Nanoscale force sensors

to study supramolecular systems

E. Hande CINGIL



Thesis committee

Promotor
Prof. Dr Martien A. Cohen Stuart
Emeritus professor of Physical Chemistry and Colloid Science

Wageningen University

Co-promotor
Dr Joris H.B. Sprakel
Assistant professor, Physical Chemistry and Soft Matter

Wageningen University

Other members

Prof. Dr Aldrik H. Velders, Wageningen University

Prof. Dr A.M. Brouwer, University of Amsterdam, the Netherlands

Dr Alexander J.C. Kiihne, DWI-Liebniz Institute for Interactive Materials, Aachen
University, Germany

Prof. Dr Rint P. Sijbesma, Eindhoven University of Technology, the Netherlands

This research was conducted under the auspices of the Graduate School VLAG (Advanced
studies in Food Technology, Agrobiotechnology, Nutrition and Health Sciences).



Nanoscale force sensors

to study supramolecular systems

E. HANDE CINGIL

Thesis
submitted in fulfillment of the requirements for the degree of doctor
at Wageningen University
by the authority of the Rector Magnificus
Prof. Dr A.P.]. Mol],
in the presence of the
Thesis Committee appointed by the Academic Board
to be defended in public

on Tuesday 26 April 2016

at4 p.m. in the Aula.



E. Hande CINGIL
Nanoscale Force Sensors to Study Supramolecular Systems

136 pages.

PhD thesis, Wageningen University, Wageningen, NL (2016)

With references and summary in English

ISBN: 978-94-6257-697-1



“I'm not leaving a spiritual legacy of dogmas, unchangeable petrified directives. My spiritual legacy
is science and reason... What I wanted to and what I tried to achieve for the Turkish nation is quite
evident. If those people who wish to follow me after I'm gone take the ‘reason’ and ‘science’ as their

guides they will be my true spiritual heirs.”

“Ben, manevi miras olarak hi¢ bir ayet, hicbir dogma, hicbir donmus ve kaliplasmig kural
birakmyorum. Benim manevi mirasim ilim ve akildir... Benim Tiirk milleti icin yapmak istediklerim
ve basarmaya calistiklarim ortadadir. Benden sonra beni benimsemek isteyenler, bu temel eksen

iizerinde akil ve ilmin rehberligini kabul ederlerse, manevi mirascilarim olurlar.”

Mustafa Kemal ATATURK (1933)
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Introduction



Chapter 1

1.1 Supramolecular Systems

Supramolecular systems are solutions, suspensions or solids, ‘beyond” classical molecular
systems, where cohesion is provided through noncovalent forces.!l Classical molecular
chemistry deals with making and breaking of covalent bonds, often to develop higher-
order and complex molecular structures. By contrast, supramolecular chemistry concerns
itself with weak bonds, formed by physical and non-covalent interactions. It is these weak
and dynamic bonds that drive molecular self-assembly in nature, leading to high-precision
formation of complex ordered structures. Supramolecular chemistry aims to bring this ap-
proach to the realm of synthetic materials. Compared to molecular chemistry, which has
been developing since the synthesis of urea in 1828, supramolecular chemistry is a relative-
ly young field of study which gained popularity since the Nobel Prize in Chemistry was
awarded to researchers in the field in 1987.[1 Standing at the crossroads of biology, chemis-
try and physics, it has received considerable interest from various scientific fields in a short

period of time.

One of the main advantages of supramolecular chemistry to classical approaches is that the
formation of noncovalent interactions can occur spontaneously and does not require com-
plex organic synthesis. When the conditions are pre-adjusted, mixing the pre-arranged
components in the appropriate stoichiometry and conditions, lead to ordered materials at
thermodynamic equilibrium.[?! This spontaneous process is known as self-assembly and oc-
curs in atomic, molecular and colloidal systems like, for example, in protein folding, the
formation of bilayers from lipids and the spontaneous ordering of rod-like molecules into
liquid crystals.[¥l By contrast, self-organization is an analogous process of structure for-
mation from smaller building blocks in which continuous energy input is required. It relies
on dissipation of energy to drive the system away from thermodynamic equilibrium.[4l Dis-
sipative self-organization is the basis for many of natures’ functions such as adaptation,
evolution of intelligent behavior and replication. More specifically, it can be observed for
example during mitosis of the cell, in signaling pathways for protein aggregation, when
cells organize into tissues and organs, bacteria into colonies as well as higher organisms in-

to transient structures such as bird swarms or schools of fish.[3-4l
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Even though understanding dynamic self-assembly is crucial to unravel and mimic many
processes occurring in nature, the challenge cannot be easily addressed as it involves many
dynamic interactions which are difficult to capture.’l Moreover, the complexity of these
systems, especially the biological ones, stems from the multitude of possible interaction
routes which may cooperatively, noncooperatively or competitively generate a complex
manifold of interaction pathways.[?] Thus, advances in understanding self-assembly and co-

assembly derive mostly from studies done on static systems.

Self-assembly requires mobility of the pre-arranged components; driven by thermal fluctu-
ations, a fluid environment or smooth surface is required to allow components to come to-
gether and form supramolecular bonds. The building blocks for this process carry the in-
formation which later determines the type of interaction that will take place in the system
and ultimately the structure it will create.l’] Due to their reversible character, being broken
and reformed at some characteristic rate by thermal activation, supramolecular materials,
once formed, do not require high energy input to disassemble and reassemble.l?! This re-
sults in their high receptivity to environmental perturbations and the spontaneous anneal-
ing of structural defects. This allows us to manipulate the state of the environment to
change the interactions between components. Similarly, templates or boundaries can be

employed to increase the level of control of the structures to be formed.

Noncovalent intermolecular interactions, such as electrostatic, van der Waals, hydrophobic
or -1 interactions and hydrogen and coordination bonds, are individually weak and dy-
namic, often insufficient to stabilize a molecular complex against rapid dissociation.[? 7]
However, when several of them act cooperatively, their combined bond strength can reach

levels comparable to those of covalent bonds (100 -400 k] mol-) (Table 1).[8]

Supramolecular interactions and forces can be considered as ‘specific’ when there is coop-
erativity and directionality between interacting components.l] Strong non-covalent bonds
such as ionic and hydrogen bonds fall under this category (Table 1). One frequently en-
counters descriptions such as ‘complementary” and ‘recognition” interactions referring to
‘specific’ noncovalent interactions.ll The remaining interactions are considered as ‘non-

specific’, and occur between various different types of atoms, molecules and surfaces.
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Table 1. Strength of noncovalent intermolecular interactions.

Type of interaction or bonding | Strength (kJ mol)
van der Waals <2

Coulomb 5-100

hydrogen bonding 4-25

ion - dipole 20-80

dipole - dipole 2-20

cation - 1 2-30

-1 0-20

metal ligand 0-160
hydrophobic -

Van der Waals interactions: The most abundant non-specific noncovalent interaction is Van

der Waals forces, a term which covers various dispersion forces arising from the electric di-
pole character of molecules. Keesom and Debye forces arise between two permanent di-
poles, and between a permanent dipole and an induced dipole, respectively; they are con-
sidered as types of van der Waals forces. Additionally, there is the London dispersion force
that acts between two fluctuating dipoles. The strength of these non-directional central van

der Waals forces depends only on the distance between molecules.

Electrostatic interactions, on the other hand, occur only among charged species or surfaces.

This force can either be attractive or repulsive, depending on the sign of the charges on the
interacting parties. The interaction between two charges in a vacuum follows the Cou-
lomb’s Law, (F = g1+q2 (the magnitude of charges of each atom)/ r? (distance between the
charges)): the force is inversely proportional to the square of the distance between the
charged groups. In aqueous solutions, electrostatic interactions are significantly more com-
plex. This is due to the presence of hydration water and additional ions which screen the
electrostatic interactions and lead to exponential decay of the interaction energy with sepa-
ration distance.l>101 Moreover, as attractive electrostatic bonds form between oppositely
charged species, counter-ions can be released into the aqueous solution which provides an
entropic contribution to the strength of electrostatic bonds. Finally, these ionic bonds, when
formed between a pair of oppositely charged macroions such as polyelectrolytes, tend to

cause rearrangements or conformational changes of flexible molecules or surfaces to align

4
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themselves in such a way that collectively all the bonds can be attractive. This combination
of factors can lead to very strong binding and a moderate degree of directionality. Howev-
er, due to the strong dependency of the bond strength on the ionic strength of the medium,
these charge interactions are highly tunable and often employed in nature to create dynam-

ic structures such as the DNA-histone complex in the cellular nucleus.

Hydrogen bonding, which is maybe the most important noncovalent interaction found in bio-

logical systems, arises between a hydrogen atom and two strongly electronegative atoms;
where one of them is the “H-bond donor” and the other is the “H-bond acceptor”.[11l The
donor and acceptor character can be tuned by changing the acidity and basicity of the sys-
tem. The strength of hydrogen bonds is usually weaker than covalent bonds but stronger
than van der Waals interactions, and tends to vary in different solvents.® 12] If one of the
components involved in a hydrogen bond has ionic character, the bond strength will be
even stronger.[’3] Hydrogen bonds are very critical secondary interactions for the construc-
tion of supramolecular assemblies due to their high selectivity and directionality.!¥] Hydro-
gen bonds are formed in natural dyes and pigments, organic semiconductors and in bio-
materials (Figure 1.1). They are responsible for keeping the base pairs together in double
stranded (ds) -DNA, and to stabilize protein secondary structures, like a-helices and g-
sheets. In these systems, hydrogen bonds are highly specific and directional between amine
proton donors (-NH2 or-NH) and carbonyl group (=O) acceptors.['4l Hydrogen bonds in
polysaccharides such as cellulose and chitin occur between ~-OH groups.'4 Obviously, hy-
drogen bonds are one of the key components in self-assembly and self-organization of
complex supramolecular systems. They also contribute to the semiconducting character of
DNA, 5] melaninl’®l and natural indigo pigment[!7l. Hydrogen bonds are also utilized to
construct highly ordered supramolecular polymers from m-conjugated monomeric building

blocks.[18]

7 - 7 stacking is a crucial secondary interaction which plays a role in the self-assembly of m-
conjugated materials.[8] This is an attractive force between two aromatic rings. The strength
of this noncovalent interaction varies significantly from one system to another and is sub-
ject to an ongoing debate in the scientific community.['°] The stacking of aromatic molecules

in water is often also driven by nonspecific hydrophobic interactions.l¢l i1 - interactions are
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also found in biological systems, often mediated by aromatic amino acids such as trypto-
phan or tyrosine, and play a crucial role in protein-ligand interactions for example during

transmission of neural signals.
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Figure 1.1 Examples of hydrogen-bonding in biomaterials and organic semiconductors with sche-
matic illustrations of directionality of hydrogen bonding in DNA building blocks, in dyes and pig-

ments. Adapted from ref 14 with permission of The Royal Society of Chemistry.

The above mentioned non-covalent interactions play their pivotal and complex role to con-
struct supramolecular systems such as virus-like particles,[20-23] micelles,[?4! fibers,[25-2] hy-
drogels,[27-29] nanoparticles,?0] liquid crystals,[3! m-conjugated polymers[®l and many morel7l.
The high level of complexity in such systems does not make it easier for the scientist to con-
trol and elucidate the mechanisms of co- and self-assembly of natural as well as synthetic
materials. Nevertheless, supramolecular chemistry progresses in various directions and
opens new perspectives in materials science to create new smart materials. There is already
substantial progress in biomedical applications, regenerative medicine and tissue engineer-
ing, where diagnostics, sensors, gene and drug delivery benefit from self-assembled nano-

materials.[’]



Introduction

In this thesis, we explore two optical methods to gain new, in-depth understanding of the
dynamics and mechanics during supramolecular assembly at the nanoscale: (i) superposi-

tion microrheology and (ii) molecular mechanosensing.

1.2 Microrheology with Optical Microscopy

Soft materials which consist of polymers, colloids, amphiphilic molecules, biomaterials or
any other type of supramolecular structures are almost never purely solid or liquid. Rather,
virtually all soft matter is viscoelastic.[32l When exposed to mechanical stress, they exhibit
viscous as well as elastic behavior depending on time, extent of deformation and even the
direction of the applied stress. One example of this is cytoplasm: at long timescales or low
frequencies it flows as a viscous fluid, while at short timescales or high frequencies it shows
elastic behavior.[33] Passive microrheology (multiple particle tracking microrheology) is a
method, first introduced in 1995,34 to measure the viscoelastic properties of these highly
complex soft materials, by analyzing the motion of embedded colloids (beads) driven pure-
ly by thermal motion and without any external force applied. Submicron sized beads (< 1
pum) suspended in a viscous liquid such as water are affected by two types of forces (when
inertial forces are neglected): a random force caused by collisions with solvent molecules,
giving the particle a kinetic energy equal to the thermal energy ksT, and the counteracting
frictional and elastic forces dictated by the viscoelastic properties of the medium.[*¥ This
results in random displacements of the particles within the medium whose specific features
can be used to deduce the medium properties. This random walk of the beads is known as

Brownian motion, which is described for simple liquids by Einstein’s diffusion equation:
MSD = (4r3(z)) = (|#(t + ©) — #(t)|?) = 2dDz (1.1)

Here r is the bead position, 1 is the correlation lag time, d the dimensionality of the system
and D the diffusion coefficient of the bead. The brackets ( ) indicate an average over all
beads and starting times, ¢. For two-dimensional diffusion, as we consider here, the prefac-
tor 2d = 4. The diffusion coefficient of a bead in a liquid can be derived from the Stokes-

Einstein relationship as

D =kgT/é& and ¢& =6mma (1.2)



Chapter 1

where ¢ is the friction coefficient of the bead in the liquid, 7 is the viscosity of the liquid and
«a is radius of the bead. Hence, the viscosity of the fluid can be obtained from MSDs collect-

ed via multiple particle tracking:

_2kgT _ T (1.3)
"= 3na = re(o)

Multiple particle tracking microrheology requires video recordings of thermally driven
random motion of beads suspended in the liquid by an optical microscopy equipped with
high speed camera over significantly long times. To obtain adequate statistics, trajectories
of many beads (>100) need to be tracked and analyzed to obtain good quality ensemble-

averaged MSD ({ 472 (7) )).

The MSDs of beads in an elastic solid exhibit a time-independent plateau with amplitude
that indicates the extent to which the bead, driven by thermal energy, is able to deform its
elastic surroundings. However, most soft materials are viscoelastic and their rheological
response depends on time (or frequency). Microrheology allows determining those fre-
quency-dependent mechanical properties such as elastic or viscous modulus of the medium
of interest from the MSD obtained by using the generalized Stokes-Einstein Relation

(GSER):

kgT (1.4)

(A7%(s)) = —1)

here A7%(s) is the Laplace transform of Ar?(7) as a function of Laplace frequency s and G(s)
is the frequency-dependent shear modulus. If the medium is homogenous at the length
scale of the bead radius «, then the Fourier transformed GSER can be used to obtain the
complex shear modulus G*(w) , a conventional bulk rheological property, with this rela-

tion:
G'(w) = G'(w)+iG"(w) (1.5)

where the storage modulus G’ characterizes the elastic contribution to the material behavior
and the loss modulus G” the contribution due to dissipative, viscous stresses. Even though

MSDs obtained from microrheology measurements can be utilized to get bulk (average)
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properties by using the given equations above, microrheology is a unique tool to investi-
gate local viscoelastic properties, which cannot be determined by conventional rheology.
Variation in local viscoelastic properties can reveal heterogeneities in the system; studying
those heterogeneities is especially important for biological systems such as cells.[3>l Moreo-
ver, microrheology enables probing of important characteristics in other soft materials, such
as polymeric solutions and networks, at the micrometer length scale and below; this ena-
bles the study of properties at length scales otherwise unreachable in the range of inter-

chain separation or mesh size for gels.[%]

However, despite the versatility of this technique, forces at the molecular scale remain out
of reach due to the resolution of 5-10 nm in determining the position of the tracer particles.
Unveiling forces at the smallest relevant scale in supramolecular systems requires a differ-

ent approach.

1.3. Conjugated Polymers as Force Sensors

Conjugated polymers or intrinsically (semi)conducting polymers are, as described in the
Nobel Lecture by Alan J. Heeger, “materials which exhibit the electrical and optical proper-
ties of metals or semiconductors and which retain the attractive mechanical properties and
processing advantages of polymers”.1%¢] Since their discovery [37-3] in 1976 by a group of re-
searchers under supervision of Alan G. MacDiarmid, Alan J. Heeger and Hideki Shirakawa
in University of Pennsylvania, they attracted attention from scientific and industrial com-

munities in various fields due to their unique combination of properties.

The electronic configuration of conjugated polymers differs from conventional (saturated)
polymers. Conventional polymers have all the valence electrons of carbon atoms in the
backbone engaged in sigma orbitals. By contrast, conjugated polymers have one unpaired
electron (m-electron) for each carbon atom (Figure 1.2). The n-bonding, in which consecu-
tive carbon orbitals in sp?p. configuration overlap along the backbone, results in electronic

delocalization.[36]

This characteristic delocalized electronic structure of the polymer backbone brings unique

optoelectronic properties to conjugated polymers and makes them attractive materials for a
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variety of applications in organic (opto-) electronics such as in LEDs, displays, memories

and solar cells.[39-40]

e O A0, K=

n
polyacetylene poly-p-phenylene  poly-p-phenylenevinylene poly-p-phenyleneethynylene

H

polythiophene  polythienylenevinylene polypyrrole polyfiucrene

Figure 1.2. Chemical structures of several conjugated polymers. Reproduced with permission from

ref 8. Copyright 2005 American Chemical Society.

Conjugated polymers can also be used as sensitive sensorsi*l]; the underlying mechanism
which makes conjugated polymers such versatile building blocks for sensor applications is
that any change occurring at a site along the conjugated backbone, e.g. due to environmen-
tal changes or analyte binding, affects the optoelectronic properties of the entire polymer
because electrons can travel significant distances along the conjugated backbone.*2l The
typical conjugation length along which electronic delocalization occurs can be from several
to tens of nanometers. The optoelectronic response to such changes can easily be probed in
the fluorescence spectra of the polymer as an enhancement or quenching in photolumines-
cence intensity or a distinct wavelength shift. While such a optoelectronic response can be
pronounced in the luminescence spectra, often absorption spectra remain relatively unaf-
fected as they do not exhibit such a sensitivity to low degrees of analyte binding. The rea-
son for this is that in conjugated polymers only a small number of repeat units, up to the
effective chain conjugation length, determine the optical band gap; extending the chain be-
yond this specific number of repeat units has no further effect. For example for dihexyl-
substituted polyfluorenes, no further changes in luminescence are observed when the chain
extends beyond 6 monomeric units.[*3] Due to this signal amplification of a binding event
makes conjugated polymers more sensitive than most small-molecule fluorophores, which
give only single chromophore response. This is especially important for biosensor applica-

tions where the analyte of interest exists in low concentrations.

10
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Conjugated polymers without further functionalization are mostly insoluble in polar sol-
vents due to their highly hydrophobic and rigid aromatic backbone. To overcome this solu-
bility limitation, various functional groups can be attached to the conjugated backbone. To
enable their application in biological or biologically-relevant aqueous systems, most com-
monly charged moieties are introduced, such as carboxylate, phosphonate, sulfonate or
quaternary ammonium moieties. These pendant substituents with ionic functionality can
make conjugated polymers water-soluble under appropriate conditions of pH and ionic
strength. Conjugated polymers with water-solubilizing ionic groups are known as conju-
gated polyelectrolytes (CPEs). CPEs uniquely combine the properties of having delocalized
conjugated backbone, with being water-soluble and able to interact with multivalent ions or
oppositely charged (biological) molecules via electrostatic interactions. These powerful
functionalities of CPEs open many possibilities for emerging technologies not only in bio-

sensingl* but also in imaging*®! and in electronics6-47],

In addition to these above mentioned properties, which make CPEs desirable as sensor ma-
terials, several types of CPEs also exhibit variable chromism, which is the sensitivity of op-
toelectronic properties to chain conformation and vibrational degrees of freedom. Polydi-
acetylene (PDA) is one of the mostly studied chromic CPE; its backbone conformation is
very sensitive to environmental perturbations such as pH, temperature, solvent, mechanical
force and analyte binding. Environmental triggers induce backbone twisting, which direct-
ly affects the optical response. PDA goes through a chromic transition from non-fluorescent
to fluorescent, and a colorimetric change from blue to red (Figure 1.3).48 PDAs in the form
of liposomes, vesicles and wires have been used for colorimetric detection of ions, glucose,
DNA and bacteria such as E. coli or influenza virus.[*>50 Similarly, upon analyte binding,
polythiophenes (PTs) go through a conformational change from a random-coil nonplanar
conformation which emits yellow, to a planarized extended conformation with red emis-
sion. This coupling between the emission color of a dye (macro) molecule and a mechani-
cally-induced change in conformation is known as mechanochromism and can be utilized
to quantify forces or force-induced conformation changes. Simultaneously, analyte binding
can induce a transition from isolated single objects to an aggregated state, which can be ob-

served by strong fluorescence quenching in conjunction with the color change.

11
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Figure 1.3 Schematic representation of pathways to obtain polydiacetylene vesicles from 10,12-
pentacosadiynoic acid (PCDA) which in aqueous solution self assembles into diacetylene vesicles
that can be polymerized by UV irradiation (A). The structure of PDA and its typical fluorescent and

colorimetric response to any trigger (B). Adapted from ref 48 with permission of The Royal Society

of Chemistry.

Thus, PTs function as sensors for their own conformation, for example the conjugated
backbone of polythiophene acetic acid stretches and planarizes upon binding to amyloid
fibrils (orange solution), whereas nonplanarization and chain separation occurs upon bind-
ing to native bovine insulin (yellow solution).l!l Cationic PT derivatives exhibit the same
mechanochromic response upon complexing with structurally similar diamines, 52l adeno-

sine triphosphate, 3] as well as ss- and ds-oligonucleotides[>4-51.

Multicolor sensing can also be achieved by tailoring the conjugated backbone of CPEs with
donor-acceptor units. The delocalized conjugated backbone of CPEs can exhibit intrachain
and interchain exciton migration pathways.[>! The main energy transfer mechanism in di-
lute, well-dissolved systems, where energy transfer between molecules is suppressed, is via
intrachain exciton migration that happens along the isolated polymer chain as a one-
dimensional random walk.[57-58] However, in concentrated systems where polymers aggre-
gate, due to solvent evaporation, analyte binding and etc., isolated polymer chains come in

close proximity, which allows Forster (fluorescence) resonance energy transfer (FRET) via

12
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interchain exciton migration. This more efficient energy transfer pathway is a three-
dimensional random walk over multiple conjugated chains.57-%1 FRET occurs when there
are donor-acceptor units within close proximity (2 - 10 nanometers).l®0] The mechanism of

FRET is described in the highly schematic illustration below (Figure 1.4).

Donor
— Acceptor
— Donor excitation
— Energy
— Transfer
S  —] > S, N\N\N\f Internal conversion
Donor non-radiative
N BN BN process
N SN EE— P N — — +
——— e Acceptor excitation
e e f— —— — via Resonance
— RN E——
—— — fcceptor emission
S,
Resonance

Figure 1.4 Schematic diagram of Forster Resonance Energy Transfer (FRET)

While the excited donor returns back to the ground state (So), by first relaxing to the lowest
excited singlet state (S1) as a natural outcome of Kasha's rule, the energy being released
simultaneously excites the acceptor group via non-radiative transfer (resonance). If the
emission spectrum of a donor group overlaps with the absorption spectrum of the acceptor,
energy transfer becomes more efficient. CPEs that contain FRET donor-acceptor pairs uti-
lize the intermolecular energy transfer and act as multicolor sensors for interpolyelectrolyte
complexation. The polycationic poly (fluorene-alt-phenylene) which contains a small frac-
tion of benzothiadiazole (BT) units as acceptor domain in its conjugated backbone emits
blue fluorescence in its native, well-dissolved state. Aggregation of conjugated chains upon
complexing with polyanionic DNA enhances the interchain energy transfer from the fluo-
rene segments (donor) to the low-energy emissive BT sites (acceptor) (Figure 1.5). As a re-
sult, the complex emits green fluorescence. By using this and similar CPEs, and utilizing the
multicolor response from blue to green or red, researchers detected [61-621 and quantified [62-

03] dsDNA and differentiated heparin from its structural analogue hyaluronic acid [64.

13
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Figure 1.5 Isolated chains of a polycationic poly(fluorene-alt-phenylene) with BT substitution emit
blue light in the absence of DNA (A). The change in emission color upon addition of dsDNA via
FRET (B). Reproduced with permission from ref 63. Copyright 2006 Wiley-VCH Verlag Gmbh & Co.
KGaA.

A similarly designed polyanionic polyfluorene derivative with BT constituents in the con-
jugated backbone has been shown to exhibit multicolor responses from blue to yellow,
green and dark (no emission) in the presence of lysozyme, bovine serum albumin (BSA)

and cytochrome c, respectively (Figure 1.6).[6]

\\—)jw/ 1- x% x%)

>
Oy~ \L 0

ONa ONa

P2-BT, x=17.5, 15,30

wmy
P2-BT30 P2-BT30 P2-BT30 P2-BT30
-Lysozyme +Cytc +BSA

Figure 1.6 The structure of polyanionic polyfluorene with BT substitution (left). Multicolor response
of P2-BT3 to lysozyme, cyt ¢ and BSA add imaged in quartz cuvettes under UV excitation (A = 365
nm) (right). Adapted with permission from Ref 65. Copyright 2008 American Chemical Society.

Another CPE, anthryl-doped polyanionic poly (p-phenylene ethynylene) selectively detects
natural amines such as spermine, spermidine, as well as small molecule analytes such as

neomycin with a change in emission color from blue to green.[8l

14
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Special Focus: Polyfluorene

Polyfluorenes (PFs) are the simplest step-ladder type polyphenylenes. They are intrinsically
blue-light emitting conjugated polymers; however they can be tuned to emit light through-
out the entire visible spectrum via chromophore incorporation in the main chain or substi-
tutions of side chains in the 9,9-position of the fluorene unit.l%¢l Due to their high quantum
efficiency in the solid state, excellent chemical and thermal stability, as well as color tuna-
bility, PFs are the primary blue-light source for polymer-based light-emitting device appli-

cations.[67-68]

Well-structured polyfluorene derivatives can be synthesized via transition-metal catalyzed
couplings such as palladium-catalyzed aryl-aryl cross couplings of aryldiboronic acids and
dihaloaryls in Suzuki couplings; or distannylaryls and dihaloaryls in Stille couplings. For
higher molecular weight and precise end-group functionality one would typically employ
nickel-catalyzed aryl-aryl couplings of dihaloaryls (Yamamoto coupling). It is essential to
use very pure monomers and oxygen-depleted reaction conditions to achieve defect-free

polyfluorene derivatives.

PFs have complex photophysical properties which strongly depend on the morphology of
their conjugated chains.[°] In solution under dilute conditions, PFs display an absorption
maximum at 380 nm which is independent from the alkyl chain substitution. Their photo-
luminescence (PL) exhibits well-resolved vibronic bands attributed to 0-0, 0-1 and 0-2 vi-
bronic transitions with the 0-0 transition band at ~315 nm. Alkyl-substituted PFs go
through a conformational change from regular amorphous state to a state called f-phasel?l;
this happens upon thermal quenching in poor solvent conditions,[’?-73] in aligned thin
films,[74 during particle formation[”] and through physical confinement in ionogels[7®l. This
mostly solid state-attributed conformation exhibits an extendedl’”l and planarized conju-
gated backbone conformation, which leads to a bathochromic shift and well-resolved vi-
bronic progression in its absorption and fluorescence spectrum.[’* 781 While p-phase for-
mation of polyfluorene backbone is widely reported for linear alkyl (most favorably octyl-)
chain-substituted PFs, it is fully suppressed in the presence of branched alkyl chain substi-

tuted ones. The underlying mechanism is attributed to the Van der Waals bonding force
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between appropriate alkyl chains that overcomes the steric hindrance of the conjugated

backbone and causes it to planarize.[”3!

1.4 Outline of the thesis

In this thesis, we employ two distinct methods to monitor the dynamics of supramolecular
assemblies at the nanoscale (i) multiple particle tracking microrheology and (if) conjugated

polymer mechanosensors.

Chapter 2 discusses the use of multiple particle tracking microrheology to study the melt-
ing and gelation dynamics of a thermoreversible collagen-inspired recombinant polypep-
tide in the form of a triblock copolymer gel former. Upon cooling, the end blocks assemble
into short triple-helices and form an elastic network. To investigate the transition from a
viscous liquid to a gel and back from a gel to a viscous liquid, we apply time-cure superpo-
sition to one-point microrheology data. Since this method sensitively probes changes in
mechanical properties at the critical transition regimes, it provides information on the gel-
and melting point, the critical relaxation exponent and the dynamic scaling exponents. This
allows a direct comparison of the melting and gelation pathways and dynamics, which oc-

cur in the same system.

Chapter 3 reports on the novel use of mechanochromic polymers to sense supramolecular
assembly. We describe a water-soluble anionic polyfluorene homopolymer which under-
goes a conformational change upon electrostatic complexation with a recombinant cationic-
neutral polypeptide diblock inspired by natural protein capsid formers. Since the structure
of the conjugated backbone and the optoelectronic properties of the polyfluorene are direct-
ly related, any conformational alterations result in changes of the vibronic bands which are
monitored by fluorescence spectroscopy. When the protein encapsulates the polymer in a
bottle-brush structure, steric hindrance between the proteins in the brush induce mechani-
cal stress on the conjugated backbone which then transforms into a planarized and
stretched conformation. By utilizing this stretching response, we show that the conjugated
polymer is not only a mechanosensor for its own conformational change but can also enable
quantitative detection of low degrees of protein binding as well as the reverse (capsid disin-

tegration).
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In Chapter 4, we investigate the functionality of same mechanosensor by electrostatic com-
plexation with a synthetic cationic-neutral diblock copolymer which forms micelles in
aqueous conditions. In this charge-driven co-assembly, planarization of the conjugated
backbone is again observed, at low charge stoichiometries. However, as charge compensa-
tion is approached, the vibronic bands of the homopolymer signal a possible molecular ag-
gregation with a loss of spectral features. To probe how the transition beyond this point
from single molecule complexes to multimolecular micelles occurs, we introduce a new
conjugated polymer which is tailored specifically to probe chain proximity, in addition to
possessing all properties of the previous polymer. Integrating a donor-acceptor unit within
the polyfluorene backbone improves interchain electron migration between optical partners
provided the chains come into close proximity. When the conditions are met, the fluores-
cence emission of the polymer not only shifts but also generates a new low energy emission
band of the acceptor unit which can easily be seen as a different color under UV illumina-
tion. By using this mechanochromic sensor we probe backbone planarization and stretching
at low charge ratios and condensed, multimolecular micelle formation around charge stoi-
chiometry. This multifunctional mechanochromic conjugated polymer sensor allows detec-
tion of analyte binding as well as release; it monitors its own conformational alteration by
sensing the mechanical stress from the environment and probes chain proximity which in-

dicates accumulations during supramolecular structure formations.

The last experimental chapter of this thesis, Chapter 5, explores the potential use of these
previously introduced mechanosensors to monitor the highly cooperative, templated self-
assembly of a complex recombinant coat protein. This recombinant protein differs from the
previously studied minimal design coat protein in Chapter 3 by having an additional poly-
peptide block which is responsible of lateral self-assembly by stacking into a characteristic
p-roll conformation. Since this is a dynamic self-assembling system we monitor the complex
formation by measuring the evolution of the fluorescence emission spectrum in time. The
spectral changes observed for planarized conformation of polyfluorene appear again, due
to the self-assembly of the coat protein along the conjugated backbone. This allows us to
study the dynamics of this supramolecular system in the course of self-assembly. Our
mechanosensors also shed light on the previously hypothesized but not yet experimentally

proven possibility that there is competition between the templated self-assembly (which
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happens on the backbone of the mechanosensors) and non-templated self-assembly (which

happens in solution).

Finally, in the General Discussion (Chapter 6), we review the outcomes of this thesis with a

special focus on mechanochromism of polyfluorene. We will discuss the factors which in-

fluence p-phase formation in polyfluorene, as well as a potential use of mechanochromic

sensors in more complex thermoresponsive protein systems, supported by preliminary ex-

perimental data. We will conclude with prospects for future research, followed by a Sum-

mary of the thesis.
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CHAPTER 2

Equivalent pathways in melting and gela-

tion of well-defined biopolymer networks

We use multiple particle tracking microrheology to study the melting and gelation behav-
iour of well-defined collagen-inspired designer biopolymers expressed by the transgenic
yeast P. Pastoris. The system consists of a hydrophilic random coil-like middle block and
collagen-like end blocks. Upon cooling, the end blocks assemble into well-defined transient
nodes with exclusively three-fold functionality. We apply the method of time-cure super-
position of the mean-square displacement of tracer beads embedded in the biopolymer ma-
trix to study the kinetics and thermodynamics of approaching the gel point from both the
liquid and the solid side. The melting point, gel point and critical relaxation exponents are
determined from the shift factors of the mean-square displacement and we discuss the use
of dynamic scaling exponents to correctly determine the critical transition. Critical relaxa-
tion exponents obtained for different concentrations in both systems are compared with the
currently existing dynamic models in literature. In our study, we find that, while the time
scales of gelation and melting are different by orders of magnitude, and show inverse de-

pendence on concentration, that the pathways followed are completely equivalent.

This chapter is published as

Hande E. Cingil, Wolf H. Rombouts, Jasper van der Gucht, Martien A. Cohen Stuart, and Joris
Sprakel. Biomacromolecules, 2015, 16 (1), 304-310, DOI: 10.1021/BM5015014.



Chapter 2

2.1 Introduction

Multiple particle tracking microrheology is an ideal method to determine the mechanical
properties of soft biomaterials due to its highly sensitive, non-invasive nature while requir-
ing only very small sample volumes of less than 10 uL. The technique is particularly advan-
tageous for studying sol-gel transitions where moduli changes rapidly with time, because
within short acquisition times it can obtain dynamic mechanical information spanning sev-
eral decades in frequency. Passive microrheology, introduced(! in 1995, has been applied to
the characterization of many biomaterial systems especially to identify the sol-gel transition

and gelation kinetics of peptides,[24l proteins and DNA solutions.[57]

Time-cure superposition was first applied by Larsen and Furstl8] to microrheological data
as a new analysis method for investigating the transition from a viscous liquid to a gel, both
in chemically cross-linked gels and physical peptide hydrogels, 18 years after having been
first introduced.P] This analysis provides information on the gel point, the critical relaxation
exponent and dynamic scaling exponents. The method of time-cure superposition relies on
the fact that a growing network in which cross-links are formed in time approaches a criti-
cal percolation point at where characteristic length and time scales diverge. On approach-
ing this critical point, the size of polymer clusters, and associated relaxation times exhibit
self-similarity. As the method sensitively probes changes in mechanical properties around
the critical point, it is believed to be ideal to shed light on the universal properties of perco-
lating systems. Following the work of Larsen and Furst, time cure superposition has been
applied successfully to different systems such as fibrillar protein gels,[19-11] covalently cross-
linked hydrogelsl1?13] and peptides,['4] as well as the reverse percolation of a hydrogel.[’%]
Surprisingly however the approach has never been applied to a thermoreversible gel sys-

tem.

The principal goal of the present work is to study the dynamics of a thermoreversible gel
system, that not only undergoes a sol-gel transition (gelation), but also the reverse transi-
tion from a gel to a viscous liquid (melting) upon heating and to compare these two path-
ways. As our system of choice, we select a well-defined collagen-inspired polypeptidell¢]
for which the thermodynamics and kinetics of crosslink formation is very well defined and

known in detail.l!61] On this system, we apply time-cure superposition analysis, using
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multiple particle tracking one-point microrheology data. The selected system is a polymer
of 400 amino acids, with a triblock structure having a random coil central block, with a ra-
dius of gyration (Rg) of 10-11 nm radius, which acts as a hydrophilic spacer and prevents
bundling or further assembly of triple helices such that mesh sizes do not exceed the Ry of
the biopolymer; and short (2-3 nm) triple-helix forming (Pro-Gly-Pro)s repeat units at either
end. These end blocks are responsible for the thermoreversible crosslinks formed by the
system. Upon cooling they assemble into junctions with a multiplicity of exactly three. This
well-studied biopolymer offers an ideal system to test the use of time-cure superposition
analysis on a thermoreversible gel network system. In this context, we also intend to criti-
cally test and compare various methods to determine the critical point and the numerical

values of exponents.

2.2 Experimental Section

Materials Carboxyl latex microspheres with diameter 0.4 pm are used as tracer particles in
each passive microrheology experiment (Molecular Probes by Life Technologies). Prior to
use, particles are diluted to a final weight to volume fraction of 0.12 % and sonicated to

break up any agglomerates.

Triblock Copolymer TR4T Thermoreversible physical polymer gels are prepared from a
collagen-inspired polypeptide (TR4T) which consists of a random coil central block, capped
with a short triple-helix forming sequence at either end. Central block has same amino acid
composition as collagen but different sequence, to prevent the higher-order structure of col-
lagen leading to large length scales. A fed-batch fermentation of a transgenic Pishia pastoris
strain expressing the TR4T (~42 kDa) is carried out in a 3-1 Bioflo 3000 reactor (New
Brunswick Scientific) at 30 °C and pH 3 as reported previously.[1¢l The purification process
of the protein from the cell-free broth is also performed as described before.l10] Sodium do-
decyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is performed using the Nu-
PAGE Novex system (Invitrogen, Carlsbad, CA). Matrix-assisted laser desorp-
tion/ionization time of flight (MALDI-TOF) mass spectrometry is carried out in an Ultra-

flex mass spectrometer (Bruker, Billerica, MA).
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Sample Preparation Five different concentrations of triblock copolymer TR4T are prepared,
ranging from 0.9 mM up to 1.3 mM, in mixtures of 45 vol% 10mM phosphate buffer
(pH=7) and 55 vol% D:0, chosen to match the density of the tracer particles to minimize
sedimentation. The protein solution is prepared by dissolving it at 50 °C for 30 mins. Tracer
particles are introduced into the system at a final weight to volume fraction of 0.12% and
mixed with the protein solution by vortexing. Immediately after preparation, samples are
loaded into microscope chambers made of a microscope slide and coverslips attached with
UV-curable epoxy (Norland). To eliminate water evaporation, the two open ends of the mi-

croscope chamber are hermetically sealed with the same UV-curable epoxy.

Multiple particle tracking microrheology Each sample is imaged using optical microscopy
in bright-field mode with a 100x oil immersion objective. The thermal motion of more than
100 beads in each image are captured by using a high speed camera (Phantom V9.1, Vision
Research) in 2400 consecutive frames recorded at 100 Hz. Images are collected in 2-3 mins
intervals during several hours, spanning the entire melting or gelation process. The tem-
perature of the system is controlled with an Instec TSAQO2i temperature control stage
mounted on the microscope, with 0.01 °C accuracy. The trajectories of the beads are deter-
mined with standard particle tracking algorithms implemented in MATLAB.[20] The cen-
troid positions of tracked beads are determined, with a measured accuracy of 11 nm, in
each consecutive frame to generate individual 2D trajectories, from which the ensemble-

averaged mean-squared displacement (MSD) is computed as
(ar2@) = (|7 + 1) - 7 |?) 1)

2.3. Results and Discussion

2.3.1 Mean-Squared Displacements

Using time-resolved multiple particle tracking, we follow the gelation and melting process
of the biopolymer TR4T at 1.0 mM concentration on the microscopic scale, as shown in the
ensemble-averaged mean-squared displacements (MSD) in Figure 2.1. Note that here we

only show a fraction of all MSDs we obtained, for clarity.
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We start by quenching the system from a molten state at 45 °C to 23 °C, where the system
will gradually form a gel. The rapid drop in temperature initiates the formation of physical
nodes in the biopolymer solution due to self-assembly of the end-blocks of TR4T into triple
helices, which can be followed from the time-progression of the MSDs as shown in Figure
2.1A. The uppermost curve displays purely diffusive behavior, with a linear dependence of
mean-square displacement on time. As time progresses after the quench, the MSD begins to
exhibit subdiffusive behavior (MSD~ t% a < 1) at short lag times; this is indicative of the
formation of an, initially weak, viscoelastic material. The dashed line indicates the crosso-
ver from diffusive behavior into subdiffusive and eventually elastic behavior at long lag
times. As the formation of trimeric nodes continues to evolve within the system, MSDs
begin to exhibit plateaus. These plateaus in the mean-squared displacement indicate the

emergence of an elastic modulus in the system.
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Figure 2.1 Mean-squared displacements of carboxyl polystyrene microspheres with diameter 0.4
pm, embedded in 1.0 mM TR4T is plotted versus lag time (7). Individual curves corresponds to
MSDs of particles obtained at discrete times (A) after gelation is initiated by quenching the tempera-
ture of the system from a molten state 45 °C to 23 °C, (B) after melting is triggered by rapidly in-
creasing the temperature of a gel equilibrated at 23 °C to 45 °C. Dashed lines indicate the critical
transition point which corresponds to gel point in (A) and melting point in (B). For clarity, not all

collected MSDs are plotted.
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Ultimately, at sufficiently long lag times, these nodes will relax with a node relaxation time
of the order of 3000-4000 seconds,[?!] which is well outside of the temporal range we explore
here. As gelation progresses, the elastic modulus of the system increases; at some point the
modulus becomes so high that the motion of the particles is restricted to very small dis-
placements which cannot be detected with our particle tracking algorithm. From the gener-
alized Stokes-Einstein relation[?? and our particle tracking accuracy of 11 nm, we estimate
an upper limit of the elastic modulus we can probe of approximately 10 Pa. Hence, by us-
ing this method we can only accurately probe the near-critical stage of the gelling system.
However, due to the thermoreversible, triple-helix forming nature of end blocks, we can do
this not only for gelation but also for melting. By rapidly increasing the temperature of the
gel that is equilibrated at 23 °C to 45 °C, nodes start to dissociate and the gel melts into a
liquid state, as illustrated by the MSDs in Figure 2.1B. Here we observe qualitatively the
same phenomena as for gelation, but in reverse order: the initial elastic response gradually
transforms into subdiffusive, and eventually into diffusive behaviour. Clearly, biopolymer
TR4T indeed features a fully thermoreversible mechanism; the melting process follows

qualitatively the same trends as gelation.

2.3.2 The method: Time-cure superposition

The time-cure superposition method[! relies on the fact that a polymer system in which
crosslinks are formed in time approaches a critical percolation point in which length and
time scales diverge. It has been proposed that in the neighbourhood of this critical point,

the size of polymer clusters, and associated relaxation times, exhibit self-similarity.

Furthermore, the method assumes that the distance to the critical point, ¢, expressed in
these experiments as a time ¢, is equivalent to the classical expression in terms of the con-

nectivity p:
e=|p—pcl/pc =t —tcl/tc 21)

To explore this approach, we shift the MSD curves obtained at discrete times during the
course of the process by multiplying the horizontal and vertical axis with shift factors a and
b, respectively, so as to construct a master curve of the mean-square displacements, 8] in di-

rect analogy to time-temperature superposition in conventional rheological measurements.
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The time shift factor, a, corresponds to the scaling of the longest relaxation time in the gel-
ling system, while the MSD shift factor, b, corresponds to changes in the steady-state creep
compliance. As noted previously,[!4 static and dynamic errors that inherently arise in parti-
cle tracking analysis may affect the accuracy of MSD data at short lag times, resulting in
misleading scaling of the shift factors. Therefore, data obtained around lag times (7) ~1s
and above are selected from each MSD curves (representing a discrete time), and used to
construct the master curves. Collecting sufficient data close to the critical regime is im-
portant to get acceptable statistics and a clear, reliable picture of the gelation kinetics; how-
ever, we are limited here by the video recording capacity. To overcome the limitations, we
choose the shortest time interval compatible with the recording capacity, which is 2-3 mins.
The time-cure superposition method has been successfully applied earlierl® 10. 14 to deter-
mine the critical gel point in several systems. We noted while attempting the re-shifting for
our system that some degree of ambiguity existed in choosing the shift factors to construct
the master curves for both regimes. This may be troublesome because the shift factors,
which are manually assigned to obtain the best superposition, are later used to determine
the critical gel point or melting point, and the distance from the critical point e. Moreover,
they influence the results found for the dynamic scaling exponents, y and z, that in the crit-
ical region are expected to exhibit power-law behavior: a~¢” and b~¢?, and eventually the
critical relaxation exponent, n, from the relationn = z/y. In the following we therefore de-
scribe in detail our approach to obtaining superposition for our experimental system and

our attempt to extract the gel times as accurately as possible.

One possible criterion to distinguish between the liquid and gel regimes, may be to take the
logarithmic slope a = d[log(Ar?(z))] / d [log 7] of the master curve for the liquid regime
between unity and a value in the range 0.55 < a < 0.60, and to assign MSD curves which
have lower values of logarithmic slope than 0.55, to the second master curve, associated
with the gel regime.[8] Also here, some ambiguity in precisely determining the gel point re-

mains.

In the original paper by Larsen and Furst, 8l which first described the approach we apply to
the thermoreversible gels in this paper, the dynamic scaling exponents, y and z, are extract-

ed separately for liquid and gel regimes. From these dynamic scaling exponents, y and z,
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the critical relaxation exponent (n = z/y) can then be determined. From their pioneering
work, the critical relaxation exponents were found to be either consistent with Rouse dy-
namics of fractal polymers (n = 2/3) for hydrogels of stiff peptide fibers, while significant
deviations were observed for gels of flexible polyacrylamide [8] (n = 0.45). It has also been
proposed[, 4] that the critical gel point can be determined by assuming, a priori, a value for
the critical exponent of 0.60 and adjusting the superposition shift factors until this value is
met; as we do not know what critical exponent to expect for the system we investigate here,

this approach is not applicable.

In an alternative method, proposed by Corrigan and Donald[1), the shift factors obtained
for pre-gel and post-gel are combined and the power-law relationship of shift factors with ¢
is simplified as a~e&¥, b~&? so to b~a?’Y. Thus, from the shift factors alone, without
knowledge of the exact gel point, the critical relaxation exponent can be determined, how-
ever, to determine dynamic scaling exponents y and z separately, the gel/melt point needs
to be known a priori. For the system under study here, in which we do not know the gel
point or critical scaling exponent a priori, we describe below our method to first construct
the master curves and then extract the numerical values for the critical points and expo-

nents.

We include all MSD curves, also the ones that, for clarity reasons, are not plotted in Figure
2.1, into our time-cure superposition analysis. The MSD curves that span the course of gela-
tion should form two master curves, separated by the critical gelation time; we label them
liquid and gel. To determine the critical gelation regime and construct the master curves
accurately, we first plot the logarithmic slope of the MSD curves as a function of experi-
mental time, as shown in Figure 2.2A. For the experimental system we use here, the long-
time relaxation occurs at several hundreds of seconds; on the time scale we probe during
these short "snapshot" microrheology measurements, terminal relaxation does not occur,
and as such we may treat the network, within the experimental frequency range, as non-
transient. We therefore adopt the approach used previously'# to extract a subdiffusive slope
from the final decade in the MSD (t > 1 s) in which short-term (caged) diffusion is negligi-
ble.
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Figure 2.2 Logarithmic slope obtained from each MSD curve (t > 1 s) is plotted as a function of ac-
tual experimental time for gelation (A) and for melting (B). The horizontal dashed lines depicting
the predicted values for critical relaxation exponents from earlier analysis and from the intersection
with x-axis, critical gelation time and melting time are determined. Solid horizontal lines indicate

the limits of theoretical predictions of fractal-like polymer growth.

This relies on the assumption that node relaxation is unimportant at these time scales. The
horizontal solid lines here indicate the limits of theoretical predictions of the critical gel re-
gime 0.50 < a < 0.70 for fractal-like polymer growthl!¥l which we expect for the self-
assembly of filamentous peptide network. While we superpose MSD curves by assigning
horizontal, a, and vertical, b, shift factors, we follow the method of Corrigan and Donald[*0]

and at the same time plot the shift factors, b versus a, in Figure 2.3.
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Figure 2.3 The values of vertical shift factor, b, related to steady-state creep compliance are plotted

with respect to the values of horizontal shift factor, a, related to the longest relaxation time for gela-
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tion (A) and for melting (B). The exponent from the power-law relation, b~a??, is the critical relax-

ation exponent.

The exponent from the power-law relation, b~a?/¥ is the critical relaxation exponent, 7. In
this way, the evolution of the value for the critical relaxation exponent can be followed
while new shift factors are included. This method gives us more control while we assign
the shift factors, thus reducing the ambiguity of the method, and resulting in a consistent
superposition of the mean-square displacements. The value of n we find to be 0.616, can
then be used to accurately determine the critical gel point, for this example at t, = 43 mins,
as indicated by the dashed line in Figure 2.3A. The assigned shift factors are then used to

construct the liquid and gel master curves in Figure 2.4A and 2.4B, respectively.
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Figure 2.4 Master curves constructed by applying time-cure superposition analysis on MSDs ob-

tained before (A) and after (B) the critical gel transition. (C) Horizontal and vertical axis shift factors

a and b respectively plotted as a function of gelation time. Divergence of shift factors identifies the

critical gel time indicated by dashed vertical line.
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The master curve for the liquid clearly reveals a transition from diffusive to subdiffusive
behaviour during the first 42 mins after the quench, with the power-law slope steadily de-
creasing from 1 to 0.64. Around the critical point, the system changes rapidly, which can be
observed in Figure 2.4B as the sudden decrease of logarithmic slope from 0.64 to 0.52 within
3 mins. Subsequent MSD curves that exhibit viscoelastic solid behaviour form the gel mas-
ter curve, which finally reaches a logarithmic slope of almost zero in 140 mins, indicative of
the formation of a solid gel. Figure 2.4C presents the shift factors a, b plotted as a function
of experimental time. The sharp cusp signals the critical point; since the spacing of our data
is 3 mins, we can locate the critical point with a precision of £3 mins. However, by interpo-
lation of the two diverging branches forming the cusp we can get t. more accurately as 43
mins and validate the result of earlier analysis. We follow the same method to construct the
master curves for the melting experiment in Figure 2.5. First, we plot the logarithmic slope
of MSD curves as a function of actual experimental time in Figure 2.2B. Then during the
superposition of MSDs, we also plot the shift factors, b versus a, in Figure 2.3B, and obtain
the critical relaxation exponent for melting experiment as n =0.615. This value of n is used
to extract the critical melting time to be 123.5 mins, as indicated by the dashed line in Figure

2.2B.

The melting data for 1.0 mM TRA4T reveal the same trend, in a reverse manner, as gelation
data of the same system see the gel and liquid master curves in Figure 2.5A and 2.5B, re-
spectively. Within 180 min the master curves show a transition from solid-like to purely
diffusive behavior. Also here we find the typical cusp-like shape, from which the melting
time can be extracted and found to be consistent with the determination from the critical

relaxation exponent (Figure 2.5C).

We note that the time to reach the critical melting point, namely 123.5 mins, is a result of
the chosen experimental protocol, a sudden increase of the temperature from 23 °C to 45 °C;
other quench depths result in different melting times. The critical relaxation exponents ob-
tained for TR4T biopolymer system, for both gelation and melting, n ~ 0.6, are meaningful
for our peptide network as it is within the predicted range for percolation of a flexible pol-

ymer.
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Figure 2.5 Master curves constructed by applying time-cure superposition analysis on MSDs ob-
tained before (A) and after (B) the critical melting transition. Horizontal and vertical axis shift fac-
tors a, and b, respectively, plotted as a function of melting time (C). Divergence of shift factors iden-

tifies the critical melting point indicated by dashed vertical line.

Both gelation and melting in these systems exhibit the same self-similarity close to the melt-
ing point, indicating full thermodynamic reversibility around the gel point. However, the
melting and gelation times exhibit a striking difference in their dependence of polymer
concentration. The self-consistent time-cure superposition, discussed above, is applied to
gelation data for concentrations of 1.0 mM, 1.2 mM and 1.3 mM, as well as to melting data
with two additional concentrations, 0.9 mM and 1.1 mM. All critical melting and gelation
times determined are shown in Figure 2.6. The gelation time drops over the concentration
range 0.9 - 1.3 mM by almost an order of magnitude, whereas the melting time increases
over the same concentration range by less than a factor of 3. This observation supports a

previously reported kinetic modell?!] for melting and gelation of TR4T. This can be under-
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stood by considering the molecular details of gelation versus melting of this biopolymer,

TR4T.
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Figure 2.6 Critical melting and gelation times, determined from the time-cure superposition analy-

sis of 1P-MSDs, are plotted versus the concentration of biopolymer TR4T.

For gelation, as described in detail in a previous study??, individually dispersed nodes need
to meet in pairs of three to form a stable triple helix. Thus, it is required that three chain
ends are in close proximity, and this reaction is known to be between 1st and 34 order ki-
netics.’” This diffusion limited process depends strongly on concentration due to the colli-
sion frequency of the chain ends, scaling as the concentration cubed. For melting, already
existing nodes need to disintegrate and it is 1%t order kinetics. Depending on the quench

depth, this will occur linearly in time during this entire node melting process.

2.3.3 The dynamic scaling exponents: a comparison

Different methods have been applied for obtaining dynamic scaling exponents from time-
cure superposition method as described above. We therefore performed a sensitivity analy-
sis on those methods, using the melting data of 1.0 mM TR4T as an example. First, we de-
termine y and z for two different, but equally plausible values of ¢, where ¢ is the distance
to the critical point, as described by Larsen and Furst.[8] By using the shift factors already
assigned during our analysis, we obtain dynamic scaling exponents for the liquid and gel

regimes and present these in Figure 2.7A and Figure 2.7A*, respectively.
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Figure 2.7 Shift factors, a and b, obtained to construct master curves in Figure 2.5, are plotted ver-
sus the distance from the melting point, ¢, for liquid (A) and gel (A*) regimes. The same MSD curves
are superposed with slightly different shift factors to obtain second set of master curves and those
shift factors are used to plot (B) and (B*). Dynamic scaling exponents, y and z, obtained from the

power-law relation are shown on each plot.

Then we construct a second set of master curves, this time not being guided by the evolu-
tion of critical relaxation exponent, in Figure 2.3, but visually, as is commonly done.[8] We
show the dynamic scaling exponents obtained for the second set of analysis in Figure 2.7B
and 2.7B*. Although the dynamic exponents, y and z, are similar in the liquid state (Figures
7A and B), those for the gel state are significantly different. It is also obvious from the cur-
vature that experimental results do not present a perfect power law. We think of two possi-
ble reasons; ¢ is very sensitive to the exact value of the gel point so small errors in assigning
the gel point can lead to large error in ¢ for its lowest value; or power law dependence is
only expected to be valid close to solid-liquid (or percolation) transition, may not need to
extend entirely into the fully developed system. In this example, the value of n varies be-
tween 0.61 and 0.48 which makes a comparison with theory hardly meaningful. Since there
are some methods rely on the critical gel time to determine the numerical values of expo-
nents, we also checked the change in values of dynamic scaling exponents and critical re-

laxation exponents by slightly varying the possible critical melt times. In this way, we show
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in Table 2.1, how slight variations in critical melt / gel time can change the dynamic scaling
exponents; we find large variations in both z (2.3 to 1.4, and 1.6 to 2.2) and y (3.7 to 2.3 and
2.6 to 3.6). Yet n remains almost the same, 0.607 - 0.616, and consistent with Rouse dynam-
ics.

Table 2.1 Dynamic Scaling Exponents and Critical Relaxation Exponents for 1.0 mM TR4T Obtained

from Power-law Relation with Shift Factors, a and b, at Melting Times Close to the Critical Transi-

tion.

tinerr (mins) Z liquid Y liquid M liquid Z gel Y gel 1 gel

122.5 2.30 3.73 0.616 1.60 2.60 0.611
123 2.20 3.56 0.615 1.73 2.83 0.613
123.5 2.09 3.40 0.615 1.65 2.68 0.615
124.5 1.82 2.97 0.612 1.71 2.78 0.616
125 1.65 2.70 0.611 2.00 3.23 0.616
125.5 1.41 2.33 0.607 2.20 3.56 0.616

2.4 Conclusions

We introduce the use of time-cure superposition analysis on multiple particle tracking mi-
crorheology data of a reversible gel network system. We critically test and compare the al-
ready proposed methods to determine the critical transition points and the numerical val-
ues of exponents from time-cure superposition analysis. We show how slight variations in
shift factors and in possible critical points lead to significant differences in numerical values
of exponents. Eventually, we propose a clear and straightforward approach on first, how to
construct the master curves and then extract the numerical values for the critical points and
exponents. Additionally, we study and compare the dynamics of this reversible system that
undergoes a sol-gel transition (gelation) as well as the reverse transition from a gel to a vis-
cous liquid (melting). MSDs obtained for gelation and melting exhibit the same-self simi-
larity close to the critical point while confirming the fully thermoreversible mechanism of
collagen-inspired polypeptide, TR4T. We determine the critical relaxation exponent of our

filamentous peptide network for both pathways as n ~ 0.60 consistent with those reported
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for Rouse dynamics. The concentration dependence of each pathway exhibit a striking dif-

ference while supporting a previously reported kinetic model, as node formation (gelation)

being a third-order diffusion limited process depends stronger on concentration than node

melting that scales linearly with the polymer concentration.
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CHAPTER 3

Monitoring protein capsid assembly with

conjugated polymer strain sensor

Semiconducting polymers owe their optoelectronic properties to the delocalised electronic
structure along their conjugated backbone. Their spectral features are therefore uniquely
sensitive to the conformation of the polymer, where mechanical stretching of the chain
leads to distinct vibronic shifts. Here we demonstrate how the optomechanical response of
conjugated polyelectrolytes can be used to detect their encapsulation in a protein capsid.
Coating of the sensor polymers by recombinant coat proteins induces their stretching due
to steric hindrance between the proteins. The resulting mechanical planarizations lead to
pronounced shifts in the vibronic spectra, from which the process of capsid formation can
be directly quantified. These results show how the coupling between vibronic states and
mechanical stresses inherent to conjugated polymers can be used to non-invasively meas-

ure strains at the nanoscale.

This chapter is published as

Hande E. Cingil, Ingeborg M. Storm, Yelda Yorulmaz, Diane W. te Brake, Renko de Vries, Martien
A. Cohen Stuart, and Joris Sprakel. ] Am Chem Soc, 2015, 137,9800-9803, DOI: 10.1021 /jacs.5b05914.



Chapter 3

3.1 Introduction

Conjugated polymers derive their unique optoelectronic properties from the characteristic
delocalized electronic structure of the polymer backbone. For well-defined conjugated pol-
ymers, fluorescence spectra exhibit distinct vibronic bands, which are uniquely sensitive to
the backbone conformation. These effects are often employed in the solid state to manipu-
late the band structure and optoelectronic properties of conjugated polymer films.[31 The
transition from amorphous to semi-crystalline order in the p-phase of polyfluorenes, is at-
tributed to the planarization of the backbone that gives rise to distinct vibronic transitions
of the molecule and a red-shifted emission.*! Due to the mechanochromism which is wide-
ly reported also for polydiacetylene,[>7] the conjugated polymer acts as a sensitive optical
sensor for its own conformation.[89 This planarized f-phase of polyfluorenes is typically
found and studied in the solid state.[10-13] In principle, this coupling between induced pla-
narization and vibronic states may also occur when single molecules in solution are forced
into an extended state. This holds the promise of using conjugated chains as molecular
strain sensors to probe how supramolecular assembly triggers conformational changes or to
probe strains in polymer networks at the single-molecule level.['*] One striking example of
how supramolecular assembly can lead to mechanical stresses is the stiffening of polymers
upon their grafting with side chains into so-called bottlebrush structure.l%] This is for ex-
ample encountered when DNA is encapsulated by viral coat proteins in the formation of
rod-like viruses.[’e] As the local concentration of coat proteins increases, lateral interactions
between these individual building blocks increase the effective persistence length of the co-
assembled structure, upon which the DNA template stretches.['”l While binding processes
can be studied directly using FRET,!!8] the changes in the conformation of the macromole-
cules it encapsulates can only be deferred indirectly, and are especially difficult to evaluate

during early stages of capsid formation when stretching is modest.

In this chapter, we show how a water-soluble conjugated polyelectrolyte (CPE) can be used
as a mechanosensor for the conformational changes it undergoes upon encapsulation in a
protein capsid. The electrostatic complexation of a recombinant coat protein with an anion-
ic polyfluorene derivative induces stretching of the template, resulting in distinct vibronic

shifts in the fluorescence spectra of the polymer. Through calibration we demonstrate that
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this single molecule strain sensor shows high sensitivity even for low degrees of protein
binding. Finally, we show how the same probe can be used to quantitatively determine

capsid disintegration upon gradual weakening of the binding energy.

We start from a carboxylated polyfluorene derivative, poly[9,9'-bis(3'-propanoate) fluoren-
2,7-yl] sodium salt (CP1), synthesized by Yamamoto couplingl®! (Figure 3.1A), which is
soluble in water at pH > 7, with My, = 16.7 kg/mol (PDI = 2.4), see Appendix for detailed
information. Similar anionic conjugated polymers have been studied extensively for sensi-

tive detection of multivalent charged species by superquenching.[20-21]

w

. o,

m o)

450 500 550 600
A (nm)

400 450 500 550 600
A (nm)

Figure 3.1 Schematic illustration of the structure of the polyfluorene-based sensor polyelectrolyte
CP1 and the coat protein C4BX12 (A). PL spectra of bare and flexible CP1 (B) and of stretched CP1
after coating with C4BX12(C).

While this approach offers excellent detection thresholds, measurement of quantum effi-
ciency does not provide direct insight into the resulting chain conformation. Rather, we
note that when these polymers are synthesized to be well-defined with few defects, their
photoluminescence (PL) spectra exhibit distinct vibronic bands (Figure 3.1B), which are

highly sensitive to the chain conformation.

To induce stretching of the CP1 we use a neutral-cationic polypeptide diblock C4B¥12 (Fig-
ure 3.1A), which is inspired by natural protein capsid formers and biosynthetically pro-
duced in a recombinant Pichia pastoris host. It is a minimal design for a coat protein com-

posed of two blocks; the weakly-zwitterionic and hydrophilic, stabilizing coil block (Cq)
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consists of 400 amino acids, maintains a random coil structure with a radius of gyration of 7
nm and ensures colloidal stability; and the cationic binding block (BX12) consisting of 12 ly-
sine residues. C4BK12 has previously shown capable of physically attaching to single DNA
molecules forming a stable coat [22l while inducing an effective stiffening of the chain.[15 17,
23] The mixing ratio between CP1 and protein is expressed as the molar ratio of cationic
charges to the total number of charges f+ = [+]/([-] + [+]). For all experiments we work
under dilute conditions of the CP1 (0.6 pM) to avoid intramolecular radiative transfer; un-

less stated otherwise, in absence of added salt, at pH=8.5, at 22 °C.

The bare CP1 in its native and dissolved state exhibits significant chain flexibility that al-
lows out-of-plane rotations of the backbone which reduce its effective conjugation length.
In this scenario we observe three distinct vibronic bands in its fluorescence spectra (Figure
3.1B), with a main band I at 418 nm, and two weaker bands, II and III at 436 and 465 nm,
respectively. These bands correspond to the 0-0, 0-1 and 0-2 vibronic transition within the
Franck-Condon description. In its coated state, after complexation with the coat protein, a
bathochromic shift of ~ 3 nm occurs. More distinctly, we observe distinct changes in the vi-
bronic peaks, where band I is significantly quenched, except for a small shoulder at ~ 415

nm, a shoulder corresponding to the 0-3 transition is discernible around 505 nm.

Upon titrating C4BX12 to CP1 in small increments, we observe a distinct broadening of the
absorption spectra towards lower energies (Figure 3.2A). More pronouncedly, the binding
that ensues triggers a gradual transition from the PL spectrum of the bare CP1 to the fully
coated state (Figure 3.2B). The intensity from the lowest vibronic transition decays smooth-
ly and simultaneously, bands II and III grow in intensity with increasing f+ (inset Figure
3.2B). This characteristic change in the vibronic states is also observed when amorphous
polyfluorene transforms into a planarized state known as the f-phase.* %10 24] In this or-
dered state, observed in the solid state of well-defined alkyl-functionalized polyfluorenes,
intramolecular chain interactions force the polymers to stretch, reducing rotational degrees

of freedom and thereby increasing the effective conjugation length.

This raises the intriguing possibility that the vibronic shifts we observe upon protein bind-
ing are the direct result of the stretching and planarization of the conjugated polyelectrolyte

due to electrostatic complexation with the coat protein.
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Figure 3.2 Absorption spectra for CP1 at different mixing ratios f+ with the diblock protein C;BK12
(A); corresponding normalized PL spectra with inset showing the intensity change of vibronic
bands I, II and III (B); Normalized PL spectra of bare CP1 compared to its complex formed with
poly(lysine) homopolymer at mixing ratio f+ = 0.5 with inset showing the corresponding manxi-

mum peak intensity as a function of mixing ratio, illustrating the superquenching effect (C).

Interestingly, the previously reported effect of superquenching,1718] which detects binding
rather than chain stretching, is also observed here (Figure A3.1); thus, suggesting the possi-
bility that binding and stretching can be detected independently with the same molecular
sensor. To confirm that the observed vibronic shifts are due to stretching of the chain and
not due to the charge compensation itself, we repeat the experiment above with a polyly-
sine homopolymer. This polypeptide binds to the anionic polyfluorene but lacks the stabi-
lizing block which is responsible for the lateral interactions between grafts that lead to an
increase in main-chain persistence length. Upon mixing the anionic polyfluorene with pol-
ylysine a liquid-like coacervate forms, in which chains adopt a largely screened coil-like
conformation.[?] While we observe strong quenching of the PL (inset Figure 3.2C), reported
previously to result from binding,[1718] the characteristic vibronic shifts, which we attribute
to stretching, remain absent (Figure 3.2C). This indeed suggests that vibronic spectroscopy
can be used to sensitively monitor conformational changes in single conjugated chains in
solution. While the sensor polymer exhibits significant polydispersity, the vibronic spectra
are mostly sensitive to local effects at the scale of the conjugation length; since the average
local protein density is independent of CP1 length, polydispersity effects are expected not

to be of major significance.
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We further verify this by determining the structure of the complexes by means of synchro-
tron small-angle x-ray scattering. For dilute solutions of scatterers with typical dimension
R, the Guinier regime, found at small scattering vectors gR < 1, exhibits a power law de-
cay 1(q) x q~%. The exponent « is related to the structure of the scattering objects; a = 0
indicates an isotropic coil-like conformation while & > 0 signals a stretched and anisotropic
conformation.® 261 The bare CP1 exhibits a slope of @ = 0.6, indicating a semi-flexible chain
intermediate between rod and coil, which can be explained by the relatively high Kuhn
length of 7-9 nm,[?”] compared to its contour length of [, = 45 nm (Figure 3.3A). As pro-
tein binds to the polymer, we indeed observe stiffening and stretching of the CP1 chains as
the exponent increases significantly. The fact that a becomes larger than unity indicates the
formation of a ribbon-like structure when the CP, together with its physically grafted pro-
tein side chains, extends and planarizes. This has also been observed for alkyl-

functionalized polyfluorenes during f-phase formation.[28]
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Figure 3.3 Small angle x-ray scattering intensity as a function of wave vector g, the dotted line indi-
cates the limits of the Guinier regime where I(q) x g~%, with the slope a indicated for each mixing
ratio f+ =0 (6 = 0), f+ = 0.17 (c = 0.066), f+ = 0.30 (6 = 0.112), f+ = 0.38 (¢ = 0.146) (A); light
scattering intensity, corrected for dilution, as a function of mixing ratio indicating saturation of
binding at charge compensation f+ ~ 0.5 (B); sensor calibration given as the ratio of peak intensi-

ties r;;/; and 1y, as a function of the estimated grafting density o.

For flexible polymers, such electrostatic interactions would lead to the formation of spheri-
cal objects, driven by coacervate surface tension; however, the intrinsic stiffness of the CP1

causes anisotropic objects. To calibrate the strain sensor, we use light scattering to confirm
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that binding saturates at full charge compensation, seen as a plateau in concentration-
corrected scattering intensity at f+ = 0.5 (Figure 3.3B). From this, assuming tight binding,
we estimate that at f+ = 0.5, on average 8.5 proteins with 12 cationic groups bind to each
CP1 chain which has ~ 100 negative charges. This allows us to construct a calibration curve
of the ratio of vibronic band intensities, r;;;, and r;;;/;, as a function of grafting density o,
which is the number of side grafts per unit length of the backbone (Figure 3.3C). We find a
linear relation between r;;;; and 1y, and grafting density for 0 < 0.14 nm-.. In this re-
gime, we can thus accurately detect and quantify the protein binding on the CP1 backbone
from the stretching it induces. Interestingly, at grafting densities ¢ > 0.14 nm, below the
maximum grafting density 6;,4, = 0.19 nm at full charge compensation, the vibronic sig-
nal saturates (Figure 3.3C). This saturation effect can be explained by considering how
binding of the coat protein induces an effective stiffening of the CP1. The polymeric sensor
is composed of N; =~ 50 statistical segments of dimension a; = 0.9 nm, with a contour
length I, = N;a; = 45 nm. This backbone is decorated with pendant protein grafts, con-
sisting of the C4 block composed of N, = 400 amino acids with dimension a; ~ 0.3 nm.
The grafting density o is related to the number of bound protein grafts ny, as 0 = ng, /
N; as. The presence of the grafted chains provides additional resistance to bending of the
backbone, leading to an effective increase in persistence length 1, ~ N *va,’c? =
Ny*vag*o?ng?/ Ny%ag?, where v is the dimensionless second virial coefficient, which is 0.5
in a good solvent.!? At saturation, 6 = 0.14 nm, the effective persistence length of the
grafted CP1 [, = 42 nm becomes almost equal to the contour length of the sensor polymer.
Saturation of the vibronic shift thus occurs when [, = [ ; binding of additional proteins
beyond this point no longer induces further stretching, which results in a plateau in the ra-
tio of vibronic peak intensities. This indicates that sensitivity and saturation threshold of
the conformation sensors can be tailored in the sensor design by means of, for example, its

degree of polymerization Nj,.

The binding between C4BX12and CP1 is the result of electrostatic interactions. Consequent-
ly, the binding strength should depend sensitively on the ionic strength of the aqueous so-
lution due to screening of the Coulombic interactions between the oppositely charged poly-

electrolytes. The conformational changes upon binding of the protein should be reversible
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upon addition of salt. We start with complexes formed at f+ = 0.2, in absence of added
salt, and gradually titrate the solution with a 5 M NaCl solution. As the ionic strength in-
creases, resulting in weakening of the electrostatic bonds, we observe a reversal of the vi-
bronic shifts reported above; the intensity of the first vibronic peak I increases, while band
II and 1II gradually quench (Figure 3.4A). This trend can be followed in the inset of Figure

3.4A which shows the change in the vibronic signature of CP1 with increasing salt concen-

tration.
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Figure 3.4 Reversibility assay where a pre-assembled electrostatic complex of capsid forming pro-
tein C4BK12 and CP1 is titrated with indifferent electrolyte: the normalized PL spectra with the inset
showing the corresponding change in normalized vibronic band intensities (A); grafting density as

a function of ionic strength is determined from the sensor calibration given above (B).

This confirms that upon addition of salt, binding is gradually suppressed, thereby CP1 re-
turns to its semi-flexible, uncoated state. Using the calibration curve in Figure 3.3C, we also
directly quantify the protein binding density along the polymer backbone as a function of
ionic strength. With increasing salt concentration, the density of bound proteins decreases

linearly (Figure 3.4B); the data suggests that the electrostatic complexes disintegrate com-
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pletely at [NaCl] ~ 1.2 M, which is consistent with the observed dissolution of complexes

between oppositely charged synthetic polymers.[?]

These results highlight how vibronic spectroscopy on simple m-conjugated polyelectrolytes
can be used to directly and non-invasively detect their conformational state in solution. The
coupling of vibrational and electronic states in anionic polyfluorenes, resulting in distinct
vibronic fingerprints, allows sensitive and quantitative detection of how supramolecular
interactions lead to changes in the configuration of a single polymer chain. Combined with
their superquenching ability, this offers a complete tool to study the kinetics of binding and
resulting shape transformations in the supramolecular assemblies. Moreover, we envision
that the intimate connection between the stretching of single chains with spectral response,
as demonstrated here, opens new possibilities to measure local strains in mechanical testing
of bulk materials, such as gels or elastomers, to give molecular insight into the mechanisms

of deformation and failure.
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APPENDIX

A3.1 Materials and Methods

The monomer 2,7-Dibromo-9,9-bis(3-(tert-butyl propanoate))fluorene (MonF3-t) is pur-
chased from SageChem. Poly(L-lysine) hydrochloride (PLKCz0) with molecular weight 3300
g/mol and PDI 1.05 is purchased from Alamanda Polymers. All reagents were purchased
from Sigma-Aldrich and Biosolve and were used as received. Mill-Q water (18.2 MQ) is
used to prepare all polymer and protein polymer solutions. All the measurements are per-

formed at room temperature.

NMR spectra are obtained on a Bruker Avance III 400MHz spectrometer. Fed-batch fermen-
tation of C4BX12 protein polymer is performed in 2.5-L Bioflo 3000 fermentor (New Bruns-

wick Scientific, Edison, NJ).

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is performed us-
ing the NuPAGE Novex system (Invitrogen, Carlsbad, CA).

Matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass spectrometry

is carried out in an Ultraflex mass spectrometer (Bruker, Billerica, MA).

Shimadzu UV-1601 Spectrophotometer is used to record absorption spectra; data is aver-
aged over 3 scans. Fluorescence emission and excitation measurements are performed on
Edinburg Instruments Fluorescent Spectrophotometer FLS920 with 450W xenon lamp; data

is averaged over 3 scans.

Dynamic light scattering experiments are performed at fixed angle 90 © with an ALV light

scattering apparatus, equipped with a 400 mW argon ion laser operating at 632.8 nm.

Small-Angle x-ray Scattering (SAXS) experiments are performed at the European Synchro-
tron Radiation Facility (ESRF) in Grenoble, France, at the BM26B DUBBLE beamline. The
samples are measured in 2 mm quartz capillaries (Hilgenberg) with an outside diameter of
2 mm and a wall thickness of 0.01 mm. A Pilatus 1M detector with a photon wavelength of
1.54 A and a sample-to-detector distance of 7 meters are used to reach a g-range of 0.0023 -
0.166 A-1. Data is averaged over 10 scans, with the sample acquisition time in the order of 60

s for each sample and is analyzed by using the SasView software.
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A3.2 Synthesis and Characterization of Polymer
(1) Poly[9,9’-bis(tert-butyl-3”-propanoate)fluoren-2,7-yl] (PF3-t)

The synthesis of homopolymer PF3-f via the nickel(0)-mediated polymerization reaction,
Yamamoto polymerization, has been slightly modified from a previously described meth-
od.M

Ni(COD)2 (550 mg, 2 mmol) and 2,2'-bipyridyl (312 mg, 2 mmol) are placed in a 50 mL two
neck round- bottom flask in the glove box. Dry dimethylformamide (3.5 mL) is added into
the flask and purged with nitrogen at 75 °C. COD (245 pL, 2 mmol) is added dropwise and
the mixture is stirred for 1 hour. (MonF3-f) (0.55 g, 1 mmol) is dissolved in anhydrous tolu-
ene (6 mL) in a separate flask and purged with nitrogen, later it is added into the reaction

vessel dropwise. The mixture is stirred under nitrogen for 9 hrs.

(MonF3-1) (PF3-1) (PF3)

r
Br 1-bromo-4-ethynylbenzene, toluene .

2) 0.5 M Na,CO4
o 0 Yamamoto Polymerization

A % o= 7

Schematic A3.1 The protocol for Yamamoto polymerization and hydrolysis.

Hydrolysis

NaOOC COONa

The endcap agent, 1-bromo-4-ethynylbenzene (97%) (181 mg, 1 mmol) is dissolved in an-
hydrous toluene (2 mL) and injected into the reaction vessel dropwise. The mixture is

stirred overnight under the same conditions.

For the purification of the polymer, crude product is stirred in a solvent mixture (methanol:
acetone: HCI (0.1M) = 1:1:1) for 2 h. The precipitate is filtered and Soxhlet extracted subse-
quently with Methanol, Acetone, DCM and obtained as yellow solid (310 mg, 56 %) with
Muw =16.7 kg/mol (after correction against polystyrene standards) and PDI = 2.4.

TH NMR (400 MHz, CDCls, 25 °C): ¢ 7.79-7.66 (m, 6H), 2.46 (s, 4H, — CHx-), 1.57 (s, 4H,—
CH»-), 1.22 (s, 18H) ppm.
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(2) Poly[9,9’-bis(3”-propanoate)fluoren-2,7-yl] Sodium Salt (CP1)

PF3-t (60 mg) is dissolved in DCM (50 mL) in a 100 mL round bottom flask. Trifluoroacetic
acid (TFA) (5 mL) is added dropwise into the reaction flask and the mixture is stirred over-
night at room temperature. After the removal of solvent with rotavap, the residue is re-
fluxed with Na2COs solution (0.5 M, 50 mL) for 24 hrs. The polymer is purified through di-
alysis units (Mw cutoff: 1000) against Mill-Q water for 3 days. CP1 is obtained after freeze-
drying as fibrous yellow solid (31.3 mg, 52 %). TH NMR (400 MHz, MeOD, 25 °C): 6 7.83-
7.73 (m, 6H), 2.51 (s, 4H), 1.54 (s, 4H) ppm, 1.22 (s, 18H). Conversion efficiency is obtained
as 94%.

A3.3 Protein Polymer C4BX12

Biosynthetic production of neutral-cationic protein diblock copolymer (C4B¥12) is achieved
by using recombinant Pichia pastoris yeast strains that carry the artificial genes for the de-

sired amino acid sequences:
GPPGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQPGQONGQPGEPGSNGPQ
GSQGNPGKNGQPGSPGSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGEPGNP
GSPGNQGQPGNKGSPGNPGQPGNEGQPGQPGONGQPGEPGSNGPQGSQGNPGKN
GQPGSPGSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQPG
NKGSPGNPGQPGNEGQPGQPGONGQPGEPGSNGPQGSQGNPGKNGQPGSPGSQG
SPGNQGSPGQPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQPGNKGSPGNPG
QPGNEGQPGQPGQNGQPGEPGSNGPQGSQGNPGKNGQPGSPGSQGSPGNQGSPG
QPGNPGQPGEQGKPGNQGPAGG-KKKKKKKKKKKKG

A previously described protocol is followed for both biosynthesis and purification.l?l The
protein diblock copolymer consists of a stabilizing coil (C4) block and a binding (B¥12) block.
The stabilizing block consists of 400 amino acids with the same composition as collagen but
a different sequence to suppress self-assembly. The block is hydrophilic and exhibits a ran-
dom coil structure in solution with a radius of gyration of 7 nm.Pl The cationic binding

block consists of 12 lysine residues and is placed at the C terminus of the protein polymer.
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The molecular characterization of protein diblock copolymer is done by MALDI-TOF and
SDS-PAGE. The molecular weight of C4BX12 obtained with MALDI-TOF (Figure A3.5) is
around ~38 kDa. SDS-PAGE is used to check the purity of the protein by loading three dif-
ferent protein concentrations (0.5 mgml?, 1 mgml! and 2 mgml?). In Figure A3.6 SDS-
PAGE gel reveals the band for the protein polymer in all concentrations. The minor upper
band visible is due to impurity and it has been observed also in previous studies->4 Hy-
drophilic C4 block due to its nature inhibits proper SDS-binding of the protein polymer and
cause slow migration on the gel 2461 This results in apparent molecular weight (~100 kDa)

which is not consistent with the MALDI-TOF result.

A3.4 Sample Preparation

Fresh protein and polymer stocks are prepared immediately before every experiment at
room temperature. Homogenous solutions of C4BX12 (2 mgml1), poly(L-lysine) (1 mgml-)
and CP1 (0.01 mgml?) are prepared in Mill-Q, pH = 8.5 is adjusted by using NaOH. Sam-
ples are mixed by using vortex for few seconds. Sonication is never used. For the salt titra-
tion, complex formed at pH = 8.5, is titrated with 5M NaCl to the desired ionic strength. For
the light scattering experiments, all solutions are filtered through 0.2 um syringe filters to

remove trace quantities of dust.

A3.5 Figures and NMR Spectra
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Figure A3.1 Photoluminescence intensity as a function of mixing ratio, illustrating superquenching

effect.
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Figure A3.2 Normalized photoluminescence spectra of CP1 at different pH conditions with inset

showing the intensity change of vibronic bands I, II and III.
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Figure A3.3 1H NMR spectrum of PF3-¢
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Figure A3.5 MALDI-TOF (Matrix Assisted Laser Desorption/lonization Time-of-Flight Mass Spec-

trometry) spectrum of C,KB12
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Figure A3.6 SDS-PAGE (Sodium dodecyl sulfate polyacrylamide gel electrophoresis) of C4KB12.
Lane 1: 0.5 mg/mL, lane 2: 1 mg/mL and lane 3: 2 mg/mL C4;K?2 loading.
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CHAPTER 4

Probing nanoscale co-assembly with dual

mechanochromic sensors

Attractive electrostatic forces between polymers can be exploited to create well-defined and
responsive nanoscale structures. In the process of charge-driven co-assembly, the polymers
involved undergo subtle conformational changes. However, ascertaining these conforma-
tional transitions, and relating this to the nanostructures that are formed, has remained elu-
sive to date. Here we show how the force-optical response of tailored mechanochromic
polymers can be used to detect structural transitions that occur at the nanoscale during as-
sembly. We show that at low charge stoichiometry, electrostatic binding causes individual
macromolecules to stretch and stiffen. Remarkably, at stoichiometries close to full charge
compensation a gradual transition from single molecular complexes to multimolecular mi-
celles is observed. Moreover, the same macromolecular sensors reveal how the assembly
pathways are fully reversible as the binding strength is weakened. These results highlight
how mechanochromic polymer sensors can be used to detect the molecular transitions oc-

cur during supramolecular structure formation with high precision.

This chapter is published as

Hande E. Cingil, Emre B. Boz, Junyou Wang, Martien A. Cohen Stuart, and Joris Sprakel. Adv Funct
Mater 2016, 26, 1420-1427, doi: 10.1002/adfm.201504632.



Chapter 4

4.1 Introduction

Upon mixing two oppositely charged polyelectrolytes, electrostatic complexation leads to
associative and macroscopic phase separation known as complex coacervation.[-3 If an ad-
ditional stopping mechanism is introduced, this phase-separation can be halted at the na-
noscale to yield well-defined co-assembled nanostructures. For example, the electrostatic
co-assembly of an ionic-neutral block copolymer and an oppositely charged homopolyelec-
trolyte results in charged-driven micellar structures known as interpolyelectrolyte com-
plexes*5] or complex coacervate core micelleslll. These responsive nanoscopic complexes
are promising delivery systems for drugs, proteins, DNA and RNA segments(l-2 ¢10] or can
act as multimodal imaging contrast agents['ll. Depending on ionic strength, charge density
and mixing ratio, a range of soluble complexes or condensed nanostructures are hypothe-
sized to occur.’l However, as charges remain hydrated during assembly, the resulting
structures invariable contain significant amounts of water. This result in low contrast in im-
aging or scattering, such that obtaining detailed insight into the assembly mechanism, and
the resulting changes in conformations of the macromolecules involved, is challenging.
While indirect evidence can be obtained from scattering or electron microscopyl1214], subtle
changes occurring within the nanostructures are impossible to resolve to date. However,
understanding in detail how charge interactions in aqueous media give rise to the for-
mation of well-defined and responsive nanoscopic delivery vehicles is essential to push

their design to the next level.

Conjugated polyelectrolytes (CPEs) are water-soluble conjugated polymers whose back-
bone exhibits a delocalized electronic structure that creates interesting optoelectronic prop-
erties. Upon complexation, the optical properties of CPEs change as a result of changes in
energy transfer both within the chain and the coupling to its environment.[15] This has been
employed for the detection and quantification of DNA,[16-18] sensing of various proteins,[19]
natural polyamines,[20] enzyme activitiesl?ll and hydrogen peroxide levelsi22l. Moreover,
when these chains are prepared in well-defined states without defects, some CPEs exhibit
mechanochromism, a unique coupling between electronic states and force-induced changes
in polymer conformation. When the conformation of a polyelectrolyte changes due to the

intermolecular forces which arise when it binds to an analyte, e.g. by means of electrostat-
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ics, the conjugated backbone goes through alterations such as twisting[23] or planarizing(24l.
These changes in turn lead to distinct optoelectronic shifts, which can be easily monitored
with optical spectroscopy. Mechanochromism has previously been shown to allow the de-
tection and differentiation of amyloid fibrils,[24] influenza A virus,[?% diamines,[2] and ss-
/ ds-oligonucleotides!?7-28l. More recently, we showed that the conjugated backbone of an
anionic polyfluorene goes through a conformational change and planarizes upon complex-
ation with a recombinant capsid protein.[?l This mechanical stretching of the conjugated
backbone can be monitored from the shifts in distinct vibronic bands in the photolumines-
cence (PL) spectra of the CPE. We independently verified that the vibronic shifts cannot be
explained by binding alone, but must be the result of chain stretching; this is directly anal-
ogous to these phenomena in the f-phase formation of solid polyfluorenes.[30-311 In solution,
this mechanochromic response can be used, for example, to quantify low degrees of protein

binding as well as capsid disintegration.[’]

As the molecular structure of conjugated polymers can be tailored in a modular fashion, the
mechanochromic response can be engineered at the molecular level. For example, incorpo-
ration of donor-acceptor units within a polymeric backbone utilizes the improved inter-
chain electron migration between optical partners as a result of complexation to achieve
multicolor sensing. In principle, this enhanced interchain energy transfer mechanism may
also indicate the transition from a single-molecule complex to a condensed one. This holds
the promise of using the change in chain proximity to probe co-assembly processes occur-

ring at the nanoscale.

In this chapter, we use mechanochromism of specifically engineered conjugated chains as a
tool to study how macromolecular conformations and environments change during electro-
static complexation. We study the complexation of a well-defined CPE with a neutral-
cationic diblock copolymer which results in the formation of micelles. We first show how
complexation causes vibronic shifts in fluorescence spectra that are due to mechanical
stretching of the conjugated backbone. Surprisingly, we find that close to charge stoichiom-
etry, a distinct change in spectral features emerges. The initially sharp vibronic spectra
begin to exhibit a featureless, low-energy band, indicative of molecular aggregation. To un-

derstand this effect, we engineer our mechanochromic sensor at the molecular level, by in-
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cluding donor-acceptor pairs in the chain to introduce proximity-sensing capability. With
this multifunctional macromolecular sensor we unveil how electrostatic co-assembly gives
rise to a transition from single-molecule soluble complexes to condensed, multimolecular
micelles. We believe that this is a verification of the condensation model proposed for com-
plex coacervation close to charge neutrality.['3 32] These results shed new light onto the mo-
lecular mechanisms of nanostructure formation driven by electrostatic forces and highlight

how mechanochromism can be utilized to study complex phenomena at the nanoscale.

4.2 Results and Discussion

4.2.1 Mechanochromic sensor 1

We start by synthesizing the mechanochromic homopolymer poly[9,9"-bis(tert-butyl-3”-
propanoate)fluoren-2,7-yl] (PF3-tert) via nickel(0)-mediated Yamamoto couplingl® (Figure
4.1A) from the monomer 2,7-dibromo-9,9-bis(3-(tert-butyl propanoate)) fluorene (Mon-1).
The chains are terminated with 4-bromo phenylacetylene as an end-capping agent (ECA) to

control the molecular weight.
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Figure 4.1 Synthesis of mechanochromic polymers via Nickel(0)-mediated Yamamoto coupling;

yielding poly[9,9’-bis(tert-butyl-3”-propanoate)fluoren-2,7-yl](PF3(tert) with 4-bromo phenylacety-
lene as end-capping agent (ECA) (A); poly[9,9 -bis(tert-butyl-3”-propanoate)fluorene-co-4,7-(2,1,3-
benzothiadiazole)o] (PF3(tert)-BT20) with 4-bromo-2,1,3-benzothiadiazole as ECA (B); ester hydroly-
sis to obtain PF3(tert) sodium salt (CP1) and PF3(tert)-BT2 sodium salt (CP2) (C); Reagents and con-
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ditions: i) Ni(COD),, 2,2"-bipyridyl, COD/ anhyd. DMF, 75 °C, 9 hrs, under Ny; ii) ECA/toluene,
750C, 12 hrs under Ny; iii) CFsCOOH/DCM, 23°C, 20 hrs iv) Na2COs/H>O, 80°C, 24 hrs.

Carboxylate-functionalized side chains are obtained after hydrolysis of the ester side
groups (Figure 4.1C), resulting in polymer CP1 (Mw = 16.7 kgmol and PDI = 2.4). The car-
boxylate charges ensure water solubility at pH > 7 and provide the chain with a high densi-
ty of anionic charges required for electrostatic complex formation. In solution at pH = 8.5
CP1 exhibits an absorption maximum at 382 nm (Figure A4.1). The photoluminescence
spectra show distinct vibronic bands (Figure 4.2B); these allow us to infer the degree of

chain stretching, as demonstrated previously?”l.

4.2.2 Chain stretching during electrostatic co-assembly

We induce stretching of CP1 by its electrostatic complexation with a neutral-cationic di-
block copolymer. For all experiments, unless stated otherwise, we work at pH=9 in absence
of added salt at 22 °C and at very dilute polymer concentrations. As a diblock we use poly
(N-methyl-2-vinylpyridinium)-b-poly (ethylene oxide) (PM2VP«-b-PEOy), which is obtained
after the quaternization B4 of poly (2-vinylpyridine)-b-poly (ethylene oxide) (Scheme A4.1).
It is one of the most commonly studied cationic-neutral diblock copolymers in complex co-
acervate core micelle systems.[10. 351 We start with P2VP4-b-PEO204 (DP1), which carries al-
most the same number of cationic charges per chain as a single chain of CP1 (~ 50), com-
plemented by a relatively long neutral block (Table 1). The strongly-charged cationic block
binds to the anionic conjugated polyelectrolyte to form a complex coacervate. Macroscopic
phase separation is prevented however, by the neutral PEO block, which provides solubili-
ty and stability of the complexes formed. The mixing ratio between anionic conjugated
polyelectrolytes and cationic-neutral diblock copolymer is expressed as the molar ratio of
cationic charges to the total number of charges f+ = [+] / ([=] + [+]). Charge stoichiome-
try thus occurs at f+ = 0.5. We introduce DP1 in small increments into the solution of CP1
(0.6 uM). The absorption spectrum of the CP1 at mixing ratio f+ = 0.40 shows broadening
toward lower energies as a result of complexation (Figure 4.2A). Broadening of the absorp-
tion spectra is one of the optical indicators of the planarized conformation of polyfluorene

known as f-phase.l30 36-37] More prominent changes occur in the PL spectrum of CP1 upon
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binding to DP1 (Figure 4.2B). The photoluminescence (PL) spectrum of CP1 goes through a
gradual vibronic transition, as observed earlier,[?’l which signals the change from a bare,
semi-flexible polyfluorene to a coated and stretched chain. This transition with increasing
f+is observed as a decay in the main band I at 415 nm, which is the 1-0 vibronic transition,
and a simultaneous increase in bands II at 436 nm and III at 465 nm, which are the 2-0 and
3-0 transitions, respectively; this is clearly seen in a plot of intensity ratios as a function of

f+ (inset Figure 4.2B).
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Figure 4.2 Absorption spectra of CP1 with DPs at high mixing ratios (f+) (A); Normalized PL spec-
tra of bare CP1 and of the complex formed with DP1 at different f+ with inset showing the ratio of
intensity of vibronic bands II to I (B). Box highlights the emergence of a low-energy band at mixing

ratios f+> 0.3.

The effective persistence length of the PF3 with attached (‘grafted”) diblocks is calculated to
become almost equal to the contour length of the sensor polymer at f+= 0.38, after which

no further stretching occurs at higher mixing ratios; there is saturation of the sensor sig-
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nal.?’l However, at f+> 0.30 a new and striking change occurs in the PL spectrum of the
complexes formed with DP1. We observe, in addition to the rapid drop in intensity of vi-
bronic bands II and III, the emergence of a broad, featureless low-energy emission band
above 500 nm. In the solid state, such a transition is often attributed to an aggregated state
of the polyfluorene chains.[30. 37-38] This result rises the intriguing question what process at
the nanoscale during the electrostatic co-assembly is responsible for such a sudden spectral
shift. Hence we tend to assign this feature to a transition from single molecular objects, at
low f+, to multimolecular micelles as mixing approaches charge stoichiometry. Such a
scenario was predicted to occur theoretically by the so-called condensate model for com-
plex coacervation of homopolymers.[13 321 At asymmetric stoichiometry, complexes carry a
net charge which keeps them soluble and prevents further aggregation. As charge compen-
sation is approached, a transition occurs where neutral droplets, containing many polymer

chains, condense and coexist with a small fraction of free chains in excess.

4.2.3 Mechanochromic sensor 2

To verify this hypothesis, we engineer our mechanochromic sensor at the molecular scale.
To arrive at a polyfluorene-based sensor that not only detects the mechanical stretching of
chains, as we observed earlier,[?° but also the proximity of other chains, we dope the conju-
gated backbone with a small fraction of benzothiodiazole (BT) acceptor moieties in the con-
jugated backbone. This creates a “turn-on”/“turn-off” colorimetric response through in-
termolecular energy migration via FRET.[16. 19, 3940l We copolymerize 4,7-dibromobenzo[c]-
1,2,5-thiadiazole monomer (Mon-2 ) in a 1:4 ratio with Mon-1, following the same Yamamo-
to coupling scheme. This results in the statistical copolymer poly[9,9’-bis(tert-butyl-3”-
propanoate) fluorene-co-4,7-(2,1,3-benzothiadiazole)zo] (PF3(tert)-BT20) (Figure 4.1B). Here
we use 4-bromo-2,1,3-benzothiadiazole as the ECA. Ester hydrolysis of the side chains at-
tached to the polyfluorene units is achieved with high yield (93%, Figure 4.1C) resulting in
a second mechanochromic polyelectrolyte (CP2) with My =12.0 kgmol! and PDI = 2.2. Like
CP1, this chain exhibits the distinct vibronic peaks allowing quantification of the degree of
chain extension, when fully dissolved in water at pH = 8.5. However, upon decreasing pH,
the chain solubility decreases, leading to increasing intermolecular contacts between fluo-

rene and BT units, giving rise to broadening and red-shift of absorption spectra (Figure
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A4.2), while a FRET peak emerges in the photoluminescence (PL) spectra at 550 nm (Figure
A43).

4.2.4 Chain clustering during electrostatic co-assembly

For an isolated polymer chain, energy transfer between fluorene and BT units within a
chain occurs through excited state migration, as a one-dimensional random walk along the
backbone.[15 201 To observe a significant BT peak in the luminescence spectrum, sufficient
intrachain energy migration must occur; this requires a relatively high doping of BT units
along the backbone. In the synthesis of CP2 we polymerize fluorene and BT in a molar ratio
of 4: 1. In the PL spectra of CP2, in a completely dissolved state at pH > 8.5, we only see the
polyfluorene emission at 418 nm (Figure A4.3). The absence of a BT emission band at ~ 550
nm illustrates that the doping ratio is insufficient to generate enough energy transfer to
give rise to a noticeable BT emission band. This is important, as any BT emission observed
during complexation thus must originate from resonant energy transfer between chains in
close proximity through the medium. This occurs through a three-dimensional energy
transfer [15 201 which is more efficient and thus gives rise to stronger emission in the BT
band. In this way, we can now probe the speculated transition from single-molecule to mul-

timolecular objects with fluorescence spectroscopy.

To study the possible structure transformation in more detail, we perform electrostatic
complexation experiments with cationic-neutral diblock copolymers of different architec-
tures (Table 4.1). Additionally, we also use polylysine homopolymer which consists of 20
cations that ensure the binding to the anionic conjugated polyelectrolyte, but lacks the PEO
stabilizing block. Figure 4.3A shows the absorption spectra of CP2 with cationic polyelec-
trolytes at high mixing ratios which show a bathochromic shift, broadening and a promi-
nent increase in the low energy band that can be attributed to BT at 450 - 500 nm. We per-
form the PL measurements of co-assembled system in more detail by introducing the di-
block copolymer in small increments to the CP2 (0.8 M) solution. We again start with DP1
and observe the change in vibronic bands due to p-phase formation as observed earlier for
CP1 upon complexing with DP1. In Figure 4.3B, we observe the smooth decay in intensity
of band I at 415 nm as compared to the band II at 436 nm, until f+ = 0.30. This gradual

stretching and planarizing of the polyfluorene backbone shows that BT units incorporated
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in the PF backbone do not alter the optical response of the mechanosensor polymer in di-

lute condition.
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Figure 4.3 Absorption spectra of CP2 with DPs and polylysine homopolymer at high f+ (A); Nor-
malized PL spectra of bare CP2 and of the complex formed with DP1 at different f+, arrows indicat-
ing the intensity change of vibronic bands I and II of PF and BT band (B); The ratio of band I over
band II intensity to probe chain stretching (C) and the corresponding FRET ratio of BT over PF in-
tensity which probes chain proximity (D) of complexes formed with DPs and polylysine as a func-

tion of mixing ratio.

The binding-induced stretching commences at the very first addition of diblock copolymer;
this highlights that at low f+, complexation already takes place. However, below f+ = 0.3,
no FRET signal is observable. Thus, these soluble complexes formed at low mixing ratios
are single molecules of CPE coated with the diblock.However, exactly above f+ = 0.3,
where we previously observed the featureless low energy band, we now see a distinct
emergence and growth of the FRET peak at 560 nm, while the PF bands decay simultane-
ously. This shows that a distinct transition occurs from single-molecular complexes, at low

f+, to multimolecular complex coacervate core micelles close to charge compensation.
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Binding is expected to halt when all charges have been compensated; indeed, we see a plat-
eau in the BT band growth at f+ > 0.5, where it has become the prominent emission band.
We conclude that the molecular engineering of the sensor to include the FRET indeed al-
lows chain proximity to be detected at high mixing ratios and thereby shapes the optical
response of the system. We observe a very similar sequence of event for all complexes
formed with the other diblock copolymers, and the polylysine (Figure A4.4-A4.6), indicat-
ing that the observed transitions are universal during this multimolecular micelle for-

mation.

At low mixing ratios, f+ < 0.30, binding leads to the formation of small, soluble complexes
of single conjugated polymers coated by a few diblocks which carry a net charge. The side
chains on the backbone creates a bottlebrush architecture that cause stretching of the conju-
gated polymer backbone by reducing its rotational degrees of freedom, as illustrated in
Figure 4.4. As a result of this mechanical stretching, the intensity ratio of emission band I to

band II continuously drops (Figure 4.3C).

Figure 4.4 Schematic illustration of the sequence of electrostatic co-assembly with diblock copoly-
mers and mechanochromic sensor (left), yielding soluble complexes of individual CP after binding
multiple diblocks below charge stoichiometry (middle) which convert to condensed coacervate mi-
celles containing multiple CPs in a coacervate core at mixing ratios close to stoichiometry f + ~ 0.5

(right).

As charge stoichiometry is approached (f+= 0.4 — 0.5), the objects become close to
charge neutral and undergo a condensation transition into a microphase-separated coacer-

vate micelle composed of many polymer chains. Experiments on other complex coacervate
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micelles have indicated aggregation numbers as large as 20 - 100.121 As the local concentra-
tion of conjugated chains increases, interchain interactions enhance the intermolecular en-
ergy transfer process between PF and BT segments. This gives rise to a strong increase in
FRET signal which we see as a growth in the ratio of BT to PF emission (Figure 4.3D). There
is a final question which cannot be answered by employing our mechanochromic sensors: is
the transition from single molecule complexes to micelles abrupt or gradual? In the PL
spectra, we see the FRET band emerge gradually, which could originate either from gradu-
al transformation of soluble complexes to micelles, or by gradual condensation of the micel-
lar core as f+ approaches 0.5. To answer this question we perform light scattering experi-
ments on complexes formed by CP1 with DPs (Figure A4.7) and by CP2 with DPs and pol-
ylysine (Figure A4.8). As an example, we show the scattering intensity, corrected for dilu-
tion, as a function of mixing ratio for micelles formed by CP2 with DP2, and the corre-

sponding number-averaged hydrodynamic radius (Rp) in Figure 4.5A.
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Figure 4.5 Light scattering intensity, corrected for dilution, obtained from DLS measurements of
micelles formed by CP2 with DP2 and corresponding number-averaged hydrodynamic radius as a
function of mixing ratio, at pH = 9.0 and an ionic strength of 0.01 mM (A); number-weighted size

distributions at different mixing ratios from CONTIN analysis (B).

The immediate increase in scattering intensity upon addition of DP2 confirms that inter-
polyelectrolyte complexation occurs already at low f+. The scattering intensity reaches a
plateau at f+ ~ 0.5, which indicates a saturation of binding at full charge compensation

and confirms the results obtained from PL spectroscopy.
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The number-weighted size distribution of complexes at different mixing ratios (obtained
from CONTIN analysis of correlation functions) we see two populations during co-
assembly (Figure 4.5B). Apparently, the transition from a unimodal distribution of CP2 at
f+ < 0.17 to a bimodal distribution at 0.17 < f+ < 0.53, confirms the gradual nature of
the transition from a single-backbone bottlebrush-like complex to a condensed micelle
composed of multiple chains. For this system we find objects with a hydrodynamic radius
of 24 nm; similar values are found for complexes formed with DP1 (22 nm) and DP3 (38
nm). The large radius obtained for the CP2-DP3 complex is due to the longer Nem2ve bind-
ing block, and the shorter Npgo stabilizing blocks, which results in a stronger driving force
for micelle growth.*1I These radii are in good agreement with previously reported values
for micelles formed from same diblock copolymers with different anionic polyelectro-
lytes.[3+35] Complexes formed by CP2 with polylysine, which lack the PEO block that arrests
growth of demixed coacervate droplets, do not show well-defined nanophase separation as
expected, but rather the formation of large aggregates with R, =~ 2.5 pm at f+ = 0.45,

eventually leading to macroscopic phase separation.

4.2.5 Micelle disintegration

Finally, to explore the reversibility and responsiveness of the electrostatic complexation, we
investigate the effect of adding indifferent electrolyte to the system. Electrostatic interac-
tions are the driving force for complex formation in our system. As a result, the critical mi-
celle concentration increases when charge interactions become screened as indifferent elec-
trolyte is added. We find that this leads to a reversal of the process we demonstrated above

(Figure 4.6A).

Initially, weakening the electrostatic bonds shifts the dynamic association equilibrium to
the unimer state in the bulk; the micelles take up more water in their core, but the overall
amount of molecules participating in micelles reduces.[351 At some salt concentration, the
multimolecular micelles disintegrate and transform back into the intermediate state of a
stretched rod-like, single molecule complex. Further increase of the ionic strength makes
the interactions vanish and the conjugated polyelectrolyte returns back to its uncoated
state. We observe this process very clearly in PL spectra of the complexes formed by CP2

and DP1 at f+= 0.45, upon gradually titration with NaCl. In Figure 4.6A, the initial PL
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spectra of the complex clearly show the quenched PF band and dominant BT band, so the

complex emits yellow instead of blue.
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Figure 4.6 Salt induced disassembly of micelles: normalized PL spectra of micelles formed by CP2

and DP1 at f+ = 0.45 shows the recovery of PF emission over the BT emission upon titrating with

NaCl (A); The corresponding PL intensity of BT /PF ratio for micelles formed by CP2 with DP1 and

with DP2 as a function of NaCl concentration (B).

Addition of NaCl quenches the BT emission band and simultaneously restores the PF band

(Figure 4.6B). As the ionic strength increases, vibronic bands of PF also return back to their

original state. This illustrates that micelle disassembly follows the same pathway as the

(f+)-dependent assembly: first the multimolecular micelles decompose into soluble, single-

molecule complexes, which subsequently decay into the mixture of two, non-interacting,

macromolecular species.
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4.3 Conclusion

In this chapter we have shown how mechanochromic polymer sensors can be used to shed
light onto the intra- and intermolecular changes which occur during electrostatic polyelec-
trolyte complexation. By molecular engineering of water-soluble conjugated polymers, we
develop molecular fluorescence sensors that not only detect chain stretching but also prox-
imity to neighboring polymers. In this way, we show how electrostatic complexation occurs
in two distinct stages. At asymmetric charge ratios between oppositely charged polymers,
single-molecule soluble complexes form. These complexes carry excess charges and repel
too strongly for correlation effects to take effect. As the charge ratio approaches stoichiome-
try, the repulsion dies out and the single-molecule complexes gradually transform into
larger, condensed, complex coacervate micelles which contain many molecules. These re-
sults give new insight into the sequence of events that unfolds when co-assembled

nanostructures spontaneously form through supramolecular interactions.

4.4 Experimental Section

4.4.1 Materials and Methods

The monomer 2,7-Dibromo-9,9-bis(3-(fert-butyl propanoate)) fluorene was purchased from
SageChem, China. The monomer 4,7-dibromobenzo[c]-1,2,5-thiadiazole (95%) was pur-
chased from Sigma-Aldrich. Poly(L-lysine) hydrochloride (PLKCz0) with (Mw=3300 g/mol
and PDI=1.05) was purchased from Alamanda Polymers, USA. Various poly(2-
vinylpyridine)-b-poly(ethylene oxide) diblock copolymers were purchased from Polymer
Source. All reagents were purchased from Sigma-Aldrich or Biosolve and were used as re-
ceived unless otherwise stated. Mill-Q water (18.2 MQ) was used to prepare all polymer so-
lutions. All the measurements were performed at 22 °C. NMR spectra were obtained on a

Bruker Avance III 400MHz spectrometer.

4.4.2 Photophysical Experiments

UV-vis absorption spectra of the solutions were obtained from Shimadzu UV-2600 Spectro-

photometer. Steady-state fluorescence emission measurements were performed on Edin-
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burg Instruments Fluorescent Spectrophotometer FLS920 with 450W xenon lamp for solu-
tions of CP1 and Cary Eclipse Fluorescent Spectrophotometer with a xenon lamp for solu-

tions of CP2.

4.4.3 Light Scattering Titration Experiments

Dynamic light scattering experiments were performed at detection angle of 90 ° with an
ALYV instrument equipped with a 400 mW argon ion laser operating at a wavelength of 660
nm, a Thorn-Emi RFIB263KF photomultiplier detector, connected to an external ALV7002
multiple tau digital correlator. For the light scattering experiments, all solutions are filtered
through 0.2 pm syringe filters to remove trace quantities of dust. After every addition of
titrant, the light scattering intensity (I) is recorded in 20 independent runs of 30 seconds.
From standard ALV software analysis, decay rates (I') are obtained and later used to calcu-
late diffusion coefficients (D). By using Stokes-Einstein equation, apparent hydrodynamic
radii (Ry) are obtained. Size distributions of complexes are obtained by performing inverse

Laplace transformation with CONTIN software.

4.4.4 Conjugated Polymer Synthesis

Poly[9,9”-bis(tert-butyl-3”-propanoate)fluoren-2,7-yl](PF3(tert)): The synthesis of homopolymer

PF3(tert) via the nickel(0)-mediated polymerization reaction, Yamamoto polymerization,
has been slightly modified from a previously described method.[3 Ni(COD), (550 mg, 2
mmol) and 2,2’-bipyridyl (312 mg, 2 mmol) were placed in a 50 mL two neck round- bottom
flask in the glove box. Dry dimethylformamide (3.5 mL) was added into the flask and
purged with nitrogen at 75 °C. COD (245 pL, 2 mmol) was added dropwise and the mixture
was stirred for 1 hour. Monomer 2,7-dibromo-9,9-bis(3-(tert-butyl propanoate)) fluorene
(Mon-1) (0.55 g, 1 mmol) was dissolved in anhydrous toluene (6 mL) in a separate flask and
purged with nitrogen, later it was added into the reaction vessel dropwise. The mixture
was stirred under nitrogen for 9 hrs. The endcap agent, 1-bromo-4-ethynylbenzene (97%)
(181 mg, 1 mmol) was dissolved in anhydrous toluene (2 mL) and injected into the reaction
vessel dropwise. The mixture is stirred overnight under the same conditions. For the purifi-
cation of the polymer, crude product is stirred in a solvent mixture (methanol: acetone: HCIl

(0.1M) = 1:1:1) for 2 h. The precipitate is filtered and Soxhlet extracted subsequently with
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Methanol, Acetone, DCM and obtained as yellow solid (310 mg, 56 %). The molecular
weight of obtained homopolymer is determined by gel-permeation chromatography (GPC)
against polystyrene standards. The molecular weight (Mw) is corrected? for the overesti-
mation due to the semirigid-rod nature of the polymer and obtained as Mw =16.7 kgmol-!
and PDI = 2.4. 'H NMR (400 MHz, CDCl;, 6): 7.79-7.66 (m, 6H), 2.46 (s, 4H, — CH2-), 1.57
(s, 4H,— CH>-), 1.22 (s, 18H) ppm.

Poly[9,9’-bis(tert-butyl-3"-propanoate)fluorene-co-4,7-(2,1,3-benzothiadiazole) 0] (PF3(tert)-BT2o):

The synthesis of copolymer was obtained with the same protocol described above for ho-
mopolymer PF3(tert). Monomer Mon-1 (442 mg, 0.8 mmol) and monomer 4,7-
dibromobenzo[c]-1,2,5-thiadiazole (Mon-2) (58.8 mg, 0.2 mmol) were incorporated in the
polymer backbone at mole ratio 4:1. The endcap agent used in this synthesis was 4-bromo-
2,1,3-benzothiadiazole (21.5 mg, 0.1 mmol). After purification the copolymer was obtained
as brownish yellow solid (430 mg, 84%) with Mw = 12.0 kgmol! (after correction against
polystyrene standards) and PDI = 2.2. TH NMR (400 MHz, CDCl, 6): 7.84-7.74 (m, 6H), 2.49
(s, 4H, — CH2-), 2.00 (s, 4H,— CH>-), 1.23 (s, 18H) ppm.

Poly[9,9’-bis(3"-propanoate)fluoren-2,7-yl] Sodium Salt (PF3)(CP1): PF3(tert) (60 mg) was dis-
solved in DCM (50 mL) in a 100 mL round bottom flask. Trifluoroacetic acid (TFA) (5 mL)

was added dropwise into the reaction flask and the mixture was stirred overnight at room
temperature. After the removal of solvent with rotavap, the residue was refluxed with
Na>COs solution (0.5 M, 50 mL) for 24 hrs. The polymer was purified through dialysis units
(Myw cutoff: 1000) against Mill-Q water for 3 days. CP1 is obtained after freeze-drying as fi-
brous yellow solid (31.3 mg, 52 %). TH NMR (400 MHz, MeOD, 6): 7.83-7.73 (m, 6H), 2.51 (s,
4H), 1.54 (s, 4H) ppm, 1.22 (s, 18H).

Poly[9,9°-bis(3""-propanoate)fluorene-co-4,7-(2,1,3-benzothiadiazole),0]Sodium  Salt  (PF3-BT»)

(CP2): The hydrolysis and dialysis of copolymer was achieved with the same protocol de-
scribed above. After freeze-drying, CP2 was obtained as brownish yellow solid (400 mg,
93%). TH NMR (400 MHz, MeOD, 0): 7.90-7.82 (m, 6H), 2.59 (s, 4H), 1.62 (s, 4H) ppm, 1.29 (s,
18H).
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4.4.5 Diblock Copolymers

Poly (N-methyl-2-vinyl-pyridinium iodide)-b-poly(ethylene oxide) (PM2VPx-b-PEOy)(DP): The
specifications of diblock copolymers are given in Table 1. For the quaternization of poly(2-
vinylpyridine)-b-poly(ethylene oxide) (P2VPx-b-PEOy), a previously described protocol is

followed.[34]

Table 4.1 Specifications of diblock copolymers

Diblock copolymer Annotation M N M./ Mn DQ*
kgmol?

P2VP41-b-PEO204 DP1 9.6-b-9.0 41-b-204 1.05 89%

P2VP128-b-PEOq77 DP2 29.8-b-21.0 128-b-477 1.10 89%

P2VP249-b-PEO134 DP3 56.5-b-5.9 249-b-134 1.05 86%

*denotes the degree of quaternization

4.4.6 Complex Formation

Solutions of DPs (1 mgmL1), poly(L-lysine) (1 mgmL-), CP1 (0.01 mgmL-) and CP2 (0.01
mgmL1) were prepared in Mill-Q, pH is adjusted to pH = 9.0 for all diblock copolymers
and to pH = 8.6 for poly(L-lysine), using NaOH. This gives a minimum ionic strength in all
experiments of approximately 0.01 mM. Samples were mixed by vortexing for few seconds.
Sonication was only used for DP stock solutions for 10 mins. For the salt experiments, com-

plexes were titrated with 5M NaCl to the desired ionic strength.
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APPENDIX

PM2VP,-5-PEO, (DP)
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Scheme A4.1 Molecular structure of diblock copolymer poly(N-methyl-2-vinylpyridinium)-b-
poly(ethylene oxide) (DP)
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Figure A4.1 Normalized absorption spectra of PF3 (CP1) (c = 0.6 uM) and PF3-BTx (CP2) (c = 0.8
uM) at pH 8.5.
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Figure A4.2 Normalized absorption spectra of CP2 (c = 0.8 uM) at various pH conditions.
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Figure A4.3 Normalized photoluminescence spectra of CP2 (c = 0.8 uM) at various pH conditions.
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Figure A4.4 Photoluminescence spectra of CP2 (c = 0.8 uM) upon addition of DP2 in water at pH 9

with no added salt. The excitation wavelength is 380 nm. The initial, middle and final concentra-

tions and corresponding charge ratios (f+) are indicated with legends for clarity.
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Figure A4.5 Photoluminescence spectra of CP2 (c = 0.8 uM) upon addition of DP3 in water at pH 9

with no added salt. The excitation wavelength is 380 nm. The concentration range and

corresponding charge ratios (f+) are indicated with legends for clarity.
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Figure A4.6 Photoluminescence spectra of CP2 (c = 0.8 uM) upon addition of Polylysine in water at

pH 8.5 with no added salt. The excitation wavelength is 380 nm. The concentration range and

corresponding charge ratios (f+) are indicated with legends for clarity.

10° F ——DP1
——DP2
~
S ——DP3
=
—
(&}
S~ 2
—~10°F
N
os
7
L—
00 0.1

0.2 0.3 04 05 06

f+

Figure A4.7 Light scattering intensity, corrected for dilution, detected at 90° for CP1 (c = 6 pM)

titration with various diblock copolymers at pH 9 is plotted as a function of mixing ratio (f+).
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Figure A4.8 Light scattering intensity, corrected for dilution, detected at 90° for CP2 (c = 8 pM)

titration with various diblock copolymers at pH 9 is plotted as a function of mixing ratio (f+).
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CHAPTER 5

Mechanochromic molecular sensors reveal
complexity in the self-assembly of

virus-like particles

Mechanochromic conjugated polymers act as sensors for changes in their own confor-
mation upon mechanical perturbation. They report the change with altered photolumines-
cence spectra and different emission color. Here we show how polyfluorene-based mecha-
nochromic sensors can be used as a template, replacing of DNA, to study the kinetics of
binding and self-assembly of a designer protein which forms virus-like particles. Mecha-
nochromic sensors allow the noninvasive monitoring of such a complex system in aqueous
media with high temporal resolution. We follow the process starting from the initial elec-
trostatic binding of protein to the template, capsid formation along the template while in-
ducing polymer chain stretching, and even bundling in the final stages. We report a distinct
nucleation-and-growth mechanism for virus-like particle formation, with a nucleation lag
time that depends strongly on concentration. Moreover, we provide evidence for the com-
petition between co- and self-assembly, demonstrating how complexity emerges when or-

thogonal interactions are combined within a single system.

Manuscript is in preparation

Hande E. Cingil, Emre B. Boz, Renko de Vries, Martien A. Cohen Stuart, Joris Sprakel
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5.1 Introduction

Supramolecular interactions provide cohesion to a wide variety of biological structures and
man-made materials.[-2] In many cases, especially in nature, several orthogonal interaction
mechanisms are at play within the same system. High-fidelity self-assembly in such sys-
tems which feature competing and orthogonal interactions, requires that a plethora of high-
ly specific motifs can act independently, despite of their proximity. Yet, the competition be-
tween different interactions at the molecular level can give rise to multiple pathways,
which lead to multiple self-organized structures, some of which may represent metastable
configurations, from the same initial building blocks.l34l This gives rise to an intriguing

complexity in the process of spontaneous structure formation.

Unravelling how this complexity manifests itself at the molecular scale in the kinetics of
self- or co-assembly remains a major challenge to date; in particular when the changes in
molecular conformations are subtle and difficult to ascertain with conventional analytical
methods. A prototypical example of complex self-assembly in nature is the formation of vi-
rus-like particles from coat proteins templated by DNA or RNA strands.[>7] Well-defined
geometric structures, with specific functionality, form through cooperative assembly of rel-
atively simple capsid protein building blocks.[8-101 To first order, viral coat proteins exhibit
three main functionalities:1] i) a binding block, responsible for binding to the template
DNA or RNA chains, by means of electrostatic interactions, ii) a cooperativity block, that
can adopt a secondary structure to ensure lateral self-assembly of multiple coat proteins
along the template, and iii) a stabilizing block, such as a random coil motif, that shields the
DNA from enzymatic degradation and provides colloidal stability to the virus particle. The
competition between self-assembly guided by the cooperativity block, and co-assembly of
the same proteins with a template, driven primarily by the binding block, can be expected
to lead to complex self-assembly kinetics and pathways. Yet, to date these have been diffi-

cult to unravel in non-invasive experiments designed to follow virus particle formation.

In this chapter, we study the assembly kinetics of a (recombinant) coat protein which fea-
tures all three essential functionalities and acts as an artificial virus capsid. To probe how
this designer protein forms the virus-like structure, we replaced the DNA by semiconduct-

ing polymers as the template; vibronic luminescence spectra of the latter exhibit distinct
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shifts when they become encapsulated within the protein capsid. This unique mecha-
nochromism exhibited by these conjugated polyelectrolytes allows us to monitor non-
invasively and with high temporal resolution how the designer proteins bind to the tem-
plate, form a rigid capsid which stretches the chains and induces their bundling in the final
stages of capsid formation. These experiments unveil a distinct nucleation-and-growth
mechanism for virus-like particle formation, with a nucleation lag time that depends
strongly on concentration. Moreover, we provide evidence for the competition between co-
and self-assembly, demonstrating how complexity emerges when orthogonal interactions

are combined within a single system.

5.2 Results and Discussion

5.2.1 Mechanochromic sensors

We use a specific class of conjugated polyelectrolytes (CPEs) as molecular sensors to probe
the kinetics of virus-like self-assembly. CPEs combine the unique optoelectronic properties
of the delocalized electronic backbone of conjugated polymers, with charged side groups
which both render the chain water-soluble and allow it to interact with oppositely charged
biological molecules via electrostatic interactions.[21¢] Any change that happens at a site
along the conjugated backbone due to environmental disturbances such as analyte binding,
affects the optoelectronic properties of the entire polymer by causing signal amplification,

because excited states migrate along the conjugated backbone.['”]

The optoelectronic response to changes can easily be probed in the fluorescence spectra of
CPEs as an enhancement,1819 a quenching[20-5] or wavelength shiftl1] depending on the
molecular design and type of interaction. Here we use the phenomenon known as mecha-
nochromism, seen in e.g. polydiacetylenes26-28], polythiophenes(?-321 and polyfluorenesl3I
as a distinct change in emission color upon mechanical perturbation of the polymeric chain;

thus, mechanochromic CPEs function as sensors for changes in their own conformation.

Our sensor of virus-like self-assembly is a carboxylated poly[9,9'-bis(3'-propanoate) flu-
oren-2,7-yl] sodium salt (App. Figure 5.1), with My, = 16.7 kgmol? and PDI = 2.4, which has

been synthesized via Yamamoto couplingl®l from the monomer 2,7-dibromo-9,9-bis(3-(tert-
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butyl propanoate)) fluorene. We have previously demonstrated how this polyfluorene-
based anionic CPE, here denoted as CP1, can be used to monitor co-assembly by the spec-
tral changes which occur due to supramolecular binding-induced chain stretching.[33 These
molecular sensors exhibit three distinct vibronic bands in their photoluminescence (PL)
spectrum in native state (Figure 5.1A), where the backbone exhibits significant rotational

degrees of freedom, which restrict its conjugation length. "]
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Figure 5.1 Schematic illustration of structure and corresponding photoluminescence (PL) spectra of
polyfluorene based mechanochromic sensors CP1 and CP2: in its native, semi-flexible conformation,
CP1 (A); in f-phase, planarized and extended conformation, CP1 (B); time-resolved fluorescence
emission decays of native (top), f-phase (bottom) polyfluorene, CP1, with laser excitation at 373 nm

(C); in native conformation, CP2 (D); in f-phase, CP2 (E); in aggregate (bundled) phase, CP2 (F).

Upon stretching the conjugated backbone, e.g., by creating a physical bottlebrush,33! the
twisted conformation is forced into a planarized one, and the PL spectrum exhibits distinct

changes in vibronic band structure: while the 1-0 vibronic transition at 418 nm decays and
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almost vanishes, the higher order transitions, such as the 2-0 and 3-0 bands at 436 and 465
nm, respectively, grow in intensity (Figure 5.1B). This distinct sequence of events upon
chain planarization is known in the solid state of polyfluorenes as the f-phase, a partially-
ordered state in which intermolecular interactions cause chain alignment and extension.[3¢-
37] Our mechanochromic sensor exhibits exactly the same properties, but in solution and in
response to mechanical cues; the ratio of vibronic band intensities that changes as these
transitions occur can be used to quantitatively detect chain stretching, as was demonstrated
previously.[®] Interestingly, this single molecule manifestation of the well-known beta-
phase also shows the corresponding reduction in excited state lifetime. While we find an
average PL lifetime ~ 500 ps for the flexible and twisted native configuration of the polyflu-
orene-derivative; this decreases to ~ 200 ps when it is stretched into planarization (Figure
5.1C). The reduction in lifetime with chain alignment is also observed in solid films of
polyfluorene, and may be related to the increased efficiency of exciton migration along the

conjugated chain when out-of-plane rotations are restricted.[38-39]

In addition, we use a second polyfluorene-based anionic CPE (CP2) which features the
same basic chemical structure, but includes 20 mol% of benzothiadiazole (BT) sub-units,
randomly doped into the backbone. By incorporating this efficient energy acceptor unit, we
introduce a colorimetric response to chain bundling or folding, by means of Forster reso-
nance energy transfer (FRET) from fluorene to BT units.[1215] CP2 in its fully dissolved state
exhibits the same three vibronic bands, with a ~ 2 nm blue-shift (Figure 5.1D). Also this
sensor chain can undergo a transition from twisted to a planarized conformation (Figure
5.1E) in solution, with a similar response in vibronic bands; however, we see that the 3-0
transition diminishes due to overlap with the absorption band of the BT units within the
same chain. Nevertheless, CP2 still acts as a mechanosensor and reports for conformational
changes. Interestingly, upon inducing the bundling or aggregation of these chains, an addi-
tional optical response is triggered; the entire fluorene vibronic bands diminish while the
BT emission band ~ 550 nm grows due to the more efficient three-dimensional interchain
FRET (Figure 5.1F). Thus, CP2 is not only a mechanosensor that detects stretching of chains

but also a colorimetric sensor that detects chain proximity.
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5.2.2 Artificial viral coat protein

To explore the kinetics of biologically-inspired and complex self-assembly we use a design-
er protein which acts as building block of an artificial virus capsid. This recombinant pro-
tein, C4510BK12, has been designed to closely mimic the properties of natural rod-like viruses
from nature, featuring all three essential functionalities in a triblock segmented configura-
tion. The colloidal stability block (Ca) consists of 407 mostly hydrophilic amino acids and
maintains a random coil structure which is weakly-zwitterionic; the self-assembly block
(S10) is an octapeptide repeat with silk-like sequence (GAGAGAGQ)10, which folds and
stacks into a characteristic f-roll conformation; the cationic binding block (BX12) consists of
12 lysine residues (Figure 5.2).
viral coat protein

stability

4075 binding

12 lysines

top view — side view
) Tt
cooperativity
S10
+

mechanochromic sensor

nucleation

Figure 5.2 Schematic illustration of polyfluorene-based mechanochromic sensor CP1, the viral coat

protein C4S10BX12 and the capsid formation.

It was previously shown that this coat protein is capable of mimicking several key aspects
of natural rod-like viruses, such as tobacco mosaic virus. It exhibits nucleation-and-growth
self-assembly onto a templating DNA chain; the artificial capsid protects the genetic infor-
mation from attack by DNA-cleaving enzymes.[40l The design and production of this re-
combinant protein and its highly cooperative self-assembly onto DNA templates is de-

scribed in detail elsewhere.[40]
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5.2.3 Capsid formation kinetics

Upon adding the anionic template polymer to the cationic coat protein, electrostatic interac-
tions first cause weak binding of protein molecules on the template. This binding enhances
the local protein concentration, which then triggers folding into the secondary structure,
and formation of a rigid capsid. In this latter stage, the template chain becomes stretched
and elongated, and the rod-like geometry encoded in the virus design appears (Figure 5.2).
We expect that this leads to the same sequence of vibronic shifts we have observed previ-
ously upon planarizing CP1 and CP2. Hence, we record fluorescence spectra every 6
minutes during approximately 3 days, in tightly sealed cuvettes, starting directly after mix-
ing CP1 and C4S10BX12. In these experiments we deliberately work at dilute conditions, to
suppress the formation of "empty" capsids by self-assembly of the protein alone. We ex-
press the mixing ratio of the two species as the molar ratio of cationic charges on the bind-
ing block to the total number of polymer charges in the system: f+= [+]/([+] + [-]). Four
cases are studied: f+= 0.25, f+= 0.40, f+= 0.50, f+= 0.70. In all cases, we observe a grad-
ual shift in the luminescence spectra: The initial spectrum shows a large peak for the 1-0
transition and minor peaks for 2-0 and 3-0; with time, the first transition band diminishes

while the second and third band grow (Figure 5.3A-D).

This optical response is the same as that observed for the same mechanochromic chains,
when they are forced into an elongated conformation either in the solid statel?”. 4142, or by
means of bottlebrush formation3l. This indicates that over time, the coat proteins bind to
the template, begin to assemble laterally, and eventually form a rigid capsid in which the
CPE must adopt a planar configuration. The initial electrostatic binding is diffusion-limited;
for these relatively fast diffusing short polymeric objects this should be virtually instanta-
neous as compared to the time between two recorded spectra. This can be seen by the rapid
quenching of total emission intensity after mixing, when the first proteins bind to the
CPE.[23-24] The extent of this initial quenching caused by binding depends on the mixing ra-
tio. This can be clearly seen by comparing the absolute intensity of the first recorded spec-
trum in each plot in Figure 5.3; these data are for identical concentrations of CP1 but vari-

ous concentrations of protein. While initial binding is fast, the subsequent lateral self- as-
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sembly of the attached proteins resulting in capsid formation and chain stretching is very

slow.
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Figure 5.3 Time dependent changes in PL spectra of CP1 (0.6 uM) with C4S;0BX12 (22.2 pM) at mixing
ratio (f+) of 0.25 (A); 0.40 (B); 0.50 (C); 0.70 (D) during the course of nucleation and growth for 70

hours.

We monitor this second stage in the assembly pathway by inspecting the ratio of vibronic
bands, which are uniquely sensitive to the extent of chain planarization.[*¥l When the pro-
tein is present in a large under-dose (f+ = 0.25), we see mild changes of the 2-0 and 3-0
bands, which gradually become slightly more pronounced (Figure 5.3A). However, as the
mixing ratio approaches the point of charge compensation (f+ = 0.50), we observe a
smooth decay of the intensity of the lowest vibronic transition, 1-0, while the 2-0 transition
becomes the prominent emission band. We observe here the time-dependent transition
from a semi-flexible conjugated backbone to a coated and stretched one which is a direct

manifestation of the self-assembly of coat protein on the CP1 template.
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To quantify the capsid formation process as seen by the molecular sensors, we realize that
at each point in time-sections of uncoated template coexist with segments of conjugated
chain, which are encapsulated and stretched within a viral capsid. As time progresses, the
nucleated section of capsid will grow until full coverage is reached. The normalized intensi-
ty of the ith vibronic band in these evolving systems is thus a convolution of contributions
from coated and uncoated sections of the sensor chain. In a two-state approximation, this
can be expressed as: I' = IL(1 — @) + I} @, in which I} and I} are the normalized intensities
of uncoated and coated states, respectively, a is the fraction of the chain that is coated, the
quantity of interest, and 1 — « is the fraction of bare chain. Note that we observe a gradual
decrease in quantum efficiency as the viral coat protein binds to the mechanosensor CP1.
We determine the quantum efficiency of the bare CP1, against an anthracene standard, to
be 69.1%, which decreases to 38% at f+ = 0.1 and saturates at approximately 9.8% for the
fully encapsulated chain at f+ = 0.5. This binding-induced quenching was employed pre-
viously for other conjugated polyelectrolytes as a biosensor. [23-24] However, here we do not
need these quantum efficiencies, as we extract ratios of vibronic peak intensities taken with-
in one spectrum, such that the change in quantum efficiency divides out. Our most sensi-
tive measure of the coating-induced stretching is the ratio of vibronic band intensities be-

tween the 2-0 and 1-0 transitions. Within the two-state model, this ratio can be expressed as:

I' L(l—-a)+ lla (5.1)
tyi ===
YU Ja-a)+ a

This allows us to directly relate the measured time-dependence of the intensity ratio 7;;(t)
to the fraction of the template chain that is encapsulated at time #:
_ 7ijha

a =

(I — 1) = I + 1) (5.2)

% and I}%, are constants that can be measured experimentally

The reference intensities, I
from spectra for a chain in absence of any protein, and for a chain which is fully coated. For
the later, we choose a sample at exact charge compensation (f+= 0.5) and low overall con-

centration (0.06 uM of CP1 or 0.08 uM of CP2) after equilibration for 80 h. This analysis
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gives rise to a weakly non-linear relationship between the measured vibronic intensity ratio

11, and the degree of coating a.

Eq. 5.2 allows us to monitor the capsid formation process quantitatively. We first applied
this method on the dilute system which contains 0.06 uM CP1 with 2.22 pM C4510BK12, the
time-dependent changes in the PL spectra of this system can be seen in Figure A5.1. We see
that at this very dilute condition, a distinct nucleation-and-growth kinetics is found (Figure
5.4A). Initially, the degree of chain encapsulation is very low, until after a lag time of ap-
proximately 30 hrs, capsids begin to nucleate and grow over the course of a few hours to
reach completion. When insufficient protein is present to encapsulate all chains fully

(f+ < 0.5), we indeed observe only partial encapsulation (Figure 5.4A).

A B

1.0 T T T

0 20 40 60 80 0 20 40 60 80
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Figure 5.4 Time dependent changes of the coated fraction (a) of CP1 chains during the course of nu-
cleation and growth for 70 hrs for CP1 (0.06 uM) with C4S;0BK12(2.22 pM) (A) and CP1 (0.6 uM) with
C4510BX12(22.2 pM) (B) at various mixing ratio (f+).

If the self-assembly of the viral capsids indeed occurs through a classical nucleation mecha-
nism, as proposed by recent theory for rod-like virus assembly, 0] this distinct nucleation
lag time should be very sensitive to the protein concentration, which effectively sets the
oversaturation. We therefore applied this method to a more concentrated system 0.6 uM
CP1 with 22.2 uM C4S10BX12 (10x higher), Figure 5.3. Interestingly, while the nucleation lag
time has decreased from 30 hrs to only 5 hrs, the rate of growth remains unchanged. This is
in full agreement with the idea that the rate of nucleation is set by the relative degree of

oversaturation, while the growth is governed by the rate at which protein folding can
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propagate along the template, which should be much less sensitive to the overall concentra-

tion.

5.2.4 Competition between co- and self-assembly

When the protein is in excess with respect to the template, (f+> 0.5) we surprisingly ob-
serve that the capsid initially forms almost to completion, but after some time reverses
somewhat into a partially-coated state (Figure 5.4B). It is known that C4510BX!2 can also self-
assemble, in absence of a template, into empty rod-shaped capsids. Thus, at mixing ratios
higher than charge stoichiometry, there are two competing mechanism acting in the system.
On the one hand there is the initial co-assembly of the anionic template with the protein,
guided by binding through the BX12 block of the protein. This locally increases the protein
concentration, which triggers the nucleation of a filled capsid around the oppositely
charged chain. Yet, due to the strong interactions between the Sip blocks, structures can also
form in the bulk, which are invisible to our mechanochromic sensors. This second mecha-
nism is triggered only when there is an excess of protein in solution and at sufficient con-
centration. Our results suggest that as a result of this competition, some protein can be
scavenged from filled capsids by means of slow equilibration due to thermally-activated
protein dissociation, leading to the non-monotonic behavior we observe for sample
f+=0.7 in Figure 54B. At a much lower protein concentration, the critical association
threshold of the protein in the bulk is not exceeded, such that even at f+> 0.5 this competi-
tion between co- and self-assembly, and the resulting scavenging, is not observed on the

experimental time scale (Figure 5.4A).

5.2.5 Chain bundling within the capsid

The results above demonstrate how the combination of electrostatic co-assembly and silk-
domain guided self-assembly in the formation of artificial virus capsids gives rise to com-
plex kinetics. To evaluate whether the capsid is filled with a single conjugated template
chain, or whether multiple, or folded, chains occupy the capsid void; we finally employ a
second molecular sensor CP2 which features a FRET-based colorimetric response when
multiple chains are in close proximity. In isolation, the fluorescence spectra of CP2 exhibit

the same response as those of CP1. However, when chains bundle or fold, a significant in-

95



Chapter 5

crease in luminescence at 550 - 600 nm should be observed due to FRET between fluorene
and benzothiadiazole units on neighboring chains. In a fully aggregated state, the emission
of the fluorene units in the blue is almost completely suppressed in favor of emission from
the FRET acceptors (Figure 5.1F). With this sensor we repeat the experiments discussed
above. The luminescence spectra show a similar change in the vibronic band structure as

observed for CP1 (Figure 5.5).

A fr=010 C f+=050
T RS, T T T T T T
[\ ET
nN —-—a
— | 05 05
3 -
: =
< )
B =
.0 = 7] 0.0 re
0 5 10 15 20 25 30 0 5 10 15 20 25 30
time (hrs) . time (hrs)
A\,
400 450 500 550 600 650 400 450 500 550 600 650
A (nm) A (nm)
B D
f+=0.30 f+=0.70
P LAY v T T T
/\\ ET /Q\ ET
e 2
0.5p 0.5 W
: /l:\ £l
& 8
_J i
A 0.0 — & AP
0 5 10 15 20 25 30 5 10 15 20 25 30
| time (hrs) time (hrs)
400 450 500 550 600 650 400 450 500 550 600 650
A (nm) A (nm)

Figure 5.5 Time dependent changes in PL spectra of CP2 (0.08 uM) with C4S;0BK12 (2.22 pM) at mix-
ing ratio (f+) of 0.10 (A); 0.30 (B); 0.50 (C); 0.70 (D) during the course of nucleation, growth and re-
traction for 28 hours. Insets show the time dependent changes of the coated fraction (a) of CP2

chains (left axis) and ratio of PL intensity of BT band over the PF band (right axis).

We can use the ratio of vibronic bands to directly quantify the fraction of template that is
coated (insets Figure 5.5); we find the highest fraction of coated template at around 70% for

f+=0.50. This is slightly lower than for the homopolymer sensor CP1, which we attribute
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to the 20% reduction in anionic charge density upon introducing uncharged BT moieties at
the expense of dicarboxylic acid fluorene units. At charge stoichiometry and above we see a
subtle increase in intensity of the FRET peak at 560 nm. To quantify this we determine the
energy transfer (ET) ratio by dividing the intensity of the BT peak by that of the fluorene
donor. Even though the amount of bundling do not reach the ratio obtained for aggregated
sensor chains in the core of a charge-drive micellel*}] we observe significant FRET in the
protein capsids. This indicates that the void of the viral capsid is occupied by more than
one template chain. Interestingly, the FRET signal that reports chain proximity does not

emerge until the final stages of capsid formation.

This indicates that a capsid first nucleates and begins to grow around a single isolated
chain after which this chain folds, or the object recruits neighboring chains, to achieve full
charge compensation within the capsid which is rich in cationic lysine residues from the
BK12 blocks. Also here we see the non-monotonic behavior in time when an excess of coat
protein is present (Figure 5.5D), which provides further evidence for the dynamic equilib-
rium between filled and empty capsids due to the competition between co- and self-

assembly.

5.3 Conclusion

In this chapter, we have shown that the presence of two competing association motifs with-
in a single coat protein gives rise to complex assembly kinetics, of forming a protein coat
around a template and a competition between co-assembly with a template chain and self-
assembly. The pattern observed is very similar to that of formation of natural (rod-like) vi-
ruses like tobacco mosaic virus. Using novel mechanochromic polymer sensors as the ani-
onic templates for protein assembly, the nucleation-and-growth kinetics, and protein scav-
enging by empty capsids can be followed in detail. Moreover, inclusion of additional func-
tionality in the sensor through incorporation of acceptor units allows us to show that the
core of the co-assembled particles shows significant chain overlap, due to either folding of
single chains, or bundling of multiple chains. These results highlight how competing and
orthogonal supramolecular interactions within a single macromolecular building block can

give rise to complex kinetic pathways of molecular-assembly.
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5.4 Experimental Section

5.4.1 Photophysical Experiments

Steady-state fluorescence spectroscopy was performed on a Cary Eclipse Fluorescent Spec-
trophotometer with a xenon lamp. The temperature was regulated at 22 °C by a tempera-
ture controller mounted to the spectrophotometer. Fluorescence lifetime measurements
were performed on an Edinburg Instruments Fluorescent Spectrophotometer FLS920 with
picosecond pulsed diode laser (PDL 800-B) at an excitation wavelength of 373 nm, photo-
luminescence quantum efficiency (PLQE) measurements were performed on the same in-

strument, against an anthracene standard.

5.4.2 Conjugated Polymers

The synthesis of homopolymer poly[9,9"-bis(tert-butyl-3"-propanoate)fluoren-2,7-yl], (PE3(tert))

via the nickel(0)-mediated polymerization reaction, Yamamoto polymerization, has been
slightly modified from a previously described method.?4 Ni(COD)> (550 mg, 2 mmol) and
2,2’-bipyridyl (312 mg, 2 mmol) were placed in a 50 mL two neck round- bottom flask in a
glove box. Dry dimethylformamide (3.5 mL) was added into the flask and purged with ni-
trogen at 75 °C. COD (245 pL, 2 mmol) was added dropwise and the mixture was stirred for
1 hour. Monomer 1 (Monl) 2,7-dibromo-9,9-bis(3-(tert-butyl propanoate)) fluorene (0.55 g,
1 mmol) was dissolved in anhydrous toluene (6 mL) in a separate flask and purged with
nitrogen, after which it was added to the reaction vessel dropwise. The reaction was al-
lowed to proceed for 9 hrs under inert atmosphere. The chains were end-capped by inject-
ing 1-bromo-4-ethynylbenzene (97%) (181 mg, 1 mmol) dissolved in anhydrous toluene (2
mlL) into the reaction vessel. The product is purified by precipitation and Soxhlet extraction
after which it is obtained as a yellow solid (310 mg, 56 %); from GPC we find M =16.7
kgmol! and PDI = 2.4. 'H NMR (400 MHz, CDCls, 8): 7.79-7.66 (m, 6H), 2.46 (s, 4H,—
CHz, 1.57 (s, 4H,- CH2-), 1.22 (s, 18H) ppm.

To obtain the carboxylated water-soluble polymer poly[9,9"-bis(3"”-propanoate)fluoren-2,7-yl]
sodium salt (PF3) (CP1), the side chains were hydrolyzed using TFA in DCM followed by a

second hydrolysis step using Na>COs in water. The polymer was purified through dialysis
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against Mill-Q water for 3 days. CP1 is obtained after freeze-drying as fibrous yellow solid
(31.3 mg, 52 %) with near complete hydrolysis of the propanoate side chains into their car-
boxylic acids. TH NMR (400 MHz, MeOD, 0): 7.83-7.73 (m, 6H), 2.51 (s, 4H), 1.54 (s, 4H)
ppm, 1.22 (s, 18H).

The synthesis of copolymer, poly[9,9’-bis(tert-butyl-3”-propanoate)fluorene-co-4,7-(2,1,3-

benzothiadiazole),o], (PE3(tert)-BT2) was performed using the same procedure as above:

monomer Mon1 (442 mg, 0.8 mmol) and monomer 4,7-dibromobenzo[c]-1,2,5-thiadiazole
(Mon2) (58.8 mg, 0.2 mmol) were incorporated in the polymer backbone at a 4:1 molar ratio.
The endcap agent used in this synthesis was 4-bromo-2,1,3-benzothiadiazole (21.5 mg, 0.1
mmol). After purification the copolymer was obtained (430 mg, 84%) with Mw = 12.0 kg
mol'and PDI = 2.2. TH NMR (400 MHz, CD:Cly, 8): 7.84-7.74 (m, 6H), 2.49 (s, 4H, — CH2-),
2.00 (s, 4H,- CHz—), 1.23 (s, 18H) ppm.

Using the same protocol as above we obtain the polyelectrolyte CP2: poly[9,9"-bis(3"-

propanoate)fluorene-co-4,7-(2,1,3-benzothiadiazole)o] sodium salt (PE3-BT50) as a brown- yellow
solid (400 mg, 93%). "H NMR (400 MHz, MeOD, 8): 7.90-7.82 (m, 6H), 2.59 (s, 4H), 1.62 (s,
4H) ppm, 1.29 (s, 18H).

5.4.3 Artificial viral coat protein

The artificial viral coat protein (C4S10BK12) is prepared using recombinant Pichia pastoris
yeast strains that carry the artificial genes for the desired amino acid sequence. We follow
previously established protocols [ 401 for the design, biosynthesis and purification.
C4510BK12 (M, = 45 kDa) (Figure A5.2) consists of i) a stabilizing (Cs) block of 407 amino ac-
ids with the same composition as collagen but a randomized sequence to create an inert
and hydrophilic random coil structure with a radius of gyration of 7 nm;[11l i) a electrostatic
binding block (BK12) that has 12 lysine residues which are located at the C-terminus of the
protein polymer and iii) a central block that consists of a silk-like sequence Si0= (GAGA-
GAGQ)10 that provides cooperativity by folding and stacking into stiff filamentous struc-
tures with a characteristic p-roll structure, in which the glutamine residue (Q) resides at the

corners of the folded turns.
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5.4.4 Sample Preparation

Solutions of CP1 (1 or 10 ugml?), CP2 (1 pgml?), C4S10BX12 (0.1 or 1 mgml) were prepared
in deionized water whose pH was adjusted to 8.6 with NaOH. C4510BX12 solutions are kept
at 60 °C for 10-15mins to ensure a purely unimeric state prior to mixing with CPs. Samples
were mixed by vortexing for few seconds. Solutions were immediately transferred into

quartz cuvettes and sealed to prevent evaporation during the course of the experiment.
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Self-Assembly of Virus-like Particles
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Figure A5.1 Time dependent changes in PL spectra of CP1 (0.06 uM) with C4S10B¥12 (2.22 pM) at
mixing ratio (f+) of 0.10 (A); 0.50 (B); 0.70 (C) during the course of nucleation and growth for 70

hours.
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Figure A5.2 MALDI-TOF (Matrix Assisted Laser Desorption/lonization Time-of-Flight Mass Spec-

troscopy) spectrum of C4S10BK12.

103






CHAPTER 6

General Discussion



Chapter 6

This thesis consists of four experimental chapters based on studies conducted on four dis-
tinct supramolecular systems. Our aim was to push our understanding of supramolecular
assembly at the nanoscale with (i) a technique that was developed earlier but had never
been applied to a thermodynamically reversible system and (ii) a novel approach based on
multi-responsive mechanochromic polymer sensors, designed, developed and optimized to

shine new light onto charge driven co-assembly.

In this chapter we will place the outcome of this thesis in a broader perspective. We will
first discuss the mechanochromism of polyfluorenes by specifically focusing on the factors
which affect its transition to the p-phase. In addition to the examples from the literature, we
will also discuss some preliminary experiments not shown in the previous Chapters. We
will conclude this section with prospects for future research using the experimental tech-
nique of single molecule spectroscopy, which may have the answers to the questions relat-
ed with the origin of f-phase formation in polyfluorene. Finally, we will emphasize the po-
tential use of mechanochromic polyfluorene in high complexity supramolecular systems to
probe local viscoelastic changes (spectroscopic microrheology) with experimental results
obtained from an asymmetric triblock protein which combines the properties of proteins

used in Chapter 2 and Chapter 3.

The morpho-chromic relationship between the chain conformation of conjugated polymers
(CPs) and their spectral response is well-known. Structurally, CPs almost invariable exhibit
a semi-flexible backbone which is not easily soluble in common solvents due to the strong
tendency for m-m interactions. The insoluble nature of CPs limits their processability and
thus potential applications. A common approach to resolve this limitation is to substitute
the backbone with flexible side chains to provide steric hindrance against n- stacking. The
structure of CPs with grafted side chains is often described as a semi-flexible hairy-rod ar-
chitecture whose side "hairs" ensures the solubility of aromatic backbone. The type of the
side chain influences polymer solubility in different types of solvents. Moreover, it alters
the phase behavior of polymer which directly affects the optoelectronic properties. To date,
these effects have been most extensively studied in polyfluorenes, due to the relative ease
with which they can be synthesized and functionalized, and their distinct spectral response

in the visible range of the electromagnetic spectrum. In addition, polyfluorenes are among
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the most studied conjugated polymers due to their unique application characteristics for
optoelectronic devices, such as having a low band gap, efficient blue light emission, excel-

lent stability and easy processability.[]

6.1 The p-phase of polyfluorene

In this thesis we demonstrated how supramolecular binding could induce a conformational
change in individually dissolved conjugated polyelectrolytes, which in turn resulted in a
distinct mechanochromic response. We have attributed this to the planarization of the
backbone and the resulting increase in effective conjugation length. These phenomena are
also observed to occur during the planarization of alkyl-substituted polyfluorene chains in
the solid state during a transition between amorphous and partially-crystalline phases. To
explore the origins of this mechanochromism, we thus explore the f-phase in some detail

below.

The p-phase of polyfluorene was first reported in 1998 as an “aggregate” state of poly(9,9-
dioctylfluorene), where chains adopts an extended conformation when placed in a poor
solvent.[?l The detection of this structural change in the backbone conformation of polyfluo-
rene was possible only because this new phase had distinct spectral features appearing in
the absorption spectra, as a new low energy band ~ 436 nm, and more pronouncedly in the
emission spectra as a red-shift with well-resolved vibronic bands. In response, detailed
studies were performed to understand the origin of p-phase formation in polyfluorene. We
must emphasize here that most of this research was performed on polyfluorene substituted
with di-n-alkyl side chains prepared in thin films in the solid state. Primarily, polyfluorene
films were subjected to thermal treatment or exposed to solvent vapor which resulted in
mechanical stress or swelling stress on polymer chains, respectively.’] More recently, f-
phase of polyfluorene was observed when polymer chains were physically confined inside
an ionogel or in nanoparticles.[*] The proposed driving force for f-phase formation in this
system was a combination of various “possible” contributors such as m-mr stacking and hy-
drophobic interactions. Even though the efforts made to find out the origin of f-phase for-
mation of polyfluorene chains do not yield a straightforward answer, the studies have re-

vealed one commonality that this new phase appears in conditions where the polyfluorene
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chains are subjected to stresses in any form, such as mechanical, thermodynamic or supra-

molecular.

Meanwhile, details about the morphology of the p-phase of polyfluorene were being stud-
ied by various x-ray scattering methods, such as fiber diffraction, small angle and wide an-
gle scattering.l3 ¢ The results showed that chains in the f-phase of polyfluorene exhibit a
significantly longer effective conjugation length than those in an amorphous conformation.
Thus, the p-phase of polyfluorene relates to a planarized and stretched conjugated back-
bone. This intrachain (within-the-chain) planarization with chain stretching can be consid-
ered as a one-dimensional (1D) crystallization process, rarely observed in nature.l’l Even
though the initial studies related the f-phase formation of polyfluorene to intrachain order-
ing under applied stress, it was later discovered that with the appropriate alkyl-chain sub-
stitution, f-phase formation can occur spontaneously from the glassy state.[o 8 This high-
lights the critical contribution of interchain (between-the-chains) interactions on this phase

transition in the bulk.

6.1.1 Alkyl side-chain length dependence

The effect of alkyl-chain length on the p-phase formation of polyfluorene has been studied
in detail with optical spectroscopy (absorption, emission and excitation) and x-ray scatter-
ing (small- and wide- angle) methods for linear side chains consisting of 6 - 10 carbon at-
oms.[6 81 There has been no report on p-phase formation with branched side chains yet, but
we may expect the bulkiness of branched side chains to have a significant effect on the for-
mation of the partially ordered phase. Thus, we will focus on the linear side chains, only.
Polyfluorenes substituted with different lengths of linear alkyl side chains exhibit different
phase behaviors when exposed to the same thermal treatment or dissolved in same solvent.
Results indicate that the octyl (8C) chain length is the most favorable to induce p-phase
polyfluorene, followed by heptyl and nonyl substitutions. Interestingly, no p-phase for-
mation is observed in polyfluorenes with side chains of 6 and 10 carbons. Two possible fac-
tors were proposed for such a specific effect of side chain length: (1) “Aggregate formation
efficiency” which is considered to be weak due to increased disorder for long chain lengths

(10 carbons) and (2) “van der Waals bond energy” which is required to planarize the back-

108



General Discussion

bone by overcoming the steric repulsion, is considered to be insufficient for short chain

lengths (6 carbons).

The polyfluorene-based mechanochromic sensors which were used in this thesis are substi-
tuted with linear side chains of only 3 carbon atoms with a terminal carboxylic acid. There
is no information on p-phase formation of polyfluorene with this side chain length (or any
other length < 6 carbons). We suspect this is due to the very limited solubility of polyfluo-
renes with only short alkyl side chains due to m-m1 stacking in solution. Interestingly, our
results presented in this thesis have shown the phase transition from amorphous to f-phase
occurring in short side chain substituted polyfluorenes, both in solution (Chapters 3-5) and
the solid-state by pH-triggered precipitation (Figure A3.2 in Chapter 3). We also prepared
similar conjugated polyelectrolytes (PF2), synthesized via the same, nickel (0)-mediated
Yamamoto coupling, but with a side chain of only 2 carbons (Figure 6.1A). Note that this
sample exhibited an almost 4 times higher molecular weight of the polymer (Mw= 68.5
kgmol?) and slightly improved polydispersity (PDI=2.2). PF2 is an anionic homopolymer
which is highly soluble in aqueous solution under basic conditions. When we introduced
the cationic-neutral diblock polypeptide C4BX12 (the coat protein used in Chapter 3) to an
aqueous solution of PF2 (0.15 uM), electrostatic interactions ensure the binding of positively
charged molecules which then leads to spectral changes in the photoluminescence (PL)
spectra of PF2 (Figure 6.1B). Upon coating of the PF2 backbone with protein we observe
again the same distinct spectral changes in emission bands which were attributed to -

phase of polyfluorene, similarly as those shown in Chapter 3.

For these supramolecularly-stretched polyelectrolytes, the side-chain length thus appears to
be relatively unimportant. This can be understood by recognizing the contribution of the
bulky neutral block (400 amino acids) of the protein to the stress applied on the polymer
backbone. The coil radius of this neutral block is = 6-7 nm.[l There must be multiple diblock
proteins attached to a single polyfluorene chain, hence, when the spacing between each
neutral block becomes much smaller than their coil radius, strong entropic repulsion be-

tween neighboring neutral blocks will lead to side chain stretching.[®-10]
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Figure 6.1 The chemical structure of PF2 (A); Normalized PL spectra of uncoated PF2 (violet) and of
the gradually coated PF2 with diblock C4BX12, showing the decrease in main band I and gradual in-
creases in band II and III (f-phase of polyfluorene) (B).

Moreover, since this co-assembly results in the formation of a self-assembled bottle-brush
structure, there is also the possibility of side chain induced main chain stiffening!1-12] onto

which the opto-mechanical calibration curve in Chapter 3 is based.

All these indicate that there is a major effect of interchain interactions on the stress felt by
the conjugated backbone of polyfluorene, thus the f-phase formation. Results of other re-
ports in the literature support our claim. A recent study used a polyfluorene homopolymer
with carboxylated side chains (3 carbons in length), the same polymer as we have used in
Chapter 3 - 5, to selectively detect mono- and divalent metal ions, such as Cu* and Cu?*
ions.l13] The PL spectra only exhibited quenching due to binding, which we also observe
(Figure A3.1, Chapter 3), but no p-phase formation. Moreover, also experiments on com-
plexation with a homopolymer, which lacks the neutral side chains, reported in Figure 3.2C
in Chapter 3, show no appreciable chain planarization. Apparently, the interaction between
side grafts is required to mechanically force the chain into an extended conformation. Final-
ly, another study considered the use of poly(fluorene-co-benzothiadiazole), structurally
similar to the CP2 used in Chapter 4 - 5, except the carboxylated side chains which had 4
carbons instead of 3 carbons, to detect diamines and biogenic polyamines at very low con-
centrations via FRET.[1 This study also only monitored the quenching in emission intensity

to detect binding, but reports no signs of f-phase formation. These data are strong evidence
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that the origin of single-molecule f-phase formation in solution is not due to charge neu-
tralization itself but the result of a mechanical stress induced by various supramolecular

interactions.

6.1.2 Conjugated backbone design

Over the past decade, we have seen an increased interest in the development of biological
recognition systems based on a multicolor sensor response from a single polyfluorene (or
other conjugated) polymer chain. The conjugated backbone of polyfluorene has been (i) tai-
lored with donor-acceptor units to achieve a colorimetric response via energy transfer; and
(ii) substituted with water-soluble anionic or cationic side chains to ensure the binding of
specific biomolecule. Even though various polyfluorene-based colorimetric sensors have
been reported to detect and quantify even low concentrations of biomolecules, none of
them were reported to exhibit the specific mechanosensor property, i.e. stress induced
change in conjugated backbone conformation, we have utilized in Chapters 3 - 5 in this the-
sis. This may seems surprising as the vibronic changes we observe are so strong. However,
the conjugated backbone of the previously used colorimetric polyfluorenes has a small dif-
ference in chemical composition. Even though the acceptor unit was almost always chosen
to be 2,1,3-benzothiadiazole (BT) moiety that we have also used (with exceptions)[5-1€], it
was introduced into poly(fluorene-co-phenylene) chains (Figure 6.2) instead of pure

polyfluorene chains.[17-20]

R = (CH2)sNMe3Br

Figure 6.2 The chemical structure of frequently used poly(fluorene-co-phenylene) based colorimetric
sensors. Reproduced with permission from ref 10. Copyright 2006 Wiley-VCH Verlag Gmbh & Co.
KGaA.

This design variations have been studied extensively for their effective reporting of multi-
color detection of biomolecules via Forster resonant energy transfer (FRET). However, even

a very bulky biomolecule, i.e. DNA, could not induce backbone planarization in these pol-
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ymers, hence no f-phase formation is reported. Apparently, this design variations changed
the ability of the conjugated chain to form the 1D crystal required to create the specific vi-
bronic mechanosensor response. Additionally, in a study which shows the pH dependence
of a similarly designed poly(fluorene-co-phenylene-co-benzothiadiazole), only enhanced
FRET at low pH due to aggregation-induced increases in interchain contacts is reported,
but also here no f-phase formation is observed.[20] By contrast, for pure polyfluorene chains
with BT doping, we observe the mechanochromic response also in the aggregated state

(Chapter 4).

To confirm these data within our experimental approach, we have synthesized a polymer
(PFpBT) with a similar design in which we also included a phenylene unit into the back-
bone (Figure 6.3A). We show the changes in PL spectra of PFpBT when the pH is lowered
from 11 to 5 in Figure 6.3B. Also here, we observe enhanced FRET from the fluorene units
to BT, which occurs when chains become increasingly insoluble. However, as can be clearly
seen, the relative intensities of the vibronic transitions remain unaltered, hence there is no
sign of chain planarization which can be utilized for molecular force sensing, in stark con-

trast to what we reported in Figure A3.2.

A B

PL (a.u.)

400 440 480 520 560 600 640 680
A (nm)

Figure 6.3 The chemical structure of PFpBT (A) and normalized PL spectra of PFpBT as a function
of decreasing pH (as indicated by the arrow) from 11 (violet) to 5 (brown) (B).

We speculate that the alternating phenylene units in the backbone increase the rotational
degrees of freedom along the conjugated chain. In turn this increases the flexibility of the

backbone and may aid in relieving stresses applied to the backbone. Moreover, the phe-
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nylene units increase the inter-monomer spacing between adjacent fluorene units between
which energy is transferred in the planarized chain conformation, characteristic of the beta-
phase. The combination of these effects appears to suppress the characteristic vibronic re-

sponse at the heart of the mechanochromic sensing described in Chapters 3 - 5.

6.1.3 Single molecule spectroscopy

Single molecule spectroscopy (SMS) is a relatively new technique to study the structure,
position and environment of single fluorescent objects at the nanometer scale.l’l It allows
the optical detection of single molecules and eliminates for the ambiguities that may arise
due to ensemble-averaged responses collected by conventional spectroscopy methods in
heterogeneous systems such as conjugated polymers, proteins and biological light-
harvesting complexes. As discussion in the previous section, still many questions remain
regarding the nature of the f-phase formation in polyfluorene and its mechanochromic re-
sponse. To utilize the mechanochromism of polyfluorene in further studies in sensing or for
other future applications, it is crucial to understand the exact nature of the stretching-
induced vibronic shifts at the single molecule level. We know that chain planarization, in
the solid state or in solution, results in the distinct beta-phase signature in the luminescence
spectra. We also have evidence for the contributions of side chains and binding complexes
on the stresses created and transduced onto the polyfluorene backbone. But, not all binding
events lead to the apparent p-phase formation. Moreover, how subtle structural differences
between a homopolymer polyfluorene chain and a poly(fluorene-co-phenylene) chain result
in the emergence or lack of mechanochromism, e.g. upon complexation with our neutral-
cationic diblock protein C4BX12, remains unclear. Moreover, while we have determined the
optical response of the whole medium, we do not know how each single chain actually con-
tributes to that collective response. Can thermal fluctuations in the density of analyte
bound to a chain be detected as fluctuations in vibronic peaks? Can the resolution of force
detection be increased by detecting single molecules in which the vibronic peaks are ex-
pected to become significantly more pronounced? The only experimental technique cur-
rently available to address these questions and gain more insight into f-phase formation in
polyfluorene chains is SMS. Thus, based on the findings in this thesis, we believe this is the

most logical direction to continue this work. Application of single-molecule detection in
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combination with super-resolution imaging, as in Stochastic optical reconstruction micros-
copy (STORM) or photo-activated localization microscopy (PALM) methods, could enable a
novel microrheology type of method using mechanochromic chains as molecular rheologi-

cal stress sensors.

6.2 Co-/ Self- assembly kinetics

Throughout this thesis we have shown that polyfluorene-based mechanochromic sensors,
due to their robust and characteristic optical response, can be used to study various supra-
molecular self-assembly processes, such as the charge driven co-assembly of coat proteins
forming a physical bottlebrush structure, micelle formation of synthetic polymers and the
competition between templated and non-templated assembly of virus-mimicking proteins.
In successive chapters, (i) we have either improved or optimized our mechanochromic sen-
sor to achieve a deeper level of understanding of the specific system of interest; and (ii) we
have gradually increased the level of complexity; going from single molecular objects in
Chapter 3, a condensation transition to multimolecular micelles in Chapter 4, to competing
pathways in cooperative self-assembly in Chapter 5. We realize that these sensors have
great potential to probe local environmental changes at the nanometer scale and in this way

they can be considered as a spectroscopic sort of microrheology.

To realize this, we combined a biosynthetic asymmetric triblock protein (TR4K) produced
in a recombinant Pichia pastoris host (Figure 6.4A), by using established protocols[?!l with
our simplest mechanochromic sensor CP1. TR4K consists of an end block (T) which self-
assembles into triple-helices at low temperature and forms an elastic network, a random
coil middle block (R4) that consists of 400 amino acids and acts as hydrophilic spacer, and a
cationic end block (K) consisting of 6 lysines to ensure binding. This system is thus a hybrid
of the thermoreversible polypeptide gelator which was probed in Chapter 2 for its melting
and gelation dynamics and the simple coat protein which was monitored during its encap-

sulation of our mechanochromic sensor, CP1, in Chapter 3.

We addressed two preliminary questions by studying this system: (1) can we control the

stress-induced backbone planarization of CP1, when the charge ratio between TR4K and

114



General Discussion

CP1 is kept low to prevent f-phase formation, so that only thermo-reversible triple-helices
are formed by the end blocks as illustrated in Figure 6.4B; and (2) can we use the mecha-
nochromic sensor to probe local changes in viscoelastic properties in the system, similar to

the microrheology method used in Chapter 2?

Figure 6.4 Highly illustrated schematics of asymmetric triblock polypeptide (TR4K) and anionic
homopolymer polyfluorene (CP1) (A); charge-driven electrostatic binding of TR4K on CP1 back-
bone at high temperatures (B); and thermo-reversible triple-helices formation of T blocks at 10°C

(©).

The experiments require pre-heating of TR4K at 50 °C for 30 mins to ensure the full dissoci-
ation of pre-formed triple helices in the system before introducing it into CP1 solution at
pH = 8.6. Immediately after mixing the CP1 and TR4K, we quenched the temperature to 10
°C and started recording the photoluminescence spectra over the next 22 hours (1 scan/30
mins) while keeping the temperature fixed at 10 °C inside the fluorescence spectrophotome-
ter. A control sample, which only contains CP1 with no protein, is shown in Figure 6.5A
and shows no appreciable change in vibronic band structure. However, samples with pro-
tein at two different mixing ratios, f+= 0.1 and f+= 0.2, shown in Figure 6.5B - C, exhibit
immediate quenching due to binding of TR4K to CPlas well as some changes in vibronic
bands indicating a partial transition towards p-phase formation due to backbone coating by
TR4K. As we decided to keep the mixing ratio low, we minimized the contribution of TR4K
coating to backbone planarization. In Figure 6.5B - C, we therefore monitor the changes in
band I and II (indicative for f-phase formation) which occur as a result of stress induced on

CP1 by triple helices formation of self-assembling blocks at low temperature. Gradually in
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time, we observe the characteristic changes in vibronic spectra due to the planarization and

stretching of the CP1 backbone.
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Figure 6.5 Time dependent changes in PL spectra of CP1 (0.6 pM) with no TR4K as control sample
(A); with (1.10 pM) TR4K at mixing ratio f+ = 0.1 (B); and with (2.50 uM) TR4K at mixing ratio f+ =
0.20 (C) during the course of triple-helices formation of T block of TR4K for 22 hours at 10 °C.

After 22 hours at 10 °C, we increased the temperature to 30 °C and then recorded the re-
verse process. When sufficient time is given, all the triple helices should disassemble and
the stress on the CP1 backbone should be released. The characteristic progression of the vi-
bronic shifts due to encapsulation-induced chain planarization can be followed in detail by
plotting the ratio of the intensities between the 1-0 and 2-0 bands in Figure 6.6. This clearly
shows that at low temperature, where triple helices form between self-assembly blocks,
there is backbone planarization to an extent. If we subsequently increase the temperature
again (indicated by the dotted line in Figure 6.6), the co-assembled objects dissociate again

and the spectra return to that of the bare, native, conjugated polymer.

We know from an earlier rheological study done on TR4K system(?!l that the protein con-
centration which was used in these experiments is too low to induce a complete sol-gel
transition via cross-link formations throughout the entire system. Nevertheless, we confirm
from the comparison of spectra shown in Figure 6.5 A - C that vibronic band changes occur,
merely due to the presence of TR4K in the system leading to elevated stress on the CP1
backbone when the temperature is low. Hence, this increased stress most likely originates

from the triple-helices formed at low temperature even though the total protein concentra-
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tion is too low to induce a macroscopic effect. We know that CP1 acts as a template for
TR4K, due to electrostatic interactions between the anionic side chains of CP1 and the cati-
onic binding block of TR4K. This can easily increase the local concentration of proteins
around CP1 chains and bring triple-helices-forming T blocks in close proximity. The obser-
vations with our mechanochromic sensor, Figure 6.6, very likely originate from that local

increase in elasticity which enhances the stress on CP1 backbone.

10°C : 30°C

PL Peak II/I Ratio

0 10 20 30 40 50
time (hrs)

Figure 6.6 The ratio of vibronic bands II/I as a function of time after mixing sensor polymer CP1

with triblock protein TR4K at 10 °C and subsequent dissociation of co-assembled objects at 30 °C

These results highlight how mechanochromic polyfluorenes have great potential to be used
as versatile, non-invasive sensors to probe local changes at nanometer scale. In this sense,
they are tools like probe particles in microrheology, but their response is spectroscopic.
They have the flexibility to be designed and tailored for monitoring specific interactions in
various co-and self-assembled systems formed spontaneously via supramolecular interac-
tions. They still present many challenges concerning the origin of mechanochromism which
might be best addressed with single molecule spectroscopy experiments and molecular

simulations, but they open up a “bright’ future for nanoscience.
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Summary

In this thesis, we employ two distinct powerful methods to shed light on the dynamics of
supramolecular assembly at the nanoscale (i) particle tracking microrheology and (ii) con-

jugated polymer sensing.

In Chapter 2, we employed microrheology, based on multiple particle tracking with optical
microscopy, to study the melting and gelation behavior of a thermoreversible biopolymer
gel. At the sol-gel transition, the mechanics of this percolating system are so weak and
evolve rapidly in time such that conventional rheometry fails to give insight into the nature
of the gel point. It could only be probed with a method which noninvasively provides in-
formation about the changing visco-elasticity of the medium at short intervals (0.04 Hz ~ 25
secs), by using submicron sized beads as thermally-driven microrheological probes. The
gelator, a well-defined triblock copolypeptide inspired by collagen, has the special feature
of forming a gel network at low temperature; a percolated structure is built under these
conditions via the assembly of its end blocks into triple helices stabilized by hydrogen
bonds. During the transition from a molten liquid state to a percolated elastic network, and
its reverse, we have collected video recordings of the thermal motion of tracer particles,
from which their mean squared displacements (MSDs) could be reconstructed. We then
applied the principle of time-cure superposition to ascertain the nature of the gel point.
Although various alternative approaches exist to apply time-cure superposition, we pro-
posed a new, straightforward method for unambiguous reshifting of the MSDs to a single
master curve; i.e. we first determine the logarithmic slopes of the MSDs as a function of ex-
perimental time. Then, using theoretical predictions of the critical gel regime for a fractal
like polymer growth, which resembles the self-assembly of our polypeptide network, we
constructed master curves which span the entire melting and gelation process by shifting
MSD curves obtained at discrete curing times. This allowed us to unequivocally identify
the gel and melt regimes and, hence, the location of melting or gelation point in time. The
critical exponents of both melting and gelation are the same, indicating the same pathway
is followed through phase space during this inverse transformation. However, the concen-
tration dependence of gelation is much stronger than that of melting; this formed direct ex-
perimental proof of a previously postulated kinetic model that node-formation (gelation)
requires exactly three dispersed nodes to come in close proximity for a stable triple helix to

form. This is a third-order diffusion limited process which is extremely sensitive to end-
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block concentration. By contrast, for melting to take place, existing triple helical nodes only
need to disintegrate, which is a 1st-order reaction limited process with linear concentration

dependence.

In the Chapter 3 of this thesis, we have introduced a new tool to monitor supramolecular
systems during co-assembly and self-assembly. Using polymer chemistry we have subse-
quently (in Chapters 4 and 5) tailored this method at the monomer level to increase the
functionality and sensitivity of this novel approach. The tool we have developed and ex-
plored is a polymeric mechanosensor, obtained by the synthesis of a water-soluble polyflu-
orene homopolymer with a high density of pendant carboxylic acid groups along the main
chain. In Chapter 3, we showed how this sensor can be used to quantitatively monitor elec-
trostatic co-assembly with a simple coat protein, consisting of a cationic-neutral diblock
polypeptide produced biosynthetically in a recombinant host. Polyfluorene in its native and
semiflexible (amorphous) state exhibits well known vibronic emission bands in the violet-
blue region of the electromagnetic spectrum. Our charge-functionalized polyfluorene
shows the same spectral features in aqueous solution, where the conjugated backbone has a
coiled conformation with semi-rigid nature due to the charged side chains attached to the
conjugated backbone. Upon introducing small amounts of protein into the solution of
polyfluorene, we observe that the fluorescence emission intensity decreases due to binding;
that binding occurs indeed is supported by light scattering experiments. Moreover, we rec-
orded a gradual change in the vibronic bands of polyfluorene where the intensity from the
lowest vibronic transition decays while the higher vibronic transition bands grow in inten-
sity and develop well-defined peaks. These characteristic changes in the vibronic bands are
attributed to a solution-equivalent of the f-phase of polyfluorene, in which the molecule
adopts a planarized backbone conformation leading to increased conjugation. In our study,
we have shown that the optical properties commonly found in thin films of polyfluorene
can also be observed in aqueous solutions of anionic polyfluorene, when it binds cationic
protein. As the protein coats the conjugated backbone, by binding with the cationic block, it
creates a bottle-brush structure of neutral chains along the backbone, which stretch the
chain into a planar configuration. In turn, this backbone planarization and stretching, alters
the vibronic band structure of the anionic polyfluorene. By analyzing these changes in the

fluorescence spectrum, we showed that it is possible to detect even low degrees of binding,
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and to non-invasively measure the brush density from simple spectroscopy experiments.
We confirmed the structural changes in the conjugated backbone by synchrotron small-
angle x-ray scattering experiments where we observed a distinct transition from a semi-
flexible coiled chain into a stiff ribbon-like structure. We also showed that upon adding salt
the disintegration of the bottle brush occurs, with the reversal of changes in vibronic bands.
Thus, these results present in Chapter 3 demonstrate the first direct use of a conjugated
polymer as a mechanosensor for self-assembly processes due to its unique fluorescence
sensitive to its own conformational change. In the follow-up study, presented in Chapter 4,
we replaced the polypeptide with a synthetic diblock copolymer to create supramolecular
micelles. Following the same experimental approach as in Chapter 3, we monitored the co-
assembly of our polymeric sensor with a diblock copolymer. At low concentrations of di-
block copolymer, we observed the same changes in structural and optical properties ob-
served earlier for the coating with polypeptide: a transition from uncoated conjugated
backbone to a coated, planarized and stretched backbone with characteristic p-phase vi-
bronic bands. However, upon increasing the concentration, i.e., approaching charge stoi-
chiometry, a featureless low-energy emission band emerged; we hypothesized that this
could be due to a secondary structural transition which involves chain aggregation. To in-
vestigate this speculated bundling transition from single bottle brush objects into multimo-
lecular condensed micelles, we designed a new diblock copolymer by incorporating an ac-
ceptor unit into the polyfluorene (donor) backbone. We tuned the ratio of acceptor-donor
units in such a way that there is no appreciable intrachain energy transfer and resulting ac-
ceptor emission. At an optimized ratio of acceptor to donor the only change occurs when
polymer chains come within close proximity and allow Forster resonant energy transfer
(FRET) through the medium. By monitoring the changes in fluorescence emission bands
with this new mechanosensor, we first detected the transition from isolated polyfluorene
chains to coated and planarized chains, which occurs at polycation doses below charge
stoichiometry. Subsequently, at high charge ratios close to complete charge neutralization,
we for the first time unveiled the second step in electrostatic co-assembly toward con-
densed multimolecular micelle formation. While previously predicted to occur theoretical-
ly, this distinct condensation transition had not been observed in experiments. Our new

mechanosensor polymer allows not only the detection of binding and disintegration of an
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analyte by means of fluorescence quenching (monitoring charge driven co-assembly via the
vibronic bands in fluorescence), but also probing the proximity of polymer chains inside a
micelle, by the emergence of a new emission band. Thus, it is not only a vibronic mecha-

nosensor but also a colorimetric proximity sensor.

In the last experimental chapter of this thesis, Chapter 5, we studied the self-assembly dy-
namics of a recombinant virus using our polymeric sensors. This protein is based on the
same cation-neutral diblock copolypeptide as used in Chapter 3, but features an additional
polypeptide block which can self-assemble laterally into stacks of p-rolls. This provides
strong cooperativity to the self-assembly process, which is predicted to result in distinct
nucleation-and-growth kinetics of the virus particle formation. We monitored the fluores-
cence emission bands of our polyfluorene sensor in time over several days after addition of
coat protein at various concentrations, by recording a luminescence spectrum every few
minutes. Unlike the previous supramolecular systems that we have studied, this system
undergoes templated (exceptions occur) self-assembly such that the template is the sensor
polymer. Once the conjugated polymer is encapsulated within this protein “capsid”, the
vibronic emission bands again exhibit their unique changes as observed in the previous
chapters. Using a two-state model we were able to use the vibronic shifts to directly deter-
mine the fraction of template coated by the virus capsid protein This unveiled a typical nu-
cleation-and-growth mechanism as evidenced by a nucleation lag time which strongly de-
pends on concentration. Using the proximity sensor we were also able to provide evidence
of weak chain collapse within the protein capsid. Finally, we have found experimental evi-
dence that there is competition between templated (co-assembly) and non-templated (self-
assembly) formation of virus-like particles. This complexity emerges due to the competition
between electrostatic binding between protein and template, and self-binding of proteins
mediated by the silk-like f-roll structures. We find out that, towards the end of the growth
process, part of the protein that initially decorated the sensor polymer is scavenged by self-

assembled empty capsids in solution.
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Sevgili anne ve babacigim, 30 yildir biiyiik bir 6zveri ve sabirla beni her durumda ve her
kararda kosulsuz desteklediniz. Her basarmnin ardindaki gercek gii¢ sizin sarfettiginiz bu
emeklerdir, cok tesekkiir ederim¢ Benim bu hayattaki en biiyiik sansim sizlersiniz. Iyi ki

varsiniz.

Yoncam, benimle birlikte sen de ikinci doktoram bitirmis oldun. Kendi deneyimlerinle saat-
ler boyu skypetan bana yol gosterici oldun, o da yetmedi minik Pamuk u saatlerce
gozlemleyip hastalik teshisi koydun. Simdi de binbir tiirlti zorluklarla bu tezin savun-
masinda yanimda olabilmek i¢in geldin. Tim bu fedakarliklarin icin sana ¢ok tesekkiir
ederim. Murat agabeycigim, doktora sertiveni basladigindan beri bikmadan usanmadan

verdigin ¢ok degerli 6gtitler, anlayis ve destegin igin ¢ok tesekkiir ederim.

Goncam, bilim asig1 ablacigim. Posterimin karsisinda fotograflar m1 ¢cekmedin, sabirsizca
protein polimer projeleri mi dinlemedin, olaylara tip¢i goziiyle yaklasip fikir vermeye mi
calismadin. iyi ki varsin, her tiirli destegin i¢in minnettarim. Meymoscugum, ablami her
Hande dediginde firsatlar1 yaratip yanima getirdigin, uzaklar1 ulasilabilir yaptigin, her ko-

nuda bitmek bilmeyen destegin i¢in cok minnettarim.
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