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Abstract

Associating polymers have attracted much interest in a variety of applications such as self-
healing materials, biomaterials, rheological modifiers, and actuators. The interplay of polymer
topology and sticker chemistry presents significant challenges in understanding the physics of
associating polymers across a wide range of time and length scales. This thesis aims to provide
new insights into the structure-dynamics-mechanics relationships of associating polymer networks.

This thesis first examines diffusion of various types of associating polymers in the gel state
through a combination of experiment and theory. By using forced Rayleigh scattering (FRS),
phenomenological super-diffusion is revealed as a general feature in associating networks.
Experimental findings are quantitatively explained by a simple two-state model that accounts for
the interplay of chain diffusion and the dynamic association-dissociation equilibrium of polymer
chains with surrounding network. Furthermore, hindered self-diffusion is shown to directly
correlate with a deviation from the Maxwellian behavior in materials rheological response on the
long time scale. To further understand how sticker dynamics affects the network mechanical
properties, a new method referred to as “sticker diffusion and dissociation spectrometry” is
developed to quantify the dissociation rate of stickers in the network junctions. It is demonstrated
that sticker dissociation is a prerequisite step for sticker exchange that leads to macroscopic stress
relaxation. Finally, this thesis explores the use of fluorescence recovery after photobleaching
(FRAP) to measure self-diffusion of associating polymers, and a mathematical framework is
established.

The second part of this thesis focuses on the development of new methods of controlling
the mechanical properties of associating networks through engineering the molecular structure of
polymer chains. Specifically, topological entanglement is introduced into the network through
extending the polymer chains to reach beyond their entanglement threshold. This strategy
drastically enhances material’s toughness, extensibility, creep resistance and stability in solutions.
Various types of coupling chemistries are then explored to fine tune the extent of entanglement.
The entanglement effect and the long-time relaxation of materials can be further controlled by
introducing branching points into the macromolecules.

Thesis supervisor: Bradley D. Olsen, Paul M. Cook Career Development Associate Professor of
Chemical Engineering
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Chapter 1 Introduction

1.1. Associating Polymers and Associating Networks: Definition, Properties and

Applications

Associating polymers are a family of macromolecular architectures with bonds as pendant
side groups or at the chain ends that undergo reversible association and dissociation. These bonds
are primarily based on physical interactions such as hydrogen bonding!?, electrostatic

12, m-n stacking®®,

interactions®3, metal-ligand coordination® '°, host-guest complexation!"
hydrophobic interactions!* or a combination of various interactions'>!7. Alternatively, these bonds
can be formed by reversible chemical reactions such as transesterification'® and formation of

2223 or hydrazone?* bonds. All of these associative motifs

disulfide'” ?°, hindered urea?!, oxime
are colloquially referred to as “stickers” in the literature, and this nomenclature is adopted
throughout the following sections. The internal energy of these associating domains is usually on

the order of 1-10 487.2>*’ The low energy barrier permits associative bonds to break and reform

at appreciable rates due to thermal fluctuation or when triggered by mild stimuli.?3

Associating polymers can form a network when the polymer concentration is above a
certain threshold, normally referred to as the gelation concentration.?® Compared to networks
where all junctions are built from permanent covalent bonds, associating networks have junctions
that are transient, undergoing dissociation and recombination. As a result of the dynamic nature
of the bonds, the constituent macromolecular building blocks are allowed to diffuse within the
networks on length scales greater than the radius of gyration of the strand. These two features
provide a molecular basis for dynamic rearrangement of the network structure, as well as more

pronounced responsiveness to external stimuli compared to the permanent covalent network.
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Associating polymers have a wide variety of applications across many disciplines, all of
which exploit the dynamic properties arising from the reversible formation of junctions.’®:3! For
example, associating networks have shown intrinsic self-healing properties.” 1% 212332 A small-
feature damage can be autonomously repaired within a short duration of time under ambient
conditions or when triggered by external stimuli.’?® Associating networks have also gained
increasing popularity in biomedical areas. Compared to covalent networks where the small-strain
mechanical responses are often time-independent, associating networks show significant stress
relaxation.’® This phenomenon is also found in soft biological tissues such as brain®> and liver’,
This mechanical similarity promotcs the usc of associating nctworks as synthctic cxtraccllular
matrices for tissue engineering applications and for understanding the fundamentals of cell-matrix
interactions.?* 323739 [n particular, associating networks can be used as injectable biomaterials
promising for minimally invasive surgery applications.*#?> The injectability takes advantages of
the force-activated junction dissociation, typically shown as shear thinning, and the rapid
reformation of network junctions and recovery of network properties after removal of shear.***
Compared to other injectable hydrogels based on in situ multicomponent polymerization reactions,

43, 46

this shear-thinning injection mechanism achieves faster gelation®- *°, eliminates the risks of using

43,46-48

potential toxic compounds and leaking of gelation components in the liquid state, and allows

better control over the in vivo properties of the gels from ex vivo characterizations®. Current
research in this area has been focused on engineering junction stability and yield stress to improve

the materials performance to meet application demands.**%°

Precise control over the properties of associating networks requires a deep fundamental
understanding of their structure-property relationships. First, one should always consider if an

associating network reaches an equilibrium state or it is somehow kinetically trapped during phase
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50-36 Second, from a dynamics perspective, junction dissociation and reassociation

separation
might affect the time scales associated with relaxation of polymer chains on the submolecular, the
molecular, and even the supramolecular level.>”%* Third, the mechanical properties of associating
networks can be extremely time sensitive. The viscoelasticity of associating polymer networks
can be drastically changed compared to the bare polymers without any associating groups.*® 367
Flow properties under force activation is another complication that invokes the knowledge of
thermodynamics and dynamics of associative junctions.* 77 Qverall, the effect of junction
properties on the thermodynamics, dynamics and mechanics of associating networks becomes
even more complicated and technically challenging due to non-trivial differences between intra-
and inter-molecular associations, which may strongly depend on polymer concentrations and
molecular structure.’$¢1: 788! n addition, one should consider structural, dynamic and mechanical

55,61, 81-89

inhomogeneities on varying length scales within the networks.

1.2. Gelation of Associating Polymers

Investigation of the structure-property relationships of associating networks is only
meaningful when associating polymers form a single gel phase. Therefore, it is important to
understand the physics governing the sol-gel transition of associating polymers. This section
summarizes the theoretical approaches for studying reversible gelation of associating polymers in
the single phase regime. Two main questions are addressed in this section. First, how does one

accurately determine the physical gelation point? Second, what is the physical origin of gelation?

In the strong association regime where the associative bond energy is larger than k87, one
would expect that associating networks behave similarly to the ones formed by permanent covalent

bonds on time scales shorter than the bond lifetime. Therefore, the sol-gel transition of associating
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polymers can be estimated by the well-known mean-field Flory-Stockmayer gel point®, which
was first developed to evaluate the gelation point in irreversible polycondensation reactions that
involve multifunctional crosslinkers. Note that the original theoretical formulations from Flory®!
and Stockmayer*? are different in the treatment of intramolecular cyclization in the post gel regime.
The Flory-Stockmayer approach assumes that a percolated network has infinite size and yields
estimates of the gel point depending on the junction functionality and stoichiometry of different
functionalities. However, this estimation is only strictly valid for end-associating polymers that
are above the overlap concentration, since the Flory-Stockmayer gel point does not consider the
influence of the polymeric backbone and the sticker position. Additionally, this theory neglects
the formation of intramolecular loops, which introduces inaccuracy in further dissecting the

structure-property relationship of associating polymer networks.

Gelation of polymers with pendant associating side groups can be described by the theory
developed by Semenov and Rubinstein®®. Their approach accounts for the connectivity between
stickers by polymer chains, and it generalizes the mean-field approach by considering the excluded
volume interactions due to polymer swelling and the formation of intramolecular association. This
theory suggests that physical gelation occurs at a much lower polymer concentration with
increasing sticker association energy (when the chain excluded volume interaction is sufficiently
strong) and with increasing number density of stickers. Many experimental findings®**> have
shown qualitative agreement with the theory, but quantitative validation of the theory has not yet
been achieved, largely due to the difficulty to measure the parameter of effective bond volume>

for calculating the gel point.

In the weak association regime where the sticker association energy becomes comparable

to the thermal energy k87, percolation may not necessarily lead to gelation. Kumar and Douglas®
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argue that the gel point for weakly associating polymers should better be determined by the abrupt
change in dynamic properties such as the sticker lifetime and chain diffusivity. Such a definition
of the gel point is similar to the method by which it is usually measured experimentally. In their
phase diagram generated by Monte Carlo simulation, the thermoreversible gelation is described
by a “clustering line” that captures the onset of chain clusters connecting with each other. Ata
given reduced temperature, the calculated clustering line separates far from the geometric
percolation line with increasing polymer volume fraction, suggesting that geometric percolation is
necessary but not sufficient for true gelation. The observations by Kumar and Douglas have been

°7.98 "and systematic investigations

partially supported by a limited number of experimental studies
are needed to further distinguish definitions of gel point from the structural and mechanical

perspectives.

Finally, it should be pointed out that the theories and simulation results mentioned above
to understand and estimate gel points are primarily focused on associating polymers with stickers
being placed along the backbone or at the chain ends. Physical gelation of associating polymers
of other molecular architectures should be explained by theories specifically formulated for the
type of molecular architecture and mesoscale network structure. For instance, diblock polymers
in a concentrated solution can form gels with different ordered nanostructures. Here, the gel point
is determined by the packing geometry and is largely governed by thermodynamics that drives
microphase separation.'®*® The gelation mechanisms for biopolymers such as gelatin, agarose,
collagen or artificially engineered polypeptides are even more complicated, which usually invoke

53, 100-102

theories of spinodal decomposition and nucleation. In these cases, guidelines for

quantitative estimation of gel point are not available.
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1.3. Dynamics of Associating Polymer Networks

There are two main theoretical frameworks for understanding dynamics of associating
polymer networks, one developed by Leibler, Semonov, Rubinstein and Colby®’!, and the other
formulated by Cates and Candau’® %3, Both of the two theories are built upon the classical polymer

67

theories on dynamics®’, such as the Rouse and Zimm relaxtion for unentangled polymers and

reptation for entangled polymers.

The sticky Rouse and reptation theories developed by Leibler, Semonov, Rubinstein and
Colby use scaling analysis to consider the effect of associative stickers on polymer dynamics by
extending the classic Rouse and reptation theories on polymers without any stickers.3”®! The
original theoretical formulation is focused on modeling linear polymers with many pendant
divalent associating side groups that are regularly spaced along the polymer chain. There are
multiple key predictions from the theories. First, the fraction of intermolecular bonds increases
with polymer concentration. Second, the the lifetime of junction is prolonged in the polymer
networks especially at high concentration because dissociated stickers cannot easily find another
open partner for exchange and most likely end up reassociating with the original sticker partners.
Note that the theories assume that junction breakage is caused by the self-dissociation of the two
stickers. Third, the presence of the stickers yields a very strong dependence of dynamic properties
on polymer molecular weight, polymer concentration (or volume fraction) and sticker density. The
scaling exponents in these relationships are much larger than the ones in ordinary, non-associating
polymers. The full spectrum of predicted scaling regimes for the junction relaxation time z, the
zero-shear-rate viscosity #o and the chain diffusivity D by the sticky Rouse and reptation theories
are summarized in Table 1-1 to 1-3, where the numerical values of scaling exponents in the last

columns of the tables are calculated based on good solvent condition. If the polymer volume

25



fraction is below the entanglement threshold (ge), the sticky Rouse theory should be used;
otherwise the sticky reptation theory should be employed. It should also be pointed that the sticky
Rouse and reptation theories are formulated separately. One should be cautious when considering

the transition from the sticky Rouse to the sticky reptation regime.

Some experimental investigations have shown qualitative agreement with the scaling
relations on junction relaxation time and zero-shear-rate viscosity that are predicted by the sticky
Rouse/reptation theories.®> 193-19 Quantitative differences between theories and experiments are
attributed to the details in molecular characteristics of associating polymers, such as mobility of
the junctions (especially for metal-ligand coordination bonds)®> 193 dispersity of the polymer
building blocks®®, and irregular spacing between stickers®®. Experimental validation of the entire
spectrum of scaling regimes shown in Table 1-1 to -3 might be technically intractable due to the
difficulty in synthesis of polymers with extract same characteristics formulated in theories (large
number of stickers and high degree of polymerization between stickers) and the narrow widths of

the scaling regimes found in nearly all existing experiments.

The theory developed by Cates and Candau focuses on living polymers from end-
associating telechelic polymers that can undergo reversible linear chain extension or from
assembled tubular micelles.> ®* When the molar mass of the linearly polymerized polymers is
above the entanglement threshold, relaxation of the supra-macromolecules is affected by the
interplay of reptation of polymers and the kinetics of junction breakage and recombination. More
specifically, if the junction lifetime is shorter than the reptation time, junction breakage can
significantly affect the relaxtion process of the associative networks before the polymers fully
explore the tube. For polymers well above the entanglement threshold, the Cates-Candau theory

predicts the following scaling laws under good solvent condition:
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(1) terminal relaxation time 7 ~ ¢';
(2) chain diffusivity D ~ ¢7'%7;

(3) zero-shear-rate viscosity o ~ >33,

where ¢ is the volume fraction of the living polymers. Experimental studies on systems from end-

associating polymers to wormlike surfactant micelles agree well with the theory.53- 106-108

Existing experimental examinations on the dynamic properties of associating networks
have been mostly focused on the junction relaxation time and the zero-shear-rate viscosity; both
properties are often probed by shear rheology. Fewer have systematically investigated self-
diffusion of polymers chains within the networks.®® 6% 66109 110 preyious works have employed
either fluorescence recovery after photobleaching (FRAP) or pulse field gradient nuclear magnetic
resonance (PFG-NMR) to measure self-diffusion. In these measurements, the diffusivities are
typically larger than 10" m?s, and slower diffusion processes have not been reported.
Additionally, self-diffusive behavior can be rather complicated because of its intrinsic dependence
of diffusion length scales. This also adds challenges to experimental measurements to access a

wide range of length scales.
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Table 1-1. Scaling exponents of the sticker lifetime t as a function of polymer volume fraction ¢ in transient networks. Adapted from reference

65.
Concentration range Description Scaling exponent Value

Sticky Rouse Model
@ < Pren Unrenormalized bond lifetime; transfer of intra- to intermolecular association (2 +2z)/ (3v—1) 3.2
Pren <@ < s Renormalized bond lifetime; transfer of intra- to intermolecular association 6+7z)/(6v-2) 4.96
Ps < <@, Renormalized bond lifetime; mostly intermolecular association z/(6v-2) 0.17
Sticky Reptation Model
Pe <P < Pren Unrenormalized bond lifetime; mostly intramolecular association (B3+22)/3v-1) 2.9
Pren < @ < Qs Renormalized bond lifetime; transfer of intra-to intermolecular association (4 +3.52)/(6v-2) 3.13
Os <P < Qe | Renormalized bond lifetime; mostly intermolecular association (1+052)/(GBv-1) 1.46
Pre <@ <1 Renormalized bond lifetime; entangled strands between stickers (1.75+0.52) /Bv—-1) 244

Note: gren is the critical volume fraction at which stickers transition from intra- to intermolecular association, ¢ is the overlap volume fraction of

the polymer segments between stickers, ¢. is the polymer entanglement volume fraction, and g is the entanglement of polymer segments between

two stickers. v is the Flory exponent, and its value at good solvent condition is 0.588. z is the parameter quantifying the excluded volume effect,

and z = 0.225 at good solvent limit. The notations are the same for Table 1-2 and 1-3.
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Table 1-2. Scaling exponents of the zero-shear-rate viscosity #o as a function of polymer volume fraction ¢ in transient networks. Adapted from

reference 65.

Concentration range Description Scaling exponent Value
Sticky Rouse Model

O < Pren Unrenormalized bond lifetime; transfer of intra- to intermolecular association 1+ (2+22)/(3v-1) 4.2
Pren < @ < s Renormalized bond lifetime; transfer of intra- to intermolecular association 1+(6+72)/(6v-2) 5.96
Ps < <@, Renormalized bond lifetime; mostly intermolecular association 1+z/(6v-2) 1.17
Sticky Reptation Model

Pe <P < Pren Unrenormalized bond lifetime; mostly intramolecular assciation (3+3v+22)/(3v-1) 6.8
Pren < @ < s Renormalized bond lifetime; transfer of intra- to intermolecular association (4+3v+3.52)/(3v-1) 8.58
Ps <@ <Pl Renormalized bond lifetime; mostly intermolecular association (1+3v+0.52)/(3v-1) 3.77
pe<p<l Renormalized bond lifetime; entangled strands between stickers (1.75+3v+0.52) / Bv—-1) 475
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Table 1-3. Scaling exponents of the chain diffusivity D as a function of polymer volume fraction ¢ in transient networks. Adapted from reference

65.

Concentration range Description Scaling exponent Value
Sticky Rouse Model

@ < Pren Unrenormalized bond lifetime; transfer of intra- to intermolecular association —(2v +2z+1)/(3v-1) —3.44
Bren < @ < s Renormalized bond lifetime; transfer of intra- to intermolecular association —2v +3.5z2+2)/(Bv-1) -5.19
s <@ < Qe Renormalized bond lifetime; mostly intermolecular association —(2v +05z+1)/GBv-1) -3
Sticky Reptation Model
P <@ < @ren Unrenormalized bond lifetime; mostly intramolecular association —2v +2z2+2)/3v-1) —4.75
Pren < @ < @ Renormalized bond lifetime; transfer of intra- to intermolecular association —2v +1.75z+ 1)/ Bv-1) -3.36
Ps <P < @re Renormalized bond lifetime; mostly intermolecular association —(2v +0.52)/3v-1) -1.69
Pe<p<l1 Renormalized bond lifetime; entangled strands between stickers —2v +0.5z+0.75)/3v—-1) -2.67
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1.4. Mechanics of Associating Polymer Networks

Theoretical studies on mechanics of transient networks date back to the year of 1946 when
Green and Tobolsky!!! formulated the first transient network theory. They hypothesize that the
network junctions break and reform at equal rates and assume affine network deformation
originally formulated in the theory of rubbery elasticity. The Green-Tobolsky theory shows for
the first time that the junction dynamics directly plays an important role in continuum network
mechanics. Specifically, the equation of motion in a shear process reduces to the well-known
Maxwell model and the zero-shear-rate viscosity becomes the plateau modulus divided by the
junction exchange rate. However, the Green-Tobolsky theory oversimplifies the junction

exchange dynamics and neglects the influence of chain Rouse/reptation time on junction dynamics.

Tanaka and Edwards®-7% 12 |ater generalized the Green-Tobolsky theory by considering a
more realistic molecular picture where the junction destruction and recreation rates are two
different functions of the end-to-end distance of a network strand. Junction breakage is induced
by an exerted tension within the network strand or by an instantaneous tension raised by Brownian
motion, whereas junction recombination depends on the chain end-to-end distance distribution and
the recombination probability. When junction reformation is slower than dissociation, dangling
chains should exist in the transient networks. Additionally, they reason that dangling chains should
not be responsible for stress relaxation since chains completely relax before rejoining a new
network junction and friction arising from chain movement is negligibly small compared to the
energy dissipated by the breakage of junctions. The Tanaka-Edwards theory also predicts a
breakdown of the Cox-Merz rule, suggesting that associating polymer networks might be
rheologically complex. Finally, the Tanaka-Edwards theory allows forces to transmit from one

junction to another, which represents a significant advancement for recognizing the interactions
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between network junctions. This theory, however, does not distinguish the intramolecular bonds
from the intermolecular ones, which usually underestimates the concentration effect on many
rheological properties. Moreover, the assumption that dangling chains do not contribute to
network mechanics might not hold. Many other theoretical and experimental works 7+ # have

explicitly shown that dangling chains have an effect on network mechanics.

To account for the effect of chain topology on network mechanics, Annable et al.'!3

explicitly consider chains in different states including a bridged chain with both ends attached to
different micelles, a looped chain with both ends attached to the same micelle, a dangling chain, a
free chain, and a free loop. This topological variability also allows molecular building blocks to
form complex architectures such as superbridges and superloops. By considering the
transformation of chain topology as a function of polymer concentration, their theory and
simulation are able to capture the concentration effect on network mechanics and show good
consistency with experiments. In addition, these authors examine the relaxation of a network
composed of polymers with different end associating groups. They find that different junctions
relax independently because Rouse relaxation of network strands precedes reformation of network
junctions. However, it should be noted that their implementation of Monte Carlo simulation is
based on some simplified or even inaccurate assumptions. For instance, their sampling methods
are biased towards to configurations with closed stickers, and the sticker positions are fixed in

space.

Later, Tripathi et al. construct constitutive models to describe linear and nonlinear
rheological properties of associating networks from telechelic associating polymers. To calculate
the stress response in shear and extensional flows, they account for contributions from both bridged

and dangling chains and the finite extensibility of the network strands. By further refining the
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assumptions of the Tanaka-Edwards theory, they reason that the energy landscape between the
associative and dangling states is significantly altered by an imposed stress, thus resulting in
nonlinear chain association and dissociation rates that depend on junction association energy and
chain deformation. Their molecular picture leads to successful predictions of the zero-shear-rate
viscosity, small-amplitude oscillatory shear response, and nonlinear features such as shear
thickening followed by shear thinning, which all quantitatively agree with experimental
measurements on hydrophobically modified ethoxylate-urethane (HEUR) polymers at varying
concentrations. However, it should be noted that their models do not include the effect of looped
chains. Even though the models show success in capturing mechanical properties of the polymer
networks in the semi-dilute unentangled regime, it is expected to cause non-negligible deviation

in the dilute limit.

Recently, Sing et al.”* adopt a different theoretical approach to examine dynamics of
telechelic associating polymers in networks using a set of Smoluchowski reaction-diffusion
equations. They numerically evaluate the end-to-end distance distribution of finite extensible
dumbbells to extract the fractions of bridged, looped and dangling chains in the networks at the
quiescent state and under shear flows. A non-monotonic shear stress profile is observed as a
function of shear rates in the slow dissociation regime where the end group dissociation rate is
nearly two orders of magnitude smaller than the Rouse time of the polymer chains. At high shear,
chain tumbling is observed for the first time, which promotes the reformation of bridges,
suppresses loop formation and leads to a steady state plateau modulus in the large strain-rate
regime. Chain tumbling is also responsible for the stress overshoot in start-up shear experiments.
This investigation considers interconversion of bridged, loops and dangling chains under shear,

providing new methods to interrogate the structural origin of rheological response of transient
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networks. However, this single-chain approach has an inherent limitation because it does not
consider higher order chain architectures and their effect on network mechanics; this scope of

research might be better explored by simulation methods such as Brownian dynamics’h 72,

molecular dynamics®” ''* or Monte Carlo (sometime in conjunction with molecular dynamics) ''>

115,116

The transient network theories described above provide insight into associating network
mechanics. First, network relaxation is largely affected by the exchange rate of junctions, but the
actual relaxation process can be complicated by the chain relaxation motions and thus may not be
captured by the simple Maxwell model. Second, network modulus depends on the chain
microstructure and can be highly sensitive to polymer concentrations. Third, the structure-
mechanics relationship of associating networks is altered substantially under external mechanical
forces. While these theories are able to qualitatively explain and even predict changes of network
mechanical properties according to molecular parameters, quantitative descriptions remain true

challenges.

The linear mechanical properties of transient networks over a large time or frequency
window are often experimentally measured by small-amplitude oscillatory shear experiments.*>
13 Three important features are usually observed for rheological response of transient networks,
the high-frequency plateau modulus, the crossover between elastic and loss moduli, and the
terminal relaxation (see representative data in Figure 1-1).% %24 43,64.66.79,103, 113 Congigtent with
the theoretical descriptions, multiple relaxation modes are seen in some cases, and constitutive
modeling of the rheological response requires more than one Maxwell element or more
complicated models.2% 43 64 66. 117. 118 Dyeviations from the Maxwell model are often observed in

the high-frequency and the low-frequency limits, but they have distinct physical origins. In the
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low frequency limit, associative interaction between stickers can delay the relaxation of Rouse
segments of low relaxation modes, which introduces another relaxation mechanism and manifests
as a new elastic plateau.* %% % Experimental observations of this kind are referred to as the sticky
Rouse relaxation.* ¢ In the high frequency limit, motion of the junction point itself or the Rouse
relaxation of individual polymer chains may also introduce an additional relaxation mechanism,
which is often seen as a separate peak in the loss modulus.” ''7 However, this is only rationalized

in the micellar networks, and generalizations to other systems have not yet been achieved.** % '!7
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Figure 1-1. Representative small-amplitude oscillatory shear response of associating networks. Data

was taken on telechelic coiled-coil protein gels.

The elastic modulus of associating networks is arguably the most important property and
dictates their applications. However, it is still very difficult to predict network modulus based on
structural information of associating networks. Current methods of correlating network modulus
44,76, 86, 103, 119,

with chain topologies still largely rely on the affine and phantom network theories,

120 which are still unproven despite being widely used. An alternate approach is to construct
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simplified models designed for particular systems based on the thermodynamics and other

780 In most cases, these two methods can only yield

characteristics of the network junctions
estimates on the number of elastically effect chains, but such estimations are difficult to justify.
Although experimental methods'?!"12> have been developed to quantify the network defects such
as primary loops and dangling chains in covalent networks, to the best of the author’s knowledge,
direct measurements of network imperfections in associating networks have not been realized.

Furthermore, when the networks stands do not behave as Gaussian chains, the structure-modulus

relationship can be even more complicated.!?% 127

Much experimental effort has also been devoted to correlating the isolated junction
exchange dynamics (microscopic properties) to network relaxation (macroscopic properties). The
exchange rates of different isolated, associative bonds in dilute solution have been measured by
nuclear magnetic resonance'® 12 (such as exchange spectroscopy or coalescence experiments) or
by fluorescence quenching!?. These measured junction exchange rates are found to directly
correlate with the longest relaxation time of the network'? or yield a master flow curve by

128, 130 However, quantitative

renormalizing the shear rate dependent network viscosity
relationships have not yet emerged. All of these experiments support the argument that junction
dynamics greatly controls materials relaxation. However, it should be emphasized that the
majority of the existing measurements on junction kinetics are performed in dilute solutions where
the effects of the connectivity of stickers to the macromolecular architecture and crowding are not
considered. Intheory, the exchange rate constant should not exhibit any concentration dependence,
but network relaxtion has been shown to be concentration dependent®®- 63656680 Therefore, all

of these measurements cannot explain the concentration effect on network relaxation, and direct

measurement of the exchange rates between junctions is still lacking.
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1.5. Thesis Aims and Overview

This thesis aims to advance our understanding of the structure-property relationships of
associating polymer networks and to develop new methods to increase the mechanical tunability
of associating networks. The remaining parts of this thesis are organized as follows. First, Chapter
2 describes model associating polymers used in this thesis and summarizes key experimental
methods for their synthesis and characterization. Chapter 3 provides the first experimental
measurement of self-diffusion of unentangled linear artificial proteins in gels over multiple length
scales by forced Rayleigh scattering (FRS), and the observation of anomalous diffusion is
correlated to the macroscopic sticky-Rouse-like rheological response of the gels. Chapter 4
demonstrates the generality of anomalous diffusion through studying a new mode! network formed
by star-shaped poly(ethylene glycol) polymers transiently linked to Zn?" in a polar organic solvent.
Quantitative comparisons between self-diffusion and tracer diffusion are discussed in detail from
analysis with a proposed two-state model. Chapter 5 shows a new type of anomalous self-diffusion
in a new model transient network formed by linear poly(N,N-dimethylacrylamide) polymers with
pendant histidine side groups complexed to Ni** in aqueous buffer. This chapter also provides a
new method termed as diffusion spectroscopy to directly measure junction dissociation in gels.
Chapter 6 describes initial efforts in measuring self-diffusion of associating polymers using
fluorescence recovery after photobleaching (FRAP). A new mathematical framework in analyzing
diffusion data using the two-state model is developed to fully utilize the spatio-temporal
information in FRAP measurements. Preliminary comparison between FRAP and FRS is also
given. Chapters 3-6 together provide new insights into the emergent phenomenon of self-diffusion
of associating polymers. Chapter 7 develops a new method to control the mechanical properties

of artificially engineered protein hydrogels. Specifically, topological entanglement is introduced
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to the coiled-coil protein gels to effectively modulate the low-frequency elastic modulus, creep
and recovery, toughness, extensibility and surface erosion. Experimental results are discussed in
light of the sticky reptation theory. Chapter 8 systematically compares the performance of four
different chain extension chemistries targeting cysteine residues on the proteins. Entangled,
branched proteins are also synthesized, and the effect of branching on the mechanical properties
of networks is discussed. The studies in Chapters 7-8 together demonstrate a new concept of
controlling the network mechanics by manipulating polymer chain architectures. Last, Chapter 9
summarizes entire thesis and presents new directions in further understanding and controlling the

structure-property relationships in associating polymer networks.
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Chapter 2 Methods

Some parts of the following sections are reproduced with permission from the following
publications: (1) S. Tang et al., Macromolecules 2014, 1130; (2) S. Tang et al., Front. Chem. 2014,

2:23;(3) S. Tang et al., J. Am. Chem. Soc. 20185, 3946.

2.1. Expression and purification of coiled-coil proteins

2.1.1. Protein structure and genetic information

Three artificially engineered proteins with associative coiled-coil domains are used in this
thesis, which are named as Cys-Ps-Cys, Cys-P4 and P4 (Figure 2-1). These protein polymers share
the same backbone structure, but differ from each other by the number of cysteine residues near
the C- and N- termini. The protein sequences were created by Dr. Matthew Glassman. The genetic
codes and amino acid sequences can be found as referenced!, and they are shown below for
completeness. The genes encoding the proteins of intereste were flanked with BamHI and HindIll
restriction sites and incorporated into the pQE9 plasmid (Qiagen) after a double digestion and
ligation. All of the genes have an N-terminal 6xHis-tag. The constructed plasmids were

transformed into the SG13009 strain of Escherichia coli for protein expression.
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i) Cys-P,-Cys o @W@su
i) Cys-P, Ww\su
i) P, W%\

P 4qww APQMLRE LQETNAA LQDVREL LRQQVKE ITFLKNT VMESDAS
Cio ~ [AGAGAGPEG],,

Figure 2-1. Structure and sequence of the associative coiled-coil proteins used in this thesis. (i) Cys-Ps4-

Cys, (ii) Cys-Ps and (iii) P..

(i) Cys-P4-Cys

Complete plasmid sequence (the genes encoding Cys-P4-Cys highlighted in blue text)

CTCGAGAAATCATAAAAAATTTATTTGCTTTGTGAGCGGATAACAATTATAATAGATTCAATTGTGAG
CGGATAACAATTTCACACAGAATTCATTAAAGAGGAGAAATTAACTATGAGAGGATCGCATCACCATC
ACCATCACGGATCCGATGACGATGACAAATGTACTAGCTATCGCGATCCGATGGGTGCCGGCGCTGGT
GCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAG
GTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGG
TGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAA
GGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCCGCATGC
CGACTAGCGCGCCGCAGATGCTGCGTGAACTGCAGGAAACCAACGCGGCGCTGCAGGACGTTCGTGA
ACTGCTGCGTCAGCAGGTTAAAGAAATCACCTTCCTGAAAAACACCGTTATGGAATCTGACGCGTCTG
GTACTAGCTATCGCGATCCGATGGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCG
GGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTG
CCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGC
GGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGT
GCAGGCGCTGGTGCGGGCCCGGAAGGTGCCCGCATGCCGACTAGCGCGCCGCAGATGCTGCGTGAAC
TGCAGGAAACCAACGCGGCGCTGCAGGACGTTCGTGAACTGCTGCGTCAGCAGGTTAAAGAAATCAC
CTTCCTGAAAAACACCGTTATGGAATCTGACGCGTCTGGTACTAGCTATCGCGATCCGATGGGTGCCG
GCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGG
CCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCA
GGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGG
GCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGC
CCGCATGCCGACTAGCGCGCCGCAGATGCTGCGTGAACTGCAGGAAACCAACGCGGCGCTGCAGGAC
GTTCGTGAACTGCTGCGTCAGCAGGTTAAAGAAATCACCTTCCTGAAAAACACCGTTATGGAATCTGA
CGCGTCTGGTACTAGCTATCGCGATCCGATGGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCG
CTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCC
GGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGC
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GCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCC
CGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCCGCATGCCGACTAGCGCGCCGCAGATGCT
GCGTGAACTGCAGGAAACCAACGCGGCGCTGCAGGACGTTCGTGAACTGCTGCGTCAGCAGGTTAAA
GAAATCACCTTCCTGAAAAACACCGTTATGGAATCTGACGCGTCTGGTACTAGCTATCGCGATCCGAT
GGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCT
GGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGG
AAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGC
TGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCG
GAAGGTGCCCGCATGCCGACTAGTTGTAAGCTTAATTAGCTGAGCTTGGACTCCTGTTGATAGATCCA
GTAATGACCTCAGAACTCCATCTGGATTTGTTCAGAACGCTCGGTTGCCGCCGGGCGTTTTTTATTGGT
GAGAATCCAAGCTAGCTTGGCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACT
GGATATACCACCGTTGATATATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCT
CAATGTACCTATAACCAGACCGTTCAGCTGGATATTACGGCCTTTTTAAAGACCGTAAAGAAAAATAA
GCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAATGCTCATCCGGAATTTCGTAT
GGCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGC
AAACTGAAACGTTTTCATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATATATT
CGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATATGTTTT
TCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATGGACAACTTCT
TCGCCCCCGTTTTCACCATGGGCAAATATTATACGCAAGGCGACAAGGTGCTGATGCCGCTGGCGATT
CAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGC
GATGAGTGGCAGGGCGGGGCGTAATTTTTTTAAGGCAGTTATTGGTGCCCTTAAACGCCTGGGGTAAT
GACTCTCTAGCTTGAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATC
TGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCCTCTAGAGCTGCCTCGCGCGTTTCG
GTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGAT
GCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCGCAGCCATGA
CCCAGTCACGTAGCGATAGCGGAGTGTATACTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGA
GAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGCGCTC
TTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTC
AAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGC
CAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGA
CGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAG
GCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCC
GCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAG
GTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGT
AACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAG
GATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACA
CTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGC
TCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGC
AGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAA
CTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAA
ATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAG
TGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGAT
AACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCAC
CGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAAC
TTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAG
TTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATT
CAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCT
CCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCAC
TGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGT
CATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCG
CCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGAT
CTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTAC
TTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCG
ACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTC
TCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCC
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CGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTAT
CACGAGGCCCTTTCGTCTTCAC

Amino acid sequence

MRGSHHHHHHGSDDDDKCTSYRDPMGAGAGAGPEGAGAGAGPEGAGAGAGPEGAG
AGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAG
AGPEGARMPTSAPQMLRELQETNAALQDVRELLRQQVKEITFLKNTVMESDASGTSYR
DPMGAGAGAGPEGAGAGAGPEGA GAGAGPEGAGAGAGPEGA GAGAGPEGAGAGAGP
EGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGARMPTSAPQMLRELQETN
AALQDVRELLRQQVKEITFLKNTVMESDASGTSYRDPMGAGAGAGPEGAGAGAGPEG
AGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAG
AGAGPEGAGAGAGPEGARMPTSAPQMLRELQETNAALQDVRELLRQQVKEITFLKNTV
MESDASGTSYRDPMGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGA
GPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGARMPTSA
PQMLRELQETNAALQDVRELLRQQVKEITFLKNTVMESDASGTSYRDPMGAGAGAGPE
GAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGA

GAGAGPEGAGAGAGPEGAGAGAGPEGARMPTSCKLN*
(ii) Cys-Pa

Complete plasmid sequence (the genes encoding Cys-P4 highlighted in blue text)

CTCGAGAAATCATAAAAAATTTATTTGCTTTGTGAGCGGATAACAATTATAATAGATTCAATTGTGAG
CGGATAACAATTTCACACAGAATTCATTAAAGAGGAGAAATTAACTATGAGAGGATCGCATCACCATC
ACCATCACGGATCCGATGACGATGACAAAACTAGCTATCGCGATCCGATGGGTGCCGGCGCTGGTGCG
GGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTG
CAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGC
GGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGT
GCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCCGCATGCCGA
CTAGCGCGCCGCAGATGCTGCGTGAACTGCAGGAAACCAACGCGGCGCTGCAGGACGTTCGTGAACT
GCTGCGTCAGCAGGTTAAAGAAATCACCTTCCTGAAAAACACCGTTATGGAATCTGACGCGTCTGGTA
CTAGCTATCGCGATCCGATGGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGG
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CCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCC
GGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGG
GCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGC
AGGCGCTGGTGCGGGCCCGGAAGGTGCCCGCATGCCGACTAGCGCGCCGCAGATGCTGCGTGAACTG
CAGGAAACCAACGCGGCGCTGCAGGACGTTCGTGAACTGCTGCGTCAGCAGGTTAAAGAAATCACCTT
CCTGAAAAACACCGTTATGGAATCTGACGCGTCTGGTACTAGCTATCGCGATCCGATGGGTGCCGGCG
CTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCC
GGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGC
GCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCC
CGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCCG
CATGCCGACTAGCGCGCCGCAGATGCTGCGTGAACTGCAGGAAACCAACGCGGCGCTGCAGGACGTT
CGTGAACTGCTGCGTCAGCAGGTTAAAGAAATCACCTTCCTGAAAAACACCGTTATGGAATCTGACGC
GTCTGGTACTAGCTATCGCGATCCGATGGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTG
GTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGA
AGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCT
GGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGG
AAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCCGCATGCCGACTAGCGCGCCGCAGATGCTGCG
TGAACTGCAGGAAACCAACGCGGCGCTGCAGGACGTTCGTGAACTGCTGCGTCAGCAGGTTAAAGAA
ATCACCTTCCTGAAAAACACCGTTATGGAATCTGACGCGTCTGGTACTAGCTATCGCGATCCGATGGG
TGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGT
GCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAG
GTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGG
TGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAA
GGTGCCCGCATGCCGACTAGTTGTAAGCTTAATTAGCTGAGCTTGGACTCCTGTTGATAGATCCAGTAA
TGACCTCAGAACTCCATCTGGATTTGTTCAGAACGCTCGGTTGCCGCCGGGCGTTTTTTATTGGTGAGA
ATCCAAGCTAGCTTGGCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGAT
ATACCACCGTTGATATATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCTCAAT
GTACCTATAACCAGACCGTTCAGCTGGATATTACGGCCTTTTTAAAGACCGTAAAGAAAAATAAGCAC
AAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAATGCTCATCCGGAATTTCGTATGGCA
ATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAAC
TGAAACGTTTTCATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATATATTCGCA
AGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATATGTTTTTCGT
CTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATGGACAACTTCTTCGC
CCCCGTTTTCACCATGGGCAAATATTATACGCAAGGCGACAAGGTGCTGATGCCGCTGGCGATTCAGG
TTCATCATGCCGTTTGTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATG
AGTGGCAGGGCGGGGCGTAATTTTTTTAAGGCAGTTATTGGTGCCCTTAAACGCCTGGGGTAATGACT
CTCTAGCTTGAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTT
GTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCCTCTAGAGCTGCCTCGCGCGTTTCGGTGA
TGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCG
GGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCGCAGCCATGACCCA
GTCACGTAGCGATAGCGGAGTGTATACTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGT
GCACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGCGCTCTTCCG
CTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGG
CGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCA
AAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGC
ATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTT
TCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTT
CTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTT
CGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTAT
CGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAG
CAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAA
GGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGAT
CCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAA
AAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACG
TTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAA
GTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGG
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CACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTAC
GATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTC
CAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCC
GCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGC
AACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCC
GGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGG
TCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAA
TTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTG
AGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATA
GCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCG
CTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACC
AGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGG
AAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGA
GCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAA
GTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAG
GCCCTTTCGTCTTCAC

Amino acid sequence

MRGSHHHHHHGSDDDDKTSYRDPMGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGA
GAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGA
GPEGARMPTSAPQMLRELQETNAALQDVRELLRQQVKEITFLKNTVMESDASGTSYRD
PMGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPE
GAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGARMetPTSAPQMLRELQETN
AALQDVRELLRQQVKEITFLKNTVMESDASGTSYRDPMGAGAGAGPEGAGAGAGPEG
AGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAG
AGAGPEGAGAGAGPEGARMPTSAPQMLRELQETNAALQDVRELLRQQVKEITFLKNTV
MESDASGTSYRDPMGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGA
GPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGARMPTSA
POMLRELQETNAALQDVRELLRQQVKEITFLKNTVMESDASGTSYRDPMGAGAGAGPE
GAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGA

GAGAGPEGAGAGAGPEGAGAGAGPEGARMPTSCKLNS*
(i) P
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Complete plasmid sequence (the genes encoding P4 highlighted in blue text)

CTCGAGAAATCATAAAAAATTTATTTGCTTTGTGAGCGGATAACAATTATAATAGATTCAATTGTGAG
CGGATAACAATTTCACACAGAATTCATTAAAGAGGAGAAATTAACTATGAGAGGATCGCATCACCATC
ACCATCACGGATCCGATGACGATGACAAAGCTAGCTATCGCGATCCGATGGGTGCCGGCGCTGGTGCG
GGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTG
CAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGC
GGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGT
GCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCCGCATGCCGA
CTAGCGCGCCGCAGATGCTGCGTGAACTGCAGGAAACCAACGCGGCGCTGCAGGACGTTCGTGAACT
GCTGCGTCAGCAGGTTAAAGAAATCACCTTCCTGAAAAACACCGTTATGGAATCTGACGCGTCTGGTA
CTAGCTATCGCGATCCGATGGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGG
CCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCC
GGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGG
GCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGC
AGGCGCTGGTGCGGGCCCGGAAGGTGCCCGCATGCCGACTAGCGCGCCGCAGATGCTGCGTGAACTG
CAGGAAACCAACGCGGCGCTGCAGGACGTTCGTGAACTGCTGCGTCAGCAGGTTAAAGAAATCACCTT
CCTGAAAAACACCGTTATGGAATCTGACGCGTCTGGTACTAGCTATCGCGATCCGATGGGTGCCGGCG
CTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGLCCC
GGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGC
GCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCC
CGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCCG
CATGCCGACTAGCGCGCCGCAGATGCTGCGTGAACTGCAGGAAACCAACGCGGCGCTGCAGGACGTT
CGTGAACTGCTGCGTCAGCAGGTTAAAGAAATCACCTTCCTGAAAAACACCGTTATGGAATCTGACGC
GTCTGGTACTAGCTATCGCGATCCGATGGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTG
GTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGA
AGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCT
GGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGA
AAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCCGCATGCCGACTAGCGCGCCGCAGATGCTGCG
TGAACTGCAGGAAACCAACGCGGCGCTGCAGGACGTTCGTGAACTGCTGCGTCAGCAGGTTAAAGAA
ATCACCTTCCTGAAAAACACCGTTATGGAATCTGACGCGTCTGGTACTAGCTATCGCGATCCGATGGG
TGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGT
GCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAG
GTGCAGGCGCTGGTGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGG
TGCGGGCCCGGAAGGTGCCGGCGCTGGTGCGGGCCCGGAAGGTGCAGGCGCTGGTGCGGGCCCGGAA
GGTGCCCGCATGCCGACTAGTTGGTAAGGATCCGTCGACCTGCAGCCAAGCTTAATTAGCTGAGCTTG
GACTCCTGTTGATAGATCCAGTAATGACCTCAGAACTCCATCTGGATTTGTTCAGAACGCTCGGTTGCC
GCCGGGCGTTTTTTATTGGTGAGAATCCAAGCTAGCTTGGCGAGATTTTCAGGAGCTAAGGAAGCTAA
AATGGAGAAAAAAATCACTGGATATACCACCGTTGATATATCCCAATGGCATCGTAAAGAACATTTTG
AGGCATTTCAGTCAGTTGCTCAATGTACCTATAACCAGACCGTTCAGCTGGATATTACGGCCTTTTTAA
AGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAAT
GCTCATCCGGAATTTCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTG
TTACACCGTTTTCCATGAGCAAACTGAAACGTTTTCATCGCTCTGGAGTGAATACCACGACGATTTCCG
GCAGTTTCTACACATATATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGG
GTTTATTGAGAATATGTTTTTCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTG
GCCAATATGGACAACTTCTTCGCCCCCGTTTTCACCATGGGCAAATATTATACGCAAGGCGACAAGGT
GCTGATGCCGCTGGCGATTCAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTCGGCAGAATGCTTAA
TGAATTACAACAGTACTGCGATGAGTGGCAGGGCGGGGCGTAATTTTTTTAAGGCAGTTATTGGTGCC
CTTAAACGCCTGGGGTAATGACTCTCTAGCTTGAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGA
CTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCCTCTAG
AGCTGCCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCAC
AGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGG
TGTCGGGGCGCAGCCATGACCCAGTCACGTAGCGATAGCGGAGTGTATACTGGCTTAACTATGCGGCA
TCAGAGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAA
AATACCGCATCAGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGC
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GAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAA
GAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTC
CATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGA
CAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGC
CGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTA
GGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCG
ACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGG
CAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTG
GTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTT
CGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTT
GCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCT
GACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCAC
CTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGA
CAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGC
CTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGA
TACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGA
GCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGT
AAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTC
GTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTT
GTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTAT
CACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGA
CTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCG
TCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTC
GGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCA
ACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCC
GCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTG
AAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAA
TAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACA
TTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTTCAC

Amino acid sequence

MRGSHHHHHHGSDDDDKASYRDPMGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGA
GAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGA
GPEGARMPTSAPQMLRELQETNAALQDVRELLRQQVKEITFLKNTVMESDASGTSYRD
PMGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPE
GAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGARMPTSAPQMLRELQETNA
ALQDVRELLRQQVKEITFLKNTVMESDASGTSYRDPMGAGAGAGPEGAGAGAGPEGA
GAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGA
GAGPEGAGAGAGPEGARMPTSAPQMLRELQETNAALQDVRELLRQQVKEITFLKNTVM

ESDASGTSYRDPMGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAG
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PEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGARMPTSAP
QMLRELQETNAALQDVRELLRQQVKEITFLKNTVMESDASGTSYRDPMGAGAGAGPEG
AGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAG

AGAGPEGAGAGAGPEGAGAGAGPEGARMPTSW*

2.1.2. Protein expression

Proteins were expressed at 37 °C in | L terrific broth in a 2.8 L shaker flask, supplemented
with ampicillin (200 mg/L) and kanamycin (50 mg/L). When the optical density of the medium
at 600 nm reached 0.9-1.0, the expression was induced with 1.0 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG). Six hours after induction, the cells had expressed a significant
amount of protein, as confirmed by the sodium dodecy! sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) analysis (Figure 2-2). To perform this step, 1 mL of suspended cell culture was
pipetted into a 1.7 mL Eppendorf tube, and the suspension was centrifuged at 21,100 xg at 4 °C
for 2 min. The supernatant was decanted, and 200 pL of buffer containing 8 M urea and 100 mM
sodium phosphate (pH 8.0) was added to resuspend the cell pellets. The lysis suspension was then
analyzed. To harvest cells, the expression media was transferred into 500 mL high-speed
centrifuge bottles. Centrifugation was performed at 4 °C and at 6,000 RPM using a Fiberlite™
F10-6x500y fixed-angle rotor for 10 min. Supernatant was then removed by decanting. The cell
pellets were stored at —80 °C until protein purification. Typical wet cell mass from 1 L culture was

approximately 19+2 g.
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Figure 2-2. SDS-PAGE showing the expression level of desired proteins (indicated by the arrow on the
right) six hours after induction. The proteins run on the gel with an apparent molecular weight equal to
approximately twice the true molecular weight. This is attributed to a weak binding affinity between the
negatively charged Cio domains and anionic surfactants SDS, resulting in a reduced effective charge and
electrophoretic mobility. A similar effect has been previously observed in structurally similar proteins.*

Lanes 1-4 were culture withdrawn from four separate flasks but expressed at the same time.

2.1.3. Protein purification

Proteins were first purified by ammonium sulfate precipitation following a procedure
developed by Dr. Matthew Glassman.! Cell pellets from 1 L expression culture were resuspended
in 50 mL lysis buffer (10 mM Tris, | mM EDTA, 100 mM NaCl, 5 mM MgClz, pH 7.5). Lysozyme
(100 mg, lyophilized powder from chicken egg white, activity > 40,000 U/mg, Sigma) was then
added to the suspension. After incubation at 4 °C for 2 h, the mixture was sonicated on ice for 15
min twice at 50% duty cycle at an output power of 5. Since purification was usually done on
pellets combined from a large scale of expression, the lysate was combined and transferred into

500 mL high-speed centrifuge bottles. The lysate was clarified by centrifugation at 9,000 RPM
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and at 4 °C using a Fiberlite™ F10-6x500y fixed-angle rotor for 30 min. The supernatant was
carefully decanted to separate it from the precipitates immediately after centrifugation. DNase I
(2 mg, grade II, from bovine pancreas, activity ~ 2,000 U/mg, Roche) and RNase A (2 mg, from
bovine pancreas, activity > 60 U/mg, Amresco) were added to 50 mL of clarified lysate, and the
mixture was incubated at 37 °C for 2 h without mixing. The lysate was subsequently denatured by
adding 42.4 g urea and 1.21 g NaH2PO4-H20 to form a buffer with 8 M urea and 100 mM
phosphate. Then 17.5 g ammonium sulfate was added to reach a 20% (w/v) ammonium sulfate
concentration. After the mixture was agitated at 37 °C for 2 h to achieve complete dissolution of
all solids, it was centrifuged at 9,500 RPM and at 37 °C using a Fiberlite™ F10-6x500y fixed-
angle rotor for 60 min. This long centrifugation time was necessary to completely pellet the
precipitates. The pellets with minimal amount of the desired proteins were discarded (see lanes 3
and 4 in Figure 2-3). The supernatant was transferred to a clean high-speed centrifuge bottle, and
8.25 g ammonium sulfate was added to bring the ammonium sulfate concentration to 30% (w/v).
The mixture was again agitated at 37 °C for 2 h and then centrifuged at 9,500 RPM and at 37 °C
using a Fiberlite™ F10-6x500y fixed-angle rotor for 60 min. Immediately after the centrifugation
cycle stopped, the supernatant that did not contain any desired proteins was poured out carefully
(see lane 5 in Figure 2-3). The centrifuge bottles with the collected pellets were held upside down
for 15 min. The pellets were redissolved in 15-20 mL of buffer containing 6 M urea and 20 mM
Tris (pH 8.0). The purity of the crude proteins after two rounds of ammonium sulfate precipitation

was usually 70—80% (see lanes 1 and 2 in Figure 2-3).
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Figure 2-3. SDS-PAGE analysis of the precipitates and supernatant fractions during ammonium sulfate
precipitation. Lanes 1 and 2: crude proteins (indicated by the arrow on the left) in the pellets after two
rounds of ammonium sulfate precipitation. Lanes 3 and 4: fractions in the pellets after one round of

ammonium sulfate precipitation. Lane 5: fractions in the supernatant after the final precipitation step.

Proteins were further purified by anion exchange chromatography using one of the
following two procedures. These two protocols were developed in a chronological order. All
purifications could be done using the second procedure to increase throughput.

In the first procedure, crude proteins from previous steps were purified using QAE-
Sephadex A-50 resin (GE Healthcare). 5 g of resin was first swollen in 250 mL of buffer
containing 6 M urea and 20 mM Tris (pH 8.0) for overnight and then packed into an Econo-Column
(Bio Rad). Solutions containing crude proteins were loaded slowly on top on the resin to minimize
band dispersion prior to separation. The column was washed with 2 x 100 mL buffer with 6 M
urea and 20 mM Tris (pH 8.0). Proteins were eluted with 5 x 40 mL buffer with 6 M urea, 20 mM
Tris and 1 M NaCl (pH 8.0). Pure fractions were combined and dialyzed extensively against

ultrapure water (molecular weight cutoff 3,500 Da). For dialysis, the amount of protein solution
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was no more than 200 mL to be dialyzed against 4L ultrapure water. The dialysis was changed 7
times in total with more than 3 h between two changes. The dialyzed solution was lyophilized for
3 d to be completely dried. A typical isolation yield was 150 mg protein per liter culture.
Representative SDS-PAGE for this purification protocol is shown in Figure 2-4. For long term

storage, protein powders were kept in a —20 °C freezer.

1 2 3 8
175kDa | . pa
80 kDa — :
58 kDa
46 kDa
30 kDa —

Figure 2-4. Representative denaturing SDS-PAGE showing purification of associative coiled-coil proteins
using anion exchange on Sephadex A-50 resin. Proteins were first loaded on the column, and the flow-
through (lane 1) was collected. After the column was washed twice (lanes 2-3), proteins were eluted in

five fractions (lanes 4-8).

In the second procedure, crude proteins were first dialyzed against deionized water and
lyophilized. A typical yield of these crude proteins were 150-250 mg per liter expression culture.
The lyophilized powders were then redissolved in a buffer containing 6 M urea and 20 mM Tris
(pH 8.0) to reach a protein concentration of 15-20 mg/mL. Complete dissolution might take
somewhere from 3 h up to overnight. After proteins were completely dissolved, the solution was
transferred into 50 mL conical tubes and centrifuged at 12,500 RPM using a Fiberlite™ F14-

14x50cy fixed-angle rotor for 30 min at 4 °C. The clarified supernatant was decanted to separate
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from the precipitates. Purification was performed using two HiTrap Q Sepharose HP 5 mL
columns (GE healthcare) in series on an automated fast protein liquid chromatography (FPLC,
AKTA pure, GE healthcare). FPLC was chosen as the purification method because it could
remove the impurities in the crude proteins as shown in lane 5 in Figure 2-3. FPLC also offered
high throughput purification: a large amount of proteins up to 1 g could be easily purified within
I day. Purification was performed using the following elution profile at a constant flow rate of 2
mL/min:
(1) Load 15 mL of the sample solution to the column;
(2) Wash the column with 6 column volumes (CVs) of buffer A (6 M urea and 20 mM Tris,
pH 8.0);
(3) Elute over a gradient of buffer B (6 M urea, 20 mM Tris and 2 M NaCl, pH 8.0) from 0—
10% for 19 CVs, 10-20% for 5 CVs, to 20-50% for 6 CVs.
Fractions were collected into a 96-well plate by an automated fractionator, with the volume of each
fraction being 2 mL. A representative elution chromatogram is shown in Figure 2-5 and the
corresponding SDS-PAGE analysis is shown in Figure 2-6. A typical isolation yield is 100-120
mg per liter culture, and the protein purity was determined to be >97% pure by SDS-PAGE (Figure

2-6).
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Figure 2-5. Anion exchange chromatograph of purification of Cys-P4-Cys, showing the absorbance of 280
nm. The green linear line shows the percentage of buffer B used during elution. Chromatograms from four

separate purification runs on the same batch crude proteins are overlaid to show good reproducibility.
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Figure 2-6. SDS-PAGE analysis of protein fraction during anion exchange chromatography. The most
intense band was the desired protein product. Fractions B6-E12 had relatively high absorbance at 280 nm
shown on the chromatograms and showed relatively intensive bands on the SDS-PAGE. Thus, these

fractions were selected as pure fractions. Fractions B6—E12 were combined, dialyzed and lyophilized.
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2.2. Chain extension and branching reactions of coiled-coil proteins

To produce linearly chain-extended or branched associative proteins from Cys-Ps4-Cys,
several bioconjugation methods were explored in this thesis, which are disulfide, thiol-maleimide,
thiol-bromomaleimide and thio-ene coupling chemistries (Figure 2-7). Experimental procedures
for different chain extension reactions are described in detail below.

(1) Disulfide bridging
A —SH + HS /" — P AU R YL - T WA

(2) Thiol-maleimide coupling

o) o o) o]
§ S
A —SH + QN-R-Nij + HS ™/ —r —— /E:N—R-—N;:r
o o T

(3) Thiol-bromomaleimide coupling
O O

Br N -8
A~ —SH + | NH + HE " —— |_NH

Br S
S NS N %

(4) Thiol-bromomaleimide coupling

/\_f\_/SH + AR + HS U "\r —_— /‘\_/\JS\/\R-’\/SN\/

Figure 2-7. Reaction schemes showing the four bioconjugation methods for protein chain extension.

2.2.1. Disulfide bridging

Protein Cys-P4-Cys was dissolved in a freshly prepared buffer with 6 M urea and 20 mM
Tris (pH 8.0) to a final concentration of 10% (w/v), yielding a clear, slightly yellow solution. To
reduce the existing disulfide bonds during protein purification, a two-fold molar excess of solid
tris(2-carboxyethyl)phosphine hydrochloride (TCEP) relative to the cysteine content was added.
The mixture was allowed to stir for a week at 4 °C. The protein solution was then dialyzed

extensively against ultrapure water and lyophilized to obtain protein powders.
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Two methods were used to evaluate the degree of chain extension. First, frequency sweep
measurements were performed on hydrogels formed by the chain-extended proteins (experimental
details of the rheology measurements will be discussed in Section 2.4.1). Rheological analysis is
of particular interest because an ultimate goal of this research effort is to control the extent of chain
extension to manipulate the mechanical properties of hydrogels. Upon chain-extension and
preparing the gels at high enough concentration above the entanglement threshold, a low-
frequency elastic plateau (entanglement plateau) was seen around an angular frequency of 0.001
rad/s, and storage modulus G’ remained larger than G” in this low-frequency regime (Figure 2-
8A). The appearance of the entanglement plateau suggested that proteins were long enough to
form topological constraints with others, indicating success of the chain extension reaction. In
contrast, for monomeric proteins P4 that were not capable of chain-extending, a G’-G” crossover

was observed, and there was no entanglement plateau (Figure 2-8B).
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Figure 2-8. Comparison of the frequency sweep spectra from (A) oxidized Cys-Ps-Cys and (B) P4 only at

15% (w/v) at 25 °C.

The effect of chain extension can be further quantified using the following two metrics, the
entanglement plateau modulus, Ge, and the G’-G” crossover frequency, we. Although Ge of

polymers with a small dispersity should not depend on the molecular weight, chain-extended
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proteins formed via macromolecular condensation reactions are expected to show a very broad
molecular weight distribution, with a certain fraction of the protein chains below the critical
entanglement length (see examples in the SDS-PAGE analysis in the following parts). These
“short” proteins act as macromolecular diluents and lower the effective concentration of the
entangled species. Therefore, an increase in the chain molecular weight can lead to an increase in
the Ge. In the following section, Ge will be used to compare the performance of different chain
coupling chemistries. On the other hand, we is usually taken as the frequency-dependent solid-
liquid transition in associating networks, from which a network relaxation time is calculated. A
smaller we is normally correlated with a mixture of proteins at a higher average molecular weight

(Figure 2-8 and 2-9).
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Figure 2-9. An example of hydrogels at 15% (w/v) from chain-extended proteins Cys-Ps-Cys. The degree
of chain extension was not high enough such that no entanglement plateau is seen. However, we appears at

a lower frequency compared to case in Figure 2-8B, suggesting the presence of chain extension.

The second method to evaluate chain-extension reaction was quantifying the molecular
weight distribution of the reaction mixture by SDS-PAGE. The experiments were performed on

Mini-PROTEAN TGX™ gradient gels (4—15%, BioRad) under non-reducing condition in buffer
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containing 2.5 mM Tris, 19.2 mM glycine and 0.01% SDS (pH 8.3) at 150 V. Note that the buffer
did not contain any BME (f-mercaptoethanol). The duration for electrophoresis was somewhere
between 120 and 150 min to maximize separation of the high-molecular-weight species. The
formation of chain-extended species was shown in the bands above the monomeric starting
proteins (see Figure 2-10). The weight fractions of different species were estimated by
densitometry using the BioRad Image Lab software. Data analysis will be discussed later in

Section 2.2.5.

High MW species

175 kDa—

Figure 2-10. Representative SDS-PAGE analysis of chain extension reaction on Cys-Ps-Cys
through disulfide bridging. Proteins at the reduced and oxidized states are denoted as R and O,

respectively. Notations at the right hand side indicate the degrees of polymerization of the proteins.

It was later discovered that oxidation could be performed in the gel state. Proteins were
hydrated in 100 mM sodium phosphate buffer (pH 7.6) at 15% (w/v) and reduced by a five-fold
excess TCEP relative to the cysteine content. The gel pH was adjusted back to 7.6 after 1 d by
adding 1 M NaOH (a.q.) solution. The hydrogel sample was mechanically agitated with a micro

spatula to introduce air and stored at 4 °C. The mixing procedure was repeated every several days.
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Compared to oxidation reaction in the solution, oxidation in the gels could take up to 2 months
with periodic mixing to reach significant entanglement (Figure 2-11). The slow kinetics was

presumably due to slow diffusion rate of proteins in gels.
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Figure 2-11. Frequency sweeps of gels under varying time periods of chain-extension. Gel concentration:

20% (w/v).

Several considerations should be kept in mind to achieve success in high degree chain
extension and entanglement. First, it is very important to maintain the integrity of the cysteine
residues to maximize the endgroup conversion. This was achieved by adding 20 mM BME
(usually within less than 3 months old after the container was opened) in all purification buffers.
However, residual BME could from disulfide linkages with the cysteine residues on the proteins.
This undesirably masks the reactive cysteines and can negatively impact the chain extension
reactions. Due to the large molar mass of these associative proteins, it was difficult to characterize
the integrity of cysteines using methods such as LC-MS or Ellman’s assay. In the author’s hands,
the best chain extension results came from purification using fresh BME. Protein purification

completely without BME was also tried. Such procedure also could also yield proteins that were
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able to achieve significant chain extension, provided that the entire purification procedure
(including dialysis) was finished within 3—4 days. Second, urea buffer must be freshly prepared
before each use. Urea buffer after long time storage may generate cyanate that can react with
cysteine residues.’ Third, the oxidation period must be sufficiently long. Low degree of chain
extension would results in mechanical properties similar to the one shown in Figure 2-9. Attempts
were made to use mild oxidizing agents, such as H202 solution, to expedite the oxidation process.
However, these efforts did not lead to any success. An excess amount of oxidizing agents may

cause degradation of proteins.

2.2.2. Thiol-maleimide conjugation

Protein Cys-P4-Cys was dissolved in a freshly-prepared denaturing buffer (8 M urea and
100 mM sodium phosphate, pH 8.0) to reach a concentration of 10% (w/v). TCEP (20 eq.) was
added from a stock solution at 0.5 M, and the solution pH was adjusted to 7.5 by adding 0.1 M
NaOH (a.q). In this thesis, two commercially available bismaleimide compounds, bismaleimide
diethylene glycol, abbreviated as BM(PEG)2 and bismaleimide with a 1 kDa poly(ethylene glycol)
spacer, abbreviated as MAL-PEG-MAL, were used to study the effect of spacer between two
maleimide groups. The bismaleimide compounds were first dissolved in HPLC grade DMF at a
concentration of 0.2 M. An appropriate amount of the bismaleimide solution (1 eq. to the protein)
was then added to the protein solution. The reaction was stirred at room temperature for 3 d, and
it was then dialyzed against MilliQ water and lyophilized. The long reaction time was chosen
based on experimental results to maximize end group conversion and entanglement in gels.
However, it should be noted that minimal effort was made to monitor the reaction kinetics, and a

high endgroup conversion might be reached at a time shorter than 3 d. Based on the observation
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by others, a higher solution pH at 8.0 or above is not recommended to minimize maleimide
hydrolysis.® From the SDS-PAGE analysis and rheology characterization (Figure 2-12), the length
of the spacer in the bismaleimide compounds did not seem to influence the performance of the

chain-extension reaction.

0.001 0.01 0.1 1 10 100
Angular Frequencies [rad/s]

Figure 2-12. (A) SDS-PAGE analysis of chain-extension reactions. Lane 1: thiol-maleimide conjugation
using BM(PEG); (TM1); lane 2: thiol-maleimide conjugation using MAL-PEG1k-MAL (TM2); lane 3:
thiol-bromomaleimide conjugation (TBM); lane 4: proteins reduced by TCEP; and lane 5: thiol-ene
coupling (TE). (B) Comparison of frequency sweep spectra of hydrogels produced from different chain

extension reactions. Gel concentration: 20% (w/v).

2.2.3. Thiol-bromomaleimide conjugation

Protein Cys-P4-Cys was dissolved in a freshly-prepared denaturing buffer (8 M urea and
100 mM sodium phosphate, pH 8.0) to reach a concentration of 10% (w/v). TCEP (20 eq.) was
added from a stock solution at 0.5 M, and the pH was adjusted to 6.2 using a micro pH meter. This
relatively low pH was chosen to suppress maleimide hydrolysis. 7 2,3-dibromomaleimide was
dissolved in dimethyl sulfoxide (DMSO) at a concentration of 10 mg/mL, and 1 eq. was added to
the solution. The solution color quickly turned slightly bright yellow. This was an evidence of
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fast formation of the fluorescently active dithiomaleimide adduct, a phenomenon that has been

8. The reaction was stirred at 4 °C for 7 d, and it was then dialyzed against

reported by others
MilliQ water and lyophilized. Again, the reaction time was not optimized, and future effort might

lead to a shorter reaction time successfully producing chain-extended proteins. SDS-PAGE

analysis and frequency sweep spectrum is shown in Figure 2-12.

2.2.4. Thiol-ene conjugations

Protein Cys-Ps-Cys was dissolved in a freshly-prepared denaturing buffer (8 M urea and
100 mM sodium phosphate, pH 8.0) to reach a concentration of 10% (w/v). TCEP (20 eq.) was
added from a stock solution at 0.5 M. The mixture was left to stir at room temperature for 4 h, and
it was then dialyzed against MilliQ water and lyophilized. After this reduction step, >99% of the
proteins were in the monomeric state as assessed by SDS-PAGE (lane 4 in Figure 2-12A) where
the loading and running buffer did not contain any BME. Reduced proteins were hydrated in 100
mM sodium phosphate buffer (pH 7.6), and mixed with a bifunctional chain extension reagent 3,3'-
[Ethylenebis(oxyethyleneoxy)]bis(2-methyl-1-propene) (1 eq.) and VA-044 (0.2 eq.). The final
protein concentration was adjusted to 20% (w/v). Hydrogel samples were loaded on the rheometer
after hydration for 2 d. The reaction was triggered by heating at 60 °C for 3 h. The dynamic
moduli were monitored at 25 °C to ensure that the steady state was reached before further
measurements were performed. SDS-PAGE analysis and a frequency sweep spectrum are shown

in Figure 2-12,

In branching reactions, a trifunctional crosslinker 2,4,6-triallyloxy-1,3,5-triazine was used
partially or completely in place of the bifunctional crosslinkers. The total number of alkene groups
was kept at 1:1 molar ratio to thiol groups, while the amount of trifunctional crosslinkers was

varied from 0—100% of the total mole fraction of alkene-containing oligomers. The SDS-PAGE

72



analysis is shown in Figure 2-13A and B. Within the resolution of SDS-PAGE, the fractions of
trienes in the mixture did not seem to greatly influence the molecular weight distribution of the
proteins. However, varying the content of trienes in the branching reaction led to substantial

changes in the rheological properties of hydrogels, especially in the low-frequency regime (Figure

130
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Figure 2-13. (A) SDS-PAGE: the molecular fractions of triene in lanes 1-6 is 0, 5, 10, 20, 35, and 100%,

respectively. (B) Weight fractions extracted by densitometry. (C) Rheology characterizations of hydrogels

at 20% (w/v).

2.2.5. Analysis of chain extension reactions

The molecular weight distribution of polymerized proteins may be fit to the theoretical
Jacobson-Stockmayer distribution’ using the MATLAB built-in Isqcurvefit algorithm to estimate

the extent of end group conversion and the fractions of ring and chain species. Due to the
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resolution limitation of SDS-PAGE, the high-molecular-weight species usually cannot be well
separated. Therefore, only the weight fractions of unimers to heptamers were used in the
calculation.  Furthermore, the linear and ring species were assumed to have the same
electrophoretic mobility. The theory assumes that the molecular size distribution for the chain
fraction of the same form as the distribution in the ring-free case, namely, the Flory-Schulz

distribution, the number of #-mer linear chains in the mixture is
C,=A4x", 2-1)

where A is a normalization constant and x is the fraction of reacted endgroups in the chain fraction.

The number of n-mer rings in the mixture is assumed to be
R, =Bx"'n"?, (2-2)

where B is a constant. Therefore, the weight fraction of n-mer, including chains and rings, is

é n+ n_ 372
n(C +Rn) _ an xn

n

-3/2
anx” +x"n

w, = = = . (2-3)
Zn(C" + Rn) %(1 _xx)z + ann—yz ax + ann—a/z

(1-x)

The fitting parameters are a (the ratio of A to B) and x. The fits for the SDS-PAGE in Figure 2-
10 is shown in Figure 2-14, and the values of @ and x from nonlinear regression are 0.574 + 0.378
and 0.610 = 0.089, respectively. The error bars in the calculation represent 95 % confidence

interval of the fitting parameter, calculated based on the built-in nlparci algorithm.
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Figure 2-14. The molecular weight distribution of the SDS-PAGE shown in Figure 2-10 is analyzed by
densitometry and further fit to the Jacobson—Stockmayer distribution that accounts for intramolecular

looping. Error bars represent the standard deviations of three separate experiments.

By using the estimated values of @ and x, other quantities can be calculated as follows.

The number and weight fractions of rings in the system are,

n. 502
= ZR B Zx n (2-4)
Z(C +R +an _5/2

n_-3/2
ZnR Zx n (2-5)
Zn(C +R (l +Zx 3

The fraction of reacted functional groups in the system is,
p:x+(1—x)w,. (2-6)
The number and weight average degrees of polymerization of the chain fraction are,
X, =— X, =—. (2-7)
=
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The number and weight average degrees of polymerization of the ring fraction are,

an ~3/2 zxn -1/2
o = 28)

The number and weight average degrees of polymerization of the system are,
X,=nX,+(1-n)X,, X, =wX, +(1-w)X,. (2-10)

Attempts were also made to apply the analysis using the Jacobson-Stockmayer distribution
to extract quantitative information about the degree of end group conversion and the fractions of
the chain and ring species in the A2 + B2 type polycondensation reactions employing thiol-
maleimide, thiol-bromomaleimide and thiol-ene coupling chemistries. However, it was found that
the fits were not satisfactory in all these cases (Figure 2-15), and the 95% confidence intervals for
the parameters of interest were very large (Figure 2-16). There were two major challenges in
applying the Stockmayer-Jacobson theory for these A2 + Bz type reactions. First, it was difficult
to separate the large-molar-mass bands in the SDS-PAGE for these reaction products; the reasons
are not well understood. Second, and perhaps more importantly, the aforementioned analysis is
based on an important assumption that the functional groups A and B were in perfect
stoichiometric balance. However, it was difficult to precisely control the stoichiometry of reagents
in small samples due to inherent experimental errors, which in turn may render the analysis not

applicable.
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Figure 2-15. Molecular weight distributions of proteins fit to the Jacobson-Stockmayer distribution.
Reactions were performed using (A) thiol-maleimide conjugation using BM(PEG), (B) thiol-maleimide

conjugation using MAL-PEG1k-MAL, (C) thiol-bromomaleimide conjugation, and (D) thiol-ene coupling.
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Figure 2-16. Comparison of (A) the total number-average degree of polymerization, (B) the total weight-
average degree of polymerization, (C) the weight fractions of rings and (D) the end group conversion across
different chain extension chemistries. Abbreviations: SS — disulfide bridging, TM-1 — thiol-maleimide
conjugation using BM(PEG),, TM-2 — thiol-maleimide conjugation using MAL-PEG1k-MAL, TBM -

thiol-bromomaleimide conjugation, and TE: thiol-ene coupling.

Finally, it should be noted that the Jacobson-Stockmayer theory does not apply to A2 + B3
type reactions. Therefore, the molecular weight distributions in these branching reactions were

not analyzed with the theory.
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2.3. Synthesis of poly(N,V-dimethylacrylamide) with pendant histidine side groups

2.3.1. Materials

Boc-His(Trt)-OH was purchased from Chem-Impex International Inc. (Wood Dale, IL).
N-(3-aminopropyl)methacrylamide hydrochloride was purchased from Polysciences Inc.
(Warrington, PA). These two chemicals were used as received. N,N-dimethylacrylamide (DMA)
was purified through a basic alumina column to remove the inhibitor monomethyl ether
hydroquinone. Azobisisobutylonitrile (AIBN) was recrystallized twice from ethanol. First, 5 g of
AIBN was dissolved in ethanol. The solution was carefully heated to 80 °C with stirring and was
kept at 80 °C for 3—5 min. The hot solution was filtered to remove any undissolved impurities.
The hot filtrate was collected and cooled down to room temperature. Then the filtrate was stored
at 4 °C overnight. The crystals were collected by vacuum filtration, washed with cold ethanol

twice, and dried under vacuum in the dark.
2.3.2. Synthesis of N-Boc-N™-Trityl-/N-3-methacrylamidopropyl-L-histidinamide (1)

o
. O Y
)K/\(\ 9 o
HO ;/N O EDC HCI, DMAP YLN/\/\NJ\I/Y\ O
NH N l DMF/DCM H H N

Figure 2-17. Synthesis of 1.

Boc-His(Trt)-OH (5.00 g, 10.0 mmol), N-(3-aminopropyl)methacrylamide hydrochloride
(1.79 g, 10.0 mmol) and 4-(dimethylamino)pyridine (2.44 g, 20.0 mmol) were dissolved in 100

mL of DCM/DMF mixture (1:1 v/v). N-(3-Dimethylaminopropyl)-N -ethylcarbodiimide
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hydrochloride (2.30 g, 12.0 mmol) was added to solution, and the reaction was stirred at room
temperature overnight. The reaction mixture was diluted with 50 mL DCM and washed with 50
mL of 0.1 N HCl (a.q.), water, saturated NaHCO3 (a.q.), water and brine. The organic phase was
dried over Na2SOs, and the solvent was removed under vacuum. The crude product was further
purified by silica gel flash chromatography using 0—10% MeOH in DCM to give 1 a white solid
(4.80 g, 77.2% yield). '"H NMR (300 MHz, CDCls) & 7.42 (s, 1H), 7.36 — 7.29 (m, 9H), 7.17 —
7.02 (m, 8H), 6.85 (s, 1H), 6.43 (s, 1H), 5.78 (s, 1H), 5.30 (m, 1H), 4.44 (s, 1H), 3.32 — 3.18 (m,
3H), 3.17 — 3.02 (m, 2H), 2.99 — 2.92 (m, 1H), 1.96 (s, 3H), 1.64 — 1.55 (m, 2H), 1.42 (s, 9H).

LRMS (ESI) m/z calculated for C37H4aN504 [M + H]* 622.3, found 622.4.
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Figure 2-18. '"H NMR spectrum of 1 in CDCl; (300 MHz).
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2.3.3. Polymer synthesis and characterization

: X y
- l (i) DMP, AIBN -
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Figure 2-19. Synthesis of PDMA polymers with pendant histidine side groups.

Copolymers from DMA and 1 were synthesized by reversible addition-fragmentation chain
transfer (RAFT) polymerization. The total monomer concentration was 2.0 M, and the ratio of
DMA/1/DMP/AIBN was 342:18:1:0.2. Polymerization was performed in MeCN at 60 °C for
4 h, after which the reaction flask was immersed into liquid nitrogen and exposed to air. Polymers
were purified by precipitation into diethylether three times and dried under vacuum. The
molecular weight of polymer was 42.5 kg mol™!, characterized by GPC (Figure 2-20). The mole

fraction of monomer 1 in the final polymers was 5.3% as determined by '"H NMR (Figure 2-21).
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Figure 2-20. GPC characterization of copolymers (a) as polymerized and (b) after removal of

trithiocarbonate.
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Figure 2-21. '"H NMR characterization of PDMA polymers with protected histidine side groups in CDCls,
500 MHz. Peaks b and g assigned in the spectrum, corresponding to the protons in the ortho- position in
the trityl groups in 1 and the protons of the methyl groups in DMA, are used for calculating the monomer

ratio in the polymers.
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The trithiocarbonate end group was then removed by radical-induced reduction. To a
Schlenk tube was added polymers (500 mg, 11.8 pmol), 1-ethylpiperidine hypophosphite (105 mg,
588 umol), AIBN (0.97 mg, 5.90 umol), and MeCN (5 mL). The mixture was degassed by three cycles
of freeze-pump-thaw. After the reaction was heated at 85 °C overnight, the solvent was removed under
vacuum. The residue was dissolved in DCM (20 mL), and washed with brine (20 mL x 3). The organic
phase was dried over Na2SO4 and concentrated under vacuum. The polymers were recovered by
precipitation into diethylether three times. The resulting polymers maintained their low dispersity as
confirmed by GPC (Figure 2-20). Complete removal of the trithiocarbonate end group was evidenced

by the disappearance of the absorption peak at 312 nm from UV-vis spectroscopy (Figure 2-22).
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Figure 2-22. UV-vis spectroscopy confirming the removal of trithiocarbonate chain ends. Both polymers

were prepared in MeOH at 0.5 mg mL™".

To remove the Boc and Trt protection groups, the resulting polymers (300 mg) were dissolved
in DCM (5 mL). Water (125 pL), triisopropylsilane (TIPS, 125 pL) and trifluoroacetic acid (TFA, 5
mL) was then added sequentially to the solution. The mixture was stirred at room temperature for 2 h.

The volatiles were removed under vacuum, and the residue was dissolved in a small amount of DCM.
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The polymers were recovered by precipitation into diethylether three times and dried under

vacuum. Quantitative deprotection was shown in 'H NMR (Figure 2-23).
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Figure 2-23. '"H NMR characterization of copolymers after removal of trithiocarbonate chain end and the
protecting groups (Boc and Trt) in D20, 500 MHz. The proton peaks a and b correspond to the histidine-

TFA salt, and the peaks a’ and b’ correspond to the free histidine.

2.4. Mechanical tests

In this thesis, mechanical properties of protein or polymer gels were measured by shear
rheology and uniaxial compression and tension tests. Experimental procedures for different

mechanical tests are summarized below.
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2.4.1. Shear rheology

Instrumentation. Shear rheology experiments were performed on Anton Paar rheometers

(MCR 301 and MCR 502, stress-controlled but normally operated at the Direct Strain Oscillation
mode, or MCR 702, strain-controlled). For consistency, motor adjustment and inertial calibration
were performed before each experiment, during which no vibration should be allowed. The
adjustment and calibration steps are highly recommended for all measurements and should be
performed for measurements at angular frequencies above 100 rad/s or below 0.01 rad/s. When
cone measuring tools were used in experiments at varying temperatures, adjustment and calibration
were performed at the median temperature if the temperature sweep window was relatively narrow
with a temperature difference less than 40 °C. Alternatively, experiments were performed using
the TruGap accessories that have built-in sensors to automatically correct the thermal expansion
factor and adjust the measuring gap at different temperatures. In all cases, the temperature was

controlled by a Peltier device.

The measuring tools (or sometimes referred to as upper geometries) used in this thesis are
listed in Table 2-1. Most of the experiments were performed using a 25 mm cone-plate. For
testing the linear mechanics of the protein hydrogels and polymers gels studied in this thesis, the
surface treatment of the measuring tool was found not to affect the experimental result. However,
a sandblasted cone plate CP25-1/S was used for strain sweep measurements that extended to large
strains such as 1,000% to suppress slip. A 50 mm cone plate CP50-0.5 was used in some cases to
generate torque values 8 times larger than those from CP25. Hence CP50-0.5 was used for
measuring soft gels to generate sufficient torques to ensure data accuracy (more detailed discussion

will be presented later in this section). The sample volume required for PP10 was the smallest
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among all the tools, and nearly 50 pL was sufficient to completely fill the space of a 500 pm

measuring gap. Therefore, PP10 was used for measurements under sample volume constraints.

Table 2-1. Measuring tools (upper geometries) used in this thesis for rheology experiments.

Entry Diameter Measuring gap Surface treatment ~ Conversion factor

[mm] [nm] [Pa/mNm]

CP25-1/S 25 48 Sandblasted 244.4625
CP25-1/TG 25 50 TruGap coating 244.4285
CP25-1 25 50 Stainless steel 244.5001

CP50-0.5/TG 50 50 TruGap coating 30.5999
PP-10 10 Adjustable, normally Stainless steel 3414.7325

set at 500

Sample preparation. All gel samples were centrifuged at 21,100 xg for 10 min to remove

bubbles before loading onto the rheometer. To minimize evaporation of water (for hydrogels) or
polar organic solvent (for instance, DMF in metallogels), the edge of sample was coated with
mineral oil. This practice was necessary for measurements longer than 1 h at room temperature.
For hydrogels formed by entangled proteins, samples were first heated from 25 to 90 °C at a
ramping rate of 5 °C/min and then immediately cooled to 25 °C at a ramping rate of 5 °C/min
(Figure 2-24). This brief thermal treatment unfolded the coiled-coil domains, enabling rapid stress
relaxation in the protein network and effectively eliminating thermal and shear history in the
sample. This temperature ramp procedure was not used for measuring the metallogels due to their
relatively fast stress relaxation.
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Figure 2-24. Thermal annealing of protein hydrogels (A) P4 and (B) Cys-P4-Cys on the rheometer. Both

gels were at 20% (w/v). The measurements were taken at 1% strain and 1 rad/s.

Frequency sweep. The linear viscoelastic (LVE) regimes of various gels were first

determined by strain sweep measurements from 0.01 or 0.1 to 1,000% strains (Figure 2-25). For
gels investigated in this thesis, 1% strain amplitude was typically within the LVE, and this strain

amplitude was typically used for frequency sweep measurements.

Frequency sweep experiments were performed from 100 to 0.001 rad/s in the LVE at a data
density of at least 5 points per decade on a logarithmic scale. Data with torque values larger than
0.5 puNm, which is two orders of magnitude larger than the minimal torque oscillation (~ 2 nNm
for all three rheometers used), were reported. To increase the torque values, a larger upper
geometry could be used (Figure 2-26). Even above this minimum acceptable torque cutoff, there
were noticeable differences of data obtained by using a larger geometry. In addition, the last cycle
of the stress and strain waveforms could be examined to ensure good data quality (Figure 2-27).
This information could be useful to examine samples that were mechanically weak or could easily

fracture.
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Figure 2-25. Strain sweep experiments on (A) hydrogels Ps at 15% (w/v), (B) metallogels formed by
terpyridine end-functionalized four-arm PEG polymers transiently linked to Zn?" in DMF at 10% (w/v),
and (C) metallogels formed by linear PDMA polymers with pendant histidine side groups transiently linked
to Ni?* in 100 mM Bis-Tris buffer (pH 7.0) at a polymer concentration of 10% (w/v). The strain amplitude

1% used in the frequency sweep experiments is shown in dashed line in all panels.
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Figure 2-26. Comparison of frequency sweep measurements on hydrogel Ps at 5% (w/v) using CP25-1 and

CP50-0.5. The proposed 0.5 pNm torque cutoff is shown as the dotted dashed line in black.
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Figure 2-27. Strain and stress waveforms at the last oscillation cycle in a frequency sweep measurement

on hydrogel P4 at 10% (w/v) at 1% strain amplitude and at 0.001 rad/s.
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Creep and recovery. In creep experiments, samples were subjected to a constant load for

30 min or up to 2h until a steady-state creep was reached, which manifested as a linear strain-time
relationship (Figure 2-28). After then the load was subsequently removed to examine the recovery
behavior for the same time period. Three loading conditions with varying stress levels should be
tested to ensure that the test was in the linear regime where creep compliance vs time relationship

(the ratio of strain to stress, unit: Pa’') was independent of the stress applied (Figure 2-28).
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Figure 2-28. Representative creep-recovery data of hydrogel P4 at 30% (w/v) under three different applied
stresses: 25, 50 and 100 Pa. (A) Strain vs. time. (B) Compliance vs. time. The superposition of three
compliance-time curves demonstrates that the tests were performed in the linear regime. The steady-state

phase of creep was taken from 1500 to 1800 s.

A method of converting creep compliance to dynamic moduli. Typical frequency sweep

measurements end at 10~ rad/s because it takes a very long time (more than 15 h) to generate one
data point at frequencies below 107 rad/s; however, it is often desirable to obtain rheological
information in the low-frequency regime. In addition, because the measuring torque decreases
with frequency, it also becomes more difficult to obtain reliable data in the low-frequency limit.
The principle of time-temperature superposition, which is often used to obtain rheological master
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curves for conventional polymers over a large frequency window, may not be applicable to
associating polymeric solutions, gels or melts because of their thermodynamic complexity.
Therefore, in this thesis, the relationship of creep compliance vs. time was transformed into
dynamic moduli in order to access information in the very low frequency regime (10~107 rad/s).
First, time dependent creep compliance was first transformed into dynamic moduli using the

methods described by Ferry. !
J'(a))zJeo—w_[:[Jf—J(t)+t/770Jsinwtdt (2-11)

J"(@)=1wn, + a)j: [Jeo —J(t)+ t/?]O:ICOS wtdt (2-12)

where J* is the recoverable compliance and 5o the zero-shear-rate viscosity. They are the intercept
and the inverse of the slope from a linear fit in the steady-state of creep, respectively. The
extraction of J." and #o are very important to the success of this transformation. The dynamic

moduli were then calculated as
G'=J/(J'2+J"2) (2-13)
G"=J"f(J7+J) (2-14)
The data obtained by small-amplitude oscillatory shear and by transformation from the creep data

overlap for at least one decade in the frequency domain, confirming the efficacy of the method

described here (see an example in Figure 2-29). The MATLAB code for the transformation is

provided in the appendix of this chapter (Section 2.7).
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Figure 2-29. Representative dynamic moduli master curves combing small amplitude oscillatory shear

(SAOS) and creep data.

2.4.2. Uniaxial Compression and Tension

Instrumentation. Uniaxial tension and compression experiments were performed on a

Zwick/Roell Z2.5/TS1S materials testing machine and TestXpert V10.1 master software (Ulm,
Germany) with a 20 N load cell. All tests were performed at room temperature, 24 = 1 °C. All

samples tested were free of any visible defects such as bubbles and voids.

Compression. Hydrogel specimens were pressed into cylindrical Teflon molds of 8 mm in
diameter and 8 mm in height, with both ends sealed with thick Teflon sheets (Figure 2-30).
Samples were annealed in a humidified incubator at 37 °C for 3 h and stored in fridge at 4 °C for
2 d to allow stress relaxation. This time period was at least one order of magnitude larger than the

network relaxation time calculation from the G’-G " crossover frequency.
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Figure 2-30. A picture showing the Teflon molds for preparing samples for compression test.

To perform the compression test, the specimen was placed on a bottom plate. A thin layer
of soapy water (approximately 5% v/v of VWR SoftCIDE extra mild hand soap) was used to
provide sufficient lubrication during compression. A preload of 0.005-0.01 N was applied to
samples to initiate contact. This amount of preload was large enough to be above the resolution
of the load cell (0.001 N) but small enough to minimize deforming the sample before the actual
experiments. Two test procedures were used in this thesis. (A) Compression experiments were
performed at three different nominal strain rates (0.1, | and 10%/s) to a final true strain of 160%,
followed by unloading to 0% strain at a nominal strain rate of 10%/s. (B) Interval loading at 1%/s
nominal strain rate to 160% true strain, with partial unloading (10%/s nominal strain rate) segments
at 40, 80 and 120% to probe the relaxation behavior. Representative compression data from these

two procedures is shown in Figure 2-31.
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Figure 2-31. (A) Uniaxial compression of chain-extended, entangled hydrogels at 15% (w/v) at different
strain rates. (B) Uniaxial compression of chain-extended, entangled protein gel o-Cys-P4-Cys and

unentangled protein gel P4 at 1% 1/s nominal strain rate to probe the relaxation behavior.

Tension. For better visualization, hydrogels were hydrated in phosphate buffer
supplemented with 0.1 mg/mL fluorescein amine (isomer I, Sigma). Hydrogel specimens were
prepared in nearly rectangular Teflon molds 20 mm in width, 28 mm in length and 2 mm in
thickness (Figure 2-32). Samples were annealed in a humidified chamber at 37 °C for 3 h and
stored in fridge at 4 °C for 2 d to allow complete stress relaxation. A custom designed cutter was
used to obtain a dogbone shaped tensile specimen with a neck width of 4 mm (Figure 2-32). No
visible defects were observed after cutting. Sandpaper (ISO grid designation: P80) was glued to
the grips to provide friction and to ensure that the sample did not slip. The ramp-relaxation testing
protocol consisted of loading ramps alternating with relaxation intervals of 600 s, until specimen
failure. During the loading ramps, the specimens were stretched at an average true strain rate at
0.06 s”! to increasing levels of engineering strain (625, 1,250, 2,500 and 3,750%) until mechanical
failure (Figure 2-33). This protocol was developed by accident but was found to be an effective
procedure that yielded the most significant stretch. When intermittent holding periods were
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shortened to 60 s, the entangled gels were still extensible but could only be stretched up to ca.
1,250% engineering strain (Figure 2-33). It was thus hypothesized that the holding period could

stabilize the aligned protein chains. Further studies should be performed to carefully characterize

the structural transformation during tensile loading.

(B)

(unit: mm)

(©) : (D)

Figure 2-32. (A) An engineering drawing of the dog bone dimension, unit: mm. (B) Teflon mold. (C) The

custom designed dog bone cutter. (D) A hydrogel specimen for tensile testing.
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Figure 2-33. Uniaxial tensile experiment on 0-Cys-P4-Cys at 15% (w/v) at 25 °C. The holding time in (A)

and (B) were 600 s and 60 s, respectively.

Calculation of stress, strain and toughness. The stress-strain curve is obtained from the

raw force-displacement relationship. The engineering stress (or) is calculated based the initial
cross-sectional area and engineering strain (k) is calculated based on the initial sample geometry.

The true strain (e1) and true stress (o) are calculated from the following relations:
g =In(l+g,), (2-15)
o =0 (1+&). (2-16)

Toughness, U, is the energy per unit volume that a sample absorbs before failure. Mathematically,

it is calculated as the area underneath the stress-strain curve:
&
U=|"odz, (2-17)

where &r is the failure strain.
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2.5. Site-specific labeling of artificial proteins or polymers via thiol-maleimide
coupling

2.5.1. Labeling and purification of P4-Cys

J‘Wﬁga‘m“\f‘w - [?i*

10 mM Na,HPO, : DMSO (1:3)
pH 7.5, overnight

5 %6““"(‘&5’( Zm"‘\f‘s/i\lgd *

J* = Oy

NO,

Figure 2-34. Synthesis of ONS-Labeled Proteins P4 via Thiol-Maleimide Conjugation.

The synthesis of the maleimide-functionalized photochromic 4’-(N,N’-dimethylamino)-2-
nitrostilbene dye (ONS-M) followed a previously published procedure without changes.!' In a
typical conjugation reaction, protein Ps-Cys was first dissolved in a 3:1 (v/v) mixture of DMSO :
(10 mM NaH2POs) to a concentration of 1 mg/mL, and the solution was stirred at room temperature
for 2 h to ensure complete dissolution of proteins. Next, a 20-fold excess of TCEP was added
from a freshly prepared stock solution at 0.5 M. The mixture was then incubated at room
temperature for 15 min to reduce pre-formed disulfide bridges. During this time, ONS-M was
prepared as a stock solution in DMSO at a concentration of 100 mg/mL. The ONS-M stock
solution was then added dropwise to the protein solution, and the pH of the reaction mixture was

adjusted to 7.5 using a pH meter. After overnight reaction in the dark, the mixture was dialyzed
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against MilliQ water and lyophilized. To partially remove the unreacted free dye, the lyophilized
powder was redissolved in a buffer with 6 M urea and 20 mM Tris at pH 8.0 (freshly prepared).
After the solution was centrifuged in 50 mL conical tubes at 12,500 RPM using a Fiberlite™ F 14-
14x50cy fixed-angle rotor for 30 min to remove precipitated dyes, the supernatant was separated
from the precipitates and transferred to a spin concentrator (Millipore, MWCO 30kDa). The
supernatant was spun at 4,000 xg and concentrated to ~ 1 mL. The spin-through fraction
containing free dyes appeared to be an orange color and was discarded. Urea buffer (~ 14 mL)
was added to the spin concentrator. The process was repeated several times until the spin-through
was almost colorless, which typically took 5-8 cycles. The product was then purified by anion
exchange using HiTrapQ Sepharose HP SmL columns (GE Healthcare) using the same purification
method specified for the same associative proteins. A representative elution profile and
corresponding SDS-PAGE analysis are shown in Figure 2-35 and 2-36, respectively. The product
was further purified by size exclusion with Sephadex LH-20 resins (GE healthcare) as an
orthogonal purification to ensure complete removal of free dyes using a buffer containing 6 M urea
and 20 mM Tris (pH 8.0). The conjugation efficiency was determined greater than 99% confirmed
by UV/Vis spectroscopy (Figure 2-37) using a previously measured ONS extinction coefficient'?

€ (365 nm) = 18,200 M"! cm™!. The estimation is shown below:

dye conc.  0-03718/(18200[ M 'om™ x1[cm])

, — ~102%
protein conc. 2.0x107°[M]

dye conjugation efficiency =

(2-18)
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Figure 2-35. Representative elution chromatogram of anion exchange purification of ONS-labeled P

proteins.
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Figure 2-36. SDS-PAGE analysis of eluted fractions. In this example, fractions B5-D6 were combined and

used for diffusion studies. The letters L and W represent fraction eluted during the loading and wash steps.
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Figure 2-37. UV-vis spectrum of ONS-P4 at 2 uM in 100 mM phosphate buffer at pH 7.6.

2.5.2. Labeling and purification of PDMA polymers with pendant histidine side groups

Copolymers from DMA and 1 were first polymerized under the same condition as
previously described in Section 2.3.3. In the second step for removing the Boc and Trt protecting
groups, copolymers (150 mg) were then dissolved in DCM (3.3 mL), to which water (83 uL), TIPS
(83 pL), and TFA (3.2 mL) were added. After the reaction was stirred at room temperature for 2
h, volatiles were removed under vacuum. The residue was redissolved in small amount of DCM,
and polymers were purified by precipitated into diethylether three times. For dye conjugation,
polymers from the previous step (74 mg, 2 umol) was first dissolved in DMF, and then hexylamine
(5.3 pL, 40 pmol) was added. The reaction was stirred overnight under a nitrogen atmosphere to
ensure complete aminolysis and to minimize undesirable cysteine oxidation. Then tris(2-
carboxyethyl)phosphine hydrochloride (5.7 mg, 2 pmol) and maleimide-functionalized 4'-(N,N'-
dimethylamino)-2-nitrostilbene (8.7 mg in 200 uL. DMSO, 40 umol) were added to the reaction
mixture. After the reaction was stirred for 6 h in the dark, the solution was diluted with 30%

MeOH in water. The mixture was transferred to a centrifugal filter (10 kDa MWCO), spun at
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4,000 xg for 12 min at room temperature, and more solution of 30% MeOH in water was added.
This process was repeated several times until the spin-through fraction was nearly colorless. The
resulting polymer solution was further purified over a Sephadex LH-20 resin to ensure complete

removal of free dyes. Polymers were recovered after dialysis and lyophilization.

O
-5 COOH
=
l (i) DMP, AIBN N)br - W”K
N0 et N7 0 HN” O
(o]
| MeCN, 60 °C |
+
& 5 (i) 95% TFA, 2.5% TIPS, 2.5% H,0 NH
Yl N">~"N J\:/Y\N T o NH,
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NNH N N BN

NO, =/

Figure 2-38. Synthesis of ONS-labeled PDMA polymers with histidine side groups.

2.6. Diffusion measurements using forced Rayleigh scattering

2.6.1. Dye options

In this thesis, three different photochromic dyes were used for labeling polymers or
proteins for forced Rayleigh scattering (FRS) experiments. These dyes were ortho-nitrostilbene
(ONS), nitrobenzoxadiazole (NBD, sometimes also referred as nitrobenzofurazan) and fluorescein,
and their chemical structures are shown in Figure 2-39. All dyes can be irreversibly bleached by
using a cyan laser at 488 nm. In the following paragraphs, the advantages and disadvantages of

different dyes are briefly discussed.
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Figure 2-39. Molecular structure of ortho-nitrostilbene (ONS), nitrobenzoxadiazole (NBD) and fluorescein.

Among the three dyes, ONS is most frequently used for FRS measurements at different
conditions including melt'* ', solutions'? and gels'>. The photo-induced isomerization reaction
of ONS has been well characterized and documented in literature.'® "7 [n addition, ONS is
thermally stable up to 200 °C. However, side reactions, mainly oxidation, may occur in the
presence of oxygen when the experiment temperature is above 100 °C, which results in abnormal
FRS signals.’® 7 The ONS dye has several disadvantages that can limit its application in FRS
experiments. First, the most useful ONS-COOH form for derivation is not commercially available,
and its synthesis takes several steps with a low yield.'? Second, the carboxylic acid group on the
ONS molecule has relatively low reactivity. To achieve high degree of labeling, the carboxylic
acid is usually converted to acyl chloride'?, or the reaction is run at an elevated temperature for a
long time (for example at 50 °C for 2 days)'" !4, Third, because ONS is fairly hydrophobic, extra
caution should be given when using ONS for labeling small molecules for diffusion measurements
in aqueous solutions. Fourth, under some experimental condition, ONS may show a
complimentary grating effect, which will be discussed in more detail in Section 2.6.3; however,

the physical origin has not been well understood.'* Last, ONS may not be a good option for
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studying fast diffusion processes since the shortest grating writing time is 250 ms using a 100 mW

cyan laser from the author’s experience.

To the best of the author’s knowledge, this thesis demonstrates for the first time that NBD
can be used as a photochromic dye in FRS experiments. Previously, NBD has only been used in
FRAP measurements, especially in the studies of the mobility of lipids embedded in the
membranes.'®2! However, the photobleaching reaction of NBD is not well characterized. Various
forms of derivatizable NBD molecules are commercially available from Sigma-Aldrich, for
example, carboxylic acid for esterification, amine for amidation, chloride for nucleophilic
substitution?!, and hydrazine that can react with aldehyde or ketones. From the molecular structure,
NBD is less hydrophobic compared to ONS and has a weaker tendency to aggregate in an aqueous
environment. This is perhaps one of the main reasons that NBD has been extensively used in
FRAP experiments in aqueous solutions.'®2® NBD has also been used in measurements at the
glass state?! or in polar organic solvents??, and exhibits thermal stability up to 80 °C.2' For NBD,
it takes at least 200 ms to write a holographic grating in FRS experiments using a 100 mM cyan
laser in the author’s hands. Finally, complementary grating phenomenon has not been observed
by the author, but it should be emphasized that only a limited set of experimental conditions has

been explored.

Fluorescein is arguably the most widely used dye molecule for labeling in many
applications. Fluorescein is usually linked to other molecules via isothiocyanate-amine coupling,
maleimide-thiol coupling or N-hydroxysuccinimide (NHS) ester-amine coupling. All of the
corresponding reactive fluorescein molecules are commercially available from Sigma-Aldrich or
Thermo Fisher Scientific. Fluorescein is the most hydrophilic dye among the three, and thus it is

very suitable for experiments in aqueous buffers. However, it should be noted that the fluorescence
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intensity and the absorption spectrum of fluorescein and its derivatives are pH-dependent.??
Although fluorescein is mainly used in FRAP experiments, it has also been occasionally used in

2426 In the author’s hands, the shortest time for writing a grating in FRS

FRS measurements
experiments is 50 ms when fluorescein is used. Complementary grating phenomenon is usually

observed from the author’s experience.

2.6.2. Sample preparation

The protein gels for diffusion measurement were prepared by hydrating ONS-labeled P4
and matrix P4 in 100 mM sodium phosphate buffer at pH 7.6 (filtered through a 0.2 pm filter) to
the desired concentrations at 4 °C for 2 days, and the concentration of ONS-P4 was approximately
at 150 uM. The gels were mixed periodically with a micro spatula to ensure homogenous
distribution of dye-labeled proteins. After each mixing step, the gels were centrifuged at 21,100
xg for 5 min at 4 °C to remove bubbles. The gels were finally pressed in between two quartz disks
(17 mm in diameter and 1 mm thick, ground and polished, from Technical Glass Product Inc.) with
a 0.5 mm Teflon spacer in a brass sample holder. The quartz disks were previously cleaned with
ultrapure water and acetone separately for three times, and they were blow dried by compressed
air. The quartz disks for forced Rayleigh scattering experiments should be free of visible scratches.
The sample thickness (0.5 mm) should be at least an order of magnitude larger than the largest
grating spacing (50 pm). Under this condition and when the differences in the refractive index An
and the absorptivity with amplitudes Aa were small, the diffracted intensity decay I was

proportional to the square of An and Aa:*’
L exp| =28 || gin2—ZBA | oz BA2 | (2-19)
I, cos(6/2) Acos(6/2) 2cos(6/2)
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where [o is the incident intensity, € is the angle at which two laser beams intersect, 1 is the beam
wavelength, and B is the sample thickness. Therefore, the diffractive intensity was a square
function of a (stretched) exponential decay function or a sum of (stretched) exponential functions.
This is the mathematical basis for the function forms used in data analysis, which will be discussed

more extensively in Section 2.6.3.

Preparation of metallogels made from four-arm poly(ethylene glycol) polymer building
blocks (made by Professor Sebastian Seiffert’s group) for diffusion measurements is described
below. First, an appropriate mass of terpyridine end-functionalized 4-arm PEG polymers was
dissolved in 500 pL. of DMF. Separately, Zn(NO3)2:6H20 in a 2:1 stoichiometric concentration
to the PEG polymer was dissolved in 500 pL of DMF and vortexed to reach complete dissolution
of solids. Equal volumes of the two solutions were then combined in an Eppendorftube and mixed
rigorously with a micro spatula to ensure homogenous mixing. The sample was centrifuged at
21,100 xg for 10 min to remove bubbles. To prepare samples for self-diffusion measurements, 2
mol% of NBD-labeled four-arm associating PEG polymers was added and dissolved together with
the matrix polymers in the first step. For the samples used in tracer-diffusion measurements, the
synthesis method introduced ~2 mol% of the NBD labeled tracers in the matrix. Therefore, the
concentration of dye labeled polymers was nearly two orders of magnitude lower than the
estimated overlap concentration? of the star-shaped polymer building block in DMF (c¢* = 94 g L~
. This condition ensures that interactions between tracers could be neglected. Gels were
eventually sealed between two quartz disks (17 mm in diameter) separated by a 0.5 mm thick

Teflon spacer.

It is important to minimize introduction of dust during the sample preparation procedure,

otherwise data acquisition at long times would be greatly affected by a largely fluctuating baseline
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(Figure 2-40), especially at large grating spacings. There were several ways to minimize the
negative effect of dust. First, the quartz disks and the Teflon spacer should be cleaned by
compressed air. After this cleaning step, they should be placed on a clean piece of aluminum foil
and covered with another piece of aluminum foil before the subsequent sample preparation steps.
Second, the buffer or solvent used for preparing gels should be filtered through a 0.2 pm filter.
Third, when applicable, the proteins or polymers should be pre-filtered in the solution state by a
0.45 pm filter to remove particulates or dust before drying by lyophilization or using a rotary

evaporator.
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Figure 2-40. An example showing data acquisition at long times with a large baseline fluctuation.

All specimens were stored in the refrigerator at 4 °C overnight in the dark to eliminate
shear history from loading and pressing. In forced Rayleigh scattering experiments, the
temperature was controlled by a circulating water chiller. Samples were equilibrated at the desired
experimental temperature for at least 1 h before further experiments and acquisitions were

performed.
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2.6.3. Forced Rayleigh scattering measurements

In this thesis, diffusion of proteins or polymers in gels was measured by forced Rayleigh
scattering (FRS), a technique widely used in probing slow diffusion of molecules in colloids,
micelles, and self-assembled block copolymers.'® Compared to other popular methods of studying
diffusion, such as fluorescence recovery after photobleaching (FRAP) and fluorescence correlation
spectroscopy (FCS), FRS has the advantage of accessing smaller length scales that are close to the

diffraction limit while measuring over timescales comparable to FRAP and FCS.

The FRS apparatus was modified based on Dr. Muzhou Wang’s original design'’ 2 to
enable measurement on large length scales up to 50 pum when using a cyan laser at a wavelength
at 488 nm (Figure 2-41). This required two coherent laser beams crossing at an angle of 0.638
degrees. To access this very small angle, the most effective way in the author’s hands was to move
mirrors M2 and M4 closer to each other in the x direction (see Figure 2-41). This was
accomplished with the two following major modifications. First, the two mirrors M3 and M4 were
offset by one lattice line in the y direction. Second, a D-shaped mirror (1" Broadband Dielectric
D-Shaped Mirror, 400-750 nm, Thorlabs, part# BBD1-E02) was fixed on a right-handed kinematic
mount (Thorlabs, part# KM100D) to place at the M4 position such that the beam reflected from

M2 did not hit the optical elements at the M4 position (Figure 2-42).
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Figure 2-41. Schematic presentation of the modified optics setup (highlighted in a red box) for forced
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Figure 2-42. A picture showing the mirrors M2 and M4 in the closest x direction.
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The laser alignment procedure was not affected by the modification of the forced Rayleigh
scattering apparatus. To align the laser for data acquisition, an iris was first placed at the lattice
point where the sample would eventually sit. The two coherent laser beams from the beam splitter
and reflected by M1 and M2 were then forced to intersect at the same point by adjusting the mirrors
M2 and M4. Iris was then removed from the sample position, a detector was mounted off lattice,
and an iris was placed in front of the detector. The position and the angle to which these the
detector and the iris faced were finely adjusted such that the beam reflected from M2 could directly
go through the iris and the center of the detector. At the end, the motorized sample stage was put

in the sample position.

FRS measurements were performed as previously described.!! Briefly, a 100 mW
continuous wave laser operating in single longitudinal mode at 1 = 488 nm was split into two
beams, which were individually refocused and intersected at an angle of 8 onto the sample. This
generated a holographic grating of a characteristic spacing d that is determined by the following
equation:

A

By exposing the sample for a certain time period (usually ranging from 250 to 1000 ms depending
on the dye concentration and matrix absorptivity), the photochromic dye was irreversibly
isomerized in the areas of constructive interference, resulting in an amplitude grating of dye
concentration. The evolution of the resulting sinusoidal concentration profile by diffusion was
monitored by diffraction of a single reading beam at the same wavelength and angle as one of the
writing beams but attenuated by 10 or 105 with the use of neutral density filters. The selection

of the attenuation factor should be made to optimize the signal-to-noise ratio. A larger attenuation
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factor would decrease the gain to avoid signal saturation, but it might require a longer time to write
the grating to generate enough signal. It should be noted that the intensity of the reading beam
was low enough such that the change of the profile was due only to diffusion, instead of continuous
bleaching of the photochromic dye. This claim was supported by the observation of a flat baseline

at long times following the initial intensity decay (Figure 2-43).
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Figure 2-43. Intensity of the diffracted beams vs. time. The data acquisition time was lengthened to confirm

the flatness of the baseline at long times.

Additional attention should be paid when performing experiments at small angles with the
modified forced Rayleigh scattering setup. Specifically, the accurate value of beam angle becomes
sensitive to the distance between M2 and M4 at the x direction, especially at small angles of 2
degrees or below. Therefore, it requires extra attention to precisely place M2 and M4 at the desired
spots on the optical rails. At these small angles, background scattering and reflection might raise
the baseline. Thus, the signal from the diffracted beam might easily saturate right after the grating

writing step. In this case, a neutral density filter can be added inside the flight tube in front of the
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detector to further attenuate the reading beam by 10 or 107" and to decrease the detector gain.
This adjustment can be accompanied with increasing the grating writing time in order to optimize

the signal-to-noise ratio.

There were several functional forms used in this thesis to analyze the diffracted intensity
decay to extract average relaxation time constant(s). The fitting was performed in MATLAB using

the built-in trust-region algorithm in the optimization toolbox (called by the routine cftool).
(1) A single stretched exponential function

In this case, only one obvious decay was observed from the raw data. Therefore, the signal

was fit to a stretched exponential function,
8 2
1= dexp(-1/7)' | +B, 2-21)

where [ is the intensity, 7 is the time constant, £ is the stretched exponent ranging from Oto 1, 4 is
the grating amplitude and B is the incoherent background. The average decay time constant was

calculated as the first moment of the stretched exponential

Z%WFFJ’ 2-22
()="5"T 3 @22)

where I is the gamma function. The stretched exponent f for artificial proteins was usually 0.75—

1.0 and for tetra-arm PEG polymers 0.70-1.0. An example is shown in Figure 2-44.

111



2.5:'-""""'1”"""'I""""‘l""""'f
_ o Fitting results:
EN A=2.015+0.005
.fg-'»‘ 10§ 7=82.5+0.02
"2 ': £ =0.784+0.003
- °'5; B =0.0234+0.0001
0.0

Figure 2-44. An example showing the decay of the diffractive intensity over time (red dots) that is fitto a
stretched exponential function (black line). For this curve, the protein gel concentration was 10% (w/v) and

the measurement was performed at a beam angle of 20 degrees and temperature of 35 °C.

(2) A sum of two stretched exponential functions with pre-exponential factors of the same sign

In some cases, two decay processes were observed in the time-dependence diffractive

intensity. Therefore, the signal was fit to a sum of two stretched exponential functions,
2
I= I:A, exp(-t/7,)" + 4, exp(-t/tz)ﬂ2:| +B, (2-23)

where 41 and A2 are the pre-exponential factors (both of positive signs), 71 and 2 are the
corresponding time constants, 1 and 2 are the corresponding stretched exponents, and B is the
incoherent background. The existence of two distinct time constants might be explained by the
two-state model, which will be described in Chapter 3, or due to two complementary gratings in
the measurements. The average decay time constants were then calculated based on eq 2-22. An

example is shown in Figure 2-45.
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Fitting results:
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Figure 2-45. An example showing the decay of the diffractive intensity over time (red dots) that is fit to a
sum of two stretched exponential functions (black line). For this curve, the polymer concentration in the
gels based on nickel-histidine coordination was 10% (w/v) and the measurement was performed at a beam

angle of 30 degrees and temperature of 35 °C.

(3) A sum of two exponential functions with pre-exponential factors of the opposite sign

When fluorescein was used as the photochromic dye to label artificial proteins in forced
Rayleigh scattering experiments, it was observed that the diffracted intensity often exhibited a
decay-growth-decay profile. This phenomenon has been previously reported by others and is
explained by the presence of two complementary gratings.'®?® Here, the FRS signal was fit to a

sum of two exponential functions,
I =|:A1 exp(—t/z'l)+A2 exp(—t/z'z)]2 +B, (2-24)

where 41 and 42 are the pre-exponential factors of opposite signs, 71 and 72 are the corresponding
time constants, and B is the incoherent background. Note that stretched exponential functions were

not used in the fitting because it was discovered that with stretched exponential functions, the
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fitting ended in many local minima and comparison of fitting results across many experiments was

difficult. An example of the raw data and fit is shown in Figure 2-46.
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Figure 2-46. An example showing the decay of the diffractive intensity over time (red dots) that is fit to a
stretched exponential function (black line). For this curve, the protein concentration in the PEcP gels was

10% (w/v) and the measurement was performed at a beam angle of 20 degrees and temperature of 25 °C.

2.7. Appendix

MATLAB code for transforming creep compliance data to dynamic moduli.

function JG_conversion
clear all; clc; close all;

% estimate slope and the intercept from a linear fit of the
% compliance-temperature data and convert J-t to moduli
% written by Shengchang Tang in 2013

%% data input

data JT = xlsread(' '):;

% Linear fitting to get the slope and the intercept from the fit
tdata = data JT(:,1);

Jdata = data JT(:,2);

% time

Xx = tdata( :end):;

% compliance

y = Jdata( :end);

% linear regression, only using the last few data points to get the linear
3 fit
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n = length(x);

X [ones(n,1),x];

[b bint r rint] = regress(y, X);:

% rcoplot(r,rint)

% output the parameter for the fit
Je = b(l); % intercept

inv_eita = b(2); % slope

%% converting the compliance data to modulus

% spline fit to obtain function J(t)

tt = 0:1l:max(tdata);

JJ = spline(tdata,Jdata, tt);

% the parameter in frequency sweep spectrum
omega = logspace( , , )i

%+ using the trapozoid formula to calculate the integral
for n = 1l:length(omega)

% specifiy omega

w = omega(n);

% the creep complicance J'(omega)

Jl part = (Je + tt .* inv eita - JJ) .* sin(w .* tt);
Jl(n) = Je - w * trapz(tt, Jl _part);
% the creep compliance J" (omega)
J2 part = (Je + tt .* inv eita - JJ) .* cos(w .* tt);
J2(n) = w * trapz(tt, J2 part) + 1/w * inv_eita;

end

% calcualtion

Gl =100 * J1 ./ (J1.72 + J2.72);
G2 = 100 * J2 ./ (J1.72 + J2.72);

% loglog(omega, Jl1, 'r', omega, J2);
figure
loglog (omega, Gl, 'r', omega, G2);
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Chapter 3 Anomalous Self-diffusion and Sticky Rouse Dynamics in

Associative Protein Hydrogels

( Anomalous diffusion
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Reproduced with permission from S. Tang et al., Journal of the American Chemical Society

2015, 137 (11), 3946-3957. Copyright © 2015 American Chemical Society.

Natural and synthetic materials based on associating polymers possess diverse mechanical
behavior, transport properties and responsiveness to external stimuli. Although much is known
about their dynamics on the molecular and macroscopic level, knowledge of self-diffusive
dynamics of the network-forming constituents remains limited. Using forced Rayleigh scattering,
anomalous self-diffusion is observed in model associating protein hydrogels originating from the
interconversion between species that diffuse in both the molecular and associated state. The
diffusion can be quantitatively modeled using a two-state model for polymers in the gel, where
diffusivity in the associated state is critical to the super diffusive behavior. The dissociation time

from bulk rheology measurements was 2-3 orders of magnitude smaller than the one measured by
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diffusion, because the former characterizes submolecular dissociation dynamics, whereas the latter
depicts single protein molecules completely disengaging from the network. Rheological data also
show a sticky Rouse-like relaxation at long times due to collective relaxation of large groups of
proteins, suggesting mobility of associated molecules. This study experimentally demonstrates a
hierarchy of relaxation processes in associating polymer networks, and it is anticipated that the
results can be generalized to other associative systems to better understand the relationship of

dynamics among sticky bonds, single molecules, and the entire network.

3.1. Introduction

Natural and synthetic materials based upon associating networks are of longstanding
interest across a wide variety of different communities."? These materials share a common feature
that fhe network junctions are formed by various physical or supramolecular interactions, including

8

hydrogen bonding®>, metal-ligand coordination®®, ionic interactions (coacervation)® 0,

13,14 "and combinations thereof in intricate

hydrophobic interactions'"> ', host-guest complexation
self-assembled systems!>!8, Since the association energies of the physical bonds are typically on
the order of a few to tens of k57 (the thermal energy),'® these bonds can dissociate and recombine
due to thermal fluctuation or when triggered by mild environmental stimuli. This feature
distinguishes associating networks from their chemically-crosslinked counterparts and gives rise
to many interesting transport and mechanical properties. For example, the nuclear pore complex
uses weak associations between proteins to regulate the transport of molecules into the nucleus.?”
Many researchers have incorporated associating bonds into materials to prepare batteries?!,

conductive artificial skin®2, elastomers™2*24, and soft hydrogels® with self-healing properties. The

associative junctions can also serve as sacrificial bonds for effective energy dissipation in order to
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prevent concentrated stress at the early stage of the stretch, enabling soft materials to achieve
dramatic enhancements in toughness.?>% Moreover, biocompatible associating gels have shown

significant promise as injectable cell-encapsulating materials for medical applications.?”- 28

Network dynamics are important to control the materials’ properties, such as the time scale
of self-healing’, the susceptibility to creep at long time** *, and the influence of relaxation time
of synthetic microenvironments on cell response®!. From a fundamental perspective, the dynamics
of an entire network are largely controlled by the dynamics of associating bonds or stickers. This
has provided the basis for many theoretical models developed throughout the past seven decades.’*
¥ In particular, the sticky Rouse/reptation theories are suitable to describe the dynamics of
polymers with associating sidegroups along the backbone.’® These theories reason that the
presence of the stickers introduces additional friction between polymers, and such effect is
enhanced drastically with increasing sticker density. As a result, the dynamics (e.g., relaxation
time, self-diffusivity, and zero-shear-rate viscosity) of associating polymers strongly depends on
the number of stickers per chain, the polymer concentration, and the polymer architecture. This
complexity makes it difficult to provide exact correlations between the dynamics of one isolated

junction and the dynamics of the entire network.”

While the majority of existing studies on dynamics have focused on mechanics, diffusion,
especially the self-diffusion of network forming molecules, is less explored. However, diffusion
is central to understanding the performance of materials and to rationally designing new materials.
For example, the diffusion of polymer chains has been shown to affect the structure of the
polyelectrolyte multilayers (PEMs) and to further influence their properties.** According to the
selective phase model,?* #! diffusion of FG-rich proteins should be critical to promote the

translocation through the nuclear pore complex. A similar effect is observed for membrane
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lipids.** Additionally, when cell adhesion epitopes such as RGD are linked to associating
polymers inside a synthetic microenvironment, diffusion is expected to alter the spatio-temporal
distribution of the cell-binding ligands and thus has an impact on the cell spreading behavior.’'
Diffusion is also relevant for self-healing materials: it is important to know how molecules diffuse
across the damaged interface and reform the associative bonds to restore the pristine network
structure and mechanical properties.*’ Despite its importance, only a few experimental studies

44,45 and this work mainly

have measured the self-diffusion of polymers in associating networks,
focuses on diffusion in the large length scale Fickian limit where an effective diffusivity is obtained.

Knowledge about how association kinetics quantitatively affect the diffusion of molecules at

various length scales is still lacking.

Biosynthetic hydrogels based upon associating coiled-coil domains are an ideal model
system for fundamental investigations of gel physical chemistry due to their mono-disperse
backbone molecular weight and sequence-defined sticker positions. These proteins are widely
studied and have also shown promise for a myriad of applications, including artificial extracellular
matrices (ECMs)*¢*8 biocatalysts** %, and drug carriers®’. These materials can be modularly
designed and engineered by taking advantage of the specificity of coiled-coil association. Here, a
multi-sticker coiled-coil protein is used as model system to study the relationship between
associative molecular diffusion and the linear viscoelasticity of gels. The model coiled-coil protein
P4 has a multiblock architecture, with four coiled-coils on the protein backbone joined by flexible
polyelectrolyte linkers Cio (Scheme 3-1A and 3-1B). For the first time, self-diffusion of
associating proteins in hydrogels is measured over four decades of &? (square of the diffractive

grating spacing) by forced Rayleigh scattering (FRS) (Scheme 3-1C and 3-1D), revealing
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anomalous diffusion below a critical length scale that largely depends upon temperature and

concentration in the gels. Linear viscoelastic properties from 10™* to 10? rad/s are obtained from
g prop

Scheme 3-1. Self-diffusion of associative proteins in gels probed by forced Rayleigh scattering.(A)
Structure of the single protein P4 that contains four coiled-coil domains on the backbone joined by flexible
linkers Cio. The chain highlighted with red schematically represents a protein molecule labeled with a single
red dye. (B) Schematic of self-diffusion of labeled proteins P4 in hydrogels made from the same proteins.
(C) Forced Rayleigh scattering forms one-dimensional concentration gratings of dye-labeled polymers
within a hydrogel when exposed to the full power laser. The blue area within the sample indicates the
region of constructive interference, where the photochromic dye was irreversibly isomerized. (D) Diffusion
causes decay of the grating. An example showing the decay of the intensity over time (red dots) fit to a
stretched exponential function (black line). For this curve, the protein concentration was 10% (w/v) and

the measurement was performed at a beam angle of 20 degrees and temperature of 35 °C.
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small-amplitude oscillatory shear (SAOS) and creep measurement, and a sticky Rouse relaxation
is first identified in associative protein hydrogels, which correlates tb the diffusive motions of
associative proteins in an aggregated state. The dissociation rate constants from the diffusion
studies provide frequency shift factors, enabling a time-concentration-temperature superposition
of the rheology data of gels under various experimental conditions, and collapsed dynamic moduli
master curves are obtained. These studies provide quantitative insight into the strong couplings

between sticker association, molecular diffusion, and material relaxations in associative polymers.

3.2. Results and Discussion

Anomalous Diffusion in Associative Polymers. The self-diffusion of the model
associating protein Ps in hydrogels exhibits two distinct scaling behaviors <z> ~ @ over a wide
range of length scales (Figure 3-1), where d is the characteristic length scale of the grating and <r>
is the corresponding characteristic diffusion time. It is important to point out that the relation <>
~ dP# is different than classical scaling of mean square displacement over time (<X?> ~ %), and the
two power-law exponents are related by a = 1/u. At large length scales, an exponent of © = 1
corresponds to a scaling relation of <z> ~ &7, as is expected for Fickian diffusion. However, an
exponent u < 1 (or equivalently a > 1) is observed at short length scales over a wide range of
concentrations, indicating a distance vs. time dependence that is stronger than diffusion, i.e., super-
diffusion. For example, protein gels at 6.5% (w/v) show a weak power law dependence from ca.
0.05 to 50 um? where the scaling exponent « is 0.304 + 0.024 (Figure 1). When the concentration
of the gel is increased, <> increases significantly in the super-diffusive region, from
approximatély 10 s at a concentration of 6.5% (w/v) to nearly 1000 s at 20% (w/v). The range of

& over which the super-diffusive scaling is observed also shifts with increasing concentration;
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however, the power law exponent a increases only slightly. Previous studies of diffusion in

associating polymers were performed on longer length scales corresponding to the effectively

AhAAL BB AL BRI AL B R L =

-

[=]
TTTTmD]
E

@ pa pEs L
o B @ 0 ]

== e gn B

=5
Elw:ﬁm /E'Jmi';r : E}’m

-
(=]
LRARLL

- | EzeET o EmA
—_ 2| - g = _@= - 1.02 £ 0.11]
p10°E T g8 @mmﬁckiandiﬁusiong
v - ﬁy B gl O 65% 3
. L % EETE‘ 8% 4
10 F 507 0304z002¢ O 10% 3

r Super-diffusion O 15%

[+

g T P T R, - i
10" 10° 10" 10*° 10° 10

a? [um?]

Figure 3-1. Super-diffusion and Fickian diffusion (shaded in light orange) of coiled-coil proteins in
hydrogels at various concentrations. All measurements were performed at 35 °C. Error bars represent one
standard deviation of measurements performed in triplicate. Dashed lines are fits to the two-state model.
For protein gels at 6.5% (w/v), the values of slopes shown in the figure are from fits to power laws, and

error bars on the power law exponents represent 95% confidence intervals.

Fickian regime observed here;**5 this is the first time that super-diffusion is observed through
studies of diffusion at shorter length scales. Although this observation may appear counter-
intuitive at first glance since the presence of associative a-helices reduces the diffusivity of the
polymers, the result is reminiscent of the super-diffusion phenomena arising in other self-
interacting systems, such as wormlike micelles’ and Hydra cells in aggregates®. Although the
detailed physics governing these self-interacting systems are substantially different, they share in
common that motions of the constituents show spatial and temporal correlations, i.e., movement
of one molecule or cell affects the dynamics of others. Therefore, it is hypothesized that the
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observed super-diffusive scaling regime in associating protein gels originates from the associative
dynamics of the coiled-coil domains. However, the scaling exponent x in the coiled-coil hydrogels
is much smaller than the ones reported in references 52 and 53 (0.75 and 0.81 for their smallest
values, respectively), which suggests a stronger influence of the associative interaction on the

diffusion process in the protein gels.

As the grating spacing is increased into the large d” regime, the expected Fickian diffusion
is recovered for gels at all concentrations (= 1.0). The transition from the super-diffusive regime
to the Fickian regime depends on concentration, and the characteristic d at the transition decreases
when concentration increases. The corresponding transition length d occurs on the order of um.
Interestingly, there is also a subtle deviation from the super-diffusive scaling in the small & limit
where the slope starts to increase, gradually approaching 1.0. This suggests that there might be
a second Fickian diffusion regime on very small length scales, where the smallest d in the
experiment is still 488 nm, at least an order of magnitude larger than the radius of gyration (Rg) of

an individual protein (Appendix A).

The anomalous diffusion is strongly affected by the temperature (Figure 3-2). The average
decay time constant <z> at a given grating spacing &’ increases with decreasing temperature due
to the combined effect of a smaller diffusivity of protein molecules and the slower exchange of
coiled-coils. In addition, the slope of the power-law regime becomes smaller at lower temperatures;
this phenomenon is most pronounced for low concentration gels where both the super-diffusion
and Fickian regimes are well developed within the experimentally accessible window. For gels at
6.5% (w/v), the power law exponents are 0.304 + 0.024, 0.207 + 0.019, 0.091 + 0.078 at 35, 25

and 15 °C, respectively. This observation is consistent with the hypothesis that a smaller u
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indicates a stronger association constant for coiled-coils, which is expected with decreasing

temperatures.
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Figure 3-2. Super-diffusion and Fickian diffusion of coiled-coil proteins in hydrogels at various
temperatures. The concentrations in panel (A), (B) and (C) are 6.5%, 10% and 15% (w/v), respectively.
Error bars represent standard deviations from measurement in triplicate. Dashed lines are fits to the two-

state model.

Analysis of Anomalous Diffusion with the Two-State Model. Previous studies in the
literature on associating systems have suggested that the apparent super-diffusive scaling may

originate from the interplay of diffusive and associative dynamics.’? 3

In order to quantitatively
explore the observed behavior, a two-state model is introduced where a diffusing species is in
equilibrium between a molecular state (relatively mobile) and an associated (relatively immobile)
state. In the molecular state M, proteins behave as free, non-interacting molecules, whereas in the

associated state A, proteins are associating with each other, but diffuse much more slowly than in

the molecular state. Central to this model is the non-zero diffusivity of the associated molecules;
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however, the mechanism by which associated species may diffuse is elusive. One possible
explanation is that associated proteins “walk” within the network by partially detaching the coiled-
coil junctions, although at least one coiled-coil along the protein backbone remains attached to the
network at all times. The conversion between states M and 4 is reversible, and it can be described

in the following reaction:

o (3-1)

Here, kon and kog characterize the rates at which protein transition between the two states. The
change in the concentrations of protein molecules Cx and C4 can be described simply by the

following reaction-diffusion equations, which are referred to as the two-state model hereafter:

aCM = DM ahC;M - konCM + koijA

ot Ox (3-2)
oC 5°C )
8tA =D, asz +k,C,, —k,C,

where Dy and D4 are the diffusivities in the molecular and associated states, respectively. The
model can be solved analytically using Fourier transform methods with the sinusoidal
concentration gradients made during the FRS writing step as an initial condition. The initial
condition of Cux and Cy can be calculated from the following two relations: C4/Cu = Keq (from
equilibrium assumption) and C4 + Cax = total protein concentration (by definition). The amplitude
of the initial sinusoidal concentration profile decays as a double exponential with short and long
time constants that are separated by at least two orders of magnitude and the small time constant
is less than 1 s even for gels at high concentrations (see details in Appendix A). Diffracted

intensities observed at experimental time scales thus reflect the long relaxation time, which
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contains effects from diffusion of both molecular and associated species as well as their exchange
kinetics, depending on the length scales probed. A similar model has been applied in a study
where fluorescence recovery after photobleaching (FRAP) was used to probe the binding
interactions and mobility of the transcription factor inside the nucleus, but the diffusivity of the

relatively immobile species was assumed to be zero.>*

Despite its simplicity, the two-state model is able to qualitatively capture many aspects of
the experimental observation and provide insight into the underlying physics (Figures 3-3). Ina
typical FRS experiment measuring simple Fickian diffusion, the decay time of the diffracted
intensity is

dz
" 47z°D

T (3-3)

where D is the diffusion constant of the dye-labeled species, and d is the period of the holographic

grating defined by following equation (Scheme 3-1C).

A

d=— -
2sin(6'/ 2) S

In this two-state model, the relationship between the observed time constant and diffusivity is
significantly more complex. As shown in Figure 3-3, the model predicts the existence of two
Fickian regimes at both large and small ¢? with slopes of one in the log-log plot. They are
connected by a pseudo power-law regime with a slope less than one, which indicates super-

diffusion.
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Figure 3-3. Predicted relation <z> ~ ¢** from the two-state model (black solid curve) with the parameter
values Dy = 10 m?%s, Da = 10" m?/s, kon = 100 s, and ko= 1 s™. The solutions (red dashed line) of the
two Fickian regimes with slopes of 1 are shown in rounded rectangles with light yellow background. The
super-diffusive regime (green dashed line) has a slope of 0.18. The analytical expression for the slope is

2/[1 + (yKeq)'?]. The horizontal line in blue corresponds to the molecular dissociation time zq = 1/kof.

These regimes can be explained by considering the physical processes that govern the
relaxation of the imposed concentration gradient in the FRS experiment, which can include the
diffusion of molecules in both molecular and associated states, and the exchange kinetics between
the two states. In all regimes, complete relaxation is only possible after the concentration gradient
of the relatively immobile associated proteins has relaxed. At the shortest length scales, the

diffusion time scale of associated molecules is sufficiently short that the gradient can relax directly

by diffusion, thus
2
r=—2 (3-5)
4rx°D,
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At the longest length scales, the most rapid relaxation pathway is for proteins to disconnect from
the network and diffuse as individual molecules. Therefore, the predicted relaxation time reflects
the diffusion of free molecules, slowed down by continuous association/disassociation with the
network. The resulting grating relaxation time is

2 K
ro— 4 Kyl (3-6)
47°D,, yK,, +1

Since the association energy between the coiled-coil domains is large relative to kg7, it is
expected that the association rate is much larger than the dissociation rate, i.e., kon >> kog, Or the
equilibrium constant (Keq = kon/kog) is large. In the limit when the ratio of associated diffusivity
to molecular diffusivity (y = D4/Du) is small enough such that yKey << 1, the grating relaxation
time in the Fickian regime at large d” simplifies to

d’ d?

= K =~ 3.7
47D, ' 4r’Dy, 4 (3-7)

T

where the effective diffusivity turns out to be the real diffusivity Da divided by the equilibrium
constant Keq. In the strong association limit, the equilibrium constant should be the inverse of the

fraction of dissociated chains (f),

K==t L (3-8)
koff CM,eq f f
Therefore, the effective diffusivity can also be expressed as
D,
Dy = K_M = /Dy, (3-9)
eq
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which is the bare diffusivity of the molecular species multiplied by the fraction of dissociated
chains. At intermediate lengths, diffusion in the molecular state is still the dominant mechanism,
but the grating relaxation time is determined by the conversion rate from the associated state to the

molecular state, i.e., ko

The emergence of the super-diffusive regime can also be explained from a time-scale
perspective. The super-diffusive regime is centered around the molecular “off” time, 17 = 1/kop,
which provides a characteristic time scale for proteins to dissociate from the network. For a time
period much shorter than 74, the dissociation effect is negligible on the timescale over which the
grating decays. Therefore, the decay of the FRS grating is due to the diffusive motion of the more
abundant but less mobile associated molecules (eqn 3-5). By comparison, for a time period much
longer than 74, protein molecules dissociate and re-associate with the network several times during
the characteristic decay time. The molecules are able to diffuse after disconnecting from the
network following Fick’s law, but they spend a significant fraction of time associated with the
surrounding proteins that effectively slows down the diffusion. Therefore, hindered diffusion of
relatively mobile protein molecules is observed (eqns 3-6 to 3-9). The super-diffusive regime
arises from the transition between the two Fickian limits, where the association/dissociation
dynamics is important. In this regime, the rate of grating decay is limited by the rate of network
dissociation, not by the size of the grating. Because most of the coiled-coils have formed
pentameric aggregates with each other in the strong association limit and are not available for free
molecules to bind, molecules can diffuse a distance larger than the grating period before re-
associating with the network. Hence the rate-limiting step is the dissociation of protein molecules
and the averaged time constant centers around 7. Last, it should be emphasized that a non-zero

value of y or Du is required to yield a non-zero slope in the power-law region and to observe the
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Fickian regime at small length scales. This is a critical difference between the analysis presented
here and previous formulations of the two state model where the diffusion of relatively immobile

species is neglected.>*

Fitting the two-state model to experimental data provides quantitative estimates of the rate
constants and diffusivities of the two species. While the model does not presuppose any values
for the diffusivities or rate constants, the regime relevant to associating polymer gels has Keq >> 1
due to strong association of the physical bonds and y << 1 arising from a fast and slow species.
Fitting is restricted to this regime to obtain physically relevant solutions; within this regime super
diffusive behavior emerges when yKeq << 1. Because the model predicts that all curves collapse
under the experimentally relevant condition when Keq >> 1 and yKeq << 1 (Appendix A), only three
parameters can be independently determined without imposing a specified value of Keq, which are
chosen to be the off-rate constant kof;, the diffusion coefficient of associated species D4, and the
quantity yKey. As shown in Figures | and 2, the two-state model is able to fit the experimental data
with satisfactory agreement under all conditions of temperature and concentration. With the
assumption that K¢y >> 1 and yKeq << |, the effective molecular diffusivity Dues simplifies to
Dm/Keq and can be calculated from Da/yKey. As shown in Figure 4A and 4D, Duey is estimated to
be in the range of 107'® — 10°'* m?/s, at least two orders of magnitude smaller than the self-diffusion
coefficients of typical polymers in the semi-dilute regime.’® 37 This observation supports the
argument that the association between protein molecules effectively slows down the rate of
diffusion. The value of Dy falls into the range of 10-'%- 107! m?/s (Figure A-5). It is much smaller
than Dy given that Keq >> 1, but is not negligible. ko has values ranging from 0.1 to 0.001 s, and

its inverse falls into the time scale in the FRS experiments.
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Figure 3-4. Estimated diffusivity Dwes, and rate constant ko, and yKeq as functions of the volume fraction
of protein ¢ (A-C) and the inverse of temperature (D-F). Error bars represent 95% confidence intervals
from fits to the two-state model. The values of estimated activation energies are shown in the text box on

top of the corresponding panel.

The estimated reaction-diffusion parameters allow quantitative comparisons between
observations under different experimental conditions. First, the diffusion coefficients decrease
with increasing concentration (Figure 3-4A), as expected. The concentration dependencies are
appreciably stronger than what has been reported in literature,*® but the scaling Dayeg ~ 7> * 0
and Dy ~ ¢~388*968 (error bars represent 95% confidence of intervals) are qualitatively consistent

with the sticky Rouse predictions.>® The rate constant ko5 decreases with increasing concentration

(Figure 3-4B), indicating that koy is fundamentally different than the rate constant in classic
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biomolecular reactions, which is a function of temperature only. Even though a single coiled-coil
could break at a rate independent of concentration, dissociation of a protein molecule, which
requires collective dissociation of four coiled-coil domains, may exhibit concentration dependence,
possibly due to differences in the fraction of dissociated coiled-coil domains and/or chain
connectivity (loops vs. bridges). At equilibrium, the fraction of dissociated coiled-coils decreases
with concentration. Therefore, the collective rate for all four coiled-coil domains dissociating from
an individual protein goes down. In addition, previous work has demonstrated that the fraction

O Dissociation of a bridged chain should be

of bridged chains increases with concentration.?
relatively more difficult than a looped chain because it causes changes in the association states of
the stickers (closed or open) not only on one bridged chain but also on others connected by
intermolecular coiled-coil aggregates. Collectively, it is reasoned that a chain undergoes many
failed attempts to disengage from the network before a successful dissociation event takes place.
This phenomenon leads to a smaller ko at higher concentrations. The observed concentration-

dependent dissociation rate, or dissociation time, is also in agreement with the concept of bond

lifetime renormalization in the sticky Rouse theory.®

Both diffusivities and k. increase with temperature as a result of enhanced thermal
fluctuations, and they follow an empirical Arrhenius behavior over the relatively limited
experimental temperature range (Figures 3-4D, 3-4E, and Figure A-6 in Appendix A). The
Arrhenius behavior is possibly due to energy barriers required for proteins to dissociate from the
network, not the free volume effect in self-diffusion of an unentangled polymer melt>.
Temperature has a more profound effect on dissociation kinetics than the effective molecular
diffusivity, as the activation energy of Daey (56.7 £ 12.1 kJ/mol) is smaller than the one of ko

(82.2 = 10.4 kJ/mol). The activation energy of D4, however, is roughly the same as for ko within
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statistical error (Appendix A), suggesting that D4/k.y might be temperature insensitive. The
quantity Da/keg is proportional to the transition d” from the small-length-scale Fickian regime to
the super-diffusive regime, which can be obtained by setting T = /kog in eqn (3-4)

2
a2y = 2P (3-10)
P

However, the reason why dmair does not depend on temperature remains to be determined.

Finally, the product yKe; quantitatively describes the extent of anomalous diffusion,
because it is the combined ratio of the two diffusion coefficients and the two rate constants. The
non-dimensionalized average time constant and square of the grating spacing are defined as 7 =
ko <> and d* = kog F/4m°Duey (or equivalently yKegkop d°/4m°Da), respectively, where the
symbol ~ indicates dimensionless variables. Figure 3-5 shows that all curves collapse in the
Fickian regime at large &7, and the reduced solution in this regime becomes simply ¥ = d?. If yKeq
= 1, this Fickian regime continues to the smallest the length scale until sub-diffusive motions of
polymer segments have to be considered. For all the cases in the current study, where yKeq << 1
(Figures 3-4C and 3-4F), a super-diffusion regime starts to develop when d* or 7 decreases to one.
The width of the super-diffusive regime w is defined as the ratios of the two @ from the line 1/koy

intersecting the two Fickian solutions (Figure 3-3),

. 4. 47D, /(Keqkoﬂ) 1
Sl L k = (3-11)
d” 4z DA/ koﬂ K

eq

Therefore, w increases with decreasing yKeq, as observed for gels at low concentrations or at low
temperatures (Figures 3-1, 3-2, and 3-5). As shown in the Appendix A, the slope of the super-

diffusive regime is
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Figure 3-5. Anomalous diffusion plotted in reduced parameter space. The dotted lines are normalized fits
to the two-state model. The red dashed line represents the reduced asymptotic solution in the large o’

Fickian regime. The navy blue line represents the limiting case where yK., = 0.

dogr] L 2 2
d log dz inflection 1 + J; l + (yKEq )'Uz

(3-12)

which is also a function of yKeq only. When yKeq is non-zero, the slope or the power-law exponent
can take any value from zero to one. From eqn (12), it is clear that a smaller value of yKeq yields
a smaller slope in the super-diffusive regime (Figures 3-1, 3-2, and 3-5). In the limiting case where
yKeq = 0, when either associated species are completely immobile or the re-association rate is zero,
the super-diffusive regime with a slope of zero is predicted to persist to the smallest length scale.

However, for nonzero yKeq, all curves enter a second Fickian regime below the length scale of the
super-diffusive regime, where the reduced solution is 7 =c72/ 7K., . Therefore, the dimensionless
transition 4 from the power-law regime to this small-length-scale Fickian regime is yKeq, from

0.004 to 0.06 in the experiment, as shown in the collapsed data in Figure 5. It is important to point

out that both Fickian regimes cannot be superimposed simultaneously because curves with
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different values of yKeq have different shapes. If d* is defined as ko d?/4n°Da, the curves will

collapsed in the small-length-scale Fickian regime.

The Rheological Signature of Sticky Rouse Relaxation in Protein Gels. Shear rheology
is performed in order to study the relationship between the dynamics on the molecular level
measured by self-diffusion and a material’s macroscopic relaxation. Dynamic moduli master
curves are obtained in the frequency range from 10 to 10% rad/s by combining creep and frequency
sweep measurements (Appendix A). As shown in Figure 3-6A, P4 hydrogels exhibit a plateau

storage modulus G’ in the high-frequency regime (10-100 rad/s), and a crossover between G’ and

G’ at intermediate frequencies (0.1-1 rad/s) where the relaxation time of the coiled-coil domain
can be assigned; both features are typically observed for physical hydrogels. In addition, a
noticeable turn in G’ is present in the frequency regime 0.001-0.01 rad/s before entering the
terminal relaxation regime. Corresponding to this turn in G, there exists a second plateau in the
relaxation modulus master curve (Figure 3-6B) and a local minimum in the van Gurp-Palmen plot
(Figure A-7 in Appendix A). The existence of an additional relaxation in this low frequency range
resembles the rheological responses from a variety of systems where the sticky Rouse theory can
be applied, such as ionomers,* ¢! hydrogen bond polymers®? and small molecules®?; but to the best
of our knowledge, this has not been reported or thoroughly investigated in previous studies on gels.
More importantly, this sticky Rouse relaxation can be observed in protein gels formed by the same
coiled-coil domain but with different number of stickers or with different molecular architecture
(multiblock vs. triblock) (Figure A-8 in Appendix A). The finding here agrees with a theoretical
study from Indei et al. that the sticky Rouse relaxation is universal in transient networks formed

by associating polymers.5*
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Figure 3-6. Representative dynamic moduli master curves (A) and relaxation modulus master curve (B) of
protein gels at 25% (w/v) measured at 25 °C. Black dashed lines in figures represent the fit to a sum of two
KWW functions. The green and the blue dashed lines in (B) illustrate the contribution of relaxation

modulus from the fast mode and the slow mode relaxations, respectively.

In the high-frequency regime, despite precisely defined molar mass and spacing between
stickers, the coiled-coil protein gels still show a broad relaxation distribution corresponding to
network junction relaxation. In these protein gels, the relaxation process over the range 0.1 to 100
rad/s is broader than predicted by the Maxwell model (Figure A-9 in Appendix A), similar to
phenomena observed in other physical gels.’'-6>% A better fit is obtained using the Kohlrausch-
Williams-Watts (KW W) model (Figure 3-6, see model description in Appendix A). A stretched

exponent f of 0.620 + 0.003 is obtained, which suggests significant inhomogeneity in the
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relaxation process. Traditionally, the origin of this broader-than-Maxwell relaxation has been
attributed to the molecular weight distribution of polymers/proteins, the non-uniform distribution
of stickers, and possible effects from chain entanglement. In the coiled-coil protein hydrogel
systems studied here, all of these plausible explanations can be ruled out since the protein is strictly
monodisperse, the locations of the coiled-coil domains are precisely controlled, and the
concentration is below the entanglement threshold.’® Therefore, the dispersity of the relaxation

modes is hypothesized to originate from other forms of dynamic heterogeneity.

The low-frequency rheological response can be fit by the sticky Rouse model or by the
KWW model, although the empirical KWW model can provide a quantitative fit in the absence of
specific information on the configuration of the proteins in solution. The sticky Rouse model is
used to describe the dynamics of polymers with associating side groups below the entanglement
threshold.3* It was first proposed by Rubinstein, Semenov, Leibler and Colby, and has recently

60,61 This model reasons that the

found great success in modeling the dynamics of ionomers.
relaxation motions of chains larger than the size of a sticky Rouse segment can be constrained by
the association of the stickers, whereas the Rouse modes are unaffected for segments with sizes
smaller than the chains between stickers. Hence the relaxation modulus has contributions from

the normal Rouse modes (high order modes, p > Ns) and the sticky Rouse modes (low order modes,

P SNs):60

tp2
N 2

H (3-13)
TS 5

where 10 is the relaxation time of the Rouse segment, s is the relaxation time of the sticky segment,

G(t)=%1£[ Y exp(—

N.Y
) +> exp(—
p=N,+1 p=1

tp2
t,N*

N is the number of Rouse segments in the chain, and N; is the number of sticky Rouse segments

in the chain. However, due to the difficulty in experimentally determining 7o and s of coiled-coil
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proteins, rheology data in this frequency regime is fit to the phenomenological KWW function,
and a satisfactory fit is obtained (Figure 3-6). The stretched exponent in this regime is 0.868 +
0.003, indicating that the distribution of relaxation modes in this regime is smaller than the one in
the high frequency domain, but it does show some extent of dispersity in the relaxation modes.
However, the origin of the less inhomogeneous relaxation in the low-frequency range is not well

understood.

Taken together, the relaxation of associative protein gels over the frequencies range from

10 to 107 rad/s can be described by a sum of two KWW functions.

y B p Bsr
] + GgpeXp —[ ] (3-14)
KWww.C TKWW,SR

where the subscripts C and SR denote the contribution from the coiled-coil exchange dynamics

T

6(1)=G. p“

and from the sticky Rouse relaxation, respectively. Although this approach is entirely based on
empirical models, it only uses six parameters and is able to capture most of the important features
in the rheology data over six decades. This approach can be applied for gels at all investigated

concentrations (Figure 3-7).
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Figure 3-7. Dynamic shear moduli master curves of unentangled multiblock coiled-coil protein hydrogels
at various concentrations (G’ in panel A, and G” in panel B). Experimental data are plotted in open circles

and the solid lines are fits to eqn (3-14).

Collapsed Shear Rheology Master Curve. The dissociation rate of the coiled-coil
domains in rheology directly correlates with the dissociation rate of protein molecules from
diffusion measurements, which provides the fundamental basis for a time-concentration-
temperature superposition in the rheology data over a certain concentration regime. Many
previous studies have suggested that the relaxation of transient networks is primarily governed by
the dissociation rate of stickers.” %67-% In particular, a seminal study from Craig and coworkers’
demonstrates that the rheological behavior is self-similar for various physical networks based upon

different metal-ligand coordination bonds, and a flow master curve nks ~ w/ka can be obtained by
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using molecular dissociation constant ks as the scaling parameter.” However, for systems where
the network junctions have a functionality greater than two, the dissociation dynamics used by
Craig to rescale the rheological response cannot be clearly defined and be easily measured. In
addition, it remains unclear whether Craig’s approach can be applied to various concentration
regimes under the Sticky Rouse framework. A recent study on low-concentration physical gels
argues that the Arrhenius factor, not the dissociation rate, is the correct frequency scaling factor to
obtain collapsed rheology curves.®” Here, the average time constant from the KWW function at

higher frequencies

7 = Mr(—l—] (3-15)
e \ B
is assigned to be the hydrogel relaxation time (I" is the gamma function), and its concentration
dependence is plotted in Figure 3-8. A scaling relation 7/ ~ ¢!+ %% is observed for gels at ¢ =
0.088 (corresponding to 12.5% w/v) and above, and the scaling exponent is close to the one in w4
~ @!37 =126 (15 = 1/kop; and the relatively large error bar is due to a limited concentration range
accessible in diffusion measurements). This suggests that 7; and 7z might both originate from the
dissociation of coiled-coil domains. However, 7/ and 7 are essentially different: s describes the
dissociation time of protein molecules from networks that demands simultaneous disengagement
of all coiled-coil domains on a single chain, whereas 7; is the time of network relaxation, which
only requires exchange between some of the coiled-coils that relaxes elastically effective midblock
segments. Thus, it is not surprising that 72 measured by diffusion is on the order of 1000 s, which
is two to three orders of magnitude larger than the segmental relaxation time 7/ measured by

rheology (Figure A-10).
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Figure 3-8. Concentration dependence of the time constant 7; from the KWW function at high frequencies.
Error bars represent 95% confidence interval from fits to the KWW function. Only the concentration range

for ¢ = 0.088 (corresponding to 12.5% w/v) and above is fitted because intermolecular coiled-coil

association dominates in this range.

Nonetheless, because of the common molecular origin of both processes, the dissociation
rate constant koy from diffusion studies can be utilized to produce dynamic moduli master curves

by defining a reduced angular frequency as @ = w/kog (i.€., the shift factor is 1/kop) and reduced

moduli as G' = G /G 'maxand G = G/ ‘max, where G 'max is the high-frequency plateau modulus
at that particular concentration. Rate constants oz not measured at the reference temperature (25
°C) are calculated from the concentration scaling kg~ ¢"'>” and the Arrhenius law Ink ~ E/RT. As
shown in Figure 3-9, the rheology data from gels at 12.5% (w/v) and above collapse at reduced
frequencies from 10° to 10. Furthermore, the onset of the terminal regime appears where the
reduced frequencies is on order one. This suggests that sticky protein molecules are able to “freely”
diffuse for times longer than 1/kop, consistent with the definition of the terminal regime. While
similar results have been reported,* previously findings and conclusions are confounded by the

effect of structural polydispersity, which is absent in the protein gels studied here. Since the
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method considers the effect of both concentration and temperature on the relaxation dynamics, it
is termed time-concentration-temperature superposition. By examining the concentration
dependence of the zero-shear-rate viscosity 7o (Figure A-11), the concentration range in the
rheological study may be divided into two regimes: the low concentration regime below ¢ = 0.071
(i.e., 10% w/v), and the high concentration regime above ¢ = 0.088 (i.e., 12.5% w/v), where the
number fraction of elastically effective chains is 0.68 and above under the affine network
assumption (Figure A-12). The scaling 7o ~ ¢*#® also shows qualitative agreement with the
prediction from the sticky Rouse theory.* Note that the highest concentration 30% (w/v) is still
below the threshold at which strands between two adjacent stickers overlap.’® Therefore, the
superposition of rheology data demonstrates that the network relaxation is indeed controlled by
the dissociation rate of stickers. In addition, the superposition method applies when the
concentration lies in the regime ¢ren < ¢ < @5, i.€., the concentration is high enough such that the
intermolecular association dominates and bond lifetime renormalization should be considered (¢ren
< @), but it is still below the overlap concentration of sticky Rouse segments (¢s). It is important
to point out that gels investigated in the seminal work from Craig also fall into the regime @ren < @
< @s (see analysis in Appendix A). Finally, it is observed that the rheology data starts to diverge
below a reduced frequency of 10 due to the sticky-Rouse-like relaxation, in agreement with

previous studies on ionomers.°
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Figure 3-9. Rheology data plotted in the reduced parameter space. The parts in the high-frequency regime

collapse onto a single curve. The reference temperature is at 25 °C.

The sticky-Rouse signature in the rheology data is hypothesized to originate from the
collective motion of associative protein molecules in an aggregated state because of the high
valency of coiled-coil junctions. It is important to emphasize that the gels are clear, showing no
signs of macrophase separation, and that this motion of associated species cannot be correlated to
a structural length scale within the gel. While the sticky Rouse model cannot be readily applied
to quantitatively describe the rheological behavior of protein hydrogels, it provides an estimate of
the size of a “dynamic relaxation unit”. By setting # = 0 in eqn (3-13), the sticky Rouse model

gives a molecular weight-modulus relationship,

_PPRT ,, _ ppRT (3-16)

G
SR M M,

where M, is the effective molecular weight of a “relaxation unit” on the long time scale, p is the

density of proteins (estimated to be 1.30 from previous work®’), and Gsr is the sticky Rouse
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modulus in eqn (3-13) whose value is obtained by fitting to the KWW model. Thus the number

of protein molecules in a relaxation unit é is calculated to be

M
g=— - LPXT (3-17)
MO GSRMO

where Mp is the molecular weight of a single protein P4 (62.8 kDa). Figure 3-10 depicts the
concentration dependence of Gsr and 6. Because the sticky Rouse modulus Gsr has a value of 20-
45 Pa, 6 is calculated to be in the range of 100-200. The large number suggests that the relaxation
unit could be aggregated proteins originating from thermal fluctuation or dynamic heterogeneity
within the transient network. This is a key difference between the protein gels studied here and
other associating physical networks where the sticky Rouse rheological feature comes from the
hindered motion of polymer chains;®*-? but it is reminiscent of observation of the supramolecular
structure in hydrogen-bonded monohydroxy alcohols where the sticky-Rouse-like relaxation is due

to dynamic molecular aggregation.®®
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Figure 3-10. Concentration dependence of (A) the sticky Rouse relaxation modulus Gsg and (B) the number

of proteins in a “dynamic relaxation unit” &. Error bars represent 95% confidence intervals.
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3.3. Conclusions

Unexpected anomalous self-diffusion is observed in associating polymer gels for the first
time using a model system of associating coiled-coil protein hydrogels. On time scales
approximately equal to the molecular dissociation time, super-diffusion is shown, which originates
from the interplay between association dynamics and diffusion of proteins in an unbound state and
an associated state. On large time scales, Fickian diffusion is recovered but is effectively slowed
by the fraction of dissociated chains in the strong association limit. The observed anomalous
behavior can be quantitatively explained by a simple two-state model for dynamic exchange of
molecules between a free molecular state and an associated state, providing estimates on the
diffusivities and the rate constants. Importantly, even in the associated state, molecules still have
a small but non-zero diffusivity. Hindered diffusion of associating proteins in molecular and
aggregated states also manifest in the shear rheology master curves, which displays sticky-Rouse-
like relaxation at low frequencies. It is shown that high-frequency relaxation of the model transient
network is primarily controlled by the dissociation rate of stickers, but the principle of time-
concentration superposition only holds in a concentration regime where the intermolecular
association becomes dominant. The concentration scaling relations of diffusivities and the zero-
shear-rate viscosity and the concentration-dependent dissociation rate are qualitatively consistent

with the sticky Rouse theory.

3.4. Experimental Methods

Protein Synthesis and Purification. The genes encoding for associating protein P4 and
P4-Cys have been previously reported, and the full expressed protein sequences are available in
the literature.””" Both proteins have four coiled-coils on the protein backbone joined by flexible
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polyelectrolyte linkers Cio, and the protein P4-Cys has a single cysteine residue near the C terminus
that enables efficient labeling with maleimide-functionalized dye molecules (Scheme 2). The
detailed procedure for protein synthesis and purification has been reported in previous work.> 2
Briefly, proteins were expressed in Escherichia coli and purified by ammonium sulfate
precipitation and anion exchange chromatography using HiTrapQ Sepharose HP 5mL columns.

Combined pure fractions (determined by SDS-PAGE) were dialyzed against MilliQ water

extensively and lyophilized.

Synthesis and Purification of ortho-Nitrostilbene (ONS) Labeled Proteins P4. The
synthesis of the maleimide-functionalized photochromic 4’-(N,N’-dimethylamino)-2-nitrostilbene

3 In a typical conjugation reaction

dye (ONS-M) followed a previously published procedure.
(Scheme 3-2), protein P4-Cys was first dissolved in a 3:1 (v/v) mixture of DMSO : (10 mM
NaH:POs) to a concentration of 1 mg/mL, and the solution was stirred at room temperature for 2
h to ensure complete dissolution of proteins.  Next, a 20-fold excess of tris(2-
carboxyethyl)phosphine (TCEP) and ONS-M relative to the cysteine residue were added, and the
pH of the reaction mixture was adjusted to 7.5. After overnight reaction in the dark, the mixture
was dialyzed against MilliQ water and lyophilized. To remove the unreacted free dye, the
lyophilized powder was redissolved in a buffer with 6 M urea and 20 mM Tris at pH 8.0 (freshly
prepared). The product was first purified by anion exchange using HiTrapQ Sepharose HP 5SmL

columns (GE Healthcare), and further purified by size exclusion with Sephadex LH-20 resins (GE

healthcare). The conjugation efficiency was greater than 99% confirmed by UV/Vis spectroscopy.
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Scheme 3-2. Efficient synthesis of ortho-nitrostilbene (ONS) labeled proteins P; via thiol-maleimide

conjugation.

J"%@m?_f’- é‘m’"\/“sn + I<§N*

10 mM Na,HPO, : DMSO (1:3)
pH 7.5, overnight

0
_,S\MW %‘\AS/Q: *

o] —
= "N
K= T N

NO, =

Forced Rayleigh Scattering Measurements. The protein gels for diffusion measurement
were prepared by hydrating ONS-labeled P4 and matrix P4 in 100 mM sodium phosphate buffer at
pH 7.6 to the desired concentrations at 4 °C for 2 days, and the concentration of ONS-P4 was
approximately at 150 pM. The gels were mixed periodically to ensure homogenous distribution
of dye-labeled proteins, and then pressed in between two quartz disks (0.9 inches in diameter) with
a 0.5 mm Teflon spacer in a brass sample holder. The specimens were annealed at 37 °C for 2 h
in the dark to eliminate shear history from loading. Samples were equilibrated at the desired
experimental temperature for at least 1 h before measurement. Diffusion was measured by forced
Rayleigh scattering (FRS), a technique widely used in probing slow diffusion of molecules in
colloids, micelles, and self-assembled block copolymers.”™ 7> Compared to other popular methods
of studying diffusion, such as fluorescence recovery after photobleaching (FRAP), FRS has the

advantage of accessing length scales close to the diffraction limit while measuring over timescales
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comparable to FRAP.”* FRS measurements were performed as previously described.””® Briefly,
a 100 mW continuous wave laser operating in single longitudinal mode at 2 = 488 nm was split
into two beams, which were individually refocused and crossed at an angle of @ onto the sample
(Scheme 3-1C). This generated a holographic grating of characteristic spacing d that is determined
by eqn (4). By exposing the sample for 250 ms, the photochromic ONS dye was irreversibly
isomerized in the areas of constructive interference, resulting in an amplitude grating of dye
concentration. The evolution of the resulting sinusoidal concentration profile by diffusion was
monitored by diffraction of a single reading beam at the same wavelength and angle as one of the
writing beams, but attenuated by 107°. The intensity of the reading beam was low enough such
that the change of the profile was due only to diffusion. After a fast initial decay in the intensity
with a time constant two orders of magnitude smaller than the time constant for the long decay

(Figure A-1 and Appendix A), the signal was fit to a stretched exponential function

I:Aexp{—(ij }B (3-18)
T

where / is the intensity, 7 is the time constant, £ is the stretched exponent ranging from 0 to 1, and
B is the incoherent background. Only the slow decay with a larger time constant was considered
(Appendix A). The average decay time constant was calculated as the first moment of the

stretched exponential

:&mr[l] 319

where I is the gamma function.
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Rheology Experiments and Data Analysis. Lyophilized proteins were hydrated in 100
mM sodium phosphate buffer (pH 7.6, filtered through 0.2 um PES filters) to the specified
concentrations. Hydrogel samples were kept at 4 °C for 2 days to allow complete hydration. Linear
rheological measurements of protein hydrogels were performed on Anton Paar MCR 301 and
MCR 702 rheometers. For consistency, motor adjustment and inertial calibration were performed
before each experiment. A cone and plate geometry (25 mm, 1° cone) was used for all samples,
and a larger cone (50 mm, 0.5°) was used to perform measurements at low torques. Hydrogel
samples were coated at the edge with mineral oil to minimize dehydration. The effect of low-
viscosity mineral oil on the rheological measurements was negligible as the torque generated from
oil was over three orders of magnitude less than the torque generated from samples at all
frequencies. Small angle oscillatory shear (SAOS) experiments were performed at 1 % strain (in
the linear viscoelastic regime) from 100 rad/s to 0.001 rad/s. In creep experiments, samples were
subjected to constant loads at 25, 50 and 100 Pa for 30 min and the recovery phase was monitored

for 30 minutes after stress was removed.

In order to capture the rheological response of physical hydrogels over the entire frequency
spectrum, dynamic moduli master curves were constructed using the method previously reported’
and the details are provided in Appendix A. In this study, three different models were applied to
examine their efficacy in describing the rheological behaviors of gels, including the Maxwell
model, the stretched exponential model, and the Sticky Rouse model. Brief descriptions of the
Maxwell model and the KWW model can be found in Appendix A, and the sticky Rouse model
has been discussed in the main text. Detailed procedures for fitting each model to the experimental

data are in Appendix A.
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Chapter 4 Self-Diffusion of Associating Star-Shaped Polymers

Reproduced with permission from S. Tang and A. Habicht et al., Macromolecules, 2016

(accepted). Materials used in this chapter were synthesized by A. Habicht.

The dynamics of associating bonds in transient polymer networks exerts a paramount
influence on their relaxation and time-dependent mechanical properties. In particular, diffusive
motion of polymers mediated by the dissociation and association equilibrium of reversible
junctions can affect the materials’ structural stability, dynamic mechanical properties, and a broad
spectrum of functionality that arises from the constant motion of polymer chains. In this work,
forced Rayleigh scattering is used to measure the diffusion of terpyridine end-functionalized four-
arm poly(ethylene glycol) polymers transiently interlinked by zinc ions in organic solvent across
a wide range of length and time scales. Phenomenological super-diffusion, where the scaling of
the mean-square displacement vs. time has a power-law exponent larger than one, is demonstrated
as an intrinsic feature of these networks due to the interplay of chain dissociation and diffusion.

Outside the super-diffusive regime, normal Fickian diffusion is recovered on both large and small
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length scales. The data are quantitatively described with a previously developed two-state model
of one fast and one slow diffusing species that are allowed to interconvert. The extracted
diffusivities show concentration-dependent scaling in good agreement with the sticky Rouse
model. Diffusion of the same polymers but with only three associating arms through the same
transient networks is also investigated, which exhibits faster chain diffusivities compared to the
case of the polymers with four associating arms. These experimental results quantitatively show

the effect of sticker density and valency on chain diffusion in transient polymer networks.

4.1. Introduction

Associating polymers represent a family of macromolecules that contain dynamic bonds
primarily based on non-covalent physical interactions such as metal-ligand coordination',
hydrogen-bonding*®, and host—guest interactions* ® or by reversible chemical reactions such as
transesterification® ', oxime!!, hydrazone!?, and disulfide!* formation. Above the percolation
threshold, associating polymers form a three-dimensionally crosslinked network where the
junctions are held together by attractive interactions between the dynamic bonds. Due to the
dynamic characteristics of these junctions, associating polymer networks are often referred to as
transient networks to emphasize the kinetic effect on the materials properties and to distinguish
them from permanent networks formed by irreversible chemical crosslinking reactions.'#?* The
importance of the junction chemistry has been well recognized, and much effort has been devoted
to controlling the dynamic properties of associating networks such as their ability to self-heal® >
23,24 and respond to various forms of environmental stimuli such as light?, pH' ' 12, magnetic

fields?*, temperature®, and small molecule redox modulators'* %3, An advanced understanding of
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and control over the structure—property relationships of associating networks?® has furthered their

28,29

application in catalysis®’, biomaterials?® %%, sustainable materials®, and soft actuators®.

In many applications, self-diffusion of associating polymers can be very important, because

31,32 25,33

it affects the structural stability of the networks’" **, their macroscopic mechanical response®: >,

23,34 From a fundamental perspective, self-diffusion

and their kinetics of autonomous self-healing
of associating polymers differs significantly from their non-associating counterparts in that
diffusion of an entire polymer chain is only permitted upon partial-sequential or complete-
concurrent release of the associative bonds from the networks. The complex interplay of the type
and position of associative motifs on the polymer backbones, hereinafter referred to as “stickers”,
and polymer architecture can have a profound influence on the diffusive motion of the polymer
chains. On the segment level, Rouse relaxation of a chain segment containing two or more
associating domains can be delayed if the sticker lifetime is longer than the Rouse time of that
chain segment without stickers.*> On the molecular or supramolecular scale, dynamic bonds can

36 a process akin

effectively increase the molecule size through “supramolecular polymerization
to traditional step-growth polymerization®’. When the size of the original molecules or the
assembled supramolecules is above the entanglement threshold, additional relaxation mechanisms

such as reptation, constraint release, and arm retraction must also be considered.?>- 3338

Two different theories are widely used to understand the dynamics of associative polymers.
In one theory, Leibler, Rubinstein, Semenov, and Colby employed scaling arguments and modified
the Rouse and reptation models by considering the effect of sticker-bond energetics and kinetics
on the motion of chains.!®-1% 3. 40 The sticky Rouse and reptation theories find a strong
concentration dependence of many network dynamic properties such as the junction relaxation

time and zero-shear-rate viscosity. In addition, the theories suggest an important concept of
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renormalization of the sticker-bond lifetime by considering that junctions break and reform many
times before changes in the network topology occur due to stickers exchanging partners. In a
second theory, an alternative framework was developed by Cates and Candau,!**! focusing on
systems in which the average size of transiently polymerized linear chains reaches beyond the
entanglement threshold. A new relaxation mechanism emerges when the average junction lifetime

is smaller than the reptation time of the living polymers.

Compared to the rich efforts in developing and refining these theories, experimental studies
on diffusion of associating polymers are relatively limited, especially in concentrated solutions or
gels.*>*  Furthermore, quantitative comparisons between experimental findings and the sticky
Rouse/reptation theories or the Cates—Candau theory are still lacking. To provide a better
understanding of self-diffusion, recently both our groups have independently investigated
diffusion of associating polymers in gels using fluorescence recovery after photobleaching (FRAP)
and forced Rayleigh scattering (FRS) on dissimilar associating networks.***® Both techniques
generate a concentration gradient of dye-labeled macromolecules and measure the ensemble
relaxation rate of the gradient to extract the diffusivities of associating polymers. All experimental
investigations revealed Fickian diffusion on length scales much larger than the radius of gyration
of the polymer chains (usually 100-1000 times) and demonstrate that the dissociation—
reassociation kinetics slow down the polymer mobility in this regime. By contrast, when forced
Rayleigh scattering was employed to study the self-diffusion of associative coiled-coil proteins on
length scales closer to the diffraction limit yet larger than the polymer size, phenomenological
super-diffusion, characterized by a power-law scaling of the mean-square displacement vs. time
with an exponent than one, was observed.*® The physical origin of the super-diffusive regime was

explained by a phenomenological two-state model accounting for the interconversion dynamics of
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molecules between two different states with drastically different diffusivities. Since the model
does not contain any details regarding the association chemistry or polymer architecture, it may be
generally applicable for associating networks provided that molecular diffusion is greatly hindered
by the dissociation rate of macromolecules from the surrounding networks, and the molecular
dissociation rate is experimentally accessible. However, to date the model has only been tested in

the coiled-coil protein gel system.

Herein, the self-diffusion dynamics of unentangled associating polymers based on four-
arm poly(ethylene glycol) (PEG) end-functionalized with terpyridine moieties complexed by Zn**
in N,N-dimethylformamide (DMF) (Figure 4-1A) is measured by forced Rayleigh scattering at
varying grating spacings ranging from 0.5 to 50 pm. This model system is chosen for its narrowly
disperse molecular weight of the star-polymer building blocks, its well-defined terpyridine-based
sticker chemistry,*® > and its robustly tunable strength of the metal coordinative bonds®. It also
has the advantage that different relaxation time scales of the supramolecular network, including
junction dissociation and chain diffusion, are readily accessible by oscillatory shear rheology and
forced Rayleigh scattering at a single temperature. Experimental results of the diffusion dynamics
are analyzed by the two-state model, showing phenomenologically similar behavior to the coiled-
coil proteins previously studied. In addition, tracer diffusion of four-arm PEG polymers with just
three associating arms is investigated through the same model transient network (Figure 4-1B),

providing insight into the diffusion mechanisms based on comparisons of self- and tracer diffusion.
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(A) Self-diffusion (B) Tracer diffusion

Labeled polymer with 4 associating arms Labeled polymer with 3 associating arms

Figure 4-1. The diffusion of fluorescently tagged four-arm PEG polymers with (A) four and (B) just three
associating arms is probed in model transient networks formed by complexation between Zn*>" and
terpyridine end-modified four-arm PEG polymers in (A) self-diffusion and (B) tracer diffusion
configurations. Intra-molecular primary loops and dangling chains are shown as two possible defects in
the model transient networks. Green stars on the labeled polymers represent the locations of

nitrobenzofurazan labels.

4.2. Experimental Section

Tetra-arm PEG-terpyridine. Tetra-arm star-shaped poly(ethylene glycol) (PEG, My =
10 kg mol™', Mw/My = 1.03) functionalized with four terpyridine end groups was prepared as
detailed previously.’ In short, four-arm star-shaped hydroxy-terminated PEG was obtained
commercially (Creative PEGWorks) and then first reacted with mesyl chloride and then with

sodium azide to obtain an azide-terminated four-arm star-shaped PEG. This reactive polymer was

then converted in an azide—alkyne Huisgen cycloaddition with terpyridine.
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Nitrobenzofurazan-labeled tracer with 3 associating arms. Terpyridine-capped tetra-
arm PEG with ~2 mol% of nitrobenzofurazan (NBD) labeling was prepared as detailed
previously.*” In short, four-arm star-shaped hydroxy-terminated PEG was obtained commercially
(Creative PEGWorks) and then modified to obtain tetra-arm PEG in an end-activated form, of
which ~2 mol% were then labeled with NBD. The rest of the end-activated OH-groups were
reacted with an amine-functionalized terpyridine. As a result, a polymer mixture was obtained
that consisted of 98% of tetra-arm PEG-terpyridine as described above and of 2% of tetra-arm
PEG with three arms modified with terpyridine-caps, whereas the fourth arm was capped with a

nitrobenzofurazan unit.

Nitrobenzofurazan-labeled tetra-arm PEG with 4 associating arms. The synthesis

procedure is described below, and the synthetic routes are shown in Scheme 4-1.

Tetra-arm PEG-epoxide (1). Tetra-arm PEG-OH (2.00 g, 0.20 mmol, M. = 10 kg mol™!,
Mw/Mn = 1.03) was melted at 70 °C and dried in vacuo for 1 h, cooled down to room temperature
and then dissolved in dry tetrahydrofuran (50 mL). Sodium hydride (0.26 g, 6.4 mmol, 60% in
mineral oil) was added to the yellowish solution, which was then stirred at room temperature for
3 d. Then, epichlorohydrin (1.25 mL, 16.0 mmol) was added, and the solution was stirred at room
temperature overnight. The solution was cooled down to 0 °C and quenched with water (2 mL).
Brine was added (100 mL), and the mixture was extracted with dichloromethane (2 x 500 mL).
The organic layer was dried over MgSO4 and concentrated in vacuo. The raw product was
precipitated by pouring the concentrate into cold diethyl ether to obtain the product as a white solid
(1.99 g, 99%). 'H-NMR (DMSO-ds, 700 MHz): § = 3.70 (dd, J = 8.5, 2.5 Hz, 4H), 3.61-3.38 (m,

902H, PEG-backbone), 3.25 (dd, J = 11.5, 6.5 Hz, 4H), 3.09 (m, 4H), 2.71 (m, 4H) ppm.
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Scheme 4-1. Synthesis of nitrobenzofurazan-labeled tetra-arm PEG with 4 associating arms.
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Tetra-arm PEG-hydroxy-azide (2). Sodium azide (0.52 g, 7.98 mmol) was added to a
solution of tetra-arm PEG-epoxide 1 (1.99 g, 0.20 mmol) in dimethylformamide (20 mL), followed
by addition of ammonium chloride (0.85 g, 15.95 mmol) and stirring at 60 °C for 48 h. The

suspension was filtered to remove remaining sodium azide and ammonium chloride, and the
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filtrate was concentrated in vacuo. The residue was dissolved in dichloromethane (100 mL), then
brine (50 mL) was added, and the mixture was extracted with dichloromethane (2 x 200 mL). The
organic layer was dried over MgSOu, concentrated in vacuo, and the product was precipitated by
pouring the concentrate into cold diethyl ether. The precipitate was collected by filtration and
washed with cold diethyl ether to obtain the product as a white solid (1.66 g, 83%). 'H-NMR
(DMSO-ds, 700 MHz): 6 = 5.24 (d, J= 5.6 Hz, 4H), 3.77 (m, 4H), 3.61 (t, J = 4.9 Hz, 6H), 3.55—
3.47 (m, 902H, PEG-backbone), 3.41-3.37 (m, 12H), 3.35-3.32 (m, 4H), 3.27 (dd, J = 12.6, 3.5

Hz, 4H), 3.19 (dd, /= 12.6, 6.3 Hz, 4H) ppm.

Tetra-arm PEG-hydroxy-terpyridine (3). Propargyl-terpyridine (0.28 g, 0.96 mmol),
which was prepared as detailed previously,® was added to a melt of tetra-arm PEG-hydroxy-azide
2 (1.61 g, 0.16 mmol). The melt was stirred at 90 °C under high vacuum for 12 h, whereupon it
turned brown, then cooled down to room temperature, and dissolved in dichloromethane (20 mL).
The solution was precipitated into cold diethyl ether. The precipitated solid was collected by
filtration and washed with cold diethy] ether to obtain the product as a white solid (1.66 g, 92 %).
'H-NMR (DMSO-ds, 500 MHz): 6 = 8.74-8.71 (m, 8H), 8.64-8.61 (m, 8H), 8.21 (s, 3H), 8.09 (s,
8H), 8.04-7.99 (m, 8H), 7.88 (s, 1H), 7.55-7.49 (m, 8H), 5.61 (s, 3H), 5.45 (s, 5H), 5.36 (d, J =
4.5 Hz, 2H), 5.31 (d, J= 3.5 Hz, 3H), 4.59 (dd, J= 10.5, 3.5 Hz, 3H), 4.49 (dd, J=9.5,2.5 Hz,
3H), 4.40 (dd, J = 11.0, 6.0 Hz, 3H), 4.32 (dd, J = 10.0, 5.5 Hz, 4H), 4.07—4.03 (m, 3H), 4.01—
3.97 (m, 4H), 3.57-3.42 (m, 902H, PEG-backbone) ppm.; IR (ATR, cm™'): 3501 (w), 2881 (m),
2741 (w), 2696 (w), 2360 (w), 2341 (w), 1977 (w), 1645 (w), 1600 (w), 1581 (w), 1563 (w), 1466
(m), 1406 (w), 1359 (m), 1342 (m), 1279 (m), 1240 (m), 1198 (w), 1145 (m), 1099 (s), 1059 (s),

961 (s), 841 (s), 797 (m), 747 (m), 738 (m), 693 (m), 658 (m).
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Tetra-arm PEG-terpyridinyl-p-nitrophenylcarbonate (4). Tetra-arm PEG-hydroxy-
terpyridine 3 (1.61 g, 0.14 mmol) was dissolved in dry dichloromethane (50 mL). Dry pyridine
(0.19 mL, 23 mmol) was added to the solution, followed by addition of p-
nitrophenylchloroformate (0.23 g, 1.2 mmol). The resulting suspension was stirred at room
temperature overnight, the precipitate was filtered off, and brine (250 mL) was added to the filtrate.
The mixture was extracted with dichloromethane (2 x 300 mL), the organic layer was dried over
MgSOs and then concentrated in vacuo. The product was precipitated by pouring the concentrate
into cold diethyl ether to obtain the product as a slightly violet solid (1.43 g, 84%). 'H-NMR
(DMSO-ds, 700 MHz): & = 8.72-8.69 (m, 8H), 8.62-8.60 (m, 8H), 8.35 (s, 2H), 8.29-8.27 (m,
5H), 8.22-8.20 (m, 3H), 8.10 (s, 3H), 8.08 (s, SH), 8.00 (td, / = 9.1, 2.1 Hz, 8H), 7.96 (s, 1H),
7.52-7.48 (m, 8H), 7.44-7.41 (m, 5H), 7.40-7.38 (m, 3H), 5.67-5.62 (m, 2H), 5.49 (s, SH), 5.40-
5.37 (m, 1H), 5.31-5.28 (m, 2H), 4.92 (dd, J = 15.4, 3.5 Hz, 1H), 4.88-4.83 (m, 4H), 4.78 (dd, J
=14.7, 7.7 Hz, 2H), 3.81 (dd, J = 11.2, 4.2 Hz, 1H), 3.77-3.72 (m, 5H), 3.67-3.65 (dd, J = 10.5,
6.3 Hz, 3H), 3.62-3.59 (m, 8H), 3.53-3.48 (m, 902H, PEG-backbone), 3.44 (s, 8H), 3.41-3.38 (m,

6H) ppm.

Tetra-arm PEG-terpyridinyl-NBD (5). Triethylamine (47 pl, 0.34 mmol) was added to
a solution of tetra-arm PEG-terpyridinyl-p-nitrophenylcarbonate 4 (0.5 g, 0.042 mmol) in
dimethylformamide (5 mL, HPLC grade), followed by addition of (S)-(+)-4-(3-aminopyrrolidino)-
7-nitrobenzofurazan (NBD) (0.051 g, 0.20 mmol). The orange mixture was stirred for 1 d at room
temperature, purified by dialysis in water, and lyophilized to obtain an orange solid (0.41 g, 83%).
The degree of substitution of the chain-end pendant p-nitrophenylcarbonate groups by NBD tags
was determined to be 97% by UV absorption spectroscopy; in addition, in '"H NMR, the peaks

addressable to p-nitrophenylcarbonate have disappeared after this conversion. 'H-NMR (DMSO-
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ds, 700 MHz): 6 = 8.74-8.65 (m, 8H), 8.64-8.58 (m, 6H), 8.57-8.29 (m, 2H), 8.25-8.15 (m, 2H)
8.1 (d, /= 13.4 Hz, 6H), 8.06-7.94 (m, 10H), 7.55-7.44 (m, 8H), 5.66-5.59 (m, 1H), 5.48-5.44

(m, 3H), 3.54-3.47 (m, 902H, PEG-backbone) ppm.

Forced Rayleigh Scattering Measurements. Preparation of gel samples for diffusion
measurements followed a published procedure® with minor modifications. First, an appropriate
mass of terpyridine end-functionalized four-arm PEG polymers was dissolved in 500 pL of DMF.
Separately, Zn(NOs3)2-6H20 in a 2:1 stoichiometric concentration to the PEG polymer was
dissolved in 500 uL of DMF and vortexed to reach complete dissolution of solids. Equal volumes
of the two solutions were then combined in an Eppendorf tube and mixed rigorously with a micro
spatula to ensure homogenous mixing. The sample was centrifuged at 21,000 xg for 10 min to
remove bubbles. To prepare samples for self-diffusion measurements, 2 mol% of 5 was added and
dissolved together with the matrix polymers in the first step. For the samples used in tracer-
diffusion measurements, the synthesis method introduced 2 mol% of the NBD labeled tracers in
the matrix. Therefore, the concentration of dye labeled polymers was nearly two orders of
magnitude lower than the estimated overlap concentration of the star-shaped polymer building
block in DMF (c* = 94 g L™1)#. This condition ensures that interactions between tracers could be
neglected. Gels were sealed between two quartz disks (17 mm in diameter) separated by a 0.5 mm
thick Teflon spacer. Specimens were equilibrated at 25 °C for at least 30 min using a recirculating

water bath before further experiments were conducted.

Diffusion of four-arm PEG polymers with a varying number of associating endgroups
through the model networks were measured by forced Rayleigh scattering, following the procedure

48

described in a previous publication®®. Briefly, an amplitude grating of dye concentration was

generated by exposing the sample to two coherent laser beams (4 = 488 nm) crossing at an angle
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6. The duration for writing the grating is 500-1,000 ms. This time period is at least an order of
magnitude shorter than the diffusion time scales (larger than 10 s) such that the effect of diffusion
during writing is negligible. The time-dependent intensity of the diffracted beam was fit to a
stretched exponential function, and the average decay time constant <¢> was calculated as the first
moment of the stretched exponential function. Representative decay profiles and fits are shown in

Figure B-1.

4.3. Results and Discussion

Observation of anomalous diffusion in four-arm associating PEG star polymers. In
this work, Forced Rayleigh scattering is deployed to probe the diffusive motion of four-arm
poly(ethylene glycol) (PEG) end-functionalized with terpyridine moieties that form model
transient networks by complexation of these motifs to Zn?* in DMF, as shown in Figure 4-1. Inside
the networks, a small fraction of the polymers is labeled with the photochromic dye
nitrobenzofurazan (NBD), as also shown in Figure 4-1. This configuration is referred to as self-
diffusion hereafter (Figure 4-1A). The experimental technique exposes the gel sample to two
coherent laser beams at A = 488 nm intersecting at an angle of 6, creating one-dimensional
holographic amplitude gratings of the dye-labeled polymers. The characteristic grating spacing,
d, is determined by

A

d= 251—n(¢9/2_) 4-1)

The crossing angle @ is then changed to generate grating spacings in a range of 0.5 to 50 pm,

enabling diffusion measurements to be performed at varying length scales over two orders of
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magnitude. The initial concentration profile evolves with time due to diffusion, and the decay of

the grating can be described by a stretched exponential function (Figure B-1 in the Appendix B),

=]
I= Aexp(——} } + B (4-2)
T

where 4 is the grating amplitude, B is the incoherent background, 7 is the decay time, and § is the
stretched exponent that quantifies a narrow distribution of the relaxation spectrum due to

polydispersity. The mean decay relaxation time is then calculated as

—h

Experimental results of the mean grating relaxation time, <>, with respect to the squared
holographic grating spacing, d°, can be captured by a power-law relation, <t> ~ @, where the
exponent i changes with &? (Figure 4-2A). For example, gels at 10% (w/v) concentration show
an exponent u# =~ 1 at &* beyond ca. 400 pm?. Compared to the power-law exponent a in the
common relation of the mean-square displacement vs. time, <X?> ~ %, u is the inverse of a.
Therefore, a scaling of <> ~ @? is an evidence of Fickian diffusion (a = 1) on these large length
scales. In contrast, the scaling exponent y is less than 1, or equivalently, « > 1, at intermediate &”

2. Phenomenologically, this observation can be termed as anomalous

ranging from 2 to 100 pm
diffusion, more specifically, as super-diffusion. At smaller & below 0.5 um?, u increases with
decreasing ¢?, indicating that on these small length scales the diffusion approaches Fickian scaling
again. Qualitatively similar trends are observed for gels at all concentrations investigated up to

30% (w/v). However, with increasing polymer concentration, <r> increases, the large-length-scale

Fickian diffusion regime starts at a smaller &2, and the width of the super-diffusive regime narrows.
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The previously proposed two-state model fits the anomalous self-diffusion data over the
entire range of & (Figure 4-2A), suggesting that this model may be generally applicable to
associating polymers. The full model details have been thoroughly described in a previous

8 Briefly, the model hypothesizes that associating polymers are present in the

publication.*
networks at two different states: one diffuses relatively fast and is referred to as the molecular state
(although the specific association state of the molecules is not specified by the model), whereas
the other has a slower diffusivity and is termed as the associative state. Species interconvert

between the molecular and associative states with pseudo first-order kinetics. Based on these

assumptions, a set of two-component reaction—diffusion equations governs the diffusion process:

% = DMah_CzM _konCM +k0ffCA
ot ox (4-4)
, -
% =D, aaC;A + konCM - kofrCA
X

where Cm and Ca are the concentrations of the molecular and the associative species (unit: M),
Dw and Da are the diffusivities of the molecular and the associative species (units: um? s7') , and
kon and kofr are the rate constants that characterize the interconversion dynamics (units: s™'). The
subscripts M and A are used to denote the molecular and the associative species, respectively.
Since the physical details of the two diffusing states are not specified in the model, the
interconversion rates kon and kofr should not be taken as physical rate constants that are functions
of temperature only, but instead, both parameters may have implicit concentration dependence.*
In addition, an equilibrium constant is defined as Keq = kon/kott, and the ratio of the two diffusivities
is y=Da/Dwm. The relation <> vs. &* is obtained by analytically solving eq 4 in the Fourier space.*®

The model provides an excellent fit across a wide range of concentration for the star-shaped

associative polymers (Figure 4-2A).
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Figure 4-2. Relation of mean decay relaxation times <t> vs. the squared holographic grating spacing d”
for self-diffusion (A) and tracer diffusion (B) (acc. to Figure 4-1A and B) of associating star-shaped
polymers in model transient networks based on four-arm PEG end-capped with terpyridines and complexed
to Zn*" ions at a ratio of 2:1 in DMF. All measurements were performed at 25 °C. Error bars represent one

standard deviation based upon measurement in triplicate. Dashed lines are fits to the two-state model.

Anomalous self-diffusion of star-shaped polymers in these model transient networks
resembles findings from hydrogels formed by linear proteins with associating coiled-coil

8. However, the supramolecular metallogels in this work have a drastically different

domains*
molecular architecture (star-shaped vs. linear), sticker chemistry (metal-ligand complexation vs.
associéting protein domains), sticker valency (divalent vs. pentavalent), sticker position (chain-
end vs. side-group), and solvent environment (polar organic solvent DMF vs. aqueous buffer) than
the coiled-coil protein gels. This circumstance suggests that the relevant physics of anomalous

diffusion does not depend on fine chemical or structural details of the associating polymers in the

networks.
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In addition to the diffusion of four-arm PEG polymers where each arm has an associative
group, for comparison, the diffusion of four-arm PEG where only three arms have associating
groups (Figure 4-1B; tracer diffusion as opposed to self-diffusion) in the same model transient
networks is also investigated (Figure 4-1B). Consideration of this sort of tracer diffusion is
interesting because the number of associating arms on the labeled polymers differs, but the
matrixes are essentially identical. These tracer diffusion experiments also allow quantitative
comparison of two experimental techniques to probe diffusion, forced Rayleigh scattering used in
this study and fluorescence recovery after photobleaching used in previous work?’. The
concentration of tracers in the tracer diffusion experiments is fixed at 2 mol% of the total polymer,
and it is two orders of magnitude lower than the overlap concentration.® Therefore, the transient
network is minimally perturbed on length scales larger than the radius gyration (Rg) of the tracer,

and there are negligible tracer-tracer interactions.

Analogous to the observations from self-diffusion measurements, the overall relation <z>
vs. d&” in the case of tracer diffusion is comprised of a Fickian diffusive regime at large length
scales and an anomalous diffusion regime in the intermediate range of & (Figure 4-2B).
Compared to the self-diffusion measurements at the same matrix concentration, <z> is consistently
smaller in the tracer diffusion measurements due to fewer associating interactions with the
surrounding network. For the tracer diffusion measurements, the two-state model also provides
an excellent fit to the observed diffusion data (Figure 4-2B). However, the anomalous diffusive
regime is only observed when the characteristic time and length scales are accessible with the
experimental technique employed. For instance, when similar tracer diffusion measurements were
2

performed by photobleaching techniques starting with an initial Gaussian profile with an ¢!

radius of ca. 5 um, only Fickian diffusion was observed.*’
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For both the self- and the tracer diffusion measurements, three derivative model parameters
are extracted from nonlinear fitting of the data to the two-state model: the effective diffusivity in
the large-length-scale Fickian regime, Duefr [equivalent to Dm/(1 + Keq) under the condition of
?Keq << 1 when anomalous diffusion is observed], the molecular dissociation rate constant, ko,
and the anomaly index, yKeq (equivalent to the combined ratio of the two diffusivities and rate

constants, Da/Dwm-kon/kott). The values of these fitting parameters are compared in Figure 4-3.
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Figure 4-3. Concentration dependencies of (A) the effective diffusivity in the large-length-scale Fickian
regime Duier, (B) the molecular dissociation rate ko, and (C) yKeq in self-diffusion (red squares) and tracer
diffusion (blue circles). All parameters were obtained by fitting the analytical solution of the two-state
model to the experimentally derived relation <¢> vs. &” at varying gel concentrations. The dashed lines

show power-law trends as described in the text.

Interpretation of the Two-State Model Parameters. The diffusion coefficients on the
large length scales Dwmfr strongly depend on the polymer concentration, and this concentration
scaling agrees with the predictions from the sticky Rouse theory. The effective diffusion
coefficients Dmerr can also be simply obtained from the data in the Fickian regime by linear

regression using
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d2

W . (4-3)

DM,eff =
For self-diffusion, Dmefiserr ranges from 1.05 x 107! to 7.52 x 10~ um? s! (Figure 4-3A). The
concentration dependence of DMeftself can be captured by a power-law scaling of DMefself ~ ¢~
2805 where ¢ is the volume fraction of polymers in the gels (see calculation in Appendix B) and
the error bar represents a 95% confidence interval (Figure 4-3A). This scaling is in excellent
quantitative agreement with the sticky Rouse model'®!®, which predicts D ~ ¢ in the
concentration regime ¢s < ¢ < ge. The concentrations of the model transient networks in this
manuscript (¢ = 0.081, 0.12, 0.15, and 0.21) are mostly above the overlap concentration of the
segment between two stickers (¢s = 0.089), but below the entanglement concentration (ge = 0.44)
(see calculation details in Appendix B). Therefore, theoretical approaches for the entanglement
regime are not applicable.!” 37 While the sticky Rouse theory has mostly been used to describe
linear polymers with associating side groups at regular spacing®>>! 32, the phenomenology appears
to be successful in describing associating systems of other polymer architectures and junction
positions considered here. Like the linear chains originally considered in the sticky Rouse theory,
the faster dynamic modes of the four-arm PEG chains are affected by the presence of associating
groups, resulting in strong similarities regardless of differences in chain topology and sticker
position. However, as in most other studies of gels,'”>2>47- 4% the concentration range covered in
this work is less than a decade and may therefore not be wide enough to clearly establish a true
scaling regime. As a result, there are inevitable uncertainties in calculating scaling exponents.
Nonetheless, estimation of the average scaling exponent is still valuable for comparing

experimental results to theoretical models.
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Compared to the previously studied multiblock pentavalent coiled-coil proteins*® that show
Dw_efiself ~ %!, the concentration effect is less pronounced in the supramolecular metallogels.
The reasons are two-fold. First, the terpyridine—Zn?* complexes have a smaller coordination
number compared to the coiled-coil proteins (2 vs. 5). Second, the sticky Rouse theory predicts
that the polymer diffusivity in transient gels in the concentration range of ¢s < ¢ < ge should have
a weaker concentration dependence than that in gels in the regime of gren < ¢ < @s (Where @ren is
the characteristic concentration at which sticker association transitions from intra-molecular
dominating to inter-molecular dominating, and ¢s is the overlap concentration of segments
between two stickers); the scaling exponents in Dmefiseif vS. ¢ in these two regimes are —3 and —
5.19, respectively'® 746, Therefore, the metallogels studied in this work located in ¢s < ¢ < ge
exhibit diffusivities less strongly affected by the polymer concentration than that of the protein

gels in (ren < @ < @s.

The effective tracer diffusivities in the large &® Fickian regime, DMeftracer, are slightly
larger than the self-diffusivities at the same matrix concentration (Figure 4-3A). This can be
attributed to the lesser number of associative interactions between the 3-associating-arm tracers
and the surrounding matrix in the tracer diffusion measurements. The concentration dependence

of tracer diffusivities can be moderately captured by a scaling of Dmeftracer ~ ¢7>*2,

The mean
estimate of the power-law exponent —3 is close to that in self-diffusion, —2.8, and it is also in good
agreement with the prediction of the sticky Rouse model. However, this close agreement of the
scaling exponents does not imply that the sticky Rouse model can perfectly describe the all
dynamic features of the four-arm associating polymers. For example, the model predicts that the

chain diffusivity scales inversely proportional to the square of the number of stickers,!” which

leads to a prediction of the diffusivity ratio Duefi racer/ DM efiself = (4/3)* = 1.8. This predicted value,
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however, is slightly smaller than the experimentally derived results ranging from 2.0 to 3.2 (Figure
4-3A). The discrepancy is understandable, because the sticky Rouse theory is strictly valid only
for linear chains with a large number of stickers separated by segments of a high degree of

polymerization; these characteristics are absent in the four-arm associating polymers.

Both tracer and self-diffusion are much slower than that of an unassociating four-arm PEG
through the associating polymer matrix (see more details in Appendix B and Figure B-2). The
values of Dm are obtained from linear regressions of slope 1 in the relation log <z> ~ log &, which
are 10.2 = 0.2 and 4.55 + 0.09 um? s™! for diffusion in the matrix at concentrations of 20 and 30%
(w/v), respectively. The estimates of Dm are over two orders of magnitude larger than the
corresponding effective diffusion coefficients in both cases of self- and tracer diffusion. This
comparison is consistent with the fact that associating groups drastically reduce the mobility of

polymers.

While both forced Rayleigh scattering (FRS) and fluorescence recovery after
photobleaching (FRAP) uncover Fickian diffusion on the large length scales, the diffusion
coefficients determined by FRAP*' are larger than the ones obtained by FRS and show a weaker
concentration dependence of just Dmeftacer ~ ¢!, This discrepancy could be attributed to the
differences in the length and time scales probed by two different experimental techniques. In
FRAP, the initial feature size is located in the regime where the Fickian behavior is nearly but not
completely developed (see Figure4- 2B). Therefore, the diffusivities measured from FRAP are
bigger than the ones measured by FRS and have a weaker concentration dependence. In addition,
according to the two-state model, relaxation of the imposed concentration gradient exhibits two

decay processes, and their characteristic time constants differ significantly.*® While FRS mainly
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detects the large time constant, the acquisition times in FRAP measurements are relatively short

and might be more sensitive to the fast decay process.

The molecular dissociation rate kos is influenced by the sticker valency and the sticker
density of the associating polymers (tracer vs. self-diffusion in Figure 4-1). koft is of fundamental
importance because it characterizes the rate at which molecules dynamically convert from the
associative to the molecular state. Because the associative and molecular states are not specifically
defined in the two state model, kofr is neither a molecular dissociation rate nor a bond dissociation
rate. Instead, it is the phenomenological rate of conversion between the two apparent diffusing
species postulated by the model. The inverse of koft, or the dissociation time 74, locates the center
of the super-diffusion regime. For self-diffusion in the supramolecular networks in this study, the
values of koftseif are in the range from 2.71 x 1072 to 1.02 x 1072 s7! and decrease with increasing
polymer concentration (Figure 4-3B). Similar to the results shown here, a concentration dependent
kottseif was previously observed in coiled-coil protein gels.*® The magnitude of the scaling
exponent in the relation koftsett ~ ¢~ for the present set of supramolecular metallogels is smaller
than that observed in the coiled-coil protein gels*® (—-1.57). This finding shows that kofrser is less
affected by concentration in the metallogels, possibly due to a lower sticker valency in the
terpyridine-Zn?* complexes compared to the pentameric coiled-coil bundles. In addition, Koff.acer
remains larger than koftseif at all matrix concentrations (Figure 4-3B), suggesting that the
conversion rate from the associative to the molecular state for the 3-associating-arm tracers is
faster. Due to a lower sticker density per polymer chain in the case of tracer diffusion, koffracer
should be less dependent on the matrix concentration in comparison to kottself. It is also observed
that Kofr.racer does not follow an empirical power-law scaling; the exponent in fitting Kot tracer VS. @

to a power-law function has a large uncertainty, —0.6 + 0.7. However, the reason behind this
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phenomenon is not well understood. It is possibly due to some inherent errors in extracting koft.seir

when the small-length-scale Fickian regime is not experimentally accessible.

The inverse of koftseif, Or 7dself, is at least one order of magnitude larger than rex, the
characteristic time constant of sticker exchange between junctions (Figure 4-4A). Here, tex is
defined as 27a/wc, where w. is the G’-G” (storage modulus—loss modulus) crossover frequency
from frequency sweep measurements (Figure 4-4B). It is hypothesized that the process in which
molecules covert from the associative to the molecular states involves participation of more
stickers per chain in comparison to the case of sticker exchange between junctions. The junction

0-2£01 " and the scaling exponent is close to the

lifetime shows a concentration scaling of zex ~ ¢
predicted value of 0.17 from the sticky Rouse theory.!® In addition, the numerical difference
between 7dseif and rex increases with concentration. For gels at 30% (w/v), tdseif and zex differ by
more than one order of magnitude. A separation of the two time scales demands more than one
Maxwell mode to completely describe the rheological relaxation over the entire frequency window
(Figure B-4). This phenomenology is similar to the sticky Rouse model where the presence of

stickers delays the Rouse relaxation and the terminal relaxation, thereby effectively introducing

new relaxation modes.>’

The fact that the concentration dependencies of the zex and 4 seif follow two different power-
law scalings indicates that 74 seif may not be the appropriate frequency scaling factor to collapse the
shear rheology data of the metallogels in the concentration regime ¢s < ¢ < ge. As demonstrated
in many studies, network relaxation in the high-frequency regime is governed by the rate of
junction exchange, which is mediated by the dissociation of stickers.*® 5133 5% [n the previous
investigation on unentangled coiled-coil protein gels in the concentration regime of gren < @ < gs,

Tex and 74 self followed the same concentration dependence. This enabled the use of 74seif, or koftseif,
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to rescale the frequency response to yield collapsed shear rheology master curves, which was
termed as time—concentration superposition.** However, such coincidence may not hold outside
the concentration regime of gren < ¢ < gs. The exponent in the scaling of 74 with ¢ is often larger
than the exponent in the scaling of zex with ¢, due to the difference in the number of stickers
participating in the two processes and/or the cooperative effect between stickers. The largest
possible exponent in the scaling 7ex vs. ¢ is obtained when the concentration effect on junction
lifetime is the most pronounced. This is observed in the regime of gren < ¢ < @s, where junctions
are transitioning from intra- to inter-molecular based association.'® However, in this study, the
concentrations of metallogels are mostly above g¢s, and the junction lifetime exhibits a weaker
concentration scaling than zd. Therefore, 7a overestimates the concentration effect on zex and does

not yield perfect renormalization of the time-dependent materials properties (Figure 4-4B and B-

3).
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Figure 4-4. (A) Comparison of the junction exchange time constant zex (black diamonds) and the molecular
dissociation time 7qeir (red squares) at different gel concentrations. The scaling exponents shown in the
figure are reported as 95% confidence intervals. (B) Frequency sweeps of the model transient network at

25°C,
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The product yKeq also depends on the matrix concentration and the number of sticky groups
on the labeled star-shaped polymers (Figure 4-3C). It has been shown previously that the product
yKeq quantifies the extent of anomalous diffusion because it defines the separation distance
between the two Fickian regimes.*®* A larger value of yKeq correlates with a narrower
phenomenological super-diffusive regime and a steeper slope of the power-law curve in the super-
diffusive regime, as also observed in our present experiments (Figures 4-2A, B). Consistent with
the previous observation in the coiled-coil protein gel system,*® yKeq increases with concentration.
Since yKeq can be recast as Da/Duetr, it suggests that the difference of apparent mobilities of
molecules in the associative and the molecular states becomes smaller with increasing
concentration. In addition, the estimated values of yKeq from the self-diffusion measurements are
all larger than those from the tracer diffusion measurements. This difference suggests that changes
in the mobility of molecules upon association are less pronounced in the case of tracer diffusion.
The associated errors of yKeq in tracer diffusion are significantly larger, mainly because the onset

of the small & Fickian cannot be clearly resolved in this case.

4.4. Conclusions

Self-diffusion of star-shaped PEG polymers in model transient networks formed by
complexation of chain-capping terpyridine motifs to Zn?* ions was probed by forced Rayleigh
scattering over a large window of squared length scales. Observed grating relaxation times as a
function of the squared grating size show a Fickian diffusive regime at large length scales, a
phenomenological super-diffusive regime at intermediate length scales, and a second Fickian
regime on small length scales that are still larger than the radius gyration of the associating

polymers. Qualitatively similar behavior is observed in a tracer-diffusion variant of these studies,
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realized by the same star-shaped polymers with a reduced number of associating endgroups.
Experimental results both these different sets of diffusion measurements are quantitatively
captured by our previously-developed two-state model, which postulates that molecules in the gel
are in either a high-mobility state or a low-mobility state that dynamically interconvert. On large
length scales, chain diffusion is hindered by the association—dissociation kinetics between the
macromolecules and the surrounding associating network. The concentration scalings of the
diffusivities in the self- and tracer diffusion measurements both follow the prediction from the
sticky Rouse theory. Complemented by previous observations of anomalous diffusion in other
systems, these findings suggest that anomalous diffusion should be a prevalent phenomenon in a
wide variety of associating networks, despite differences in the polymer architecture and the
chemical structure of associating bonds. It is anticipated that the four-arm associating polymers
studied in this work can serve as a simple yet general model for further theory and modeling efforts

to interrogate the physical origins of the two mobility states in transient networks.
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Chapter 5 Relaxation Processes in Supramolecular Metallogels Based

on Histidine-Nickel Coordination Bonds

Adapted from a manuscript to be submitted to Macromolecules.

Understanding the quantitative relationship between the dynamic mechanical properties of
associating polymer networks and the dynamics of sticker bonds represents an important problem
in polymer science because materials mechanics are affected by not only the sticker bond
chemistry but also the sticker position, the polymer structure and the physical environment of
associating polymers such as concentration and solvent quality. In this study, associating networks
formed by structurally well-defined linear poly(N,N-dimethylacrylamide) polymers with histidine
side groups in complexation with Ni?* ions are chosen as a model system. “Sticker diffusion and
dissociation spectrometry” is developed as a new method to quantify the dissociation dynamics of
stickers within the network environment where the stickers are covalently attached to polymers
above their overlap concentration. The estimated time constants for junction dissociation in gels
are shown to be substantially different than the ones measured by metal exchange experiments on
small-molecule junctions in the dilute solution limit. Additionally, the in-gel dissociation time
constants exhibit the same temperature dependence as the network relaxation times inferred from
rheological characterization, which serves as the basis for time-temperature superposition,
provided that the network relaxation is governed by the dissociation kinetics of stickers.
Furthermore, self-diffusion of these associating polymers is probed by forced Rayleigh scattering,
and pure Fickian diffusive behavior is revealed. The characteristic time constants for all the

explored dynamic processes are finally viewed in the superimposed frequency sweep spectrum,
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demonstrating the inherent hierarchical relaxation in associating polymer networks even with only

a single type of junction functionality.

5.1. Introduction

Associating polymers are an important class of materials that can be tailored for a variety
of applications such as self-healing materials', biomaterials®”’, rheological modifiers®'?,
sensors'!, actuators'?, and biological filters'>. Above the percolation threshold, a single-phase
associating network is formed.!* The reversible nature of the associating bonds (sometimes
referred to as stickers) allows dynamic rearrangement of the network structure. This feature
distinguishes associating networks from their permanent chemically crosslinked counterparts and
also gives rise to their time-dependent mechanical properties.!>?° Understanding the relaxation
mechanisms of associating networks on time scales relevant to materials applications is central to

control materials properties and therefore represents a classical problem in polymer physics.'® 2

24

On time scales comparable to the lifetime of an associative bond, relaxation of transient
networks is mainly governed by the kinetics of bond exchange, provided that other relaxation time
scales such as the chain Rouse time are well separated from the bond lifetime.* !5 18-20,22,23,25-28
Pioneering work by Craig and coworkers measured the exchange rates of various pincer—pyridine
complexes in dilute solution using NMR spectroscopy, which yielded a master flow curve by
normalizing the shear rate and viscosity using the junction dissociation rate.> 2> Shen et al.
measured the exchange rate of coiled-coils in fluorescence quenching experiments and found a

qualitative correlation between the sticker exchange time and the longest relaxation time of coiled-

coil hydrogels derived from macroscopic creep tests.?® Similar observation was also found in star-
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shaped poly(ethylene glycol) hydrogels based on reversible hydrazone junctions?’ or bis-histidine-
nickel coordination bonds?®. Furthermore, Guan and coworkers demonstrated that the self-healing
kinetics of bulk solid materials could be varied greatly by controlling the exchange rates of
dynamic junctions.* While all of these experimental investigations support the idea that the
junction exchange kinetics governs the relaxation of physical networks on time scales in the
vicinity of the junction lifetime, it remains unclear how junction relaxation quantitatively relates
to the rate of network relaxation. Because the junction dynamics in networks are often
approximated with the dynamics measured in dilute solutions® 2> 2627  the actual chemical and
physical environments of the associating motifs are not captured, making quantitative matching
difficult. Within the associating networks, the associating domains are covalently linked to
polymers that are above their overlap concentration. Neglecting the effects of chain connectivity,
cooperativity among junctions, and polymer concentrations can lead to conflicting conclusions.'®

23,29, 30 Moreover, the aforementioned strategies of estimating bond lifetime cannot explain its

dependence on polymer concentration, a phenomenon commonly found in physical gels both

22,30 18, 19,24, 31-33

theoretically and experimentally

In the long-time limit, network viscoelasticity and chain self-diffusion (i.e., the diffusive
motion of polymer chains that form the associating networks) originate from the same molecular
mechanisms.?* 313 The common origins of both dynamic processes allows knowledge gained
through studies of diffusion to be applied to better understand mechanical relaxation of materials.
For example, it has been demonstrated that hindered self-diffusion of unentangled associative
polymers is directly related to the sticky Rouse relaxation shown in the rheological characterization
of materials and a delayed entrance to the terminal regime.?* > Due to the existence of the sticky

Rouse relaxation, at least two Maxwell modes are typically required to completely describe the
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rheological response of associating networks over a wide frequency window.? 333 One Maxwell
mode corresponds to the dynamics of the associative junctions only, and the other is related to
hindered chain diffusion. The latter can be further tuned by increasing the polymer molecular
weight to control the network mechanics in the long-time limit.>>37 However, there is still a lack
of systematic studies to compare or even correlate the junction dynamics with the time scales

associated with self-diffusion or the long-time materials relaxation.

In this work, we choose physical networks based on histidine-nickel coordination bonds as
a model system and examine various relaxation processes within the networks over a broad
spectrum of time scales. The use of various metal-ligand coordination bonds in biological systems
has inspired the development of these robust, versatile motifs to engineering the mechanical
properties of synthetic materials for a wide range of applications.? 328 384! Here, the bis-histidine-
nickel complexation bond?® *? is chosen for its experimentally accessible dissociation-
reassociation dynamics (from rheological characterization)?®, well characterized bond association
constants,?® *? and sufficient optical transparency in the wavelength range?® that permits diffusion
measurements by forced Rayleigh scattering. The time constants for junction dissociation in dilute
solution and for self-diffusion are experimentally determined by metal exchange experiments and
forced Rayleigh scattering, respectively. In addition, this study develops a new method termed
“sticker dissociation and diffusion spectrometry” to directly measure junction dissociation in a
network environment, with its physical basis supported by a modified two-state model that
considers the dissociation-diffusion coupling of small-molecule stickers inside the associative
networks. The characteristic time scales for these different relaxation processes are projected in
the frequency window covered by small-amplitude oscillatory shear rheology, providing a

comprehensive demonstration on how the dissociation dynamics translate from a single junction
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to various modes of molecular motions up to the network relaxation. The experimental findings
are discussed in the context of the sticky Rouse model to further the understanding of relaxation

dynamics in transient networks.

5.2. Eexperimental Section

Materials. Boc-His(Trt)-OH and L-histidine methyl ester dihydrochloride were purchased
from Chem-Impex International Inc. (Wood Dale, IL). N-(3-aminopropyl)methacrylamide
hydrochloride was purchased from Polysciences Inc. (Warrington, PA). Carbonyl diimidazole
was purchased from Alfa Aesar. 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid
(DMP)*, and maleimide-functionalized 4'-(N,N'-dimethylamino)-2-nitrostilbene (ONS-M)* were
synthesized following published procedures. N,N-dimethylacrylamide (DMA) was purified
through a basic alumina column to remove inhibitor before polymerization. Azobisisobutylonitrile
(AIBN) was recrystallized twice from ethanol. All other chemical reagents were purchased from

Sigma-Aldrich or VWR and used as received.

Characterizations. NMR spectra were recorded on a Mercury 300 MHz spectrometer or
an INOVA 500 MHz spectrometer. The residual undeuterated solvent peaks were used as
references (7.27 pm for CDCls, 4.79 ppm for D20, and 3.30 ppm for CD30D). Gel permeation
chromatography (GPC) measurements were performed on an Agilent 1260 LC system with two
ResiPore columns (300 x 7.5 mm, Agilent Technologies, CA) in series at a flow rate of 1 mL/min
at 70 °C, where DMF with 0.02 M LiBr was used as the mobile phase. The molecular weights
were determined using a Wyatt miniDAWN TREOS multi-angle light scattering detector and a
Wyatt Optilab T-rEX differential refractive index detector. Liquid chromatrography-mass

spectrometry (LC-MS) analysis was performed using an Agilent 1260 Infinity LC system coupled
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with a 6130 quadrupole mass spectrometer. A mixture of 0.1% formic acid in water and MeCN

was used as the mobile phase.

Synthesis of N-Boc-N™-Trityl-N-3-methacrylamidopropyl-L-histidinamide (1). Boc-
His(Trt)-OH (5.00 g, 10.0 mmol), N-(3-aminopropyl)methacrylamide hydrochloride (1.79 g, 10.0
mmol) and 4-(dimethylamino)pyridine (DMAP, 2.44 g, 20.0 mmol) were dissolved in 100 mL of
DCM/DMF mixture (1:1 v/v). N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
(EDC-HCI, 2.30 g, 12.0 mmol) was added to the solution, and the reaction was stirred at room
temperature overnight. The reaction mixture was diluted with 50 mL DCM and washed with 0.1
N HCl (a.q.), water, saturated NaHCOs (a.q.), water, and brine. The organic phase was dried over
Na2S04, and the solvent was removed under vacuum. The crude product was further purified by
silica gel flash chromatography using 0—10% MeOH in DCM to give 1 a white solid (4.80 g, 77.2%
yield). '"H NMR (300 MHz, CDCl3) § 7.42 (s, 1H), 7.36-7.29 (m, 9H), 7.17-7.02 (m, 8H), 6.85
(s, 1H), 6.43 (s, 1H), 5.78 (s, 1H), 5.30 (m, 1H), 4.44 (s, 1H), 3.32-3.18 (m, 3H), 3.17-3.02 (m,
2H), 2.99-2.92 (m, 1H), 1.96 (s, 3H), 1.64—1.55 (m, 2H), 1.42 (s, 9H). LRMS (ESI) m/z calculated
for C37H44NsO4 [M + H]* 622.3, found 622.4.

Scheme 5-1. Synthesis of N-Boc-N™-Trityl-N-3-methacrylamidopropyI-L-histidinamide.

o
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Synthesis of PDMA polymers with pendant histidine side groups (P2). Copolymers
from DMA and 1 were synthesized by reversible addition-fragmentation chain transfer (RAFT)

polymerization (Scheme 5-2). The total monomer concentration in polymerization was 2.0 M, and

194



the ratio of DMA/1/DMP/AIBN was 342:18:1:0.2. Polymerization was performed in MeCN at 60
°C for 4 h. Then the reaction flask was immersed into liquid nitrogen and exposed to air. Polymers
were purified by precipitation into diethylether three times and dried under vacuum. This
monomer pair was chosen because previous work by others has shown that the product of the
reactivity ratios for acrylamide and methacrylamide is close to unity.*® 47 Therefore, it was
expected that the two monomers were copolymerized in a nearly statistical manner, and monomer
1 was evenly distributed along the polymer backbone. The mole fraction of 1 in the polymer P1
was 5.3%, determined by '"H NMR (Figure C-1), close to the feed ratio of 5.0%. The molecular

weight of polymer P1 was 42.5 kg mol™', characterized by DMF GPC (Figure C-2).

Scheme 5-2. Synthesis of linear PDMA polymers with pendant histidine side groups. For the

final polymers, M: = 36.2 kg mol™!, B = 1.06.
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The trithiocarbonate end group was then removed by radical-induced reduction. Polymers
(500 mg, 11.8 umol), 1-ethylpiperidine hypophosphite (105 mg, 588 pumol), AIBN (0.97 mg, 5.90
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pumol), and MeCN (5 mL) were added to a Schlenk tube. The mixture was degassed by three cycles of
freeze-pump-thaw. After the reaction was heated at 85 °C overnight, the solvent was removed under
vacuum. The residue was dissolved in DCM (20 mL) and washed with brine (20 mL x 3). The organic
phase was dried over Na2SOs and concentrated under vacuum. The polymers were recovered by
precipitation into diethylether. Yield: 392 mg. The resulting polymers showed nearly identical
molecular weight and composition as shown in GPC (Figure C-2). Complete removal of the
trithiocarbonate was evidenced by the disappearance of the absorbance peak at 312 nm in UV-vis
spectrum (Figure C-3). This argument was also supported by suppression of peaks at 1.24 and 0.86

ppm in 'H NMR spectrum (Figure C-4).

To remove the Boc and Trt protecting groups, the resulting polymers (300 mg) were dissolved
in DCM (5 mL). Water (125 uL), triisopropylsilane (TIPS, 125 pL) and trifluoroacetic acid (TFA, 5
mL) were sequentially added to the solution. The mix'ture was stirred at room temperature for 2 h.
The volatiles were removed under vacuum, and the residue was dissolved in a small amount of MeOH.
The polymers were recovered by precipitation into diethylether twice. The polymers were
dissolved in water, dialyzed, filtered through a 0.45 um filter, and lyophilized. Yield: 168 mg.
Complete removal of the Boc and Trt groups was evidenced by 'H NMR (Figure C-5). The final

polymer molecular weight was calculated to be 36.2 kg mol™! with a dispersity D of 1.06 (Appendix

O).

Synthesis of ortho-nitrostilbene (ONS) labeled PDMA polymers with pendant
histidine groups (P3). As shown in Scheme 2, copolymers P1 from DMA and 1 were first
polymerized under the same condition as previously described. In the second step for removing
the Boc and Trt protecting groups, copolymer (150 mg) was then dissolved in DCM (3.3 mL), to
which water (83 uL), TIPS (83 pL), and TFA (3.2 mL) were added. After the reaction was stirred

at room temperature for 2 h, volatiles were removed under vacuum. The residue was redissolved

196



in a small amount of DCM, and polymers were purified by precipitation into diethylether three
times. For dye conjugation, polymers from the previous step (74 mg, 2 pmol) were first dissolved
in DMF, and then hexylamine (5.3 uL, 40 pmol) was added. The reaction was stirred overnight
under a nitrogen atmosphere to ensure complete aminolysis and to minimize undesirable cysteine
oxidation. Then tris(2-carboxyethyl)phosphine hydrochloride (TCEP-HCI, 5.7 mg, 2 pmol) and
maleimide-functionalized 4'-(N,N'-dimethylamino)-2-nitrostilbene (8.7 mg in 200 pL. DMSO, 40
umol) were added to the reaction mixture. After the reaction was stirred for 6 h in the dark, the
solution was diluted with 30% MeOH in water. The mixture was transferred to a centrifugal filter
(10 kDa MWCO), spun at 4,000 xg for 12 min at room temperature, and more solution of 30%
MeOH in water was added. This process was repeated several times until the spin-through fraction
was nearly colorless. The resulting polymer solution was further purified over a Sephadex LH-20
resin to ensure complete removal of free dyes. Polymers P3 were recovered after dialysis and

lyophilization.

Synthesis of fluorescein-labeled histidine. The synthesis of N-[2-[[[(fluorescein-5-
yDamino]-thioxomethyl]amino]ethyl]-L-histidinamide was performed using a procedure for

preparing a fluorescein-labeled cysteine analogue*® (Scheme 5-3).
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Scheme 5-3. Synthesis of N-[2-[[[(fluorescein-5-y]l)amino]-thioxomethyl]amino]ethyl]-L-histidinamide.
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Synthesis of N-Boc-N™-Trityl-N-2-aminoethyl-L-histidinamide (2). To a solution
containing Boc-His(Trt)-OH (250 mg, 0.502 mmol) in 2.5 mL DMF was added carbonyl
diimidazole (CDI, 1.22 g, 0.753 mmol). After the mixture was stirred at room temperature for 30
min, ethylenediamine (336 pL, 5.02 mmol) was added in one portion. After 2 h, volatiles were
removed under vacuum, and the residue was redissolved in 15 mL DCM. The solution was washed
with MilliQ water (15 mL x 5) and brine (15 mL x 1). The organic phase was dried over Na2SOs.
The solvent was removed under vacuum to yield an off-white solid (189 mg, 69.8% yield). 'H
NMR (300 MHz, CD30D) 8 7.41-7.33 (m, 10H), 7.17-7.10 (m, 6H), 6.75 (s, 1H), 4.25-4.17 (m,
1H), 3.28-3.12 (m, 2H), 3.02-2.90 (m, 1H), 2.87-2.76 (m, 1H), 2.75-2.64 (m, 2H), 1.39 (s, 9H).

LRMS (ESI) m/z calculated for C32H3sNsO3 [M + H]" 540.3, found 540.3.
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Synthesis of N-Boc-N"-Trityl-N-[2-[[[(fluorescein-5-yl)amino]-
thioxomethyl]amino]ethyl]-L-histidinamide (3). Fluorescein isothiocyanate (119 mg, 306 pmol)
was dissolved in anhydrous MeOH (20 mL), and was added dropwise to a solution containing 2
(150 mg, 278 pumol) in anhydrous MeOH (6 mL). The reaction was stirred at room temperature
for 20 h in the dark under N2. The formation of 3 was confirmed by LC-MS. The mixture was
then concentrated under vacuum. The product was purified by precipitation into water three times
and dried in vacuo to give an orange solid. The crude product was directly used in the next step

without further separation and purification.

Synthesis of N-[2-[[[(fluorescein-5-yl)amino]-thioxomethyl]amino]ethyl]-L-
histidinamide (4). MilliQ water (200 uL), TIPS (200 pL), and TFA (7.6 mL) were added to the
crude product 3 (200 mg). The reaction proceeded at room temperature for 2 h. The solvent was
removed under vacuum, and the residue was redissolved in a small amount of MeOH. The product
was recovered by precipitation into cold diethylether three times to give 4 as an orange solid (78.1
mg, 47.8% yield). 'H NMR (300 MHz, CD30D)  8.09 (d, 1H, J = 1.5 Hz), 7.98 (s, 1H), 7.69 (d,
1H,J=8.4 Hz), 7.16 (d, 1H, J= 8.4 Hz), 7.14 (s, 1H), 6.67 (d, 2H, J = 2.4 Hz), 6.60 (dd, 2H, J =
3.3, 8.7 Hz), 6.52 (dd, 2H, J=2.4, 8.7 Hz), 4.10 (m, 1H), 3.78 (m, 2H), 3.64-3.43 (m, 2H), 3.24—

3.12 (m, 2H). LRMS (ESI) m/z calculated for C29H27N6O6S [M + H]" 587.2, found 587.2.

Gel preparation. Preparation of hydrogels from the histidine modified PDMA polymers
followed the procedure?® developed by Fullenkamp ef al. with some modifications. Polymers P2
were first dissolved in a buffer containing 100 mM Bis-Tris (pH 7.0). Then a stock solution
containing 100 mM NiCl2 and 100 mM Bis-Tris was added to the polymer solution such that the
ratio of histidine groups to nickel ions was 2:1. The mixture was vortexed for 30 s. Separately, a

10 M NaOH solution was diluted 10 times with 100 mM Bis-Tris buffer (pH 7.0). This stock
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solution of NaOH was added to the polymer-NiCl> mixture to adjust the pH to 7.0. The amount
of NaOH stock solution needed was determined from titration experiments on dilute solutions with
polymers and NiCl2. This pH jump induced physical gelation, and the gels turned a light purple
color. Finally, the gels were mixed with a micro spatula and centrifuged at 21,100 xg. The
mechanical mixing procedure was practiced several times to achieve macroscopically homogenous

gels (Figure 5-1).

Rheology. Frequency sweep experiments were performed on an Anton Paar 301 Physica
rheometer using a stainless steel cone-plate upper geometry (25 mm in diameter, 1° angle). Inertial
calibration and motor adjustment were performed before each measurement. Hydrogel samples
were centrifuged at 21,100 xg for 10 min at room temperature to remove bubbles before loading
onto the rheometer. Mineral oil was added to the sample edge to minimize dehydration.
Experiments were performed at four temperatures, 5, 15, 25 and 35 °C, where the temperature was
controlled by a Peltier plate. Frequency sweep experiments were performed at 1% strain from 100
to 0.001 rad s*!, which was within the linear viscoelastic (LVE) region as determined by strain

sweep experiments.

Metal exchange experiments. The dissociation rate of stickers in isolated junctions in
dilute solution was estimated using metal exchange experiments*® described by Hoyler et al. First,
2 mL of stock solution A containing 20 mM CuClz and 100 mM Bis-Tris (pH 7.0) was added into
a cuvette and equilibrated at the desired temperature for 10 min. Then 10 pL of stock solution B
containing 200 mM NiClz, 400 mM L-histidine methyl ester dihydrochloride and 100 mM Bis-
Tris (pH 7.0) were quickly injected into the stirring solution A. Solution B was also pre-
equilibrated at the desired temperature. The change in absorption at 598 nm was monitored over

time with a Cary 50 Bio UV/Vis spectrophotometer until the mixture absorbance reached a plateau,
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during which data was averaged and recorded every 0.1 s. Experiments at each temperature were
performed in triplicate. The use of Bis-Tris as a buffering agent was necessary for preparing
solutions of CuClz and NiCl: at the desired concentration at pH 7.0 and for maintaining the mixture
pH throughout the kinetics measurements. This buffering condition was the same as the one under

which hydrogels were formed.

Forced Rayleigh scattering measurements. Diffusion of fluorescein-labeled histidine
molecules 4 (i.e., tracer diffusion) or ONS-labeled polymers P3 (i.e., self-diffusion) in gels formed
by polymers P2 mixed with NiCl: at a histidine-to-nickel ratio of 2:1 in 100 mM Bis-Tris (pH 7.0)
was measured by forced Rayleigh scattering (FRS). For preparing samples for tracer diffusion
measurements, 0.1 mol% of 4 relative to the total histidine groups was added before the base
addition step. Samples for self-diffusion measurements were prepared in a similar way, but
contained 200 uM P3. All samples were sealed between two quartz disks (17 mm in diameter)
separated by a 0.5 mm thick Teflon spacer, and were equilibrated at the desired temperature for 2
h before further experiments were performed. FRS measurements were conducted as previously

described®* using a 100 mW laser at 488 nm. The grating writing time was 500 ms.

5.3. Results and Discussion

Linear mechanics. The linear mechanical response of model associating networks formed
by linear PDMA polymers with pendant histidine side groups complexed to Ni** ions (Figure 5-1)
is typical for that of a physical gel. The dynamic mechanical properties of gels at two different
concentrations, 10 and 20% (w/v), respectively, were measured within the linear viscoelastic
regime (Figure 5-2). The characteristic rheological features include a plateau modulus at high

frequencies, a crossover of the storage modulus G’ and the loss modulus G”, and terminal
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relaxation where G’ ~ @’ and G” ~w. A subtle deviation from the expected scalings in the terminal
regime is observed, which can be attributed to the sticky-Rouse relaxation of the associating

24,35 At low frequencies, G’ is smaller than G”, which

polymers as discussed in previous works
suggests that both concentrations are below the critical entanglement threshold. This observation
is in good agreement with theoretical prediction (see calculation details in Appendix C). At high
frequencies, the network plateau modulus increases dramatically by over 40-fold, from 0.64 kPa
at 10% (w/v) to 26.4 kPa at 20% (w/v), both at 35 °C. Additionally, the G’-G” crossover frequency
wc decreases with increasing gel concentration. For example, at 35 °C, w. is observed at 0.59 rad
s~! for gels at 10% (w/v) and decreases to 0.18 rad s! at 20% (w/v). The effects of concentration
on the network modulus and the relaxation rate can be explained by the changes of chain topology
as a function of polymer concentration. The type of junction association transitions from intra- to
intermolecular association with increasing polymer concentration, which affords more elastically

effective chains and thereby a higher network modulus, as well as an increasing network relaxation

time (or a decreasing wc).
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Figure 5-1. Hydrogels based on bis-histidine-nickel coordination bonds. Dangling stickers and
intramolecular loops are shown as two types of network imperfections. A proposed structure for the bis-

histidine-nickel complexes at the bottom right.
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Figure 5-2. Frequency sweeps of gels at 10 and 20% (w/v) at varying temperatures. The expected slopes

in the terminal regime for G’ and G” are 2 and 1, respectively (shown as black lines).

203



A thorough understanding of the quantitative relationship between bond dynamics and
rheological response is important because the dynamic mechanical properties of associating
networks are affected not only by the type of stickers but also by the sticker-linked polymer
scaffold and the sticker position (end groups vs. pendant side groups). Previous work?® by
Fullenkamp er al. modified the chain ends of four-arm poly(ethylene glycol) polymers with
histidine moieties and prepared hydrogels under the same condition as in the current study. While
the sticker density in their system is approximately 1/3 of that in this work (Appendix C), their
system has a lower gelation concentration and a higher network modulus at the same gel
concentration. For example, the gelation concentration of the histidine modified linear PDMA
polymers is ca. 8% (w/v), as determined by an inversion test. This concentration is equivalent to
a volume fraction ¢ of 0.058 and is 3 times larger than the estimated polymer overlap volume
fraction (¢* ~ 0.019, Appendix C). In contrast, gels prepared by Fullenkamp ez al. at 2.5 and 5.0%
(w/v) show well-defined high-frequency plateau moduli from rheology characterization, yet both
concentrations are below the overlap threshold (¢p* = 0.062). At the same gel concentration of
10% (w/v) at 25 °C, their gels show an elastic modulus of nearly 11 kPa, much larger than the
modulus obtained from the gels in this work (0.78 kPa). In addition to the aforementioned
influences on gelation and network modulus, the polymer scaffold and the sticker position also
cause differences in network relaxation. When the two types of gels are prepared at the same
polymer concentration of 10% (w/v) at 25 °C, they show comparable w. around 0.2 rad s™! while
the sticker density of the four-arm PEG polymers is just 1/3 of the linear PDMA polymers.
Therefore, it is expected that the gels in this study should exhibit a faster network relaxation rate
at the same sticker concentration. The observations of faster network relaxation dynamics, a

smaller modulus, and a higher gelation threshold can all be explained by a greater likelihood of
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forming intramolecular junctions for the linear polymers with associating side groups. Together,
these comparisons emphasize the needs for understanding the structure-mechanics-dynamics
relationships in associating networks and suggest many engineering opportunities to tune the
network mechanics by changing the polymer structure, even using the same sticker bond

chemistry.

As an important measure for the network relaxation dynamics, the characteristic time of
sticker exchange between network junctions depends strongly on temperature, and the
corresponding activation energy provides a reference for further understanding the network
relaxation dynamics. The mechanical properties of gels were characterized at four different
temperatures, 5, 15, 25 and 35 °C (Figure 5-2). When the temperature is increased by 10 °C within
this window, the frequency sweep spectrum shifts to higher frequencies by approximately half a
decade. Here, the network relaxation time is determined from the G’-G” crossover frequency,
= w2m. Since the macroscopic network relaxation is directly related to the association-
dissociation dynamics of the associating junctions, 7: can be interpreted as the time for sticker
exchange between junctions, zex. This molecular interpretation is based on a widely accepted
perspective that sticker exchange leads to changes in the number of elastically effective chains and
hence induces network relaxation.!>?%3% As shown in Figure 3, ex decreases with temperature.
Its temperature dependency can be described by an empirical Arrhenius law, from which an
empirical activation energy Eaex is obtained from the slope of an Arrhenius plot. The estimated
values of Eaex are 87 = 3 and 83 = 3 kJ mol™! for gels at 10 and 20% (w/v), respectively (note that
the error bars have accounted for deviations in w. from repeated measurements), which are
statistically indistinguishable. Hereafter, Faex will be used as an energy reference to further

investigate the mechanism of sticker exchange.
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Figure 5-3. Sticker exchange time 7ex at varying temperatures for gels at 10 and 20% (w/v). The black

dashed lines are fits to an Arrhenius law.

Sticker dissociation in the dilute limit. Investigation of the kinetics of the dissociation
step alone is important for understanding whether or not the dynamic stability of associating
junctions or network relaxation in this work is governed by the dissociation step, as in many

18-20,22,23.25, 28 To this end, metal exchange experiments*’ were performed to

previous studies
quantify the dissociation kinetics of stickers in isolated junctions. Here, L-histidine methyl ester
was chosen as an analogue to the polymer conjugated histidine side groups for two reasons. First,
the absence of a free carboxylic acid ensures that chelation between histidine and metal ions is
only through the free amine and nitrogen atom in the 3 position of imidazole (Figure 5-1), which

31,52 Second, DFT calculation

excludes potential confounding glycine-like chelation mechanism
confirms that change from an amide to an ester bond minimally affects the electron density map
of the histidine moiety (Figure C-6). In the metal exchange experiments, dissociation of the bis-

histidine-nickel complexes (His2Ni) was driven by adding a 20-fold excess of Cu®* competing ions
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to form stronger complexes with histidine*?, as compared to Ni** (Figure 5-4A). The dissociation
process was then monitored by changes in the metal ligand charge transfer band in the UV-vis

absorption spectrum (Figure C-7).

To extract the dissociation time constant for the His2Ni complexes, several simplifying
assumptions are made. First, the influence of water molecules and CI” ions on the species
equilibrium and kinetics are neglected. Second, pseudo steady-state approximations are applied
to the free histidine ligands and HisNi complexes, which suggests that the concentrations of free
histidine and HisNi complexes remain nearly constant during the experiment. Third, because Ni'
complexes absorb negligibly compared to Cu'' complexes (Table C-1) and the concentrations of
Ni'l complexes are at least an order of magnitude smaller (Appendix C), only the contributions
from Cul! complexes to the total absorbance are considered. Fourth, an empirical stretched
exponential function is used for fitting the experimental data instead of a theoretically derived pure
exponential function to account for the errors due to simplification of the dissociation mechanism
(Appendix C). Representative time-dependent absorbance profiles at varying temperatures are
shown in Figure 5-4B. The average dissociation time constant, zd, is calculated from the first

moment average (Appendix C).
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Figure 5-4. Probing the characteristic dissociation time 74 of bis-histidine-nickel (His2Ni) complexes. (A)
A proposed reaction scheme for the metal exchange experiments. (B) Representative time-dependent
absorbance profiles at 598 nm at varying temperatures. Data points are shown in open circles, and the black
dashed lines are fits to the stretched exponential functions. (C) An Arrhenius plot showing 74 at varying
temperatures. Data points are shown in black squares with error bars being the 95% confidence interval.
The dashed line in black is the fit to the Arrhenius equation. The dashed lines in light orange and blue
represent the junction exchange time constants from rheology measurements at 10 and 20% (w/v),

respectively.

Dissociation of stickers in isolated junctions occurs at a significantly different rate than the
process of sticker exchange between junctions in networks. The dissociation time constants of

isolated His2Ni complexes in the dilute limit, 74, at varying temperatures are plotted in Figure 5-
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4B. Within the entire temperature window, the values of 74 are always smaller than the sticker
exchange time constants 7ex. The temperature dependence of ta shows an Arrhenius-type behavior.
The corresponding activation energy Ead is estimated to be 56 + 4 kJ mol™', which is less than the
activation energy for sticker exchange Esex by approximately 30 kJ mol™'. The differences in the
magnitude of the time constants and the activation energies most likely originate from the
differences in the physical environment of the histidine ligands and/or the distinct natures of the
two processes. The comparison above also suggests that 7 does not superimpose the rheology
data following an empirical time-temperature superposition. However, it should be noted that
these results do not contradict to the findings in Craig’s work?®, where the dilute dissociation rates
of different types of pincer—pyridine complexes are used to renormalize the rheological data of the
corresponding networks into a single master curve, at the same temperature. While Craig’s
seminal investigation offers important insights into the relaxation mechanism of the junctions and
the associating networks, it does not imply time-temperature superposition for networks with the
same type of associating junctions using the dilute dissociation rate. Furthermore, the conclusion
found in the current study is not restricted to only metal-ligand coordination bonds. Previous
works by many others* 2% 27 have observed similar weak quantitative correlation between 7a and
ex. For example, the study? by Guan and coworkers reports a five-order-of-magnitude difference
in the exchange rates of two types of small-molecule reversible boronic ester junctions, but the G -
G crossover frequencies from shear rheology characterizations of the two types of networks only

show a three-order-of-magnitude difference.

Sticker dissociation and diffusion spectrometry. “Sicker dissociation and diffusion
spectrometry” (SDDS) is developed here to quantify the kinetics of sticker dissociation within the

network environment and to further investigate the similarity and difference in the dynamic
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processes of junction dissociation and exchange. The use of SDDS to measure junction
dissociation is fundamentally different than the previous approach that relies on metal exchange
because the influence from the polymer networks at a particular concentration on junction
dissociation is naturally reflected in SDDS. First, a small number of dye-labeled small molecules
are added to the network, where both the network and the small molecules bear the same stickers
(Figure 5-5A). Then forced Rayleigh scattering is employed to generate a one-dimensional
concentration gradient with respect to the dye-labeled small molecules and monitor the gradient
evolution as a function of time due to diffusion. During this process, the dye-labeled small-
molecule stickers are expected to undergo association and dissociation with the surrounding

networks, which can be described by the following reversible binding reaction:

kon
S+F<=A, (0
koﬁ

where symbols S, F, and 4 denote the dye-labeled small-molecule stickers, the open stickers on
the polymers and the associated junctions formed between the previous two, respectively; kon and
kot are the rate constants for association and dissociation, respectively. The diffusion and

interconversion among all species are described by the following reaction-diffusion equations:

oC. d°C.
a_ts = DS ?28 - konCSCF + koffCA
oC o*C
8tF = DF Ex—z—F— - konCSCF + koﬂ'CA s (2)
ocC o°C
2 tA =D, asz + konCSCF - koffCA

where Ci are the concentrations, and Di are the diffusion coefficients (i =S, F and A). Because the
total concentration of open stickers should only depend upon equilibrium parameters, when the

concentration of the small-molecular stickers is negligible compared to the total number of stickers
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inside the network, it is expected that Cr should remain constant during the diffusion
measurements while fluctuating near its equilibrium concentration, Creq. Therefore, eq. 2 can be

simplified as:

oc, . 9°C

7 Dy Kgs — ko Cs + kg C 3
aC 8°C ) ’
atA = DA asz + kon CS - koﬁ'CA

where kon” = konCF.eq, and the total concentration of the dye-labeled stickers is the sum of Cs and
Ca. This simplified model is identical to the model** *¢ previously used to explain both self- and
tracer diffusion of associating polymers in the networks. Both the original and the modified
models assume that the dimensionless equilibrium constant defined as the ratio of the association
rate to the dissociation rate is larger than unity, i.e., Keq = kon'/kott > 1. However, for the small-
molecule stickers studied in the work, it is further expected that the diffusivity ratio y = Da/Ds is
vanishingly small because the sticker diffusivity decreases by many orders of magnitude upon

association with polymers.
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Figure 5-5. Sticker dissociation and diffusion spectrometry. (A) Schematic presentation showing a

fluorescein-labeled histidine molecule within gels formed by histidine-nickel coordination bonds. (B)

Relation of grating relaxation time <¢> vs. squared grating spacing &”. The equations shown in the figure

demonstrate the asymptotic behavior at the small and large &”, corresponding to the dissociation-controlled

(blue line) and diffusion-controlled cases, respectively. Model parameters: koo’ = 105", kor=10.1 57, Ds =

100 pm?*s™'. (C, D) Experimental results of the <¢> vs. &* at varying temperatures at gel concentrations of

10 and 20% (w/v), respectively. Dashed lines are fits to the modified two-state model.
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The solution to the modified two-state model provides a solid mathematical and physical
basis for SDDS. The relationship of the ensemble average gradient relaxation time <z> and the
squared grating spacing ¢® can be solved analytically using Fourier transform, as previously
described®*, and the solution is graphically presented in Figure 5-5B. On large length scales,
gradient relaxation is controlled by diffusion, and the relation <z> vs. & shows Fickian scaling,

()= — @

B Ar*D. ..~

S eff

where the effective diffusivity Dsefr is defined as

% _m. )

S,eff = -
1+Keq

The functional form of eq 4 suggests the probe can effectively diffuse inside the networks on these
large length scales. However, due to the associative interactions between the dye-labeled stickers
and the network, the sticker diffusivity is reduced by a factor of the equilibrium constant Keq, or
by the fraction of free stickers f= 1/(1 + Keq), as suggested in eq 5. In contrast, when diffusion

measurements are performed on small length scales, the relation <t> vs. a* becomes,
1
(r)y=—o. (6)
ko

In this regime, the gradient relaxation time is no longer dependent on &%. Instead, it is entirely
determined by the average time of the dye-labeled stickers being bound to the networks, 1/kor.
This suggests that the dissociation is a prerequisite step for diffusion. When this dissociation-
controlled regime (Figure 5-5B) is observed, one can extract an ensemble sticker dissociation time

inside the networks.
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Experimental results from SDDS are consistent with the predictions from the modified
two-state model. The design of the small-molecule sticker 4 is shown in Figure 5-5A (see synthesis
details in the Experimental Section), where a histidine moiety is covalently linked to fluorescein
through a two-carbon spacer. Fluorescein is chosen as a photochromic dye because of its sufficient
solubility in aqueous solution, which prevents aggregation, and because of its successful use in
forced Rayleigh scattering experiments®> 3%, Notably, only 0.1 mol% 4 of the total number of
histidine groups is needed to generate enough signal, and such small amount of added stickers
should not significantly change the properties of the networks. As expected, on length scales with
& smaller than ca. 100 um?, the grating relaxation time <z> seems to be independent of the length
scale probed at all tested temperatures and concentrations (Figures 5-5C and 5-5D), from which a
dissociation time of the dye-labeled stickers from the network can be extracted. Because the
associative group in the small-molecule stickers is identical to the ones forming the network
junctions, the result from SDDS measurements also reflects the dissociation of all stickers within
the network. With increasing &, the slope in the log-log plot increases. However, pure Fickian
scaling is not observed (Figures 5-5C and 5-5D). Given the large diffusivities of the small-
molecule stickers, pure Fickian scaling is expected at larger length scales beyond the
experimentally accessible window of forced Rayleigh scattering. The modified two-state model
can also be used to quantitatively describe experimental results from SDDS (Figures 5-5C and 5-
5D). By fitting the model solution to the experimental data, the dissociation rate of stickers kort,
(or its inverse, the dissociation time constant 7of) and the apparent sticker diffusivity Dsefr, can be
obtained (Figure 5-6). However, Keq cannot be independently determined because the relation of

<> vs. d” is not sensitive to the value of Keq in the limit of Keq >> 1 (Appendix C).
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Figure 5-6. Estimated values of (A) sticker dissociation time constant in gels Tos (i.e., 1/kog), and (B) the
effective sticker diffusivity Ds . at different temperatures and gel concentrations. Error bars represent 95%
confidence intervals. In panel (A), dashed lines in light orange and blue are the sticker exchange time
constants t.x, the purple dashed line represents the sticker dissociation time constant in the dilute limit 4,

and the black dashed line is a fit of relation o vs. 1/T to an empirical Arrhenius law.

The use of SDDS allows the sticker dissociation time constant in the networks, 7oft, to be
reliably determined. Compared to the determination of 7d (the dissociation rate in the dilute limit),
the kinetic description of sticker dissociation in SDDS is much simpler and more well-defined.
The estimated 7ofr ranges approximately from 8 to 70 s (Figure 5-6A). At a given temperature, the
estimated values of 7ofr are nearly the same for gels at 10 and 20% (w/v), with overlapping 95%
confidence intervals, suggesting that 7ofr is indeed a physical time constant. The values of zofr are
larger than 74, which is not a function of concentration either. In many cases, dissociation of metal-
ligand coordination bonds is initiated by solvent molecules displacing the ligands in the metal-
ligand complexes.?* > If this solvent-assisted dissociation mechanism applies, then the relation

Toft > 7d can possibly be attributed to a steric effect. Specifically, in the gel state, it becomes less
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accessible for solvent and/or buffering agent (water and Bis-Tris molecules, respectively) to attack

the His2Ni complexes, therefore yielding a longer sticker dissociation time.

Another interesting finding is that the values of 7ofr are always smaller than 7ex (the time
constant for sticker exchange), and the difference between the two time constants is more
pronounced at higher gel concentration. Even though the sticker dissociation rate remains constant
when the gel concentration varies, exchange of stickers is detected from rheological measurements
only when a dissociated sticker finds and combines with a new partner instead of associating with
its old one. The likelihood for successful sticker exchange decreases at higher gel concentration,
although the total concentration of open stickers increases. This can be explained by the hindered
chain relaxation that limits the molecular motion to search for and combine with new sticker
partners, and/or by an hypothesis that most of the stickers are in the closed state and thus not
available for forming new associative bonds. Part of the aforementioned arguments was first
proposed in the sticky Rouse/reptation models by Rubinstein and coworkers and is often referred
to as the renormalization of bond lifetime.?? The experimental results shown in this study provide
direct evidence to support this argument. However, since only two concentrations were examined,

experiments on a wider concentration range are needed to further verify the conclusion.

Furthermore, the relation of zofr < 7ex suggests that rofr gives the lower bound for the sticker
exchange time in gels. Since 7ex decreases with concentration, the smallest zex is achieved at the
lowest gel concentration, i.e., the gel point. From this perspective, the physical meaning of zofr can
also be interpreted as an “intrinsic” sticker exchange time constant. Even though the inherent
quantitative relations between 7ofr and molecular parameters such as molecular weight and sticker
density remain elusive, the determination of otr allows to pinpoint the fastest network relaxation

time, providing an important insight for designing associating networks with desirable relaxation
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dynamics. The interpretation of intrinsic network relaxation time in this study is similar to the one
discussed in the Craig’s work?*, but there it was determined by extrapolating an empirical scaling
relation of the network relaxation time vs. the sticker density to the gel point. Subtle differences

in the two definitions of intrinsic network relaxation time remain to be explored.

The temperature dependence of 7orr can be adequately captured by an Arrhenius-type
behavior (Figure 5-6A), from which an activation energy Eaofr is estimated to be 80 + 10 kJ mol™'.
Within experimental errors, Eaofr is very close to the one for sticker exchange Faex (ca. 85 kJ
mol ™). Since SDDS directly probes the dissociation of individual stickers under the same
condition that gels are formed, the two comparable activation energies for sticker dissociation and
exchange suggests that the dissociation is most likely the rate-limiting step for sticker exchange
between junctions. This conclusion is expected to hold for associating networks where sticker
exchange are dissociation-controlled, but may not be true for networks whose junctions can
undergo direct exchange. The two statistically indistinguishable activation energies may also
provide a physical explanation for the applicability of an empirical time-temperature superposition
of rheological data for a wide variety of associating networks where the junction dynamic stability
is most likely controlled by dissociation.3> 3> In contrast, the activation energy for sticker
dissociation in the dilute limit Eaq is smaller than both of Eaofr and Eaex. Again, this is because the

dilute solution measurements fail to include the effects from the networks on the stickers.

The effective diffusivity of the stickers Dsefr can be obtained even though the Fickian
regime is not fully developed within the experimental window. As shown in Figure 5-6B, the
values of Dsfr are on the orders of 0.1-1 pm? s™!, about two orders of magnitude smaller than the
diffusivities of fluorescein®® ¢! or other small molecules®!-®* (molecular weight less than 1,000 g

mol™!) in aqueous solutions. The results shown in Figures 5-6A and 5-6B together suggest that
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increasing the gel concentration leads to a decrease in the effective diffusivity of stickers, but does
not alter the dissociation kinetics. In addition, the transition dc> from the dissociation-controlled
regime to the diffusion-controlled regime is given by

2
2 4r DS,eﬁ“

) koﬁ' (7)

which is obtained by equating eqs 4 and 6, the two theoretical asymptotes shown in Figure 5-5B.
Based on the estimation of parameters Ds.fr and kofr, the numerical values of d.? are calculated
(Figure C-9). It is found that di* decreases with both gel concentration and temperature. This
explains the observed changes of slope in the large ¢ range in the SDDS data as a function of gel
concentration and temperature (Figures 5-4C and 5-4D). Moreover, because the pure Fickian
regime is seen when & >> d:? (Figure 5-4B), which is not met for all the experimental conditions,
this finding also quantitatively explains why the expected Fickian scaling <t> ~ ¢ is not shown

within the experiment window.

Two important physical insights can be further inferred from the estimates of Dsest. First,
the dimensionless equilibrium constant Keq in the modified two-state model can be calculated from
the relationship Keq = Ds/Dsfr, where Ds is the diffusivity for non-associative small-molecules.
The estimated values of Keq at 25 °C are (2.5 £0.5) x 10 and (4.2 £ 0.7) x 10? for gels at 10 and
20% (w/v), respectively (see calculation details in Appendix C). These results are consistent with
the previous assumption Keq >> 1, i.e., strong association between the small-molecule stickers and
the open stickers on polymers. Interestingly, Keq shows a dependence on the gel concentration.
However, this finding should not be surprising because the apparent association rate kon' is defined
as kon' = konCFeq, and Keq is then related to the junction binding constant Keqj through Keq =
KeqjCreq. Therefore, it is clear that Keq in the modified two-state model is linear in the
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concentration of open stickers on the polymers. Based on these results, the fractions of dangling
stickers, £, are estimated to be (3.3 £ 0.7) x 1072 and (3.0 £ 0.5) x 1072 for gels at 10 and 20% (W/v),
respectively, at 25 °C. These values of fare comparable to the total fraction of mono-histidine-

nickel complexes and the free histidine groups in the gels.

Self-diffusion measurements. Finally, the longest relaxation process in the gels, self-
diffusion of unentangled histidine modified PDMA polymers in hydrogels was measured by forced
Rayleigh scattering (FRS), where a fraction of the polymers was labeled with ortho-nitrostilbene
(Scheme 5-2). Within the experimentally accessible time window, self-diffusion only shows
Fickian scaling, <t> ~ d? (Figure 5-7). This observation is in contrast with previous measurements
on associative coiled-coil proteins®* and terpyridine end-functionalized four-arm poly(ethylene
glycol) polymers complexed to Zn?* ions*, where similar phenomenological super-diffusion was
seen in both cases. These different diffusive behaviors might be attributed to differences in the

2436 each polymer has four

sticker density of different gels. Specifically, in both previous studies
stickers, whereas there are ca. 18 stickers per polymer chain in the current work (Appendix C).
However, further investigations are needed to conclusively identify the molecular basis for the
phenomenological super-diffusion in associative networks. For gels at 10% (w/v) and at 35 °C,
chain diffusivity Dselr is calculated to be (2.1 + 0.2) x 107 pm? s™' (errors bars representing 95%
confidence interval), which is 2-3 orders of magnitude smaller than the self-diffusivities** 3¢ of
associating polymers preciously obtained under the same condition. Based on Dselr, the parameter
y defined in the modified two-state model is estimated to be on the order of 1077 (Appendix C),

which justifies the hypothesis y = 0. Chain diffusion is too slow to be accurately measured for gels

at other conditions.
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Figure 5-7. Self-diffusion of histidine modified PDMA polymers in gels at 10% (w/v) and at 35 °C. The
linear fit is performed on the data points with &” larger than 0.3 um?. The error bar in the slope represents

95% confidence interval.

Comparison of time constants. For the relaxation processes studied in this work, the
corresponding relaxation time constants follow the order 7d < 7ofr < 7ex < zaifr. For gels at 10% (w/v)
and at 35 °C, the values of these time constants are directly plotted above the frequency sweep
spectrum obtained from a time-temperature superposition, referenced at 35 °C (Figure 5-8). By
definition, 7ex is calculated from the G’-G” crossover frequency, and it denotes the time scale for
sticker exchange. Compared to 7ex, the time scale for sticker dissociation inside the networks 7ot
is smaller. This is because multiple sticker dissociation events must occur before a successful
sticker exchange is achieved. The number of attempts needed for sticker exchange may be
estimated based on the ratio of 7ex to 7o, which suggests less than two attempts are needed on

average for gels at 10% (w/v). However, even though dissociation is a prerequisite step for sticker
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exchange, no rheological signature is found to directly correlate with the dissociation of stickers.
Unlike other time constants, the time scale for self-diffusion is proportional to the square of length
dimension. The relation ex < 7aiff suggests that for relaxation processes longer than 7ex, such as
chain diffusion, the related length scale is polymer segments containing one or more of these
associative stickers. The region highlighted from ca. 400 to 3,000 s in Figure 8 corresponds to the
regime in which Fickian scaling is observed in self-diffusion measurements (Figure 5-7). Within
this time window, a sticky-Rouse type relaxation is found in rheology, shown as an increase of
slope in the relation G’ vs. @. A similar observation was reported in multi-block coiled-coil protein
gels.?* In both cases, the onset frequency of the sticky-Rouse relaxation correlates well with the
shortest Fickian diffusion time. However, it should be pointed out that the sticky-Rouse signature
for the gels studied here is most likely related to the partial-sequential release of the stickers on
the chain from the surrounding networks, because simultaneous dissociation for all stickers is

highly unlikely.
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Figure 5-8. Direct comparison of relevant relaxation time scales. The rheology master curves are obtained
from empirical time-temperature superposition referenced at 35 °C.
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5.4. Conclusions

This study investigates a model transient network formed by linear poly(N,N-
dimethylacrylamide) polymers with pendant histidine side groups transiently linked to nickel ions
in aqueous solution. The dynamic mechanical properties of the networks measured by oscillatory
shear rheology show quantitative differences compared to the ones based on the same associating
junctions, suggesting the importance and necessity of thoroughly understanding the structure-
mechanics-dynamics relationships in transient networks. A new technique referred to as “sticker
dissociation and diffusion spectrometry” (SDDS) is developed to quantify the dissociation
dynamics of stickers within the network environment. The physical picture of SDDS is adequately
described by a modified two-state model that accounts for the dynamic equilibrium of stickers in
the closed and open states upon associating with and dissociating from the surrounding networks.
Unlike the dissociation time constant in the dilute limit, the dissociation time in gels shows a nearly
identical activation energy to the one of sticker exchange between junctions, while providing the
lower bound for the time constant of sticker exchange. These findings unambiguously demonstrate
that on time scales in the vicinity of the bond lifetime, sticker dissociation governs the relaxation
dynamics for the currently studied associating networks. On larger time scales, hindered self-
diffusion of the linear associating polymers is found to correlate with the sticky Rouse rheological
signature, but it only shows Fickian scaling in contrast to previously observed phenomenological
super-diffusion in associating polymers that have a much lower sticker density. This combination
of experimental approaches offers complementary and consistent insights into the molecular
mechanisms of the dynamic relaxation of associating networks. It is expected that the approaches

used in this work can be easily applied for studying other associating networks.
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Chapter 6 A Preliminary Comparative Study of Using Fluorescence
Bleaching after Recovery and Forced Rayleigh Scattering to Measure

Self-Diffusion of Associating Polymers

6.1. Introduction

Diftusion of polymers has important technological implications because it greatly affects
the processing conditions'-?, stability™* and mechanics™® of polymeric materials. The design of
advanced materials requires fundamental knowledge of polymers’ diffusion under different
conditions. The diffusive behavior of polymers is dramatically different from that of small
molecules. Polymers diffuse very slowly, with diffusivities normally below 10! m%/s, which are
multiple orders of magnitude smaller than those of small molecules.” In addition, the diffusive
behavior of polymers is often complicated by the polymer chain configuration'®!2, the non-
Gaussian shape/structure'>!7, and the length scale of interest'® '8, Moreover, the length-scale-
dependent chain characteristics are affected by the physical environments in which polymers are
present.!%!® Up to now, many experimental methods have been developed to measure the mobility
of polymers under different conditions. These methods include but are not limited to forced
Rayleigh scattering (FRS)® % ' 19 fluorescence recovery after photobleaching (FRAP)**-22,
fluorescence correlation spectroscopy (FCS)?* 24, pulse-field gradient nuclear magnetic resonance
(PFG-NMR)?* % and secondary ion mass spectroscopy (SIMS)?’. All of these techniques first
generate a concentration gradient over a short length scale and then monitor the evolution of the
gradient over time. Chain diffusivities are calculated in the Fickian regime where the square of

the length dimension scales linearly with time.
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Recently, emergent physical phenomena pertinent to the diffusion of associating polymers
have been discovered. The presence of the associating groups (often referred to as stickers) imparts
localized, transient connectivity between segments from the same or different polymer chains,
which causes the diffusive motion of associating polymers to depart significantly from that of
simple linear chains. The self-diffusion of associative linear coiled-coil proteins® and terpyridine
functionalized star-shaped poly(ethylene glycol) polymers complexed to Zn?*' exhibits
phenomenological super-diffusion on small length scales and shows Fickian scaling at sufficiently
large length scales above 100-1000 R (radius of gyration) when observed by FRS. Despite the
substantial differences in polymer backbone, sticker chemistry, sticker position and solvent
environment, the diffusion of both types of associating polymers can be quantitatively captured by
a simple two-state model. The model hypothesizes that associating polymers exist at two different
states with two distinct diffusivities, and it also allows for interconversion to take place between

the two states.

In order to observe phenomenological super-diffusion, the experimental techniques used
to probe diffusion must be able to access the relevant length scales. In FRS, the characteristic
length scale is the diffractive spacing, which is determined by the wavelength of the laser used in
the experiment and the angle at which the two coherent laser beams intersect. Typically, the
diffractive spacing ranges from the several hundreds of nanometers at the small end up to the
several microns. For FRAP, the smallest length scale is determined by the pixel size, and the
largest length scale may go to the tens of microns or even larger. Previously, phenomenological
super-diffusion has only been observed by FRS but not by FRAP. This is probably because FRAP
experiments were not performed under the condition that phenomenological super-diffusion could

be recognized.
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In principle, FRAP may also access information of polymer diffusion at micrometer length
scales by using high-magnification objective lenses. Compared to FRS measurements that require
a custom-built apparatus, FRAP can be performed on a commercially available confocal
fluorescence microscope. Moreover, the development of user-friendly, efficient, and accurate
algorithms for interpreting FRAP data has been very active. These two features make FRAP an
attractive, popular tool for studying diffusion of macromolecules in materials, cell biology and

medicine.?®3! However, existing FRAP data analysis methods have only been developed for single

32-34 35,36

component Fickian diffusion or multicomponent Fickian diffusion’> -, a single component

3739 or anisotropic

Fickian diffusion with a finite probability of binding to a non-mobile species
diffusion*®, Therefore, there is a need to develop a method of analyzing FRAP data in
experimentally settings described by the two-state model. In addition, it remains to be seen if

FRAP can definitively discriminate the two-state model from other models under the relevant

conditions where phenomenological super-diffusion is observed.

Herein, a method is established to analyze FRAP data based on the previously developed
two-state model. Preliminary experimental efforts are made to compare the observed diffusive
behavior probed by FRAP and FRS. Finally, future directions are suggested to quantitatively

compare these two measurement techniques.

6.2. Mathematical background

The governing equations for the two-state model in the real space are:
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Here, the governing equations are written in polar coordinates to analyze axisymmetric patterns.

In addition, it should be emphasized that the variation of concentration in the z-direction is

neglected. This can be achieved by using an objective lens with a low numerical aperture (NA)

and by reducing the sample thickness. The boundary w is defined as the radius over which polymer

diffusion is analyzed. The first boundary condition is given due to the axisymmetric nature of the

FRAP pattern. The second boundary condition applies when w is sufficiently large compared to

the radius of the bleached spot such that the dye concentration far away from the spot remains

constant throughout the experiment. The initial condition is given by the initial profile created by

photobleaching.

By changing the variables,

The governing equations become,
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subject to the boundary conditions (i =M or A),
ou,
8—1(0,1):0, ui(r—>w,t)=0, (6-6)
»

and the initial condition of the relative concentration (normalized by the equilibrium
concentration),

u,(r,0)=C,, — fi(r) (6-7)
which are identical to the ones before changing the variables. The physical meaning is that the
problem of recovery after bleaching is equivalent to the problem in which some amount of
substance is added and then spread in the space.
The partial differential equations in eq 6-5 are analytically tractable by applying Fourier transforms
to eliminate the spatial dependence of variable ui and yield ordinary differential equations that are
easier to solve. In this particular example, another integral transform method—Hankel transform—
is used. Hankel transform, in principle, is similar to Fourier transform, but it is preferable for
systems with circular or cylindrical symmetry because of a reduced number of variables.

The concentration #, (i =M or A) after Hankel transform is defined as,

i, (k.t)= [, (r,0) Jy (kr)rdr (6-8)

where Jo is the zeroth order Bessel function of the first kind. The variable transformation in eq 6-
7 is necessary in order to make the Hankel transform (eq 6-8) converge.

After multiplying by J, (kr)rdr and integrating from O to w, the governing equations become,

8121. w a aui _ n ~
r = D’Io E(FE-]JO(]W)QIF ¥k, kg, (6-9)

The second term on the RHS of the equation can be simplified as,

233



D,J'OW;( fh;)J (kr)dr=D,[’ J(kr)d( r)

Ou, w( Ou,
-pJ, (kr)(ra—rjo - (rg)(—k)Jl(kr)dr
= D, J, (kw)w| 2 +kD,[" (r—),] (kr)dr
or )|,
ou. w
= D, J, (lw)w -(-;:—' w + kD, [\, ()
=D, J, (kw)w a kDu.rJ, (kr)lw - kD,.jw ukrd, (kr)dr
or )|, 0 0
= D, J, (kw)w % + kDuwJ, (kw) - K* D,
(A

(6-10)
The first term vanishes because of the boundary condition at » = w, since the concentration is
constant and there is no flux. The second term vanishes because u; = 0 at r = w. Therefore, the
governing equations in the polar coordinates after Hankel transform are the same as in the

Cartesian coordinates after transformation.

%‘M = kD, i, —k, By, +k 40,
5 7 (6-11)
% =KD, +k, iy, — ki,

/s

The equations can be represented in a vector-matrix form:

el uM -k*D,, -k, Koy iy, A [i“ , (6-12)
ot k,, —k*Dy kg || 4y i,

with the initial condition,

8, (k,0)=["[C, ., = £,(r,0)]J, (kr)rdr . (6-13)

Previously, it has been shown that the eigenvalues of matrix A are:
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which suggests that the matrix A is diagonalizable,

A=VAV',

The columns in the matrix V are the corresponding right eigenvectors,

VZ{/L +k’D,+k,, A, +k’D,+k,

k k,

on on

For simplicity, the matrix A is denoted as

<
A= ,
c d

where

a=-k’D, —k,,
b=k,
c = k()n
d=-kD,~k,

Therefore, the analytical solution to the linear ODE,

(1) = Au(t),

is given by,
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This leads to a solution to the governing equation,

u,(k,t) c(A-4)
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(6-21)
In Fourier space, the intensity of the fluorescence emission is proportional to the total

concentration of the fluorescent species. Therefore, the normalized intensity is,
I(kt)  a(k,t)
I(k,0)  a(k,0)
iy (k,O)[c(ﬂ1 ~d+c)e™ —c(4, —-d +c)eﬂﬂ':|
[k +a, (k) ]e(4 - 2)
i, (k:0)[ (4 —d)(% —d +c)e* — (4 —d)(4 —d+c)e* |
Litns (k,0) + 1, (k,0) Je (4 = )

(6-22)

Because species M and A4 are in equilibrium at the initial condition, be it in the Fourier space or

in the real space,

(6-23)

Thus,
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Therefore, the final solution is,

I(kyt) (A+KD,+k, +k; )4 +KD,)e" (4 +kD,)(4 + KD, +k,, +k,, )e™
I(k.0) (o + ko ) (2 = 40) '

(6-25)
This solution provides the basis for data fitting. There are two main advantages:

(1) Because the intensity ratio does not contain any terms dependent on the initial condition,
this proposed analysis method does not require control over the initial pattern (be it a
cylindrical or a Gaussian profile) in the FRAP experiment.

(2) Compared to fitting methods using integrated intensity over the radial position of the
pattern, this method exploits all the spatial information at a given time point ¢, which may
give more information about the length-scale-dependent diffusion. Specifically, although
the initial feature size of the FRAP image is fixed, the spatially resolved concentration
profile probes many length scales. If the analysis is done within several pixels, it is

equivalent to the case where a small spot is burned in the FRAP experiment.

6.3. Experimental Section

Synthesis of fluorescein-labeled proteins Ps. As shown in Figure 6-1A, fluorescein-
labeled associative proteins P4 were synthesized by coupling fluorescein-5-maleimide to Cys-Pa,
a cysteine-flanked protein with four internal coiled-coils connected by polyelectrolyte linkers®.
First, proteins Cys-Ps4 (200 mg, 3.2 pmol) were dissolved in 200 mL of 10 mM phosphate buffer

(pH 7.5), and a 20-fold excess of tris(2-carboxyethyl)phosphine (18.2 mg, 64 umol) was added as
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solid to the protein solution. After the mixture was incubated at room temperature for 30 min.,
2.71 mL of fluorescein-5-maleimide in DMSO at a concentration of 10 mg/mL (20-fold excess
relative to the cysteine content) was added. The reaction was stirred at room temperature overnight.
Purification of the fluorescein-labeled proteins Cys-P4 was achieved by anion exchange and size
exclusion chromatography following a previously published procedure®. The degree of dye
labeling was determined to be 85% by UV-vis spectroscopy (Figure 6-1B) using the extinction
coefficient of fluorescein of 68,000 M~ cm™" at 496 nm (specified by Thermo Scientific).

(A)

~ o]
2 P j
5, (_s&r T SH + E.N*-

S

(8)

10 mM Na,HPO,
pH 7.5, overnight

0
S %@Wﬂf o “J“S'J::\: *

Absorbance

Wavelength [nm]

Figure 6-1. Synthesis of fluorescein-labeled proteins P4 via thiol-maleimide coupling. (A) Reaction scheme.

(B) UV-vis spectrum of fluorescein-labeled proteins P4 at 1 mg/mL in 6 M urea and 20 mM Tris at pH 8.0.

Preparation of hydrogels with labeled proteins. The matrix proteins P4 and the
fluorescein-labeled protein P4 were hydrated in 100 mM phosphate buffer (pH 7.6, filtered through
a 0.2 um filter) at 4 °C for 2 days. The total protein concentration was 6.5% (w/v), and the dye-

labeled protein was approximately 25 uM. The gels were periodically mixed with a micro spatula
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to ensure complete mixing of proteins. Before loading into the molds for diffusion measurements,

gels were centrifuged at 21,000 xg for 5 min to remove bubbles.

Diffusion Measurement by Forced Rayleigh Scattering (FRS). Self-diffusion of
fluorescein-labeled P4 proteins was first measured by forced Rayleigh scattering (FRS). The
hydrogel specimen was sandwiched between two quartz disks (17 mm in diameter) with a 0.5 mm
thick Teflon spacer. The gels were equilibrated at 25 °C for 1 h before further experiments were
done. FRS experiments were performed following the previously established procedure.® The
laser beam from a SpectraPhysics Cyan 100 mW laser at 488 nm (operating at a single longitudinal
mode) was split, refocused, and recombined at a beam angle of 0.88 degrees. A holographic
grating was generated by exposing the sample for 500 ms, during which a fraction of fluorescein

was irreversibly photobleached. The grating spacing d was determined as

A 0.488

1= 26n(02)  zsn(08872) Apm]. (620

The diffusive decay was then monitored by diffraction of a single reading beam at the same

wavelength by a factor of 10,

Diffusion Measurement by Fluorescence Recovery after Photobleaching (FRAP).
Self-diffusion of associative proteins P4 in hydrogels was also measured by fluorescence recovery
after photobleaching (FRAP) on a Zeiss 700 inverted laser scanning confocal fluorescence
microscope equipped with a Plan-Apochromat 63% oil immersion objective (NA = 1.40) at room
temperature 25 + 1 °C. The gels were pressed into a glass bottom microwell dish (MatTek, P35G-
1.5-10-C) with a sample thickness of approximately 0.5 mm and sealed with a glass cover slide.

Before bleaching, 3 images were acquired as background. Then a circular area with a dimeter of
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10 pm was bleached by 25 iterated scans using a full power laser at 488 nm. The total bleaching
time was 1.2 s. The detector gain was then greatly reduced by a factor of 10°-10* to monitor the
recovery process over 250 s and to minimize bleaching. During the recovery process, the data
acquisition speed was set to be 2.6 s per image. However, it should be noted all the parameters

above were not fully optimized.

6.4. Results and Discussion

Diffusion measurement by forced Rayleigh scattering. Self-diffusion of associative
proteins P4 in hydrogels at 6.5% (w/v) was first measured by forced Rayleigh scattering. The raw
diffractive intensity decay vs. time shows a decay-growth-decay profile (Figure 6-2). This
phenomenon has been previously observed by many others and explained by the existence of two
complementary gratings that are 180 degrees out of phase from each other. However, the exact
physical reasons that cause the complementary grating phenomenon is not yet well understood.

The raw data is fit to the following equation
I=[ 4 exp(~t/7,)+ 4, exp(~1/7,)+ B] +C, (6-27)

where the ratio of the pre-exponential factors 41/4: is always negative, 71 and 72 are the relaxation
time constants of the two gratings, B characterizes the coherent scattering (usually negligible as
confirmed by fitting), and C characterizes the incoherent baseline. The corresponding fit for the
decay profile is also shown in Figure 6-2. The fit is somewhat satisfactory, and noticeable
differences between the fit and the data are observed. Stretched exponential functions are not used
due to concerns that introducing too many variables might lead to unpredictable local minima,

which makes it difficult to compare the extracted time constants across different experiments.
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However, future effort to systematically investigate the function forms for fitting should be
undertaken to yield more accurate results. Using the current approach, the time large and small

constants are 473.1 + 7.8 and 75.9 + 0.8, respectively (error bars are 95% confidence intervals).
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Figure 6-2. Diffractive intensity vs. time showing the decay-growth-decay profile. Red circles: raw data;

black dashed line: fit.

The large time constant might be related to the actual diffusion process of the associative
proteins, from which a diffusion coefficient is calculated. Self-diffusion of proteins P4 was
previously measured under the same condition by FRS but using ortho-nitrostilbene as the
photochromic dye. The average grating decay time was 710.7 + 55.1 s at a beam angle of 0.88
degrees at 25 °C. Through this comparison, it is thus concluded that the large time constant could
be the actual time constant responsible for grating relaxation due to diffusion. The differences
between the large time constant and previously measured results could be attributed to the batch-
to-batch variations of protein purity, experimental errors in preparing the gels at exactly the same

concentration, challenges in decoupling the two relaxation time constants or the combination
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thereof. The claim that the large time constant provides the diffusion time scale is also supported
by experimental observation from others.!® The small time constant was found to be independent

of the length scale, and the physical origin was not diffusive.

Diffusion measurement by fluorescence recovery after photobleaching (FRAP).
FRAP measurements on associative proteins were performed on a confocal laser scanning
microscope (CLSM). The photobleaching time was two orders of magnitude smaller than the
diffusion time scale. Therefore, changes in the concentration of the dye labeled proteins during
the bleaching step can be neglected. As shown in Figure 6-3, an initial circular pattern is bleached
in the hydrogel throughout the entire sample thickness. Over the time period of 250 s, a substantial
recovery of the fluorescence intensity is observed, which is exclusively due to the diffusion of
associative proteins. Future experiments can be done at a longer time period to examine the later
stage of the recovery process. However, it should be kept in mind that fluorescein is prone to
photobleaching. An extended period of recovery monitoring might cause a substantial decrease in

the background fluorescence intensity.

The proposed analysis follows the work by Jonsson et al.>® As described in section 6.2,
the intensity profile at different radial positions (the origin is at the center of the bleached spot)
and at different time points, X(r,t), is Hankel transformed and then renormalized by the transformed
initial intensity, which provides an analytical solution to the two-state model. There are three
important steps to be noted in their numerical procedure. First, the intensities in the original image
I(x, y, t) are radially averaged to give I(r,t), where the radial positions 7 are chosen such that they

can be directly evaluated by numerical Hankel transform. Second, the numerical Hankel transform
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Figure 6-3. Snapshots of FRAP experiments at different time points shown at the bottom left of the images.

Scale bar: 10 pum.

is truncated at a selected value of radius R. Beyond this radial cutoff, the spatial intensity profile
I(r,t) is approximated by a Gaussian function that matches the analytical boundary condition.
These two steps help reduce the effect of transformation from the noise in the intensity profile.
Finally, the numerical Hankel transform is evaluated by a quasi-discretization integration method.
The intensity profile is multiplied by a symmetric transformation matrix, and the matrix entities

are computed from the roots of the Bessel functions at varying pre-selected r values. The
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Transformed intensity ratio

Figure 6-4. Transformed intensity ratio from experiments.

transformed intensity ratio from our experiment is plotted against k and 7 (Figure 6-4).

By fitting the two-state model solution (eq. 6-25) to the experiment data, it is then possible
to extract the model parameters Dwm, Da, kon and kofr. One approach is to execute a surface fit, with
the two independent variables being k and r. However, this approach demands tight bounds on the
initial estimates of model parameters. Unfortunately, the function used to fit the experiment data
(eq. 6-25) does not show any characteristics that can give hints on the parameter range (see Figure
6-5). In addition, it is very difficult to discriminate models, for example, the effective diffusion
model capturing hindered diffusion of a single component system vs. the two-state model (Figure

6-5).

An alternative approach is to do a series of line fits. At a given point k (inverse of the

length scale, or the wave vector), the function reduces to a sum of two exponential functions (see
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Transformed intensity ratio

Figure 6-5. Simulated transformed intensity ratio. The upper surface is from the two-state model, and the lower

surface is the effective diffusion model. Parameters used in these plots are Dy = 10, Da = 1, koo = 100, and kg = 1.

eq 6-25). However, the fast decay process is not obvious in our experiments (Figure 6-4 and 6-
6).

The function used to fit the experimental data is chosen to be following:

I(kt)
I(k,0)

Clerl,t + Czeﬂql‘ = C]e-‘fﬁ + Cze*f/rz , (6'28)

where 11 and A2 are related to the small and the large time constant 71 and 72, respectively, and Ci
and C2 are parameters that vary at different values of k. In this way, the analysis is essentially the
same as what was done for FRS when ONS was used as the photochromic dye. Compared to the

surface fitting approach, this 1D data analysis approach may offer an advantage of differentiating
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Figure 6-6. Representative time-dependent decay profiles of the transformed intensity ratio (A) and
corresponding residuals (B) at various k values (unit: pm™). The line are fits to the experimental data

described by eq 6-28.

models by examining the characteristics of the decay profiles. Specifically, the effective diffusion
model should only result in a single exponential decay whereas the two-state model leads to a sum
of two exponentials as described by eq 6-28. As shown in Figure 6-6, the function can adequately
describe the experimental data, but there are noticeable difference between the fits and the data,
especially in the short time regime. Future effort should explore new functional forms for fitting,
such as using stretched exponential functions. In addition, the acquisition time setting in FRAP

experiments can be optimized to increase the data point density at short times to better quantify
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the fast decay. It should also be mentioned that only data with a k value larger than 0.12 pm™! is
decision is mainly motivated by the fact that the decay profiles are not obvious at smaller & values.
analyzed, where the normalized intensity decay from 1.0 down to a value of 0.75 or below. This

decision is mainly motivated by the fact that the decay profiles are not obvious at smaller £ values.

Experimental results using the proposed method for FRAP data analysis are shown in
Figure 6-7. Since estimation of the small time constants might not be reliable due to the existing
systematic errors, here only the large time constants are compared. There are several key
observations. First, the relation <r> vs. & shows a Fickian scaling, in good agreement with the
previous measurement results enabled by FRS using ONS as the photochromic dye. Second,
comparison the FRAP measurement with the FRS results where proteins are labeled by fluorescein
in both cases, the relaxation time constants are nearly identical at @* = 1009 um?. Third, using the
proposed FRAP data analysis method on one FRAP experiment, the relation <> vs. &* can be
revealed in a & range spanning nearly one order of magnitude. This suggests that the FRAP might

be used as an efficient method to probe diffusion on large length scales.

6.5. Conclusions

In summary, self-diffusion of associative coiled-coil proteins was separately measured by
forced Rayleigh scattering (FRS) and fluorescence recovery after photobleaching (FRAP) using
fluorescein as the photochromic/fluorescent dye. A new method is proposed to analyze FRAP
data using the two-state model. A direct comparison of the diffusion measurements by FRS and

FRAP suggests consistency between the two experimental efforts.
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Figure 6-7. Comparison of the relation <t> vs. ¢ in different measurements.
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Chapter 7 Oxidatively Responsive Chain Extension to Entangle

Engineered Protein Hydrogels

Reproduced with permission from S. Tang et al., Macromolecules 2014, 47 (2), 791-799.

Copyright © 2014 American Chemical Society.

Engineering artificial protein hydrogels for medical applications requires precise control
over their mechanical properties, including stiffness, toughness, extensibility and stability in the
physiological environment. Here we demonstrate topological entanglement as an effective
strategy to robustly increase the mechanical tunability of a transient hydrogel network based on
coiled-coil interactions. Chain extension and entanglement are achieved by coupling the cysteine
residues near the N- and C- termini, and the resulting chain distribution is found to agree with the
Jacobson-Stockmayer theory. By exploiting the reversible nature of the disulfide bonds, the
entanglement effect can be switched on and off by redox stimuli. With the presence of
entanglements, hydrogels exhibit a 7.2-fold enhanced creep resistance and a suppressed erosion

rate by a factor of 5.8, making the gels more mechanically stable in a physiologically relevant open
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system. While hardly affecting material stiffness (only resulting in a 1.5-fold increase in the
plateau modulus), the entanglements remarkably lead to hydrogels with a toughness of 65,000 J/m?
and extensibility to approximately 3,000% engineering strain, which enables the preparation of
tough yet soft tissue simulants. This improvement in mechanical properties resembles that from
double-network hydrogels, but is achieved with the use of a single associating network and
topological entanglement. Therefore, redox-triggered chain entanglement offers an effective

approach for constructing mechanically enhanced and responsive injectable hydrogels.

7.1. Introduction

Artificially engineered protein hydrogels have been widely investigated for regenerative
medicine, tissue engineering and other biomedical applications.!* Advances in molecular biology
and protein biosyntheses allow precise control of the protein structure, enabling bottom-up design
of the gel mechanical properties. These mechanical properties play an important role in controlling
cell-material interactions. For example, the differentiation of stem cells is greatly influenced by
matrix elasticity,* > and an abnormal stiffness of the matrix can alter the biological responses of
cells.® By incorporating different modular building blocks such as coiled-coils or elastin-like
domains, engineered protein hydrogels can achieve a variety of mechanical properties, including
elasticity, toughness and resilience.” In particular, physical hydrogels with coiled-coil associating
domains show shear-banding flow followed by remarkably rapid self-healing, which enables their
use as injectable cell-encapsulated materials with high cell viability post-injection.'® Moreover,
the binding affinity of coiled-coils can be changed by pH, ionic strength and temperature, allowing
the mechanical properties of hydrogels to be tuned by external stimuli.® - 12

Coiled-coil proteins have well-defined molecular structures, including monodisperse

primary chains and sequence-defined coiled-coil domains that make them interesting model
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systems where the structure-property relationships, including thermodynamics (such as
equilibrium modulus) and kinetics (such as stress relaxation) of gels can be compared with a broad
spectrum of polymer physics theories.!>!® The physics of transient networks has attracted great
interest since 1946, when Green and Tobolsky first proposed a kinetic model to capture the
relaxation dynamics of transient networks.'® Tanaka and Edwards generalized the Green-Tobolsky
theory by realizing that the deconstruction and recreation rates of the network junctions can be

16, 1921  Apnable et al.

different, depending on the end-to-end distance of the network strand.
examined the rheology of hydrophobic ethoxylated urethane associative thickeners (HEUR-AT)
in aqueous solution, further demonstrating that the complex network topologies (such as
superbridges) impart the concentration dependence of the rheological behaviors to associating
polymers.!”  Leibler, Rubinstein, Colby and Semenov proposed the sticky Rouse and sticky
reptation theories to describe the relaxation dynamics of polymers with pendent associating
groups.???* They find that many material properties, such as the relaxation time and the zero-
shear-rate viscosity, have a strong dependence on the concentration. The sticky Rouse and sticky
reptation models have found the success in explaining some of the viscoelastic behaviors of many
supramolecular polymer networks.”>2’ In addition to these studies of polymers with associating
groups covalently bonded along the main chain, several authors have investigated polymers with
dimeric associating groups localized only at the chain ends, capable of chain extension but not
network formation. Cates proposed a living polymer model to study polymers with end-
functionalized dimeric associating domains.?® The model reveals several relaxation mechanisms,

depending on the ratio of the lifetime of the associating groups to the reptation time, and ratio of

the entanglement length to the average length of polymers. Many experimental studies confirm
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Cates’ theory, especially those investigating polymers with self-complementary H-bonding
motifs.2% 30

Understanding the structure-property relationship of associating polymers as well as
reversible transient networks enables preparation of physical hydrogels with versatile mechanical
properties; however, there are several drawbacks of physically crosslinked injectable hydrogels
that limit their practical applications. These gels generally undergo rapid erosion (dominated by
surface erosion) when physical interactions governing the transient network relax due to thermal
fluctuations.”3! In addition, a relatively low yield stress makes these hydrogels susceptible to both
creep and mechanical failure if they are stressed during use.'® Finally, physically crosslinked
hydrogels are usually brittle, exhibiting low toughness and extensibility. Although in certain cases,
many of these shortcomings can be addressed by chemically crosslinking the protein strands,>?>*
the injectable flow behavior is lost.

While polymer hydrogels are traditionally brittle, high molecular weight polymer melts are
tough due to the presence of physical entanglements between polymer chains. These
entanglements impart elastic recoil®® and strain hardening behavior®® *’ to polymer liquids. The
low polymer concentration in gels requires a very high polymer molecular weight to achieve chain
entanglements, and a few authors have reported chain entanglement in chemically crosslinked
synthetic polymer gels, where the molecular weight of network strand exceeds the entanglement
molecular weight.’® 3 However, it has not been realized in biocompatible and mechanically
tunable engineered protein hydrogels. The molecular weight of engineered proteins achievable in
high yield by biosyntheses is limited; therefore, an alternative relies on efficient coupling reactions

to link protein molecules to produce long chains.*>** Disulfide formation via thiol oxidation is a

protein conjugation strategy that takes advantages of natural cysteine residues, does not require
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additional (potentially toxic) chemical modifiers, and can be driven to high yield with simple
synthetic procedures. In addition, the disulfide bonds can break down in a reducing environment,
providing an opportunity to control the molecular architecture with redox stimuli, and producing
oxidatively responsive materials. Recently, responsive disulfide formation has been used to
stabilize self-assembled nanofibers from peptide amphiphiles** and to chemically crosslink coiled-
coil domains in artificially engineered protein hydrogels.** Although high molecular weight
synthetic copolymers have been prepared by oxidation of thiols on the polymer chain ends,* to
the best of our knowledge, this strategy has not been applied to synthesize high molecular weight
protein gels.

Herein, we demonstrate oxidatively-triggered disulfide bond formation as a method to
prepare high molecular weight artificially engineered protein hydrogels containing coiled-coil
associations. Under appropriate processing conditions these gels may be prepared in a physically
entangled state. The physical entanglements lead to enhanced toughness, similar to that of double
network hydrogels, with a single network. Unlike other approaches to gel toughening, large
improvements in toughness and extensibility are demonstrated with only a small change in the
hydrogel stiffness. Finally, it is shown that the oxidative trigger may be used to turn the
entanglements on and off, leading to responsive transitions between a brittle and tough state that
enable entanglements and the resulting mechanical property improvements to be incorporated into

injectable biomaterials.

7.2. Experimental Section
Protein Synthesis and Purification. The genes encoding for Cys-P4-Cys and P4 were

prepared and transformed into the SG13009 strain of Escherichia coli for protein expression by
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Glassman et al.*’. Proteins were expressed at 37 °C in 1 L TB culture in a shaker flask. The
expression was induced by 1.0 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) at an optical
density of 0.9-1.0. Six hours after induction, the cells were harvested by centrifugation at 4 °C
and 6,000 RPM for 10 min, and the cell pellets were stored at -80 °C overnight. The cells were
resuspended in lysis buffer (10 mM Tris, 1 mM EDTA, 100 mM NaCl, 5 mM MgClz, pH 7.5).
Lysozyme (100 mg) was added and the mixture was incubated at 4 °C for 2 h, followed by
sonication for 30 min. The lysate was centrifuged at 4 °C and 9,000 RPM for 30 min. DNAse 1
and RNAse A (2 mg each) were added to the clarified lysate and the mixture was incubated at 37
°C for 2 h. The lysate was further denatured by 8 M urea, buffered with 100 mM phosphate, and
20 mM B-mercaptoethanol. Protein was first purified by precipitation in 20% — 30% ammonium
sulfate and was further purified by anionic exchange using QAE-Sephadex A-50 resin (GE
Healthcare) in 6 M urea, 20 mM Tris and 20 mM B-mercaptoethanol as wash buffer. Impurities
were eluted using up to 100 mM NaCl and protein was eluted at 1 M NaCl. The purity was assessed
by SDS-PAGE (Figure D-1). A typical expression yield was 150 mg/L.

Oxidation of Cysteine Residues to Trigger Chain Extension. Protein was dissolved in
a buffer with 6 M urea, 20 mM Tris and pH 8.0 to a final concentration of 10 (w/v)%. To reduce
the existing disulfide bonds during protein purification, a two-fold excess TCEP was added. The
mixture was allowed to stir for a week at 4 °C. Oxidized protein was dialyzed and lyophilized.
Oxidation can also be triggered by other methods (Figure D-2): (1) Small amount of hydrogen
peroxide was added to the reduced hydrogel, followed by mechanical mixing to ensure
homogeneous distribution of hydrogen peroxide; (2) Chain extended protein can be reduced by
the addition of a five-fold excess of DTT, following by periodic mechanical mixing to allow air

oxidation.
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Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) Analysis
of Chain Extension Reaction. The molecular weight distribution of the product mixture after
chain extension reaction was analyzed by SDS-PAGE (Mini-PROTEAN® TGX™ gels, 4-15%,
BioRad) under non-reducing condition at 150 V. The linear and ring species were assumed to
have the same electrophoretic mobility. The weight fraction of species was estimated using
densitometry with BioRad Image Lab software.

Circular Dichroism (CD). Proteins were dissolved in phosphate buffer to a final
concentration of 20 uM. Protein solutions were further filtered through 0.2 pm PES filters. The
protein concentrations after filtering were determined spectrophotometrically. CD spectra were
recorded on an Aviv Model 202 Circular Dichroism Spectrometer (Figure D-3). Experiments were
performed in a rectangular cell with a path length of 1 mm. Measurement was taken from 260 nm
to 195 nm with 1 nm resolution and an averaging time of 10 s.

Phosphate Buffer Preparation. The phosphate buffer was prepared by dissolving 13
mmol NaH2POs-H20, 87 mmol Na2HPO4-7H20 in 1L MilliQ water to reach a final pH of 7.6, and
was further filtered through 0.2 um PES filters for sterilization.

Rheology. Frequency sweep and creep experiments were performed on an Anton Paar
MCR 301 rheometer. A cone-plate geometry (25 mm and 1° cone) was used with TruGap®
accessories. Protein samples were hydrated in phosphate buffer to a desired concentration for two
days before the experiment. Samples were centrifuged to remove bubbles before loading onto the
rheometer, and the edge of hydrogel sample was coated with mineral oil to minimize water
evaporation. To eliminate thermal and shear history, samples were heated to 90 °C and cooled to
25 °C at 5 °C/min. This brief thermal treatment unfolds the coiled-coil domains upon heating

above 52 °C,° enabling rapid stress relaxation in the protein network. Frequency sweep
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experiments were performed from 100 rad/s to 0.001 rad/s at 1% strain, which was confirmed to
be in the linear viscoelastic regime (LVE) using strain sweep experiments. In creep experiments,
samples were subjected to a constant load for 2 h, after which the load was subsequently removed
to examine the recovery behavior for 2 h. Four different loading conditions (25 Pa, 50 Pa, 75 Pa
and 100 Pa) were tested to ensure that the test was in the linear regime.

Surface Erosion. Protein hydrogel samples were hydrated in phosphate buffer to a final
concentration of 15% (w/v) for two days before the erosion experiment. Approximately 50 pL of
protein hydrogel samples were loaded into a cylinder well with 6.4 mm in diameter and 8.5 mm in
height in a 96-well plate. Hydrogels were centrifuged for 2 h at 4,000 g to flatten the hydrogel
surface and the thickness of each gel sample was 1.50 + 0.12 mm. Extra phosphate buffer (250
uL) was added into each well. The erosion experiment was performed at 35 °C without mechanical
agitation. The protein concentration in the supernatant was measured spectrophotometrically, with
each measurement performed in triplicate.

Uniaxial Compression. Hydrogel specimens were pressed into cylindrical Teflon molds
of 8 mm diameter and 8 mm height. Samples were annealed in a humidified chamber at 37 °C for
3 h and stored in fridge at 4 °C for 2 days to allow stress relaxation. No visible defects were
observed within the samples. Uniaxial compression experiments were performed on a
Zwick/Roell Z2.5/TS1S materials testing machine and TestXpert V10.1 master software (Ulm,
Germany) with a 20 N load cell. All tests were performed at room temperature, 24 £ 1 °C. A layer
of soapy water was used to provide lubrication during compression. A preload of approximately
0.005 — 0.01 N was applied to samples to initiate contact. Two test procedures were used in this
study. (A) Compression experiments were performed at three different nominal strain rates

(0.1%/s, 1%/s and 10%/s) to a final true strain of 160%, followed by unloading to 0% strain at a
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nominal strain rate of 10%/s. (B) Interval loading at 1% s nominal strain rate to 160% true strain,
with partial unloading (10%/s nominal strain rate) segments at 40%, 80%, 120% to probe the
relaxation behavior.

Uniaxial Tension. For better visualization, hydrogels were hydrated in phosphate buffer
supplemented with 0.1 mg/mL_ﬂuoresceinamine (isomer I, Sigma). Hydrogel specimens were
prepared in rectangular Teflon molds 20 mm in width, 28 mm in length and 2 mm in thickness.
Samples were annealed in a humidified chamber at 37 °C for 3 h and stored in fridge at 4 °C for 2
days to allow stress relaxation. A custom designed cutter was used to obtain a dogbone shaped
tensile specimen with a neck width of 4 mm (Figure D-4). No visible defects were observed after
cutting. Uniaxial tension experiments were performed on a Zwick/Roell Z2.5/TS1S materials
testing machine and TestXpert V10.1 master software (Ulm, Germany) with a 20 N load cell. All
tests were performed at room temperature, 24 + |1 °C. Sandpaper was glued to the grips to provide
friction and to ensure that the sample did not slip. The ramp-relaxation testing protocol consisted
of loading ramps alternated with relaxation intervals of 600 seconds, until specimen failure.
During the loading ramps the specimens were stretched at an average true strain rate at 0.06 1/s to
increasing levels of engineering strain (625%, 1,250% and 2,500%, 3,750%) until mechanical
failure. Three independent experiments were performed and the error bars reported in the text are
the standard deviations of the measurement. To study the effect of the wait period on the

mechanical performance of gels, a one minute wait time was used as control (Figure D-7).

7.3. Results and Discussion
Oxidatively Responsive Topological Entanglements for Mechanical Reinforcement.

Chain extension by thiol coupling in concentrated protein hydrogels leads to topological
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entanglement as the molecular weight is increased during macromolecular polycondensation,
providing a basis for oxidatively responsive changes in gel mechanics. The artificial proteins Cys-
P4-Cys and P4 (Figure D-1) are chosen as model systems to study the chain extension effect: both
proteins contain four coiled-coil domains (P) separated by flexible polyelectrolyte blocks (Cio)
(Figure 7-1A), but cysteine residues are engineered into Cys-P4-Cys near the N- and C- termini.
Hydrophobic interactions and salt bridging drive the coiled-coil domains to form pentameric
bundles, providing physical crosslinks in the hydrogel. The chain extension reaction by disulfide
bond formation leads to the formation of high molecular weight products. Densitometry analysis
using SDS-PAGE of the oxidation reaction mixture provides an estimation of the molecular weight
distribution, which is expected to follow the Jacobson-Stockmayer distribution.*® This theory
assumes that the chain distribution of the linear species obeys the Flory-Schulz distribution, and it
additionally accounts for the effect of intramolecular polycondensation (ring formation). A
nonlinear regression fit to this model gives an overall end-group conversion of p = 0.712 + 0.061
and a ring weight fraction of wr = 0.262 + 0.148. The weight average degrees of polymerization

of the chain fraction, the ring fraction, and the system are X, =4.13+ 1.17, X, =142+0.13,
and X, =3.43 £ 0.95, corresponding to weight average molar mass of A, = 261.0 + 73.9 kDa,
M,, = 89.7 + 8.2 kDa, and i1, =216.8 + 60.0 kDa (Figure 1B, see Appendix D for calculation

details). Despite the difficulty inherent in achieving high conversion by coupling high molar mass
proteins, a significant fraction of high molecular weight chain entangled products was formed.
Compared to the theoretical distribution, the monomeric protein has a smaller fraction of loops.
This discrepancy may be due in part to approximations in the Jacobson-Stockmayer theory
(Gaussian chain statistics and equal reactivity of endgroups) or also due to a fraction of cysteine

residues that are unreactive (i.e. due to oxidation to sulfones). Circular dichroism (CD)
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experiments reveal that chain extension does not affect the folded structure of coiled-coils (Figure

D-3), suggesting that the folded coiled-coil junctions are unperturbed by chain extension.
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Figure 7-1. Illustration of the hydrogel design. (A) Molecular design of oxidatively-responsive chain
extended artificially engineered proteins. (B) SDS-PAGE characterizing the molecular weight and its
distribution of extended chains: (i) Cys-Ps-Cys before oxidation reaction, and (ii) chain extended protein
mixture. The molecular weight distribution is analyzed by densitometry and further fit to the Jacobson-
Stockmayer distribution that accounts for the intramolecular looping. Error bars represent the standard
deviations of three separate experiments. (C) Schematic illustration of networks combining coiled-coil

association and chain entanglement in protein hydrogels.

Chain entanglements manifest in the linear viscoelastic response of the protein gels through
a small increase in the high frequency plateau of the storage modulus and the appearance of a
second plateau at low frequency (Figure 7-2A). At frequencies from 10 rad/s to 100 rad/s in small
amplitude oscillatory shear (SAOS), both P4 and 0-Cys-Ps-Cys (oxidized, chain extended Cys-Ps-

262



Cys) display a plateau storage modulus (G '), at 10,500+ 120 Paand 15,300 + 650 Pa, respectively.
However, for P4, a crossover in G’ and G” is observed at approximately 0.35 rad/s; below this
frequency, G’ and G approach to the terminal relaxation behavior (G’ ~ w? and G” ~ w). This
qualitative behavior is typical for physical gels.!®*’ A noticeable deviation from the Rouse-like
behavior in this low frequency regime (starting from 0.01 rad/s) might be due to the effect of
coiled-coil association on the Rouse relaxation, resembling unentangled transient polymer
networks with blocky H-bonding domains.?’ In contrast, the simple oxidative chain extension of
Cys-P4-Cys yields a gel where G’ is larger than G ” over the entire frequency window, and a second
plateau modulus (~ 900 Pa) is observed at low frequencies down to 10 rad/s. This behavior is

qualitatively similar to entangled polymer solutions and melts.*

To prove that this low frequency plateau modulus results from the formation of topological
chain entanglements due to an increase in the molecular weight of 0-Cys-P4-Cys, two simple tests
are performed. First, chain extension is shown to be reversible, which provides the opportunity to
turn entanglement on and off by redox stimuli. The addition of mild reducing agents such as TCEP
to 0-Cys-Ps-Cys chain extended hydrogels causes the entanglement effects on mechanical
properties to disappear as the molecular weight of the protein is reduced (Figure D-2A). The term
“mild” indicates that the added reagents do not chemically alter amino acid functional groups
(except cysteines) or the protein structure. The robustness of thiol oxidation as a method to

introduce entanglements via chain extension is also demonstrated by the use of other oxidation
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Figure 7-2. Comparison of the mechanical response of unextended gels and chain extended gels. (A) The
effect of chain entanglement is demonstrated in the linear viscoelastic domain: frequency sweeps of
hydrogel P4 (left) and o-Cys-P4-Cys (right) at 15% (w/v) at 25 °C. (B) Compared to P4 (left), the entangled
0-Cys-P4-Cys hydrogel (right) shows significant creep resistance and elastic recovery. The inset in the right
panel shows the same data magnified to enhance detail. Measurements were performed on 15% (w/v)
samples at 25 °C. (C) Uniaxial tensile experiment (25 °C) on 0-Cys-P4-Cys at 15% (w/v) showing
remarkable improvement on the hydrogel’s toughness and extensibility upon introducing entanglement. (D)
Surface erosion of hydrogel Ps and 0-Cys-P4-Cys at 15% (w/v) at 35 °C. The erosion rate was estimated
from a linear fit of the data. Error bars represent the standard deviations of three separate experiments. (E)

A stretched dogbone gel specimen o-Cys-P4-Cys at 15% (w/v) during tensile loading at 3,100% engineering

strain.
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methods (Figure D-2B). It is shown that the entanglement forms by adding a mild oxidant H20:
to the reduced Cys-P4-Cys hydrogel, as evidenced by the similar properties observed in SAOS
experiment. Second, the low frequency plateau modulus is shown to weakly depend on
temperature. The entanglement plateau becomes more obvious as the frequency sweep spectrum
shifts to the high frequency regime at elevated temperature (Figure D-5); however, the physical
associations among coiled-coils show a strongly temperature-dependent relaxation (Figure D-6).
The coiled-coil relaxation time is estimated from the frequency where a maximum in G occurs
in the high frequency regime, 7. = 2n/wr.?? ! In general, the coiled-coil relaxation time decreases
with increasing temperature according to the Arrhenius law, 7. ~ exp(1/7), suggesting that the
hydrogel properties are predominantly governed by association-disassociation dynamics in the
high frequency regime.*

The presence of chain entanglements in these protein gels creates many of the same
enhancements observed in double network hydrogels,*”- 33-° but with the use of a single network
with topological entanglement. While hydrogel P4 is so brittle that its toughness and extensibility
could not be measured in tensile loading, the entangled gels show enhanced toughness of 65,000
+ 24,500 J/m due to their dramatic increase in extensibility under a designed test profile, with
failure engineering strain of 2,970 + 860% (Figure 7-2C, the relationship between the engineering
stress and strain and the true stress and strain can be found in Appendix' D). It is also particularly
noteworthy that the presence of these topological entanglements leads to large increases in
toughness and extensibility without a large increase in the small-strain modulus, which provides
an effective approach to prepare tough yet soft hydrogels. Chain entanglements also lead to a
decrease in the irrecoverable creep compliance by a factor of 7.2, from 0.227 1/Pa for P4 to 1.63

1/Pa for 0-Cys-Ps-Cys (Figure 7-2B), as well as a decrease in the surface erosion rate by a factor
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of 5.8 (Figure 7-2D), making the gels significantly more robust under sustained load and in open
systems, where physical hydrogels have traditionally had a performance disadvantage relative to
other materials.>! 435

While the P4 hydrogel creeps readily under all examined loads (from 25 Pa to 100 Pa) and
reaches a final strain of ~ 1,700% after four steps of loading-unloading, hydrogel 0-Cys-P4-Cys
only strains to 20% under the same conditions, almost two orders of magnitudes lower than that
of P4. Elastic recovery after loading in the linear regime is 80% ~ 90%, comparable to some
synthetic shape-memory elastomers®” *® due to the elastic recoil of the entangled chains.
Interestingly, unlike many double network hydrogels with chemical crosslinks, the chain extended
hydrogel is still hand-injectable through a 26-gauge needle even with the presence of chain
entanglements (Figure 7-3). To investigate the flow behavior during injection, the gel is subjected
to steady shear for 50 strain units at 1 1/s strain rate. The rupture of the transient network occurs
within less than 10 s, with its shear modulus dropping from 11,200 Pa to 380 Pa. Further shear
leads to a continuous slow decrease in the modulus. The recovery behavior after shear is monitored
under SAOS at 1 rad/s for 1,000 s. It is found that the mechanical strength of gels rapidly recovers
to more than 99% of its original modulus within several seconds. Such nearly-instantaneous
recovery kinetics is consistent with observation in other protein hydrogels with the same
associating coiled-coil domains.!°

From Chain Extension to Topological Chain Entanglement. Chain extension leads to
topological entanglement when the protein concentration is above the critical entanglement
concentration, as is the case for entangled polymer solutions and melts. The contribution of chain

extension/entanglement to the network modulus is examined by comparing the frequency spectra
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Figure 7-3. Rapid shear and recovery behavior of the hydrogel 0-Cys-P4-Cys at 15% (w/v). (A) Fast drop
in shear modulus and viscosity at the start-up of steady shear at 1 1/s strain rate for 50 s. (For clarity, only
data from the first 20 s is shown.) (B) Nearly instantaneous recovery of the mechanical properties of gels
after shear, examined under SAOS at [ rad/s and 1 % stain for 1,000 s. (For clarity, only data from the first
300 s is shown.) Dash lines in black showing the original values of G'and G". (C) Demonstration of the
hand-injectability of the chain extended hydrogel through a 26-gauge needle. The concentration of

fluorescein is at 0.1 mg/mL in the gels.

of both 0-Cys-Ps-Cys and Ps hydrogels at different protein concentrations and temperatures
(Figure D-5 and Figure D-6, respectively). At 10.0 and 12.5% (w/v), the entanglement plateau
signature is absent in the low-frequency regime, while the entanglement plateau is observed for
concentrations of 15.0% (w/v) and above. The observed critical entanglement concentration is
close to that estimated using the sticky reptation theory (see calculation in Appendix D). The
quantitative relationship between the entanglement plateau modulus and the protein concentration
is shown in Figure 7-4A. For entangled polymer solutions,’' the plateau modulus scales as Ge ~
¢%, where ¢ is the volume fraction of the protein in gels. For the 0-Cys-P4-Cys gels linear
regression yields a concentration scaling exponent of @ = 7.0. Compared to synthetic polymers
that have a typical value of & in the range of 2.0 ~ 2.3, the entanglement plateau modulus of o-

Cys-Ps-Cys hydrogels depends strongly on the concentration. Two effects may contribute to this
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stronger than expected concentration dependence. First, interchain coiled-coil interactions may
enhance the long range topological constraints between entangled chains, effectively decreasing
the entanglement molecular weight (M.). M. in gels at different concentrations can be estimated
from the entanglement plateau modulus (Figure 7-4A).>° According to the tube theory,® the
dynamic topological interaction can only be observed when the system has a molecular weight
larger than M.. For hydrogels at low protein concentrations, the predicted M. is larger than 500
kg mol’l. The lack of entanglement comes from the fact that M. is much larger than the
experimentally measured molecular weight for chain extended proteins. Second, topological
rearrangement of the coiled-coil network at increasing concentration leads to an increased degree
of entanglement in hydrogels. This effect is evidenced by changes in the plateau modulus of the
gels. The modulus contributed by the coiled-coil associations is obtained by subtracting the
entanglement plateau modulus from the high frequency modulus (Figure 7-4B), and the
corresponding number density of the elastically effective chains is calculated based on the affine
network theory (Figure 7-4C). It is found that chain extension and entanglement results in an
increase in the plateau modulus at high frequency by a factor of 1.32 to 1.69, higher than the
theoretical prediction of 1.23 (see Appendix D for calculation details). Although a relatively high
ratio is observed at low protein volume fractions, this measurement is in the vicinity of the critical
gelation concentration where a small shift in gelation concentration due to chain extension
effectively shifts the phase separation boundary, causing the ratio in moduli to increase. At higher
concentrations, the increase in the number density of elastically effective chains suggests that chain
extension and entanglement restructure the associative protein network. The transformation from
intramolecular coiled-coil association to intermolecular association gives the strong concentration

dependence of the entanglement plateau, consistent with the sticky reptation theory.?*
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Figure 7-4. The contribution of chain entanglement and coiled-coil association to network mechanics. (A)
Entanglement plateau modulus and the entanglement molecular weight as a function of protein
concentration. The purple shaded area highlights the estimated molecular weight (from the lowest A, to
the highest M,,) from the analysis based on the Jacobson-Stockmayer theory. The green shaded area marks
the experimentally observed onset of chain entanglement. (B) Comparison of plateau modulus contributed
by coiled-coil association as a function of protein concentration at 25 °C (red for hydrogel o-Cys-Ps-Cys,
and blue for hydrogel P4). Data in green showing the ratio of the two moduli at the same concentration.
(C) Comparison of the fractions of elastically effective chains in 0-Cys-P4-Cys and Ps. Error bars represent

the standard deviations of the measurement. (N = 3)

Interactions between Topological Entanglement and Coiled-coil Association. The
presence of chain entanglements in the protein gel significantly slows the relaxation of coiled-coil
associations, as seen in frequency sweep in SAOS (Figure 7-5A, Figure D-5 and Figure D-6). At
low protein concentration (10.0 and 12.5% (w/v)), the relaxation times of coiled-coils in both P4
and 0-Cys-P4-Cys hydrogels are very similar, as determined by 7. = 2#/ws. On the contrary, when
the protein concentration exceeds the critical entanglement concentration, the coiled-coil
relaxation time in the chain extended hydrogel is two to three times higher than that in the lower

molecular weight gel. Although the association-disassociation dynamics of the coiled-coil domain
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Figure 7-5. The interplay between the coiled-coil association and chain entanglement. (A) Coiled-coil
relaxation time as a function of concentration and temperature, determined from the frequency where G”
reaches its maximum at the high frequency regime in SAOS. Lines connecting data points are used to guide
the eye. (B) Zero-shear rate viscosity of 0-Cys-P4-Cys as a function of temperature and concentration,
showing that coiled-coil association introduces a very strong concentration dependence of viscosity. Error

bars represent the standard deviations of the measurement (N = 3).

localizes on a small length scale (the length scale of an alpha helix, ~5 nm), we hypothesize that
entanglements on a larger length scale (the length scale of an entangled segment) slow diffusion
of the extended protein chains and effectively constrain thermal fluctuation of the coiled-coils, as

is predicted by the sticky reptation theory.??

While the microscopic coiled-coil association and
dissociation rates may remain unchanged, the slowed diffusion reduces the ability of the coiled-
coil to exchange binding partners. According to sticky reptation theory, it is reasoned that a coiled-
coil typically returns to its original cluster after an unsuccessful search to bind to a new cluster,
effectively coupling stress relaxation due to coiled-coil strand exchange to the slower reptation
dynamics.?* In addition to entanglements, the slowing of coiled-coil dynamics is likely responsible

for some of the observed decrease in creep compliance and erosion rate (Figure 7-2B and Figure

7-2C).
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The associating coiled-coil domains, in turn, have effects on reptation. The zero-shear-rate

viscosities (77,) of 0-Cys-Ps-Cys at different temperatures and concentrations, obtained from the

51

inverse of the slope in creep at steady-state,”' are compared in Figure 7-5B. Below the

entanglement concentration, 73, shows strong dependence on temperature, following Arrhenius

law, consistent with the previous argument that coiled-coil association is the exclusive contribution

to the network properties in this unentangled regime.>> On the contrary, in the entangled regime,

1, shows a stronger dependence on concentration and a weak dependence on temperature (the

zero-shear-rate viscosity should be linearly proportional to the temperature in this regime?*). Over
the narrow range of concentration investigated, a power law fit to 70 ~ ¢P gives an average exponent
£ =19, which is a significantly larger value than the exponent of 3.4 predicted by the tube theory
of reptation.® In addition, the sticky reptation theory predicts the exponents in the regimes

P, <@<@,., Q. <@<@ and g <@<g, are 6.8, 8.5 and 3.75, respectively.”* Although the

range of concentration studied is not large enough to clearly establish a power law regime, and the
average exponent is significantly larger than the ones predicted by the sticky reptation theory, both
the experiment and theory demonstrate the strong concentration dependence upon chain
entanglement. Furthermore, a key difference between our experimental result and the sticky
reptation theory is that coiled-coils form pentameric bundles instead of the dimeric associating
domains treated in the theory. The relaxation dynamics of these systems is in contrast to end-
associating polymers®® where bond relaxation leads to changes in the effective chain molecular
weight and can relax entanglements.

Mechanical Enhancement in Axial Loading. Topological entanglement significantly
affects the rate-dependence and nonlinearity of the large-strain mechanical response of protein

gels. The tensile responses of hydrogels 0-Cys-P4-Cys and P4 cannot be directly compared, as P4
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is extremely fragile and the tensile specimens immediately fail at the grips. The mechanical
properties of two hydrogels are therefore compared in uniaxial compression at 0.1, 1 and 10%/s
nominal strain rates (Figure 7-6A and 7-6B, the definition of the true stress and true strain can be
found in Appendix D). The use of true stress-strain enables direct comparison between
compression and tension data, and it also reveals the strain hardening behavior at large strains
under stretching. The entangled gels display higher initial moduli and flow stress, as well as
enhanced entropic stiffening at larger strains. The differences are more significant at low strain
rates, consistent with the observations in shear rheology. At the highest strain rate of 10%/s, the
fragility of the P4 gel leads to partial failure/splitting around the periphery of the specimen at larger
strains, as reflected in the stress-strain response. Conversely, at the 10%/s strain rate, the 0-Cys-
P4-Cys gel does not fail and exhibits enhanced elastic recovery during unloading due to the
entropic recoil of the entangled molecular network. This finding again suggests the presence of
chain entanglement with a characteristically long relaxation time associated with chain reptation.
At low strain rates, both gels show similar unloading behaviors, as the imposed time scale is larger
than the longest network relaxation time. Indeed, the unloading slopes of the stress-strain response
during interval loading/partial unloading cycles at 1%/s cannot be readily distinguished (Figure 7-
6C). In summary, the main effects of entanglements at these intermediate levels of deformation
(up to a true strain of 1.6) are increasing the (small strain) modulus through the increase in the
number of elastically effective chains and increasing the resistance to viscous flow, especially at

low strain rates.
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Figure 7-6. Mechanical enhancement in axial loading. Uniaxial compression of 0-Cys-Ps-Cys (A) and Py
(B) showing the rate-dependence and nonlinearity of the stress response of gels to 80% nominal strain. (C)
Uniaxial compression at 1% 1/s nominal strain rate showing that chain entanglement does not affect the
relaxation behavior at small deformation. (D) True stress-strain curve of topologically entangled gel reveals
the strain hardening behavior during tensile loading. The photographs in the inset illustrate the neck
stabilization and propagation, and the stable drawing of the specimen. All hydrogels are prepared at 15%

(w/v) concentration.

The entanglement effect becomes more pronounced at very large strain that is well
characterized under tensile loading. Dramatic stiffening of the true stress-strain response is found
to occur at true strains over 200%. Although less apparent, the early stiffening associated with
stretch of the entangled network is sufficient to stabilize the tensile response of the 0-Cys-P4+-Cys

gel specimen. This leads to neck propagation and drawing, with engineering strains at failure
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reaching approximately 3,000% (Figures 6-2C, 6-2E and 6-6D). The selected ramp-relaxation
tensile protocol also demonstrates significant load relaxation at intermediate deformations,
possibly owing to the fast coiled-coil association-disassociation dynamics, in agreement with the
compression experiment results. Interestingly, at large deformations, the stress level is maintained
even during relaxation. This effect might be ascribed to the strain-induced alignment of the
molecular network, with entangled protein chains undergoing a coil-stretch transition that leads to
remarkable resistance to strain localization and mechanical failure. Sufficient relaxation time
intervals in the ramp-relaxation loading protocol are found to be critical to reach this extremely
high extensibility. If the relaxation interval is shortened from ten minutes to one minute, the
ultimate tensile strain is reduced to 1,250% engineering strain (Figure D-7). Further studies are

underway to study the structural transformation during tensile loading.

7.4. Conclusions

Topological entanglements are introduced into a coiled-coil protein hydrogel, achieving a
dramatic enhancement in many mechanical properties. The interplay between reptation and
coiled-coil association significantly suppresses the network relaxation, making hydrogels more
resistant to creep and erosion in an open system. Chain entanglement promotes a mechanical
transition from a highly brittle state to a tough and highly extensible state, enabling artificial
protein hydrogels to be stretched up to approximately 3,000% engineering strain. Based on the
reversible nature of the disulfide linkages, the improvement in network properties can be triggered
by different redox stimuli. This network enhancement strategy can potentially be generalized to

other hydrogel systems, and the presented redox responsive network toughening approach shows
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promise of synthetizing hydrogels that can mimic the high toughness of native tissues such as

tendon and cartilage.

7.5. References

1. Shen, W. Engineered Polypeptides for Tissue Engineering. In Biomaterials for Tissue
Engineering Applications, Burdick, J.; Mauck, R., Eds. Springer Vienna: 2011; pp 243-275.

2. Gomes, S.; Leonor, I. B.; Mano, J. F.; Reis, R. L.; Kaplan, D. L. Natural and Genetically
Engineered Proteins for Tissue Engineering. Progress in Polymer Science 2012, 37, 1-17.

3. DiMarco, R. L.; Heilshorn, S. C. Multifunctional Materials through Modular Protein
Engineering. Adv Mater 2012, 24, 3923-3940.

4, Engler, A. J.; Sen, S.; Sweeney, H. L.; Discher, D. E. Matrix Elasticity Directs Stem Cell
Lineage Specification. Cell 2006, 126, 677-689.

5. Mammoto, A.; Ingber, D. E. Cytoskeletal Control of Growth and Cell Fate Switching.
Current Opinion in Cell Biology 2009, 21, 864-870.

6. Erickson, I. E.; Huang, A. H.; Sengupta, S.; Kestle, S.; Burdick, J. A.; Mauck, R. L.
Macromer Density Influences Mesenchymal Stem Cell Chondrogenesis and Maturation in
Photocrosslinked Hyaluronic Acid Hydrogels. Osteoarthritis and Cartilage 2009, 17, 1639-
1648.

7. Kim, M.; Tang, S.; Olsen, B. D. Physics of Engineered Protein Hydrogels. Journal of
Polymer Science Part B: Polymer Physics 2013, 51, 587-601.

8. Urry, D. W. Molecular Machines: How Motion and Other Functions of Living Organisms
Can Result from Reversible Chemical Changes. Angewandte Chemie International Edition in
English 1993, 32, 819-841.

9. Petka, W. A.; Harden, J. L.; McGrath, K. P.; Wirtz, D.; Tirrell, D. A. Reversible
Hydrogels from Self-Assembling Artificial Proteins. Science 1998, 281, 389-392.

10. Olsen, B. D.; Kornfield, J. A.; Tirrell, D. A. Yielding Behavior in Injectable Hydrogels
from Telechelic Proteins. Macromolecules 2010, 43, 9094-9099.

1. Banta, S.; Wheeldon, 1. R.; Blenner, M. Protein Engineering in the Development of
Functional Hydrogels. Annual Review of Biomedical Engineering 2010, 12, 167-186.

275



12.  Kopecek, J.; Yang, J. Smart Self-Assembled Hybrid Hydrogel Biomaterials. Angewandte
Chemie International Edition 2012, 51, 7396-7417.

13. Semenov, A. N.; Rubinstein, M. Thermoreversible Gelation in Solutions of Associative
Polymers. 1. Statics. Macromolecules 1998, 31, 1373-1385.

14.  Dobrynin, A. V. Phase Diagram of Solutions of Associative Polymers. Macromolecules
2004, 37, 3881-3893.

15.  Green, M. S.; Tobolsky, A. V. A New Approach to the Theory of Relaxing Polymeric
Media. The Journal of Chemical Physics 1946, 14, 80-92.

16. Tanaka, F.; Edwards, S. F. Viscoelastic Properties of Physically Crosslinked Networks. 1.
Transient Network Theory. Macromolecules 1992, 25, 1516-1523.

17. Annable, T.; Buscall, R.; Ettelaie, R.; Whittlestone, D. The Rheology of Solutions of
Associating Polymers: Comparison of Experimental Behavior with Transient Network Theory.
Journal of Rheology 1993, 37, 695-726.

18.  Tripathi, A.; Tam, K. C.; McKinley, G. H. Rheology and Dynamics of Associative
Polymers in Shear and Extension: Theory and Experiments. Macromolecules 2006, 39, 1981-
1999.

19.  Tanaka, F.; Edwards, S. F. Viscoelastic Properties of Physically Crosslinked Networks:
Part 1. Non-Linear Stationary Viscoelasticity. Journal of Non-Newtonian Fluid Mechanics 1992,
43, 247-271.

20. Tanaka, F.; Edwards, S. F. Viscoelastic Properties of Physically Crosslinked Networks:
Part 2. Dynamic Mechanical Moduli. Journal of Non-Newtonian Fluid Mechanics 1992, 43, 273-
288.

21. Tanaka, F.; Edwards, S. F. Viscoelastic Properties of Physically Crosslinked Networks:
Part 3. Time-Dependent Phenomena. Journal of Non-Newtonian Fluid Mechanics 1992, 43, 289-
309.

22. Leibler, L.; Rubinstein, M.; Colby, R. H. Dynamics of Reversible Networks.
Macromolecules 1991, 24, 4701-4707.

23. Rubinstein, M.; Semenov, A. N. Thermoreversible Gelation in Solutions of Associating
Polymers. 2. Linear Dynamics. Macromolecules 1998, 31, 1386-1397.

24, Rubinstein, M.; Semenov, A. N. Dynamics of Entangled Solutions of Associating

Polymers. Macromolecules 2001, 34, 1058-1068.

276



25. Xu, D.; Craig, S. L. Scaling Laws in Supramolecular Polymer Networks.
Macromolecules 2011, 44, 5465-5472.

26. Hackelbusch, S.; Rossow, T.; van Assenbergh, P.; Seiffert, S. Chain Dynamics in
Supramolecular Polymer Networks. Macromolecules 2013, 46, 6273-6286.

27. Feldman, K. E.; Kade, M. J.; Meijer, E. W.; Hawker, C. J.; Kramer, E. J. Model Transient
Networks from Strongly Hydrogen-Bonded Polymers. Macromolecules 2009, 42, 9072-9081.
28. Cates, M. E. Reptation of Living Polymers: Dynamics of Entangled Polymers in the
Presence of Reversible Chain-Scission Reactions. Macromolecules 1987, 20, 2289-2296.

29. Sijbesma, R. P.; Beijer, F. H.; Brunsveld, L.; Folmer, B. J. B.; Hirschberg, J. H. K. K_;
Lange, R. F. M.; Lowe, J. K. L.; Meijer, E. W. Reversible Polymers Formed from Self-
Complementary Monomers Using Quadruple Hydrogen Bonding. Science 1997, 278, 1601-1604.
30. Folmer, B. J. B; Sijbesma, R. P.; Versteegen, R. M.; van der Rijt, J. A. J.; Meijer, E. W.
Supramolecular Polymer Materials: Chain Extension of Telechelic Polymers Using a Reactive
Hydrogen-Bonding Synthon. Adv Mater 2000, 12, 874-878.

31. Shen, W.; Zhang, K.; Kornfield, J. A.; Tirrell, D. A. Tuning the Erosion Rate of Artificial
Protein Hydrogels through Control of Network Topology. Nat Mater 2006, 5, 153-158.

32.  Welsh, E. R;; Tirrell, D. A. Engineering the Extracellular Matrix: A Novel Approach to
Polymeric Biomaterials. [. Control of the Physical Properties of Artificial Protein Matrices
Designed to Support Adhesion of Vascular Endothelial Cells. Biomacromolecules 2000, 1, 23-
30.

33. Charati, M. B.; Ifkovits, J. L.; Burdick, J. A.; Linhardt, J. G.; Kiick, K. L. Hydrophilic
Elastomeric Biomaterials Based on Resilin-Like Polypeptides. Soft Matter 2009, 5, 3412-3416.
34, Asai, D.; Xu, D.; Liu, W.; Garcia Quiroz, F.; Callahan, D. J.; Zalutsky, M. R.; Craig, S.
L.; Chilkoti, A. Protein Polymer Hydrogels by in Situ, Rapid and Reversible Self-Gelation.
Biomaterials 2012, 33, 5451-5458.

35. Edwards, S. F.; Vilgis, T. The Effect of Entanglements in Rubber Elasticity. Polymer
1986, 27, 483-492.

36. Liu, G.; Sun, H.; Rangou, S.; Ntetsikas, K.; Avgeropoulos, A.; Wang, S.-Q. Studying the
Origin of **Strain Hardening": Basic Difference between Extension and Shear. Journal of

Rheology 2013, 57, 89-104.

277



37. Donald, A. M.; Kramer, E. J. Effect of Molecular Entanglements on Craze Microstructure
in Glassy Polymers. Journal of Polymer Science: Polymer Physics Edition 1982, 20, 899-909.
38.  Yang, J.; Wang, X.-P.; Xie, X.-M. In Situ Synthesis of Poly(Acrylic Acid) Physical
Hydrogels from Silica Nanoparticles. Soft Matter 2012, 8, 1058-1063.

39.  Bose, R.K.; Lau, K. K. S. Mechanical Properties of Ultrahigh Molecular Weight Phema
Hydrogels Synthesized Using Initiated Chemical Vapor Deposition. Biomacromolecules 2010,
11,2116-2122.

40,  Xiao, J.; Tolbert, T. J. Synthesis of N-Terminally Linked Protein Dimers and Trimers by
a Combined Native Chemical Ligation-Cuaac Click Chemistry Strategy. Organic Letters 2009,
11,4144-4147.

41]. Fang, G.-M.; Li, Y.-M.; Shen, F.; Huang, Y.-C.; Li, J.-B.; Lin, Y.; Cui, H.-K.; Liu, L.
Protein Chemical Synthesis by Ligation of Peptide Hydrazides. Angewandte Chemie
International Edition 2011, 50, 7645-7649.

42. Sahin, E.; Kiick, K. L. Macromolecule-Induced Assembly of Coiled-Coils in Alternating
Multiblock Polymers. Biomacromolecules 2009, 10, 2740-2749.

43. Vila-Perello, M.; Liu, Z.; Shah, N. H.; Willis, J. A.; Idoyaga, J.; Muir, T. W. Streamlined
Expressed Protein Ligation Using Split Inteins. Journal of the American Chemical Society 2012,
135, 286-292.

44,  Hartgerink, J. D.; Beniash, E.; Stupp, S. L. Peptide-Amphiphile Nanofibers: A Versatile
Scaffold for the Preparation of Self-Assembling Materials. Proceedings of the National Academy
of Sciences 2002, 99, 5133-5138.

45, Shen, W.; Lammertink, R. G. H.; Sakata, J. K.; Kornfield, J. A.; Tirrell, D. A. Assembly
of an Artificial Protein Hydrogel through Leucine Zipper Aggregation and Disulfide Bond
Formation. Macromolecules 2005, 38, 3909-3916.

46. Zhang, Q.; Ye, J.; Lu, Y.; Nie, T.; Xie, D.; Song, Q.; Chen, H.; Zhang, G.; Tang, Y.; Wu,
C., et al. Synthesis, Folding, and Association of Long Multiblock (Peo23-B-Pnipam124)750
Chains in Aqueous Solutions. Macromolecules 2008, 41, 2228-2234.

47. Glassman, M. J.; Chan, J.; Olsen, B. D. Reinforcement of Shear Thinning Protein
Hydrogels by Responsive Block Copolymer Self-Assembly. Advanced Functional Materials
2013, 23, 1182-1193.

278



48. Jacobson, H.; Stockmayer, W. H. Intramolecular Reaction in Polycondensations. 1. The
Theory of Linear Systems. The Journal of Chemical Physics 1950, 18, 1600-1606.

49, Skrzeszewska, P. J.; de Wolf, F. A.; Werten, M. W. T.; Moers, A. P. H. A.; Cohen Stuart,
M. A.; van der Gucht, J. Physical Gels of Telechelic Triblock Copolymers with Precisely
Defined Junction Multiplicity. Soft Matter 2009, S, 2057-2062.

50.  Ferry, . Viscoelastic Properties of Polymers. 3d ed.; Wiley: New York, 1980; p xxiv,
641 p.

51.  Graessley, W. W. Polymeric Liquids and Networks : Dynamics and Rheology. Garland
Science: London ; New York, 2008; p xix, 801 p.

52. Séréro, Y.; Aznar, R.; Porte, G.; Berret, J. F.; Calvet, D.; Collet, A.; Viguier, M.
Associating Polymers: From “Flowers” to Transient Networks. Physical Review Letters 1998,
81, 5584-5587.

53. Gong, J. P. Why Are Double Network Hydrogels So Tough? Soft Matter 2010, 6, 2583-
2590.

54. Sun, J.-Y.; Zhao, X.; [lleperuma, W. R. K.; Chaudhuri, O.; Oh, K. H.; Mooney, D. J.;
Vlassak, J. J.; Suo, Z. Highly Stretchable and Tough Hydrogels. Nature 2012, 489, 133-136.
55. Glassman, M. I.; Olsen, B. D. Structure and Mechanical Response of Protein Hydrogels
Reinforced by Block Copolymer Self-Assembly. Soft Matter 2013, 9, 6814-6823.

56. Betre, H.; Setton, L. A.; Meyer, D. E.; Chilkoti, A. Characterization of a Genetically
Engineered Elastin-Like Polypeptide for Cartilaginous Tissue Repair. Biomacromolecules 2002,
3,910-916.

57. Li, J.; Viveros, J. A.; Wrue, M. H.; Anthamatten, M. Shape-Memory Effects in Polymer
Networks Containing Reversibly Associating Side-Groups. Adv Mater 2007, 19, 2851-2855.
58. Chen, Y.; Kushner, A. M.; Williams, G. A.; Guan, Z. Multiphase Design of Autonomic
Self-Healing Thermoplastic Elastomers. Nat Chem 2012, 4, 467-472.

59. Larson, R. G.; Sridhar, T.; Leal, L. G.; McKinley, G. H.; Likhtman, A. E.; McLeish, T.
C. B. Definitions of Entanglement Spacing and Time Constants in the Tube Model. Journal of
Rheology 2003, 47, 809-818.

60.  McLeish, T. C. B. Tube Theory of Entangled Polymer Dynamics. Advances in Physics
2002, 51, 1379-1527.

279



Chapter 8 : Controlling Topological Entanglement in Engineered

Protein Hydrogels with a Variety of Thiol Coupling Chemistries

Reproduced with permission from S. Tang et al., Frontiers in Chemistry 2014, 2:23. Copyright

© 2014 S. Tang and B.D. Olsen.

Topological entanglements between polymer chains are achieved in associating protein
hydrogels through the synthesis of high molecular weight proteins via chain extension using a
variety of thiol coupling chemistries, including disulfide formation, thiol-maleimide, thiol-
bromomaleimide and thiol-ene. Coupling of cysteines via disulfide formation results in the most
pronounced entanglement effect in hydrogels, while other chemistries provide versatile means of
changing the extent of entanglement, achieving faster chain extension, as well as providing a facile
method of controlling the network hierarchy and incorporating stimuli responsivities. The addition
of trifunctional coupling agents causes incomplete crosslinking and introduces branching
architecture to the protein molecules. The high-frequency plateau modulus and the entanglement
plateau modulus can be tuned by changing the ratio of difunctional chain extenders to the
trifunctional branching units. Therefore, these chain extension reactions show promise in
delicately controlling the relaxation and mechanical properties of engineered protein hydrogels in

ways that complement their design through genetic engineering.
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8.1. Introduction

Control of advanced mechanical properties of hydrogels is central to their applications. In
many situations, such as engineering simulant materials of articular cartilage or blood vessels!',
hydrogels are required to support mechanical load and maintain structural integrity. Multiple
approaches have been developed to address this issue, with an emphasis on increasing the network
toughness and elastic moduli, such as preparing double-networks?> * and fabricating composite
materials®>. In some scenarios where dynamic properties such as injectability, self-healing, shape
memory, and controlled degradation/reinforcement are desirable, non-covalent crosslinks and
stimuli-responsive triggers can be incorporated into gels to fulfill the application requirements.®*
However, many methods developed in synthetic polymer systems cannot be readily applied to
protein hydrogels, and manipulating the mechanical response of the gels presents a new challenge.
Because the function of a protein is related to its hierarchical structure and the diversity of amino
acid functional groups, site-specific and orthogonal reactions are often required to preserve protein
properties in the final gel. In addition, the modification reactions can usually only be performed

in aqueous buffers due to the poor solubility of proteins in organic solvents.

Currently there are two main strategies for chemically modifying proteins to manipulate

the mechanical properties of protein hydrogels. The first strategy is covalently crosslinking protein

10-12 13, 14

polymer chains by adding crosslinking reagents'”'-, catalysts and/or enzymes'®. As this
method only modifies the amino acid residues participating in junction formation, the protein
strands can retain most of their function (e.g., elasticity and stimuli responsivity). In addition,
many mechanical properties at equilibrium, such as modulus and maximum swelling ratio, can be

controlled by varying the dosage of the crosslinking agents according to well-known laws of

hydrogel physics and network theories'®!®. In a typical crosslinking reaction, however, the
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formation of network imperfections, such as dangling chains and inelastic loops, is usually
uncontrollable and difficult to quantify.!” The second strategy is coupling synthetic polymers with

% 203 TInteractions leading to self-assembly of the

proteins to prepare chimeric copolymers.
polymer or protein components then create nanostructure within the hydrogel, which in some cases
can be triggered by external stimuli. This method allows delicate manipulation of hydrogel

mechanics, such as erosion rate, toughness and elasticity. However, preparing hybrid hydrogels

adds challenges in materials synthesis and purification.

Recently, we developed a facile method for introducing entanglements _into protein
hydrogels through simple chain extension reactions, and we exploited this entanglement effect to
engineer new mechanical responses into the materials.** This strategy minimally modifies the
protein molecules, only extending protein chains by establishing disulfide end linkages, yet it
creates a drastic enhancement in many mechanical properties, including the low-frequency
modulus, resistance to creep, extensibility and toughness. The disulfide linkages are redox

responsive, which provides opportunities to regulate network mechanics by redox stimuli.

In addition to disulfide coupling, several other thiol chemistries are promising candidates
for coupling high molar mass proteins: thiol-maleimide, thiol-bromomaleimide and thiol-ene
coupling. Thiol-maleimide chemistry enables site-specific modification of cysteine residues and
has been a popular route for constructing protein-based bioconjugates.?>2¢ Recently, the thiol-
maleimide addition has been found to be reversible, offering new opportunities to control the
degradation of the conjugates.?’” Thiol-dibromomaleimide conjugation has emerged as another
important “click” chemistry,?®-° but only recently has its potential in the chain extension reaction
been appreciated.’! The thiomaleimide adduct is redox responsive: the addition of reducing

reagents such as B-mercaptoethanol (BME) reverses the reaction and recovers the unmodified
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proteins. Compared to other coupling chemistries, the thiol-ene reaction is the most rapid coupling
method, with extremely high bimolecular rate constants in the thiyl-alkene addition, ranging from
10° to 107 M1 571,32 which is 4-5 orders of magnitude larger than thiol-maleimide addition.
Despite potential side reactions,* there exist many successful examples demonstrating the use of

thiol-ene chemistry in direct protein modification.>-3

In this work, thiol-maleimide, thiol-bromomaleimide and thiol-ene coupling chemistries
for applications in protein chain extension reactions to produce entangled hydrogels are compared.
In addition, the ability to use chain extension points for the modification of proteins with poly(N-
isopropylacrylamide) (PNIPAM) side chains is established, demonstrating thermally responsive
mechanical behavior. By using trifunctional chain coupling agents, branched proteins are also
prepared, and the effect of the ratio of di to trifunctional chain coupling agents on entanglements
is assessed. These experiments demonstrate sophisticated control of molecular structure and
network mechanics in engineered protein hydrogels, yielding the ability to control chain topology,
chain entanglement, and chemical functionalization all through thiol-based chain coupling

chemistries.

8.2. Materials and Methods

8.2.1 Materials

Bismaleimide dicthylene glycol (1a) was purchased from Thermo Fischer. Maleimide-
PEG(1k)-maleimide (1b) was purchased from creative PEGWorks. The average molecular weight
of the PEG portion determined by 'H NMR was 1,082 Da. B-cyclodextrin (BCD) and 2,2'-

Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044) were purchased from Wako
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USA. All other chemical reagents were purchased from commercial sources (Sigma-Aldrich and

VWR) and used as received unless otherwise noted.

8.2.2 Characterization

"H NMR spectra were recorded in CDCl3 or DMSO-ds using a Varian Mercury 300 MHz
Spectrometer in Department of Chemistry Instrumentation Facilities at MIT. High-resolution
mass spectrometry (HRMS) data was obtained on a Bruker Daltonics APEXIV 4.7 Tesla Fourier
Transform Ion Cyclotron Resonance Mass Spectrometer. Matrix assisted laser desorption
ionization mass spectrometry (MALDI) data was obtained on a Bruker Omniflex MALDI-TOF
Mass Spectrometer. a-Cyano-4-hydroxycinnamic acid (CHCA) was used as matrix. Gel
permeation chromatography (GPC) was berformed on an Agilent 1260 system equipped with a
Wyatt Optilab T-rEX refractive index (RI) detector and a Wyatt Mini-DAWN multi-angle light
scattering (LS) detector. The mobile phase was DMF supplemented with 0.02 M LiBr and the

instrument was operated at 1.0 mL/min at 70 °C.

8.2.3 Protein Cys-P4-Cys expression and purification

Protein expression and purification by ammonium sulfate purification have been described
previously?*. In this study, the proteins were additionally purified by anion exchange
chromatography using a HiTrap Q Sepharose HP 5 mL column (GE healthcare, WI), eluting with
a gradient of 0-500 mM NaCl in 6 M urea and 20 mM Tris (pH 8.0). A typical isolation yield is
120 mg per liter culture and the protein purity was determined to be >97% by sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
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8.2.4 Chemical Compound Synthesis
Dibromomaleimide-alkyne. The synthesis procedure reported elsewhere®® was slightly

modified. Potassium carbonate (0.89 g, 6.50 mmol) was suspended in 20 mL acetone and 2,3-
dibromomaleimide (1.5 g, 5.90 mmol) was added to the slurry in one portion and the reaction was
left to stir at room temperature for 5 min. Propargyl bromide (80% in toluene, 0.72 mL, 6.50 mmol)
was added dropwise to the mixture over 10 min. After 24 h, solvent was removed under vacuum
and the mixture was redissolved in DCM. Salts were filtered and the residue was loaded onto a
silica gel column. The crude product was purified by flash chromatography, eluted with 0-2%
MeOH in DCM (TLC Ry = 0.78, stained with KMnO4 solution) to afford 492 mg 4 as a white
powder (yield 28.5%). 'HNMR (300 MHz, CDCl3) & 4.38 (d, /= 2.4 Hz, 2H), 4.83 (t,/=2.4 Hz,

1H). DART HRMS (m/z) calcd for C7H4BraNO2 [M+H]*: 293.8586; found 293.8585.

Dibromomaleimide-B-CD. To a25 mL Schlenk tube was added 4 (58.5 mg, 0.20 mmol),
mono-6-deoxy-6-azido-B-cyclodextrin® (116.0 mg, 0.10 mmol), Cu(l)Br (14.3 mg, 0.10 mmol)
and 5 mL DMF. The mixture was degassed through 3 freeze-pump-thaw cycles. 2,2'-Bipyridine
(15.6 mg, 0.10 mmol) was added to the frozen mixture and the mixture was degassed one more
time. The click reaction was performed at 30 °C for 24 h. Catalyst was removed by passing
through a short alumina column and the product was obtained by precipitation in acetone twice to
get 63 mg 2 as a yellow powder (yield 43.4%). 'H NMR (300 MHz, DMSO-ds) & 8.06 (s, 1H),
5.95-5.60 (m, 14H), 5.10-4.67 (m, 9H), 4.65-4.42 (m, 6H), 3.79-3.48 (m, 28H), 3.43-3.21 (m,
overlaps with HOD). MALDI-TOF MS (m/z) calcd for C4H7:Br2N4O3Na [M+Na]* : 1473.22;

found 1473.22.

Bisallyl tetraethylene glycol. Tetraethylene glycol (5.0 g, 25.7 mmol) was dissolved in

30 mL anhydrous DMF. Sodium hydride (3.5 g, 60% in mineral oil, 87.5 mmol) was added to the
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mixture in one portion. The mixture was cooled with a water bath and allowed to stir for 30 min
at room temperature. After the reaction stopped bubbling, allyl bromide (9.5 g, 78.4 mmol) was
added dropwise. After 14 h, excess NaH was quenched by adding 10 mL saturated NH4Cl aqueous
solution. The mixture was diluted with EtOAc, washed with DI water and brine, and dried over
MgSO4. Then solvent was removed under reduced pressure. The crude product was purified by
silica gel column chromatography, eluted with 50% EtOAc in hexanes (TLC Ry = 0.41, stained
with KMnOs solution) to afford 3.65 g 3 as a slightly yellow liquid (yield 51.8%). 'H NMR (300
MHz, CDCl3) & 5.91 (ddt, J=17.1 Hz, J = 10.5 Hz, 3J = 5.7 Hz, 2H), 5.27 (ddt, J= 17.1 Hz, J =
1.5 Hz, J= 1.5 Hz, 2H), 5.18 (ddt, J= 17.1 Hz, J= 1.8 Hz, J= 1.2 Hz, 2H), 4.02 (dt, J=5.7 Hz,
J=1.5Hz, 4H), 3.68-3.58 (m, 16H). DART HRMS (m/z) calcd for C14H270s [M+H]*: 275.1853;

found 275.1851.

EMP-Adamantane (EMP-Ad). The synthesis of 2-ethylsulfanylthiocarbonylsulfanyl-2-
methylpropionic acid (EMP) was performed as previously reported.*> %’ To a 25 mL round bottom
flask was added EMP (179.5 mg, 0.80 mmol), 1-adamantane methanol (159.6 mg, 0.96 mmol), 4-
dimethylaminopyridine (DMAP) (19.5 mg, 0.16 mmol) and 5 mL DCM. After all reagents were
dissolved, N,N'-dicyclohexylcarbodiimide (DCC) (247.6 mg, 1.20 mmol) was added in one portion.
The reaction mixture was stirred at room temperature overnight. The precipitate was filtered and
the solvent was removed under vacuum. The crude product was purified by silica gel column
chromatography, eluted with 30% DCM in hexanes (TLC Ry=0.30, yellow or stained with KMnO4
solution) to afford 210 mg 5 as a bright yellow solid (yield 70.5%). "H NMR (300 MHz, CDCl3)
6 3.60 (s, 2H), 3.25 (q, J= 7.5 Hz, 2H), 1.93 (s, 3H), 1.71-1.60 (m, 12H), 1.49 (d, /= 2.4 Hz, 6H),
1.28 (d, J = 7.5 Hz, 3H). ESI HRMS (m/z) caled for CigH280283 [M+H]" : 373.1343; found

373.1324.
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PNIPAM-Ad. N-isopropyl acrylamide (NIPAM) was freshly purified by sublimation and
azobisisobutyronitrile (AIBN) was recrystallized twice from ethanol. In polymerization, NIPAM
(1.09 g, 9.6 mmol), EMP-Ad (29.8 mg, 0.080 mmol), AIBN (2.63 mg, 0.016 mmol) and 4.8 mL
acetonitrile were added to a 25 mL Schlenk tube. The reaction mixture was subjected to 3 cycles
of freeze-pump-thaw to degas oxygen. The reaction was heated at 60 °C for 4 h, after which
polymers were recovered by precipitation in diethyl ether. The molar mass of the obtained polymer
was 7.8 kg/mol (from GPC, dispersity P = 1.05), 7.4 kg/mol (from 'H NMR endgroup analysis)

and 7.0 kg/mol (from MALDI-TOF MS), respectively.

8.2.5 Extending protein chains using different cysteine coupling chemistries (including
branching reactions)

Thiol-Maleimide Coupling. Protein Cys-Ps-Cys was dissolved in denaturing buffer (§ M
urea and 100 mM phosphate, pH 8.0) to reach a concentration of 10% (w/v). Tris(2-
carboxyethyl)phosphine (TCEP) (20 eq.) was added to the solution and the pH was adjusted to 7.5.
Bismaleimide 1a or 1b was dissolved in DMF, and was added to the solution (1 eq.). The reaction
was stirred at room temperature for 3 days, and it was then dialyzed against MilliQ water and
lyophilized. The long reaction time was chosen based on experimental results to maximize

endgroup conversion and entanglement in gels.

Thiol-Bromomaleimide Coupling. Protein Cys-Ps-Cys was dissolved in denaturing
buffer (8 M urea and 100 mM phosphate, pH 8.0) to reach a concentration of 10% (w/v). TCEP
(20 eq.) was added to the solution and the pH was adjusted to 6.2. BCD functionalized
dibromomaleimide 2 was dissolved in DMSO, and was added to the solution (1 eq.). The reaction

was stirred at 4 °C for 7 days, and it was then dialyzed against MilliQ water and lyophilized.
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Thiol-ene Coupling. Protein Cys-P4-Cys was dissolved in denaturing buffer (8 M urea
and 100 mM phosphate, pH 8.0) to reach a concentration of 10% (w/v). TCEP (20 eq.) was added
to the solution. The mixture was left to stir at room temperature for 4 h, and it was then dialyzed
against MilliQ water and lyophilized. After reduction, >99% of the proteins were in the
monomeric state, assessed by SDS-PAGE (Figure E-1). Reduced proteins were hydrated in 100
mM sodium phosphate buffer (pH 7.6), and mixed with 3 (1 eq.) and VA-044 (0.2 eq.). The final
concentration was adjusted to 20% (w/v). Hydrogel samples were loaded on the rheometer after
hydration for 2 days. The reaction was triggered by heating at 60 °C for 3 h. The moduli were

monitored at 25 °C to ensure that the steady state was reached before measurement.

In branching reactions, the trifunctional crosslinker 2,4,6-triallyloxy-1,3,5-triazine 6 was
used in place of the bifunctional crosslinker 3. The total number of alkene groups was kept in 1:1
molar ratio to thiol groups, while the amount of 6 was varied from 0-100% of the total mole

fraction of alkene-containing oligomer.

8.2.6 Rheology

Rheology experiments were performed on Anton Paar MCR 301, 501 and 702 rheometers
using a cone and plate geometry (25 mm diameter, 1° cone and 50 pm truncation gap) or a parallel
plate geometry (10 mm diameter and 300 um gap, only for measurement with BCD-functionalized
protein hydrogels). The quantitative measurement of hydrogel mechanics was not affected by the
choice of rheometers. Lyophilized proteins were hydrated in 100 mM sodium phosphate buffer
(pH 7.6) to a final concentration of 20% (w/v). Hydrogels were kept at 4 °C for 2 days to allow
complete hydration. In order to minimize dehydration during measurement, the edges of hydrogel
samples were coated with mineral oil. After loaded on the rheometer, the sample heated from 25

°C to 90 °C and cooled to 25 °C at 5 °C/min. Unfolding the coiled-coil domain at high temperatures
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allowed rapid stress relaxation within the gel to eliminate any shear history, but within the swept
temperature window no sol-gel transition was observed (see Figure E-1). Frequency sweep
measurements were performed at 1% strain in the linear viscoelastic regime (LVE). In creep
experiments, a 25 Pa load was exerted on hydrogels for 2 h, and the load was removed to monitor
the recovery behavior for 2 h. The creep-recovery experiment was repeated at 50 Pa load to ensure

the deformation was independent of the applied load.

8.3. Results and Discussion
8.3.1 Comparison of various chemistries on the chain extension reaction

Chain extension of cysteine end-capped proteins can be achieved by applying thiol-
maleimide, thiol-bromomaleimide and thiol-ene coupling chemistries under appropriate reaction
conditions (Scheme 8-1 and Figure 8-1). All chemistries require reduction of existing disulfides
to recover reactive cysteine residues. In order to achieve significant changes in mechanical
properties, the conversion of these macromolecular polycondensation reactions must be relatively
high to produce proteins of high molecular weights. In practice, this is achieved by controlling
stoichiometry of the reacting species. A theoretical full conversion of endgroups can only be
obtained when the ratio of cysteines to alkenes is 1:1. Running the reaction for extended periods

is also useful to reach high conversions.

Each chemistry offers its own distinct advantages and disadvantages for chain extension.
In the thiol-maleimide reaction, pH control is critical to minimize amine-maleimide coupling while
achieving fast conjugation.! In addition, dimaleimide reagents are commercially available with a

varying distance between the two maleimide groups, and this spacer length may affect the
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Scheme 8-1. Cysteine coupling chemistries to extend protein chains. (I) Thiol-maleimide conjugation; (II)

thiol-dibromomaleimide conjugation; and 111y thiol-ene chick chemistry.
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Figure 8-1. Analysis of the chain extension products by SDS-PAGE. Lane 1: thiol-maleimide with 1a;
lane 2: thiol-maleimide with 1b; lane 3: thiol-dibromomaleimide; lane 4: reduction of chain-extended
proteins by BME; lane 5: thiol-ene. The abundance of high molecular weight species in thiol-ene and thiol-

maleimide corresponds to their higher entanglement plateau.

polycondensation reaction dué to their subtle differences in solubility or by altering the propensity
to form bridges or primary loops.*> To study the effect of the distance between two conjugation
sites, bismaleimide with two different oligo ethylene glycol spacer lengths 1a and 1b are used to
conduct chain extension. It is found that the spacer length does not greatly affect the chain
extension when the coupling reagents can be solubilized and homogeneously dispersed in the

reaction.

As for thiol-dibromomaleimide coupling, controlling the hydrolysis of the maleimide ring,
especially the monothio adduct, is crucial to attain significant chain extension. If hydrolysis
happens on the dithio adduct, transformation from maleimide to maleamic acid does not affect
chain extension, and it only results in loss of the reversibility of the thiomaleimide adduct (Scheme
E-1). In contrast, hydrolysis of the monothio adduct can potentially limit the conversion, as the

number of reactive bromomaleimide functional group decreases (Scheme E-1). Maleimide
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hydrolysis can be regulated in many ways, including changing temperature, pH*® and the electron

4. In our hands, the first two parameters are

density distribution in the maleimide structure*
optimized: a low temperature (4 °C) and a slightly acidic buffer condition (pH 6.2) are chosen to
be the reaction condition, under which moderate chain extension is achieved. After chain
extension, the protein is exposed to 1000-fold excess BME, and ~ 98% of the proteins are

converted to the monomeric state (Figure 8-1), which demonstrates the reversibility of the

dithiomaleimide adduct.

In the thiol-ene coupling strategy, bis allyl compound 3 is chosen as the chain extender to
prevent homopolymerization of alkenes that can occur when (meth)acrylate groups are used*, and
water soluble VA-044 is selected as the thermal initiator for its low decomposition temperature.
As the thiol-ene reaction is tolerant of oxygen “, no cumbersome degassing procedure is required,
enabling its convenient use in applications. Upon heating at 60 °C for 3 h, a large fraction of high-
molecular-weight proteins is formed. While thermally initiated chain extension is used here in
order to ensure homogeneous reaction through a concentrated solution, it is also possible to
perform photoinitiated chain extension using this chemistry, especially in occasions when spatial
and temporal control of gel mechanics is required. TCEP needs to be removed prior to the thiol-
ene reaction; otherwise the degree of chain extension is fairly low (Figure E-2). The deleterious
effect of TCEP may be due to the desulfurization of cysteines catalyzed by TCEP during free-

radical-based reactions, an effect that has been observed under similar reaction conditions.*’

Cysteine coupling chemistries exhibit different performances in the chain extension
reaction, and the differences in the molecular weight distribution of the chain-extended proteins
result in varying extents of entanglement in the protein hydrogels. As shown in Figure 8-2,

hydrogels prepared via different chemistries all show an entanglement plateau modulus in the low-
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frequency regime. The chain molar mass distributions extracted from gels in Figure 8-1 do not fit
well to the Jacobson-Stockmayer distribution, likely because of challenges in controlling
stoichiometry of reagents in small samples and because of difficulty in quantitatively separating
the large high molar mass band, which contains a mix of proteins with a molar mass of ca. 380
kg/mol and above (6-mers and above). Therefore, the chain extension and the entanglement effect
is quantitatively analyzed by the entanglement plateau moduli in the low frequency regime. The
apparent entanglement molecular weight M. can be estimated as*®

A =D PPRT

= 8-1
° 4 G, (-1

with p being the protein density, ¢ the protein volume fraction in the gel, R the gas constant, 7 the
absolute temperature and G. the entanglement plateau modulus. Although the entanglement
plateau modulus should not depend on the molecular weight of the protein polymers in the high
molecular weight limit, proteins formed via macromolecular polycondensation show very broad
molecular weight distributions with a certain fraction of the protein chains below the critical
entanglement length. These “small” proteins act as macromolecular diluents and lower the
effective concentration of the entangled species, consistent with the concentrations investigated

24 Therefore,

being in the transition from the sticky Rouse phase to the sticky reptation regime
increasing chain molecular weight, particularly the low molar mass tail, can increase M.

Consequently, differences in the degree of chain extension will yield differences in the plateau

modulus of gels.
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Figure 8-2. Comparison of rheological frequency sweeps of chain extended hydrogels from various
chemistries. (A) Thiol-maleimide with 1a; (B) thiol-maleimide with 1b; (C) thiol-dibromomaleimide; and
(D) thiol-ene. The plateau modulus in the low frequency regime down to 0.001 rad/s is the entanglement

plateau. The frequency spectrum shifts to the high-frequency end at elevated temperatures.

Compared to disulfide bridging investigated previously?*, the three chemistries examined
here show lower degrees of chain extension. G. and M. are compared in Figure 8-3(A) and (B).
For 20% (w/v) hydrogels, disulfide coupling leads to a G. of around 8800 Pa, approximately 2-8
times larger than the G.’s from other chemistries. As a result, M. is only 55 kg/mol in the disulfide
coupling, even smaller than the molecular weight of a monomeric protein. The reasons for the
lower entanglement molar masses in disulfide coupling are two-fold. First and most importantly,
the stoichiometric imbalance between alkenes and thiols, due to inevitable experimental errors, set

a practical limit of the functional group conversion in the A-A + B-B type macromolecular
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Figure 8-3. Comparison of (A) the entanglement plateau moduli, (B) the apparent entanglement molecular
weights and (C) the average entanglement densities. SS: disulfide, data from (Tang et al., 2014); TM1:
thiol-maleimide with 1a; TM2: thiol-maleimide with 1b; TBM: thiol-dibromomaleimide; TE: thiol-ene.

Error bars represent a 95% confidence interval.

polycondensation that becomes more acute for chemistry performed on small samples. On the
contrary, the disulfide bridging chemistry has no theoretical limit in the degree of chain extension
due to stoichiometry since it is an A-A type polycondensation. Second, there are various side
reactions in thiol-maleimide, thiol-bromomaleimide and thiol-ene coupling, which limit their
ability to reach full conversion. As mentioned previously, the primary concern is that the
occurrence of side reactions may reduce the availability of the reactive functional groups (e.g.,
maleimide hydrolysis) or cause uncontrolled chain coupling (e.g., amine-maleimide coupling).
These side reactions further exacerbate challenges in controlling the stoichiometry of A and B
reactive groups in the macromolecular polycondensation. Ge not only provides clues to analyze
the extent of entanglement, but also provides information on the effect of side reactions. The
difference in G. might indicate that fewer side reactions occur in the thiol-ene coupling in the three
chemistries examined in the study. Interestingly, although coupling with 2 only reaches moderate
chain extension and side reactions might have the most detrimental effect, Ge from thiol-
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bromomaleimde coupling is larger those from thiol-maleimide chemistries. It is hypothesized that
the supramolecular association between BCD and amino acid residues forms weak and dynamic
crosslink junctions (with equilibrium constant logK around 2-3) %, thus increasing the modulus in

the low-frequency regime.

Creep experiments also provide information to compare the entanglement effects in gels
prepared by different chemistries. Here, entanglement density £ is used to quantify the
entanglement effect, a quantity defined as the number of entanglements per molecule, namely, £
= M/M..>° Strictly speaking, the definition above is used to describe the extent of entanglement of
monodisperse polymers. Here the concept is borrowed to provide an estimate of the number-
averaged entanglement density. In the low E limit (when E < 6), the average entanglement density

in the chain extended protein mixtures can be calculated as
E,, =2.5JG, (8-2)

where J? is the recoverable compliance, calculated as the extrapolated intercept from a linear fit in
steady state of the J-r data (Figure E-3); G, is the entanglement plateau modulus, as defined by
Graessley®? differently than the definition by Larson et al. shown above by a factor of 4/5. As
shown in Figure 8-3(C), the low E values confirm the previous assumption that the entanglement
density is not large. It is also found that the average entanglement densities of the chain-extended
proteins gives the same trend as the entanglement plateau moduli in gels, namely, disulfide > thiol-
ene > thiol-bromomaleimide > thiol-maleimide. For entangled gels prepared via thiol-maleimide
coupling, Eayg is only approximately unity. On the contrary, Eavg is larger than 3 for gels prepared

via disulfide bridging.
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Because dibromomaleimide can be readily functionalized, dibromomaleimide coupling
provides a facile method of incorporating biological niches into the hydrogel network and
embedding additional stimuli triggers to manipulate network structure. To illustrate this concept,
dibromomaleimide is first derivatized with alkyne, and is further functionalized with BCD through
copper-catalyzed azide-alkyne cycloaddition (CuAAC) to obtain 2 (Scheme 8-2). BCD is chosen
because its internal cavity can host many small guest molecules, such as drugs, via hydrogen
bonding and hydrophobic interactions’’. The most widely used complexation pair is BCD-
adamantane with an association constant Kz of about 5 x 10* M'5% This supramolecular
association may offer modification sites to attach functionalities to the protein backbone. Here,
the PCD-adamantane host-guest interaction is used to demonstrate the ability to add
thermoreversible association to hydrogels. Adamantane end-capped monodisperse PNIPAM is
synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization using
trithiocarbonate 5 as the RAFT agent (Figure E-4), and the polymer’s endgroup structure is
confirmed by MALDI-TOF and NMR (Figures E-5 and E-6, respectively). Upon complexation,
the hybrid structure is hypothesized to adopt a graft-like structure: the chain-extended protein
serves as backbone while the thermoresponsive polymers PNIPAM graft as side chains (Figure 4).
Under the experimental conditions, approximately 91.8% of the PNIPAM can be attached to the
proteins (see calculation details in Appendix E and Figure E-8). The high-frequency plateau
modulus (G’ at 100 rad/s) of the hybrid gel is 10 kPa larger than the unmodified gel, and it increases
moderately with increasing temperature, with a peak value at around 28 °C. The entanglement
modulus also increases from 2030 Pa to 3670 Pa. The enhancement in the both moduli might
originate from changes of protein architecture, and the formation of nanostructure within the gel

due to segregation between the PNIPAM domain and the protein domain. Such microphase
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separation may even exist at low temperature, as enhancement in moduli is observed as low as 5
°C. This observation is consistent with the previous finding that PNIPAM segregation takes place

even when the polymers are highly solvated.??

Scheme 8-2. Synthesis of (A) dibromomaleimide functionalized BCD and (B) adamantane functionalized

trithiocarbonate RAFT agent.
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Figure 8-4. Structure and mechanics of hybrid protein-polymer hydrogels. (A) Illustration of the brush-
like structure of PNIPAM-extended-P4 chimeric molecule formed via BCD-adamantane complexation; (B)

Temperature sweep at 1 °C/min heating/cooling rate; (C) Frequency sweep spectra.

8.3.2 Influence of branched architecture on the mechanical properties

Branched polymers have attracted much interest for fundamental studies and industrial
applications due to their distinct flow behaviors compared to their linear analogs.>®**>7 However,
few reports characterize the synthesis or properties of branched proteins, using either chemical
methods or cellular machinery.® Here, branched proteins are synthesized with the use of
multifunctional crosslinkers in the chain extension reaction, demonstrating an important means to
control the mechanical properties of protein gels by modulating the chain structure. The effect of

branching is examined by varying the fraction of the trifunctional crosslinker (2,4,6-triallyloxy-
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1,3,5-triazine, 6) from 0 to 100% in the total alkenes (note that the ratio of total alkenes to thiols
iskept 1:1). The hydrogels are prepared by thiol-ene click chemistry via thermal initiation. Similar
to chain extension, all branching reactions are found to reach high endgroup conversion, yielding
significant fractions of high molar mass proteins from SDS-PAGE (Figure 8-5). Significant
differences in molecular weight distribution of proteins among the 6 reactions examined cannot be
measured by gel electrophoresis. An exception occurs at 100% triene, where a larger fraction of
low molar mass protein is present, suggesting that the endgroup conversion might be lower than
those in other cases. All protein hydrogels are able to be dissolved in 6 M urea buffer post reaction,
confirming the hypothesis that addition of 6 only results in branching and not crosslinking, even
with 100% triene crosslinker. The gel point under each reaction condition can be calculated using
the Carothers equation or the Flory-Stockmayer theory (see calculation details in Appendix and
Figure E-8), which shows great dependence on the triene composition. The solubility of gels in

urea suggests that the conversion of the endgroups is below the gel point in all cases.
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Figure 8-5. Molecular weight distribution of proteins in the branching reaction. (A) SDS-PAGE: The molar
fractions of triene 6 in lanes 1-6 is 0, 5, 10, 20, 35, and 100%, respectively; (B) Weight fraction extracted

by densitometry.
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The mechanical properties of hydrogels are influenced by the branched structure of the
proteins. To better compare the entire relaxation spectra with different fractions of 6, rheology
data from creep experiments are converted to the dynamic compliance J’ and J” using a Fourier

transform,>®
J'(0)=J] —a)'f:[Jeo —J(t)+t/770]sina)tdt (8-3)

J"(@)=1wn, + a)j:[Jf -J(t)+ t/nOJcos otdt (8-4)

where /{ is the recoverable compliance, & the angular frequency, 7, the zero-shear-rate viscosity,
t the experiment time. J? and 7, are the intercept and the inverse of the slope, respectively, from
a linear fit in steady-state phase of creep. The dynamic compliances are further translated into

dynamic moduli G’ and G,
G'=Jf(J7+T7) (8-5)

G"=J"(J?+J"7) (8-6)

The combined master curves are shown in Figure 8-6, which can be divided into three different
regimes according to the relaxations present in the gels (from fast to slow): the coiled-coil regime,
the entanglement regime and the terminal regime. With addition of a small amount of 6 (5% and
10%), both the high-frequency modulus (G 'x) and the entanglement modulus (Ge) decrease. This
suggests that adding a small amount of crosslinker only causes short chain branching and small
drops in the backbone length of the chain-extended proteins, since this would result in a decrease
in the total number of entanglements. However, at 20% triene, both G '~ and G. reach their peak
values, where the number density of the branch points and the branch length reach an optimal

combination. In this case, the backbone length of the protein is likely to be comparable to the
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Figure 8-6. Comparison of the mechanical properties of branched hydrogels at different triene
compositions. (A) Master curves at 25 °C from oscillatory shear and creep experiments; (B) comparison of

the high-frequency moduli; (C) comparison of the entanglement moduli, determined from the converted

low-frequency plateau.

linear case, as the molecular weight distributions from SDS-PAGE of these two cases are not
distinguishable, but the branched structure provides extra topological interactions. The introduced
branches retard the reptation of the entire molecule, as it is only after arm retraction that the
reptation of the chain-extended backbone is allowed to happen.®® Although the coiled-coil
relaxation is only slightly affected by the molecule topology (see Figures E-9 and E-10), the
reptation regime broadens in the frequency spectrum and extends towards the low frequency
regime. This is consistent with the observation of randomly branched polymers in the melt state.*’
Further increase of the triene composition leads to decreases in both G'» and Ge. This is
hypothesized to originate from the decreased endgroup conversion and the formation of

hyperbranched molecular structures. The densely packed branches impose permanent topological
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barriers for different chains to entangle, which leads to much lower solution viscosities.' Recently,
the viscoelasticity and the dynamic relaxation of the synthetic hydrogels is found to be essential to
mimic the complex biological tissues.’? The presented branching reaction in this study establishes
a facile approach of tuning the network mechanics over the entire frequency window, especially

in the long time relaxation, which can be useful in mimicking the properties of natural tissues.

8.4. Conclusions

Under appropriate conditions, thiol-maleimide, thiol-bromomaleimide and thiol-ene
coupling can all result in significant chain extension. The differences in chemistries’ reactivity
and side reactions may cause variations in the molecular weight and its distribution of chain-
extended proteins and the topological entanglement effect in gels. While thiol-maleimide
conjugation is the most common and the easiest to implement, thiol-ene click chemistry can
achieve high endgroup conversion fairly rapidly. Thiol-bromomaleimide shows its potential in
reversibly modifying proteins, and using functionalized dibromomaleimide as a chain extender
allows further control of hydrogels’ properties by incorporating side chain functionalities into the
protein architecture. Here, thermoresponsive changes in mechanical properties of gels are
demonstrated with PNIPAM grafts. Lastly, branched proteins are prepared in A2 + B2/B3 mixed
type reactions. The entanglement plateau modulus is increased when branches are long enough to
enhance topological constraints yet the added branches do not sacrifice the backbone length. In
conclusion, the structure of engineered proteins and their assembly behaviors can be easily
modified with the use of different chemistries, which presents a rich toolbox to tailor the structure-

properties of protein materials in various applications.
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Chapter 9 Conclusions

9.1. Summary

Associating polymers have been widely used in different applications such as self-healing
materials, conductive electrolytes, rheological modifiers, and devices for cell/protein delivery.
Despite these successful examples, there are still many significant challenges in fully
understanding the physics of associating networks. This is due largely to the interplay of polymer
topologies and association chemistries that exhibits complex behavior highly dependent on the
time and length scales of interest. This thesis first examined the diffusive motions of associating
polymers, a problem that has not received much attention in the past two decades. Surprising
“super-diffusion” was discovered for the first time, and the experimental results were explained
by a simple two-state model considering the dynamic equilibrium of association and dissociation.
The fundamental insights gained from these studies illustrate how dynamics translates from
associating functional groups to molecules up to the entire network. In the second part, this thesis
presented a new strategy of modulating the network mechanics specifically on long time scales
while inducing minimal changes in the chemical composition of the associating polymers. By
tuning the entanglement dynamics of macromolecules from their molecular structure, this thesis

demonstrates an ability to produce hydrogels that are soft but tough and highly extensible.

The first part of this thesis experimentally measured self-diffusion of unentangled
associating polymers with a variety of molecular structures and sticker chemistries at the gel state.
The first model system investigated was hydrogels formed by linear proteins with four coiled-coils
along the backbone. By using forced Rayleigh scattering (FRS), it was observed for the first time

that the self-diffusion of these associative proteins in the hydrogels transitioned from Fickian
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diffusion scaling to phenomenological super-diffusion at the length scales that were nearly 100-
1000 times the radius gyration of the chains. Interestingly, the scaling of grating relaxation time
vs. squared grating spacing seemed to recover Fickian diffusion behavior when the diffusion length
scale decreased to hundreds of nm. Such anomalous diffusion phenomenon was observed at
varying temperature and gel concentrations. A two-state model was proposed to explain the
experimental results. The model hypothesized that the associating polymers appear at a fast-
diffusing state and a slow-diffusing state, and the two states can exchange at appreciable rates.
The simplicity of this phenomenological model provided an analytical solution to capture the two
Fickian regimes and described the physical origin of the phenomenological super-diftusion by a
transition between the two Fickian limits. Oscillatory shear rheology was used to probe the
macroscopic network relaxation. The presence of a sticky-Rouse-like relaxation was seen in these
coiled-coil protein gels, which suggested collective mobility of the associating polymers.
Furthermore, a phenomenological dissociation rate was extracted from the two-state model, which
yielded a time-temperature-concentration superposition of the rheological data in a concentration
regime where intermolecular association was dominant. Finally, the concentration scalings of the
chain diffusivity, the zero-shear-rate viscosity and the phenomenological dissociation rate all

qualitatively agreed with the sticky Rouse theory.

The generality of the observed anomalous diffusion was then demonstrated by exploring
associating networks with a very distinct molecular structure and sticker chemistry. The second
model system used in the thesis was four-arm polyethylene glycol (PEG) polymers with chain ends
decorated with terpyridine moieties, which formed transient linkages with zinc ions. The diffusion
behavior of these polymers was again probed by FRS. Similar to the experimental findings in the

coiled-coil protein hydrogels, self-diffusion of these star-shaped associating polymers also showed
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two Fickian diffusion regimes and one phenomenological super-diffusion regime. In addition,
diffusion of the same star-shaped tracers containing only three associating arms was explored.
Compared to the cases of self-diffusion, the grating relaxation time was smaller in all tracer
diffusion measurements. Experimental data of both self- and tracer diffusion were analyzed by
the two-state model. It was found that a reduction in the number of associating group caused an
increase in the apparent polymer mobility and a faster transition from the associative to the
molecular state. The sticky Rouse theory also found success in describing the concentration

dependence of the apparent chain diffusion coefficients and the phenomenological sticker lifetime.

The third model network was linear poly(N,N-dimethylacrylamide) polymers with many
pendant histidine side groups transiently linked to nickel ions. The sticker density of this model
system was dramatically higher than the ones in the other two cases. Only Fickian diffusion was
observed within the experimentally accessible window. In addition, this study demonstrated a
method termed diffusion spectrometry to study the dissociation rate of stickers in the gels, which
distinguished from previous measurements that were performed in dilute solution and on isolated
junctions where the effect of polymer backbone was neglected. The sticker dissociation rate was
found faster than the sticker exchange rate determined by linear rheology, demonstrating that

sticker dissociation was a prerequisite step for exchange.

This thesis also explored the use of fluorescence recovery after photobleaching (FRAP) to
measure diffusion of associating polymers in the gels. A mathematical framework was developed
to analyze the FRAP data in situations where the two-state model applies. Preliminary results
suggested that the proposed FRAP-based method allowed more efficient characterization of the
diffusive behavior of associating polymers and also had the potential to discriminate different

models.
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The second part of the thesis explored new strategies to control the mechanical properties
of associating networks, especially from a polymer physics perspective. Using the multi-block
coiled-coil proteins as a model system, linearly extended proteins were prepared via disulfide
linkages connecting the chain ends. The molecular weight and molecular weight distribution in
the reaction mixtures prepared via macromolecular condensation agreed well with the theoretical
Stockmayer-Jacobson distribution. When the gels were prepared at the entanglement state, it was
observed that the low-frequency modulus, creep resistance, extensibility and toughness of the
network all increased substantially. Notably, all of these enhancements in the network mechanics
only resulted in a small increase in the high-frequency modulus. The network relaxation time (or
the exchange time of the network junctions) and the zero-shear-rate viscosity were extracted from
shear rheology measurements. The concentration dependence of these two dynamic properties
qualitatively matched the prediction of the sticky reptation theory. Furthermore, by taking
advantage of the redox responsiveness of the disulfide groups, it was shown that the entanglement
effect as well as the resulting mechanical enhancement could be reversibly switched on and off by

small-molecule redox modulators.

Since the entanglement effect is governed by the molar mass and the molecular architecture
of the chain-extended proteins, it was then hypothesized that by employing various thiol-coupling
chemistries in the chain-extension reactions, one can easily control the degree of chain extension,
the extent of entanglement and thus the corresponding mechanical properties. To this end, four
different chemistries were systematically explored and compared, which were disulfide formation,
thiol-maleimide conjugation, thiol-bromomaleimide conjugation, and thiol-ene coupling. The last
three chemistries were A2+ B2 type polycondensation reactions, whereas the first one was self-

polycondensation reaction. It was found that the reaction via disulfide formation provided the
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highest degree of chain extension, while the other three chemistries suffered from side reactions
and/or possessed limitation due to an experimental imbalance of the stoichiometry of the two
reactive functional groups. Additionally, this thesis explored the use of trifunctional crosslinkers
in the thiol-coupling reactions while keeping the extent of reaction below the chemical gel point
to yield branched proteins that were capable of chain entanglement. The entanglement network
modulus and the longest relaxation time could be tuned by varying the amount of trifunctional

crosslinkers in the reactions.

In summary, this thesis has made important contributions to advance our understanding of
the dynamics and mechanics of associating networks. A series of studies in the first part has
provided new experimental evidence of the anomalous diffusion of associating polymers. We
believe this knowledge will provide important guidance for future theoretical efforts to further
understand the complex behavior of diffusion. The efforts in the second part of the thesis have
provided a new perspective in guiding the design of and control over the mechanical properties of
associative networks. It is demonstrated that the macroscopic mechanical properties of networks
can be effectively tailored by engineering the structure or architecture of the network forming

macromolecular constituents without altering their chemical composition.

9.2. Outlook

There are many opportunities and challenges to further explore the dynamics of associating
polymer networks. First, there is a need to develop new techniques to enable diffusion
measurement on length scales below the diffraction limit and approaching 100 nm. Current
measurements on diffusion of associating polymers use forced Rayleigh scattering (FRS) or

fluorescence recovery after photobleaching (FRAP), which are inherently constrained by the
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diffraction limit of light because both techniques reply on changes of optical signals (fluorescence
or absorbance) in the specimen for creating the concentration gradient and detecting the gradient
evolution over time. However, information of diffusion on length scales around 100 nm is very
important for understanding the slow mode diffusion. Therefore, development of new techniques

is necessary to examine the slow diffusive behavior on the relevant small length scales.

Second, future research should identify the physical details of the two diffusive states
hypothesized in the phenomenological two-state model. Although the current model provides
satisfactory descriptions of the experimental diffusion data and yields estimations of the model
parameters that allow quantitative comparisons between different experimental systems and
comparisons between experiment and theory, current explanation remains on a phenomenological
level. For the simplest associative polymer explored in the thesis, there are more than two true
molecular states, where each molecular state is unambiguously defined by a combination of the
sticker states (closed or open) on the polymers. Future work needs to carefully address how
multiple molecular states collapse into two simple phenomenological diffusive states. In addition,
complementary efforts in simulation and theory are also indispensable to yield insights into the

physics of diffusion of associating polymers.

Third, with deeper understanding of the physical origin of anomalous diffusion of
associating polymers, it will be very interesting to probe the structural basis for the
phenomenological super-diffusion from an experiment perspective. The two model systems that
have shown phenomenological super-diffusion have four stickers per chain. In contrast, the system
that has many (nearly twenty) stickers per polymer chain does not exhibit super-diffusion within
the narrow experimentally accessible parameter space. Identifying the criteria for observing super-

diffusion, especially on the molecular level, is a challenging topic. In addition, it should be
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mentioned that the systems explored in this thesis all have well-defined molecular structure.
Future investigations can be extended to more complex systems, for example, naturally derived
biopolymers that have a much larger degree of structural heterogeneity such as molecular weight
and distribution, sticker position and sticker bond type. It will be interesting to see how the two-

state model might be modified to describe these systems.

On the mechanics side, there are also several exciting research directions to pursue. First,
stain-included alignment of polymer chains is a well-known phenomenon that contributes to the
mechanical stiffening or rise of viscosity. In this thesis, it is concluded that entanglement leads to
substantial improvement in the network stretchability and toughness when the gels are under
uniaxial tension. The physical origin is hypothesized to be the alignment of entangled chains
causing stabilization or even strengthening of the associative bonds between protein molecules.
To validate the hypothesis, in sifu structural characterization methods such as scattering or
microscopy can be employed to quantify the extent of alignment. Very recently, a similar chain-
extension strategy was applied on linear polydimethylsiloxane (PDMS) polymers with pendant
2,6-pyridinedicarboxamide side groups that were capable of complexing with metal ions to form
coordinate bonds, and similar mechanical enhancement in network stretchability and toughness
was observed.! Therefore, it is expected that studies of the entangled protein gels should yield
generalizable physical insights into the toughening mechanism induced by chain entanglement.
Furthermore, studying chain alignment under shear comparing to elongation may yield new

knowledge.

The mechanical properties under high-rate deformation will be another interesting topic
for future exploration. By combining information from creep and small amplitude oscillatory

shear, this thesis has carefully characterized the mechanical response of gels in a frequency range
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of 107 to 10% rad/s, where network relaxation is attributed to the exchange of stickers between
network junctions and the diffusive motions of chains. However, there is a still lack of
fundamental knowledge regarding the relaxation mechanisms of associative networks at larger
deformation rates, especially in the kHz range that is relevant to blast or ballistic deformation.
Existing techniques for studying the mechanical properties of polymer networks under such high-
rate deformation include split Hopkinson pressure bar 3 (strain-rate up to 10* s™"), drop weight
tests® * (strain-rate up to 10% s!), and high-bandwidth AFM rheology’ (frequency range: 1 Hz to
10 kHz), to name a few. However, these methods cannot be easily applied for studying associative
networks that are often softer and are more prone to fracture compared to their covalent
counterparts. Therefore, a major challenge will be developing new experimental tools for high-

rate mechanical characterizations.
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Appendix A: Supporting Information for Chapter 3

1. Estimation of the radius of gyration (R;) of protein P4.
It is assumed that the protein P4 is in good solvent condition where the scaling Rg ~ M%¢ applies."

? The Rg of protein Ps is estimated by comparing its molecular weight to a single Cio domain,

0.6
M . 0.6
R, , = [_] R = (%} x5 =17.3(nm) (1)

CIO
In the calculation above, the Ry value of Cio measured by quasi-elastic light scattering (ca. 5 nm)

from Shen et al.,? is used.

2. Derivation of the analytical solutions of the decay time constants from the two-state

model.

The governing equations in the real space are

2
% =D, aLéM - konCM + koﬁCA

2
X p, Tk, tyc,

After Fourier transform, the equations become

%‘ = “quMéM - konéM + koﬁéA
4= _quAéA + kanéM kojj"éA

ot

where ¢ = 27/d and the concentration C, (i=M or A) in Fourier space is defined as
C(q.t)= I " C (% 0) e dx 4)

The equations can be represented in a vector-matrix form.
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_a_ éM _ _quM_kan koﬂ éM (5)
at éA kan _quA_koﬁ’ éA

A general solution to the equations above is
C, =m, exp(rt)+m,,exp(rt) (6)

where r; and r; are the eigenvalues of the matrix:

—(km, +ky+q°Dy, + qZDA) + \/(kon +k,;+¢’D,, +4°D, )2 - 4(k0nq2DA +k,;q° Dy +q' Dy, DA)
2

n.n=

(N

And they can be related to the time constants in the FRS decay by
= (8)

The dimensional time constants are

2
(km, +k,y+q°Dy, + q2D,,)$ \Kkon +ky+9°Dy, +q°D, )2 - 4(km,q2DA +k,yq° Dy, + q“DMDA)

7,7, =

9
By defining the following dimensionless constants,
~ k k
d*=—LyK,,, K ==, 5204, f=k,T (10)
quA ! ! koﬂ g DM 7

the dimensionless time constants become

K. 7K K. 7K. Y 2K yK: pKE
7,5,=2 [1+Keq+7g;"+y~e"J¢\/[l+K +7~“"+7~“’J —4[y~""+}/ e"+7d~4e" (1

dz eq dz dz dz a}z

Note that the time constant r, is at least two orders of magnitude smaller than z, (Figure A-1). In

FRS experiment, the small time constant is always less than 1 s, even for gels at high

concentrations. When analyzing the FRS results and performing the fitting, the first few data points
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were discarded to eliminate the effect from the small time constant. This practice should minimally
affect the extraction of the large time constant. In the following, the time constant 7 refers to the

large time constant.

3. Asymptotically matched solutions to the Fickian regimes.

(1) For the Fickian regime at large d?,

(12)

2
T =
2
kon + koﬂ + quM - J(kon + kof/ + quM) - 4q2DMkaﬁ'

In the limit of infinitely large &2, or vanishingly small ¢, the solution becomes

z K, +1 : K, +1
red | Be® | d [ 2 (13)
ar"D,\ K, +1/y ) 4z°D,\yK,, +1

(2) For the Fickian regime at small &2,

1
knﬁ' +q2DA

In the limit of very small &, or infinitely large ¢°, the solution becomes

d2

15
4’ D, (15)

T=

The solutions (13) and (15) are plotted in Figure 3, and the solutions (12) and (14) are plotted in

Figure A-2.

4. Prediction from the two-state model.
(1) A limiting case in the two-state model.
As shown in Figure A-3, the two-state model loses its sensitivity to the parameters K., and y, when

Keg >> 1 and yKeq << 1 (the relevant condition in experiment). It can be seen that the shape of the
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curve is completely determined by w = (Keg+1)/(Keq+1/y) Where Ky is large and y is small for
typical hydrogel materials. The position of the curve is determined by korand Ds, which are useful
values for non-dimensionalization. The solution of the non-dimensionalized time constant in the

limiting case (the bold curve) can be expressed as

wd’ +(1—w)c;’2

da+1-w

(16)

T=

where in the limit of Keq >> 1 and pKeq << 1.

K, +1 1
w= e
K, +1/y ;/Keq

(17)

(2) Slope of the power-law regime.
By differentiating the equation (13), the slope in the power-law regime can be obtained,
34 32 2
) 1_l)d_+(1_l]
dlogr w w)w w

= (18)
dlogd’ 4 ~ g
°8 d—+(1——17jd2+(1—lj

w w w

The solution is plotted in Figure A-4. The minimum of the slope is located at the inflection

point,

dlogr
dlogd?

4
e w) 2 (19)

inﬂection— l—l _1+\/1/_V

The solution is shown in Figure A-5.

5. Construction of the shear rheology master curves.
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In order to obtain the dynamic moduli in the low frequency regime (below 0.001 rad/s), time

dependent creep compliance was first transformed into dynamic moduli using the methods

described by Ferry.*
J'(@)=J] —a)_[:[JeO —J(t)+t/770]sin otdt (20
J"(w)=1own, +coJ.:[Je° —J(t)+t/770Jcosa)tdt (1)

where ;¢ is the recoverable compliance, and 7} the zero-shear-rate viscosity. They are the

intercept and the inverse of the slope from a linear fit in the steady-state of creep, respectively.

The dynamic moduli were thus calculated as
G'=J(J2+J") 22
G'=J" (Jv2+JHZ) (23)

The data obtained by SAOS and by transformation from the creep data overlap for at least one

decade in the frequency domain, confirming the efficacy of the method describe here.

6. Fitting the rheology data to different models.

The Maxwell model is one of the simplest models to capture the viscoelastic behaviors of
hydrogels, combining one elastic element and one viscous element in series to describe the
viscoelasticity of the polymeric materials.! The time dependent stress relaxation modulus is

G(t)=G,exp(-t/r,) (24)
where z,, is the characteristic relaxation time of the materials, and G, is the quiescent modulus.
The Maxwell model can be derived from the Green-Tobolsky transient network theory.” Maxwell
elements can be combined in parallel to characterize the multiple relaxation modes typically found

in the technologically relevant materials.
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The stretched exponential model or Kohlrausch-Williams-Watts (KWW) model, is an
empirical adaption of the Maxwell model, where the mathematical form of the stress relaxation

modulus is

G(1)=G, exp[—(t/rKWW )ﬁ] (25)
where 7, is the KWW time constant, and /3 is the stretched exponent ranging from 0 to 1. The
stretched exponent is used to describe a distribution of relaxation times centered about the mean
relaxation, as shown in eqn (19) in the main text. The KWW model has been used to describe the
relaxation process of disordered materials, such as glasses.® The stretched exponential function
has proven to be mathematically consistent with the terminal relaxation behavior where G’ ~ w*
and G” ~ .’

To fit the different models to the experimental results, a continuous relaxation spectrum
H(t) is constructed based on the combined dynamic moduli. The method used here is followed by
the algorithm proposed by Honerkamp and Weese, ® and recently modified and implemented in
MATLAB by Arsia et al.'®. Briefly, it uses a regularization term weighed by the parameter 1 in
the objective function V(4) to balance the accuracy of the fit and the smoothness of the desired
function considering possible noise in the experimental data.

W):i(c; (@)_g'(a;;H(f))]z

G, (o,

+Z{G (@) - "(a’z;H( ))] (26)

_w{d In( H)} in7)

where the subscript e denotes the data from experiment. The accuracy of the computed spectrum

is evaluated by comparing the dynamic moduli converted from the relaxation spectrum to the
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experiment results. Subsequently, the relaxation modulus is calculated from the relaxation

spectrum using the equation:*

G(t)=]" Hexp(-t/r)dInz (27)
Next, the relaxation spectrum was fit separately in the low and high frequency regimes to the three
models and the fitting resqlts were compared. Fitting the relaxation modulus to the models

mathematically reduces the variables in the manipulations. Finally, the dynamic moduli were

computed with a Fourier Transform:*

G'(w)= a)j:G(t)sin otdt (28)

G"(w)= wj: G (t) cos wtdt (29)

7. Analysis of the concentration regime in the work from Craig and coworkers!!,

According to the sticky Rouse model,'? the concentration at which strands between two
stickers overlap is calculated as

o =N
where N is the number of monomers in a sticky Rouse segment and v is the Flory exponent.
DMSO is treated as a ®-solvent for poly(4-vinyl pyridine), thus v = 0.5."* For a sticker
concentration of 5 mol% in polymers, Ns= 19. Therefore,

@, =N =19 =0.23
It is greater than the polymer concentration in gels (100 mg/mL).

Because there exists only one scaling law in the relation 5o ~ ¢?, and the concentration of
100 mg/mL is within the concentration investigated,'? it is reasoned that the concentration of 100

mg/mL is above gren. Otherwise it should exhibit two different scaling laws.
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Supplementary Figures
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Figure A-1. The ratio of two time constants as a function of &°. The parameter values are Dy;= 10

m?/s, Ds= 10712 m%s, kon = 100 s, and k=1 s,
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Figure A-2. Modified asymptotically matched solutions including the reaction terms. Parameter values

Dy =10 m%s, D4s=10"2 m%s, kon =100 s, and ko= 157",
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Figure A-3. Behavior of the two-state model when approaching the limit where K., >> 1 and yK., << 1.
All the curves has the same value of (K.g+1)/(Keg+1/y) = 0.01. The values of K., and y are noted in the

legend, and other parameters are D4 = 10> m%s, and ko= 15",
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Figure A-4. The instantaneous slope in the two-state model. The range of & with a slope below 1 indicates

the super diffusive region.
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regime.
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Figure A-6. Concentration (A) and temperature (B) dependence of the diffusivity of the associated species.

Error bars represent 95% confidence interval from fit to the two-state model.
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Figure A-7. Van Gurp-Palmen plot of protein gels showing a local minimum that represents a second
relaxtion mode. Data points are shown in red open circles, and the black dashed line is from fit to eqn (14)

in the main text.
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Figure A-8. Comparison of the (A) dynamic moduli master curves and (B) relaxation moduli master curves
from various protein constructs. Data transformed from creep experiments is noted by symbols with a dot
inside. The multiblock proteins P4 (62.8 kDa) and P, (63.2 kDa) have nearly identical molar masses but a
different number of coiled-coil domains; the protein PC1oP (20.5 kDa) has the same length of Cyo linkers

but has a triblock architecture.
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Figure A-9. Fitting the dynamic moduli from frequency sweep measurement with the Maxwell model

(black dashed line). Data from P4 hydrogels at 25% (w/v) measured at 25 °C.
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Figure A-10. Molecular dissociation time for proteins from diffusion measurements. Rate constants k.
not measured at the reference temperature (25 °C) are calculated from the concentration scaling koy~ ¢’

and the Arrhenius law Ink ~ E/RT.

331



106_! T T T T "e..e._
: o ©° =8
10° |- 8 a7
— B o —
2 e & =
S k. ® Ba’ -
L Vrem - /445
£ Ba
3— ——
0 s o 15°C
O 25°C
10° k& o B
4 5 6 7 609 2
0.1
¢ [-]

Figure A-11. Concentration dependence of zero-shear-rate viscosity (determined as the inverse of the slope
in the creep compliance — time curve at steady state). Error bars represent standard deviations from

measurements performed in triplicate.
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Figure A-12. Concentration dependence of (A) high-frequency plateau modulus and (B) number fraction

of elastically effective chains.
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Appendix B: Supporting Information for Chapter 4

Supporting Figures
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Figure B-1. Representative decays of the diffracted scattering intensity over time as probed by
FRS for the diffusion of associating star-shaped PEG polymers in model transient networks. The
red open circles are experimental data, and the black lines are fits to a stretched exponential
function. (A) Self-diffusion, gel concentration 15% (w/v), measurement at a beam angle of 6.88
degrees. (B) Tracer diffusion, gel concentration 20% (w/v), measurement at a beam angle of 6.88

degrees. Both measurements were performed at 25 °C.,
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Figure S2. (A) Schematic presentation of an unassociating four-arm PEG polymer (labeled in

w

green) diffusing in a model transient network formed by terpyridine-capped four-arm PEG
complexed with Zn?" in DMF. (B) Corresponding <t> vs. d&” relation. The matrix concentrations
are 20 and 30% (w/v), respectively. Dashed lines are linear regressions of slope 1 that determine
the tracer diffusion coefficients. While only Fickian diffusion is observed within a narrow window
of length and time scales accessible by FRS experiments, anomalous diftfusion should not be
expected since there is a lack of associative interactions between the labeled, non-sticky polymers
and the surrounding matrix. Diffusion at lower concentrations, 10 and 15% (w/v), is too fast to be

accurately measured.
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Figure S3. Rheology data plotted in a reduced parameter space. As seen in the figure, however,
renormalization by the molecular dissociation rate kofr does not yield perfect collapse of the data.

The reference temperature is 25 °C.
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Figure S4. Fitting the single Maxwell model to the dynamic moduli of gels at 30% (w/v) at
25 °C. There are noticeable differences between the fit (black dashed line) and the experimental

data (open circles)
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Additional Experimental Details

1. Synthesis of four-arm PEG polymers with all chain ends capped by nitrobenzofurazan

(NBD)

Commercial tetra-arm PEG-OH (Creative PEGWorks, M» = 10 kg mol™!, Mw/M, = 1.03,
4.57 g, 0.46 mmol) was end-labeled with NBD in two steps (Scheme S1). In the first step, the
polymer was dissolved in dry dichloromethane (80 mL), dry pyridine (0.48 mL, 5.4 mmol) was
added to the solution, followed by addition of p-nitrophenyl chloroformate (0.58 g, 2.8 mmol).
The resulting suspension was stirred at room temperature overnight, the precipitate was filtered
off, and brine (250 mL) was added to the filtrate. The mixture was extracted with dichloromethane
(2 x 400 mL), the organic layer was dried over MgSOs and then concentrated in vacuo. The
product, tetra-arm PEG-p-nitrophenylcarbonate, was precipitated by pouring the concentrate into
cold diethyl ether, yielding a slightly violet solid 1 (4.14 g, 86%). 'H NMR (700 MHz, DMSO-ds,
5): 8.32 (d, J=9.1 Hz, 8H), 7.57 (d, J= 9.1 Hz, 8H), 3.31 (m, 902H) ppm.; IR (ATR, cm™): v =
2880 (m), 2360 (w), 2342 (w), 1965 (w), 1769 (w), 1524 (w), 1466 (m), 1359 (w), 1342 (m), 1279

(m), 1240 (w), 1216 (w), 1146 (m), 1101 (s), 1059 (5), 961 (s), 841 (). 668 (W), 658 (W).

In the second step, triethylamine (42 pL, 0.30 mmol) was added to a solution of tetra-arm
PEG-p-nitrophenylcarbonate as just formed (0.5 g, 0.025 mmol) in dimethylformamide (5 mL,
HPLC grade), followed by addition of (S)-(+)-4-(3-aminopyrrolidino)-7-nitrobenzofurazan (NBD)
2 (0.037 g, 0.15 mmol). The orange mixture was stirred for 1 d at room temperature, purified by
dialysis in water, and lyophilized to obtain 3 as an orange solid (0.45 g, 85%). The degree of
substitution of the chain-end pendant p-nitrophenylcarbonate groups by NBD tags was determined
to be 92% by UV absorption spectroscopy; in addition, in '"H NMR, the peaks addressable to

p-nitrophenylcarbonate have disappeared after this conversion. 'H NMR (400 MHz, DMSO-ds, 5):
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8.24 (d, J = 10.0 Hz, 4H), 5.75 (d, J = 10.4 Hz, 4H), 4.55 (s, 16H), 3.53-3.47 (m, 902H, PEG-

backbone) ppm.

Scheme B-1. Synthesis of four-arm PEG polymers with all chain ends capped by NBD.

(A) p-nitrophenyl

chloroformate, o /©/N02
ridine
PEG-{OH), B PEGL0” 0

CHzc'z, rt,12h
86%

o™
NH, N=
(8)

2 fo 2,0
pEGo J\O . N triethylamine PEG OJ\H\-

o) DMF,rt.,12h
=N 85% 4
2

2. Sample preparation for diffusion measurement

1 mol% of the NBD-labeled non-associative four-arm PEG was mixed with the gel-
forming matrix polymers and was dissolved in 500 pL of DMF. Separately, Zn(NO3)2:6H20 in a
2:1 stoichiometric concentration to the PEG polymer was dissolved in 500 puL. of DMF and
vortexed to reach complete dissolution of solids. Equal volumes of the two solutions were then
combined in an Eppendorf tube and mixed rigorously with a micro spatula to ensure
homogenous mixing. The sample was centrifuged at 21,100 xg for 10 min to remove bubbles.
The sample was sealed between two quartz disks (17 mm in diameter) separated by a 0.5 mm
thick Teflon spacer. Specimens were equilibrated at 25 °C for at least 30 min before further

experiments were conducted.
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Additional Calculation Details
1. Definition of the volume fraction

The volume fraction of polymers in the transient network is calculated based on the assumption
that the total volume of the gels is the sum of the polymer volume and the solvent volume. In
addition, the density of tetra-arm PEG is taken as 1.128 x 10° kg m™. Therefore, the volume
fraction is given by
__M/Py
m,[p,+V,
where the subscripts p and s represent polymer and solvent, respectively, m is the mass, p is the
density, and V is the volume. In this study, the volume fractions of gels are 0.081, 0.117, 0.151,

and 0.210 for concentrations 10, 15, 20, and 30% (w/v), respectively.
2. Estimation of the overlap volume fraction of the segment between two stickers (¢s)

The overlap concentration, ¢*, for the four-arm PEG polymers is 94 g L', as estimated
previously.! Since the stickers are located at the end of the arms in each star polymer, the overlap
volume fraction of the segment between two stickers (¢s) is approximated as the overlap volume

fraction of the star-shaped polymers:

c¥  17x94[gL]

P=—

P 1.06x10°[gL" ] =0.089

This calculation suggests that the most of the gel concentrations investigated in this work are above

Ps.
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3. Estimation of the entanglement volume fraction of the segment between two stickers (¢.)

Following the classic reptation theory,” the entanglement volume fraction e is estimated

to be

where Neo is the number of monomers between entanglements in a melt, N is the degree of
polymerization of the polymer, and v is the Flory exponent. The entanglement molecular weight?
for PEO is 1,730 g mol™!, and the molecular weight of the segment between two stickers is 5,000

g mol™!. Therefore,

3pv-1 3v-1 3x0.588-1
N M 5000

All the gel samples investigated in this study are below ge. This estimation is consistent with the
fact that no entanglement plateau is observed in the low-frequency limit in frequency sweep

experiments.
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Appendix C: Supporting Information for Chapter 5

Supplementary Figures Cited in the Main Text
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Figure C-1. 'H NMR characterization of PDMA polymers with protected histidine side groups (CDCls,

500 MHz). Peaks assigned in the spectrum are used for calculating the monomer ratio in the polymers.
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Figure C-2. GPC characterization of copolymers (a) as polymerized and (b) after removal of

trithiocarbonate.
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Figure C-3. UV-vis spectroscopy confirming the removal of trithiocarbonate chain ends. Both polymers

were prepared in MeOH at 0.5 mg mL"".
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Figure C-4. '"H NMR characterization of PDMA polymers with protected histidine side groups after the

removal of trithiocarbonate (CDCls, 500 MHz).
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Figure C-5. 'H NMR characterization of copolymers after removal of trithiocarbonate chain end and the

protecting groups (Boc and Trt) (D,O, 500 MHz). The proton peaks a and b correspond to the histidine-

TFA salt, and the peaks a’ and b’ correspond to the free histidine.

344



Figure C-6. Comparison of the electron density map of (A) histidine methyl ester and (B) histidine methyl
amide (an analogue to the polymer-conjugated histidine moieties). Calculation was performed in Gaussian

03 using the basis set B3LYP/6-31G(d).
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Figure C-7. Comparison of the UV-vis spectrum at the initial and final stage of the metal exchange
experiment. The spectrum at the initial state is calculated by adding the separately measured absorbance
of 20 mM CuCls in 100 mM Bis-Tris (pH 7.0) and absorbance of 1 mM NiCl, and 2 mM histidine methyl

ester in 100 mM Bis-Tris (pH 7.0).
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Figure C-8. Transition d.” at varying temperatures and gel concentrations.
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Supplementary Tables Cited in the Main Text

Table C-1. Comparison of the experimentally measured molar extinction coefficient of metal-ligand

complexes at 598 nm at 25 °C. Unit: M ecm™.

Species Molar Extinction Coefficient
BisTrisCu 22.2

HisCu 54.5

His2Cu 95.9
BisTrisNi 2.68

HisNi 3.82

His2Ni 6.29
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Calculation Details
1) The mole fraction of monomer 1 in polymers

The ratio of DMA:1 in the as-synthesized polymers P1 was estimated from '"H NMR (Figure S1):

Joma _ 106.7/6
T = 6/6 =17.8. (D

Therefore, the mole fraction of monomer 1 is

1
17.8+1

£ =0.053. (2)

2) The molecular weight of the final polymers

The molecular weight of the as-synthesized polymers P1 was 42.5 kg mol™'. In addition, it was
known that the ratio of monomer DMA and 1 was 17.8:1. Assuming the each polymer had x

number of the 1, and hence 17.8x humber of DMA, the unknown x can be solved from,

99.1x17.8x +621.3x x +364.6 =42.5x10° 3)

where the molecular weight of 364.6 g mol™! corresponds to DMP end group. The solution is x =

17.7.

After removal of the RAFT chain end and deprotection of Boc and Trt groups, the polymer

molecular weight is,

99.1x17.8x17.7+279.3x17.7 = 36.2x10° (kg mol ™). (4)
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3) The entanglement and overlap volume fraction of polymers

According to the reptation theory, the entanglement volume fraction is

_ [&Q)&/—l (5)
@, = N >

where Neo is the number of monomers between entanglements in a melt, N is the degree of
polymerization of the polymer, and v is the Flory exponent. Since Neo of PDMA has not been
reported in the literature to the author’s knowledge, the entanglement concentration for the
histidine modified PDMA polymers in this study is estimated by comparison to literature data.
The entanglement concentration of PDMA at a molecular weight of 3.4 x 10° kg mol™ is 0.81%
(w/w), or equivalently g = 0.0062, determined from the transition of zero-shear-rate viscosity of

PDMA aqueous solution.! From eq 5, it can be shown that:

3y-1
N
Py = (—‘J Do (6)

where the subscripts 1 and 2 denote the case from the literature and from the current study,
respectively. Therefore, the entanglement volume fraction for the polymer synthesized in this

study is (assuming good solvent condition)

_( 3400/0.09913

3x0.588-1
= 0.0062=0.22. 7
= (17.7+1)><17.8J @

The concentrations of gels in this work are 10 and 20% (w/v), which correspond to volume
fractions of 0.071 and 0.13, respectively, assuming that the polymer density is 1.3 x 10° kg m™.

Both are below the entanglement limit.
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Similarly, the overlap concentration can be estimated as

N 3400/0.09913 Y 0.0007
o= ] = /0. 9007 0,019, @)
N, (17.7+1)x17.8 1.3

which uses the overlap concentration' of PDMA at a molecular weight of 3.4 x 103 kg mol’, 0.07%

(w/w). Both gel concentrations are above the overlap threshold.

For comparison, the overlap volume fraction? for four-arm poly(ethylene glycol) of 10 kg mol™! is

0.062.

4) The sticker density in this work and in the work by Fullenkamp?
As shown in eq 2, the number density of stickers in this work is 0.053.

For the work by Fullenkamp using four-arm poly(ethylene glycol) of 10 kg mol™!, the number

density of stickers is

4

= -0.018, 9
10/0.044 ®

A

which is approximately 1/3 of that in this work.

5) Solution composition in metal exchange experiments

Logarithms of the equilibrium constants for histidine-metal complexes (metal = Ni'' and Cu') and
logarithms of the acid dissociation constants for histidine are taken from a publication® and

summarized in Table S2.
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Table C-2. Summary of equilibrium constants for histidine methyl ester at 25 °C. The unit of K; is M.

Metal ions log(K1) log(K>)
Cu?* 8.48 + 0.04 5.90 + 0.04
Ni?* 6.19 +0.04 4.91+0.04

H' 5.35 (pKa1) 7.30 (pKa2)

In addition, it is realized that the buffering agent Bis-Tris also forms complexes with Cu®" and
Ni%*. Related equilibrium constants are documented in the work® by Scheller ez al. Note that the
complexation between Bis-Tris and divalent metal ions is not considered in the work® by
Fullenkamp et al. In fact, the appearance of the metal-ligand change transfer band in the UV-vis
spectrum at the initial state of the experiment (Figure C-6) is mainly due to complexation between

Cu*" and Bis-Tris.

Table C-3. Summary of equilibrium constants for Bis-Tris at 25 °C.

Metal ions log(K)
Ni** 3.59+0.02
Cu® 5.27+0.01
H 6.56 % 0.04 (pKa)

It is assumed that the total concentrations of histidine groups, Ni'!, Cu'! and Bis-Tris are conserved

throughout the experiment, which gives the following four mass balance equations:

[His]_ =[His] +[HisH] + [HisH, ] + [HisNi] + 2[His,Ni] + [HisCu] + 2[His,Cu] (10)
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[Ni], =[Ni]+[HisNi] +[His,Ni] + [BisTrisNi] (11
[Cu], =[Cu]+[HisCu]+[His,Cu]+[BisTrisCu] (12)
[BisTris]T = [BisTris] + [BisTrisH] + [BisTrisNi] + [BisTrisCu] (13)

The four independent variables are chosen to be the concentrations of free histidine groups, Ni**,
Cu?* and Bis-Tris. The concentration of other species can be expressed as functions of these four
variables based on equilibrium relations. Under the experiment condition that [His]t = 2 mM,
[Ni]t = 1 mM, [Cu]r = 20 mM, and [BisTris]r = 100 mM, the concentration of all species at the
start and the end of the metal exchange experiment are calculated using the fsolve routine in

MATLAB, and the results are shown in Table C-4.

Table C-4. Concentration of major species before and after the metal exchange experiments. Unit: mM.

Species Start End
BisTris 80.0 80.3
BisTrisCu 20.0 18.7
His2Ni 9.86 x 107! -
HisNi 1.10x 1072 ' --
His2Cu -- 7.04 x 107!
HisCu - 5.79 x 107!
BisTrisNi - 9.88 x 107

Note that the calculation shown above neglects the influences of water and CI™ ions that might

participate into the formation of complexes of Ni'' and Cu" with the ligands.
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At a constant pH of 7.0, the maximum concentration of free Cu*" is only ca. 23 uM, calculated
from the solubility product constant® of Cu(OH)2. This solubility limit is obviously too low to
drive the metal exchange process. Therefore, the presence of the buffering agent Bis-Tris is
necessary not only for maintaining a constant pH environment but also for supplying a sufficient
amount of Cu®* through complexation. Nonetheless, since the equilibrium constant of Bis-Tris-
copper complexes is smaller than the one of histidine-copper complexes, metal exchange still takes

place under this condition.

6) Derivation of the time-dependent absorbance of solution mixture in metal exchange

experiment

Based on the calculation results listed in Table S4, the key reaction steps are hypothesized to be

(1) His,Ni—* > HisNi + His ; (14)
(2) HisNi—% 5 His+Ni; (15)
(3) BisTrisCu—% > BisTris + Cu; (16)
(4) BisTris + Ni—* > BisTrisNi; (17)
(5) Cu +His—% 5 CuHis; (18)
(6) HisCu + HisCu:z:HischhLCu . (19)

The depletion rate for the bis-histidine-nickel complexes is given by

d[His,Ni]

— —k, [His,Ni], (20)
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and the solution is
[His,Ni] = [His,Ni], exp(—k¢)- 21)

The mass balance for the histidine groups by eq 10 is then simplified based on the following
rationales. First, the concentrations of HisH and HisHz are negligible under the experimental
condition. Second, in the presence of large excess of Cu?" and Ni?*, the free histidine ligand can
be treated as an active specie. By applying pseudo steady-state approximation (PSSA) on His, it
is reasoned that the concentration of His remains nearly constant and fairly low (on the order of
puM), which can be neglected compared to other major species (in the mM range). Third, PSSA is
also applied to HisNi based on similar reasons. Equilibrium calculation informs that the
concentration of HisNi is in the pM range, and it is neglected as well. These arguments together

give a simplified mass balance for the histidine:

[His], = 2[His,Ni]+ [HisCu]+ 2[His,Cu] ~ 2[His,Ni], . (22)
Substitute eq 21 into eq 22 yields

[HisCu] +2[His,Cu] ~ 2[His,Ni] [ 1—-exp(—k¢) ]. (23)
Since HisCu and His2Cu are in equilibrium,

[His,Cu] =[HisCu][His]X,, 24

where K2 = 10> given in Table S2. By combining eqs 23 and 24, the concentrations of HisCu

and His2Cu can be obtained:

2

HisCu|=————
[HisCu] = 5% sy

[His,Ni], [ 1-exp(~kt)], (25)
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and

2K, [His]

[His,Cu] = T+ 2K [fis] [His,Ni], [ 1-exp(~kt)]- (26)

From the mass balance of Cu (eq 12), the concentration of BisTrisCu at a given time ¢ is
[BisTrisCu] = [BisTrisCu], — [HisCu]-[His,Cu]. (27)

Based on the results shown in Tables C-1 and C-4, Ni complexes have negligible contribution to
the total absorbance of the solution mixture due to their much lower concentrations and order-of-
magnitude smaller molar extinction coefficients. Therefore, the absorbance of the mixture at the

wavelength of 598 nm as a function of time can be calculated as:

A = gy, b[HisCu] + &, o, b[His,Cu]+ &£5,4,0,0 [ BisTrisCu] , (28)
where the Beer-Lambert law is used and 4 is the path length (1 cm).
Combining eqs 25-28 gives,

bﬁ[HiszNi]o [1-exp(~kr)]+

A = (gHisCu - gBisTﬁsCu) 1 + 2K
2

2K,[His] [ .
(EHiSZCu - gBisTrisCu) W[HI%NI]O |:1 - exp(_klt):l + (29)

EpistrscyD [ BisTrisCu]

Eq 29 provides the basis for using metal exchange experiments to extract the dissociation rate of
the His2Ni complexes under the specified experimental condition. Note that the product K>[His]
is of order one and cannot be eliminated. However, based on the PSSA on His, K>[His] can be

treated as a constant throughout the experiment. Therefore, the total absorbance of the mixture

has the following function form,
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A=C, - C,exp(—kt). (30)

In eq 30, C1 and C: are two fitting parameters (constants), and k1 is the dissociation rate of interest.
However, noticeable deviation from the exponential function is observed, and similar phenomenon

8

has been reported in experiments on other metal-ligand complexes” 8, Therefore, the time-

dependent mixture absorbance is fit to a stretched exponential function instead to better describe

the experimental data.

sl
A=C,-C,exp —(—J J (31)
T

where £ is the stretched exponent ranging from 0 to 1. The dissociation time is assigned to be

first-moment average:

052

7) Notes on the modified two-state model

The following modified two-state model is used to describe the concentration changes of dye-

labeled stickers in the forced Rayleigh scattering experiment:

2
% = DS a_C;S - kon'CS + koffCA
ot Ox (33)
oc, .. ¥C, . . ’
WZDA axz +kon C’S _koffCA
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where Cs and Ca are the concentration of the free stickers and the bounded stickers, Ds and Da are
the corresponding diffusivities, kon* and kofr are the rate constants for the apparent association and
dissociation reactions, respectively. In the limit when y = Da/Ds is vanishingly small, the time

constants predicted by the modified two-state model are given as:

2

; (34)
(k:n +kg+ qus)l J(k;n + ko + qus )2 - 4koffq2DS

7,7, =

where q is the reciprocal variable to the grating spacing d, i.e., g = 2a/d. The solutions are obtained
via a Fourier transform method, as described elsewhere®. The following discussion will only focus

on the large time constant 71, which can be reliably extracted from experiments.

Using perturbation analysis, it can be shown that the asymptotic solution for 71 in the large length

scale limit (&# — o) is

2
47°D, K,

35
k,d? (Keq+1)2 G

T

<

= K _+1)|1+
4r’ D, )

€q

Therefore, the value of the Keq only slightly changes the curvature transitioning from the pure
dissociation-controlled regime to the pure diffusion-controlled regime (the second term in the

square bracket).

When Keq >> 1, the equation above becomes,

& an*p,) d*(K,+1)
v (K +1)| 1+ ——2 |~ s 36
i 47r2DS( « )( k;ndz] 47D, )

where the effective/apparent diffusion coefficient for the stickers is Dsefr = Ds/(1+Keq).

In the small length scale limit (& — 0),
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(37)

which allows the dissociation rate/time to be obtained.

8) Estimation of the equilibrium constant K.q and the fraction of dangling stickers f

The diffusion coefficient of non-associative fluorescein molecules in gels is estimated from the

Mackie—-Meares model:

a0)_(1-¢]’ .

D, I+¢

2 571 at ambient

where Do is the viscosity in pure aqueous solution, approximately 4.0 x 1071 m
temperature,'® and ¢ is the polymer volume fraction (calculated based on the density of PDMA
polymers 1.30 x 103 kg m™). The values of Ds in gels are shown in Table S5, and a 10% relative

error is given to account for the uncertainty.

The equilibrium constant Keq defined in the modified two-state model is calculated as

K = (39)
DS,eff

where Dsfr is the effective diffusivity for the dye-labeled small-molecule stickers in the gels.

Since the apparent association rate is defined as kon” = konCF,eq, the equilibrium constant Keq can be
related to the junction binding constant Keq;j through Keq = KeqjCFeq. Therefore, the fraction of

dangling stickers f'is calculated as
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C K
f=0=—9 (40)
Ctotal KquCtotaI

where Chotal is the total concentration of stickers in the gels. The value of Keqj was estimated to be

10°2* from Fullenkamp et al.?

Table C-5. Summary of estimated parameters: the diffusion coefficient of non-associative fluorescein

molecules in gels Ds, the equilibrium constant Keq, and the fraction of dangling stickers f.

Gel conc. (%) ¢ 10'9% Dg [m?s7] 1072 x K 102 x f
10 0.0714 3.0+ 0.3 2.5+0.5 3.3+0.7
20 0.133 23+£02 42+0.7 3.0+£0.5

9) Estimation of diffusivity ratio y

The diffusivity Dseir gives the upper bound for Da, the diffusivity of the polymer-conjugated
associative junctions defined in the modified two-state model. Therefore, the diffusivity ratio can

be estimated,

D, Dy  21x107 1
Dy DK, 1.7 K

eq

y = ~107, (41)

where Keq is assumed to be on the order of 100 based on previous calculation.
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Additional NMR Spectra
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Figure C-9. 'H NMR spectrum of 2 in CDCl; (300 MHz).
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Appendix D: Supporting Information for Chapter 7

Calculation Details

1) The protein volume fraction in the hydrogel (p) is calculated based on the following

assumptions:

e The density of protein p is 1.3 g cm™.!

e The volume of the hydrogel is the sum of the solvent volume and the protein volume.

2) Averaged molecular weight (MW) and molecular weight distribution (MWD)

The weight fraction of each species is estimated using densitometry analysis. Due to the
resolution limitation of SDS-PAGE, the high molecular weight species cannot be well separated.
Therefore, only weight fractions (from three different SDS-PAGESs) of unimer to heptamer are
used in the calculation. By using the MATLAB built-in Isqcurvefit algorithm, the MWD is fit to

2

the theoretical Jacobson-Stockmayer distribution.” Briefly, assuming that the molecular size

distribution for the chain fraction of the same form as the distribution in the ring-free case, namely,

the Flory-Schulz distribution, the number of #-mer linear chains in the mixture is

C = Ax"

n

where 4 is a normalization constant and x is the fraction of reacted endgroups in the chain

fraction.
The number of n-mer rings in the mixture is assumed to be
_ n -5/2
R, = Bx"n

where B is a constant.
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Therefore, the weight fraction of n-mer, including chains and rings, is

Y = n(Cn+Rn) E"x txn anx" +x"'n>"?

n Z”(Cn+Rn) +an 32 (l_ ) +an

The fitting parameters are a (the ratio of A to B) and x. Their values from nonlinear regression
are 0.574 £ 0.378, and 0.610 £ 0.089, respectively. By using the values of a and x, other

quantities can be calculated as follows.

The number and weight fractions of rings in the system is

. ZR _ an —5/2
i C, +R
Z( ) i- x)+2xn

an -3/2
+Zx n?

ZnR

w, = =

’ Zn(C +R))
(1—

The fraction of reacted functional groups in the system is
p=x+(1-x)w,

The number and weight average degrees of polymerization of the chain fraction are

The number and weight average degrees of polymerization of the ring fraction are

DR s
S TS
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The number and weight average degrees of polymerization of the system are

X,=nX, +(1-n)X,, X,=wX, +(1-w)X,
The values above are listed in Table S1. The error bars in the calculation represent the 95 %
confidence interval of the fitting parameter, calculated based on built-in nlparci algorithm.

Table S1. Summary of the average degrees of polymerization and molecular weights calculated from the

Jacobson-Stockmayer theory.

Chain fraction Ring fraction Total
X, 2.57+0.58 1.17 £ 0.04 1.96 + 0.40
M, (kDa) 162.4 + 36.6 73.9+25 123.9+25.3
X, 4,13+ 1.17 1.42 +£0.13 3.43+£0.95
M, (kDa) 261.0+ 739 89.7+ 8.2 216.8 £ 60.0

3) Stress-strain curve and toughness in tensile experiments

The stress-strain curve is obtained from the force-displacement relation. The engineering
stress is calculated using the initial cross sectional area 2 mm X 4 mm in the dog bone. The
engineering strain is calculated using the 8 mm as the initial length for approximation. We choose
this value instead of the 10 mm gauge length accounting for non-uniform deformation within the
specimen. Use of a video extensometer at early deformation enabled accurate calculation of the
strain field in the specimen. It was verified that the calculated strain based on 8 mm initial length
was within the range of the strain values calculated from video extensometer. True stress and

strain are calculated via the following relations:
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& =In(l+&;)
o, =o,(l+¢g,)
where €, is the engineering strain, &, is the true strain, o}, is the engineering stress and o is the

true stress.

The toughness of topologically entangled gels is calculated as the area under the engineering
stress-strain curve. Three independent experiments were performed and the error bars reported in

the text are the standard deviation of the measurement.
4) Entanglement molecular weight in gels
The entanglement molecular weight is calculated as’

A = A PPRT

5 G

€

where R is the universal constant 8.314 J K'! mol, T is the absolute temperature, G, is the

entanglement plateau modulus. Three independent experiments for hydrogel o-Cys-P4-Cys at 15
(w/v)% were performed and the error bars reported in the text are standard deviation of the
measurement. This relative standard deviation is used for estimating the error bars for the

entanglement plateau modulus at 17.5 (w/v)% and 20 (w/v)%.
5) The number of elastically effective chains after chain extension

For protein Cys-P4-Cys (monomer) in the reduced state, there are 3 elastically effective
chains per molecule. The theoretical maximum number of elastically effective chains per protein

monomer for a linear n-mer extended protein is given by 4 - 1/n, whereas it is a constant of 4 for
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all the looping species. The theoretical molecular weight distributions of the linear and ring
molecules are calculated from the Jacobson-Stockmayer theory mentioned previously. Therefore,

the total number of elastically effective chains per monomer is

n

n

VTN R) TG HR) T B(GHR) ‘(lix)%nn_sn

_(4-1n)C, 4R, _,. >C,/n _4 2 ”

aln(1-x)

ax + ann-m

(1-x)

Substituting the numerical values from the fit gives v = 3.68.

6) The fraction of elastically effective chains in the protein hydrogel

. G, (expt) G, (expt)
‘TG, (theo)  ORT

where v is the molar density of elastically effective chains. For P4, v = 3¢, ¢ being the protein
molar concentration in the unit of mol m™; for 0-Cys-Ps-Cys, v = 3.68¢c. As aresult, the theoretical

prediction of the increase in the fraction of elastically effective chains should be 1.23.
7) The entanglement volume fraction (ge)

The sticky reptation theory* predicts that the entanglement volume fraction follows the

equation

~ (i\/e_o 3v-1
@, N
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where Neo is the number of monomers between entanglements in a melt, NV is the degree of

polymerization of the polymer, and v is the Flory exponent.

After chain extension, the total number of monomers in the polymer is
N=2.57x714=1835

A good solvent quality is assumed, giving the Flory exponent v as 0.588.

Due to the difficulty of obtaining the entanglement segment length in a melt for a protein, Neo is

estimated to be 100, bounded between 37~40 (for flexible PEO) to 128~130 (for rigid PS). >

Thus the entanglement volume fraction is estimated as

3v-1 3x0.588-1
¢e = (_&j = (ﬂ = 0_1083
N 1835

From linear rheology, the entanglement effect is observed in gels at concentration 15 (w/v)% and
above. Therefore the entanglement volume fraction should be somewhere between 0.0877 and

0.1034. The prediction from sticky reptation is close to the experimental result.
8) Estimation of overlap concentration of strands between stickers

The overlap concentration between stickers, namely the Cio domain, can be estimated using

the radius of gyration (measured by quasi-elastic light scattering from Shen et al.)®

-3
oo 3M 3x7870.17x 10 =25.0( kg)=25(21_z‘%_j

= 4;;'NARZ, = 47 % 6.023%10% ><(5x 10°° )3 m’ mL

which gives the overlap volume fraction
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o =S =2 _0019
p 1300

An alternative is to use the result given by the sticky Rouse and sticky reptation to estimate the

overlap volume fraction
¢ - N1—3V — 901—3x04588 — 0032

where N, is the number of monomers in the Cio domain. The two results calculated above are

close to each other.

Considering the fact that the C10 domain only takes up ca. 62% of the total molecular weight of
Cys-Ps-Cys, the corrected overlap volume fraction of Cio becomes 0.031 ~ 0.052. All the

hydrogels investigated here are above the overlap concentration of the Cio domain. At low

concentrations, with @, <@ <g, , the protein dynamics can be modeled by the sticky Rouse theory.
Once the protein volume fraction exceeds ¢, , the dynamics should be explained by sticky

reptation. At all concentrations, the strands between stickers are below the entanglement
molecular weight. In experiments, no entanglement signature was observed when PCioP gels are
prepared at high concentration, even up to 30 (w/w)%, corresponding to a protein volume fraction
of 0.248.7 Therefore, in the entangled state, the chain extended hydrogels are in the regime

o, <p<g, and @, <@<g@, according to the sticky reptation theory.
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Supplemental Figures

230 kDa s (a) (b)
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Figure D-1. SDS-PAGE showing the purity of proteins (a) Cys-P4-Cys and (b) Ps. The proteins run on the
gel with an apparent molecular weight equal to approximately twice the true molecular weight. The weak
binding affinity to the Cjo domains results in reduced effective charge and electrophoretic mobility, an

effect which has been previously observed for structurally similar proteins. ®
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Figure D-2. The entanglement plateau modulus is oxidatively-responsive. (A) Adding TCEP to a chain
extended protein hydrogel can eliminate the chain entanglement effect. A five-fold excess TCEP was added
to reduce the as-formed disulfide. The drop in the high frequency plateau is believed to come from the pH
change.” (B) Upon mixing with 0.5 uL 30 wt% hydrogen peroxide, the entanglement feature is recovered.
(C) Hydrogel o0-Cys-P4-Cys processed by another oxidation method: DTT (5% excess) was used to reduce
the disulfide, and the hydrogel was then mechanically mixed periodically before loading on the rheometer.
Again the drop in high frequency plateau is possibly due to the pH environment change, while the

entanglement plateau remains unaffected.
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Figure D-3. Circular dichroism (CD) experiment showing that the secondary structure of the coiled-coils
remains unchanged among proteins. The CD data is analyzed using the CONTINLL algorithm (providing
good estimates of the a-helices content in the protein) in the CDPro package with a basis set of 43 soluble
and 13 membrane proteins.'” "' Estimated a-helices contents in P4, 0-Cys-P4-Cys (oxidized, chain extended

Cys-P4-Cys) and r-Cys-Ps-Cys (reduced Cys-P4-Cys) are 67.0 %, 74.0 % and 65.9%, respectively.

{unit: mm)

Figure D-4. (A) An engineering drawing of the dog bone dimension; (B) A photograph of the dog bone

cutter.
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Figure D-5. Frequency sweeps of hydrogel 0-Cys-P4-Cys as a function of temperature (at 15, 25 and 35

°C, some at 45 °C) at different concentrations (A) 10.0, (B) 12.5, (C) 15.0, (D) 17.5 and (E) 20.0 (w/v)%).
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Figure D-6. Frequency sweeps of hydrogel P4 as a function of temperature (at 15, 25 and 35 °C) at

different concentrations (A) 10.0, (B) 12.5, (C) 15.0, (D) 17.5 and (E) 20.0 (w/v)%).
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Figure D-7. Stress-Strain curve of hydrogel 0-Cys-P4-Cys under tensile loading with a shortened

relaxation period of 1 min. (A) Engineering stress-strain; and (B) True stress-strain.
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Appendix E: Supporting Information for Chapter 8

Calculation details
1) Estimation of the theoretical fraction of PNIPAM associated with chain-extended proteins

Assuming BCD is all attached to the proteins, the concentration of BCD in the chain-extended

protein hydrogel can be calculated as

200 (mg)
n 63000 (g/mol)

V' 1000 + 2%9 (ul)

= 2.75(mM)

And 1 eq. of adamantane functionalized PNIPAM is used to mix with the chain-extended proteins.

The association constant can be expressed as

C l 1—x
[Complex] _ _ =5 x 10* (M)

Ke = TcOPNIPAM —Ad) ~ o2

where x is the fraction of the unassociated BCD and adamantane. The positive root to the equation
gives the physical fraction of free BCD and adamantane, that is, 0.082. Therefore, about 91.8% of

the PNIPAM is expected to participate in associations with proteins.

The calculation above assumes that the chemical modification does not result in great changes in
association constant, which has been shown in literature.l> Even if the association constant
decreases by an order of magnitude, the complexation remains to be strong and more than 76% of

the BCD and adamantane participate into the formation of inclusion complex (see Figure E-7).

2) Calculation of the gel points using the Carothers Equation and the Flory-Stockmayer

theory.
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From the Carothers equation:

Assuming the molar fraction of triene 6 in the total alkenes is a, the average functionality of the

reaction mixture is

_1x2+(1—a)x2+ax3_4+a
avg 1+(1-a)+a 2

Thus the gel point is calculated to be

2 4
favg 4+a

Pc

From the Flory-Stockmayer theory:

The gel point p. approaching the limit X, — oo is predicted to be

1
[(Foa = )(Fiws = D]

Pc =

where f,, 4 and f,, p are the weight average functionalities of groups A (thiols) and B (alkenes).

In the branching reactions,

fw,A =2

_22(1-a)+3%a _4+5a
fwp = 20—-a)+3a  2+a

The gel point is

1/2

_ 1 _ 1 =(2+a)
Pc [(fwA _1)(fw3 _ 1)]1/2 (4+5a— 1)1/2 2+ 4a
' ' 2+ a

The results are plotted in Figure E-8.
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Supplementary Figures

Scheme E-1. Hydrolysis of maleimide during the chain extension reaction via thiol-

dibromomaleimide coupling.
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Figure E-1. (A) Inversion test showing the entangled hydrogel remains to be in the gel phase after
holding at 100 °C for 1 min. (B) Representative temperature sweep of entangled protein hydrogels
at 20% (w/v) concentration, measured at | rad/s and 1% strain. Both of the tests show that no sol-

gel transition is observed in the experiment temperature window in the entangled hydrogel.
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“ m < monomer

Figure E-2. Lane |: SDS-PAGE of proteins after reduction by TCEP. More than 99% of the
proteins are in monomeric state determined from densitometry. Lane 2: SDS-PAGE of thiol-ene

chain extension with the presence of TCEP. Only a low degree of chain extension is reached.

500x10°

400

300

J.[Pa]

200

Figure E-3. Comparison of recoverable compliances in entangled hydrogels. SS: disulfide; TM1:
thiol-maleimide with la; TM2: thiol-maleimide with 1b; TBM: thiol-dibromomaleimide; TE:

thiol-ene.
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Figure E-4. GPC trace of PNIPAM-Ad. The number average molecular weight M» = 7.8k and

dispersity D = 1.05.

1400 rrrryrrrrprrrrrrrr e rrr i rrr e r e e
[ calc. 6861.7 7 Q s s :
1200 [ found 6859.8 0%{” I‘n\n’ =1
" [Ms7 + KJ* xos g
:51000_— -
S i
= 8oof
(/2]
=
Qo
= 600
400
|
200 PRSI ST T DT UNE ST AT NN ST T NN U TN (N U WA T TN (Y N TN S SN SN ST NN WY W NN UNT U UNN SN NN U U NN
5000 6000 7000 8000 9000
m/z

Figure E-5. MALDI-TOF spectrum of PNIPAM-Ad confirming the endgroup structure after

polymerization.
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Figure E-6. "H-NMR spectrum of PNIPAM-Ad confirm the presence of the endgroup post

polymerization.
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Figure E-7. Effect of Ka on the concentration of associating f-CD and adamantane.
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Figure E-8. The theoretical gel points from the Carothers and Flory-Stockmayer theories versus

fraction of trifunctional crosslinker 6.
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Figure E-9. Frequency spectra G” vs. o at different triene compositions.
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Figure E-10. The relaxation times of the coiled-coil domain in branched protein hydrogels at
different triene compositions. The coiled-coil relaxation time is estimated as the inverse of the

frequency where G” reach its maximum in the high-frequency regime, namely, 1c = 2nt/m.
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