70 ± 0.03†

*Values obtained from piecewise fits (all others from co-fitting)
†Errors estimated from bootstrapping

of α obtained from the new and newly analyzed data compared to previous literature

estimates for the same PEs.

4.3.1 Co-fitting to estimate the crossover force

This subsection details the co-fitting procedure used to analyze the salt-dependence

of fc for a particular PE. We first select a reference salt condition, Iref , and average all

force-extension curves taken at Iref to create a smooth reference curve (see Fig. 4.3).

For all force-extension curves measured at other values of I, we shift by constant factors

in force and length (f̄ and L̄) to achieve the best overlap with the reference curve. This

is accomplished by interpolating both the reference curve and the curve to co-fit at log-

spaced intervals and minimizing the sum of squared errors in length per overlapping

point. Fig. 4.4 shows force-extension curves at various I co-fit onto the reference curve

for HA, ssDNA, and ssRNA.

There are some limitations to the co-ftting procedure. It implicitly assumes the elastic

behavior is dictated by just two length scales: the contour length and the persistence

length. In reality, other structural length scales that affect elasticity (e.g. the excluded

volume parameter) may change with salt, which co-fitting does not account for. Previous

work has shown some residual salt-dependence in low-force elasticity after co-fitting [38].

Additionally, there are some practical issues with co-fitting. It is only effective for
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Figure 4.3: Example reference curves (black) alongside all force-extension curves av-
eraged to create the reference curve. Left: HA at 50 mM NaCl, 10 mM MOPS (pH
7) (n = 13 curves). Middle: ssDNA at 50 mM NaCl, 10 mM MOPS (pH 7) (n = 8
curves). Right: ssRNA at 50 mM NaCl, 10 mM Tris HCl (pH 7.5) (n = 4 curves).

Figure 4.4: Results of co-fitting. Force-extension curves at various concentrations of
1:1 salt are co-fit onto reference curves on the same PE at 50 mM NaCl. Salt ranges
from 1 mM to 2000 mM, with low salt data in blue and high salt data in yellow. Left:
HA, n = 274. Middle: ssDNA, n = 59. Right: ssRNA, n = 33.

force-extension curves that sample regimes on either side of the crossover; if it does not

(e.g. for a flexible chain at very high salt), then there will be no minimum in the cost

function, and the output will be determined by the initial guess. This tends to cause

difficulties co-fitting at extreme salt conditions. Even when a clear crossover is present,

the algorithm does not always perform well for I very far from Iref . The implications of

the choice of Iref are discussed in the next subsection.

We can relate the shift factor in force f̄ as f̄ ∼ 1/lp. Because dividing the forces by f̄

shifts them onto the reference curve, f̄ is unitless. The actual crossover force of a curve is
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fc = f̄f refc . The reference curve crossover force is f refc = C1

lrefp
, where C1 is a constant with

units of energy and does not depend on the PE system, and lrefp is the total persistence

length of the PE at I = Iref . Thus for any curve shifted onto the reference curve,

1

f̄
=

lp

lrefp
=
lpf

ref
c

C1

=
f refc

C1

(l0p + lelecp ). (4.1)

We then assume the electrostatic persistence length has the form

lelecp = Bd−βI−α, (4.2)

where B is a constant that does not depend on the PE, d represents the PE charge

spacing, and β = 2 following Ref. [52, 53] (because the screened Coulomb potential per

unit charge is proportional to line charge density). We plug lelecp from Eq. 4.2 into Eq.

4.1, giving:

1

f̄
=
f refc

C1

l0p +
f refc Bd−βI−α

C1

. (4.3)

Rearranging, we arrive at:

1

f̄
− f refc

C1

l0p = C2f
ref
c d−βI−α (4.4)

where constant C2 = B/C1 does not depend on the PE system.

From Eq. 4.3, it is clear that the persistence length of a PE with a significant intrinsic

stiffness will behave as a −α power law when salt is low, and plateau to a constant

when salt is high. Let Ic denote the ionic strength above which the stiffness plateaus.

Empirically, this behavior is described by the following expression [38]:

1

f̄
=

1 +
(
Ic
I

)α
1 +

(
Ic
Iref

)α . (4.5)
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HA has significant intrinsic stiffness (l0p ≈ 5 nm) and plots of 1/f̄ clearly show the

expected plateau (Fig. 4.5). We fit the HA data with Eq. 4.5 and extract estimates of

Ic and α. These parameters allow us to calculate and subtract off the plateau value:

1

f̄
− 1

1 +
(

Ic
Iref

)α =
Iαc I

−α

1 +
(

Ic
Iref

)α (4.6)

Thus we can plot a quantity proportional to the electrostatic persistence length (which

decays as I−α), and redo the fit as a single-parameter power law. For the ssNAs, the

intrinsic stiffness is very small, and the 1/f̄ data show no sign of a plateau. In this case

of very large Ic, the equation becomes:

1

f̄
=

(
I

Iref

)α
. (4.7)

In both cases, we extract α as a fit parameter. Values of α are shown in Fig. 4.5 and in

Tables 4.2, 4.3, and 4.4 below, alongside other relevant parameters.

4.3.2 Finding f refc by piecewise fitting

The above method is a powerful way to analyze scaling with salt, but, because every-

thing is defined relative to a reference curve, it does not give the absolute value of lelecp

for the different PEs. To compare absolutely between the PEs, we must account for the

stiffness at Iref , which is in general different for the different PEs.

Because lelecp decays to zero (Eq. 4.2), we can equate the constant and I-dependent

terms in Eq. 4.4 and 4.6, giving:

1

f̄
− 1

1 +
(

Ic
Iref

)α =
f refc

C1

lelecp = C2f
ref
c d−βI−α (4.8)
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Figure 4.5: 1/f̄ versus I for ssRNA (gray), ssDNA (yellow), and HA (orange). ssDNA
and ssRNA data are fit with 1-parameter power laws with exponents α = 0.62± 0.09
and 0.70± 0.03 respectively. Raw HA data (orange) are fit by Eq. 4.5 with α = 0.71,
Ic = 16 mM. 1/f̄ with plateau subtracted (Eq. 4.6) is also plotted for HA, fit by a
single parameter power law with exponent α = 0.71± 0.02.
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where the constant term subtracted on the lefthand side is assumed to be negligible for

the ssNAs. C2 is a constant independent of PE identity, but to compare between PEs,

we must first account for the different values of f refc , which depends on choice of Iref

in addition to PE species. Once f refc has been divided out, any remaining differences

between PEs must be ascribed either to differences in the charge spacing d, or in the

scaling exponents.

We estimate the reference curve crossover force f refc by fitting a piecewise function

with the following characteristics: below f refc , it behaves as a power law with exponent

γ (γ = 2/3 is expected [10]), and above f refc , HA behaves as a wormlike chain, while

ssNA behavior is well-approximated by log scaling [43]. Following Refs [39, 56], we define

continuous functions with continuous first derivatives with the expected low force power

law and high force behavior:

L = Lrefc

(
f

f refc

)γ
H(f refc − f) + Lrefc

[
−2γ

(
f refc

f

)1/2

+ 2γ + 1

]
H(f − f refc ) (4.9)

L = Lrefc

(
f

f refc

)γ
H(f refc − f) + Lrefc

[
γ ln

(
f

f refc

)
+ 1

]
H(f − f refc ) (4.10)

where H(x) is the Heaviside step function. Eq. 4.9 is used to fit the HA reference curve

and Eq. 4.10 is used to fit the ssNA reference curves. In a first pass, we assume γ =

2/3, however, in practice we find that γ is often slightly lower. Thus we subsequently fit

a power law to only the low force data (f < f refc0 , where f refc0 is the estimate of f refc from

the first fit. This produces a better estimate of γ, which we then use for a second fit.

This second piecewise fit gives the final value of f refc . Fits to reference curves are shown

in Fig. 4.6.

It is not clear how robust this fitting method is, and caution is needed when inter-
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Figure 4.6: Reference curves at 50 mM for HA (left), ssDNA (middle), and ssRNA
(right) fit by piecewise functions (Eq. 4.9 and 4.10). Crossover is indicated by a dark

green cross. Low force power law, light green, is extended to f > f refc with a dashed
line to show deviation above the crossover. Purple curves show high force fits. Fit
parameters are shown in Tables 4.2, 4.3, 4.4.

preting values of f refc from these piecewise fits. Additionally, as discussed above, the

co-fitting procedure itself can fail when curves do not contain a clear crossover. To val-

idate both aspects of our procedure (piecewise fitting to reference curves and co-fitting

across salt), we next explore whether our results are sensitive to the choice of reference

curve.

To explore sensitivity to the choice of reference curve, we repeat the co-fitting pro-

cedure with different choices of Iref . We find that for reference curves at moderate salt

conditions (20–50 mM), the results are consistent on all PEs. However, a very high salt

reference curve (≈500 mM) will impede cofitting on the flexible chains. These findings

are shown in Fig. 4.7 and Tables 4.2, 4.3, 4.4, which list f refc and α from analyses using

different reference curves. These tables also list the initial guess conditions used to co-fit

to all reference curves. Even in cases for which a clear crossover is present, careful choice

of initial conditions is required.

For HA, choice of reference curve has essentially no impact on fit α (Table 4.2), and

the data referenced to different curves collapse as expected when divided by f refc (Fig.

4.7). This robustness is not surprising; depending on salt, HA’s crossover force is ∼0.1–
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Figure 4.7: Comparison of f̄ values obtained from different reference curves. For HA
(left), we have already subtracted the plateau value from the quantity plotted on the
y-axis, indicated by f̄ ′. Light blue: Iref = 24 mM (27 mM for ssRNA), purple: Iref =
54 mM (57 mM for ssRNA), black: Iref = 504 mM (507 mM for ssRNA). If co-fitting

procedures are equivalent, division by f refc will collapse data referenced to different
curves.

Iref (mM)
[
f̄0, L̄0

]
γ f refc (pN) α

24 (n = 31) [1.3 1.3e-3], I < 4 mM 0.59 0.46 ± 0.01 0.73 ± 0.02
[1.1 1.1e-3], 4 mM < I < 10 mM

[1 1e-3], I > 10 mM
54 (n = 13) [1 1e-3] 0.62 0.50 ± 0.01 0.71 ± 0.02
504 (n = 5) [1.2 1e-3], I < 20 mM 0.72 0.51 ± 0.01 0.73 ± 0.02

[1 1e-3], I > 20 mM

Table 4.2: Co-fitting HA data using different reference curves. For each choice of Iref ,
we list the number of curves n averaged to make the reference curve, the initial guess
of
[
f̄0, L̄0

]
used for co-fitting, the best-fit exponent γ for the reference curve at low

forces, and α obtained from co-fitting the full data set.

1 pN, which is within the scope of the force-extension curves. We note that HA’s lp

plateaus to its intrinsic value at around 50–100 mM and is not strongly sensitive to salt

changes above 10s of mM; this explains the lack of difference in f refc .

For ssDNA, not all choices of f refc are equivalent. We compare co-fitting on reference

curves at 54 mM and 504 mM. In this regime, ssDNA is still strongly salt sensitive, and as

expected, f refc varies greatly between the conditions. However, at 500 mM, ssDNA barely

accesses the high force regime, so it is unlikely that the piecewise fitting will perform well.
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Iref (mM)
[
f̄0, L̄0

]
γ f refc (pN) α

54 (n = 8) [1.4 1e-3], I < 100 mM 0.57 0.64 ± 0.03 0.62 ± 0.09
[0.5 1e-3], I > 100 mM

Table 4.3: Co-fitting ssDNA data for Iref = 54 mM. We list the number of curves n
averaged to make the reference curve, the initial guess of

[
f̄0, L̄0

]
used for co-fitting,

the best-fit exponent γ for the reference curve at low forces, and α obtained from
co-fitting the full data set.

Furthermore, the low salt data could not be properly co-fit onto the 504 mM curve due to

the minimal overlap. In an attempt to resolve this, we first co-fit moderate salt data (I >

20 mM) onto the 504 mM reference curve using initial guess of f̄0 = 3, L̄0 = 1e-3. Once

co-fit, those shifted curves were then averaged to create a continuation of the reference

curve above the crossover force, approximating the missing high-force regime. The low

salt (I < 20 mM) data were then co-fit onto this new combined curve using initial guess

f̄0 = 10, L̄0 = 1.5e-3. However, even then the fits of the low salt data were very sensitive

to the choice of initial guess and should be considered suspect. Fig. 4.7 confirms the lack

of equivalence between the two reference conditions and shows a large increase in the

size of error bars for the 504 mM reference curve, pointing to a failure of the co-fitting

procedure. Due to the co-fitting failure for ssDNA at high salt and a lack of sufficient

data at low salt, we report only the parameters for Iref = 54 mM (Table 4.3).

We conducted the same tests with the ssRNA data (Table 4.4). As with the ssDNA

data, co-fitting onto a very high salt reference curve appears problematic, showing a

systematic divergence from the other two conditions as well as increased error bar sizes

(Fig. 4.7). The ssRNA f̄ data is consistent for the two lower-salt reference curves,

and f refc changes are consistent with the expected salt-induced decrease in stiffness. We

conclude that the co-fitting procedure is relatively robust for moderate salt reference

curves.
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Iref (mM)
[
f̄0, L̄0

]
γ f refc (pN) α

27 (n = 5) [1 1e-3], I < 20 mM 0.62 0.31 ± 0.01 0.68 ± 0.01
[0.4 5e-4], 20 mM < I < 1000 mM

[0.1 1e-4], I > 1000 mM
57 (n = 4) [1 1e-3], I < 20 mM 0.60 0.50 ± 0.01 0.70 ± 0.03

[0.4 5e-4], 20 mM < I < 1000 mM
[0.1 3e-4], I > 1000 mM

507 (n = 6) [5 1e-3], I < 20 mM 0.64 1.65 ± 0.06 0.66 ± 0.02
[1 1e-3], 20 mM < I < 1000 mM

[0.5 5e-4], I > 1000 mM

Table 4.4: Co-fitting ssRNA data using different reference curves. For each choice of
Iref , we list the number of curves n averaged to make the reference curve, the initial
guess of

[
f̄0, L̄0

]
used for co-fitting, the best-fit exponent γ for the reference curve at

low forces, and α obtained from co-fitting the full data set.

4.3.3 Comparison of salt-dependent stiffness between polyelec-

trolytes

Having evaluated the efficacy of the cofitting procedure, we now aim to compare

the salt-dependent electrostatic stiffness between different PEs. Eq. 4.8 shows that the

electrostatic stiffness is proportional to f refc d−βI−α. Fig. 4.8A plots 1/f̄ divided by f refc

using data referenced to the ≈50 mM reference curves. We note that at this choice of 50

mM, f refc is very similar between the three PEs. This is likely because the stiffness of

the less-charged HA has plateaued to l0p ≈ 5 nm, while the more charged ssNAs still have

significant electrostatic contributions, resulting in similar total stiffness values at 50 mM

(and thus similar f refc ). As shown in Fig. 4.7, using an alternative reference curve will

not affect these results.

In the data shown in Fig. 4.8, the slopes of the three distinct data sets (corresponding

to α) appear visually similar. Comparison of the α values obtained from fitting (Table 4.1)

and their respective uncertainties (calculated from bootstrapping) shows no evidence of a

statistically significant difference between the exponents. This observation is in contrast
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to prior work ([39, 56, 38], listed in Table 4.1). It is possible that given the uncertainty

in the data, we fail here to resolve small differences between the exponents. It is also

possible that the sensitivity of co-fitting or piecewise fitting (e.g. to choices of initial

guess or inclusion of outliers) could affect results, causing differences in different studies.

Beyond the co-fitting, the value of α extracted from fits to the 1/f̄ versus I data can itself

be very sensitive to the inclusion or exclusion of points with small numbers of replicates,

or to the choice of weighting scheme. These reasons likely explain the disagreement with

past results on α for ssDNA. [39, 56]

Given the lack of a statistically significant difference between α fit here on the different

PEs using the same algorithm, we will for this analysis assume that the same (or very

similar) α describes the scaling of all three PEs. Thus, differences in the absolute values

plotted in Fig. 4.8A are attributable to differences in d2 (Eq. 4.8), where d is the charge

spacing. Fig. 4.8B confirms that multiplication by d2 collapses the data onto a common

curve. This result will be used in the next section, which concerns studies of multivalent

ions. As discussed in Chapter 2, multivalent ions condense onto PEs, renormalizing the

charge spacing. In light of the curve collapse shown in Fig. 4.8B, we hypothesize that

in the absence of local structure disruptions by multivalent ions, accounting for the salt-

dependent renormalized charge spacing should recover the same I-dependence observed

in monovalent salt.

In the collapsed dataset, it appears the three PEs have similar scaling. Fitting the

combined data set yields α = 0.66 ± 0.02. This value is much lower than the OSF

prediction of α = 1. It is slightly larger than some previous estimates of α for ssNAs

[39, 56] which were consistent with the BJ prediction of α = 0.5 [58]. Our results are

consistent with NO modifications to OSF theory that predict α ≈ 0.7 [59].

However, a simple alternative explanation, noted by Pincus [88], could also explain the

observed scaling. DH theory predicts a screening length κ−1DH = (8πlBI)−1/2. However,
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Figure 4.8: Similar scaling with salt for all three polyelectrolytes. A. 1/f̄ , adjusted to

account for differences in f refc . B. Multiplication by d2 appears to collapse the data
from the three PEs onto a common curve. The combined dataset is fit by a power law
with exponent α = 0.66± 0.02. Red: HA, yellow: ssDNA, gray: ssRNA.

the mean distance between ions in solution is xi = c
1/3
ion , where cion is the number density

of ions in the bulk. Although the exact pre-factors are not clear, at high enough salt,

xi exceeds κ−1DH , meaning the electric field is supposedly screened over a distance in

which there are on average no ions (Fig. 4.9). As a simple alternative to this seemingly

unphysical picture, the Debye screening length can be replaced by mean inter-ion spacing

xi [88]. Replacing κ−1DH in the traditional OSF expression (Eq. 2.12) with xi results in

an lelecp which scales with c−2/3, consistent with the experimental results shown here.

4.4 Experiments with multivalent salt

When multivalent salt is present in solution, we expect strong ion-PE interactions that

are not well described by DH physics. A common approach is to combine classic Manning

condensation theory with the OSF result, replacing the structural charge spacing d with

effective charge spacing deff = ZlB [89]. This approach is valid in the limit of very low
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Figure 4.9: Comparison of Debye screening length κ−1DH (solid black line) and mean
inter-ion distance xi (dashed gray line) as salt concentration varies.

salt but does not describe how deff will be affected by changes to the salt concentration.

More relevant to the salt conditions of interest here, Manning developed a two-state

model of ion condensation valid in salt mixtures [66]. In his “two-variable theory,”

Manning considers monovalent and multivalent ions, both of which can be either free or

condensed. He balances free ion entropy against Debye-screened electrostatic attraction

to a uniformly charged cylindrical PE. Burak, Ariel, and Andelman (BAA) more recently

constructed a very similar two-state model to describe ion condensation on dsDNA in salt

mixtures [67]. Both theories predict weakening multivalent condensation with increasing

ionic strength, and Ref. [67] finds some qualitative consistency with experimental data

on DNA aggregation, however, they find the predictions are very sensitive to details of

the model. Moreover, these theories ignore the discrete nature of chain charges and the

large electrostatic gain from a CI binding directly to a charged group. The use of a

single Debye length may also be problematic, since the ions are likely to be present in

higher-than-bulk concentrations near the highly charged PEs, especially when total ionic

strength is low.

Thus it is not clear from theory how a PE will behave in salt mixtures, motivating

54



Flexible Polyelectrolytes in Salt Mixtures Chapter 4

Figure 4.10: Relative low-force chain extension vs I, with and without Z:1 salt. A.
HA at I = 0.5 to 100 mM, with and without 0.1 mM trivalent CoHex (blue x’s) or
RuHex (red triangles). B. ssDNA at I = 4 to 500 mM, with and without 1 mM CaCl2
(orange stars).

the need for experiments on single PE chains in carefully controlled salt conditions. We

will consider the case of a small, constant concentration of multivalent salt, with varying

amounts of added 1:1 salt. Our experimental systems are (1) HA with 0.1 mM 3:1 salt

(either Cobalt (III) Hexamine Chloride (CoHex) or Ruthenium (III) Hexamine Chloride

(RuHex)), and (2) ssDNA with 1 mM 2:1 salt (CaCl2), to which we add monovalent

buffer and NaCl to increase the ionic strength. Surprisingly, we find a large regime in

which both systems show no salt-dependence of the PE chain stiffness (see Fig. 4.10).

Next, we confirm the effect quantitatively by co-fitting to measure the salt-dependence

of the crossover force. We co-fit force-extension curves measured in the presence of

multivalent salt onto the same reference curves used for the monovalent-only data set,

taken at Iref = 54 mM. Co-fit multivalent salt data are shown in Fig. 4.11.

Fig. 4.12 shows the I-dependence of the multivalent-containing curves alongside the

1:1-salt data. At low and moderate salt, the values of 1/f̄ , which are proportional to

lelecp , are much smaller than in 1:1 salt of equal I. However, over a large range, the values

do not change as NaCl is added. This plateau persists until the multivalent-affected
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Figure 4.11: Cofitting force-extension curves with multivalent salt onto reference
curves taken in 54 mM monovalent salt (yellow). A. HA + 0.1 mM 3:1 salt, n=170.
B. ssDNA + 1 mM 2:1 salt, n=63.

data curve meets the 1:1-only curve; beyond that point they are indistinguishable and

1/f̄ continues to decrease. The I-insensitive regime persists until about 30 mM for the

HA/trivalent system and up to about 100 mM for the ssDNA/divalent system. To our

knowledge, this regime of ionic strength insensitivity has not been predicted theoretically.

4.5 Simulation Results

We look to simulations to understand the microscopic origins of ionic strength insensi-

tivity in the presence of multivalent ions. Molecular dynamics simulations of HA-like and

ssNA-like chains, previously validated to reproduce experimental chain physics [90, 91],

were performed by Mark Stevens at Sandia National Laboratory.

The HA-like chain consists of a bead-spring model with 450 beads separated by 5.1Å,

and a charge on every other bead. The ssNA-like chain consists of 200 charged beads

spaced by 6.4 Å. For the HA-like chain, the stiffness is set by spring constant ka = 15 in

the cosine angle potential, which corresponds to an intrinsic persistence length of about
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Figure 4.12: 1/f̄ versus I, with and without a small constant amount of multivalent
salt. A. HA, with and without 0.1 mM 3:1 salt. Green: 1:1 salt only. Red: combined
trivalent data set. Green points and associated fit are reproduced from Fig. 4.5.
Plateau value has been subtracted from HA data. B. ssDNA with and without 1 mM
2:1 salt. Green: 1:1 salt only. Orange: CaCl2. Green points and associated fit are
reproduced from Fig. 4.5.

8 nm.

Monovalent and multivalent ions in solution are treated explicitly while the solvent is

modeled implicitly as a dielectric continuum. The ion radius is 2 Å for all ions, leading

to a minimum ion-ion or ion-chain separation of 4 Å, an intermediate estimate of the

interaction distance between a hydrated metal cation (e.g., Na+) and a carboxyl anion,

which are separated by just 2.92 Å for a direct interaction [92, 93]. This value represents

a lower limit on the interaction distance for the larger hexamine cations, in the unlikely

case of minimal ion hydration. In the associated publication [1], we include additional

simulations with a larger ion diameter (6 Å, the reported diameter of a hydrated CoHex

cation [94]) and find it does not qualitatively affect the results.

While prior work has validated that the simulations reproduce physical chain behavior

in 1:1 salt, we must verify that they do the same when multivalent salt is present. To

this end, we simulate force-extension curves for the HA-like chain for comparison with
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Figure 4.13: A. Force-extension curves for the simulated HA-like chain (black crosses)
plotted alongside experimental data from 10 HA tethers (gray). Relative extensions for
the experimental data are calculated using contour lengths extracted from Marko-Sig-
gia wormlike chain fits (Eq. 2.6). Top: 4.6 mM 1:1 salt, and bottom: 0.1 mM 3:1 salt
with 4 mM 1:1 salt. (B) Experimental chain extension minus simulation extension,
versus force. Each set of gray markers shows the residuals for a single force-extension
curve on a different HA tether. The average residual for the 10 experiments are shown
by black crosses. Top: 4.6 mM 1:1 salt. Bottom: 4 mM 1:1 salt + 0.1 mM 3:1 salt.
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Figure 4.14: Simulated chain average end-to-end extension R under no applied force,
as a function of ionic strength I. A. HA-like chain with (red squares) and without
(green circles) 0.1 mM 3:1 salt. B. ssNA-like chain with (orange squares) and without
(green circles) 1 mM 2:1 salt.

experimental data. To generate these curves, force is applied to the terminal bead along

the z axis, and the extension reported is the z component of the end-to-end distance.

The box size is 2703 Å in x and y, and 2655 Å in z, which is about 260 Å longer than

the contour length. We compare simulated and experimental force-extension curves on

HA with and without trivalent salt, and find both in good agreement (Fig. 4.13). We

also find that the simulations of PEs with multivalent ions reproduce the same regime of

salt-independence observed in experiments (Fig. 4.14). Based on the similarity between

simulation and experimental behavior, and in agreement with previous work [91], we

conclude the simulations provide a good approximation to the system, and examine

microscopic details in the simulated system to glean information about how the ions

control PE elasticity.

We first consider the possibility of local structures induced by binding multivalent

ions. Binding of multivalent cations, including CoHex, has been shown to induce persis-

tence length decreases [41] attributed to a mechanism of local bending around the ions
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[95, 96]. However, our simulations are not consistent with local wrapping of the chain

around condensed ions. For the HA-like chain, we would expect such wrapping to involve

two or three charged groups, spanning 1 or 2 nm, bending around a trivalent ion.

Images as in Fig. 4.15B show condensation of counterions, but not wrapping. This

is confirmed statistically by calculation of the single-chain structure factor. As shown in

Fig. 4.15A, kS(k) is the same with and without trivalent salt for length scales shorter

than about 5 nm. Moreover, kS(k) is almost constant at these lengths, implying the

chain is almost straight. The distribution of 3-bead bond angles (not shown) is also

unaffected by the presence of trivalent ions. We conclude that the intrinsic chain stiffness

of HA disallows any wrapping. Fig. 4.16 shows the structure factor for the ssNA-like

chain, which similarly indicates major structural differences mostly on long length scales.

Snapshots of the flexible chain simulations (not shown) display clusters of charged beads

that only sometimes involve counterions, and still show no evidence of stable bends or

wrapped structures.

The S(k) data shows sensitivity to multivalent ions on length scales greater than l0p.

This indicates that, rather than causing local bends, multivalent ions are modulating the

electrostatic contribution to the bending stiffness on long length scales (for HA, greater

than 5–10 monomers along the chain). However, as shown in both the simulations and

experiments, the chain structure does not reflect the bulk ionic strength of the solution;

we thus conclude that while the effect is electrostatic in nature, the screening reflects

a local ionic environment whose composition differs significantly from the bulk. Our

simulations show enhanced charge densities near the chain (Fig. 4.17), in agreement

with previous experimental work showing multivalent ion localization to polyelectrolytes

[97, 98, 99, 100, 101]. Taken together, the increase in nearby cations and the chain short-

ening at scales greater than l0p speak to an ion condensation phenomenon that modulates

conformation by enhancing the ion content in a region near the chain.
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Figure 4.15: A. Single-chain structure factor for the simulated HA-like chain under
zero tension for the monovalent-only (black) and trivalent-containing (green) systems
indicates that the trivalent salt affects the structure only on length scales longer than
about 5 nm. B. Enlarged image of simulated chain under 0.7 pN of tension. Ions
within about 4 nm of the chain are shown (red, trivalent cations; green, monovalent
cations; blue, monovalent anions).
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Figure 4.16: kS(k) for an ssNA-like chain in 9 mM salt, with (blue triangles) and
without (black squares) 1 mM 2:1 salt.

As we have ruled out major contributions from ion-induced local structure changes,

the composition of the local ion environment must be causing the surprising 1:1 salt

insensitivity. We must first define “local,” and we do so by examining the charge profile

near the chain. Fig. 4.17 shows the net charge enclosed as a function of distance from

the chain. At short distances (and especially when salt is low), a steep region is visible,

corresponding to a layer of closely associated multivalent counterions. Beyond that initial

region, the charge decreases with a slope that depends on total salt. We define the local

region as a cylinder approximating the distance to reach charge neutrality, i.e. when the

chain charges are all compensated by the excess cations attracted (strongly or weakly) to

the chain (Fig. 4.18). In practice, the data get very noisy as net charge approaches zero,

so we define our cylinder radius Rcyl as the distance to achieve 90% charge neutralization,

indicated by x’s in Fig. 4.17.

We then count the ions within the local cylinder. These ion numbers are listed in

Tables 4.5 and 4.6. It is worth noting that nearly all the multivalent cations are situated

62



Flexible Polyelectrolytes in Salt Mixtures Chapter 4

Figure 4.17: Charge enclosed in a cylinder centered at the chain, as a function of
distance r from the chain. A. HA-like chain with 0.1 mM 3:1 salt and 4–16 mM 1:1
salt. B. ssNA-like chain with 1 mM 2:1 salt and 4–50 mM 1:1 salt. Insets are zoomed
in on region near the chain and linearly scaled to show the precipitous decrease in
total enclosed charge due to a layer of closely associated multivalent counterions.

Figure 4.18: Cylinder defining the local, approximately charge-neutral environment.
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1:1 salt (mM) 3:1 salt (mM) Rcyl (nm) Rcyl (xi) # ions within Rcyl

+3 +1 -1
4 0.1 10.4 1.79 32 251 144
8 0.1 8.6 1.84 15 359 200
12 0.1 7.4 1.81 10 400 228
16 0.1 6.5 1.75 8 410 231

Table 4.5: Ion environment near simulated HA-like chain with 0.1 mM 3:1 salt and
4–16 mM 1:1 salt. At each salt condition, radius Rcyl of the 90% charge-neutral
cylinder is proportional to xi, the mean bulk ion spacing. Columns 5–8 list number
of ions within Rcyl.

1:1 salt (mM) 2:1 salt (mM) Rcyl (nm) Rcyl (xi) # ions within Rcyl

+2 +1 -1
4 1 5.52 1.04 74 46 14
9 1 4.71 1.10 61 72 22
20 1 3.91 1.16 43 129 35
50 1 2.83 1.12 21 185 47

Table 4.6: Ion environment near simulated ssNA-like chain with 1 mM 2:1 salt and
4–50 mM 1:1 salt. At each salt condition, radius Rcyl of the 90% charge-neutral
cylinder is proportional to xi, the mean bulk ion spacing. Columns 5–8 list number
of ions within Rcyl.

extremely close to the chain, while the monovalent ones are more dispersed throughout

the cylinder. This is consistent with condensation, as expected due to the strong electro-

static attraction between the multivalent cations and the PE. It is further expected that

increasing 1:1 salt should progressively screen these condensation interactions. Tables

4.5 and 4.6 confirm that as 1:1 salt is added, fewer multivalent cations remain near the

chain. However, as shown in Fig. 4.10 and 4.14, this loss of condensed ions does not

lead to a change in elasticity, presumably due to the compensating increase in nearby

monovalent ions.

Tables 4.5 and 4.6 also list the values of Rcyl, which depend on salt, as expected.

Interestingly, the salt-dependence of Rcyl collapses when it is rescaled by xi = c
1/3
ion , the

mean bulk ion spacing, and NOT by the bulk Debye length. This supports the idea that
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xi is the length scale that controls the physics. The factor of proportionality is of order

1, and differs slightly between the HA-like and ssDNA-like chains (1.8 versus 1.1), likely

due to differences in flexibility.

In the following Section, we incorporate this new information about the local ion

environment to build a model of how the apparent ion exchange mechanism leads to an

I-insensitive PE stiffness.

4.6 Model

The goal of our model is to predict the renormalized PE charge spacing deff in salt

mixtures. Based on the collapse of 1/f̄ versus I data for HA and ssNAs (Fig. 4.8), we

expect that when multiplied by the correct d2eff , the multivalent-induced plateau shown

in Fig. 4.12 will collapse onto the same curve as with 1:1-only salt (for which we expect

condensation effects are minimal). Due to the strong localization of multivalent ions

near the chain, we expect deff to be dominated by condensed multivalent ions, with only

minimal condensation of monovalent ions.

We aim to model the salt-dependent renormalized charge spacing that results from the

multivalent-monovalent ion exchange observed in our simulations (Tables 4.5 and 4.6).

Existing theories– Manning’s two-variable theory [66] and the similar two-state model of

Burak, Ariel, and Andelman (BAA) [67] describe this type of exchange, predicting that

as 1:1 salt is added, the electrostatic interaction driving condensation will be screened.

There are slight difference between their two models, namely the area accessible to the

condensed ions and the precise form of the electrostatic interaction, but both have two

states (available to both Z-valent and monovalent cations): (1) free in the bulk, or (2)

condensed on the uniformly charged chain.

With input parameters for the HA-trivalent system, the BAA model does predict deff
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will decrease with increasing I at constant trivalent concentration ctri, approaching the

structural charge spacing d as condensation weakens. However, as I becomes very low (∼

1 mM), this model systematically under predicts condensation and cannot account for

the salt insensitivity that persists at 1 mM (Fig. 4.22A, orange squares). Additionally,

the predicted number of condensed Z-valent ions do not match simulation predictions.

The aforementioned models assume that a condensed ion interacts with a uniformly

charged cylindrical PE via a screened electrostatic potential. In some case this may lead

to an underestimate of condensation due to the large energy that is associated with a

counterion condensing directly on a chain charge. We thus include in our model a site

binding term, the Born energy −ZlB/a [102], where a is the distance of closest approach,

taken to be 4 Å, in addition to the energy of interaction with the uniformly charged

cylinder. As described in detail below, we also include a mixing entropy term for site-

bound ions, and we then equate the bound ion chemical potential with that of a free

ion.

However, this simple approach overestimates condensation (Fig. 4.22, green trian-

gles). To resolve this, we consider the local ion environment. As discussed above, ions

are enhanced in the region near the charged chain. This leads to an increased effective

local I and strengthened screening, necessitating definition of a local screening length

that governs the interaction of condensed ions with the nearby cylinder. Thus, ours is

a three-state model, incorporating the traditional condensed ion layer in addition to a

larger volume around the PE in which counterions are present in increased amounts but

do not interact strongly with charged sites on the chain.
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4.6.1 Donnan equilibrium

Based on our simulations, we define the local, approximately charge neutral environ-

ment as a cylinder of radius Rcyl = qxi, where xi = c
1/3
ion is the mean distance between

ions in the bulk solution, and q is a constant of order 1, taken as q = 1.8 for the HA

system, and q = 1.1 for the ssDNA system (Tables 4.5 and 4.6). Within the volume

V = LcπR
2
cyl, we use a Donnan equilibrium approach [103] to predict the numbers of all

three types of ions near the chain. This approach defines a “compartment” of volume V ,

containing a PE with N0 negative charges. In the bulk, there are +1, -1, and +Z ions at

concentrations c+, c−, and cZ . Inside the compartment, the concentrations of each ion

species are c+,in, c−,in, and cZ,in. Donnan equilibrium dictates:

cZ,in
cZ

=

(
c+,in
c+

)Z
=

(
c−,in
c−

)−Z
≡ gZ . (4.11)

Charge neutrality requires:

ZcZ,in + c+,in − c−,in −
N0

V
= 0 (4.12)

inside the compartment, and

ZcZ + c+ − c− = 0 (4.13)

outside the compartment. We rewrite the charge neutrality condition (Eq. 4.12) in terms

of g and dimensionless parameters p = c+
ZcZ

and m = N0

ZcZV
:

gZ+1 + pg2 −mg − (p+ 1) = 0. (4.14)

We then solve for g, which allows us to calculate concentrations of all species inside the

cylinder, since the concentrations outside the cylinder (i.e. the bulk) are known. The ion
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Figure 4.19: Number of ions within a cylinder of radius Rcyl. Symbols show ion num-
bers from simulation, solid curves show Donnan model predictions. Blue: monovalent
cations, green: monovalent anions, red/orange: tri-/divalent cations. Dot-dashed lines
show the number of expected cations if all ions were uniformly distributed. A. HA-like
chain + 0.1 mM 3:1 salt. B. ssNA-like chain + 1 mM 2:1 salt.

numbers calculated from this model are in good agreement with those from simulation,

as shown in Fig. 4.19.

With the total number of ions in the local environment predicted by Donnan equi-

librium, we then use a two-state condensation model, similar to Ref. [1]. Instead of the

true bulk ion concentrations, we will use the concentrations inside the Donnan volume.

4.6.2 Condensation equations

We equate the chemical potential for a condensed and free ion within the Donnan

cylinder. Inside the cylinder of volume V = LcπR
2
cyl, there are nZ,in Z-valent cations

(including both free and condensed), n+,in monovalent cations (free and condensed),

and n−,in monovalent anions. dZ (d1) is the spacing between Z(1)-valent ions that are

condensed onto the chain, giving a number of condensed ions equal to Lc/dZ .

The ideal gas chemical potential for a “free” Z-valent cation in the cylinder of volume

68



Flexible Polyelectrolytes in Salt Mixtures Chapter 4

Figure 4.20: Renormalized chain charge spacing deff predicted from the Don-
nan/condensation three-state model. A. HA + 0.1 mM 3:1 salt. B. ssDNA + 1
mM 2:1 salt. Thin dotted red line shows deff neglecting monovalent condensation.
Dashed black line shows the structural charge spacing d.

V is given by:

µfreeZ = ln

(
nZ,in − Lc

dZ

)
a3

V
(4.15)

where a is the ion size. We assume that a free ion in the charge-neutral cylinder sees on

average no electrostatic potential. We then write the chemical potential for a condensed

Z-valent cation:

µcZ = −ZlB
a
− 2ZlB

d

[
− ln

(
1− e−κd

)]
+

2ZlB
d1

[
− ln

(
1− e−

κd1
2

)]
+
Z2lB
dZ

[
− ln

(
1− e−κdZ

)]
− ln

(
dZ

(
1

d
− 1

d1

))
(4.16)

where κ is defined using cZ,in, c+,in, and c−,in predicted by the Donnan model, and not

the bulk ion concentrations. The first term is the Born energy [102], the second term

gives the screened attractive interaction with the negatively charged chain, the third

and fourth terms give the screened repulsive interactions with other condensed cations
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(monovalent and Z-valent, respectively), and the fifth term accounts for mixing entropy

from possible rearrangements on available sites. The condensation of monovalent cations

is governed by equivalent expressions, though the extent of monovalent condensation is

small, even for [1:1] ∼ 100 mM. The mostly multivalent condensed ions renormalize the

chain charge spacing to deff (see Fig. 4.20).

We next evaluate whether the renormalized charge spacing predicted by our model can

explain the insensitivity of lelecp to I when multivalent salt is present. For the monovalent-

only measurements (for which little to no condensation is expected), we find that multi-

plication by the PE structural charge spacing squared collapses the data onto a common

curve that decays as I−0.66. If we replace d with the predicted deff , we indeed find that

the multivalent-containing systems display a similar salt scaling to the monovalent-only

ones (Fig. 4.21).

4.7 Discussion

We have found that PEs in salt mixtures display unexpected behavior: an insensitivity

to changes in the bulk ionic strength when a small, constant amount of multivalent salt is

present. This is in stark contrast to the same PEs in 1:1 salt, for whom the electrostatic

persistence length scales as a power law over decades of salt concentration. For three

distinct PEs in NaCl, we find that 1/f̄ (proportional to lp) versus I data collapse onto

a common curve after accounting for differences in stiffness and charge spacing. All

three PEs appear to exhibit scaling with an exponent close to -2/3. While this disagrees

definitively with the traditional OSF prediction, it is consistent with NO theory [59],

or alternatively, with a simple calculation [88] that replaces the Debye length with the

mean ion spacing when the latter exceeds the former (Fig. 4.9). This last explanation is

enticing due to its simplicity, and additionally, the radius of charge neutrality estimated
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Figure 4.21: Collapsed data on HA, ssDNA, and ssRNA in monovalent salt, repro-
duced from Figure 4.8B, alongside data on HA + 0.1 mM 3:1 salt and ssDNA + 1
mM 2:1 salt, which show plateaus when multiplied by the structural charge spacing
d2 (HA: purple points, ssDNA: yellow points), but collapse nearly onto the expected
curve when deff is used instead (HA: dark red circles, ssDNA: yellow circles).
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from simulations supports the idea that the mean ion spacing is the length scale relevant

for the local ion environment, not the Debye length (Table 4.5, 4.6). The collapse of the

three curves is itself surprising, as prior work has suggested different scaling exponents for

HA and ssNAs; however, it is also possible that uncertainty in the data here is obscuring

small differences in the scaling.

While we cannot draw definitive conclusions about the precise scaling exponent of

flexible PEs with ionic strength, we can decisively say (from experiments and simulations)

that when multivalent salt is present and constant, there is a large regime without any

I-dependence. Based on this observation, we aimed to develop a model predicting a

renormalized charge spacing in mixed salt conditions, with the idea that accounting for

this altered spacing would recover the expected salt-dependence.

We proposed a model that (1) accounts for the unscreened site binding interaction

of an ion condensing on a single chain charge, and (2) includes a local screening length

(which governs the ion’s interaction with the rest of the charged chain) that depends

on the locally enhanced ion concentration rather than that of the bulk. We use a local

screening length found from a Donnan equilibrium model, choosing a volume containing

ions associated with the PE and enforcing charge neutrality. The concentration of ions

inside this local cylinder determines the screening that affects condensed ions.

We note that there are other methods of defining a local κ. In Ref [1], we instead

consider a cylinder of radius equal to the bulk Debye length κ−1DH , and assume uncon-

densed ions inside the cylinder are distributed according to the DH potential from the

condensation-renormalized chain, whose screening is set by local κ. The concentration

of all ions inside the cylinder sets local κ, which we solve for self-consistently along with

deff . This alternative method gives very similar ion numbers to simulations for the

HA/trivalent system but has poor agreement for the ssNA/divalent system. Further,

new simulation results (Table 4.5, 4.6) suggest the length scale of the ion environment is
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not κ−1DH but instead xi. The model presented here, which incorporates Donnan equilib-

rium within a cylinder of radius proportional to xi, agrees with simulated ion numbers

for both systems (Fig. 4.19).

The salt dependent charge spacing from our new model appears to account for the

unexpected regime of salt-insensitivity. If predicted deff is used in place of d, the rescaled

electrostatic stiffness values fall very close to the curve of the PEs in 1:1 salt (Fig.

4.21). In Fig. 4.22, we compare alternative means of calculating the renormalized charge

spacing. The BAA model [67] produces very similar deff values to our model over most of

the salt range studied; however, the HA data shows that it underestimates condensation

at very low salt (orange squares in Fig. 4.22A). A two-state model that includes a Born

energy term but assumes screening dictated by bulk κDH dramatically overestimates

condensation at low salt (green triangles, Fig. 4.22). We conclude that our three-state

model, which accounts for some inhomogeneity in the ion atmosphere in addition to the

discrete nature of chain charges, is most successful at describing condensation in these

salt regimes.

4.8 Conclusions

We have quantified the behavior of several charged biopolymers in varying 1:1 salt

and in multivalent salt mixtures. We first found that HA, ssDNA, and ssRNA in 1:1

salt all scale with ionic strength I to an exponent ≈-2/3. However, if small amounts of

multivalent salt are present, then altering I by addition of monovalent salt has no effect

on PE behavior over a large range of I.

We demonstrated this effect with single molecule stretching experiments on HA with

0.1 mM 3:1 salt (cobalt (III) hexamine chloride and ruthenium (III) hexamine chloride)

and on ssDNA with 1 mM 2:1 salt (calcium chloride). Coarse-grained molecular dynam-
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Figure 4.22: Comparison of condensation models used to calculate I-dependent deff to
replace structural charge spacing d in the normalization. Red points are multiplied by
d2. Yellow circles use deff calculated from our three-state model. Green triangles use
deff calculated from a two-state model with no locally enhanced screening. Orange
squares show result of the BAA model [67]. Black line shows α = 0.66 power law fit
to all monovalent-only data. Black points show data in 1:1 only salt, for comparison.
A. HA + 0.1 mM 3:1 salt. B. ssDNA + 1 mM 2:1 salt.

ics simulations reproduced the effect and provided microscopic information about the

structure of the ion environment near the chain. Using information from simulations,

we developed a new model, combining Donnan equilibrium with a two-state condensa-

tion model. This new model predicts a salt-dependent condensation-renormalized PE

charge spacing that counteracts the effects of increasing ionic strength. Accounting for

the predicted changes in charge spacing recovers the expected behavior for the PEs.

It has been shown that trivalent cations can, under some circumstances, crosslink HA.

Understanding the I-dependence of the electrostatic ion-chain interactions may help in

developing stable (and even tunable) HA materials. Most biological environments have

I > 100 mM; this is above the salt-insensitive regime for HA with 0.1 mM trivalent ions,

and this may have implications on the stability of ionic crosslinks.

While free trivalent cations are not present in biology, divalent cations are usually

found at concentrations ∼ 1 mM, alongside monovalent ions at concentrations of 100–200
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mM [6, 8, 7, 9]. Based on the experiments conducted here, this physiologically relevant

condition (100–200 mM 1:1 salt + 1 mM 2:1 salt) appears to be exactly the point at which

ssDNA transitions from I-insensitive to I-responsive. Thus, the I-insensitive regime may

have relevance for the conformation of ssNAs in biology.
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Chapter 5

Glycosylation Sets Tension in the

Hyaluronan-Aggrecan Bottlebrush

5.1 Permissions and Attributions

The content of Chapter 5 has previously appeared in Biophysical Journal (S. N.

Innes-Gold, J. P. Berezney, O. A. Saleh. Biophys. J. 119(7), 1351-1358, 2020) [2]. It

is reproduced here with permission from Elsevier. https://doi.org/10.1016/j.bpj.

2020.08.016.

5.2 Introduction

The previous chapter discussed how salt can control the conformations of biopolymers.

In a biological environment, many other interactions are involved. Excluded volume from

a crowded environment and direct interactions with other macromolecules strongly af-

fect the structure and behavior of biopolymers. HA is once again a useful example, as

throughout extracellular spaces it forms various complexes with proteins and proteogly-
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cans. It is the structure of these complexes, rather than their isolated components, that

determines the local mechanical properties. In this chapter, we study one example of

such a complex: the HA-aggrecan bottlebrush.

Large bottlebrush complexes formed from the polysaccharide hyaluronan (HA) and

the proteoglycan aggrecan constitute a major component of cartilage [18]. HA is a long,

linear polyelectrolyte with a charge density of 1 e/nm, a persistence length of around

5 nm, and a native size of ∼1-10 MDa, corresponding to contour lengths of ∼2-20 µm

[42]. In cartilage, HA is secreted by chondrocytes and anchored to the cell surface by HA

synthases or the receptor CD44 [13], forming the sugar-rich “glycocalyx” coating around

the cell. Each HA chain in the glycocalyx is complexed with many non-covalently bound

aggrecans to form a large macromolecular bottlebrush that is known to be a major

contributor to cartilage compression resistance [17]. In cartilage, the complex involves a

third participant, link protein (LP), which binds to both HA and aggrecan to stabilize

the interaction [17]. As illustrated in Fig. 5.1A, each aggrecan monomer is itself a

bottlebrush, consisting of a ∼300 kDa protein core which is densely decorated by the

glycosaminoglycan side chains keratan sulfate (KS) and the more abundant chondroitin

sulfate (CS) [17]. The core protein includes three globular domains: two at the N-

terminus (G1 and G2) and one at the C-terminus (G3) [18]. G1 is the HA-binding

domain. In between G2 and G3 is an extended domain decorated by ∼100 CS chains

[18]. The high charge and large size of aggrecan result primarily from this CS-rich region.

This structure-defining domain changes with age, showing a reduction in the number and

size of CS side chains [104, 105, 106, 107, 108, 109].

Previous studies have used electron microscopy and atomic force microscopy (AFM) to

visualize the structure of individual aggrecans and aggrecan-HA complexes [109, 110, 111,

112, 113]. These studies have provided estimates of the length and diameter of aggrecan,

as well as the density of bound aggrecans on an HA chain. However, imaging requires
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adsorption to a surface which significantly distorts the conformation of the complex. In

order to learn about the solution structure of the complex, including the conformation

adopted by the central HA chain, it is necessary to probe the structure of individual

complexes by a method that does not confine the aggregates to 2D. To this end, others

have used single-molecule force spectroscopy to measure properties of the complexes,

such as inter-aggrecan interactions [114, 115]. AFM and laser tweezers, which can access

forces on the order of 10-1000 and 1-100 pN respectively [46, 76], have also been used

to test the strength of the bond connecting aggrecan and HA [116, 117, 118, 119]. Liu

et. al. used laser tweezers to probe moderate-force tensile behavior (∼10-40 pN) and

compressibility of single HA-aggrecan complexes [120, 121].

To our knowledge, no prior work has conducted low-force tensile testing on single

bottlebrush complexes with sub-piconewton resolution, despite this likely being the bio-

logically relevant force range: a study on osteocytes estimated that flow forces can lead

to tension in the cell-attached components (e.g. HA) in the range of ∼1-10 pN [122].

Here, we aim to quantify the structure of the complex based on its response to forces

in this range. To do this, we use magnetic tweezers force spectroscopy. Prior work has

shown that magnetic tweezers are particularly useful for quantifying structural changes

that manifest at low forces, such as intra-chain electrostatic repulsion [43]. Thermally

dominated structure at a particular length-scale x is probed by forces of the scale kBT/x

[10, 46]. Magnetic tweezers typically apply forces on the order of 0.01-10 pN, and thus

are sensitive to structure on length-scales between ∼1-100s of nm. Because of this long

length-scale sensitivity, magnetic tweezers have succeeded in measuring the structural

changes induced by side chains in a synthetic polymer bottlebrush [75].

By applying low-force magnetic tweezers stretching to study the formation and prop-

erties of the HA-aggrecan bottlebrush complex, we arrive at a novel physical description

of this important component of cartilage. Prior work has shown that aggrecan swells
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Figure 5.1: A. Cartoon of the chondrocyte glycocalyx, wherein HA chains, tethered to
the cell surface and decorated with the proteoglycan aggrecan, form a microns-thick
coating around the cell. B. Experimental set-up: a single HA chain, decorated by
aggrecans, is tethered between a glass surface and a magnetic bead. A magnet applies
stretching forces to the HA chain at the center of the bottlebrush. Surface attachments
are marked by squares, with yellow showing the biotin-streptavidin link, and orange
showing the maleimide-thiol bond.

HA chains in pericellular coats [14] and pure HA brushes [123]; we find this effect is also

detectable at the single-chain level. Thus, we can observe in real time the assembly of

the complexes by tracking the increase in chain extension. We find our data are well-

described by a model in which the effect of all inter-aggrecan repulsions can be combined

into a single internal tension, which acts in combination with the externally applied

stretching force to extend the HA chain. We show that, on average, the internal tension

generated in the central HA chain is about 0.4 pN, but with large variability between

measurements. We use an analytical theory of bottlebrush physics to show that the

spread in the data is consistent with variability in degree of glycosylation of the bound

aggrecan.
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5.3 Materials and Methods

As described in Chapter 3, hyaluronic acid (2.5 MDa), chemically functionalized to

allow tethering to two surfaces, was purchased from Creative PEGworks. Each HA

chain has a biotin group at the reducing end, and randomly situated thiol groups with

a stoichiometry of one thiol per chain. Microfluidic sample chambers were constructed

using maleimide-functionalized PEG-grafted glass coverslips purchased from Microsur-

faces, Inc. HA chains were attached to the surface via reaction of the thiol groups with

the maleimide, carried out in 50 mM sodium phosphate buffer (pH 7.2), 50 mM NaCl,

0.03% Tween-20, and 100 mM TCEP. After attachment, excess polymer was removed

by rinsing with 10 mM MOPS buffer (pH 7, with ionic strength of 4 mM). Streptavidin-

coated magnetic beads, 1 µm in diameter (MyOne C1 paramagnetic beads, Invitrogen)

were attached to the biotin-labeled chain ends.

This experimental protocol leads to polydispersity in the tether lengths due to the ran-

dom locations of the thiols, and necessitates normalization by contour length to compare

measurements on different tethers. We expect an approximately uniform distribution of

tether sizes up to ∼6 µm. However, due to the potential for bead-surface interactions at

low forces, we do not collect data on tethers shorter than ∼0.6 µm. The stochastic thiol

labeling strategy means that the surface attachment occurs internally within the chain,

and thus that there is a second aggrecan-decorated HA (not pinned to the bead, and

so under no tension) in close proximity to the elastically-tested tether (see Fig. 5.1B).

The excluded volume presented by this second chain is small compared to the bead and

surface, and we do not expect it to have an effect at the forces probed here.

Aggrecan (≥2.5 MDa, purified from bovine articular cartilage) was purchased from

Sigma-Aldrich. It was centrifuged to remove large aggregates, and small contaminants

were removed by filtration with a 100 kDa spin column. Recombinant aggrecan G1-
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IGD-G2 (with C-terminal 10-His tag) was purchased from Biolegend. Force-extension

measurements took place in in 100 mM NaCl, 1-10 mM MOPS (pH 7), and 0.03% Tween-

20.

Experiments were conducted using a custom-built magnetic tweezers instrument, as

described in Chapter 3. Briefly, HA-tethered beads are imaged, and bead position is

measured using an image analysis routine based on the bead’s diffraction pattern. The

output of that routine includes the tether length and lateral bead fluctuations; the latter

are analyzed to estimate the applied tension [78]. To ensure each bead is tethered by a

single HA chain, the tether length is measured as the bead is rotated. Multiple tethers

become interwound during rotation, leading to a characteristic decrease in bead height

[86].

Experiments on aggrecan-induced swelling used an aggrecan concentration of 2 mg/mL

(approximately 0.8 µM). Above ∼1 mg/mL, the HA chain extension does not change ap-

preciably with additional aggrecan (Fig. 5.2). A concentration of 2 mg/mL is well into

the concentration insensitive regime, and is close to the overlap concentration at which

the distance between aggrecans in solution approaches the aggrecan radius of gyration

[124]. This relatively high solution concentration is still well below the density of aggrecan

bound in cartilage, thought to be on the order of 10s of mg/mL [125]. For experiments

using the G1-IGD-G2 fragment, the protein was dissolved at ∼0.8 µM.

To obtain deglycosylated aggrecan core protein, aggrecan (Sigma-Aldrich) was in-

cubated overnight with chondroitinase ABC (Recombinant P. vulgaris Chondroitinase

ABC with N-terminal Met and 6-His tag, purchased from R&D Systems). The reaction

took place at 37oC in 50 mM Trizma HCl (pH 8), 60 mM sodium acetate, 0.02% BSA.

Chondroitinase ABC (chABC) digests HA in addition to chondroitin sulfate, so it was

necessary to separate it from the deglycosylated aggrecan before experiments could pro-

ceed. Separation was accomplished using Dynabeads His-Tag Isolation and Pulldown,
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Figure 5.2: Extension of HA tethers at an applied force of 0.3 pN normalized by
extension of the same tether at 9 pN, plotted versus solution concentration of aggrecan.
Measurements are an average over 7 tethers. Error bars show standard deviation.

which were then removed magnetically. The presence of aggrecan core protein (∼300

kDa) at the expected concentration was confirmed with SDS-PAGE (Fig. 5.3A) and

Dynamic Light Scattering (DLS) on denatured aggrecan (Fig. 5.3B) using a Malvern

Zetasizer Nano ZS instrument. HA force-extension curves in the presence of aggrecan

core protein were obtained in 100 mM NaCl, 10 mM MOPS (pH 7), 0.03% Tween-20, and

1 mg/mL free chondroitin sulfate (chondroitin sulfate sodium salt from shark cartilage,

50-59 kDa, purity >95%, purchased from Sigma-Aldrich). The free chondroitin sulfate

was included in order to protect the HA tethers from digestion by any residual enzyme,

and was shown to have no effect on the HA mechanical response (Fig. 5.3C).

5.4 Results

With magnetic tweezers, we measure the extension of tethered HA chains as aggrecan

is added to solution. Our data show that aggrecan expands the HA chain upon binding

(Fig. 5.4). When the chain is minimally stretched, we can track the progress of aggrecan
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Figure 5.3: Experimental controls for chABC digestion of aggrecan. A. PAGE gel on
digested aggrecan. Columns 1-4 have increasing amounts of core protein. Assuming
all aggrecan was completely digested, and that no core protein was lost during the
digestion and enzyme removal, and assuming the core protein constitutes about 10%
of the whole aggrecan molecular weight, we expect to have 10, 20, 30, and 50 ng of core
protein respectively in columns 1-4. Biosafe Coomassie Dye, used here, has a lower
detection limit of 8-29 ng per band. The aggrecan core protein band (∼300 kDa) is
clearly visible in columns 2, 3, and 4. We therefore conclude that the core protein
is present at approximately the expected concentration. B. DLS measurements on
aggrecan performed in 4M Guanidinium HCl, before and after digestion with chABC.
Black: Undigested aggrecan, peak at 59 nm. Blue: Digested for 2.5 hours, peak at 21
nm. Red: Digested for 27 hours, peak at 18 nm. These measurements are consistent
with CS digestion: we expect whole aggrecan to be on the order of 100 nm in size,
whereas we expect core protein alone to have a hydrodynamic size on the order of 10
nm. C. Example force-extension curves on a single HA tether in CS-free buffer (dark
blue circles) and buffer containing 1 mg/mL CS (light blue triangles). In both cases,
the chain displays an identical mechanical response.
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Figure 5.4: A. HA extension while aggrecan binds (gray: all points; black: moving
average over 4 seconds) under a constant applied force of 1.8 pN. The data are fit by an
exponential with a characteristic timescale of 244 ± 2 seconds (white dashed line). B.
HA extension during aggrecan unbinding. After removing free aggrecan from the bulk
solution, extension of two aggrecan-decorated tethers at 0.2 pN (first tether: light gray
triangles, second tether: dark gray circles), relative to aggrecan-free extension of the
same tether at the same force, slowly decreases towards 1. Error bars show uncertainty
arising from interpolation of force-extension curves at 0.2 pN. The data are fit by an
exponential with a characteristic timescale of 190 ± 50 minutes (red dashed line). C.
Example force-extension data on a single HA tether before (black squares) and after
(red x’s) addition of 2 mg/mL aggrecan and equilibration of at least 15 minutes. Both
force-extension curves are globally fit by Eq. 5.1, with common contour length LC and
persistence length lp. Best-fit parameters are LC = 3573± 14 nm, lp = 7.4± 0.4 nm,
and fint = 0.40±0.03 pN, where fint is the internal tension generated by aggrecan (fint
is set to zero for the data measured without aggrecan). Errors reflect 95% confidence
intervals for the fit parameters.
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binding by monitoring the chain end-to-end extension. As can be seen in Fig. 5.4A,

the length increases upon addition of 2 mg/mL aggrecan, and levels off after about

15 minutes, indicating the system has equilibrated. We can subsequently rinse free

aggrecan out of the bulk solution and observe the HA length change as aggrecan unbinds

(Fig. 5.4B). This process takes several hours. Comparing timescales obtained by fitting

exponential models to the data, we estimate that the timescale of aggrecan binding is at

least 50 times faster than aggrecan unbinding.

While aggrecan interactions may lead to anti-cooperative behavior and non-exponential

kinetics, the data (within the experimental resolution) appear exponential. Thus, to good

approximation, a simple independent binding picture can be used, which here indicates

that, since the off-rate is 50x slower than the on-rate, the maximal aggrecan density on

HA has been achieved. We note that in cartilage, link protein would further stabilize the

bound state, likely causing higher aggrecan density and even slower unbinding.

Relative to the mechanical behavior measured before the addition of aggrecan, the

ligand-binding dramatically alters the low-force response (see example data in Fig. 5.4C).

Repeated experiments on 10 HA tethers, with and without aggrecan, all show similar

elasticity changes (Fig. 5.5). With the addition of aggrecan (2 mg/mL), all tethers

undergo swelling at low forces; this is reflected by the shallower slopes of the force-

extension curves. The slope change indicates that aggrecan binding stiffens the chain,

causing it to become less responsive to the externally-applied force. The observed low-

force elasticity change is consistent with long length-scale structural effects: swelling and

stiffening of the central HA chain due to repulsion between bound aggrecans, as expected

from the charged brush structure of the aggrecan monomers [126].

We quantify the low-force swelling using an internal tension model [43], in which

the long length-scale stiffening (caused by the bottlebrush architecture) is described by a

mean-field internal tension fint, which acts in addition to the applied force f to straighten
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the polymer. This first-order correction captures the deviation from wormlike chain

elasticity, which is most prominent at low forces where the chain physics is dominated

by long-range side-chain interactions. The internal tension term is incorporated into the

Marko-Siggia wormlike chain (WLC) model [47], giving:

f =
kBT

l0p

(
1

4

(
1− L

LC

)−2
− 1

4
+

L

LC

)
− fint (5.1)

where l0p is the intrinsic HA persistence length, L is the chain extension, and LC is the

contour length. Eq. 5.1 is used to fit force-extension data, with LC and lp fit globally for

pairs of curves on the same molecule. fint is fixed to zero for the bare HA force-extension

data (example: Fig. 5.4C). We repeated such analyses on each of the ten tethers, mea-

suring force-extension curves before and after the addition of 2 mg/mL aggrecan, and

extracting fint as a fit parameter. The average was 0.35 ± 0.21 pN (standard devia-

tion). The spread in fint reflects variability in the response of the aggrecan-decorated

chains, demonstrated by the scatter of the red traces in Fig. 5.5. We hypothesize that

this variability arises due to differences in glycosylation of the aggrecan samples, which

originated in biological tissue [106, 127, 128].

For comparison, we digested the CS side chains of the aggrecan using chondroitinase

ABC, and found that the resulting deglycosylated protein induces almost no swelling in

HA (blue lines in Fig. 5.5). While the less abundant KS side chains are thought not to

be affected by this enzyme, others have shown that in contrast to CS, removal of the KS

side chains has little to no effect on the aggrecan monomer structure [104].
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Figure 5.5: Thin red lines show force-extension curves on 10 HA tethers with 2 mg/mL
aggrecan. Extensions are normalized by multiplicative adjustment, with factors deter-
mined by comparing each curve to the median of the ten, and minimizing the sum of
squared residuals in length for forces between 3 and 10 pN. Black lines show force-ex-
tension curves on the same 10 tethers in aggrecan-free conditions. Blue lines show
force-extension curves of 6 HA tethers in the presence of deglycosylated aggrecan core
protein. Thick dashed lines are predictions from the WLC-internal tension model for
fully glycosylated aggrecan (dark red) and aggrecan core protein (dark blue). Cartoons
(inset) illustrate the conditions for each set of force-extension curves (full aggrecan:
red box, upper left; chABC-digested aggrecan: blue box, bottom middle; bare HA:
black box, bottom right).
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5.5 Discussion

The HA-aggrecan force-extension data highlight that properties of the side chains

play a crucial role in defining the bottlebrush architecture. At low forces (∼0.1 pN), the

end-to-end extension of HA molecules often increases more than twofold upon introduc-

tion of aggrecan. However, when HA is decorated instead by deglycosylated aggrecan,

this bottlebrush-induced stiffening is dramatically reduced, demonstrating the impor-

tance of the chemical details of aggrecan. Even without artificial reduction of aggrecan

glycosylation, the experiments display a wide range of responses. These observations

can be explained using established polymer bottlebrush theory. We show the full range

of stiffening observed is consistent with predictions from scaling theory combined with

previous experimental measurements of HA and aggrecan structure. We further find that

the variance in the glycosylated aggrecan data is consistent with an aggrecan population

of varying degrees of glycosylation. Such results demonstrate the interplay between the

branched architecture of the complex and the conformational structure of its constituent

chains.

5.5.1 Bottlebrush Model

Following the logic of Berezney et. al. [75], we use a model developed by Panyukov

et. al. [74] to predict, independently of our own measurements, the range of internal

tensions in the HA backbone of bottlebrush complexes extended by glycosylated and

deglycosylated aggrecan. The model treats the side chains as random walk polymers

whose size, flexibility, and binding density control the internal tension generated in the

central chain:

fint = AkBTλ
µb−(µ+1)
a Nυ|ζ|y (5.2)
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where A is a prefactor that we take to be 1, µ, υ, and y are scaling exponents

(described below), ba is the Kuhn length (statistical segment length) of aggrecan, N is the

number of statistical segments within each aggrecan side chain, ζ describes solvent quality

and is 1 in good solvent, and λ is the distance between bound aggrecans1. Estimates of λ

range from 12-40 nm [112, 113]; we choose the intermediate value of this range: 26 nm. If

link protein were present, a smaller value (∼10 nm) would be appropriate as link protein

is known to increase aggrecan density [112]. Based on our experiments showing unbinding

is very slow, we assume the number and spacing of bound aggrecans are constant over

experimental timescales (measurement of each force-extension curve takes 20 minutes).

We assume that deglycosylation will be reflected as a change in aggrecan’s Kuhn length

ba. The model (Eq. 5.2) considers the athermal limit and takes the exluded volume to

be b3a. For bottlebrushes, Kuhn length typically scales with the diameter of the complex

[129]. Thus for fully glycosylated aggrecan, we will approximate ba ≈ 50 nm, roughly

the diameter of the cylindrical proteoglycan [113]. In the opposite limit of complete

deglycosylation, the side chains are aggrecan core protein alone. Based on the disordered

nature of much of the core protein [130], we estimate ba as 1.6 nm, twice the persistence

length of an unfolded polypeptide [40]. This value represents a physical lower limit; in

reality it is likely that some residual structure leads to a slightly larger Kuhn length

[130], but the model is not very sensitive to this assumption (Fig. 5.6). The number of

segments N is obtained by dividing the aggrecan contour length, estimated as 375 nm

following AFM studies, [113, 109] by the Kuhn length. SDS-PAGE of the deglycosylated

protein (Fig. 5.3A) shows a number of bands near the expected weight, suggesting there

may be a spread of aggrecan sizes present; we do not incorporate this into our model but

recognize that it may be an additional source of variability.

1The following variable names have been changed relative to the associated publication [2] to avoid
confusion with other variables that appear in this dissertation: A (from α), λ (from d), υ (from ν), ζ
(from τ), and y (from t)
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Figure 5.6: Effect of different assumptions on the bottlebrush physics model. Overlaid
on Fig. 5.5, we show the force extension curves predicted for deglycosylated aggrecan
with a Kuhn length of 3.5 nm, as suggested in [130] (green dashed curve), and for
deglycosylated aggrecan that still behaves as a swollen chain (yellow dashed curve).

We assume the central HA chain is always strongly stretched due to its stiffness

(bHA ≈ 10 nm), side chains, and the external force, thus, the random coil structure of the

side chains will be the dominant contributor to the HA internal tension. It is expected

that deglycosylation will significantly perturb aggrecan structure; this will change not

only its Kuhn length as discussed above, but also the scaling laws describing its solution

structure. Fully-glycosylated aggrecan is strongly extended due to repulsion between its

own CS branches. Following Panyukov et. al. [74], the case of swollen aggrecan side

chains dictates µ = −13/8, υ = 3/8, and y = 1/8 in Eq. 5.2.

The deglycosylated core protein structure will also likely be dominated by the large

CS-attachment region, now devoid of CS. Prior evidence has shown that the CS-attachment

domain of aggrecan is structurally disordered [130]. The solution structure of intrinsically

disordered proteins reflects a trade off between conformational flexibility and transient
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short length-scale interactions, and is frequently modeled by ideal scaling [131]. Thus,

we assume that without CS to provide stretching, the core protein will behave ideally,

dictating scaling exponents µ = −5/3, υ = 1/3, and y = 0. We note that the model of

Panyukov et. al. is formally correct for a bottlebrush whose backbone and side chains

have the same chemistry, which is not the case here. However, as discussed above, HA

elasticity is not expected to have significant effects because the chain is always in a

regime of strong stretching. Further, if we instead assume the core protein is swollen,

the predicted tension does not change drastically (Fig. 5.6).

This model (Eq. 5.2 with parameters listed above) allows us to estimate the range of

fint values expected for aggrecan in different conditions: 0.15 pN in the limit of complete

deglycosylation, and 0.51 pN for a monodisperse sample of undamaged aggrecan. Com-

bining these values with the WLC model (Eq. 5.1), we obtain expected force-extension

curves for HA decorated by whole aggrecan (dark red dashed curve in Fig. 5.5) and HA

decorated by deglycosylated aggrecan core protein (dark blue dashed curve in Fig. 5.5).

Our experimental force-extension curves for aggrecan-decorated HA (Fig. 5.5) mostly

fall between these limits, where the experimental curves showing the largest swelling are

consistent with the undamaged aggrecan prediction of fint ≈ 0.5 pN. The force-extension

curves on HA with deglycosylated aggrecan core protein (blue traces in Fig. 5.5) nearly

coincide with the model’s prediction for deglycosylated aggrecan. As noted above, in car-

tilage the complex is often stabilized by link protein, which reduces the aggrecan spacing

to λ ≈10 nm. As fint depends sensitively on λ, link protein’s contribution will likely lead

to a much higher tension in healthy physiological complexes: ∼2 pN, instead of ∼0.5 pN

as reported here.
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5.5.2 Aggrecan Polydispersity

The above model makes predictions for extreme cases: monodisperse populations of

either undamaged aggrecan or completely deglycosylated core protein. It is clear that a

monodisperse population of aggrecan with intermediate glycosylation (and thus ba be-

tween 1.6 nm and 50 nm) would generate a tension intermediate between these cases.

In practice however, there will usually be a mixture of aggrecan at varying levels of

glycosylation, ranging from the bare core protein to a dense bottlebrush. In the follow-

ing, we consider a two-species mixture of undamaged and deglycosylated aggrecan. In

neglecting intermediate levels of glycosylation, this scenario is still a significant simplifi-

cation. Nonetheless, it illustrates how polydispersity in the aggrecan population can lead

to variability in the extension of aggrecan-decorated HA chains.

We consider a simple model where the HA chain is represented by a 1D array of

binding sites, spaced by λ = 26 nm. Each site can be occupied either by an undamaged

aggrecan (A) or a deglycosylated core protein (B). Each bound side chain interacts only

with its nearest neighbors, stretching the intervening HA segment. If stretched by A’s, the

segment will experience fAAint = 0.51 pN, as calculated above, while a segment stretched

by two B’s will experience fBBint = 0.15 pN. We assume that the tension in a segment

with one A neighbor and one B neighbor, fABint , is closer to the completely deglycosylated

case due to the lack of charged CS on the core protein, as well as its presumed ideal (i.e.

self-intersecting) behavior. Thus we take fABint = 0.15 pN as well. We define Φ as the

fraction of undamaged A aggrecan in the bulk solution, and populate each binding site

stochastically with probability P (A)= Φ. We use the asymptotic form of the MS-WLC

expression [47] to predict the relative length of a segment as a function of the total force
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it experiences (external force + internal tension):

Lseg

Lsegc
= 1−

√
kBT

4(f + fint)lp
. (5.3)

We count the number of each type of segment (A-A, A-B, and B-B) to approximate

force-extension curves for HA decorated by a heterogeneous aggrecan population.

In our model, variability can arise due to two factors. The quality of aggrecan may

differ between samples; thus we make Φ a random variable. We will set the mean Φ̄ =

0.8, and assume Φ is normally distributed with a standard deviation of 10%. Addition-

ally, even without noise in Φ, the randomness inherent in the binding process leads to

fluctuations in the actual fraction of A aggrecans bound, as well as their arrangement on

the chain. For short HA tethers (e.g. ∼600 nm, or ∼20 binding sites), these fluctuations

from the average are significant. Our experimental setup invariably leads to polydisper-

sity in tether length: the tethers included in Fig. 5.5 range in length from ∼600 nm

to ∼5000 nm (∼200 binding sites). Thus, in our model, we select a contour length at

random from the set of 10 experimentally measured tethers.

Our model results qualitatively show that sample-to-sample variation in aggrecan

quality, along with random fluctuations in the actual bound population and arrangement

on short tethers, can lead to the kind of noisy data we observe experimentally. We

simulate 105 tethers, each with random Φ and Lc as described above. Force-extension

curves for the first 10 trials are plotted on the right side of Fig. 5.7. The histogram on the

left of Fig. 5.7 shows the low-force (0.1 pN) extension of all 105 tethers. With no sample-

to-sample variation (Φ fixed to 0.8), this distribution narrows significantly, suggesting

that sample quality variation is needed to explain the data. Further, our experiments

include two pairs of curves from tethers that were measured simultaneously and thus

experienced the same aggrecan sample (same Φ). These pairs of tethers show nearly
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Applied Force (pN)

Figure 5.7: Predicted force-extension curves for HA in a mixture of undamaged and
deglycosylated aggrecan. Right: Red dashed (blue dotted) curve shows the predicted
force-extension behavior for Φ = 1 (0). Black curves show predicted force-extension
for 10 tethers, each populated randomly with whole aggrecan and deglycosylated core
protein according to probability Φ, with Φ drawn from a distribution of mean Φ̄ =
0.8. For each tether, Lc is selected randomly as described in the text. Left: histogram
shows the length at 0.1 pN for 100000 simulated tethers. The shaded gray region
includes 95% of the data. The dashed lines indicate how this region would narrow if
there were no noise in Φ. Inset: schematic illustrating the 1D binding model and the
heterogenous tensions induced in segments throughout the chain.
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Figure 5.8: Two pairs of force-extension curves on HA tethers. Orange and blue
denote separate experiments, performed on different days with different samples of
aggrecan (both 2 mg/mL).

identical mechanical responses (Fig. 5.8), suggesting that sample-to-sample differences

in aggrecan quality are the major cause of the variability in the force-extension curves.

5.5.3 HA Structure on Short Length Scales

Prior work has shown that some HA-binding proteins, such as the proteoglycan ver-

sican G1, bind cooperatively and may induce higher-order helical structure in HA [132].

Such a structure would affect the HA chain on relatively short length-scales, and would

be measured as a decrease in extension under relatively high tension. It is known that

the aggrecan G1 domain binds to 5 disaccharide units [133], approximately equal to the

intrinsic HA persistence length. Bends on this length-scale would likely manifest as a

decrease in the fit persistence length [134].

We see no evidence that aggrecan binding alters the short length-scale structure of
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HA by inducing bends or helical superstructure. At sufficiently high force (significantly

greater than ∼1 pN, probing structural features smaller than l0p) we see no difference

between force-extension curves with and without aggrecan (example: Fig. 5.4C). Further,

in agreement with Liu et. al. [118], if we perform fits with persistence length as a free

parameter, we do not find a statistically significant difference in fit HA persistence length

with and without aggrecan when swelling is accounted for by an internal tension (bare

HA: lp = 6.6 ± 0.4 nm; with aggrecan: lp = 6.1 ± 0.7 nm, N = 10, reported errors are

standard error of the mean). We note that these estimates of the HA persistence length

are consistent with prior magnetic tweezers experiments [38], but are systematically larger

than estimates from AFM [119]; we attribute this to the general principle that high-

tension stretching systematically biases measurements to lower persistence lengths [135],

e.g. by force disrupting local interactions and secondary structure in the chain.

To confirm this, we performed experiments using an HA-binding aggrecan fragment,

G1-IGD-G2, which lacks the large CS-rich region that constitutes most of aggrecan’s

size and charge and is responsible for the large degree of swelling. Over the range of

forces which probe short length-scale structure, there is no discernible difference in the

response with and without G1-IGD-G2 (Fig. 5.9). Using SDS-PAGE, we qualitatively

confirmed the fragment can bind to HA (Fig. 5.10). These results are in agreement with

others who have found that unlike versican G1, aggrecan G1 does not bind cooperatively,

does not pack tightly on HA, and does not cause the same superstructures [136]. In

vivo, aggrecan binds HA alongside link protein in a ternary complex [17]. It remains a

possibility that link protein could induce higher-order structure in the HA at the center

of these complexes, even if aggrecan binding alone does not, as it has been suggested

that link protein induces cooperativity in aggrecan G1 binding [112].
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Figure 5.9: Example force-extension curves on a single HA tether with (green crosses)
and without (black squares) 0.8 µM G1-IGD-G2 aggrecan fragment.

5.6 Conclusions

We establish low-force stretching as a useful technique to detect and study proteo-

glycan binding to HA. Side chain induced swelling affects HA’s chain structure on long

length-scales: 10s to 100s of nm. Structure on these scales is sensitive to sub-piconewton

forces, accessible using magnetic tweezers. Here, we have used this technique to quantify

the expansion undergone by a single HA chain at the center of an HA-aggrecan bot-

tlebrush complex (see Fig. 5.4), and found that inter-aggrecan repulsion generates an

internal tension of about 0.5 pN. We have also examined the complexes under larger

stretching forces (∼1-10 pN) where all long length-scale structure has been pulled out

and we are sensitive to small structures (∼nm). At these high forces (short length-scales),

we find no difference in HA chain structure with and without aggrecan, indicating that

while aggrecan causes significant swelling of the random coil structure of HA, its binding

does not cause any local structure changes. While all experiments show swelling, we
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Figure 5.10: SDS-PAGE to verify binding of recombinant G1-IGD-G2 protein to HA.
Lane 0 shows the protein with no filtration steps. Despite its size of 74.3 kDa, the
protein migrates at around 100 kDa in SDS-PAGE. We placed samples of the aggrecan
fragment into two 100 kDa spin columns, A and B. Sample A contained only the
protein, while to sample B we added high-MW HA (Sigma-Aldrich, 1.25-1.5 MDa)
with binding sites in at least 100-fold excess over the added protein. We centrifuged
both samples. For sample A, with no HA, it is expected that much of the 74.3 kDa
protein will pass through the 100 kDa filter into the filtrate. If HA (which is too
large to pass through the filter) retains bound protein, we would expect filtrate B
to contain much less protein than filtrate A. Lane A demonstrates that much of the
protein passed through the 100 kDa spin filter into the filtrate, while lane B shows
that if high-MW HA is placed in the filter with the protein, very little protein passes
through to the filtrate.
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observe significant variability in the force-response of the aggrecan-decorated HA chains,

which is likely caused by polydispersity of the aggrecan. We use a theory of bottlebrush

polymers with previously measured physical parameters for aggrecan, and find that our

data are bounded by the expected limits for fully glycosylated and deglycosylated aggre-

can. In doing so, we demonstrate the sensitivity of the magnetic tweezers technique to

the molecular level degradation of proteoglycans, and connect the chemistry of aggrecan

to the mechanics of larger-scale structures in cartilage.

Our experimentally validated model quantitatively predicts how bottlebrush archi-

tecture leads to the expanded nature of the HA-aggrecan complex, which is crucial in

maintaining the structural integrity of cartilage. While swelling is expected from previous

work [14, 123], developing a firm physical basis for the system improves understanding

of the basic processes, and offers quantitative methods that can later be extended to

answer other biological questions. Aggrecan glycosylation undergoes slight changes with

age, but the more dramatic alterations to aggrecan structure occur in pathologic condi-

tions, where aggrecanase enzymes cleave the core protein, at times removing some or all

of the CS-attachment domain [109, 108]. The model presented here makes predictions

for how the complex structure will change in the case of reduced core protein size; future

work will explore aggrecan proteolysis and evaluate these predictions. Further, the in-

ternal tension/brush model will likely be useful to describe complexes of HA with other

proteoglycans (e.g. versican and brevican), which have a similar bottlebrush geometry,

but drastically different biological functions. In these various complexes, changes in the

bottlebrush structure will set the tension; this in turn will affect not only the extracel-

lular matrix mechanics, but also the force signals transmitted from the exterior to the

interior of cells, by means of the mechanosensitive HA receptor CD44 [137].
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Conclusions

6.1 Summary

This dissertation describes an experimental investigation of the interactions that mod-

ify long length scale random coil structure of flexible biopolymers. Magnetic tweezers,

which stretch polymers with subpiconewton forces, provide a method to precisely and di-

rectly measure the elastic response of single chains, from which we can infer information

about the underlying structure. This work is focused through the lens of hyaluronic acid

(HA), a linear biological PE whose solution conformation is determined by both intrinsic

molecular stiffness and inter-charge electrostatic repulsion.

The degree to which HA charges affect conformation is strongly salt-sensitive, moti-

vating a study of how ions– especially multivalent ones– can be used to control structure

in biological and biomaterials contexts. Before delving into HA-multivalent ion inter-

actions, we first revisit the question of how flexible biological PEs– HA, ssDNA, and

ssRNA– behave in monovalent salt. Combining new data with re-analysis of old data

[39, 57], we find the electrostatic stiffness of all three PEs appear to scale similarly with

ionic strength, with exponents in the range of -0.6 to -0.7. This is an apparent con-
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tradiction to prior work, but we caution that noisy data or algorithmic biases may be

obscuring small differences in the exponents, as these types of analyses can be very sen-

sitive. Nonetheless, after demonstrating the similar scaling laws, we further show that

the electrostatic stiffness data from the three PEs collapse onto a common curve after

accounting for differences in the inter-charge spacing. This seemingly universal behav-

ior provides a framework for interpreting the more complicated behavior of the PEs in

multivalent salt solutions.

In biology and biomaterials, PEs interact simultaneously with multiple salts of dif-

ference valences. It is unclear what behavior will result from the interplay of strong

multivalent ion interactions and weaker long-range screening by 1:1 salt. With this moti-

vation, we investigated HA in mixtures of 3:1 and 1:1 salt. From the HA model system,

we discovered a general behavior of flexible PEs in mixed valence salt solutions: that a

small amount of multivalent salt may entirely determine the PE’s conformation, with no

further changes upon addition of monovalent salt. This effect amounts to an insensitivity

to the solution’s ionic strength, and to our knowledge has not previously been observed

or predicted.

We experimentally demonstrated that the same effect– a chain length that does not

change with added 1:1 salt– also occurs in single-stranded DNA with 1 mM 2:1 salt.

Coarse-grained molecular dynamics simulations of HA-like and ssDNA-like chains in salty

solutions reproduce the effect and provide evidence that the PE conformations are still

determined by long-range electrostatics and not local chain structuring around bound

ions. The simulations also provide evidence of a condensed ion layer that is itself salt-

dependent.

In order to theoretically explain the ion environment observed in simulations, it is

necessary to define a local ionic strength, enhanced near the PE due to an excess of nearby

counterions. We develop a three-state model for condensing ions, where electrostatic
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interactions are screened by a local screening length given by a Donnan equilibrium

model. Our model predicts a renormalized PE charge spacing, and accounting for this

salt-dependent charge spacing explains the regime of constant chain size.

We next consider HA in a more complicated, biologically relevant architecture: as

the center filament in a biomolecular bottlebrush. We again use magnetic tweezers to

quantify the bottlebrush swelling effect undergone by HA as aggrecan (a large cartilage

proteoglycan, itself a bottlebrush) binds. We quantify the swelling effect in terms of an

internal tension of about 0.5 pN. Scaling theories for bottlebrushes and experiments with

enzymes point to chondroitin sulfate glycosylation of aggrecan as the most important

structural feature driving the effect.

In summary, we have conducted precision experiments on single chains of HA, a

PE with various biological roles and uses in synthetic biomaterials. HA’s simple linear

architecture and intermediate structural length scales make it a convenient model system

for the study of PE physics. Through experiments on HA, we were able to observe a

surprising new regime of PE behavior with clear relevance to biological solutions and

biomaterials. We also explore HA structure inside bottlebrush complexes with aggrecan,

and demonstrate that magnetic tweezers experiments are sensitive to the biochemical

structural features of the aggregates.

6.2 Future Outlook

HA remains an interesting system to study- both in terms of its biological roles, many

of which are not yet well-understood, and its physical properties, which can be used to

design and manipulate synthetic materials.

The success of the aggrecan bottlebrush experiments opens the door to future in-

vestigation of other biological HA complexes. There are many other proteoglycans with
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similar bottlebrush architecture to aggrecan, but with drastically different sizes and de-

grees of glycosylation. Using the techniques and theories outlined here, future work

could study how these structural differences control the mechanics in their respective

tissue matrices. Further work could also identify how other HA-binding proteins, for ex-

ample cartilage link protein, bind alongside the larger proteoglycans and alter structural

features. Enzymatic digestion of HA complexes, associated with various pathologies,

could also be investigated at the level of single complexes, with the aim of understanding

how structural changes in PCM components might be associated with changes in tissue

mechanics or cell adhesion behavior. Appendix C discusses preliminary results in some

of these areas.

There are also open questions about the physical properties of single HA chains in

solution, in particular how intra-chain interactions give rise to an intrinsic stiffness much

longer than the scale of the glycosidic linkages. H-bonds are known to play a role, and it is

thought that these H-bonds are water-mediated [42]. It is unclear how this hypothesized

structure (and potential disruptions thereof) affects HA physics. While the ion effects

discussed here appear to be well-accounted for by non-specific electrostatic interactions,

it is possible that certain ions at high enough concentrations may disrupt the H-bond

structure.

Additionally, future work is needed to follow up on the ion effects presented here,

especially with regards to if and how they manifest in bulk materials, e.g. HA hydrogels.

Multivalent ion and HA materials are already under investigation [33], and it would be

interesting to study whether the different regimes of chain behavior in multivalent ion

mixtures can be exploited to create responsive materials.
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Notation

A.1 Abbreviations

AFM Atomic force microscopy
BJ Barrat-Joanny

chABC Chondroitinase ABC
BAA Burak, Ariel, Andelman
CS Chondroitin sulfate
CI Counterion
DH Debye-Hückel
DLS Dynamic light scattering

dsDNA double-stranded DNA
ECM Extracellular matrix
GAG Glycosaminoglycan
HA Hyaluronic acid
KS Keratan sulfate
LP Link protein

MMP Matrix metalloproteinase
MS Marko-Siggia
MW Molecular weight
NA Nucleic acid
NO Netz-Orland
OSF Odijk-Skolnick-Fixman
PB Poisson-Boltzmann

PCM Pericellular matrix
PE Polyelectrolyte

PEG Polyethylene glycol
RMS Root-mean-squared

ssDNA single-stranded DNA
ssRNA single-stranded RNA
WLC Wormlike chain
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A.2 Symbols

a Effective ion size
ad Drag coefficient
b Kuhn length
c Concentration
d Structural charge spacing
deff Renormalized charge spacing
f Force
fint Internal tension
h Height of bead above surface
I Ionic strength
kB Boltzmann’s constant
kx Spring constant in x direction
L Extension of a stretched polymer
Lc Contour length
lp (Total) persistence length
l0p Intrinsic persistence length
lelecp Electrostatic persistence length
N Number of Kuhn monomers
R Flory radius, or RMS end-to-end extension
Ra Radius of attachment, mistethering radius
Rb Radius of magnetic bead
Ree End-to-end extension
Rcyl Radius of charge-neutral Donnan cylinder
Rg Radius of gyration
Rp Radius of precession
T Temperature
v Excluded volume
xi Mean distance between ions in bulk solution
Z Ion valence
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α Scaling exponent of lelecp with I
ε Dielectric constant
ε0 Vacuum permittivity
η Viscosity
γ Pincus exponent
κ−1 Screening length
κ−1DH Debye screening length based on bulk I
λ Inter-aggrecan spacing

µ, υ, y Scaling exponents in bottlebrush theory [74]
ν Flory exponent
ϕ Potential
Φ Fraction of undamaged aggrecan
τ Lag time
ξth Thermal blob size
ξ Tensile screening length
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Experimental Protocols

B.1 HA tether protocol

The following is based on a protocol originally developed by John Berezney:

This protocol is designed to be conducted over two days, with the magnetic tweezers
experiment on the second day.

Warning: Do not vigorously pipette-mix or vortex (on high) solutions containing high
molecular weight HA. The large shear forces can break the long chains. Gently mix on a
rotator or vortex on low (setting 3) if needed.

Materials

• 10 mM MOPS, pH 7

• 1 M sodium phosphate buffer, pH 7.2

• 1x Tris HCl buffer, pH 7.5

• 1 M NaCl

• Isopropyl alcohol

• Tween-20

• TCEP

• 18 x 18 mm glass coverslip

• Parafilm

• Rain-x hydrophobic coating
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• 2.5 µm polystyrene “reference beads” (Bangs Laboratories)

• 1 µm streptavidin functionalized carboxylated magnetic beads (Dynabeads MyOne
Streptavidin C1 beads, Invitrogen)

• Maleimide-functionalized, PEG-grafted glass coverslips (22 x 22 mm, Microsur-
faces)

• Thiol- and biotin-functionalized high molecular weight hyaluronic acid (Creative
PEGworks)

HA solubilization (Day 1) Functionalized HA is stored at -20oC under inert argon
gas. Make sure the tube stays upright. To prepare HA solution, first bring HA tube to
room temperature for about 1 hour on the benchtop. Prepare 1.5 mL of 1 mM MOPS
(pH 7), 10 mM NaCl in a 1.5 mL tube. Add ∼1.5 mg HA to the buffer tube. Vortex on
setting 3 (gentle) for 30 minutes. Put the HA buffer solution in the 4oC fridge overnight
for solubilization. Reseal the HA stock under argon and place upright in the -20oC
freezer. Note: Each experiment will use only a few µL of the HA solution. To conserve
material, divide the solution into aliquots and store at -80oC, where they will keep for
months or years. Avoid freeze-thaw cycles. Once thawed, an aliquot of HA solution can
be stored at 4oC for several weeks.

Bead passivation (Day 1) Magnetic bead stock vials are stored in the 4oC fridge.
Vortex the stock mixture on 10 for 5 x 2 seconds. Pipette 5 µL of the bead stock into a
small tube and add 45 µL 1x Tris HCl (pH 7.5). Pipette vigorously to mix. Place tube
on magnetic separator for 2 minutes, then pipette away supernatant, leaving beads. Add
another 50 µL Tris, mix, separate, and remove supernatant. Add 50 µL 1x Tris + 0.1%
Tween-20. Mix, and leave overnight in the 4oC fridge.

Flow cell construction (Day 1 or 2) Prior to use, clean hot plate by wiping with
isopropyl alcohol (IPA). Also clean tweezers with IPA. Preheat hot plate to 100oC. Re-
move the stock of polystyrene reference beads from the 4oC fridge and vortex on 10 for
10 x 2 seconds. Make the reference bead mixture: combine 1 µL polystyrene beads with
999 µL IPA. Deposit 15 µL onto the surface of a maleimide-functionalized glass coverslip
(22 x 22 mm), allow to completely air dry. Once dry, place coverslip on hot plate for 90
seconds; remove promptly.

Clean an 18 x 18 mm coverslip (non-functionalized) as follows: rinse in 1 M NaOH,
rinse in DI water, dry with compressed nitrogen, plasma clean on high for 3 minutes.
Remove from plasma cleaner and coat the top surface with hydrophobic Rain-x coating.

Construct the flow cell: sandwich the functionalized glass coverslip, parafilm with
channel cutout, and clean/coated non-functionalized glass coverslip as shown in Fig.
3.10. Melt the parafilm using a soldering iron, avoiding bubbles. If constructed prior to
the day of the experiment, store the assembled flow cell under vacuum in a desiccator.
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Bead passivation (Day 2) Place magnetic bead solution on magnetic separator for
2 minutes, then pipette off supernatant. Add 50 µL 1x Tris HCl (pH 7.5) + 0.03%
Tween-20.

Prepare HA (Day 2) Combine 1 µL HA solution (prepared prior) with 0.5 µL TCEP
and 8.5 µL 50 mM NaCl, 50 mM sodium phosphate (pH 7.2). Then add 10 µL of 0.03%
Tween-20, 50 mM NaCl, 50 mM sodium phosphate.

Flow cell preparation (Day 2) Pipette into the channel 15 µL of 0.1% Tween-20, 50
mM NaCl, 50 mM sodium phosphate (pH 7.2), incubate for 20 minutes. Rinse with 200
µL of 0.03% Tween-20, 50 mM NaCl, 50 mM sodium phosphate. Then add entire HA
solution prepared in previous step (20 µL), and incubate 30 minutes. Rinse with 200 µL
0.03% Tween-20, 5 mM NaCl, 1 mM MOPS (pH 7), and then rinse with 200 µL 0.03%
Tween-20, 1 x Tris HCl (pH 7.5). Do not add any Tris buffer to the flow cell until after
the HA-thiol has been reacted onto the maleimide, as Tris also reacts with maleimide.

Adding magnetic beads (Day 2) Take 5 µL passivated bead solution (prepared in
prior step), add 15 µL 0.03% Tween-20, 5 mM NaCl, 1 mM MOPS (pH 7). Place flow
cell on microscope. Once attached, vortex and add 15 µL bead solution to the opposite
end of the flow cell than will be used for subsequent rinsing. Incubate at least 10 minutes.
Rinse with at least 1 mL 0.03% Tween-20, 5 mM NaCl, 1 mM MOPS (pH 7). Once all
excess beads are gone, begin experiment.

B.2 Single-stranded DNA tether protocol

The following protocol was shared by Ian Morgan:

First, run PCR to produce double-stranded DNA:

Reagent Volume (µL)
Taq polymerase master mix –

Milli-Q ultrapure water 45
Primer 1 - JB15 (thiol) 10 µM 1.5
Primer 2 - JB16 (biotin) 10 µM 1.5

Lambda phage double-stranded DNA (50 ng/µL) 2
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Step Temp (oC) Time
1 95 30 seconds
2 95 30 seconds
3 59 30 seconds
4 68 4 minutes
5 Repeat 2-4 30x
6 68 5 minutes
7 4 hold

Clean with zymogen DNA cleanup kit.

Run terminal transferase on double-stranded DNA:

Reagent Volume (µL)
double-stranded DNA (45.3 ng/µL) 16

10x CoCl2 5
10x terminal transferase buffer 5

Milli-Q ultrapure water 21
1 mM dUTP-11-biotin (Sigma) 2.5
Terminal transferase enzyme 0.5

Step Temp (oC) Time
1 37 120 minutes
2 70 10 minutes
3 4 hold

Clean with zymogen DNA cleanup kit.

To obtain single-stranded DNA, thermally denature the double-stranded DNA by in-
cubating at 90oC for 10 minutes.

To permanently chemically denature and prevent intra-strand base pairing, subsequently
incubate with 1 M glyoxal for 1 hour.

The resulting denatured single-stranded DNA with thiol and biotin groups can be sub-
stituted for bifunctional hyaluronic acid in the previous protocol.
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Negative Results and Unfinished
Work

C.1 HA with very high monovalent salt

Recent surface forces experiments have suggested that as 1:1 salt increases above ∼1
M, the Debye length may reach a minimum and begin to increase again [138]. The study
suggests that when NaCl is in the range of ∼3–4 M, the Debye length may reach a few
nm in size. Hyaluronic acid’s stiffness in monovalent salt is sensitive to changes in this
range (< 100 mM, or κ−1 > 1 nm), as evidenced by Fig. 4.5 and Ref. [38]. Thus, we
aimed to test whether HA stiffness at very high salt could reflect this potential Debye
length anomaly.

We measured force extension curves on HA tethers in NaCl concentrations up to 3 M
(Figure C.1). If HA elasticity were to reflect the Debye length anomaly observed in Ref.
[138], we expect that the force-extension behavior in high (∼ 3 M) salt would revert to
that observed for low (< 100 mM) salt. However, our data do not show evidence of such
a reversal.

C.2 HA with cartilage link protein

In cartilage, aggrecan binds to HA alongside another protein, HAPLN1, also called
link protein (LP). This ternary binding to HA is thought to be cooperative, and the
presence of LP has been shown to increase the density of aggrecans bound to HA [112].
In our experiments, an increase in aggrecan density will lead to a larger swelling effect
in the HA. In the following, we performed experiments using commercially available
recombinant human LP to test whether LP and aggrecan together lead to more swelling
than aggrecan alone.

We performed experiments using recombinant human link protein from two commer-
cial sources. The first was HAPLN1 from Sino Biological (10323-H08H), expressed with
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Figure C.1: Force extension curves on a single HA tether in 10 mM MOPS (pH 7)
and NaCl ranging from 10 mM to 3 M.

113



Negative Results and Unfinished Work Chapter C

a C-terminal 10-His tag (hereafter designated LP-SB). The second was HAPLN1 from
Creative Biomart (HAPLN1-253H), expressed with an N-terminal 6-His tag attached via
a sequence with a thrombin cleavage site (referred to as LP-CB). The presence of the
positively charged His tags may interfere with binding to HA, and if not, are likely to
interact electrostatically with HA when bound. The LP-CB tag is cleavable, but we did
not remove it here. It is possible that removal of the His tag may reduce solubility of the
protein in water.

We first combined 0.8 µM LP-SB and 0.2 or 2.0 mg/mL aggrecan, and found that
LP-SB induced no additional swelling beyond aggrecan alone (Fig. C.2 A,B). The other
recombinant protein LP-CB (0.8 µM), added alongside 2.0 mg/mL aggrecan, appeared
to induce a slight lengthening relative to aggrecan alone in 3 out of 4 tethers measured
(one example shown in Fig. C.2 C), but the effect was very small. Overall, we do not
find convincing evidence that these recombinant link proteins are significantly increasing
the density of aggrecan binding.

It is expected that LP should increase the stability of the HA-aggrecan bond [112];
this should increase the unbinding timescale (measured without LP as ∼3 hours in Fig.
5.4). We compare unbinding with and without LP-CB by measuring HA tether extension
versus time, beginning at t = 0 when aggrecan (and LP, if present) were rinsed out of
the bulk solution. There does not appear to be a dramatic difference with and without
the added LP (Figure C.2 D).

Based on prior literature [112], it is somewhat surprising that the LP appears to
have little to no effect. However, in these preliminary experiments, we did not perform
controls to check the binding affinity of the tagged recombinant proteins to HA (we did
add 0.8 µM LP to HA without aggrecan, finding that LP-CB did not alter HA elasticity,
and LP-SB did, but the effect may be due to HA interactions with the 10-His tag). It is
thus possible that the recombinant proteins do not bind well to HA and aggrecan under
these conditions. Future work in this area will require more careful characterization of
the HA-binding proteins.

C.3 ADAMTS5 effects on the HA-aggrecan bottle-

brush

ADAMTS5 is a member of the aggrecanase family of enzymes, and is a candidate for
osteoarthritis associated aggrecan breakdown, as its expression in osteoarthritic cartilage
co-localizes with areas of decreased aggrecan [139, 140]. ADAMTS5 has activity at
several sites along the aggrecan core protein, including a cleavage site within the inter-
globular domain (TEGE373 374ARGS) [139]. Cleavage at this site will remove the entire
chondoitin sulfate domain, leaving just the binding domain attached to the HA chain. It
is expected that aggrecan cleavage in the interglobular domain will dramatically reduce
(or completely eliminate) the bottlebrush swelling effect discussed in Chapter 5. In
the following, we present preliminary single-molecule experiments showing the structural
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Figure C.2: A. Force extension curves on an HA tether in buffer (black circles), with
0.2 mg/mL aggrecan (pink squares), and with 0.2 mg/mL aggrecan and 0.8 µM LP-SB
(yellow diamonds). B. Force extension curves on an HA tether in buffer (black circles),
2 mg/mL aggrecan (red squares), and 2 mg/mL aggrecan and 0.8 µM LP-SB (yellow
diamonds). C. Force extension curves on an HA tether in buffer (black circles), 2
mg/mL aggrecan (red squares), and 2 mg/mL aggrecan and 0.8 µM LP-CB (green
diamonds). D. Extension of HA tethers at 0.2 pN versus time after rinsing out bulk
aggrecan. Gray points (reproduced from Fig. 5.4B) show two tethers after rinsing
out 2 mg/mL aggrecan (no LP), green points show two different tethers after rinsing
out 2 mg/mL aggrecan and 0.8 µM LP-CB. Dashed lines indicate range of expected
extension for bare HA in buffer. In all cases, solution conditions are 100 mM NaCl,
10 mM MOPS, 0.03% Tween-20, pH 7.
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effects of ADAMTS5 on the aggrecan-HA bottlebrush.
Recombinant human ADAMTS5 protein from R&D systems, 20 µg, was purchased

as a lyophilized powder and reconstituted in 100 µL ultrapure water, giving a protein
concentration of 200 µg/mL in 740 mM NaCl, 18.5 mM sodium acetate, and 7.4 mM
CaCl2. 10 µL aliquots were then frozen at -80oC.

Each experiment used 10-15 µL of the reconstituted ADAMTS5 solution, described
above. Prior to use, the protein solution was placed in a 10 kDa centrifugal filter, and
buffer (50 mM Tris HCl pH 7.5, 100 mM NaCl, 5 mM CaCl2, 0.03% Tween-20) was
added to give a total volume of 0.5 mL. It was centrifuged at 14000 x g for 20 minutes,
resulting in a concentrate volume of 20–30 µL. This volume (containing 2 µg ADAMTS5)
was added to the flow cell.

The supplier website measures the activity of the recombinant enzyme on a fluorogenic
peptide substrate (Abz-TEGEARGSVI-Dap(Dnp)-KK-NH2, containing the interglobu-
lar domain cleavage site sequence) to be 10 pmol/min/µg, measured at room temperature
in 50 mM Tris, 100 mM NaCl, 5 mM CaCl2, 0.05% Brij-35, pH 7.5.

We first perform a rough calculation to ensure we are adding sufficient enzyme to
digest all aggrecan. We estimate the amount of aggrecan that remains bound to HA
in the flow cell immediately after all aggrecan in the bulk solution has been rinsed out.
The dimensions of the flow cell channel are approximately 18 mm x 3 mm = 54 mm2.
We roughly estimate the HA tether density as 250 nm−2, or 10 HA tethers per 0.04
mm2 screen, giving a total of around 13500 tethers. Each HA is on average 2.5 MDa, or
about 6250 disaccaride repeat units. As in Chapter 5, we assume 26 nm between bound
aggrecans, meaning we expect 240 aggrecans per HA, and 3.24 x 106 aggrecans per flow
cell, or 5.4 x 10−18 moles (5.4 x 10−6 pmol). This calculation shows the enzyme added
(2 µg) is in extreme excess over aggrecan, even if the calculation is off by factors of 100s
or more.

Figure C.3 shows that addition of ADAMTS5 enzyme eliminates the aggrecan in-
duced swelling, likely due to digestion of the aggrecans bound to HA. In this experiment,
ADAMTS5 was added after removing aggrecan from the bulk solution, however, Fig. 5.4
shows very little aggrecan unbinding is expected on this timescale (<1 hour), and Fig.
C.3 C shows that without ADAMTS5 present, rinsing with digestion buffer does not
have an immediate effect on the force-extension curve of aggrecan-decorated HA (blue
x’s, black open circles).

Based on the assumption that ADAMTS5 cleaves at the inter-globular domain, we
expected that the HA binding domain would stay attached (for at least an hour or two)
and prevent new aggrecan from binding. Somewhat surprisingly, our experiments show
that digested aggrecan does not block new, intact aggrecan from binding to HA (Fig.
C.3 B,C, red circles). It is possible that the enzyme damages the HA-binding domain
of aggrecan such that it does not remain bound. Alternatively, it is possible that the
cleaved binding domains remain bound on HA, but due to their small size do not limit
aggrecan from binding, as aggrecan binding under these conditions may be limited by
aggrecan’s own large bottlebrush diameter.

116



Negative Results and Unfinished Work Chapter C

Figure C.3: A. Extension of an HA tether, pulled with f = 0.1 pN, decreases by about
200 nm after addition of ADAMTS5, indicated by the red arrow. B. Force extension
curves measured sequentially on the same HA tether: (1) black circles, 100 mM NaCl,
10 mM MOPS, pH 7, (2) red squares, 2 mg/mL aggrecan in the same buffer conditions
as (1) after 20 minute wait, (3) orange triangles, 2 mg/mL aggrecan in 5 mM CaCl2,
100 mM NaCl, 50 mM Tris HCl, pH 7.5, (4) blue diamonds, ADAMTS5 in 5 mM
CaCl2, 100 mM NaCl, 50 mM Tris HCl, pH 7.5, after >20 minute wait, (5) dark red
crosses, 2 mg/mL aggrecan in 100 mM NaCl, 10 mM MOPS, pH 7, after 20 minute
wait. C. Force-extension curves measured sequentially on another HA tether. Surface
adsorption lead to small (∼100 nm) vertical shifts, so plotted extension is normalized
to 8 pN. (1) Black circles, 100 mM NaCl, 10 mM MOPS, pH 7, (2) red filled squares, 2
mg/mL aggrecan in same buffer conditions as (1), (3) blue diamonds, ADAMTS5 in 5
mM CaCl2, 100 mM NaCl, 50 mM Tris HCl, pH 7.5, (4) gray circles, same conditions
as (1), (5) red open squares, 2 mg/mL aggrecan, same conditions as (2), (6) blue x’s,
5 mM CaCl2, 100 mM NaCl, 50 mM Tris HCl, pH 7.5, (7) black open circles, same
conditions as (1) again.
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Figure C.4: Force extension curves measured sequentially on the same HA tether: (1)
Black x’s, 100 mM NaCl, 10 mM MOPS, pH 7, (2) black open circles, 5 mM CaCl2,
100 mM NaCl, 50 mM Tris HCl, pH 7.5, (3) purple diamonds, 2 mg/mL aggrecan
after 30 minute pre-addition incubation with ADAMTS5 enzyme in the same buffer
conditions as (2), and after 20 minute wait to allow binding, and (4) blue triangles, 2
mg/mL aggrecan in the same buffer conditions as (1), after 20 minute wait to allow
binding.

In order to test the latter explanation, we attempted to digest the aggrecan before
adding it to the flow cell. In this way, we expected to saturate the chain with HA-binding
fragments. We combined 0.1 mg aggrecan and 0.2 µg enzyme in 50 mM Tris HCl pH
7.5, 100 mM NaCl, 5 mM CaCl2, 0.03% Tween-20, and let the reaction proceed at room
temperature for 30 minutes. Under the assumption that the specific activity quoted for
the peptide is similar to that on physiological aggrecan (neither we nor the company have
tested this), this amount of enzyme would be sufficient to digest all aggrecan present,
however, our experiments suggest that much of the aggrecan remained intact and able
to swell HA.

Figure C.4 shows the results of this experiment. The aggrecan that had been mixed
with ADAMTS5 prior to the experiment still induced a large amount of swelling in the HA
chain (compare purple diamonds to black symbols in Fig. C.4). Subsequent addition of
new aggrecan, which had not been mixed with ADAMTS5, induced only a small amount
of additional swelling (blue triangles, Fig. C.4). The small increase in extension upon
addition of new aggrecan may be due to the effects of the enzyme, however, could also
result from the different buffer condition. It is likely that the enzyme activity is much
lower than expected on tissue purified aggrecan under these experimental conditions.

Future work in this area will need to more carefully optimize the digestion conditions
and use SDS-PAGE to verify what aggrecan fragments are being produced.
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