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Abstract
The capability of biosensors to provide highly sensitive and selective molecular detection has
enabled development of rapid, inexpensive medical diagnostics. Despite significant advancements
in sensor design over the past several decades, most biosensors experience significantly reduced
sensitivity in common sensing fluids such as blood and urine. In these mixtures, off-target
molecules nonspecifically bind to the sensor surfaces, blocking analyte binding sites and
increasing background signal. The self-assembled structure of protein-polymer conjugates
presents a potential solution to this issue, offering both biological functionality and a mechanism
for excluding many non-analyte molecules in biosensing fluids. Therefore, this thesis explores the
use of protein-polymer conjugate thin films as biosensors to minimize nonspecific binding effects
during detection in complex mixtures.
The first part of this thesis focuses on protein engineering methods to improve the selfassembly of protein-polymer conjugates. It is first demonstrated that oligomerization of lowmolecular weight protein blocks significantly enhances ordering quality of the corresponding
conjugates. As the degree of oligomerization of the protein block increases, conjugates form
ordered phases that display longer-range assembly. Another technique shown to improve proteinpolymer conjugate self-assembly is fusion of complementary coiled-coil sequences to the protein
block. When proteins bearing these sequences are mixed together in solution, a strongly associative
coiled-coil forms, promoting a substantial ordering improvement. Both protein oligomerization
and fusion to coiled-coil sequences retain the biological functionality of the protein block, and it
is found that protein activity generally scales with conjugate ordering quality.
The second part of this thesis explores the capabilities of the polymer block in proteinpolymer conjugate thin films to control diffusion into these films. By increasing the molecular
weight of this polymer block, larger analyte molecules experience less restricted diffusion into the
thin films. Transport studies performed in solutions of the polymer block indicate that most
proteins display size-based diffusion following the Stokes-Einstein equation, but some proteins
deviate significantly from this behavior due to a combination of protein-protein and proteinpolymer interactions. When an analyte molecule is mixed with a protein that diffuses faster than
the analyte in these polymer solutions, the sensitivity of the thin film conjugate biosensors towards
the analyte is often significantly enhanced. This sensitivity improvement is also observed during
detection in mixtures containing the analyte and several proteins, only some of which diffuse faster
than the analyte. Accordingly, biosensing measurements using protein-polymer conjugate thin
films performed in blood serum and urine solutions, which should contain a variety of proteins
that diffuse faster than a given analyte, display a two order of magnitude improvement in
sensitivity over traditional surface-based biosensor technologies. Thus, protein-polymer conjugate
thin film biosensors can overcome nonspecific binding effects and demonstrate greater sensitivity
during measurements performed in complex protein mixtures.
Thesis Supervisor: Bradley D. Olsen, Professor of Chemical Engineering
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Chapter 1. Introduction
1.1 Motivation
Biosensors, devices used to identify the presence or concentration of a target biomolecule, have
become a pervasive tool in medical diagnostics.1-3 Because these sensors see frequent use in earlystage detection of cancer and diseases, applications for which the concentration or change in
normal body concentration of the intended analyte is low,4-5 it is critical that biosensors have a
high sensitivity for the target molecule. Additionally, these devices are commonly used at the
point-of-care, where rapid, simple, and inexpensive testing is a necessity.4-6 Despite the need for
biosensors that can provide rapid and accurate readings directly on samples acquired from patients,
most sensors display limited success at this feat. One of the most common issues is reduction in
sensitivity due to nonspecific binding effects.7-8 Because biosensing fluids usually contain offtarget molecules millions of times more concentrated than the intended analyte, the large number
off-target molecules bind to sensor surfaces, blocking analyte receptor sites and reducing device
sensitivity.9-10 Some techniques have been developed to overcome these nonspecific binding
issues, but these methods rely on time-consuming or expensive sample pre-treatment.11-12
Therefore, this thesis aims to develop a freestanding biosensor platform that can achieve
high sensitivity and selectivity for a target analyte in biological fluids and other complex mixtures.
The remainder of this chapter will provide a literature review of concepts and methods utilized in
the design of this biosensing platform. Beginning with a comprehensive summary of the active
components in biosensors, topics will gradually become increasingly focused on the selected
biosensor design. The chapter will conclude with a presentation of the material selected for
biosensor development and an overview of the research projects undertaken to develop and
optimize this biosensor.
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1.2 Proteins
The most fundamental components of biosensors that give these devices sensing capabilities,
proteins are a diverse set of biological macromolecules consisting of one or more amino acid
chains folded into complex 3D architectures. The process of protein folding, though occurring over
times as short as microseconds,13 is incredibly complex and allows a sequence of amino acids to
fold into a unique structure. During folding, nearby amino acids first sample different
conformations by forming local metastable structures through hydrogen bonding and other specific
intramolecular interactions.13 As the folding process progresses, many of these higher-energy
metastable structures unfold while more stable regions grow and combine with adjacent structures
until the peptide chain ultimately folds into its native state.13-14 Though the number of
intramolecular interactions that govern protein folding is rather limited, hundreds of different
classes of local chain topologies exist in native protein structures,15 and 5 million unique proteins
are estimated to exist on Earth.16 This great diversity of structures has given rise to proteins with
a wide range of functions, enabling use of these biomolecules in a myriad of processes and
products, including food processing and packaging,17-20 pulp and paper bleaching,21 detergents,17,
22

and therapeutics.23-24
In many cases, the structure of a protein allows it to bind with high specificity to a substrate.

Proteins have been found to bind to a variety of molecules, including small molecules,25-27
DNA/RNA,28-30 and other proteins.31-32 Traditional models for protein-substrate binding
mechanisms have either assumed that the protein structure is completely rigid and the substrate
fits neatly into some binding site on the protein surface (i.e., the lock-and-key model)33 or that the
binding site is somewhat pliable and the substrate is able to slightly distort the biding site to fit the
structure of the substrate (i.e., the induced fit model).34 While many proteins do bind substrates
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according to these models that assume a completely or almost completely rigid protein structure,
studies within the past two decades have revealed that numerous proteins contain disordered
regions of at least 10 amino acids in length, yielding more dynamic protein structures. 35 These
disordered regions can allow a protein to adopt one or several conformations to achieve highspecificity binding to substrates.36-37 For example, ubiquitin contains a large, highly dynamic
region within its sequence, and this protein is known to form over 50 unique structures, each of
which can bind to a distinct protein.37-39 An extreme case of dynamism, intrinsically disordered
proteins (IDPs) are proteins with little or no well-defined, persistent structure.40-41 Despite having
no true structure, IDPs can partially fold and form a strong bond in the presence of a substrate or
other binding partner,40-41 though no single hypothesis has emerged regarding the mechanism of
this folding.42-44
Enzymes are another class of proteins that not only bind to a substrate, but facilitate a
change in the structure of the substrate by catalyzing a chemical reaction. This catalysis is primarily
achieved through interactions between specific residues in the active site, the region in the enzyme
in which the chemical reaction occurs, and the substrate.45 For instance, one very common set of
residues that combine to provide catalytic activity is the catalytic triad, which is composed of a
nucleophilic residue (e.g., serine), a basic residue (e.g., aspartate), and an acidic residue (e.g.,
histidine). Mechanisms involving this catalytic triad proceed by the base deprotonating the
nucleophile, the acid stabilizing the resulting salt of the base, and the activated nucleophile
attacking an electrophilic site on the substrate.46 Though a wide variety of other catalytic series of
residues exist, including unconventional modifications to the catalytic triad,47 the interactions
between the residues usually provide either charge, and acid/base, a nucleophile, or
tautomerization.45 In some enzymes, cofactors such as metal ions and small organic molecules are
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also required for reaction to occur, typically to either stabilize the structure of the enzyme or the
transition state in the chemical reaction.48-50 While residues and cofactors within the active site
directly catalyze the chemical reaction, recent studies have found that even residues far from this
site affect catalysis rates.51-53 Due to the non-static nature of the structure of enzymes and other
proteins, it is believed that dynamic fluctuations, such as those caused by solvent molecules, affect
the motion of individual residues, and this vibration is propagated to the active site, resulting in
conformational changes.54-56
With the rapidly growing understanding of protein structure and function, many proteins
can now be engineered for specific applications. One method to achieve unique protein
functionality is through installing non-canonical amino acids by providing cells with modified
tRNA molecules during recombinant protein expression.57 Using this technique, proteins have
been designed to understand protein structure and function,58 provide new spectroscopic
properties,59 install site-specific groups for post-functionalization,60 and modulate the clearance
time of bacteriophages in plasma.61 Protein scaffolds, proteins with well-defined binding faces that
can easily be modified to display specificity for an arbitrary substrate, have also been identified
for engineering novel proteins. From just a small number of scaffolds, proteins have been
developed for therapeutic applications,62-64 with enhanced thermal stability,65 and to direct selfassembly of other molecules.66 When an enzyme is desired for a specific reaction but it is not clear
what mutations need to be made to an existing protein to achieve the desired functionality, directed
evolution can be used. In this method, the gene sequence of an enzyme is subjected to successive
rounds of mutagenesis. The activity of the mutants for the desired reaction is then measured and,
in a manner similar to natural selection, used to direct future mutations towards the desired enzyme
function.67-68 This technique, though requiring no knowledge of what the final structure of the
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engineered protein should be, has allowed development of numerous enzymes with industrially
relevant applications.69-70 Clearly, the breadth of protein function is expansive, and this diversity
is continuously increasing.
1.3 Protein Biosensors
One of the largest applications for binding proteins is in protein biosensors. Biosensors are devices
used to detect the presence or concentration of one or more biological analytes. In general, these
sensors contain three primary components: an element that selectively recognizes the target
analyte(s), typically through a binding event, a part that converts this recognition event into a
measureable signal, and a method for either quantifying the measurable signal or converting this
signal into a useful and more easily understood form.71 As an example, one of the earliest
developed biosensors was a blood glucose sensor containing a thin film of glucose oxidase coated
on an oxygen electrode.72 A patient’s blood was passed through the machine, where glucose
oxidase catalyzed the consumption of glucose and oxygen. The corresponding drop in dissolved
oxygen was detected at the electrode, and the change in potential was compared against a standard
curve to provide a blood glucose concentration. While the technology used in this blood glucose
sensor was simple, the design principles formed the foundation for the now burgeoning field of
biosensors.1-3
Today, there are a wide variety of biosensor formats that use surface-immobilized proteins
as the molecular recognition elements. Surface plasmon resonance (SPR) biosensors are widely
used designs that consist of receptor proteins for a target analyte immobilized on a gold surface.7375

When analyte molecules bind to these capture proteins, the refractive index at the surface of the

sensor changes, affecting the propagation rate of surface plasma waves that are generated when
the surface is exposed to plane-polarized light. Changes in this propagation rate can be indirectly
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measured to infer protein binding to the surface, but changes in signal can also be caused by
binding of off-target proteins to the sensor surface or changes in refractive index due to
temperature and concentration fluctuations.76 Quartz crystal microbalance (QCM) biosensors have
been designed that use piezoelectric effects to detect changes in mass corresponding to analyte
binding.77-80 Microcantilever biosensors operate on a similar principle, in which analyte binding
to capture proteins on the surface of microcantilevers shifts the resonance frequency of the
cantilever, allowing quantification of protein binding.81-85 Yet another class of sensors, lateral flow
assay (LFA) biosensors86-87 and microfluidic biosensors88-89 are typically paper-based devices that
use capillary action to wick samples across regions where the analyte is sequentially labeled (e.g.,
with a dye) and bound to a capture protein. These biosensors offer a combination of low cost and
high sensitivity that has prompted their use in point-of-care applications.90-92
Despite the diversity in their design, biosensors incorporating surface-immobilized
proteins all have two major issues. First, capture proteins must be immobilized to the sensor
surface with proper orientation such that the binding sites in the proteins are fully accessible.93-95
Typical immobilization techniques produce a random orientation of proteins on the surface. While
numerous procedures have been reported to achieve well-oriented protein monolayers,96-101 these
methods all require either pretreatment of the protein/surface or that the protein have a specific
structure. Second, nonspecific binding from molecules present in the detection fluid along with
the intended analyte increases the background signal for biosensors, reducing sensitivity by up to
several orders of magnitude.9-10 Due to this significant issue, a variety of both passive102 and
active103 methods for reducing nonspecific binding have been developed. However, these methods
either reduce sensor longevity or add complexity, making it challenging to use biosensors for
simple and rapid analysis. Thus, the development of general methods for properly orienting capture
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proteins and reducing nonspecific binding are of high priority for optimizing biosensor
performance.
1.4 Block Copolymer Self-Assembly
To orient capture proteins, inspiration can be drawn from block copolymer self-assembly. Block
copolymers provide a general framework for creating 3D arrays of densely packed and welloriented materials. While a variety of block copolymer architectures have been developed,
including nonlinear,104 multiblock,105-106 and tapered block copolymers,107-108 the simplest and
most well-studied design is the diblock copolymer. These copolymers, composed of two
homopolymers linked together end-to-end, have been demonstrated to self-assemble into a variety
of nanostructures including lamellae, hexagonally-packed cylinders, and gyroids.109-112 Phase
separation within diblock systems is driven by three parameters: χ, the Flory-Huggins interaction
parameter, which is an enthalpic term describing the degree of chemical dissimilarity between the
two blocks, N, the overall degree of polymerization, which encompasses the entropic penalty of
chain stretching, and f, the volume fraction of one of the blocks.109-111 The onset of phase separation
for symmetric diblocks is predicted to occur at χN = 10.5, at which point the entropic penalty
associated with stretching chains in the ordered state is balanced by the decreased enthalpy as a
result of decreased interfacial area.111 Because the two blocks are connected by a covalent bond,
macrophase separation does not occur, and the blocks instead separate at lengths scales on the
order of 10-100 nm.110
In dilute aqueous solution, amphiphilic diblock copolymers primarily form micelles,
structures in which hydrophobic blocks aggregate in solvent-poor phases surrounded by
hydrophilic blocks extending into a solvent-rich phase. While individual block copolymer
molecules are distributed throughout the solution and act as surfactants at low concentrations,
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micelles spontaneously form above a critical micelle concentration (CMC).113 Above the CMC,
micelle stability is primarily controlled by the hydrophobic block, where longer and more
hydrophobic chains significantly enhance stability.114-115 Varying the relative length of the
hydrophilic block yields a variety of morphologies, including bilayers, cylinders, wormlike
micelles, and spheres;116-117 the self-assembly of spherical micelles in particular has garnered
significant attention in the literature.113, 118-120
In concentrated solution, diblock copolymers self-assemble into many of the same phases
observed in the bulk state. Unlike in the bulk state, however, the solvent and therefore its selectivity
for each block can be adjusted in concentrated solution, providing another variable by which phase
behavior can be controlled.121-123 Since a perfectly neutral solvent distributes equally between
domains, it is assumed that the only effect of the solvent on segregation strength is to dilute
monomer-monomer interactions in proportion to the polymer volume fraction, which is referred
to as the dilution approximation.124 Selective solvents not only dilute monomer-monomer
interactions but also selectively partition into one phase, effectively changing the volume fraction
of each block. When these solvent effects are mapped onto a bulk diblock copolymer phase
diagram of χN vs. f, good qualitative agreement is shown with the bulk data, except that the region
of disordered phases is expanded in solution.121, 125 It has also been demonstrated in both theory126
and experiments127 that solvents that are good and nonselective for both blocks preferentially
segregate to the interface, shielding the repulsive interactions between phases and causing a
reduction in overall domain spacing.128 This enhanced solvent distribution at the interface between
phases is not observed in nonselective solvents,127 where domain spacing trends with polymer
volume fraction can vary greatly as a function of both temperature and the assembled nanophase.128
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In block copolymer thin films, films thinner than approximately one micron, the small
length scales cause morphology to be largely determined by confinement and interfacial effects.
For example, block copolymer thin films that assemble into lamellae can be oriented either
perpendicular or parallel to the underlying substrate. Because lamellae have a natural repeat
spacing, parallel lamellae pay an energetic penalty due to chain stretching or compression if film
thickness is not commensurate with this spacing, and perpendicular lamellae are favored.129-131
However, if the surface energetics at the top and bottom interfaces of the film (e.g., the underlying
substrate and the atmosphere) are different such that one block preferentially segregates to each
interface, a parallel lamellar orientation is more stable.132 These surface effects can be used to
induce ordering that propagates hundreds of nanometers into thin films,133-134 as has been realized
in several robust methods for inducing order such as epitaxy135 and solvent vapor annealing.136
The interplay between confinement and surface energetics can result in thin films displaying
islands/holes112,
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and morphologies that vary drastically with even small changes in film

thickness.138 As such, block copolymers offer a wealth of methods to achieve self-assembled
materials.
1.5 Protein-Polymer Conjugate Self-Assembly
Protein-polymer conjugates, block copolymers in which one block is a protein, exhibit the selfassembly properties of traditional block copolymers while also introducing biological
functionality. In dilute solution, amphiphilic protein-polymer conjugates have been shown to selfassemble into micellar morphologies, as is observed in coil-coil diblock copolymers.139-141 These
micelles have primarily been used for drug and gene delivery applications,142-143 where the proteins
blocks can promote intracellular delivery,144 enable stimuli-driven changes in micelle size and
density,145 and both bind and release payloads.146 Furthermore, the protein block in protein-
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polymer conjugates can enhance self-assembly if the protein itself forms or promotes well-defined
structures such that hydrophobic collapse of one block is no longer required for self-assembly in
aqueous solution. For instance, when peptides that form beta sheets are conjugated to polymers,
these beta sheets promote fiber formation.147-149 Similarly, coiled-coils, supercoiled bundles of
alpha helices, have been conjugated to polymers to promote formation of aggregates with precise
aggregation number150-151 as well as rodlike and spherical micelles.152 When several of these coils
are incorporated in the protein block of protein-polymer block copolymers, hydrogels can
spontaneously form from association of coiled-coil domains.153-156
In bulk and concentrated solution, the self-assembly of proteins conjugated to a fullyfolded protein block shares some similarities with that of coil-coil diblock copolymers. Like
traditional diblock copolymers, protein-polymer conjugates can access a wide range of
morphologies, including lamellae, hexagonally packed cylinders, and gyroids.157-159 These
periodic structures with regions of densely packed protein enhance protein activity, as realized in
biocatalysts and biosensors with significantly improved performance compared to devices with
surface-immobilized proteins.160-161 Unlike traditional coil-coil block copolymers, however,
protein-polymer conjugates display lamellar ordering over a wide compositional range,
asymmetric phase diagrams, and re-entrant order-disorder transition (ODT) behavior.162-163
Though the cause of these behaviors is not fully understood, recent work has demonstrated that
the identities and ordering qualities of observed protein-polymer nanophases are highly dependent
upon coarse-grained properties of the protein block (i.e., size and structure) and attributed
entanglement effects from the polymer block.164 Despite an incomplete understanding of the selfassembly of protein-polymer conjugates in concentrated solution, the enhanced activity and
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sensitivity exhibited by these materials provides significant motivation to study their use in
biotechnological applications.
1.6 Transport in Block Copolymer and Homopolymer Solutions
While the self-assembly properties of protein-polymer conjugates can be utilized to orient capture
proteins in biosensors, the transport properties of these block copolymers can also allow
minimization of nonspecific binding. To date, the diffusion in ordered block copolymer solutions
has primarily been studied for two classes of diffusants: block copolymers (self-diffusion) and
ions. For diblock copolymer self-diffusion in lamellae, diffusion can occur either along the
interfaces between domains (parallel diffusion), in which each block of the copolymer remains
within its own phase, or through the lamellar layers (perpendicular diffusion), where blocks must
pass through domains of the opposite phase. Clearly, perpendicular diffusion is expected to pose
a much greater resistance to diffusion of the diblock copolymer, as it requires enthalpically
unfavorable movement of the blocks of the copolymer into chemically dissimilar domains. Indeed,
early diffusion experiments in disordered and lamellar block copolymers without macroscale
orientation showed that the diffusion of Rouse chains was essentially unaffected by ordering,
whereas reptating chains exhibited significantly reduced diffusion in the ordered state.165-167 Direct
measurements of these two methods of diffusion were later used to confirm that the diffusion
coefficient for parallel diffusion is over an order of magnitude greater than that for perpendicular
diffusion in lamellae.168 Similar asymmetries have also been measured in other block copolymer
morphologies.169
For ion diffusion in block copolymers, diffusion is considered to occur within a single
domain of the system. As such, diffusion through randomly oriented grains of morphologies in
which diffusion primarily occurs along one or two of the principle directions, such as cylinders
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and lamellae, is expected to be reduced by a factor of 1/3 or 2/3, respectively, compared to bulk
diffusion. These morphology-dependent factors for diffusion reduction have been supported by
both theory170 and experiments.171-173 Morphologies with more complex symmetries such as
gyroids instead reduce diffusion by a factor intermediate to 1/3 and 2/3, for which the exact
reduction is dependent on the relative volume fraction of each phase.174
While self-diffusion and ion transport in block copolymer solutions have been wellstudied, the diffusion of nanoparticles and proteins in these solutions is almost completely
unexplored. At the time of writing, only one study has reported on this topic, in which it was
demonstrated that protein diffusivity in micelle crystals was reduced by up to four orders of
magnitude compared to diffusivity measurements in aqueous solution.175 Instead of focusing on
diffusion in block copolymers, most research has considered diffusion of nanoparticles and
proteins in homopolymer solutions and gels. For nanoparticles, it has been found that the
diffusivity of the particle is dependent upon the size of the particle relative to the radius of gyration
(Rg) of the polymer.176 While diffusion follows the Stokes-Einstein relation if the nanoparticle is
larger than the polymer Rg, the particle diffuses much faster than is predicted by this equation if
the particle is smaller than the polymer Rg.177-179 Theories have been developed to rationalize this
phenomenon, which have assumed diffusion mechanisms including nanoparticle hopping between
entanglements180 and fast diffusion within a confined depletion region at small length scales.181-182
Unlike nanoparticles, which are assumed to not interact with polymer chains, proteins can
and do interact with polymers, leading to more complex transport phenomena. Polymers such as
dextran that interact with proteins increase the effective hydrodynamic diameter of the protein,
causing negative deviations in translational diffusion from Stokes-Einstein predictions.183-186
Rotational diffusion also is lower than expected, though different studies find that the decrease in
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rotational diffusion can either be greater than or less than that of translational diffusion.184-186 Even
polymers that do not interact with proteins, however, can still affect diffusion by indirectly
controlling protein-protein association. When these non-interacting polymers are in the dilute
regime, the polymers induce preferential hydration of the proteins, reducing the likelihood of
aggregation.185,

187

In the semidilute regime, association rates are enhanced, while in the

concentrated regime, protein-protein association is again diminished, which has been attributed to
depletion affects.187 Thus, diffusion of proteins in polymer solutions is incredibly complex,
depending upon the identity and concentration of both the protein and polymer.
1.7 Thesis Overview
Due to their potential to orient capture proteins and control molecular transport, protein-polymer
conjugates were selected as an ideal material for biosensor fabrication. Thus, the goal of this thesis
is to develop strategies to design protein-polymer conjugate biosensors with enhanced sensitivity
and selectivity in complex sensing mixtures. To accomplish this objective, techniques to improve
conjugate self-assembly will be presented, and factors governing transport within these the
fabricated biosensors will be studied. In this document, chapter 2 provides detailed methodologies
for the synthesis, data collection, and data processing used in the thesis. Chapters 3 and 4 discuss
methodologies for enhancing ordering quality of protein-polymer conjugates through genetic
engineering of the protein block. In chapter 3, oligomerization of the protein block is explored as
a method to promote better assembly of otherwise weakly ordered conjugates with low molecular
weight protein blocks. Chapter 4 presents a more general ordering technique of fusing associative
heterodimeric coiled-coil sequences to the protein block. In chapter 5, the biosensing capabilities
of bioconjugate thin films are measured and compared to those of traditional surface-immobilized
protein biosensors. Performance, including ability to prevent nonspecific binding during sensing
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in biological fluids, is also measured as a function of the molecular weight of the polymer block
in the protein-polymer conjugate. Finally, chapter 6 explores factors affecting size-based transport
of proteins in conjugate thin films. Diffusion coefficients for a panel of proteins is measured in
protein and polymer solutions individually, and the results are compared to diffusion
measurements in the thin films, providing insight into the relative diffusional resistance applied by
each block.
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Chapter 2. Materials and Methods
2.1 Molecular Biology Protocols
2.1.1 Polymerase Chain Reaction (PCR)
PCR was performed following the procedures outlined in the thesis of Dr. Carolyn Mills.1 In brief,
PCR primers were simultaneously designed with complementary sequences of 12-24 nucleotides
such that the melting temperatures of the complementary regions (calculated using the NEB Tm
calculator, https://tmcalculator.neb.com/) were within 5 °C of each other and primer dimers or
hairpin loops could not form (determined using the ThemoFisher Multiple Primer Analyzer,
https://www.thermofisher.com/us/en/home/brands/thermo-scientific/molecularbiology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientificweb-tools/multiple-primer-analyzer.html). When primers were designed to install new restriction
sites to the amplified gene, six non-repetitive base pairs were added upstream of the restriction site
to ensure that the restriction enzyme could bind to the amplified DNA sequence. Annealing
temperatures were selected by first performing gradient PCR with 35 cycles in eight reactions. The
temperatures in these reactions were evenly spaced within the range 5 °C above and below the
average melting temperature of the forward and reverse primer. An optimal anneal temperature
was selected so that the relative yield of desired PCR products to undesired PCR products was
maximized. In cases where this ratio was approximately equal at all temperatures, a temperature
2-3 °C above the average melting temperature of the two primers was used as the annealing
temperature.
When performing the final PCR amplification, six 50 µL reactions were run in parallel with
25 cycles to minimize formation of undesired PCR products. When significant formation of offtarget products was observed at all temperatures in the gradient PCR experiment, PCR was
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performed with 35 cycles to increase the mass of desired PCR product produced. The six reactions
were then combined into two larger mixtures, one from four of the PCR mixture and the other
from two of the PCR mixtures. The DNA from each of these two larger mixtures was then isolated
and concentrated to 30 µL using a PCR Cycle Pure Kit (Omega BioTek). DNA corresponding to
the desired PCR sequence was purified using gel extraction (see section 2.1.2), and the sequence
was confirmed using Sanger sequencing.
2.1.2 Agarose Gel Extraction
DNA agarose gel formation and gel electrophoresis were performed by directly following the
procedures outlined in the thesis of Dr. Carolyn Mills.1 To extract DNA, the gel was directly placed
onto the imaging stage of a gel imager. Yellow polycarbonate safety glasses (optical density = 3
for UVA and UVB rays) were worn while exposing the gel to light from a UV transilluminator.
Bright green regions corresponding to DNA of the expected length were then excised using a
scalpel, and the extracted regions were placed into pre-weighed Eppendorf tubes. The mass of the
excised fraction was minimized (by cutting as close to the bright DNA band as possible) to prevent
agarose from interfering with purification steps. DNA was purified from the gel fragments using
a Gel Extraction Kit (Qiagen), and the DNA concentration was measured using a nanodrop
spectrophotometer.
2.1.3 Digests and Dephosphorylations
Restriction enzymes and buffers used in DNA digests were purchased from New England Biolabs
(NEB). For all digests, 1-2 µg of DNA (for desired digest products > 1 kb) or 2-5 µg of DNA (for
desired digest products < 1 kb) was added to 3 µL of 10x CutSmart buffer along with 1 µL of each
required restriction enzyme into a PCR tube. Freshly filtered MilliQ water was then added to a
final volume of 30 µL. The solution was mixed by quickly pipetting up and down at least 10 times,
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after which all material was collected on the bottom of the tube using a benchtop centrifuge (~5
second centrifugation time). Digests were run in a thermal cycler at 37 °C overnight (for ~16
hours), after which the mixtures were heated to 65 °C for 20 minutes to deactivate the restriction
enzymes.
Digest mixtures containing shorter DNA fragments (e.g., those that would be ligated into
a vector) were then stored at 4 °C, while mixtures containing larger DNA fragments (e.g., a
digested vector) were dephosphorylated. For the latter mixtures, 4 µL of freshly filtered MilliQ
water, 4 µL of 10x Antarctic Phosphatase buffer, and 2 µL of Antarctic Phosphatase were directly
added to the digest mixture. Dephosphorylation was performed by heating the mixture in a thermal
cycler at 37 °C for 30 minutes, followed by enzyme deactivation at 80 °C for 2 minutes. The desired
DNA fragments from all initial digest reactions were then isolated and purified using gel extraction
(see section 2.1.2). Typical concentrations of DNA in a final volume of 30 µL were ~10 ng/µL for
DNA fragments < 1 kb and >15 ng/µL for DNA fragments > 1 kb.
2.1.4 Ligations
All enzymes and buffers used in DNA ligations were purchased from NEB. Ligations were
performed using a 3:1 insert:vector molar ratio such that the total mass of the desired plasmid
(assuming 100% yield) was 100 ng. The volumes of insert and vector that satisfied these
constraints were added to a PCR tube along with 1 µL of 10x T4 DNA Ligase buffer and 0.5 µL
of T4 DNA ligase at a concentration of 2,000,000 units/mL. It is critical to use T4 DNA ligase at
this concentration, as ligations performed using lower-concentration T4 DNA ligase were found
to be successful < 10% of the time, while ligations performed using this higher-concentration
enzyme almost always yielded successful ligations (> 90% success rate). Freshly filtered MilliQ
water was then added to the mixture to a final volume of 10 µL. Ligations run at higher volumes
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almost never gave the desired ligation product (< 10% success rate). The solution was mixed by
quickly pipetting up and down at least 10 times, after which all material was collected on the
bottom of the tube using a benchtop centrifuge (~5 second centrifugation time). In addition to this
ligation reaction, a control reaction was run in parallel in which the insert DNA was replaced with
an equal volume of MilliQ water. Both ligations were run in a thermal cycler at 16 °C for 16 hours.
After this time, the ligations were stored at 4 °C until the ligated plasmids were transformed into
NEB5α Escherichia coli cells and grown on agar plates with the appropriate antibiotic resistance(s)
(see section 2.1.5). If the plate on which the control ligation transformants were grown contained
significantly fewer (at least 10x fewer, but usually ~100x fewer) colonies than the plate on which
the full ligation transformants were grown, four of the colonies from the latter plate were picked
and grown in an overnight culture. The plasmid DNA was extracted from these cells, and the
sequence of the insert gene was confirmed using Sanger sequencing.
2.1.5 Transformations
An Eppendorf tube containing 50 µL of chemically competent E. coli cells purchased from NEB
(competency was checked by running a parallel transformation using the supplier-provided control
vector using the same procedure described hereafter) was removed from storage at -80 °C and
thawed on ice. If E. coli were stored at a volume larger than 50 µL, the cells were first thawed on
ice, then pipetted into Eppendorf tubes as 50 µL aliquots, and any tubes that were not used
immediately were stored at -80 °C for future use. Plasmid DNA cooled on ice (1 µL) was then
added to the cells by pipetting up and down several times to ensure all of the DNA was dispensed.
The Eppendorf tube was then gently flicked to ensure the cells were suspended and the DNA was
sufficiently mixed, and the tube was placed on ice for 30 minutes. DNA was transformed into the
cells by transferring the chilled Eppendorf tube to a water bath maintained at 42 °C for 30 seconds,
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after which the tube was cooled on ice for 5 minutes. Super Optimal broth with Catabolite
suppression (SOC) (950 µL) was added to the Eppendorf tube, and the tube was shaken in an
incubator at 37 °C and 220 rpm for 1 hour. During this time, agar plates containing the appropriate
antibiotic(s) were also pre-warmed in the incubator. Cells were added to the plates by pipetting
100 µL of the SOC media solution directly onto the surface of the agar plate. Sterile glass beads
(4-6) were then gently added to the plate by opening the plate lid just enough to allow the beads to
enter. The plates were shaken for 1 minute to spread the cells, ensuring that the beads never became
stuck against the side of the plate while shaking. The glass beads were removed from the plate by
tilting the plate sideways, opening the lid just enough to allow the beads to leave the plate, and
gently tapping the plate until all beads were removed. Approximately 1/2-2/3 of the plate was then
wrapped in parafilm, and the plates were stored in an incubator at 37 °C for 16-20 hours. After this
time, the plates were removed from the incubator, fully wrapped in parafilm, and stored at 4 °C
for up to one month until future use.
2.1.6 Cell Outgrowth for DNA Purification
To a sterile culture tube containing 5 mL of lysogeny broth (LB) was added the appropriate
antibiotic(s) for the plasmid to be grown in the media. A P1000 pipette tip was then used to collect
a single bacterial colony from an agar plate and added to the media. The tube was shaken in an
incubator at 37 °C and 220 rpm for ~16 hours. Longer incubation times were avoided, as significant
cell death began to occur after this time. While the cell density was never measured as a function
of time, it was found that the yield of plasmid DNA (usually ~4-8 ug per 5 mL culture) was
approximately halved if incubation time was increased to 20 hours. DNA was extracted from the
cells after this time using a Miniprep Kit (Omega BioTek), and the DNA concentration was
measured using a nanodrop spectrophotometer. If this was the first time the given plasmid was
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transformed into the given cell line, an additional 5 mL culture was grown overnight, and 750 µL
of the culture was added to an Eppendorf tube containing 750 µL of a 1:1 (v/v) mixture of glycerol
in MilliQ water. This tube was stored at -80 °C and used as the seed cells for future agar plates of
this plasmid/cell line combination.
2.1.7 Design of Oligomerized rcSso7d.SA Genes
Genetic constructs encoding oligomers of rcSso7d.SA2 were produced via Golden Gate assembly,
using the Type IIS restriction endonuclease BsaI to create a diverse library of scarless oligomers
(i.e., genes without any undesired DNA sequences added as a result of cloning) in a single reaction
(Figure 2-1a). An acceptor plasmid was first generated by appending a pair of opposing BsaI sites
with unique overhang motifs to the 3’ side of the monomeric rcSso7d.SA gene. This was done via
standard PCR (see section 2.1.1), conducted using the N-Cys-rcSso-for and rcSso-Mult-Acc-rev
primers (Table 2-1) at an annealing temperature of 59.2 °C. This construct was then integrated
into a pET28b(+) vector via an NdeI/XhoI double digest and overnight ligation, as previously
described (see section 2.1.4).2
In a separate reaction, an insertion product was produced by modifying the rcSso7d.SA
gene with a 5’-(G4S)2 flexible linker sequence. BsaI sites with cleavage overhangs complementary
to those in the acceptor plasmid were appended on either end of the insertion product. PCR was
conducted using the rcSso-Mult-Ins-for and rcSso-Mult-Ins-rev primers at an annealing
temperature of 61 °C (see section 2.1.1).
Following preparative-scale 1% agarose gel electrophoresis and gel extraction (see section
2.1.2), each of these constructs was incubated for one hour at 37°C in a separate BsaI restriction
digest reaction (see section 2.1.3), followed by an hour-long incubation with Antarctic phosphatase
and a ten-minute 65 °C hold for enzymatic inactivation. The products were once again gel-purified
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and extracted, and a 20 µL ligation reaction was prepared using 40 ng of digested acceptor plasmid,
with the digested insertion product comprising the remainder of the available reaction volume.
This ligation reaction was incubated overnight at 16 °C (see section 2.1.4) and was purified using
a Clean and Concentrator kit (Zymoprep). Purified ligation product was eluted in 12 µL of MilliQ
water, and 4 µL of this ligation mixture was transformed into DH5α E. coli (see section 2.1.5).
To screen the resultant library of clones for the desired oligomer products, selected colonies
were subjected to colony PCR. Flanking primers were used rather than rcSso7d-specific primers,
because rcSso7d-specific primers would primarily yield monomeric product bands, regardless of
the actual degree of oligomerization. Individual colonies were re-suspended in 50 µL of moleculargrade water, and 1 µL of each cell suspension was taken for the PCR mixture. Each PCR mix also
contained 2 μL of 5x Phusion HF polymerase buffer, 0.25 μL of dNTP mix (10 mM of each base),
0.6 μL each of the T7-for and T7-rev primers at a concentration of 10 μM, 0.2 μL of Phusion HF
polymerase, and 5.35 μL of molecular-grade water, for a final reaction volume of 10 μL. The
thermocycling profile featured an initial denaturation at 95 °C for 6 minutes, followed by 35 cycles
of (i) denaturation at 95 °C for 30 seconds, (ii) primer annealing at 41 °C for 30 seconds, and (iii)
extension at 72 °C for 30 seconds, with a final extension step at 72 °C for 10 minutes. Following
PCR, the reaction mixtures were visualized via analytical-scale 1% agarose gel electrophoresis
(Figure 2-1b). Colonies corresponding to PCR products at the predicted amplicon lengths were
sequence-verified using the T7-for and T7-rev sequencing primers. Verified DNA and amino acid
sequences for the four oligomer genes can be found in Appendix A1.
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Figure 2-1. (a) Schematic representation of the Golden Gate assembly of the rcSso7d oligomers.
Construct #1, bearing a codon encoding an N-terminal cysteine and opposing BsaI sites, was stably
incorporated into an acceptor plasmid. Construct #2, featuring an N-terminal GS linker, was
incorporated into this acceptor plasmid in a stochastic manner to yield the library of ligation
products. (b) Representative colony PCR gel with selected clones from the resulting library. Labels
at left represent the DNA product size, and labels at right represent the degree of oligomerization
yielding bands at this product size.
Table 2-1. Oligonucleotide sequences of primers used in oligomer generation.
Oligo Name
N-Cys rcSso7d-for
rcSso-Mult-Acc-rev
rcSso-Mult-Ins-for
rcSso-Mult-Ins-rev
T7-for
T7-rev

DNA Sequence, 5’-3’
(NdeI, XhoI, and BsaI sites)

Annealing
Temperature
(°C)

AGGCAGTCTCATATGTGTGCAACCGTGAAATTCAC
ATTGACCTCGAGTTATCCACCCGAGACCACTGGGTCTC
ACACCTTGCTTTTCCAGCATCT
ATTTAAGGTCTCCGGTGGTGGTGGTAGCGGTGGTGGCG
GTTCAATGGCAACCGTGAAATT
ATTTAAGGTCTCACACCTTGCTTTTCCAGCATCTGCAGC
TAATACGACTCACTATAGGG
GCTAGTTATTGCTCAGCGG

64.2
71.7
73.2
66
47.5
53.4

2.1.8 Design of 2x rcSso7d.SA Coiled-Coil Fusion Genes
2.1.8.1 Design of Gene with C-terminal Cysteine
Fusion genes were constructed using the previously-designed rcSso7d.SA dimer (2x) gene, which
contains an N-terminal cysteine. Removal of the N-terminal cysteine and insertion of a C-terminal
cysteine was accomplished using a QuikChange Multi Site-Directed Mutagenesis Kit (Agilent). In
brief, two primers were designed to remove/insert a cysteine at the desired positions, Del_N-Cys
and Ins_C-Cys (Table 2-2). The desired gene (2x C-Cys) was generated by running PCR
amplification of the two primers with the template sequence in a pET28b(+) vector (see section
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2.1.1). The template DNA was then digested using DpnI, and the resulting ssDNA was transformed
into XL10 Gold ultracompetent cells (see section 2.1.5). Proper deletion and insertion were
verified using Sanger sequencing. A verified DNA sequence for the gene 2x C-Cys can be found
in Appendix A1.
2.1.8.2 Preparation of Genes for Insertion of Coiled-Coil Sequences
For both the N-Cys and C-Cys variants of 2x in pET28b(+), a pair of primers was designed to
extract the 2x gene with an N-terminal NdeI restriction site and a C-terminal XhoI restriction site,
N-Cys_fwd and N-Cys_rev for the N-Cys variant, and C-Cys_fwd and C-Cys_rev for the C-Cys
variant (Table 2-2). In addition, the primers added a BsaI restriction site and recognition sequence
on the side of the gene opposite from the cysteine residue to allow scar-free insertion of coiledcoil gene sequences. Annealing temperature for the two final PCR amplifications were selected by
first running gradient PCR (Figure 2-2). Because off-target PCR products were observed at all
tested temperatures, an annealing temperature of 66 °C was selected for both reactions, a
temperature just above the average melting temperature of the two primers. Each template plasmid
was PCR amplified with the appropriate primers (see section 2.1.1), and the desired DNA
fragments were purified by gel extraction (see section 2.1.2). Sanger sequencing was used to
confirm the sequences of the extracted fragments. The DNA fragments and pET28b(+) were then
digested with NdeI/XhoI (see section 2.1.3), purified by gel extraction (see section 2.1.2), and
ligated using a 3:1 insert to vector molar ratio (see section 2.1.4). Ligated plasmids were
transformed into chemically competent NEB5α cells (see section 2.1.5). Sequences of the two 2x
genes (one with an N-terminal Cys and a C-terminal BsaI/XhoI cloning site—2x N-Cys_C-BsaI—
and the other with an N-terminal NdeI/BsaI cloning site and a C-terminal Cys—2x C-Cys_N-
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BsaI) were confirmed using Sanger sequencing. Verified DNA sequences for the genes 2x NCys_C-BsaI and 2x C-Cys_N-BsaI can be found in Appendix A1.

Figure 2-2. Agarose gel (1%) of gradient PCR experiments for formation of N-Cys and C-Cys
variants of 2x rcSso7d.SA. Lanes 1-8 and 9-16 represent the products of 35 cycle PCR experiments
with annealing temperatures linearly spaced between 59 °C (left-most) and 69 °C (right-most) for
the N-Cys and C-Cys variants, respectively. Both ladders represent DNA length in kb. The bottom
row of dark bands represents amplified 1x rcSso7d.SA sequences, and the above row of dark bands
represents the desired 2x rcSso7d.SA variants.
2.1.8.3 Cloning of Coiled-Coil Fusions
Genes encoding coiled-coil sequences ZE and ZR3 were synthesized and cloned into pUC57 by
GenScript USA (Table 2-3). The plasmids containing ZE, ZR, and the variant of 2x with an Nterminal Cys were digested with BsaI/XhoI (see section 2.1.3) and purified by gel extraction (see
section 2.1.2). Each digested coiled-coil gene was separately ligated with the digested 2x plasmid
using a 3:1 insert to vector molar ratio (see section 2.1.4). Ligated plasmids were transformed into
chemically competent NEB5α cells (see section 2.1.5). Gene sequences were confirmed using
Sanger sequencing and then transformed into BL21(DE3) cells. The same procedure was used for
inserting the ZE coiled-coil sequence into the N-terminus of the 2x gene with a C-terminal Cys,
except the initial digest was performed with NdeI/BsaI. Verified DNA sequences and amino acid
sequences for the fusion proteins can be found in Appendix A1.
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Table 2-2. Primers used for coiled-coil fusion gene cloning.
DNA Sequence, 5’-3’

Primer
Del_N-Cys
Ins_C-Cys
N-Cys_fwd
N-Cys_rev
C-Cys_fwd
C-Cys_rev

CGCGGCAGCCATATGGCAACCGTGAAATTC
CTGCAGATGCTGGAAAAGCAATGTGGTGGATAACTCGA
GGCAGCCATATGTGTGCAAC
GTGTCACTCGAGGAGACCTCACCTCCACCTTGCTTTTCCAGCATC
TGTCAGCATATGGGTCTCCAATGGCAACCGTGAAATTCAC
GTGGTGCTCGAGTTATCCAC

Melting
Temperature
(°C)
78.9
79.2
64.3
64.8
63.7
64.8

Table 2-3. DNA sequences of ZE and ZR coiled-coil genes.
Gene
DNA Sequence, 5’-3’
ZE_N-Cys

GGTCTCAGGTGGTAGCGGTGGTGGCGGTTCACTGGAGATCGAAGCGGCGGCGCTGGAG
CAGGAAAACACCGCGCTGGAAACCGAGGTGGCGGAGCTGGAACAGGAAGTGCAACGTC
TGGAAAACATTGTGAGCCAATACCGTACCCGTTATGGTCCGCTGTAACTCGAG

ZR_N-Cys

GGTCTCAGGTGGTAGCGGTGGTGGCGGTTCACTGGAGATCCGTGCGGCGGCGCTGCGT
CGTCGTAACACCGCGCTGCGTACCCGTGTGGCGGAACTGCGTCAGCGTGTTCAACGTC
TGCGTAACGAGGTGAGCCAGTACGAAACCCGTTATGGTCCGCTGTAACTCGAG

ZE_C-Cys

CATATGCTGGAGATCGAAGCGGCGGCGCTGGAGCAGGAAAACACCGCGCTGGAAACCG
AGGTGGCGGAGCTGGAACAGGAAGTGCAACGTCTGGAAAACATTGTGAGCCAATACCG
TACCCGTTATGGTCCGCTGGGTGGTGGTGGTAGCGGTGGTGGCGGTTCAATGCGAGAC
C

For Tables 2-2 and 2-3:
__ = NdeI restriction site
__ = XhoI restriction site
__ = BsaI recognition sequence
__ = BsaI restriction site
__ = Flexible (Gly4Ser)2 linker sequence fragment
__ = Coiled-coil sequence
2.2 Protein Expression and Purification
2.2.1 General Techniques
2.2.1.1 Media Preparation
Expressions were carried out in Lysogeny Broth (LB) or Terrific Broth (TB). All media were
prepared with freshly filtered MilliQ water and sterilized by autoclaving. Expressions were
performed under antibiotic selection using 50 μg/mL kanamycin or 200 μg/mL ampicillin.
Antibiotic stocks were prepared at 1000x concentration (50 mg/mL kanamycin or 200 mg/mL
ampicillin) in MilliQ water, sterile filtered using a syringe (0.2 µm pore size), and stored at -20
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°C. To prepare antibiotic-supplemented media, concentrated antibiotics were added to autoclaved
media after cooling below 60 °C at a dilution of 1000:1. Isopropyl β-D-1-thiogalactopyranoside
(IPTG) used to induce expressions was prepared at 1000x concentration (1 M) in freshly filtered
MilliQ water, sterile filtered, and stored at -20 °C.
2.2.1.2 Cell Workup
Cells were separated from media by centrifuging at 4 °C and 4000 x g for 15 minutes, after which
time media was removed from cells by decanting. Media was portioned such that after
centrifugation was completed, each container held cells from 1 L of expression media. Cells were
then resuspended under native conditions by adding 35 mL of lysis buffer (50 mM NaH2PO4, 300
mM NaCl, 10 mM imidazole, 10 mM β-mercaptoethanol (BME), pH 8.0) to each container. The
cells were then moved to an appropriate-sized freeze-resistant container (125 mL for 1 L
expressions, or 250 mL for 4 L expression, in which all cells were combined into a single
container). To assist with later mechanical lysis steps, additional lysis buffer was added to the
freeze-resistant container such that the container was approximately 80% full. Containers were
then stored at -80 °C for at least one hour, but usually overnight. After thawing with constant
shaking in an incubator at 37 °C (takes 1-2 hours, depending on the amount of time kept at -80 °C
and the volume of solution being thawed), lysozyme was added to solutions at a concentration of
1 mg/mL. Solutions were then vigorously shaken by hand to ensure sufficient dispersion of
lysozyme throughout the cell mixture. The mixture was incubated at 4 °C on a rocking platform
for 1 hour to begin enzymatic cell lysis. Mechanical lysis was then performed by sonicating for 15
cycles of 30 seconds on/30 seconds off at 50% power and 50% duty cycle using a Branson sonifier
with a 12.7 mm diameter tip. Lysate was added to 50 mL conical tubes at a volume of 35-40 mL
per tube. Lysed cells were separated from buffer by centrifuging the tubes at 13,000 rpm and 4 °C
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using a fixed-angle rotor (34°) until complete separation was observed (usually 1 hour). Buffer
containing proteins was collected by decanting.
2.2.1.3 Ni-NTA Purification
An appropriate volume of Ni-NTA resin suspended in lysis buffer was added to the lysis buffer
containing proteins. When unsure what this volume should be, 5 mL of resin solution (purchased
from Thermo Scientific as a 50% slurry in 20% ethanol) was added per 1 L of initial expression
(which ended up being appropriate for all His-tagged proteins expressed in this thesis). To optimize
the volume of resin used for purification, the volume of Ni-NTA added in future expressions
should be increased if virtually no impurities are observed in SDS-PAGE following Ni-NTA
purification and/or a low protein yield is obtained, as determined after performing several
expressions. Conversely, the volume of added Ni-NTA should be decreased if significant
impurities are observed in SDS-PAGE. The buffer was incubated at 4 °C on a rocking platform for
at least 3 hours (usually overnight), after which time the mixture was filtered by pouring the slurry
into a column with a glass frit filter. During this and future filtering steps, it was ensured that the
Ni-NTA resin never ran dry, which could be guaranteed by only using gravity filtration. When
pressure was used to increase the speed of filtering, the filtering method was switched to gravity
filtration when the solution line was approximately 1 cm above the top of the resin. After filtering
the initial slurry, 15 column volumes (CV) of equilibrium buffer (50 mM Tris buffer, 300 mM
NaCl, 10 mM imidazole, 10 mM BME, pH 7.4) was gently added to the resin by tilting the column
at an approximately 20° angle and adding buffer directly to the walls of the column. Then, 3 CV
of elution buffer (50 mM Tris buffer, 300 mM NaCl, 500 mM imidazole, 10 mM BME, pH 7.4)
was gently added to the resin, and the filtrate was collected. Ni-NTA resin was then cleaned by
washing with 10 CV of 0.5 M NaOH (allowing the first 5 CV to pass through the resin and letting
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the resin sit in the remaining solution for 30 minutes before filtering). The resin was then washed
with 20 CV of water and stored at 4 °C in 30% ethanol in water (v/v) for future use when purifying
the same protein.
2.2.1.4 Dialysis
Dialysis was performed by adding solution containing a purified protein or bioconjugate into
dialysis tubing with a molecular weight cutoff (MWCO) smaller than that of the purified molecule
(at least two times smaller, when possible). If the volume of the sample was less than 30 mL, the
solution was dialyzed against 1.8 L of dialysis solution, and a dialysis solution of 5 L was used for
larger sample volumes. Proteins were dialyzed against buffer solutions (4 total dialysis solution
exchanges), and bioconjugates were dialyzed against MilliQ water (10 total dialysis solution
exchanges). The sample and dialysis solution were allowed to equilibrate for at least 3 hours
between each exchange.
2.2.1.5 Protein Concentration Determination
After Ni-NTA purification and dialysis, the concentration of all proteins used in this thesis was
determined using a reducing agent compatible Pierce Microplate BCA Assay Kit (ThermoFisher).
If the buffer in which the protein was being measured did not contain a reducing agent, the steps
involving reducing agent compatibilization were skipped. Three replicate wells were run for all
samples and references. Standard curves were generated by fitting a quadratic curve to the data
collected using a bovine serum albumin (BSA) standard. In all cases, the R squared value for this
curve was > 0.999. A representative standard curve is shown in Figure 2-3.
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Figure 2-3. Representative standard curve generated for BSA standard using a reducing agent
compatible BCA assay.
2.2.2 rcSso7d.SA Oligomer and Coiled-Coil Fusion Expression and Purification
Monomeric through tetrameric rcSso7d.SA (1x rcSso7d.SA, 2x rcSso7d.SA, 3x rcSso7d.SA, and
4x rcSso7d.SA, respectively), 2x rcSso7d.SA with a C-terminal ZE (2xZEC) or ZR (2xZRC), and
2x with a N-terminal ZE (2xZE) were expressed in BL21(DE3) E. coli cells. Each protein was
expressed in 1 L of TB containing kanamycin at 37 °C inoculated with 5 mL of overnight culture
and induced with 1 mM IPTG at an OD600 of 0.8-1.0 (usually takes 3 hours). After induction, the
cells were cultured at 20 °C for 18-20 hours and harvested. The cells were resuspended in lysis
buffer and frozen at -80 °C overnight. Lysozyme was then added to the cells, after which the cells
were lysed by ultrasonication (see section 2.2.1.2). The lysate was clarified by centrifugation, and
the protein was purified using Ni-NTA metal affinity chromatography (see section 2.2.1.3).
Elution fractions containing purified protein were immediately exchanged into Sso resuspension
buffer (50 mM Tris buffer, 100 mM NaCl, 0.25 mM tris(2-carboxyethyl)phosphine (TCEP), pH
7.4) for all four rcSso7d.SA oligomers, ZE resuspension buffer (50 mM Tris buffer, 500 mM NaCl,
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0.25 mM TCEP, pH 8.0) for 2xZEC and 2xZEN, or ZR resuspension buffer (50 mM Tris buffer,
500 mM NaCl, 0.25 mM TCEP, pH 7.0) for 2xZRC using dialysis (see section 2.2.1.4). Buffer
recipes were developed by testing a range of salt concentrations and pH values that resulted in
greatest solubility, as determined by visual inspection (Table 2-4). The purity of the protein was
confirmed by denaturing gel electrophoresis (SDS-PAGE) (Figures A-2a, A-4a). Protein
concentration was determined by performing a reducing-agent compatible BCA assay (see section
2.2.1.5), and proper secondary structure folding of the proteins was assessed using circular
dichroism (CD) (Figures A-3a, A-5a). The typical yields of purified protein for 1x rcSso7d.SA,
2x rcSso7d.SA, 3x rcSso7d.SA, 4x rcSso7d.SA, 2xZEC, 2xZRC, and 2xZEN were 120, 160, 75,
40, 100, 180, and 20 mg per liter of culture, respectively.
Table 2-4. Buffer recipes tested for solubilization of coiled-coil fusions.a

a

Cell colors represent conditions in which the fusion proteins were insoluble (red), mostly soluble
(orange), or completely soluble (green). Selected buffers are marked with an X.
2.2.3 TEV Protease Expression and Purification
The gene for an S219V mutant of tobacco etch virus (TEV) protease containing an N-terminal
6xHis tag, was a gift from David Waugh (Addgene plasmid # 8827).4 TEV protease was
transformed into BL21(DE3) E. coli cells for expression (see section 2.1.5). The protein was
expressed in 1 L of TB containing kanamycin at 37 °C inoculated with 5 mL of overnight culture
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and induced with 1 mM IPTG at an OD600 of 0.8-1.0 (usually takes 3 hours). After induction, the
cells were cultured at 30 °C for 16-18 hours and harvested. The cells were resuspended in lysis
buffer and frozen at -80 °C overnight. Lysozyme was then added to the cells, after which the cells
were lysed by ultrasonication (see section 2.2.1.2). The lysate was clarified by centrifugation, and
the protein was purified using Ni-NTA metal affinity chromatography (see section 2.2.1.3).
Elution fractions containing purified protein were immediately exchanged into TEV resuspension
buffer (50 mM Tris buffer, 1 mM ethylenediaminetetraacetic acid (EDTA), 5 mM dithiothreitol
(DTT), pH 7.5) using dialysis (see section 2.2.1.4). After the final dialysis exchange, the protein
solution was diluted with glycerol (50% v/v) and Triton X-100 (0.1% v/v), aliquoted into 200 µL
portions in Eppendorf tubes, flash frozen in liquid nitrogen, and stored at -80 °C for future use.
The typical yield of purified protein was 10 mg per liter of culture. An SDS-PAGE gel showing
purified TEV protease can be found in Figure 2-4.
2.2.4 mSA2 Expression and Purification
The gene for mSA2 containing a C-terminal FLAG tag and N-terminal 6xHis and MBP tags
separated from the mSA2 sequence by a TEV protease recognition site, mSA2-MBP, was a gift
from Sheldon Park (Addgene plasmid # 52319). Prior to expression, the plasmid was transformed
into BL21(DE3) E.coli cells (see section 2.1.5). The protein was expressed in 1 L of Terrific Broth
at 37 °C inoculated with 5 mL of overnight culture and induced with 1 IPTG at an OD600 of 0.81.0. After induction the cells were cultured at 20 °C for 18-20 hours and harvested. The cells were
resuspended in lysis buffer and frozen at -80 °C overnight. After thawing, the cells were subjected
to two more freeze-thaw cycles (minimum freeze time of 1 hour). The cells were then lysed by
ultrasonication (see section 2.2.1.2). The lysate was clarified by centrifugation, and the protein
was purified using Ni-NTA metal affinity chromatography (see section 2.2.1.3). Elution fractions

55

containing purified mSA2-MBP were dialyzed against 50 mM Tris buffer (pH 8.5) (see section
2.2.1.4). The typical yield of mSA2-MBP was 60 mg per liter of culture.
The N-terminal 6xHis and MBP tags were cleaved using either AcTEV protease
(Invitrogen) or recombinant TEV protease. For a cleavage reaction involving 100 mg of target
protein, 0.75 mL of 20x TEV buffer (1 M Tris, pH 8.0) and 50 µL of TEV protease from the stock
solution were added to the protein solution. MilliQ water was then added to a final volume of 15
mL. Reactions were allowed to run at room temperature on an orbital shaker for 2 hours, during
which time white precipitates began to form. These precipitates were removed using centrifugation
(15 minutes at 4000 x g, 20 °C) before proceeding to purification. Prior to running a full-scale
enzymatic cleavage, 100 µL test reactions were run for 2 hours in which the concentration of TEV
protease was varied from the full concentration of the stock solution to a 1000x dilution of the
stock solution. The reaction mixtures from these reactions were directly run on an SDS-PAGE gel
(see sample gel in Figure 2-4). The condition with the lowest concentration of TEV protease that
showed complete cleavage of the target protein was selected for the full-scale cleavage reaction.
If all conditions showed only partial cleavage of the target protein, the full-scale reaction used
volumes of TEV protease directly taken from the full concentration stock.
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Figure 2-4. Denaturing protein gel (12% acrylamide) of TEV protease cleavage of mSA2-MBP at
varying enzyme concentrations. The concentration of TEV protease was decreased logarithmically
between the full concentration of the stock solution used (lane 1) to a 1000x dilution of the full
concentration (lane 12). The ladder represents molecular weight in kDa. In this (typical) gel, only
partial cleavage of mSA2-MBP was achieved under all conditions, so TEV protease at the full
concentration of the stock solution was used for the full-scale cleavage reaction.
For full-scale reactions, the centrifuged cleavage mixture was incubated with an excess of
Ni-NTA (at least 2.5 mL of dry resin per 100 mg of initial protein) on a rocking platform at 4 °C
overnight. The mixture was loaded into a column, and the filtrate was collected, as the only protein
in the mixture without a 6xHis tag was cleaved mSA2. The resin was rinsed with 15 CV of
equilibrium buffer (50 mM Tris buffer, 300 mM NaCl, 10 mM imidazole, 10 mM BME, pH 7.4).
The elution fractions were combined with the initial filtrate and dialyzed against mSA2 SEC buffer
(50 mM sodium phosphate, 150 mM NaCl, pH 7.2) (see section 2.2.1.4). The solution was
concentrated to the smallest volume possible (for a 4 L expression, this volume was usually 0.5-1
mL) using Amicon Ultra 15 centrifugal filters (molecular weight cutoff of 3 kDa, Millipore
Sigma). The resulting viscous, opaque yellow mixture was centrifuged for at least two hours at
13,000 rpm and 4 °C to yield a clear, yellow solution. This solution was then purified using a
HiLoad 16/600 Superdex 75 pg size exclusion chromatography (SEC) column (GE Healthcare) by
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eluting with mSA2 SEC buffer. A representative SEC run is shown in Figure 2-5. Fractions
containing pure mSA2 were combined, dialyzed against PBS (pH 7.4) (see section 2.2.1.4), and
stored at 4 °C until further use. The typical yield of mSA2 was < 5 mg per liter of culture.

Figure 2-5. (a) A280 trace overlaid with elution fractions (eluted with 50 mM sodium phosphate,
150 mM NaCl, pH 7.2) for SEC of mSA2, and (b) corresponding denaturing protein gels (12%
acrylamide). For this run, fractions D5-D7 were collected, which corresponded to the noted peak
of the A280 trace in (a).
2.2.5 GFP Variants
Variants of Superfolder GFP with net charges of 0, -8, and -21, GFP(0), GFP(-8), and GFP(-21),
respectively, were expressed and purified by directly following the protocols outlined in the thesis
of Dr. Christopher Lam.5 No significant deviations in performance from the reported procedure
were observed. Typical yields were similar to the reported yields (reported yields listed in
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parentheses): 80 mg per liter of culture for GFP(0) (60 mg/L), 90 mg per liter of culture for GFP(8) (70 mg/L), and 10 mg per liter of culture for GFP(-21) (15 mg/L).
2.2.6 Proteins Used for Diffusion Experiments and Biosensor Assays
All other proteins and dextran molecules in this thesis were purchased from commercial vendors
and used without further purification. A full list of these molecules can be found in Table 2-5.
Table 2-5. Proteins and dextran molecules purchased for diffusion experiments. Dextran
molecules are distinguished by their average molecular weights.
Molecule
Vendor
Cytochrome C
Lee Biosolutions
Lysozyme
Millipore Sigma
Streptavidin
New England Biolabs
Bovine serum albumin
Millipore Sigma
Transferrin
Lee Biosolutions
Glucose oxidase
Millipore Sigma
Catalase
Millipore Sigma
Dextran 10k
Thermo Fisher
Dextran 40k
Thermo Fisher
Dextran 70k
Thermo Fisher
Dextran 500k
Thermo Fisher
2.3 Polymer Synthesis
Poly(N-isopropylacrylamide) (PNIPAM) with low dispersity was synthesized using reversible
addition-fragmentation chain-transfer (RAFT) polymerization. The chain transfer agent (CTA) for
RAFT polymerizations was synthesized to contain a maleimide end group, thereby allowing thiolmaleimide coupling between PNIPAM and cysteine-bearing proteins. However, this maleimide
group is capable of undergoing a [2+2] cycloaddition during polymerization (resulting in
dimerized PNIPAM), so a furan-protected maleimide group was used, which could easily be
deprotected by post-polymerization modification via a retro Diels-Alder reaction. The full
synthetic scheme for this CTA is shown in Scheme 2-1.
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Scheme 2-1. Synthetic scheme for the chain transfer agent (CTA) used in RAFT polymerizations.
2.3.1 Synthesis of EMP
This following procedure was adapted from that of Thomas et al.6 To a 1000 mL round-bottom
flask charged with a magnetic stir bar was added ethanethiol (3.73 g, 60 mmol, 1.15 equiv),
K3PO4·H2O (12.67 g, 55 mmol, 1.05 equiv), and acetone (180 mL). The mixture was stirred for 20
minutes in an ice bath, by which point the solution had become mostly opaque. Carbon disulfide
(11.42 g, 150 mmol, 2.9 equiv) was then added dropwise over 2 hours, over which time the solution
became bright yellow then orange. Then, 2-bromoisobutyric acid (8.7 g, 52.1 mmol, 1 equiv) was
added dropwise over 20 minutes. The mixture was then allowed to warm to room temperature (by
leaving the flask in the ice bath and allowing the bath to naturally warm to room temperature) and
stirred for an additional 22 hours. When the reaction was checked again after 16 hours, the mixture
had become very viscous with white precipitates in an orange solution, so the stirring rate was
increased. After the full 22 hours had elapsed, ice was added to the water bath, and 1 M HCl (610
mL) was added portion-wise to the flask, being careful to add very slowly in the beginning due to
the reaction being highly exothermic. The reaction mixture was then added directly to a separatory
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funnel and extracted with DCM (3 x 200 mL). The combined organic extracts were rinsed with
H2O (1 x 250 mL) and brine (1 x 250 mL), dried over Na2SO4, and filtered. The filtrate was
concentrated in vacuo to give 11.32 g of an orange oil. A TLC of this crude product showed almost
no impurities (Figure 2-6). The crude product was purified by column chromatography on silica
gel. Column chromatography was performed on a Biotage Isolera automated flash column system
using a 100 g KP-Sil cartridge. The product was eluted with the following series of solvents: 5
column volumes (CVs) of the initial solvent mixture (pure hexanes), a linear gradient across 15
CV between this initial mixture and the final solvent mixture (hexanes:ethyl acetate 2:1), and 2
CVs of the final solvent mixture. The fractions containing product (as referenced against the major
spot in Figure 2-6) were combined and concentrated in vacuo to give the product as an orange oil
(10.15 g, 79% yield). 1H-NMR spectra of the purified product is shown in Figure A-9. 1H-NMR
(300 MHz, CDCl3, δ): 3.30 (q, J = 7.4 Hz, 2H), 1.73 (s, 6H), 1.33 (t, J = 7.4 Hz, 3H).

Figure 2-6. TLC plate of crude product from EMP synthesis. The TLC was run on silica gel,
developed with hexanes:ethyl acetate (2:1), and visualized with KMnO4 stain. The major spot
appears at Rf = 0.33.
2.3.2 Synthesis of exo-3a,4,7,7a-Tetrahydro-2-(3-hydroxypropyl)-4,7-epoxy-14-isoindole1,3(2H)-dione (1)
This following procedure was adapted from that of Thomas et al.6 To an oven-dried, nitrogenflushed 500 mL round-bottom flask charged with a magnetic stir bar was added exo-3,6-epoxy-
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1,2,3,6-tetrahydrophthalic anhydride (4.50 g, 27.1 mmol, 1 equiv) and dry methanol (250 mL). To
the stirred suspension was added 3-amino-1-propanol (2.03 g, 27.1 mmol, 1 equiv) dropwise over
10 minutes at room temperature, resulting in complete solubilization of the solid. Then, a reflux
condenser was added, and the mixture was stirred at 56 °C for three days. The solution was
concentrated in vacuo to give a white solid, which was dissolved in DCM (100 mL) and washed
with brine (3 x 100 mL). The initially opaque organic layer became clear upon the rinses with
brine. The organic layer was then dried over Na2SO4, filtered, and concentrated in vacuo. The
resulting residue began to crystallize into a solid after cooling after rotary evaporation. This residue
was then dried in a vacuum oven overnight at room temperature to give the product as a white,
crystalline solid (1.57 g, 26%). 1H-NMR spectra of the purified product is shown in Figure A-10.
1

H-NMR (300 MHz, CDCl3, δ): 6.53 (t, J = 1.0 Hz, 2H), 5.28 (t, J = 1.0 Hz, 2H), 3.66 (t, J = 6.1

Hz, 2H), 3.52 (t, J = 5.7 Hz, 2H), 2.88 (s, 2H), 2.48 (s, 1H), 1.77 (dt, J = 6.1, 5.7 Hz, 2H).
2.3.3 CTA Synthesis
This following procedure was adapted from that of Thomas et al.6 To an oven-dried, nitrogenflushed 50 mL round-bottom flask charged with a magnetic stir bar was added (1) (1.70 g, 7.62
mmol, 1.1 equiv), EMP (1.55 g, 6.92 mmol, 1 equiv), DMAP (0.085 g, 0.69 mmol, 0.1 equiv), and
dry DCM (10 mL). The mixture was added to an ice bath and cooled to 0 °C, at which point DCC
(1.57 g, 7.62 mmol, 1.1 equiv) was added portion-wise, causing the reaction to become dark orange
(initially clear, but slowly became opaque). The mixture was stirred at 0 °C for an additional hour
and then allowed to warm to room temperature and stirred overnight for 16 hours. After
approximately 1.5 hours, the mixture had become brown. When the reaction was stopped, the
mixture had become highly viscous. This mixture was filtered, giving an amber-brown filtrate and
a white solid. The filtrate was diluted with DCM (200 mL) and rinsed with 1 M HCl (3 x 100 mL),
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which yielded an orange organic phase, saturated sodium bicarbonate (3 x 100 mL), which yielded
a dark orange organic phase, and brine (100 mL). The organic layer was dried over Na2SO4,
filtered, and concentrated in vacuo to give a brown solid. A TLC of this crude product is shown in
Figure 2-7. The crude product was purified by column chromatography on silica gel. Column
chromatography was performed on a Biotage Isolera automated flash column system using a 25 g
KP-Sil cartridge. The product was eluted with 15 CVs of hexanes:ethyl acetate (1:1). The fractions
containing product (as referenced against the major spot in Figure 2-7) were combined and
concentrated in vacuo (the product began precipitating in solution during rotary evaporation) to
give the product as a yellow powder (2.21 g, 75% yield). 1H-NMR spectra of the purified product
is shown in Figure A-11. 1H-NMR (300 MHz, CDCl3, δ): 6.51 (t, J = 1.0 Hz, 2H), 5.26 (t, J = 1.0
Hz, 2H), 4.08 (t, J = 6.2 Hz, 2H), 3.56 (t, J = 7.0 Hz, 2H), 3.28 (q, J = 7.4 Hz, 2H), 2.85 (s, 2H),
1.92 (p, J = 6.5 Hz, 2H), 1.71 (s, 6H), 1.32 (t, J = 7.4 Hz, 3H).

Figure 2-7. TLC plate of crude product from CTA synthesis. The TLC was run on silica gel,
developed with hexanes:ethyl acetate (1:1), and visualized with KMnO4 stain. Minor impurities
appear at the baseline and at Rf = 0.58 (EMP). The desired product corresponds to the brightest
spot at Rf = 0.18.
2.3.4 RAFT Polymerization
In a typical RAFT polymerization of PNIPAM (Scheme 2-2), N-ispropylacrylamide (NIPAM,
sublimated at 65 °C, 2.5 equiv) was added to HPLC-grade acetonitrile (such that the concentration
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of NIPAM was 2 M) in a polymerization flask (oven dried, flushed with nitrogen) that was at least
twice the volume of the added acetonitrile. Then, CTA (1 equiv) and AIBN (recrystallized twice
from methanol, 0.2 equiv) were added, and the solution was stirred until all solids were completely
dissolved. The solution was then degassed by three freeze-pump-thaw cycles. During the final
pump cycle, the system was given sufficient time to reach within 5 mTorr of the full vacuum level
of the synthesis line being used (usually between 60 and 80 mTorr). After achieving this pressure,
the system was back-filled with nitrogen and subsequently pumped down to within 5 mTorr of full
vacuum level. This process was repeated three times total, but after back-filling with nitrogen a
third time, the reaction was allowed to warm to room temperature without degassing.

Scheme 2-2. Synthetic scheme for PNIPAM RAFT polymerization.
Once all solids had re-dissolved, the reaction was added to an oil bath heated to 50 °C
(when the desired PNIPAM Mn was < 50 kDa) or 55 °C (when the desired PNIPAM Mn was > 50
kDa). Throughout the polymerization, polymer molecular weight and dispersity were
characterized by gel permeation chromatography (GPC) performed on an Agilent 1260 LC system
equipped with two columns (ResiPore, 300 × 7.5 mm, up to 500 kDa, Agilent Technologies, CA)
in series, a Wyatt miniDAWN TREOS multi-angle light scattering detector, and a Wyatt Optilab
T-rEX diffractometer. DMF with 0.02 M LiBr was used as the mobile phase with a flow rate of 1
mL/min at 70 °C. The reaction progress was monitored by GPC at least every hour, but GPC
sampling became more frequent as the PNIPAM approached the target Mn. It was found that chain
length grew roughly linearly after the first 1-2 hours. A sample time series of GPC traces is
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provided in Figure 2-8. At the time that this linear projection predicted the polymerization would
reach the desired Mn (provided that a GPC sample had been collected within the past 30 minutes),
the reaction was terminated by removing the flask from the oil bath, removing the septa from the
flask, and using an empty 60 mL syringe to pump air into the flask. The septum was then replaced,
and the flask was stored at -20 °C overnight.

Figure 2-8. Time series of GPC traces for PNIPAM polymerization with target Mn of 22 kDa.
Samples were collected every 30 minutes, as the target PNIPAM Mn was relatively low (< 30
kDa). Negative dRI values are caused by the presence of NIPAM monomer. No PNIPAM peak is
observed at 0.5 h, as the solution is primarily NIPAM monomer and oligomers.
The following day, the polymer was precipitated by pipetting dropwise into a stirred
solution of diethyl ether (10x the reaction volume) in an ice bath. The precipitates were collected
by filtering using a Buchner funnel, and the slightly wet solid was dried under vacuum. Once the
solid was dry, it was placed in a vacuum oven preheated to 120 °C for two hours to remove the
furan group protecting the maleimide (during which time any residual NIPAM in the solid
sublimated and collected in the cold trap). The product was collected as a solid with a color that
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ranged from bright yellow (Mn < 10 kDa) to a very pale yellow (Mn > 100 kDa) that was stored at
-20 °C for future use.
2.4 Bioconjugate Synthesis
Bioconjugations between cysteine-bearing proteins and maleimide-functionalized
PNIPAM were performed in Sso resuspension buffer for bioconjugations involving rcSso7d.SA
oligomers or ZE resuspension buffer for bioconjugations involving coiled-coil fusions. Solutions
of the proteins were diluted to approximately 1 mg/mL, and a 5x molar excess of PNIPAM was
added. After complete dissolution of PNIPAM, samples were incubated at room temperature on
an orbital shaker for 24 h. Ammonium sulfate (3 M, in MilliQ water) was then added to a
concentration of 1 M to remove unconjugated protein. Following centrifugation for 30 minutes at
13,000 rpm and room temperature, the supernatant was discarded, and the precipitates were
resuspended in the appropriate resuspension buffer to approximately 1 mg/mL. Two additional
ammonium sulfate precipitations were performed, after which the solution was incubated with NiNTA (the same volume of resin that would have been used to purify the initial quantity of
unconjugated protein) overnight at 4 °C on a rocking platform.
The mixture was purified by Ni-NTA chromatography to remove unconjugated PNIPAM
(see section 2.2.1.3). To ensure that all PNIPAM was removed, the last CV of the 15 CV of
equilibrium buffer used to wash the resin was collected and stored at 37 °C for 10 minutes. If the
solution did not become turbid, the affinity chromatography was continued following the standard
procedure by eluting the bound conjugate with elution buffer. Otherwise, additional equilibrium
buffer was added, 5 CV at a time, until the last CV of added buffer did not become turbid when
stored at 37 °C. Purified protein-PNIPAM conjugates were dialyzed against MilliQ water (see
section 2.2.1.4). Bioconjugate purity was confirmed using SDS-PAGE and native PAGE (Figures
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A-2b, c; A-4b, c; A-6; and A-8), and retention of protein secondary structure was assessed using
CD (Figures A-3b, A-5b, and A-7a).
Conjugate solution was concentrated to approximately 100 mg/mL using Amicon Ultra 15
centrifugal filters (molecular weight cutoff of 10 kDa, Millipore Sigma). Bulk solid samples were
prepared by drop-casting aliquots of this concentrated solution onto Teflon sheets and drying under
vacuum to a final pressure of 5 Torr (ramp rate 50 Torr/h) at room temperature. The volume of the
aliquots varied between 20 µL (for highly viscous samples) and 50 µL (for samples with waterlike viscosity). Samples were then collected and stored at 4 °C until future use. Dried samples
could be stored at 4 °C for at least one year without any noticeable change in conjugate morphology
or protein secondary structure. Typical yields after purification for all conjugates ranged from 50%
(for conjugation to low-Mn PNIPAM) to 20% (for conjugation to high-Mn PNIPAM).
To form heterodimer coiled-coil bioconjugates, dried bioconjugate samples were dissolved
at a concentration of 0.1 mg/mL in MilliQ water at 4 °C. Then, the solutions of either 2xZEC and
2xZRC (to form 2xZEC-ZRC) or 2xZEN and 2xZRC (to form 2x ZEN-ZRC) were mixed in an
equimolar ratio and incubated at 4 °C overnight. Bulk samples were prepared by concentrating and
drying as described previously. Samples were stored at 4 °C until future use.
2.5 Fluorescent Labeling of Proteins
In a typical fluorescent labeling reaction, 1 mg of protein in 500 µL of PBS (pH 7.4) was added to
an Eppendorf tube wrapped in aluminum foil. For conjugations to fluorescein isothiocyanate
(FITC), 10 µL of freshly-prepared 50x sodium carbonate buffer (final concentration = 100 mM,
pH = 9.0) was added to the protein solution. For conjugations to Alexa Fluor 647 or Alexa Fluor
488 (both of which contained an NHS ester functionality), 30 µL of a freshly-prepared sodium
bicarbonate solution (84 mg of sodium bicarbonate dissolved in 1 mL of MilliQ water) was added
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to the protein solution. Immediately prior to conjugation, the dye molecule was dissolved in aminefree, anhydrous DMF at a concentration of 2 mg/mL (for FITC) or 10 mg/mL (for Alexa Fluor 647
or 488). An appropriate volume of dye in DMF was then added to the Eppendorf tube, and the
solution was mixed by pipetting up and down several times. While the exact amount of dye that
needed to be added to achieve a suitable degree of labeling varied from protein-to-protein, the
following guidelines served as a good starting point: 5 equivalents of dye for proteins with MW <
30 kDa, 10 equivalents of dye for proteins with 30 kDa < MW < 100 kDa, 20 equivalents of dye
for proteins with MW > 100 kDa. After the dye was added, the Eppendorf tube was quickly closed,
fully covered in aluminum foil, and incubated at 4 °C for 16 hours on a rocking platform. If FITC
was being used as the dye molecule, after this time had elapsed ammonium chloride was added to
a final concentration of 50 mM (to react with any unreacted FITC), and the solution was incubated
at 4 °C for an additional 2 hours on a rocking platform.
Removal of unbound dye molecules was carried out using a PD-10 column with Sephadex
G-25 (GE Healthcare). The column was allowed to warm to room temperature, and the excess
fluid was drained by gravity. Then, the column was filled with PBS and drained fully a total of 4
times. The dye/protein sample was then added directly to the top of the column (ensuring that no
sample touched the walls of the plastic column) and allowed to enter the gel bed completely. Once
the sample had fully entered the gel, 2 mL of PBS was added to the column. As this PBS passed
through the column, two bright colored bands could be observed: a band that moved close to the
bottom of the column (corresponding to dye-labeled protein) and a band that remained at the top
of the column (corresponding to unlabeled dye). An Eppendorf tube wrapped in aluminum foil
was then added beneath the column, and an additional 1.5 mL of PBS was added to the column to
elute the dye-labeled protein. The collected sample was then concentrated using an Amicon Ultra
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0.5 mL centrifugal filter (molecular weight cutoff of 10 kDa, Millipore Sigma) by centrifuging at
13000 rpm and 4 °C for 10 minutes. The collected filtrate was colorless, indicating complete
removal of unconjugated dye. The concentrated sample was diluted to 0.4 mL, wrapped in
aluminum foil, and stored at 4 °C.
To ensure appropriate dye loading, the degree of labeling (DOL) was determined for each
protein. The DOL was calculated using the following formula:
𝐷𝑂𝐿 =

𝐴𝑚𝑎𝑥 × 150 𝑘𝐷𝑎
,
[𝑝𝑟𝑜𝑡𝑒𝑖𝑛] × 𝜀𝑑𝑦𝑒 × 𝑙 × 𝑀𝑊

(2-1)

where Amax is the absorbance of the labeled protein at the absorbance maximum of the dye, 150
kDa is the average molecular weight of an antibody, [protein] is the concentration of the protein
(at the same dilution used to measure Amax) in M, εdye is the extinction coefficient of the dye at its
absorbance maximum in M-1cm-1, l is the path length of the cell used to measure Amax, and MW is
the molecular weight of the protein in kDa. The wavelength corresponding to the maximum
absorbance of the dye molecule and the dye extinction coefficient were found in Thermo Fisher’s
Amine-Reactive Probes guide.7 Protein concentration was measured using a Pierce microplate
BCA protein assay kit (Thermo Fisher) (see section 2.2.1.5). If the calculated DOL fell outside the
optimal range of 3-7, the fluorescent labeling was repeated by doubling (if the DOL was too low)
or halving (if the DOL was too high) the equivalents of dye reacted with the protein.
2.6 Structural and Biophysical Characterization Techniques
2.6.1 Small-angle X-ray Scattering (SAXS)
2.6.1.1 Sample Preparation
Dried conjugate samples were added to 0.6 mL microcentrifuge tubes, and the samples were
crushed using tweezers so the samples were as densely packed at the bottom of the tubes as
possible. The mass of sample added to each tube was determined so that, once hydrated, samples
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had a mass of at least 10 mg (e.g., for a desired 30 wt. % sample, at least 3 mg of dried conjugate
was added to the microcentrifuge tube). MilliQ water was then added to the tube to achieve the
desired conjugate concentration, and the tubes were centrifuged in a microcentrifuge at 14,800
rpm and 4 °C for 10 minutes. At this time, any dried conjugate not fully submerged in the water at
the bottom of the tube was pushed into the water using a P10 pipette tip (usually only required for
conjugate samples with concentrations > 40 wt. %). All samples were then centrifuged for an
additional 10 minutes under the same conditions. While lower concentration conjugate samples
were fully dissolved at this point, higher concentration samples needed to be incubated at 4 °C
(without shaking) for at least 16 hours to achieve complete dissolution. All hydrated samples were
used within a week of preparation (though most samples retained their morphology and protein
secondary structure for at least one month).
Hydrated conjugate samples were loaded into 1 mm thick anodized aluminum washers with
a 2-3 mm bore and sealed on both sides with Kapton tape. For solid conjugate samples, the thickest
sample free of air bubbles was loaded into an aluminum washer in the same manner. Blank samples
were prepared by sealing a washer with Kapton tape without loading any sample into the bore.
These washers were then loaded into a brass 10-sample holder (schematic shown in Figure 2-9)
connected to a water circulator when running SAXS experiments. Images of sample loading can
be found in the thesis of Dr. Carolyn Mills.1
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Figure 2-9. Schematic of temperature-controlled 10-sample holder for SAXS experiments. All
lengths are in inches.
2.6.1.2 Experimental Procedure
All synchrotron SAXS samples for this thesis were measured at the National Synchrotron Light
Source II (NSLS-II) at Beamline 11-BM using X-rays with energy 14.000 keV. Most SAXS
samples required scattering at 5 °C temperature intervals in the range of 10-40 °C. For these
samples, the sample holder was initially equilibrated to within 0.5 °C of 10 °C by setting the
attached water circulator to an appropriate temperature (usually several degrees lower than 10 °C).
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Temperature of the holder was measured using a resistance temperature detector (RTD) provided
at the beamline. Once the temperature of the sample holder became steady around 10 °C, the
samples were equilibrated in the holder for 10 minutes. The samples were then quickly scanned
(usually for 0.1-1 s, each) to ensure that all samples were properly aligned and not shear-aligned
(as evidenced by an asymmetric 2D SAXS pattern). The sampling point within each sample was
then adjusted as necessary to ensure an appropriate region was being measured. A full scan of the
samples was then performed. To ensure no X-ray beam damage was caused to the samples, SAXS
patterns were collected for one sample after beam exposure times of 1 s, 10 s, 30 s, 1 min, 2 min,
and 3 min. In all cases, no noticeable difference between the SAXS patterns was observed after 1
minute, and in most cases, little if any differences were observed after 3 minutes. Sampling times
were selected to be long enough to obtain sufficient data counts (this minimum count value was
always provided by the beamline scientists) yet short enough to be at least an order of magnitude
less than the time required to cause beam damage. In general, sampling times ranged between 1
and 10 s. The temperature of the water circulator was then raised so that the holder achieved a
stable temperature within 0.5 °C of 15 °C, and the samples were allowed to equilibrate at this
steady temperature for 10 minutes. SAXS patterns collected after a 20 minute equilibration at the
steady temperature were essentially identical to those collected after 10 minutes, indicating that
the 10 minute equilibration time was sufficient. Sample alignment and a full scan were then
performed as described previously, and this process of temperature adjustment and
alignment/measurement was repeated for all temperatures of interest. For SAXS samples that only
required scattering at a single temperature, samples were allowed to reach equilibrium at this
temperature for 10 minutes in the pre-equilibrated 10-sample holder. Sample alignment and a full
scan were then performed as described previously.
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Two-dimensional SAXS patterns were reduced to one-dimensional curves by taking an
azimuthal average of the full 2D data. This reduction was performed automatically using
processing routines developed at the beamline. Since the data processing software at the beamline
automatically corrected for dark field, fiber optic distortion, and non-uniformity of beam flux, data
only needed to be corrected by subtracting the scattering of a blank cell (2 layers of Kapton tape)
from that of each sample at the corresponding temperature. MATLAB code used to perform this
data processing is provided in Appendix A5.
2.6.2 Grazing-incidence Small-angle X-ray Scattering (GISAXS)
2.6.2.1 Sample Preparation
Dried conjugate samples were hydrated to a final concentration of 10 wt. % following the same
procedure outlined in the SAXS sample preparation section. Silicon wafers (Wafer World, P-type
Silicon with boron as dopant, (100) orientation, single-side polished) cut into rectangular sections
or quartz slides (Ted Pella, Inc., only used in experiments for which binding intensity was
measured as a function of film thickness) were sequentially rinsed with acetone, methanol, and DI
water, making sure to rinse both sides of the substrate during the final water rinse. Substrates were
then dried under a filtered air flow and treated with oxygen plasma for 3 minutes. Immediately
following plasma cleaning (which made the surface more wettable for film casting), conjugate
samples rehydrated to 10 wt. % in MilliQ water (following the same procedure outlined in the
SAXS sample preparation section, except volumes of at least 100 µL were prepared) were flow
coated onto the substrates in a chamber maintained at 60% relative humidity, as described
previously.8 To stabilize thin films against dissolution in water, a 1.4 wt. % aqueous solution of
glutaraldehyde was prepared at 40 °C. Films were preheated by directly placing the film on the
hotplate used to heat the glutaraldehyde for 5 seconds and then immediately submerging the film
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in the glutaraldehyde solution for 20 s to lightly crosslink the protein nanodomains. Immediately
following immersion, the thin films were thoroughly rinsed with DI water until the surfaces
became hydrophilic, indicating complete removal of unlinked glutaraldehyde. Films were dried
under filtered air and stored at ambient conditions until use. Film thickness was determined using
a Woolam M-2000D spectroscopic ellipsometer using a single incidence angle of 70°. Curves were
fit using a three-layer model consisting of a 0.4 mm bottom silicon substrate, a native silicon oxide
layer of 1.8 nm, and a top conjugate layer fit using a Cauchy model.
2.6.2.2 Experimental Procedure
GISAXS experiments were conducted at beamline 8-ID-E of the Argonne National Laboratory
using X-rays with energy 10.915 keV. Samples were measured at incident angles of 0.105° for
analysis of surface morphology and 0.140° for bulk morphology. All measurements for a given
sample were collected at the same position on the film, which was exposed to X-rays for a time
totaling no more than 30 seconds to prevent beam damage. In all cases, no beam damage was
observed after 1 minute of X-ray exposure, and the same procedure for determining the time
required for beam damage in SAXS experiments (see section 2.6.1.2) was followed. Films were
loaded into a sealed Teflon chamber provided at the beamline and exposed to dry, room
temperature nitrogen. Film thickness was continuously measured using a Filmetrics F20-UV thin
film analyzer. Once the film thickness readings reached a constant value (usually took ~10
minutes), the dry film thickness was recorded, and the chamber was filled with room temperature
air at 95% relative humidity (RH). GISAXS measurements of swollen films were collected after
15 minutes of exposure to 95% RH air, at which time the air within the chamber had reached 95%
RH and the film thickness had stabilized.
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Image analysis and data processing were performed using the beamline-provided
GIXSGUI software package for MATLAB. All horizontal linecuts were generated as 100 points
between qy values of 0.05 and 0.45 nm-1 representing the average value along the qz axis within
the range 0.24-0.30 nm-1 for the given qy value. Vertical linecuts were generated as 100 points
between qz values of 0.70 and 2.5 nm-1 representing the average value along the qy axis within the
range 0.00-0.05 nm-1 for the given qz value.
2.6.3 Turbidimetry and Depolarized Light Scattering (DPLS)
For turbidimetry and DPLS measurements, an existing setup5 was modified to enable automated
data collection of five samples in series (Figure 2-10). During beam alignment and instrument
maintenance, the ND filter wheel permitted easy adjustment of the incident beam intensity such
that output voltage of the photodetector when exposed to this open beam was within the optimal
range of ~3-6 V. This range ensured sufficient signal for identification of weakly-birefringent
samples while also avoiding detector damage that would be caused by operating too close to the
maximum output voltage of the photodetector (10 V). Noise in the collected data was minimized
by adjusting the ND filter wheel rather than the detector gain (which was always set to a value of
0 decibels) to achieve an output voltage within the optimal range. The linear translation stage
permitted motorized movement of the 5-sample holder such that the beam could access all 5
samples. If it is ever desired to analyze additional samples by extending the sample holder, either
a longer translation stage would need to be purchased (if the sample holder were simply elongated)
or a motorized z-stage would need to be installed (if another row were added to the sample holder).
The motorized rotation stage underneath the rear polarizer, positioned such that the center of the
polarizer was slightly out of the direct beam path, allowed the polarizer to be inserted and removed
from the beam path through 90° rotations. LabVIEW codes were written to interface with these
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devices and automatically collect data for the loaded samples, and these codes are summarized in
section 2.6.3.2 and the Olsen Lab SOP for Birefringence/DPLS.

Figure 2-10. Added components to an existing turbidimetry/DPLS setup that allowed for
automated data collection. Labels correspond to the following parts (Thorlabs part numbers in
parentheses): (1) 12-position motorized ND filter wheel (FW212CNEB), (2) K-cube piezo
controller for motorized rotation stage (KPZ101) on USB controller hub (KCH301), (3) 150 mm
linear translation stage with integrated controller (LTS150), (4) 5-sample holder (see Figure 211), and (5) motorized rotation stage (PRM1Z8).
2.6.3.1 Sample Preparation
Dried conjugate samples were hydrated to final concentrations ranging from 20 wt. % to 70 wt. %
following the same procedure outlined in the SAXS sample preparation section. Turbidimetry and
DPLS9-10 were performed on samples loaded into a 1 mm thick Teflon spacer with a 2-3 mm bore,
sealed between two quartz disks, and loaded into a brass holder. The optics setup for these
experiments consisted of the sample in a 5-sample temperature-controlled stage (Figure 2-11)
between a forward and an optional rear polarizer. For turbidimetry measurements, the rear
polarizer was removed from the beam path, while the real polarizer was placed within the beam
path for DPLS measurements.

76

Figure 2-11. Schematic of temperature-controlled 5-sample holder for turbidimetry and DPLS
experiments. All lengths are in inches.
2.6.3.2 Experimental Procedure
A Coherent OBIS LX660 laser was used with wavelength λ = 662 nm and continuous wave output
power 10 mW. Using the LabVIEW code DPLS Main Code.vi, samples were equilibrated at 10 °C
for 10 minutes and then heated at 1 °C/min to 40 °C, allowed to equilibrate for 10 minutes, and
then cooled at 1 °C/min to 10 °C. Prior to loading samples, three measurements were performed
to allow for data correction using the LabVIEW code Parameter Collection.vi. Each measurement
was run for 1 minute, and the value for each correction parameter was taken as the average value
over the measurement period. First, the background signal Idark was determined by collecting data
with the laser off. The 100% transmission laser intensity Iopen was then collected by running
measurements with the laser on and with the rear polarizer out of the beam path. The rear polarizer
was then re-positioned into the beam path to determine the laser signal through the rear polarizer
Icross.
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Macrophase separation transitions were defined as the temperatures Tt corresponding to a
10% reduction in the initial sample transmittance, according to literature methods.11 Transitions
were reproducible for at least 5 repeated heating/cooling cycles, and data analysis was performed
on the first heating cycle. The static depolarized light scattering signal was corrected for
transmission and dark field background. Power fractions IPF were calculated as the ratio of the
birefringent intensity I to the laser intensity Iopen as follows:
𝐼=

1
(𝐼 − 𝐼𝑑𝑎𝑟𝑘 ) − (𝐼𝑐𝑟𝑜𝑠𝑠 − 𝐼𝑑𝑎𝑟𝑘 ) ,
𝑇𝑆 𝐵

(2-2)

𝐼

(2-3)

𝐼𝑃𝐹 =

𝐼𝑜𝑝𝑒𝑛

,

where TS is sample transmission (the ratio of the measured transmission signal to Iopen) and IB is
the measured birefringent signal.
2.6.4 Differential Scanning Calorimetry (DSC)
2.6.4.1 Sample Preparation
Dried conjugate samples were hydrated to final concentrations ranging from 20 wt. % to 70 wt. %
following the same procedure outlined in the SAXS sample preparation section. DSC samples
were loaded into a hermetically sealed aluminum pan. The mass of the pan before and after loading
with sample was recorded so the sample mass could be calculated.
2.6.4.2 Experimental Procedure
Data were acquired using a TA Instruments Discovery differential scanning calorimeter. Each
sample was equilibrated at 5 °C for 5 minutes, followed by two cycles of ramping to 45 °C at
5 °C/min, holding isothermally for 2 minutes, cooling at 5 °C/min to 5 °C, and holding
isothermally for 2 minutes. Both measurement cycles were found to overlap for all conjugates.
Transition temperature values were extracted from the onset point in the initial heating cycle, as
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determined using supplier-provided TRIOS software. The rate dependence of thermal transitions
was never measured, as the optimized times for each step in the heating/cooling cycles listed in
the thesis of Dr. Christopher Lam5 were used.
2.6.5 Circular Dichroism (CD)
2.6.5.1 Sample Preparation
Protein samples were dialyzed against MilliQ water or the desired buffer (see section 2.2.1.4) and
then diluted or concentrated to an appropriate concentration. Dried conjugate samples were
hydrated to final concentrations such that the concentration of the protein in the conjugate was 0.1
mg/mL following the same procedure outlined in the SAXS sample preparation section. Samples
were loaded into quartz cuvettes with path lengths of 1, 0.1, and 0.01 mm for measurements at
concentrations of 0.1, 1, and 10 mg/mL, respectively. The volume of sample required to fill these
three cuvettes was approximately 200, 26, and 4 µL, respectively.
2.6.5.2 Experimental Procedure
CD spectroscopy was performed using a JASCO Model J-1500 CD spectrometer to measure far
UV CD spectroscopy between 195 and 250 nm. Single-temperature measurements were collected
at 25 °C. Raw CD signal was smoothed and converted to molar ellipticity using literature
methods.12 For measurements of coiled-coil fusion proteins, the percentage of folding within
coiled-coiled domains was estimated by first subtracting the molar ellipticity at 222 nm ([θ]222) of
2x in MilliQ water from that of a 2x coiled-coil fusion in MilliQ water at the same concentration.
This estimate of the [θ]222 value corresponding to the coiled-coil region was then multiplied by the
ratio of the molecular weights of the full fusion protein to that of the coiled-coil region to renormalize the signal by the appropriate molecular weight. The resulting [θ]222 value was then used
to estimate percent folding of the coiled-coil using the following equation:13
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% 𝐹𝑜𝑙𝑑𝑒𝑑 =

[𝜃]222 − [𝜃]222,𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑
100
×
,
[𝜃]222,𝑓𝑜𝑙𝑑𝑒𝑑 − [𝜃]222,𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑 𝐹𝑟𝑎𝑐 𝐶𝑜𝑖𝑙 𝑅𝑒𝑠𝑖𝑑𝑢𝑒𝑠

(2-4)

where a value of -3,000 deg cm2 dmol-1 was assumed for [θ]222,unfolded,13 [θ]222,folded was estimated
to be -37,000 deg cm2 dmol-1 using an approximation based on the number of residues in the
helix,14 and Frac Coil Residues was 0.81 for all samples, as each fusion protein had 53 residues in
the non-2x region of the protein, 43 of which were part of the ZE or ZR coiled-coil.
For coiled-coil fusion protein temperature ramp experiments, melting curves were
collected by continuously measuring [θ]222 while heating samples from 10 to 90 °C at a rate of 1
°C/min. Samples were equilibrated at 10 °C for 10 minutes prior to starting the temperature ramp.
All samples were measured at a concentration of 0.1 mg/mL in MilliQ water. Data were fit using
a previously-derived thermodynamic model in which the equilibrium constant was assumed to
exclusively describe the bimolecular reaction of coiled-coil monomers forming the intended
homodimer or heterodimer.15
2.6.6 Analytical Ultracentrifugation (AUC)
2.6.6.1 Sample Preparation
Dried conjugate samples were hydrated in MilliQ water to desired concentrations between 0.1 and
1 mg/mL following the same procedure outlined in the SAXS sample preparation section. Samples
were loaded into analytical ultracentrifugation cells with two windows that could fit into an AN50 Ti rotor. One window was loaded with 250 µL of conjugate sample, and the other window was
loaded with 270 µL of MilliQ water to ensure the meniscus in the conjugate sample could be easily
detected after subtracting signal from the MilliQ water window.
2.6.6.2 Experimental Procedure
Sedimentation velocity experiments were run on a Beckman XL-I analytical ultracentrifuge
equipped with an AN-50 Ti rotor. Samples were equilibrated at 10 °C for 1 hour, then spun at
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42,000 rpm and 10 °C for 18 hours while constantly measuring absorbance at 280 nm. Data were
fit with SEDFIT software16 using a continuous size distribution.
2.6.7 Dynamic Light Scattering (DLS)
2.6.7.1 Sample Preparation
Proteins were either dissolved if received as a lyophilized powder or dialyzed (see section 2.2.1.4)
if the protein was received in solution into at least 500 µL of PBS at an approximate concentration
of 4 mg/mL. Samples were then centrifuged at 4 °C and 10,000 x g for 4.5 hours to pellet large
aggregates and immediately used for measurements.
2.6.7.2 Experimental Procedure
DLS measurements were performed on a Wyatt Möbiuζ DLS/zeta potential instrument with a 532
nm laser. At least 300 µL of the centrifuged protein solutions were filtered through a 0.2 µm pore
size syringe filter to remove dust, pipetted into disposable polystyrene cuvettes with a 1 cm path
length, and allowed to warm to room temperature. The cuvettes were then placed in the DLS
instrument, which was equilibrated to 20 °C, and measured. Size distributions were produced by
performing fits to autocorrelation curves in the Wyatt Dynamics software using a supplierprovided regularization algorithm.
2.6.8 Fluorescence Recovery After Photobleaching (FRAP)
2.6.8.1 Sample Preparation
To prepare crosslinked protein gels, a solution of 3x rcSso7d.SA dialyzed into sodium phosphate
buffer (50 mM sodium phosphate, 150 mM NaCl, pH 7.2) (see section 2.2.1.4) was concentrated
to 20 wt. % (~200 mg/mL) in an Eppendorf tube. While most buffers would have been suitable for
dialysis, it is important that amine-containing buffers (e.g., Tris) are not used to avoid unwanted
crosslinking reactions in future steps. The concentrated protein solution was then heated to 40 °C,
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and a 10x glutaraldehyde solution (final 1x concentration of 1.4 wt. % in MilliQ water) maintained
at 40 °C was added to the protein solution by quickly pipetting up and down while stirring with
the pipette tip. The mixture was then allowed to crosslink at 40 °C for 30 seconds, producing an
amber-brown gel. Residual glutaraldehyde was removed by 5 cycles of: 1) adding MilliQ water to
the gel to a final volume of 1 mL, 2) vigorously vortexing the mixture for 10 seconds, and 3)
pouring off the supernatant. The gel was then stored at 4 °C for future use.
To prepare samples for microscopy, a small section from the gel (volume of < ca. 1 mm 3,
thickness of at least 10 µm) was cut using a scalpel and placed in the center of a small petri dish.
A wax pencil was used to draw a small circle around the gel fragment (to prevent water from
escaping this area), and 100-200 µL of a 1 µM solution of fluorescently labeled protein was added
to the gel. The gel was allowed to equilibrate in the solution for 16 hours in the dark at 4 °C.
Immediately before FRAP measurement were conducted, the fluorescent solution was pipetted off,
and the gel was rinsed with 100 µL of MilliQ water (by pipetting up and down around the gel) to
remove protein on the gel surface. The gel was then placed between a glass slide and a coverslip
containing double-sided tape on two (opposite) edges to seal the gel in place. MilliQ water was
then pipetted into the channel formed between the glass slide and coverslip, and the two open
edges of the channel were sealed using Sally Hansen Hard as Nails hardener.
Samples for diffusion measurements in PNIPAM solutions were prepared by first
dissolving PNIPAM samples of the desired molecular weights in MilliQ water to a final
concentration of 20 wt. %. PNIPAM was dissolved by first incubating on a rocking platform at
4 °C for 2 days. After this time, the mixtures were briefly centrifuged to collect all material at the
bottom of the containers. Samples were then stored upright at 4 °C for a time ranging from 1-2
days (for lower molecular weight PNIPAM) to 1-2 weeks (for high molecular weight PNIPAM)
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to allow complete dissolution of PNIPAM. FITC-labeled protein samples in PBS were then
concentrated to ~10 µM, and 5 µL of these solutions were added to PCR tubes containing 55 µL
of PNIPAM solution. A pipette tip was used to stir the solution until the color from the
fluorescently-labeled protein was evenly distributed.
Microscope slides for diffusion measurements in PNIPAM solutions were prepared by
adhering a Teflon spacer (No. 12 screw size, 0.25 in. ID, 0.5 in. OD, 0.06 in. thickness, McMasterCarr) to the center of a glass microscope slide using Sally Hansen Hard as Nails hardener. The
hardener was allowed to dry overnight. The top of the spacer was then coated with a thin, even
layer of Sally Hansen Hard as Nails hardener, the PNIPAM solution containing fluorescentlylabeled protein was pipetted into the spacer, and a microscope slide was placed on top of the spacer
to seal the PNIPAM solution. The hardener was allowed to dry for 1 hour at room temperature in
the dark and then stored at 4 °C in the dark for at least 16 hours.
2.6.8.2 Experimental Procedure
Imaging was performed on a confocal laser scanning microscope (Zeiss LSM 710, W.M. Keck
Microscopy Facility) equipped with an oil-immersion 40x objective lens (Plan Apochromat, NA
1.3). A circular region of interest was photobleached for 1 second using a 488 nm laser at full
power, and fluorescence recovery was monitored by scanning the region of interest at low laser
power (24%) every second for 1 min after bleaching. Images were also collected every second for
5 seconds prior to the bleaching event to obtain a pre-bleach intensity value within the bleached
region.
FRAP curves were generated by using ImageJ software to process the full sequence of
fluorescence images collected. For each image, fluorescence intensity values were adjusted to
account for fluctuations in laser intensity by dividing the average fluorescence intensity within the
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circular bleach region by the average intensity within a rectangular area far from the bleach region.
These fluctuation-adjusted fluorescence values were then normalized between values of 0 (the
fluctuation-adjusted fluorescence value immediately after bleaching) and 1 (the average of the
fluctuation-adjusted fluorescence values in the 5 images collected prior to bleaching) prior to
fitting FRAP curves. The Java macro used to perform this image processing is provided in
Appendix A5.
2.7 Biosensor Analytical Techniques
2.7.1 Monolayer Fabrication
rcSso7d.SA (Sso) monolayers were prepared by coupling protein activated by 1-Ethyl-3-(3dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide

(EDC/NHS)

with

amine-

functionalized silicon wafers using literature methods.17
2.7.2 Fluorescent Binding Assays
The binding capabilities of Sso monolayers and conjugate thin films were measured using AF647labeled SA and mSA2. Samples were prepared by serial dilution of SA or mSA2 in PBS (pH 7.4),
human urine (diluted to 50% v/v in PBS, pH 7.4), or blood serum (obtained as the supernatant by
centrifuging whole blood at 1500 x g for 10 minutes, then diluted to 50% v/v in PBS, pH 7.4).
These solutions were gently applied to the surface of a bioconjugate thin film (prepared as
described in the GISAXS sample preparation section) or Sso monolayer as 0.5 µL drops. Films
were incubated for a specified period of time in a sealed chamber saturated with water vapor at
room temperature to prevent drying of the applied fluorescent samples. Sealed chambers consisted
of a large petri dish containing the inverted lid of a smaller petri dish in the center. Films coated
with sample droplets were placed in the small petri dish lid, and the large petri dish was filled with
a thin layer of MilliQ water. The chamber was sealed using the lid for the large petri dish, and the
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entire chamber was covered in aluminum foil. The films were then rinsed with water for 10
seconds, a time determined to be sufficient to remove unbound molecules from the film (Figure
A-12), dried under filtered air, and immediately analyzed for fluorescent signal. Fluorescence
microscopy images were acquired at 4x magnification using a Cy5 filter set and exposure time of
5000 ms on an Olympus IX-81 inverted fluorescence microscope with an AxioCam HRC CCD
camera. Fluorescent intensity was calculated using ImageJ software18 by determining the average
fluorescent signal in a rectangular area of the fluorescent image free of defects and occupying no
less than half of the full sample application area. Corrected intensity was determined by subtracting
the fluorescent intensity of a sample from that of an area on the substrate far away from regions
exposed to fluorescent samples.
2.7.3 Thermal Stability Assays
A long (> 6 cm) conjugate thin film was prepared as described in the GISAXS sample preparation
section and cut into ~0.5 cm wide segments. Half of the segments were stored at ambient
conditions (21 °C, 40% relative humidity, RH), and the remaining segments were stored in an
environmental chamber at 60 °C, 60% RH. After specified periods of time, one ambient condition
thin film segment and one environmental chamber thin film segment (allowed to cool to room
temperature) were selected for fluorescent binding measurements. The same procedure used in the
fluorescent binding assays section was followed.
2.7.4 Sandwich Assays
Bioconjugate thin films and Sso monolayers were cut into 0.25 cm-by-0.25 cm pieces and securely
fastened to the bottom of Falcon polystyrene 12-well plates using double-sided carbon tape. The
film segments were fastened as close to the wall of the well as possible to prevent blocking of the
detector during later plate reader analysis. Each well was submerged in 1 mL of 1% BSA in MilliQ
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water, and the 12-well plate was incubated at 37 °C for 30 minutes. The wells were rinsed twice
by adding 2 mL of MilliQ water and gently shaking the well plate at 70 rpm for 5 minutes. 1 mL
of streptavidin diluted in PBS, urine, or blood serum (prepared as described in the fluorescent
binding assays section) containing 0.1% BSA was then added to each well, and the well plate was
shaken at 70 rpm for 4 hours at room temperature. Wells were rinsed twice with 2 mL of MilliQ
water then twice with 2 mL of 0.1% BSA in MilliQ water by shaking at 70 rpm for 5 minutes.
After rinsing, wells were submerged in 1 mL of 200 ng/mL biotin-HRP in MilliQ water containing
0.1% BSA, and the well plate was shaken at 70 rpm for 1 hour at room temperature. Wells were
then rinsed with water and 0.1% BSA as described previously. 1 mL of solution from a Pierce
TMB substrate kit (Thermo Fisher Scientific) was added to each well, and the well plate was
shaken vigorously at 125 rpm for 15 minutes at room temperature. 1 mL of 2 M H2SO4 was added
to each well, and the absorbance at 450 nm was read using a Tecan Infinite M200 PRO plate
reader.
2.8 Data Fitting
2.8.1 SAXS
The full width at half maximum (FWHM) of the primary scattering peak was calculated for each
SAXS curve by individually fitting the peaks to a Lorentzian:
𝛾2
𝐼(𝑞) = 𝐼0 [
],
(𝑞 − 𝑞0 )2 + 𝛾 2

(2-5)

where I0 is the peak height, q0 is the peak position, and 2γ is the FWHM. Domain spacings were
calculated by dividing 2π by the value of q0 for each peak.
2.8.2 GISAXS
GISAXS linecuts were fit using the following model:
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𝐼(𝑞) =

{𝐴𝑞 −4

+ 𝐵𝑞

−2

−(𝑞 − 𝑞0 )2
+ 𝐶} + {𝐼0 exp [
]},
2𝜎 2

(2-6)

where the first term in braces accounts for background scattering and the second term in braces
represents a Gaussian fit to the observed peak where I0 is the peak height, q0 is the peak position,
and 2√2ln(2)𝜎 is the FWHM. For 3xSP77.6k linecuts in which two peaks were observed, the
second peak was fit by adding an additional term to the previous equation:
−(𝑞 − 2𝑞0 )2
𝐼0,2 exp [
],
2𝜎22

(2-7)

where I0,2 represents the height of the second peak, the peak position is fixed at 2q0, and
2√2ln(2)𝜎2 is the FWHM of the second peak. Domain spacings were calculated by dividing 2π
by the value of q0 for each peak.
2.8.3 FRAP
FRAP curves were fit using a model that takes into account both reaction (e.g., binding to the
matrix in which the fluorophores are diffusing) and diffusion effects:19
𝐶𝑒𝑞
1 𝐹𝑒𝑞
𝑘𝑜𝑛
[1 − 2𝐾1 (𝑞𝑤)𝐼1 (𝑞𝑤)] (1 +
𝑓 (̅ 𝑠) = 𝐹∞ { −
)−
},
𝑠
𝑠
𝑠 + 𝑘𝑜𝑓𝑓
𝑠 + 𝑘𝑜𝑓𝑓
𝐹𝑒𝑞 =

𝑘𝑜𝑓𝑓
𝑘𝑜𝑛 + 𝑘𝑜𝑓𝑓

𝐶𝑒𝑞 =

𝑘𝑜𝑛
,
𝑘𝑜𝑛 + 𝑘𝑜𝑓𝑓

𝑠
𝑘𝑜𝑛
𝑞 2 = ( ) (1 +
),
𝐷𝑓
𝑠 + 𝑘𝑜𝑓𝑓
𝐷𝑒𝑓𝑓 =

𝐷𝑓
𝑘
1 + 𝑜𝑛
𝑘𝑜𝑓𝑓

(2-8)
(2-9)

(2-10)

(2-11)

where 𝑓 ̅ is the mean relative fluorescence intensity within the bleach region (normalized by the
mean fluorescence intensity in an area far from the bleach region), F∞ is the equilibrium relative
fluorescence intensity within the bleach region, s is the Laplace variable, I1 and K1 are the first87

order modified Bessel functions of the first and second kind, respectively, w is the radius of the
bleach spot, kon and koff are the rate constants describing the rate of fluorophore binding to and
release from the matrix, respectively, Df is the diffusion coefficient of the fluorophore in the
absence of binding, and Deff is the effective diffusion coefficient that accounts for binding effects.
To convert this equation from Laplace space to real space as function of time, a numerical Laplace
inversion was performed using the Talbot algorithm.20 Furthermore, when performing fits to the
equation, a reduced data set was used to avoid over-fitting data at longer time points. Reduced data
sets of roughly equally-spaced points were generated by selecting all data points from the first 10
seconds after bleaching and every third data point after this time interval.
Prior to fitting parameter values for the FRAP model, initial estimates for these values were
determined. It was found that if initial parameter values were not close to their best-fit values, the
curve fits would either return inaccurate parameter values or errors. First, initial estimates for F∞
and Df were obtained by fitting the curve to a FRAP model that only accounts for diffusion effects
as a function of time t:19
𝑓(𝑡) = 𝐹∞ 𝑒 −𝑤

2 ⁄2𝑡𝐷

𝑓

[𝐼0 (

𝑤2
𝑤2
) + 𝐼1 (
)],
2𝑡𝐷𝑓
2𝑡𝐷𝑓

(2-12)

where I0 is the zeroth-order modified Bessel function of the first kind. These initial estimates were
then used to fit the full FRAP equation (2-8) while testing fixed parameter values of kon and koff.
The two rate constant values were independently varied between 10-4 and 104 s-1 (spaced
logarithmically across 30 points), and the pair of these values along with the optimized values for
F∞ and Df were used as the initial estimates in a full fit to equation (2-8) with none of these four
parameters held constant. The code, provided in Appendix A5, usually required 10-15 minutes to
fit a single FRAP curve.
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Originally, FRAP curves were fit using equation (2-12) that only accounted for diffusional
effects, but it was found that equation was not able to fit the curves well. As such, fits using
equation (2-8) that also incorporated binding effects were attempted, and it was found that
accounting for these binding effects yielded much better fits to the FRAP curves (Figure 2-12).
Thus, all FRAP curves were fit using equation (2-12).

Figure 2-12. Comparison of representative fits to FRAP curves using equation (2-12) (top row)
and equation (2-8) (bottom row).
2.8.4 Biosensor Assays
All binding curves were fit to the following derived equation. Consider a solution of analyte added
to a thin film of protein-polymer conjugates. Since the analyte can exist either in solution with
concentration [A] or bound to the protein-polymer conjugate with concentration [A—P], a site
balance can be written for the total concentration of the analyte [A]T as follows:
[𝐴] + [𝐴 − 𝑃] = [𝐴] 𝑇 ,
which can be solved for [A] to yield:
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(2-12)

[𝐴] = [𝐴] 𝑇 − [𝐴 − 𝑃].

(2-13)

The protein-polymer conjugate can also exist in either the unbound state with concentration [P]
or bound to the analyte with concentration [A—P], so a site balance can similarly be written for
the total concentration of protein-polymer conjugate [P]T as follows:
[𝑃] + [𝐴 − 𝑃] = [𝑃] 𝑇 ,

(2-14)

[𝑃] = [𝑃] 𝑇 − [𝐴 − 𝑃].

(2-15)

which can be solved for [P] to yield:

By assuming the binding between the analyte and protein-polymer conjugate reaches equilibrium,
a dissociation constant Kd can be defined for the binding interaction:
𝐾𝑑 =

[𝐴][𝑃]
.
[𝐴 − 𝑃]

(2-16)

Equations (2-13) and (2-15) can be substituted into equation (2-16) and solved for [A—P] to give
the following equation:
[𝐴 − 𝑃] =

([𝐴] 𝑇 + [𝑃] 𝑇 + 𝐾𝑑 ) ± √([𝐴] 𝑇 + [𝑃] 𝑇 + 𝐾𝑑 )2 − 4[𝐴] 𝑇 [𝑃] 𝑇
.
2

(2-17)

Since [A—P] must be less than both [A]T and [P]T, only the negative root in equation (2-17) gives
a physically reasonable solution:
[𝐴 − 𝑃] =

𝛽 − √𝛽 2 − 4𝛾
,
2

(2-18)

where β is defined as the sum of [A]T, [P]T, and Kd, and γ is defined as the product of [A]T and [P]T.
By assuming that the observed mean fluorescent intensity (MFI) from a fluorescent binding assay
is proportional to the total number of binding events by some proportionality constant α such that
α represents the average MFI per binding event, the MFI can be related to [A—P] by
MFI = α[A—P], which can be substituted into equation (2-18) to give:
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MFI =

𝛼
(𝛽 − √𝛽 2 − 4𝛾).
2

(2-19)
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Chapter 3. Improved Ordering in Low Molecular Weight Protein-Polymer Conjugates
Through Oligomerization of the Protein Block
Reproduced (adapted) with permission from Paloni et al. Biomacromolecules, 19 (9), 3814-3824,
(2018). Copyright 2018 American Chemical Society.
3.1 Abstract
The self-assembly of protein-polymer conjugates incorporating oligomers of a small, engineered
high-affinity binding protein, rcSso7d.SA, is studied to determine the effect of protein
oligomerization on nanoscale ordering. Oligomerization enables a systematic increase in the
protein molar mass without changing its overall folded structure, leading to a higher driving force
for self-assembly into well-ordered structures. Though conjugates of monomeric rcSso7d.SA are
found to only exist in disordered states, oligomers of this protein linked to a poly(Nisopropylacrylamide) (PNIPAM) block self-assemble into lamellar nanostructures. Conjugates of
trimeric and tetrameric rcSso7d.SA are observed to produce the strongest ordering in concentrated
solution, displaying birefringent lamellae at concentrations as low as 40 wt. %. In highly
concentrated solution, the oligomeric rcSso7d.SA-PNIPAM block copolymers exhibit ordering
and domain spacing trends atypical from that of most block copolymers. Fluorescent binding
assays indicate that oligomerized protein blocks retain binding functionality and exhibit limits of
detection up to three times lower than that of surface-immobilized protein sensors. Therefore,
oligomerization of the protein block in these block copolymers serves as an effective method to
improve both nanoscale ordering and biosensing capabilities.
3.2 Introduction
The highly-specific molecular recognition capabilities of proteins have enabled their widespread
use in a variety of biosensor formats including lateral flow assays,1-4 microfluidics,5-8 and
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microarrays.9-10 In each of these biosensors, proteins are immobilized on a surface, where device
sensitivity is enhanced by achieving densely-packed proteins that are well-oriented to allow free
access to binding sites.11-13 The simplest and most general methods for protein surface
functionalization involve covalent anchoring via free amines on the surfaces of proteins. Because
these amines are distributed at multiple points across the protein surface, however, the resulting
orientation is random, reducing the active proportion of the surface-immobilized binding protein.
As such, there is significant interest in developing techniques that enable site-specific
immobilization. Current directed immobilization strategies include modifying functional groups
that appear at only a single location on a protein,14-15 adding ssDNA fragment linkers,16 or fusing
to proteins17-18 and installing tags19-20 that display high binding affinity to a specific surface. While
all of these methods can be used to orient proteins and improve biosensor performance, these
approaches can only be used for specific classes of proteins or require significant protein and/or
surface pre-treatment.
One potentially straightforward and effective technique for creating a dense array of
properly oriented proteins is through utilization of block copolymer-like self-assembly. By
conjugating a protein to a polymer and dissolving the bioconjugate in concentrated aqueous
solution, it has been demonstrated that these conjugates assemble into ordered nanostructures
similar to coil-coil diblock copolymers.21-23 While the individual ordered phases in both types of
diblock copolymers are identical, the self-assembly of protein-polymer conjugates exhibits notable
differences from that of traditional block copolymers. Protein-polymer conjugates display highly
asymmetric phase behavior24 and re-entrant order-disorder transition (ODT) behavior,24-25 in
contrast to the enhanced ordering in more concentrated block copolymer solutions predicted by
the dilution approximation.26 A complete explanation for these deviations from characteristic
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block copolymer assembly has not yet been established, but it is known that coarse-grained
features of the conjugates have significant effects on self-assembly: polymer topology,27 polymer
chemistry,25 protein shape,28 and electrostatics29 have all been found to significantly affect phase
behavior and ordering in protein-polymer block copolymers.
Initial studies have been performed on the activity and binding capabilities of enzymatic
coatings and sensors developed from these conjugates. Thin films of myoglobin-b-poly(Nisopropylacrylamide) (PNIPAM) formed weakly-ordered lamellae in solution and exhibited up to
a 10-fold improvement in catalytic activity compared to common surface-immobilization
techniques.30 Similar antibody-PNIPAM thin film biosensors displayed a two order of magnitude
decrease in the limit of detection compared to an antibody monolayer and a linear relationship
between the number of binding events and film thickness, which is related to the total amount of
protein in the film.31 These studies suggest that the increased number of proteins that can be
immobilized on a surface in 3D arrays achieved through protein-polymer diblock copolymer selfassembly can greatly enhance protein catalytic and sensing capabilities.
While protein-polymer conjugates incorporating antibodies as the protein block have been
shown to function as highly sensitive biosensors, there is a growing trend toward using small
proteins as affinity elements in sensors due to their enhanced stability and the ease with which they
can be recombinantly expressed. For example, nanobodies—the 12-15 kDa single binding domain
of heavy chain-only antibodies—have been incorporated into biosensors to achieve improved
sensitivities compared to antibody-based sensors due to the greater surface functionalization
achievable with these smaller proteins.32 This sensitivity improvement is more clearly seen in
electrochemical sensors33-34 where the decreased distance between binding events and the surface
has resulted in increased signal strength. Small engineered affinity binding proteins have also
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received more frequent use as sensors within the past decade. A class of 6 kDa proteins consisting
of a three-helix bundle, affibodies, have been demonstrated to function effectively in microarray
formats.35-36 Similarly, 7 kDa DNA-binding proteins, particularly Sac7d and Sso7d, have been
designed to bind with antibody-level affinities to a variety of targets.37-39 Though their use in
biosensors has only recently been explored,18, 39-40 these engineered DNA-binding protein mutants
display exceptional stability over a wide pH and temperature range,41 making them attractive
candidates for sensors that remain functional in conditions under which proteins typically unfold.
There are numerous potential benefits to using small proteins in biosensors fabricated from
protein-polymer conjugates, but the weak ordering in these conjugates containing a small protein
block remains a barrier to maximizing device sensitivity by self-assembly. In traditional coil-coil
block copolymers, ordered phases are only observed when the overall degree of polymerization of
the diblock copolymer is large enough to sufficiently reduce the entropic penalty due to chain
stretching that occurs at the interfaces between domains. While the self-assembly of proteinpolymer block copolymers is not fully understood, similar trends have been observed in these
materials. Model studies using the fluorescent protein mCherry as the protein block in these
conjugates have found that no ordered structures are observed at low coil fractions (0.2 ≤ f ≤ 0.3),24
and at intermediate coil fractions (0.3 ≤ f ≤ 0.5), structures are significantly weaker ordered than
the corresponding phases at high coil fractions (0.5 ≤ f ≤ 0.75).24-25 Thus, exploring approaches to
increase the molecular weight of the protein block in protein-polymer conjugates may yield
methods to create well-ordered structures of these conjugates incorporating a low molecular
weight protein.
Herein, the effect of increasing molecular weight of low molecular weight protein blocks
on ordering in protein-polymer conjugates is explored using protein blocks incorporating an Sso7d
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mutant engineered to bind strongly to streptavidin, rcSso7d.SA.39 Oligomers of rcSso7d.SA are
created by linking the proteins with short, flexible peptide sequences, and the phase behavior of
conjugates of these oligomers—monomer to tetramer—with PNIPAM is studied. While
conjugates of monomeric rcSso7d.SA are disordered under all conditions studied, conjugates of
oligomeric rcSso7d.SA are observed to self-assemble into well-ordered lamellar structures. The
biosensing capabilities of these conjugates are also explored, and it is discovered that the trimer
conjugates provide over a 3-fold reduction in limit of detection compared to monolayers of
rcSso7d.SA.
3.3 Materials and Methods
3.3.1 Synthesis
Poly(N-isopropylacrylamide) (PNIPAM) functionalized with a maleimide group was synthesized
by reversible addition-fragmentation chain transfer (RAFT) polymerization, as described
previously.21 Polymer molecular weight and dispersity were characterized by gel permeation
chromatography performed on an Agilent 1260 LC system equipped with two columns (ResiPore,
300 × 7.5 mm, up to 500k Da, Agilent Technologies, CA) in series, a Wyatt miniDAWN TREOS
multi-angle light scattering detector, and a Wyatt Optilab T-rEX diffractometer (Figure B-1).
DMF with 0.02 LiBr was used as the mobile phase with a flow rate of 1 mL/min at 70 °C.
Details for the construction of genes for monomeric, dimeric, trimeric, and tetrameric
rcSso7d.SA each containing an N-terminal Cys residue are provided in Chapter 2. Each gene was
inserted into a pET28b(+) vector, which encodes an N-terminal 6xHis tag, and transformed into
BL21(de3) E.coli cells. Each protein was expressed in 1 L of Terrific Broth at 37 °C inoculated
with 5 mL of overnight culture and induced with 1 mM isopropyl-β-D-1-thiogalactopyranoside
(IPTG) at an OD600 of 0.8-1.0. After induction the cells were cultured at 20 °C for 18-20 hours and
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harvested. The cells were resuspended in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM
imidazole, 10 mM β-mercaptoethanol (BME), pH 8.0) and frozen at -80 °C overnight. After
thawing, the cells were lysed by ultrasonication. The lysate was clarified by centrifugation, and
the protein was purified using Ni-NTA metal affinity chromatography. Throughout the
purification, 10 mM BME was used in all buffers. Elution fractions containing purified protein
were immediately exchanged into resuspension buffer (50 mM Tris buffer, 100 mM NaCl, 0.25
mM tris(2-carboxyethyl)phosphine (TCEP), pH 7.4) by performing a 1000x buffer exchange in
Millipore-Ultra 15 centrifugal filters (molecular weight cutoff of 3 kDa for monomeric
rcSSo7d.SA or 10 kDa for rcSso7d.SA oligomers). The purity of the protein was confirmed by
denaturing gel electrophoresis (SDS-PAGE) (Figure A-2a). Protein concentration was determined
by performing a reducing-agent compatible BCA assay, and proper secondary structure folding of
the proteins was assessed using circular dichroism (CD) (Figure A-3a). The typical yields of
purified protein for the monomeric, dimeric, trimeric, and tetrameric rcSso7d.SA species were
120, 160, 75, and 40 mg per liter of culture, respectively.
3.3.2 Bioconjugation and Preparation of Bulk Samples
Bioconjugations between rcSso7d.SA oligomers and maleimide-functionalized PNIPAM were
performed in resuspension buffer. Solutions of rcSso7d.SA oligomers were diluted to
approximately 5 mg/mL, and a 5x molar excess of PNIPAM was added. After complete dissolution
of PNIPAM, samples were incubated at 4 °C for 24 h. Ammonium sulfate was then added to a
concentration of 1.0 M to remove unconjugated protein. Following centrifugation, the supernatant
was discarded and the precipitates were resuspended in resuspension buffer to approximately 5
mg/mL. Two additional ammonium sulfate precipitations were performed, after which the
resulting solution was purified by Ni-NTA chromatography to remove unconjugated PNIPAM.
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Purified protein-PNIPAM conjugates were dialyzed against MilliQ water. Bioconjugate purity was
confirmed using SDS-PAGE and Native PAGE (Figure A-2b-c), and retention of protein
secondary structure was assessed using CD (Figure A-3b). Conjugate solution was concentrated
to approximately 100 mg/mL using Millipore-Ultra 15 centrifugal filters (molecular weight cutoff
of 10 kDa). Bulk solid samples were prepared by drop-casting aliquots of this concentrated
solution onto Teflon sheets and drying under vacuum to a final pressure of 5 Torr (ramp rate 50
Torr/h) at room temperature. Samples were then collected and stored at 4 °C until future use.
Typical yields after purification ranged from 50% with monomeric rcSso7d.SA to 25% with
tetrameric rcSso7d.SA.
3.3.3 Solution-phase Sample Preparation and Characterization
Dehydrated samples were rehydrated in MilliQ water at 4 °C to the desired concentration
immediately prior to use. The concentrated solution phase behavior of rcSso7d.SA-PNIPAM
conjugates was characterized using small-angle X-ray scattering (SAXS) (Figures B-2 to B-5),
depolarized light scattering (DPLS) and turbidimetry (Figures B-6 to B-9), and differential
scanning calorimetry (DSC) (Figure B-10). Details of the sample preparation and measurement
conditions for these techniques are provided in Chapter 2.
3.3.4 Thin Film Preparation
Silicon wafers (Wafer World, P-type Silicon with boron as dopant, (100) orientation, single-side
polished) were cut into 0.9 cm-by-5 cm sections and sequentially and thoroughly rinsed with
acetone, methanol, and water. Wafers were then dried under a filtered air flow and treated with
oxygen plasma for 3 minutes. Immediately following plasma cleaning, conjugate samples
rehydrated to 10 wt.% in MilliQ water were flow coated onto the silicon wafers in a chamber
maintained at 60% relative humidity, as described previously.42 To stabilize thin films against
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dissolution in water, the cast films were preheated to 40 °C and immersed in a 1.4 wt.% aqueous
solution of glutaraldehyde at 40 °C for 20 s to lightly crosslink the protein nanodomains.
Immediately following immersion, thin films were thoroughly rinsed with water until the surfaces
became hydrophilic, indicating complete removal of unlinked glutaraldehyde. Films were dried
under filtered airflow and stored at ambient conditions until use. Film thickness was determined
using a Woolam M-2000D spectroscopic ellipsometer using a single incidence angle of 70°.
Curves were fit using a three-layer model consisting of a 0.4 mm bottom silicon substrate, a native
silicon oxide layer of 18 Å, and a top conjugate layer fit using a Cauchy model. rcSso7d.SA
monolayers

were

prepared

by

coupling

protein

dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide

activated
(EDC/NHS)

by

1-Ethyl-3-(3with

amine-

functionalized silicon wafers using literature methods.43
3.3.5 Fluorescence Assays
The binding function of rcSso7d.SA oligomer-PNIPAM thin films was measured using
fluorescently-labeled monomeric streptavidin (mSA2). Details for the expression, purification, and
fluorescent labeling of mSA2 are provided in Chapter 2. 0.5 µL drops of solutions containing
serially diluted fluorescent mSA2 samples in PBS (pH 7.4) were gently applied to the surface of
each bioconjugate thin film. Films were incubated in a sealed chamber saturated with water vapor
at room temperature to prevent to prevent drying of the applied fluorescent samples. After 1 hour,
films were thoroughly rinsed with water, dried under filtered airflow, and immediately analyzed
for fluorescent signal. Fluorescence microscopy images were acquired at 4x magnification using
a Cy5 filter set and exposure time of 5000 ms on an Olympus IX-81 inverted fluorescence
microscope with an AxioCam HRC CCD camera. Fluorescent intensity was calculated using
ImageJ software44 by determining the average fluorescent signal in a rectangular area of the
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fluorescent image free of defects and occupying no less than half of the full sample application
area.
3.4 Results and Discussion
3.4.1 Phase Behavior
Oligomers of rcSso7d.SA, a modified DNA-binding protein designed to exhibit high-affinity
streptavidin binding,39 linked together by flexible (Gly4Ser)2 peptides (Figure 3-1a),46 were
expressed and conjugated to poly(N-isopropylacrylamide) (PNIPAM) (Figure 3-1b). Each
oligomer—hereafter referred to as nx rcSSo7d.SA, where n is the number of rcSso7d.SA proteins
in the oligomer—was conjugated to PNIPAM of comparable molar mass as the oligomer (Table
3-1). A PNIPAM volume fraction could not be calculated for these protein-polymer block
copolymers since the molar volume of the protein is not known, so all conjugates were synthesized
with symmetric weight fraction, as this is the approximate condition at which optimal ordering has
previously been observed in protein-polymer conjugates.24

Figure 3-1. (a) Representation of rcSso7d.SA oligomers. From top to bottom: 1x rcSso7d.SA, 2x
rcSso7d.SA, 3x rcSso7d.SA, 4x rcSso7d.SA. (b) General schematic of N-Cys-rcSso7d.SA
oligomer conjugation to maleimide end-functionalized PNIPAM. Protein is a cartoon
representation of the Sso7d crystal structure (PDB 1SSO).45
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Table 3-1. Composition of rcSso7d.SA oligomer-PNIPAM Conjugates

Conjugate

Protein

Protein MW
(kDa)

1xSP9.8k
2xSP17k
3xSP25k
4xSP30k

1x rcSso7d.SA
2x rcSso7d.SA
3x rcSso7d.SA
4x rcSso7d.SA

9.4
17.1
24.9
32.5

PNIPAM Mn
(kDa)

PNIPAM Đ

9.8
16.8
24.9
30.0

1.09
1.10
1.10
1.10

PNIPAM
Weight
Fraction
0.51
0.50
0.50
0.48

Analysis of the four studied conjugates in concentrated solution suggests a clear effect of
oligomerization (molar mass) on morphology. Phase diagrams are constructed for each conjugate
(Figure 3-2) using SAXS to determine nanostructure periodicity, DPLS to assess long-range
ordering, turbidimetry to determine transitions to macrophase separated states, and DSC to
estimate PNIPAM desolvation temperatures (Table 3-2). While the conjugates are assumed to
exhibit equilibrium morphology under most of the studied conditions, 100 wt. % samples created
by drying solutions under vacuum at a controlled pressure ramp rate of 50 Torr/h are known to be
kinetically trapped in a weakly-ordered morphology.24
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Figure 3-2. Phase diagrams of (a) 1xSP9.8k, (b) 2xSP17k, (c) 3xSP25k, and (d) 4xSP30k as a
function of concentration and temperature. Phases are assigned in the diagrams as disordered (Dis),
disordered micellar (DM), or lamellar (Lam) and are also (e) represented schematically. Light
colored symbols represent non-birefringent lamellar phases, which are separated by dashed lines
from shaded colored symbols representing birefringent lamellar phases. Solid symbols indicate a
homogeneous phase, while open symbols indicate a macrophase-separated phase.
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Table 3-2. Thermal Transitions for rcSso7d.SA Oligomer-PNIPAM Conjugates in Concentrated
Solution
Ttb (°C)
TDSCb (°C)
Conjugate Conc. (wt. %) TDPLSa (°C)
1xSP9.8k
30
○
30.1
29.6
35
○
30.3
29.0
40
○
30.9
28.5
45
○
34.2
27.2
50
○
31.3
25.5
60
●
-24.8
70
○
--2xSP17k
30
○
-28.7
35
○
-28.6
40
○
-27.3
45
○
-26.1
50
○
-25.4
60
●
--70
●
--3xSP25k
30
○
-27.8
35
○
-28.4
40
●
-28.0
45
●
-26.6
50
●
-26.1
60
●
-23.0
70
●
--4xSP30k
30
○
-29.4
35
○
-28.3
40
●
-27.5
45
●
26.1
26.0
50
●
26.7
25.4
60
●
-22.1
70
●
--○ denotes samples that never display birefringent behavior within the studied temperature range. ● denotes samples
that remain birefringent throughout the entire studied temperature range. bThe symbol “--” signifies that no thermal
transition is observed at the given concentration.
a

Conjugates containing oligomerized rcSso7d.SA protein blocks are observed to exhibit
well-ordered structures. 1xSP9.8k remains disordered under all studied conditions (Figure 3-2a),
but all oligomer conjugates display lamellar morphology over a wide concentration range (Figures
3-2b-d). The size of disordered regions in the phase diagrams also generally shrinks with
increasing molecular weight of the protein block: 2xSP17k remains disordered up to
concentrations of 40 wt. %, whereas 3xSP25k and 4xSP30k only display a disordered phase at 30
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wt. %. Accordingly, the order-disorder transition concentration (CODT) is decreased for higherorder oligomer conjugates, with values of 45, 35, and ≤ 30 wt. % (only concentrations as low as
30 wt. % were studied) for 2xSP17k, 3xSP25k, and 4xSP30k, respectively. Concentration ranges
over which birefringent lamellae can be seen follow a similar trend, as the range expands from 6070 wt. % for 2xSP17k to 40-70 wt. % for 3xSP25k and 4xSP30k.
Despite the significant differences in ordering between the four oligomer conjugates, their
phase diagrams contain many similar attributes. At high temperatures where water is selective for
the protein block, PNIPAM blocks collapse inward away from a water-rich phase, resulting in the
formation of disordered micelles. As can be seen in the SAXS curves (Figure 3-3a), increasing
temperature results in a gradual decrease in intensity of the scattering peaks corresponding to
periodic nanostructures, but above the PNIPAM transition temperature, these peaks are almost
entirely replaced by form factor scattering from the micelles. In 1xSP9.8k and 4xSP30k solutions,
macrophase separated regions between conjugate-rich and conjugate-poor phases of disordered
micelles exist, and these regions always exist above the PNIPAM thermal transition temperature
(Table 3-2). As concentration increases, the temperature at which this transition to a macrophase
separated state occurs also increases, which has been attributed to the ability of the protein domains
to accommodate water.23 Once PNIPAM chains begin to collapse and expel water above their
thermal transition temperature, the excess water is initially accommodated through swelling of the
protein domains. Above a certain temperature, the excess water can no longer be taken up by the
proteins, resulting in the separation of micelles from a water-rich phase. As conjugate
concentration increases, more protein is present to accommodate water from collapsed PNIPAM
chains, so the macrophase separation transition temperature increases and—at high
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concentrations—does not occur below 40 °C, indicating that the water is fully accepted into the
protein domains.

Figure 3-3. SAXS curve displaying changes in conjugate phase behavior with (a) temperature and
(b) concentration. Both graphs contain data for 4xSP30k at either (a) 40 wt. % or (b) 25 °C and
are representative of trends observed across all studied conjugates.
Many similarities also exist between the three conjugates that form ordered phases. Below
the thermal transition temperature of PNIPAM where water acts as a good solvent for both blocks,
lamellar phases are observed. This strong preference for lamellae is consistent with phase behavior
in rod-coil diblock copolymers,47 which, similar to protein-polymer block copolymers, contain one
rigid and one flexible block. Unlike previous work analyzing the self-assembly of proteinPNIPAM conjugates of mCherry and GFP,28 no hexagonally packed cylinder phase is observed in
any of the rcSso7d.SA oligomer conjugates. However, this phase was only seen when PNIPAM
represented the minority block in both volume and weight fraction. In this study where only
symmetric diblocks were considered, it is likely that the volume fraction of the polymer block is
not low enough to thermodynamically favor bending of the protein-polymer interface to form
cylindrical nanodomains. Below 45 wt. %, increases in concentration promote the formation of
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well-defined lamellar phases (Figure 3-3b) with increasing birefringence (Figures B-6 to B-9) for
2xSP17k, 3xSP25k, and 4xSP30k. In highly concentrated solutions, though, ordering worsens as
peaks significantly broaden, which is suggestive of the re-entrant order-disorder transition (ODT)
behavior that has been previously observed in protein-polymer conjugates.24-25
DSC measurements of PNIPAM desolvation temperatures reveal clear trends within and
across the studied rcSso7d.SA oligomer-PNIPAM conjugates. All four conjugates display
decreasing transition temperatures with increasing concentration, consistent with previous findings
in protein-polymer conjugates.23, 28-29 As the molecular weight of the PNIPAM block increases,
the transition temperatures at a given concentration also generally decrease. This trend agrees with
findings for homopolymer solutions of PNIPAM and other polymers with LCST behavior:48 as
polymer molecular weight increases, the exothermic contribution from polymer solvation
decreases relative to the magnitude of the entropic penalty associated with the corresponding
decrease in solvent free volume.49 However, the PNIPAM desolvation temperature appears to be
a weaker function of molar mass in the considered block copolymers, presumably a result of both
the decreased free volume contribution from chain ends as well as differences in solvent
partitioning in block copolymers compared to homopolymer solutions.
3.4.2 Ordering Quality
3.4.2.1 Concentrated Solution
Increased degree of oligomerization in the protein block of rcSso7d.SA oligomer-PNIPAM
conjugates produces a significantly enhanced ordering quality in concentrated solution. This
improved ordering is apparent by mere visual inspection of the SAXS curves for each conjugate
at the concentration where the strongest ordering is observed at 25 °C (Figure 3-4a). While
1xSP9.8k shows a single, broad scattering peak indicative of disordered structure, all three
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conjugates containing oligomerized rcSso7d.SA protein blocks display long-range periodic
structures, as signified by the presence of higher-order scattering peaks. As the degree of
oligomerization of the protein block increases, scattering peaks narrow, and ordering quality
improves.

Figure 3-4. Ordering quality of rcSso7d.SA oligomer-PNIPAM conjugates indicated through (a)
SAXS curves and (b) FWHM-1 of the primary scattering peak, where greater FWHM-1 values
correspond to stronger ordering. SAXS curves in (a) are each collected at 25 °C, with the curves
for 1xSP9.8k, 2xSP17k, and 3xSP25k collected at 45 wt. % and the curve for 4xSP30k collected
at 40 wt. %. In graph (b), open symbols represent disordered phases, light symbols represent nonbirefringent lamellar phases, and shaded symbols indicate a birefringent lamellar phase. Bulk data
are disconnected from concentrated solution data to indicate that the 100 wt. % data are not at
equilibrium.
A more quantitative measure of this enriched ordering can be obtained by calculating the
full width at half maximum (FWHM) of the primary scattering peak. FWHM were calculated by
simultaneously fitting a Lorentzian to the primary scattering peak and a background function to
the scattering intensity as follows:
𝐼(𝑞) =

{𝐴𝑞 −4

+ 𝐵𝑞

−2

𝛾2
+ 𝐶} + {𝐼0 [
]},
(𝑞 − 𝑞0 )2 + 𝛾 2

(3-1)

where the first term in braces accounts for background scattering with individual parameters to
capture the scattering in the Porod regime, in the Guinier regime, and from a constant background,
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and the second term in braces represent the Lorentzian fit where I0 is the peak height, q0 is the peak
position, and 2γ is the FWHM. In Figure 3-4b, where FWHM-1 values are plotted so greater values
correspond to stronger ordering, oligomerization of rcSso7d.SA can be seen to result in
significantly larger FWHM-1 values. Again, ordering increases with degree of oligomerization of
the protein block, with 3xSP25k and 4xSP30k conjugates displaying highly-ordered structures
between 40 and 45 wt. %. At concentrations less than 60 wt. %, the FWHM-1 value also serves as
a very good indicator of phase behavior in these four studied conjugates. For FWHM-1 less than
18 nm, conjugates almost exclusively form disordered phases, for FWHM-1 between 18 and 23
nm, primarily non-birefringent lamellae are observed, and for FWHM-1 greater than 23 nm,
conjugates self-assemble into birefringent lamellae. At and above 60 wt. %, however, these phase
predictions fail, as all lamellae not in the bulk state are birefringent. This is expected based on
previous studies where the materials are shown to transition into a nematic phase as concentration
increases out of the lamellar region.25
3.4.2.2 Highly Concentrated Solution
Phase behavior in highly concentrated solutions (classified here as concentrations greater than or
equal to 60 wt. %) deviates significantly from that at lower concentrations. At and above 60 wt. %,
3xSP25k and 4xSP30k conjugates experience a drop in FWHM-1 from lower concentrations,
suggesting a disordering of lamellar nanophases (Figure 3-4b). This observation is in stark
contrast to typical phase behavior in concentrated block copolymer solutions, where ordering is
predicted26 and observed50-51 to strictly increase as a function of concentration, regardless of
solvent selectivity. Though uncommon, this type of disordering has previously been observed in
block copolymer solutions, typically as re-entrant ODT phase behavior. In polystyrene-bpolyisoprene (PS-PI) diblock copolymers in diethyl phthalate, a strongly selective solvent for PS,
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a thermotropic re-entrant ODT has been observed at low polymer concentration (ϕ = 0.2), where
heating causes phase changes from a disordered micellar phase to FCC-arranged micelles and
finally to a disordered phase.52 A lyotropic re-entrant ODT has also been documented in PS-PI
solutions in decane (selective for PI) between 10 and 16 wt. % as a BCC phase composed of PSPI micelles disorders then re-forms the BCC phase.53 In this latter system, the odd phase behavior
has been postulated to be a non-equilibrium effect that results from kinetic trapping of the micelles
as the cores become glassy.51 Re-entrant ODT behavior has been observed in previously-studied
protein-polymer conjugates at high concentration as well,24-25 for which it has been hypothesized
that protein-polymer interactions become net attractive at high concentration.25
In this study, domain spacing analysis also reveals atypical behavior for block copolymers
in highly concentrated solutions. For diblock copolymer solutions, domain spacing analysis can
be performed to reveal the selectivity of a solvent towards each block through a power law
relationship: domain spacing d scales with polymer volume fraction ϕ according to d ~ ϕ-β, where
the value of exponent β is indicative of solvent selectivity.54 In general for nonselective and weakly
selective solvents, β is negative, and domain spacing increases with polymer volume fraction as
the solvent slightly preferentially migrates to the interfaces between phases to screen unfavorable
interactions between the two blocks.54-55 Conversely, for strongly selective solvents β becomes
positive—as high as unity—as one phase swells with added solvent to minimize interfacial area
and therefore unfavorable solvent interactions with the insoluble block. Previously, water has been
found to be slightly selective for the PNIPAM block in protein-PNIPAM conjugates,23 and—
accordingly—lamellar domain spacing increases with concentration at relatively low
concentrations in the rcSSo7d.SA oligomer conjugates considered here (Figure 3-5a). However,
in highly concentrated solution, the domain spacing of all lamellae-forming conjugates decreases
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with

increasing

concentration,

seemingly

suggesting that water becomes a selective solvent
at high concentration.
Similar domain spacing behavior has
previously been observed in highly concentrated
PS-PI solutions in toluene (a nonselective solvent)
near room temperature,56-57 for which it was
proposed that the decrease in domain spacing
resulted primarily from chain swelling effects due
to reduced mobility of the polymer chains under
these conditions. When incubated at room
temperature, the conjugates in this study do in fact
show a slight improvement in ordering as
incubation time is increased (Figure B-11). While
the results here display qualitative agreement with
Figure 3-5. (a) Domain spacings in
lamellar phases, (b) high concentration
SAXS traces, and (c) average power
fraction across heating and cooling
cycles for 2xSP17k, 3xSP25k, and
4xSP30. Data in (a) and (b) are collected
at 25 °C, and bulk data are disconnected
from concentrated solution data to
indicate that the 100 wt. % data are not at
equilibrium. In (b) the low intensity of
the 2q* peak in the 2xSP17k scattering
pattern is likely a result of a coincidence
with a minimum in the form factor. Error
bars in (c) represent standard deviation of
the data set.

this theory, the PS-PI systems exhibited a
continuous change in domain spacing across all
compositions whereas the rcSso7d.SA oligomerPNIPAM conjugates all contain a discontinuity
between the regions of increasing and decreasing
domain spacing. Thus, even if similar kinetic
control of domain spacing is occurring in the
studied systems, additional features of the
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conjugates beyond chain swelling appear to also have a significant effect on the self-assembly
dynamics, such as the hydrophobic interaction between PNIPAM and protein.58-60 At high
concentrations, these hydrophobic interactions may become relevant, resulting in an attractive
force between PNIPAM and protein blocks that decreases domain spacing and disorders lamellar
phases.
The long-range ordering of highly concentrated solutions of the studied bioconjugates
exhibits key differences from that at lower concentrations. All lamellae-forming conjugates
display q* reflections up to 3q* at concentrations at and above 60 wt. % (Figure 3-5b) while only
reflections up to 2q* are observed at lower concentrations, indicating retention of lamellar ordering
over longer length scales at higher concentration—at least within small grains. Birefringence
signals also display substantial increases between 50 wt. % and 60 wt. % in these conjugates
(Figure 3-5c). It is unlikely that these jumps in birefringence correspond to an improvement in
long-range lamellar ordering, however, as 2xSP17k and 3xSP25k bulk samples also display
lamellar reflections up to 3q* (Figures B-3 to B-4) but are not birefringent (Figure 3-5c). Indeed,
even the 1xSP9.8k conjugates display a weak birefringent signal at 60 wt. % (Table 3-2, Figure
B-6f) despite being highly disordered at this concentration. Instead, the increased birefringence
signal is presumably a result of orientational ordering within the sample, similar to the nematic
ordering previously observed at 70 and 80 wt. % in mCherry protein-polymer conjugates.25
3.4.3 Biosensing Capabilities
To confirm the sensing capabilities of rcSso7d.SA in oligomerized states, binding assays were
performed. It has previously been demonstrated that protein-polymer block copolymers display
size-exclusion properties in which molecular diffusion into the conjugates is controlled by
diffusion through the polymer nanodomains, as only molecules of sufficiently lower molecular
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weight than the polymer block can diffuse into the matrix.31 Correspondingly, diffusion
experiments using streptavidin—the biomolecule which rcSso7d.SA was genetically modified to
bind—as the analyte displayed weak binding strength relative to an rcSso7d.SA monolayer
(Figure B-12). It was reasoned that due to the large molar mass of streptavidin (53 kDa), very
large (~100 kDa) PNIPAM molecules would need to be synthesized and conjugated to the
rcSSo7d.SA oligomers to permit free diffusion. With a much higher polymer weight fraction,
conjugates of these high-Mn PNIPAM molecules would represent a significant departure in
ordering behavior from the symmetric weight fraction conjugates studied here. Because
streptavidin is a tetrameric species, it was assumed that a smaller, monomeric streptavidin variant
(14 kDa) would display only a slightly weaker binding strength to rcSso7d.SA due to the lack of
multivalent binding effects61-62 but experience little resistance to diffusion even in low molecular
weight PNIPAM blocks. Thus, a monomeric form of streptavidin, mSA2,63 was selected as the
analyte for assays.
Binding assays were performed by adding serially diluted solutions of fluorescentlylabeled mSA2 to thin films of each studied conjugate (Figure 3-6a). To maintain consistent
transport properties between samples, each oligomer was conjugated to the same previouslysynthesized 25 kDa PNIPAM sample. Analyte bound to thin films was quantified using
fluorescence microscopy, and binding curves were fit to the collected mean fluorescent intensity
(MFI) data using the following equation:
MFI =

𝛼
(𝛽 − √𝛽 2 − 4𝛾),
2

(3-2)

where α is the average MFI per binding event, β represents the sum of the total concentration of
analyte molecules, total concentration of binding sites, and dissociation constant describing the
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binding equilibrium, and γ is the product of two aforementioned concentrations. A derivation of
this equation is provided in Chapter 2.

Figure 3-6. (a) Schematic representation of fluorescent binding assays performed within
rcSso7d.SA oligomer-PNIPAM conjugate thin films. (b) Comparison of binding curves obtained
for each considered conjugate and rcSso7d.SA monolayer. All curves are shifted to a background
signal of 0 for clarity. Thicknesses for the 1xSP9.8k, 2xSP17k, 3xSP25k, and 4xSP30k films are
155, 130, 150, and 170 nm, respectively. Error bars represent the standard deviation of three
replicates. (c) Predicted and calculated relative number of binding sites in each conjugate thin film.
All values are relative to the number of binding sites in the 1xSP9.8k thin film. Error bars represent
95% confidence intervals for the calculated relative number of binding sites.
Curve fits performed on the binding assay data gave reasonable parameter values. Each fit
yielded the same α value—which should be independent of sensor type—within the parameter
uncertainty, demonstrating good self-consistency of the model. All thin film sensors also gave
values for the total concentration of accessible binding sites [P] T significantly greater than that for
the monolayer, as expected due to the greater thickness and thus total protein present in the thin
films. Dissociation constant Kd values for the conjugate thin film biosensors, however, are
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unreasonably large. These extremely high values likely result from the apparent rightward shift in
fluorescent intensity values compared to the monolayer; since the Kd parameter is the only
parameter in the used model that can significantly control left/right movement of the binding curve,
this value presumably increased to accommodate the shift. As such, the Kd values reported for the
thin film biosensors should be interpreted as fitting parameters only, as the values are not
physically reasonable. Though it leads to inflated Kd values, the rightward shift of the binding
curve in the thin film samples is consistent with behavior previously observed when increasing the
concentration of binding sites within a protein biosensor.18
Table 3-3. Best-fit Parameter Values for Fits to Monomeric Streptavidin Binding Assays
Biosensor
αa (MFI)
[P]Ta (nM)
Kda (nM)
rcSso7d.SA Monolayer
100 ± 10
0.34 ± 0.05
2000 ± 1000
1xSP25k Thin Film
100 ± 10
3100 ± 400
8×107 ± 1×107
2xSP25k Thin Film
100 ± 10
3300 ± 500
6.0×107 ± 9×106
3xSP25k Thin Film
120 ± 20
3900 ± 700
4.7×107 ± 9×106
4xSP25k Thin Film
112 ± 9
3700 ± 300
5.2×107 ± 4×106
a

Reported errors represent 95% confidence intervals for the parameter estimate.

Analysis of binding curves indicates that rcSso7d.SA oligomer conjugates not only retain
binding capacity, but also significantly enhance rcSso7d.SA biosensing capabilities (Figure 3-6b).
All conjugate samples show increased fluorescent signal at high concentration relative to a
rcSso7d.SA monolayer, with the conjugate of the trimer displaying an improvement of over an
order of magnitude at the highest measured concentration. Additionally, while the fluorescent
intensity of the monolayer saturates for concentrations above 5 µM, all thin film samples show
continually increasing signal at high analyte concentrations. Unlike the monolayer, the thin film
samples contain densely-packed proteins in three-dimensions, thereby providing substantially
more binding sites within the sensor and allowing distinction between a greater range of analyte
concentrations before saturating. All binding curves are also considerably right-shifted compared
to previously-reported curves for rcSso7d.SA in yeast-display experiments (Kd ~ 500 pM),39
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though the presence of an equivalent shift in the monolayer binding curve indicates that the weaker
binding is not a result of inherently worse binding kinetics within the conjugate thin films. The
monolayer curve does, however, indicate similar binding strength compared to previous surfaceimmobilized rcSso7d.SA assays using streptavidin as the analyte,18, 39 indicating that rcSso7d.SA
has similar binding affinities for streptavidin and mSA2.
Oligomerization of rcSso7d.SA also brings about a decrease in biosensor limit of detection
(LOD). By calculating LOD using the standard definition as the minimum concentration which
gives a signal three standard deviations above that of the average blank, it is found that the LODs
for the monolayer and 1xSP25k, 2xSP25k, 3xSP25k, and 4xSP25k thin films are 360, 290, 200,
110, and 140 nM, respectively. While all thin films display improvements up to threefold in LOD
over the monolayer, the trend in LOD with respect to degree of oligomerization is non-monotonic.
The primary factor that is expected to affect LOD in the studied biosensors is number of binding
sites, as more binding sites enable a greater number of analyte molecules to be captured and shifts
analyte-receptor equilibrium in favor of binding events. Since the number of binding sites is a
function of both the density of accessible rcSso7d.SA proteins within a plane parallel to the
underlying substrate and the number of these planes within a biosensor, both rcSso7d.SA volume
fraction and film thickness are required to determine the number of these sites.
Calculation of the number of binding sites reveals a significant increase in both number
and density of available sites in conjugate thin films relative to rcSso7d.SA monolayers. To
determine the density of binding proteins within a single plane of each thin film, the concentration
of accessible binding sites throughout the entire film—taken directly from the binding assay curve
fits (Table 3-3)—was multiplied by the corresponding film thickness. When accounting for
differences in film thickness, the density of oligomerized rcSso7d.SA proteins capable of binding
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mSA2 is found to increase monotonically with degree of oligomerization (Table B-1). This
calculated density decreases, though, between the 1xSP25k and 2xSP25k thin films, indicating a
lower density of accessible binding sites in the protein domains of the oligomerized rcSso7d.SA
conjugate film. The total number of predicted binding sites within each thin film assuming
complete accessibility should be proportional to the volume fraction of rcSso7d.SA in the
conjugate with PNIPAM. Reasonable estimates for relative values of the predicted number of sites
can thus be obtained by normalizing the weight fraction of rcSso7d.SA in each conjugate by the
corresponding weight fraction in 1xSP25k. Comparing these predicted relative number of binding
sites to the calculated values (Figure 3-6c), all oligomeric rcSso7d.SA conjugates are found to
contain fewer proteins capable of binding mSA2 than predicted. It is likely that this effect results
from a combination of steric blocking of binding sites by bound mSA2 molecules as well as an
absence of the free volume required to incorporate mSA2 molecules into the protein nanodomains
at high degrees of binding. Despite the lower than expected binding capacity of the conjugate thin
films, these biosensors contain approximately 104 times the quantity of accessible binding sites
compared to rcSso7d.SA monolayers on a volumetric basis (Table 3-3). Recognizing that each
plane (and a monolayer) of rcSso7d.SA proteins is roughly 1-2 nm thick,64 the studied thin films
can be determined to contain approximately 100 more planes of protein than a monolayer.
Therefore, by accounting for differences in height between the thin films and monolayers, the thin
films are found to contain around 2 orders of magnitude more moles of accessible protein per area,
offering a significant improvement in protein density over traditional surface-immobilized protein
biosensors.
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3.5 Conclusions
The oligomerization of the low molecular weight protein rcSso7d.SA in protein-polymer
conjugates is demonstrated to significantly improve the concentrated solution self-assembly in
these materials. Block copolymers containing oligomerized rcSso7d.SA connected with flexible
peptide sequences as a protein block display long-range lamellar ordering that is strongest in trimer
and tetramer conjugates. In highly concentrated solution, the studied conjugates assemble into
weakly-ordered lamellae and display domain spacings that vary non-monotonically across the
studied concentration range.
Thin films of the rcSso7d.SA oligomer conjugates are also found to function as highly
sensitive biosensors, retaining binding capabilities and providing up to threefold decreases in limit
of detection compared to traditionally-used protein monolayers. In general, oligomerization is
observed to lower the limit of detection by increasing density of binding sites, but some evidence
suggests too high protein densities result in inaccessibility of some sites. Despite not containing
fully-accessible binding sites, the protein-polymer conjugate thin film biosensors are estimated to
contain a 100-fold greater density of accessible sites within a single plane of conjugates than an
rcSso7d.SA monolayer. By identifying a strategy that both improves ordering in low molecular
weight protein-polymer conjugates and enables the development of more sensitive biosensors, this
work provides a substantial framework for future research in protein design for both fundamental
understanding of protein-polymer conjugate self-assembly and biosensing applications.
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Chapter 4. Coiled-Coil Domains for Self-Assembly and Sensitivity Enhancement of ProteinPolymer Conjugate Biosensors
Reproduced (adapted) with permission from Paloni et al. ACS Applied Polymer Materials, 2 (3),
1114-1123, (2020). Copyright 2020 American Chemical Society.
4.1 Abstract
While protein self-assembly has been used to improve the performance of biosensors and
biocatalysts, few general techniques have been demonstrated to achieve well-ordered protein
arrays under the highly concentrated conditions required to optimize device performance. The
strong association strength of coiled-coils, supercoiled bundles of alpha helices wrapped around
each other, makes these structures promising scaffolds from which proteins can be linked into
ordered assemblies in concentrated solution. Herein, the two component alpha helices of a
heterodimeric coiled-coil are fused to a weakly ordering protein, 2x rcSso7d.SA (2x), to improve
its self-assembly as a protein-poly(N-isopropylacrylamide) (PNIPAM) conjugate. Three fusion
protein conjugates are developed, from which two distinct heterodimeric coiled-coil conjugates
are formed, but only one of these heterodimer conjugates significantly improves the ordering
quality of 2x. Additionally, the alpha helical segment in one of the three synthesized fusion protein
conjugates remains almost entirely unfolded, and this conjugate is found to achieve both the
strongest ordering quality and over an order of magnitude enhancement in biosensor performance
compared to unmodified 2x. These findings suggest that certain arrangements of coiled-coil
fusions produce well-ordered protein-polymer conjugates, and unfolded coiled-coil sequences may
also serve as effective order-inducing protein sequences.
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4.2 Introduction
The ability of proteins to recognize, bind, and modify substrates with high specificity has
motivated their use in applications such as biosensing,1-3 biocatalysis,4-5 and immunotherapy.6-7 In
biosensors, proteins are immobilized onto a surface, where proper orientation of the proteins is
necessary for their active sites to be freely accessible.8-10 Correspondingly, the performance of a
surface-bound affinity protein or enzyme is critically dependent on the method used for
immobilization.11-12 Techniques incorporating self-assembly have therefore been explored in an
effort to achieve properly-oriented protein surfaces, with approaches including attaching proteins
to self-assembled monolayers13 and direct fusion to self-assembling peptide sturctures.14-15
Although these methods do yield ordered protein surfaces, all achieve a low degree of
functionalization relative to the available surface area or do not produce assemblies with
predictable architectures.
Protein-polymer conjugates offer a potentially robust platform for protein self-assembly.
By conjugating a polymer to a protein, the resulting molecules can undergo block copolymer
nanoscale assembly in both solution and bulk.16-19 Due to the diverse set of side chain chemistries
of both canonical and non-canonical amino acids, strategies have been developed to achieve sitespecific conjugation to a wide range of proteins.20 While there are several accessible routes to the
synthesis of protein-polymer conjugates, only a small subset of these conjugates display strong
self-assembly in bulk and highly concentrated solution.

In fact, though poly(N-

isopropylacrylamide) (PNIPAM) has been shown to yield the lowest order-disorder transition
concentration among polymers when conjugated to a protein,21 many proteins cannot form order
structures even when conjugated to PNIPAM. Recently, the ordering quality of protein-PNIPAM
block copolymers was found to be highly dependent on the molecular weight and secondary
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structure of the protein block, revealing that only certain proteins will achieve strong ordering as
protein-PNIPAM conjugates.22 Additionally, unlike traditional block copolymers, proteincontaining block copolymers cannot be thermally annealed due to the unfolding of proteins at
elevated temperatures. While solvent vapor annealing has also been demonstrated to produce wellordered block copolymers,23 the instability of proteins in most organic solvents restricts the usable
solvents to aqueous solutions. When protein-polymer conjugates were exposed to neutral and
slightly acidic water vapor, however, only modest improvements in ordering were achieved.24 As
a result, not all proteins can be self-assembled into ordered nanostructures when conjugated to a
polymer.
Due to this limitation, protein molecular engineering has been explored as a route to
enhance ordering quality. Since it has been demonstrated that low molecular weight proteins order
poorly when conjugated to a polymer,22 protein oligomerization has been used to achieve a
significant enhancement in conjugate ordering quality due to enhancement in molar mass.25 This
technique is principally applicable to very small proteins and requires different gene cloning
strategies to be developed for each protein to be oligomerized. A more general approach to produce
ordered protein structures involves utilizing peptide sequences that promote self-assembly. For
example, β-sheet-forming sequences have been shown to retain the ability to assemble into βsheets after attachment to a polymer block.26-27 Pairs of complementary peptide sequences with
high binding affinities have also been developed to enhance long-range and directional ordering
within materials.28-31 Because these peptide sequences can be fused to an existing protein, this
approach affords the opportunity to self-assemble a protein while retaining protein functionality.
One well-understood motif that has been widely used to link and self-assemble materials
is the coiled-coil, a supercoil composed of two or more alpha helices wrapped around each other.
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This structure is stabilized in solution by a core of hydrophobic amino acids as well as electrostatic
interactions between adjacent alpha helices.32-33 Because coiled-coil stability can be easily
modified by changing the amino acids in the constituent helices, such as by tuning electrostatic
interactions to be attractive or repulsive,34-35 stabilizing surface residues with salt bridges,36 and
modulating the positions of residues in the hydrophobic core,37 design rules for creating stable and
strongly-associating coiled-coils have been developed, resulting in a large library of coiled-coil
designs.38 As a result, coiled-coils have been used to direct the self-assembly of various soft
materials, including both polymers39-41 and proteins.42-45 In addition, coiled-coil assembly has been
controlled using a variety of techniques including pH,46 metal coordination,47-49 and
electrochemical conditions.50 Therefore, fusing coiled-coils to the protein block in a proteinpolymer conjugate may provide a general route to create ordered protein arrays that preserve the
functionality of the original protein.
In this paper, coiled-coil sequences are fused to a protein with a strong binding affinity for
streptavidin, 2x rcSso7d.SA (2x), that has been shown to exhibit weak self-assembly25 to
determine if coiled-coils can significantly enhance ordering. Two previously developed
complementary coiled-coil sequences, ZE and ZR,51 are fused to either the C- or N-terminus of
2x, and the self-assembly of conjugates of these fusion proteins is studied. Two of the three coiledcoil fusions display no significant improvement in self-assembly in homogeneous solutions, but
when mixed with a fusion protein containing the complementary coiled-coil sequence, an
improvement in self-assembly is observed. The fusion proteins or protein mixtures that display the
strongest ordering quality in concentrated aqueous solution are also found to achieve significantly
enhanced streptavidin binding capabilities compared to unmodified 2x.
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4.3 Materials and Methods
4.3.1 Gene Cloning
4.3.1.1 Design of Gene with C-terminus Cysteine
Fusion genes were constructed using the previously-designed 2x rcSso7d.SA (2x) gene,25 which
contains an rcSso7d.SA52 dimer and an N-terminus cysteine. Removal of the N-terminus cysteine
and insertion of a C-terminus cysteine was accomplished using an Agilent QuikChange multi sitedirected mutagenesis kit. In brief, two primers were designed to remove/insert a cysteine at the
desired positions (Table C-1). The desired gene was generated by running polymerase chain
reaction (PCR) amplification of the two primers with the template sequence in a pET28b(+) vector.
The template DNA was then digested using DpnI, and the resulting ssDNA was transformed into
XL10 Gold ultracompetent cells. Proper deletion and insertion were verified using Sanger
sequencing.
4.3.1.2 Preparation of Genes for Insertion of Coiled-Coil Sequences
For both the N-Cys and C-Cys variants of 2x in pET28b(+), a pair of primers was designed to
extract the 2x gene with an N-terminus NdeI restriction site and a C-terminus XhoI restriction site
(Table C-1). In addition, the primers added a BsaI restriction site and recognition sequence on the
side of the gene opposite from the cysteine residue to allow scar-free insertion of coiled-coil gene
sequences. Each template plasmid was PCR amplified with the appropriate primers, and the
desired DNA fragments were purified by gel extraction. Sanger sequencing was used to confirm
the sequences of the extracted fragments. The DNA fragments and pET28b(+) were then digested
with NdeI/XhoI, purified by gel extraction, and ligated using a 3:1 insert to vector molar ratio.
Ligated plasmids were transformed into chemically competent NEB5α cells, a New England
Biolabs (NEB) derivative of the DH5α cell line. Sequences of the two 2x genes (one with an N-
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terminus Cys and a C-terminus BsaI/XhoI cloning site and the other with an N-terminus NdeI/BsaI
cloning site and a C-terminus Cys) were confirmed using Sanger sequencing.
4.3.1.3 Cloning of Coiled-Coil Fusions
Genes encoding coiled-coil sequences ZE and ZR51 were synthesized and cloned into pUC57 by
GenScript USA (Table 2-2). The plasmids containing ZE, ZR, and the variant of 2x with an Nterminus Cys were digested with BsaI/XhoI and purified by gel extraction. Each digested coiledcoil gene was separately ligated with the digested 2x plasmid using a 3:1 insert to vector molar
ratio. Ligated plasmids were transformed into chemically competent NEB5α cells. Gene sequences
were confirmed using Sanger sequencing and then transformed into BL21(de3) cells. The same
procedure was used for inserting the ZE coiled-coil sequence onto the N-terminus of the 2x gene
with a C-terminus Cys, except the initial digest was performed with NdeI/BsaI. Verified DNA
sequences and amino acid sequences for the fusion proteins can be found in Appendix A.
4.3.2 Synthesis
4.3.2.1 PNIPAM Synthesis
Poly(N-isopropylacrylamide) (PNIPAM) functionalized with a maleimide endgroup was
synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization, as
described previously.19 Polymer molecular weight and dispersity were characterized by gel
permeation chromatography performed on an Agilent 1260 LC system equipped with two columns
(ResiPore, 300 × 7.5 mm, up to 500kDa, Agilent Technologies, CA) in series, a Wyatt miniDAWN
TREOS multi-angle light scattering detector, and a Wyatt Optilab T-rEX diffractometer (Figure
C-1). Dimethylformamide (DMF) with 0.02 LiBr was used as the mobile phase with a flow rate
of 1 mL/min at 70 °C.
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4.3.2.2 Protein Expression
2x was expressed as described previously.25 2x with an N-terminus Cys and fused to ZE at the Cterminus (2xZEC) or ZR at the C-terminus (2xZRC) as well as 2x with a C-terminus Cys and fused
to ZE at the N-terminus (2xZEN) were expressed in BL21(de3) Escherichia coli cells. Each protein
was expressed in 1 L of Terrific Broth at 37 °C inoculated with 5 mL of overnight culture and
induced with 1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) at an OD600 of 0.8-1.0. After
induction, the cells were cultured at 20 °C for 18-20 hours and harvested. The cells were
resuspended in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, 10 mM βmercaptoethanol (BME), pH 8.0) and frozen at -80 °C overnight. The cells were then thawed and
frozen/thawed two additional times, after which the cells were lysed by ultrasonication. The lysate
was clarified by centrifugation, and the protein was purified using Ni-NTA metal affinity
chromatography. Throughout the purification, 10 mM BME was used in all buffers. Elution
fractions containing purified protein were immediately exchanged into either ZE resuspension
buffer (50 mM Tris buffer, 500 mM NaCl, 0.25 mM tris(2-carboxyethyl)phosphine (TCEP), pH
8.0) for 2xZEC and 2xZEN or ZR resuspension buffer (50 mM Tris buffer, 500 mM NaCl, 0.25
mM TCEP, pH 7.0) for 2xZRC by performing a 1000x buffer exchange in Millipore-Ultra 15
centrifugal filters (molecular weight cut-off of 10 kDa). Buffer recipes were developed by
increasing the salt concentration of the buffer used to resuspend 2x25 and adjusting the pH to allow
full solubility of the coiled-coil fusion. The purity of the protein was confirmed by denaturing gel
electrophoresis (SDS-PAGE) (Figure A-4a). Protein concentration was determined by performing
a reducing-agent compatible BCA assay, and proper secondary structure folding of the proteins
was assessed using circular dichroism (CD) (Figure A-5a). The typical yields of purified protein
for 2xZEC, 2xZRC, and 2xZEN were 100, 180, and 20 mg per liter of culture, respectively.

130

4.3.2.3 Bioconjugation
Bioconjugations between 2x coiled-coil fusions and maleimide-functionalized PNIPAM were
performed in ZE resuspension buffer. Solutions of the proteins were diluted to approximately 1
mg/mL, and a 5x molar excess of PNIPAM was added. After complete dissolution of PNIPAM,
samples were incubated at 4 °C for 24 h. Ammonium sulfate was then added to a concentration of
1.0 M to remove unconjugated protein. Following centrifugation, the supernatant was discarded,
and the precipitates were resuspended in resuspension buffer to approximately 1 mg/mL. Two
additional ammonium sulfate precipitations were performed, after which the resulting solution was
purified by Ni-NTA chromatography to remove unconjugated PNIPAM. Purified proteinPNIPAM conjugates were dialyzed against Milli-Q water. Bioconjugate purity was confirmed
using SDS-PAGE and native PAGE (Figure A-4b-c), and retention of protein secondary structure
was assessed using CD (Figure A-5b). Conjugate solution was concentrated to approximately 100
mg/mL using Millipore-Ultra 15 centrifugal filters (molecular weight cutoff of 10 kDa). Bulk solid
samples were prepared by drop-casting aliquots of this concentrated solution onto Teflon sheets
and drying under vacuum to a final pressure of 5 Torr (ramp rate 50 Torr/h) at room temperature.
Samples were then collected and stored at 4 °C until future use. Typical yield after purification for
all conjugates was 30%.
To form heterodimer coiled-coil bioconjugates, dried bioconjugate samples were dissolved
at a concentration of 0.1 mg/mL in Milli-Q water at 4 °C. Then, the solutions of either 2xZEC and
2xZRC (to form 2xZEC-ZRC) or 2xZEN and 2xZRC (to form 2xZEN-ZRC) were mixed in an
equimolar ratio and incubated at 4 °C overnight. Bulk samples were prepared by concentrating and
drying as described previously. Samples were stored at 4 °C until future use.
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4.3.3 Characterization
4.3.3.1 Circular Dichroism (CD) Single Temperature Measurements
CD spectroscopy was performed using a JASCO Model J-1500 CD spectrometer to measure far
UV CD spectroscopy between 195 and 250 nm. Measurements were conducted at concentrations
of 0.1, 1, and 10 mg/mL in 1, 0.1, and 0.01 mm path length quartz cuvettes, respectively. All
unconjugated proteins were measured in both ZE buffer (50 mM Tris buffer, 500 mM NaCl, 0.25
mM TCEP, pH 8.0) and Milli-Q water. All conjugates were measured in Milli-Q water. Singletemperature measurements were collected at 25 °C. Raw CD signal was smoothed and converted
to molar ellipticity using literature methods.53
The percentage of folding within coiled-coiled domains was estimated by first subtracting
the molar ellipticity at 222 nm ([θ]222) of 2x in Milli-Q water from that of a 2x coiled-coil fusion
in Milli-Q water at the same concentration. This estimate of the [θ]222 value corresponding to the
coiled-coil region was then multiplied by the ratio of the molecular weights of the full fusion
protein to that of the coiled-coil region to renormalize the signal by the appropriate molecular
weight. The resulting [θ]222 value was then used to estimate percent folding of the coiled-coil using
the following equation:54
% 𝐹𝑜𝑙𝑑𝑒𝑑 =

[𝜃]222 − [𝜃]222,𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑
100
×
,
[𝜃]222,𝑓𝑜𝑙𝑑𝑒𝑑 − [𝜃]222,𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑 𝐹𝑟𝑎𝑐 𝐶𝑜𝑖𝑙 𝑅𝑒𝑠𝑖𝑑𝑢𝑒𝑠

(4-1)

where a value of -3,000 deg cm2 dmol-1 was assumed for [θ]222,unfolded,54 [θ]222,folded was estimated
to be -37,000 deg cm2 dmol-1 using an approximation based on the number of residues in the
helix,55 and Frac Coil Residues was 0.81 for all samples, as each fusion protein had 53 residues in
the non-2x region of the protein, 43 of which were part of the ZE or ZR coiled-coil.
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4.3.3.2 Analytical Ultracentrifugation
Sedimentation velocity experiments were run on a Beckman XL-I analytical ultracentrifuge
equipped with an AN-50 Ti rotor. Each bioconjugate sample was centrifuged at concentrations of
1, 0.5, and 0.33 mg/mL in Milli-Q water. Samples were equilibrated at 10 °C for 1 hour, then spun
at 42,000 rpm and 10 °C for 18 hours while constantly measuring absorbance at 280 nm. A
temperature of 10 °C, well below the thermal transition temperature of PNIPAM, was selected to
avoid forming aggregates due to PNIPAM precipitation that would interfere with data analysis.
Data were fit with SEDFIT software56 using a continuous size distribution.
4.3.3.3 CD Melting Curve Measurements
Melting curves were collected by continuously measuring [θ]222 while heating samples from 10 to
90 °C at a rate of 1 °C/min. Samples were equilibrated at 10 °C for 10 minutes prior to starting the
temperature ramp. All samples were measured at a concentration of 0.1 mg/mL in Milli-Q water.
Data were fit using a previously-derived thermodynamic model in which the equilibrium constant
was assumed to exclusively describe the bimolecular reaction of coiled-coil monomers forming
the intended homodimer or heterodimer.57
4.3.3.4 Additional Characterization Methods
The concentrated solution phase behavior of the studied bioconjugates was characterized using
small-angle X-ray scattering (SAXS) (Figures C-2 to C-6), depolarized light scattering (DPLS)
and turbidimetry (Figures C-7 to C-11), and differential scanning calorimetry (DSC) (Figure C12). Details of the sample preparation and measurement conditions for these techniques are
provided in Chapter 2. Thin film sample preparation and fluorescence binding assay procedures
are also provided in Chapter 2.
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4.4 Results and Discussion
4.4.1 Conjugate Design
The two component leucine zipper alpha helices in a previously designed heterodimeric coiledcoil, ZE and ZR,51 were fused to the streptavidin binding protein 2x25 to create a set of coiled-coil
fusions where interactions between coiled-coils could promote self-assembly. Each fusion
contained its coiled-coil alpha helix either at the C-terminus (2xZEC and 2xZRC) or at the Nterminus (2xZEN) with a cysteine residue at the opposite terminus of the protein (Figure 4-1a, top
row). A maleimide-functionalized poly(N-isopropylacrylamide) (PNIPAM) molecule was
conjugated to this cysteine residue to form protein-polymer conjugates (Figure 4-1b, Table 4-1).
With the three conjugates synthesized in this study, both unique coiled-coil heterodimer
morphologies (containing either adjacent or opposite 2x regions) were formed from an equimolar
mixture of two of these conjugates: 2xZEC-ZRC, a mixture of 2xZEC and 2xZRC, and 2xZENZRC, a mixture of 2xZEN and 2xZRC (Figure 4-1a, bottom row).
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Figure 4-1. (a) Synthesized coiled-coil fusion monomers (top row) and heterodimers (bottom
row). (b) General synthetic scheme for conjugation of 2x coiled-coil fusion to maleimidefunctionalized PNIPAM. Green alpha helices represent ZE and purple helices represent ZR. Blue
regions represent (Gly4Ser)2 peptide linkers. Orange regions in the protein are cartoon
representations of the Sso7d crystal structure (PDB 1SSO).58
Table 4-1. Composition of Coiled-coil Fusion-PNIPAM Conjugates
Protein MW PNIPAM Mn PNIPAM
(kDa)
(kDa)a
Đa
2xZEC
22.6
2xZRC
22.9
26.1
1.05
2xZEN
22.9
a
All conjugates were synthesized using the same PNIPAM molecule.
Conjugate

4.4.2 Coiled-Coil Folding and Stability
Circular dichroism (CD) experiments indicate different degrees of alpha helical folding between
the coiled-coil fusion proteins. Though all 5 of the protein solutions have very similar CD spectra
in buffer, presumably due to shielding effects from salt ions, these spectra differ significantly in
pure water (Figure A-5a). Using the value of molar ellipticity at 222 nm for each sample, which
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corresponds to a maximum in the absolute value of molar ellipticity for alpha helices, the percent
of folded residues within the ZE and ZR alpha helices can be estimated (Table 4-2). At low
concentrations, 2xZEC is completely unfolded, 2xZEC-ZRC is mostly folded, and the remaining
proteins are only partially folded. As concentration increases, these data show that alpha helices
initially become more folded but eventually begin to unfold at higher concentrations. Although the
protein concentration in the conjugate samples used for nanostructure determination is always
greater than 100 mg/mL, a concentration higher than can be measured using commerciallyavailable CD cuvettes, the concentration trends in Table 4-2 can be used to estimate the helical
folding in the high concentration samples. As such, the results suggest that in these samples 2xZEC
is mostly or entirely unfolded, 2xZEC-ZRC is likely mostly folded, and the alpha helices in the 3
other proteins are partially folded.
Table 4-2. Percent Folding within Alpha Helical Region of Coiled-Coil Fusion Proteins
Conc. in
Milli-Q
2xZEC- 2xZEN2xZECa 2xZRCa 2xZENa
Water
ZRCa
ZRCa
(mg/mL)
0.1
-2 ± 2
37 ± 4
43 ± 4
72 ± 7
35 ± 4
1
36 ± 4
NSb
72 ± 8
100 ± 10
43 ± 5
b
b
10
32 ± 4
NS
50 ± 6
NS
NSb
a
b
Reported errors represent the standard deviation from three replicates. Not soluble.
The degree of association between coiled-coils is largely dependent on the degree of
folding of the component alpha helices. Even though most alpha helices appear to exhibit a slightly
greater degree of folding when conjugated to PNIPAM, the fraction of folded alpha helices is still
similar to that of the unconjugated proteins (Figure A-5b). Consistent with the finding that the
alpha helices in 2xZEC are primarily or entirely unfolded up to concentrations of at least 10
mg/mL, this conjugate does not significantly form homodimerized coiled-coils at concentrations
up to at least 1 mg/mL, as quantified by analytical ultracentrifugation (Figure 4-2a). Similarly,
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2xZRC, which exhibited partial alpha helical folding, only forms coiled-coil homodimers to a
small degree at all measured concentrations (Figure 4-2b). Despite having partially or primarily
folded alpha helices (some of which have fractional folding comparable to that of 2xZRC), the
three remaining conjugates all exist exclusively as coiled-coils, with minor fractions of coiled-coil
trimers (Figure 4-2c-e).

Figure 4-2. Analytical ultracentrifugation continuous size distributions for coiled-coil fusion
conjugates (a) 2xZEC, (b) 2xZRC, (c) 2xZEN, (d) 2xZEC-ZRC, and (e) 2xZEN-ZRC in Milli-Q
water at 10 °C. Due to the molecular weights of the conjugates, sedimentation coefficient closely
corresponds to the oligomerization state of the component coiled-coils.
Coiled-coil fusion protein thermal stability data provides further evidence for the structure
of the alpha helices. When compared to the melting curve for 2x, 2xZEC has a very similar thermal
behavior, signifying that the alpha helices in 2xZEC do not significantly dimerize and are almost
entirely unfolded (Figure 4-3a). 2xZRC is found to slightly homodimerize (consistent with
analytical centrifugation data) with a relatively low melting temperature, and the coiled-coils in
2xZEC-ZRC are found to have a melting temperature higher than can be experimentally measured
(Figure 4-3a), in agreement with the binding strengths of similar coiled-coils.57 While 2xZENZRC does form coiled-coils, these structures do not appear to be ZE-ZR heterodimers. Rather, the
data are fit very well by a model assuming an equimolar mixture of 2xZRC and 2xZEN
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homodimerized coiled-coils (Figure 4-3b). Although the data show slightly lower molar ellipticity
than predicted by this model, indicating that some heterodimer coiled-coils are formed, 2xZENZRC is predominantly unable to heterodimerize. Since the same ZE and ZR helices can form
heterodimeric coiled-coils in 2xZEC-ZRC, it is possible that geometric constraints in 2xZEN-ZRC
inhibit coiled-coil heterodimer formation.

Figure 4-3. Melting curves for (a) 2x and 2xZEC-ZRC and component coiled-coil fusion proteins
and (b) 2xZEN-ZRC and component coiled-coil fusion proteins. Black curves represent fits to
melting curve data used to extract melting temperatures (Tm), except for the curve fit to the
2xZEN-ZRC data, for which the curve represents a 1:1 mixture of 2xZRC and 2xZEN
homodimerized coiled-coils.
4.4.3 Self-Assembly
4.4.3.1 Phase Behavior
In concentrated aqueous solution, the synthesized coiled-coil fusion heterodimers display a wider
range of well-ordered phases than unmodified 2x. Representative SAXS data are presented in
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Figure 4-4. At low temperatures where water is a good solvent for both the protein and PNIPAM
blocks, all conjugates display lamellar or hexagonal ordered phases (Figure 4-5). The
predominance of lamellar phases is consistent with previous studies of protein-polymer
conjugates.25, 59-60 While the phase diagram for 2xZRC is almost identical to that for 2x,25 all other
conjugates produce lamellar phases at a broader range of temperature and concentration
conditions, particularly at concentrations below 40 weight percent. The two conjugates with
coiled-coil heterodimers also have the widest range of concentrations over which birefringent
phases are observed (Figure 4-5d, e), suggesting that these coiled-coil fusions both expand the
conditions under which ordered phases are observed and enhance the ordering quality of these
phases compared to 2x.

Figure 4-4. Representative SAXS traces for 2xZEC conjugates. Phase assignments represent
hexagonally packed cylinders (Hex), lamellae (Lam), disordered micelles (DM), and disordered
(Dis).
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Figure 4-5. Phase diagrams of the protein-PNIPAM conjugates (a) 2xZEC, (b) 2xZRC, (c)
2xZEN, (d) 2xZEC-ZRC, and (e) 2xZEN-ZRC as a function of concentration and temperature.
Phases assigned in the diagrams are disordered (Dis), disordered micelles (DM), lamellae (Lam),
or hexagonally packed cylinders (Hex) and are also (f) represented schematically. Light colored
symbols represent non-birefringent ordered phases, which are separated by dashed lines from
shaded colored symbols representing birefringent ordered phases. Solid symbols represent a
homogeneous phase, while open symbols indicate macrophase separation.
The LCST behavior of the PNIPAM block produces thermal phase transitions in the coiledcoil fusion conjugates. At temperatures above the thermal transition temperature of PNIPAM,
water becomes a poor solvent for the polymer block, causing PNIPAM chains to collapse, thereby
producing a disordered micellar phase with a water-poor PNIPAM core at low concentrations
(Figure 4-5). At temperatures just below this transition to a disordered phase, a small window for
hexagonally packed cylinder formation is observed in both 2xZEC and 2xZEC-ZRC (Figure 45a, d). This behavior has been seen in mCherry and EGFP conjugates and has been attributed to
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the water loss in the polymer block resulting in a reduced polymer volume fraction, favoring phases
with higher interfacial curvature.60-61
Though their phase behavior as a function of temperature is consistent with previous
studies, most of the conjugates exhibit atypical trends in macrophase transition temperatures. In
all previously studied protein-PNIPAM conjugates, the macrophase transition temperatures have
been found to monotonically increase as a function of concentration due to the greater capacity for
the protein block to accommodate water expelled from the PNIPAM block at higher conjugate
concentrations.25, 61-62 However, all of the coiled-coil fusions that display macrophase separation
have separation temperatures that first decrease before increasing with concentration (Figure C13a). This behavior suggests that at lower concentrations, less free energy is required to cause
conjugate molecules to break apart from a conjugate-rich phase and form a conjugate-poor phase
as temperature increases. Since decreasing macrophase transition temperatures were not observed
in 2x conjugates, this trend likely results from a physical change in the coiled-coil domains. For
example, increasing temperature was shown to cause coiled-coils to at least partially dissociate
(Figure 4-3). Since coiled-coil dissociation exposes previously-buried hydrophobic residues on
the helix surfaces, this dissociation destabilizes the conjugates in solution. As such, dissociation
should reduce the free energy required to form conjugate rich (water poor) phases, reducing
macrophase transition temperatures. At high concentrations, the capacity of the protein phase to
accommodate excess water significantly increases, which disfavors macrophase separation and
may explain the trend of all macrophase transition temperatures initially decreasing but eventually
increasing with temperature. Furthermore, even though the PNIPAM desolvation temperatures
show no significant differences across 2x conjugates with and without coiled-coils (Figure C13b), macrophase separation is only observed in coiled-coil conjugates. The observed desolvation

141

temperatures for all conjugates approach that of PNIPAM homopolymer at low concentration
(32 °C)63-64 and decrease with increasing concentration, which is consistent with behavior of other
conjugates25,

60

and PNIPAM homopolymer.63-64 Thus, differences in macrophase separation

temperatures cannot be attributed to changes in PNIPAM desolvation, and the low transition
temperatures of the coiled-coil conjugates is likely attributable to coiled-coil dissociation.
4.4.3.2 Ordering Quality
With one exception, the coiled-coil fusion heterodimer conjugates display stronger ordering than
the component coiled-coil fusion monomers. Ordering quality was quantified using inverse full
width at half maximum (FWHM-1) of the primary SAXS scattering peak so that larger values
corresponded to stronger ordering (Figure 4-6). Two of the coiled-coil fusion monomer
conjugates, 2xZEN and 2xZRC, exhibit similar ordering quality to unmodified 2x across most
concentrations. While the heterodimer 2xZEN-ZRC shows minor improvements in ordering across
most concentrations compared to 2x, the other heterodimer, 2xZEC-ZRC, displays significantly
improved ordering over these concentrations. However, 2xZEC displays nanostructures even more
well-ordered than 2xZEC-ZRC under most conditions, with its strongest ordering, stronger than
any previously-measured protein-PNIPAM conjugate,22 observed at 35 weight percent in solution.
No clear relationship can be established between ordering quality and the assumed binding
strength between coiled-coils. While the binding interaction between ZE and ZR is known to be
extremely strong,51 any coiled-coils formed by ZE or ZR homodimerization would be expected to
be significantly less stable due to the repulsive interactions between glutamate (in ZE) or arginine
(in ZR) residues within the structure.57 Therefore, if coiled-coil stability (and therefore binding
strength between conjugates) were the primary driving force for the formation of ordered
nanophases, the conjugate monomers (2xZEC, 2xZRC, and 2xZEN) would be expected to have
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significantly weaker ordered structures in solution than the conjugate heterodimers (2xZEC-ZRC
and 2xZEN-ZRC). Clearly, this is not the case for 2xZEC. Additionally, 2xZEC-ZRC displays
significantly stronger ordering than 2xZEN-ZRC at concentrations around 40 weight percent even
though the same coiled-coil heterodimer is formed in these two systems. Of course, the
arrangement of 2x regions in 2xZEC-ZRC and 2xZEN-ZRC is substantially different (Figure 41a), so it is possible that the formation of 2xZEN-ZRC introduces additional steric hindrance,
reducing the fraction of heterodimer coiled-coils. Indeed, the domain spacings for 2xZEC-ZRC
are larger than those for 2xZEN-ZRC at all measured concentrations, suggesting that the protein
domains in 2xZEN-ZRC may not pack as efficiently (Figure C-14).
The structural and stability data for the coiled-coils suggest that unfolded coiled-coil
sequences improve self-assembly. While the alpha helices in 2xZEC were shown to be
predominantly unfolded up to concentrations of at least 10 mg/mL, conjugates of this protein
displayed the strongest ordering quality at most conditions in concentrated solution (Figure 4-6).
The temperature behavior of the measured 2xZRC SAXS curves also suggests that coiled-coil
unfolding improves self-assembly. For all studied conjugates that form stable coiled-coils except
for 2xZRC, ordered phases are observed only below the coiled-coil melting temperature (due to
this temperature being above the PNIPAM desolvation temperature), and FWHM-1 decreases as
temperature increases. Because the melting temperature of 2xZRC is low enough that ordered
phases are observed even at temperatures above this point, though, it can be seen that ordering
quality begins to increase just below this melting temperature (Figure C-15). Therefore, unfolded
protein sequences may enhance conjugate ordering quality. We hypothesize that this is observed
because unfolded coiled-coils have a relatively large number of uncovered hydrophobic residues,
resulting in a relatively hydrophobic domain along the polymer chain that can help to drive self-
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assembly. It is also possible that these unfolded coiled-coils refold into beta-sheets at high
concentrations, as has been observed in some coiled-coil sequences when drying65 or in sequences
that contain a large number of charged residues.66 Therefore, conjugates that can undergo an alpha
helix to beta-sheet transition would be greatly stabilized at high concentration, and, if only 2xZEC
is capable of undergoing this transition due to its low degree of alpha helix folding, this
phenomenon could explain the enhanced self-assembly in conjugates containing this fusion
protein.

Figure 4-6. Ordering quality of coiled-coil fusion conjugates in aqueous solution at 25 °C. Bulk
data are disconnected from solution-phase data to indicate that the bulk samples are not at
equilibrium. Data for 2x are taken from the literature.25
4.4.4 Thin Film Activity Assays
The activity of biosensors incorporating the coiled-coil fusion conjugates generally increases with
stronger conjugate ordering. Conjugates of 2x and all the studied coiled-coil fusion proteins were
cast into thin film biosensors and their ability to bind streptavidin was assayed (Figure 4-7). For
all coiled-coil fusion conjugates except for 2xZEN-ZRC, an increase in activity and decrease in
limit of detection is observed (Table 4-3). With the exception of 2xZEN-ZRC, the most wellordered conjugates, 2xZEC and 2xZEC-ZRC, have the greatest biosensor activity, while 2xZRC
and 2xZEN, which had similar ordering quality to 2x, both also have comparable activity to
unmodified 2x. The reduced activity in biosensors constructed from 2xZEN-ZRC may result from
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packing frustrations within the protein domains due to the geometry of this conjugate, thereby
restricting streptavidin binding. Though the established trends between biosensor activity and
ordering quality are merely qualitative, it is clear that both 2xZEC and 2xZEC-ZRC offer both
significantly enhanced self-assembly and improved biosensor performance over unmodified 2x.

Figure 4-7. Streptavidin binding curves for 2x and coiled-coil fusion conjugate thin film assays.
Error bars represent the standard deviation of three replicates.
Table 4-3. Relative Activity of Coiled-Coil Fusion Conjugate Thin Films
Relative
LODb
Activitya
(nM)
2xZEC
21 ± 3
3.6 ± 0.5
2xZEC-ZRC
11 ± 2
12 ± 2
2xZEN
3.8 ± 0.7
70 ± 10
2xZRC
2.5 ± 0.5
100 ± 10
Control (2x)
1.0 ± 0.2
190 ± 30
2xZEN-ZRC
0.3 ± 0.1
800 ± 200
a
Activity is relative to that of a 2x conjugate thin film and accounts for differences in film
thickness. Reported errors represent the standard deviation across three replicates. bLimit of
detection, calculated as the concentration at which intensity equalled the value three standard
deviations above the signal of a blank sample.
Conjugate

4.5 Conclusions
The self-assembly of a series of 5 coiled-coil fusion proteins conjugated to PNIPAM was explored
to determine if coiled-coil sequences could enhance conjugate nanostructuring and thereby
improve biosensor performance. The physical state of the alpha helical segment in the conjugates
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was found to dictate the quality of conjugate self-assembly in solution. The 2xZEN and 2xZRC
conjugates formed weakly associating coiled-coils that provide no significant improvement in
ordering over 2x. Almost entirely unable to produce heterodimerized coiled-coils as a possible
result of geometric constraints, 2xZEN-ZRC offered only modest improvements in self-assembly
over a small concentration range. Conversely, 2xZEC-ZRC was able to form mostly folded and
extremely stable coiled-coils that produce well-defined nanostructures, presumably due to the
increased molar mass of the complex. Though its alpha helical regions were almost entirely
unfolded and this conjugate did not form coiled-coils, 2xZEC was observed to have the strongest
ordering in solution. It is hypothesized that in this case the exposed hydrophobic regions can drive
assembly, possibly due to formation of beta-sheets at high concentration.
These findings suggest that there may be limitations in the use of coiled-coils to direct
protein-polymer conjugate self-assembly. Coiled-coil association was demonstrated to enhance
conjugate ordering, but only one of the two protein systems designed to form stable
heterodimerized coiled-coils was able to strongly associate. Because the systems differed only in
the site at which one of the coiled-coil sequences was installed, association appears to be highly
dependent on the location at which these sequences are fused to proteins.
Whereas folded coiled-coils only significantly enhanced conjugate self-assembly in one of
two designed systems, unfolded coiled-coil sequences were found to improve conjugate ordering
quality in both instances in which these unstructured sequences were observed. At temperatures
near the melting point of its coiled-coil homodimers, 2xZRC displayed an ordering quality that
significantly increased with temperature and degree of coiled-coil unfolding. Furthermore, 2xZEC
was found to have the least structured coiled-coil fusion sequence, and conjugates of this protein
assembled into the most well-ordered nanostructures that afforded over an order of magnitude
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improvement in biosensor performance, greater than all other coiled-coil fusion conjugates.
Though additional studies will need to be conducted to confirm their effectiveness as orderdirecting protein sequences, these findings suggest that unfolded coiled-coil sequences should be
explored as general fusion partners that can be used to improve protein self-assembly and activity.
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Chapter 5. Protein-Polymer Block Copolymer Thin Films for Highly Sensitive Detection of
Small Proteins in Biological Fluids
Reproduced (adapted) with permission from Paloni et al. ACS Sensors, 4 (11), 2869-2878, (2019).
Copyright 2019 American Chemical Society.
5.1 Abstract
In nearly all biosensors, sensitivity is greatly reduced for measurements conducted in biological
matrices due to nonspecific binding from off-target molecules. One method to overcome this issue
is to design a sensor that enables selective size-based uptake of proteins. Herein, a protein-polymer
conjugate thin film biosensor is fabricated that self-assembles into lamellae containing alternating
domains of protein and polymer. Analyte is captured in protein regions while polymer domains
restrict diffusion of large molecules. Device sensitivity and size-based exclusion properties are
probed using two analytes: streptavidin (SA, 52.8 kDa) and monomeric streptavidin (mSA2, 15.6
kDa). Tuning domain spacing by adjusting polymer molecular weight allows design of films that
relatively freely uptake mSA2 and largely restrict SA diffusion. Furthermore, when detecting the
smaller mSA2, no reduction in limit of detection (LOD) is observed when transitioning from
detection in buffer to detection in biological fluids. As a result, LOD measured in fluid samples is
reduced by 2 orders of magnitude compared to a traditional surface-immobilized protein
monolayer.
5.2 Introduction
Proteins such as antibodies1 and other high-affinity binders2-3 have seen widespread use as
molecular recognition elements in biosensors due to their ability to bind a specific analyte with
high sensitivity and selectivity. After the analyte is captured in a biosensor, this binding event is
converted to a detectable signal using one of a variety of mechanisms including colorimetric
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signal,4 electrical signal,5 or optical measurements.6-8 For each of these detection techniques,
however, nonspecific binding from off-target molecules increases background signal, which can
increase the limit of detection (LOD) by orders of magnitude.9-10 This noise issue is particularly
problematic in blood, urine, and other biological matrices commonly used for analysis, which can
contain molecules present at concentrations billions of times greater than the target analyte.9 While
methods have been developed to at least partially overcome nonspecific binding problems such as
by developing biosensor surface morphologies that significantly enhance specificity for an
analyte,11-12 coating the biosensor surface with a hydrogel layer or Nafion membrane,13 or using
magnetic beads for detection,14-15 these methods either have long-term stability issues or increase
biosensor complexity, thereby decreasing robustness.
One potentially simple method to reduce nonspecific binding in biosensors is through sizebased exclusion. Though preventing molecules significantly larger than the target analyte from
contacting the binding sites in a biosensor has been demonstrated to improve device sensitivity,
current technologies have primarily focused on separating small molecules from proteins16-17 or
proteins from red blood cells.18-19 Comparatively few methods have been investigated to
selectively detect small proteins in biological matrices despite the presence of many relevant
protein biomarkers that are smaller than 15 kDa including markers for sepsis,20 heart failure,21 and
Alzheimer’s disease.22 These molecules are all significantly smaller than the majority of proteins
in blood23 and urine,24 providing a potential route for selective matrix detection of these small
proteins via size exclusion methods.
Entropic repulsion of large proteins has been demonstrated using a variety of polymeric
materials. One of the most commonly used techniques to prevent nonspecific adsorption of large
proteins onto a biosensor surface is through grafting polymer brushes onto the device.25-27 Similar
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protein exclusion properties have been observed in vesicles coated with a polymer brush
exterior.28-29 As polymer brush density increases, the maximum size of a protein that can diffuse
into the brush decreases,30 which is consistent with theoretical predictions.31 Size-exclusion
behavior has also been observed in hydrogels, in which smaller mesh sizes have been found to
increase the frictional force experienced by molecules diffusing through the gel32-33 and cause
exclusion of particles sufficiently larger than this mesh size.34 Although the various
aforementioned methods of entropic protein repulsion are effective at excluding these molecules,
the techniques have not been incorporated into a biosensor for the purpose of differentiating
between differently-sized proteins.
One material that could simultaneously provide size-based exclusion of proteins and act as
an effective biosensor is a protein-polymer conjugate thin film. The self-assembly of proteinpolymer conjugates has been extensively studied,35-40 revealing that these materials assemble
analogously to traditional diblock copolymers with an enhanced range of conditions over which
lamellae are formed.36 Within these lamellar nanostructures, domains of densely packed protein
and polymer serve as regions that can allow analyte binding and control diffusion into the material
using size-based exclusion, respectively. When cast into thin films, protein-polymer conjugates
contain binding sites throughout the entire three-dimensional structure of the film, allowing
enhanced sensitivity compared to traditional biosensors utilizing surface-immobilized proteins due
to the larger effective areal density of binding sites.35, 41 Additionally, antibody-polymer conjugate
thin films were observed to permit diffusion of protein G (22 kDa) into the film but excluded a
horseradish peroxidase-protein G fusion protein (66 kDa),41 providing evidence for a size-based
exclusion mechanism for diffusion.
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In this work, the size-exclusion properties of protein-polymer conjugate thin films are
studied by varying the molecular weight of the polymer block and the analyte. Shorter polymer
blocks and larger analyte size are found to restrict diffusion into the films more. Furthermore, no
decrease in limit of detection is observed when using a small analyte (15.6 kDa) and transitioning
from detection in buffer to that in biological fluids (blood and urine). This excellent sensitivity in
these fluids is attributed to the exclusion of larger molecules in the fluids as well as the relatively
enhanced diffusion rate of the small analyte into the film. A model sandwich assay is also designed
for the protein-polymer conjugate thin film, indicating the feasibility of performing an enzymelinked immunosorbent assay (ELISA) using this biosensor architecture.
5.3 Materials and Methods
5.3.1 Materials
All solvents were purchased from VWR, and all other chemicals were purchased from
MilliporeSigma and used without further purification. Streptavidin labeled with Alex Fluor 647,
biotinylated horseradish peroxidase (biotin-HRP), and Alex Fluor 647 and 488 NHS esters were
purchased from Thermo Fisher Scientific. Whole blood was purchased from Research Blood
Components, LLC. Bovine serum albumin (BSA) was purchased from MilliporeSigma. Unlabeled
streptavidin was purchased from New England Biolabs. Silicon wafers were purchased from Wafer
World, and quartz slides were purchased from Ted Pella, Inc.
5.3.2 Polymer Synthesis and Protein Expression and Bioconjugation
Details for polymer synthesis, protein expression, and bioconjugation reactions between polymer
and protein are described in Chapter 2.
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5.3.3 Thin Film Preparation
Silicon wafers (P-type Silicon with boron as dopant, (100) orientation, single-side polished) cut
into rectangular sections or quartz slides (only used in experiments for which binding intensity
was measured as a function of film thickness) were sequentially rinsed with acetone, methanol,
and water. Substrates were then dried under a filtered air flow and treated with oxygen plasma for
3 minutes. Immediately following plasma cleaning, conjugate samples rehydrated to 10 wt.% in
Milli-Q water were flow coated onto the substrates in a chamber maintained at 60% relative
humidity, as described previously.42 To stabilize thin films against dissolution in water, the cast
films were preheated to 40 °C and immersed in a 1.4 wt.% aqueous solution of glutaraldehyde at
40 °C for 20 s to lightly crosslink the protein nanodomains. Immediately following immersion,
thin films were thoroughly rinsed with water until the surfaces became hydrophilic, indicating
complete removal of unlinked glutaraldehyde. Films were dried under filtered air and stored at
ambient conditions until use. Film thickness was determined using a Woolam M-2000D
spectroscopic ellipsometer using a single incidence angle of 70°. Curves were fit using a threelayer model consisting of a 0.4 mm bottom silicon substrate, a native silicon oxide layer of 1.8 nm,
and a top conjugate layer fit using a Cauchy model. Thin films were characterized using grazingincidence small-angle X-ray scattering (GISAXS) as described in Chapter 2. rcSso7d.SA (Sso)
monolayers

were

prepared

by

coupling

protein

dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide

activated
(EDC/NHS)

by

1-Ethyl-3-(3with

amine-

functionalized silicon wafers using literature methods.43
5.3.4 Fluorescence Assays
The binding capabilities of Sso monolayers and conjugate thin films were measured using
fluorescently-labeled streptavidin (SA) and monomeric streptavidin (mSA2). Details for the
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expression, purification, and fluorescent labeling of mSA2 are provided in Chapter 2. Samples
were prepared by serial dilution of SA or mSA2 in PBS (pH 7.4), human urine (diluted to 50% v/v
in PBS, pH 7.4), or blood serum (obtained as the supernatant by centrifuging whole blood at 1500
xg for 10 minutes, then diluted to 50% v/v in PBS, pH 7.4). These solutions were gently applied
to the surface of a bioconjugate thin film or Sso monolayer as 0.5 µL drops. Films were incubated
for a specified period of time in a sealed chamber saturated with water vapor at room temperature
to prevent drying of the applied fluorescent samples. The films were then rinsed with water for 10
seconds (a time determined to be sufficient to remove unbound molecules from the film, (Figure
A-12), dried under filtered air, and immediately analyzed for fluorescent signal. Fluorescence
microscopy images were acquired at 4x magnification using a Cy5 filter set and exposure time of
5000 ms on an Olympus IX-81 inverted fluorescence microscope with an AxioCam HRC CCD
camera. Fluorescent intensity was calculated using ImageJ software44 by determining the average
fluorescent signal in a rectangular area of the fluorescent image free of defects and occupying no
less than half of the full sample application area. Corrected intensity was determined by subtracting
the fluorescent intensity of a sample from that of an area on the substrate far away from regions
exposed to fluorescent samples.
5.3.5 Sandwich Assays
Bioconjugate thin films and Sso monolayers were cut into 0.25 cm-by-0.25 cm pieces and securely
fastened to the bottom of Falcon polystyrene 12-well plates using double-sided carbon tape. Each
well was submerged in 1 mL of 1% BSA in Milli-Q water, and the 12-well plate was incubated at
37 °C for 30 minutes. The wells were rinsed twice by adding 2 mL of Milli-Q water and gently
shaking the well plate at 70 rpm for 5 minutes. 1 mL of streptavidin diluted in PBS, urine, or blood
serum (prepared as described in the Fluorescent Assays section) containing 0.1% BSA was then
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added to each well, and the well plate was shaken at 70 rpm for 4 hours at room temperature. Wells
were rinsed twice with 2 mL of Milli-Q water then twice with 2 mL of 0.1% BSA in Milli-Q water
by shaking at 70 rpm for 5 minutes. After rinsing, wells were submerged in 1 mL of 200 ng/mL
biotin-HRP in Milli-Q water containing 0.1% BSA, and the well plate was shaken at 70 rpm for 1
hour at room temperature. Wells were then rinsed with water and 0.1% BSA as described
previously. 1 mL of solution from a Pierce TMB substrate kit (Thermo Fisher Scientific) was
added to each well, and the well plate was shaken vigorously at 125 rpm for 15 minutes at room
temperature. 1 mL of 2M H2SO4 was added to each well, and the absorbance at 450 nm was read
using a Tecan Infinite M200 PRO plate reader.
5.4 Results and Discussion
5.4.1 Characterizing Diffusion into Biosensor Thin Films
Protein-polymer conjugate thin films were fabricated with a wide range of domain spacings to
control diffusion into the films. Each conjugate was synthesized from a previously reported trimer
of rcSso7d.SA (3xSso),35 a modified DNA-binding protein with high binding affinities for
streptavidin (SA)45 and a monomeric variant of streptavidin (mSA2),35, 46 conjugated to poly(Nisopropylacrylamide) (PNIPAM; Scheme 5-1). Thin films created using these conjugates all
adopted a weak lamellar morphology (Figure 5-1) with domain spacings ranging from
approximately 20 to 55 nm (Table 5-1) when swollen with water. Lamellar spacing was only
observed in horizontal linecuts to GISAXS data (Figure 5-1), not in vertical linecuts (Figure D2), suggesting that the lamellae adopted a predominantly perpendicular orientation. The film
domain spacings were consistently larger than those measured in dry bulk conjugate samples
(Figure D-3, Table D-1), presumably due to the swelling of PNIPAM causing an expansion of
domains in the films.
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Scheme 5-1. Bioconjugation of 3xSso containing an N-terminal cysteine residue to maleimidefunctionalized PNIPAM. Orange regions in 3xSso are cartoon representations of the Sso7d crystal
structure generated using Protein Data Bank ID: 1SSO.47

Figure 5-1. (a) Fit GISAXS horizontal linecuts used to calculate domain spacing in swollen thin
films and (b) corresponding GISAXS patterns. In both (a) and (b), images represent data for
3xSP9.6k, 3xSP23.3k, 3xSP30.3k, 3xSP56.1k, 3xSP77.6k from left to right. GISAXS patterns
were collected at an incident angle of 0.140°.
Table 5-1. Composition of 3xSso-PNIPAM Conjugates

a

Conjugate

PNIPAM Mn
(kDa)

PNIPAM Đ

3xSP9.6k
3xSP23.3k
3xSP30.3k
3xSP56.1k
3xSP77.6k

9.6
23.3
30.3
56.1
77.6

1.05
1.06
1.08
1.11
1.13

Protein
Weight
Fraction
0.72
0.52
0.45
0.31
0.24

Domain
Spacinga
(nm)
21.9
30.6
32.0
43.5
53.9

Calculated from GISAXS horizontal linecuts (Figure 5-1a)

Fluorescent assays performed on the thin films revealed gradual uptake of analyte. To
assess effects of analyte size on diffusion into the films, the two aforementioned analytes that could
be detected by the biosensor, SA (52.8 kDa) and mSA2 (15.6 kDa), were fluorescently-labeled,
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exposed to the films for a prescribed time, rinsed, and measured for fluorescent intensity indicative
of protein bound to the film. These experiments were also run using a monolayer of rcSso7d.SA
(Sso) immobilized onto a surface, allowing a direct comparison between the thin films and
traditional surfaced-immobilized protein biosensors. Both SA and mSA2 displayed a continuous
uptake into the ~160 nm films over at least 8 hours, whereas the monolayers were observed to
equilibrate with the protein solution after 30 minutes (Figure 5-2). Film structure and domain
spacing were not found to change as a result of film swelling over an 8 hour time period (Figure
D-4), suggesting that films remained stable throughout the experiment. It is worth noting that the
film exposed to SA reached the same intensity observed in a monolayer after ~4.5 hours while the
thin film exposed to mSA2 reached this intensity after only ~2.5 hours. These results are consistent
with the idea that analyte size controls diffusion into these conjugate thin films. For a given domain
spacing, a smaller molecule, such as mSA2, should experience less restricted diffusion into the
films than a larger molecule, such as SA, due to the easier uptake of the smaller molecule into the
polymer nanodomains (Figure 5-3a). Similarly, all molecules would be expected to diffuse into
the films more quickly as domain spacing increases (Figure 5-3b). Because SA displayed slower
uptake than mSA2 (relative to a monolayer) into films with the same domain spacing, it appears
analyte size does indeed affect uptake rate. Thus, even this initial experiment provided evidence
that the larger SA molecule experienced greater resistance to diffusion into the bioconjugate films
than mSA2.
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Figure 5-2. Fluorescent assays indicating the diffusion of (a) SA and (b) mSA2 into bioconjugate
thin films over time. The film in (a) was 152 nm thick and exposed to an 800 nM solution of SA,
and the film in (b) was 166 nm thick and exposed to an 800 nM solution of mSA2. Results are
compared to those obtained using an Sso monolayer. Error bars represent the standard deviation
of three replicates.

Figure 5-3. Diagram of SA (red) and mSA2 (blue) diffusion into 3xSP conjugate thin films with
(a) a small domain spacing and (b) a larger domain spacing. Green arrows represent relatively
quick diffusion into the film, while yellow arrows represent greatly restricted diffusion.
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Larger domain spacings allowed faster diffusion into the thin films. Fluorescent assays
were again run with both SA and mSA2, but films were exposed to protein solution for only 30
minutes to study diffusion into the thin films at early time points prior to saturation at equilibrium
binding conditions. Fluorescent intensity remained constant with increasing film thickness for
films with the smallest domain spacings when using SA as the analyte (Figure 5-4a). This behavior
suggests that SA is only able to diffuse a small distance (less than the thickness of the shortest thin
film) into the films within 30 minutes, resulting in SA only binding in a region at the surface of
each film. Only in thin films constructed from 3xSP77.6k, which had the largest domain spacing,
was an increase in signal with film thickness observed when using SA as the analyte (Figure 54b). In these films, SA is seemingly capable of diffusing through the entire thin film, causing this
analyte to come into contact with and bind to more binding sites in thicker films. Because this lessrestricted diffusion was only observed in the films with the largest domain spacing, these findings
further support the idea that domain spacing controls diffusion into the films.
Film thickness measurements conducted using mSA2 as the analyte indicated that this
smaller protein experienced less restricted diffusion into the thin films. In contrast to the constant
intensity observed when using SA, films with the 4 smallest domain spacings all showed an
increase in fluorescent intensity with film thickness (Figure 5-4c). As such, analyte could fully
access the binding sites within thin films with a significantly smaller domain spacing when mSA2
was used as the analyte (21.9 nm) than when SA was used (53.9 nm). Furthermore, when using
mSA2 no change in signal with film thickness was found for 3xSP77.6k thin films (Figure 5-4d).
It is possible that, due to the significantly lower density of binding sites within the 3xSP77.6k films
resulting from the low mass fraction of protein in this conjugate (Table 5-1), the greater intensity
from increased mSA2 binding is difficult to detect. Indeed, only a very small increase in signal
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was observed with increasing film thickness when SA was added to these same thin films (Figure
5-4b). On the whole, however, the different binding patterns when using mSA2 and SA strongly
suggest that the smaller size of mSA2 permitted easier diffusion into the films.

Figure 5-4. Results of 30 minute fluorescent binding assays performed in bioconjugate thin films
using (a, b) SA or (c, d) mSA2 as the analyte. Films were cast on quartz slides to reduce
background signal. Graphs are divided to differentiate between films with (a, c) low Mn PNIPAM
and similar behavior and (b, d) high Mn PNIPAM and similar behavior. Lines in the figure are
drawn to guide the eye. The films were exposed to a 4 µM solution of (a, b) SA or (c, d) mSA2.
Error bars represent the standard deviation of three replicates.
5.4.2 Biosensing Capabilities
5.4.2.1 Sensing in Buffer
To evaluate how the apparent size-based diffusion properties translated to biosensing capabilities,
binding curves were measured using SA and mSA2 solutions in buffer. Binding curves were fit
with a quadratic model described in Chapter 2 that is a function of three parameters: the average
MFI per binding event α, the total concentration of binding sites [P]T, and the apparent dissociation
constant Kd,app describing the binding equilibrium between analyte and binding sites within the
163

thin film. Best-fit values for these parameters are provided in Table D-2. Nearly all independent
fits gave 95% confidence intervals for α that contained the value 100 MFI/nM, demonstrating good
self-consistency of the model. Limit of detection (LOD) was calculated as the concentration along
the binding curve at which the measured intensity was three times the standard deviation of a blank
sample measured on the same film.
An Sso monolayer in general outperformed the 3xSso-PNIPAM biosensor thin films when
exposed to SA solutions (Figure 5-5a). The sensitivity of films fabricated from conjugates with
the smallest domain spacing (3xSP9.6k) was over an order of magnitude lower after 30 minutes
of exposure and approximately 2-fold higher after 4 hours of exposure compared to a monolayer
(Figure 5-5b). These results are consistent with findings that 3xSP9.6k films significantly
restricted SA diffusion (Figure 5-4a). In contrast, 3xSP77.6k films that allowed much less
restricted transport of SA (Figure 5-4b) were found to approach the sensitivity of a monolayer
after 4 hours and displayed slightly enhanced sensitivity after 8 hours, demonstrating the positive
effect of enhanced SA diffusivity on device performance. This improved diffusivity in 3xSP77.6k
films is best demonstrated by comparing the 30 minute data for the two conjugate films. Because
the 3xSP77.6k film has a significantly lower density of binding sites than the 3xSP9.6k film, it
would be expected that at equilibrium the 3xSP9.6k film would display a significantly stronger
fluorescent signal. Since instead the 3xSP77.6k thin film shows a greater fluorescent intensity after
30 minutes (prior to reaching equilibrium), it is likely that SA has a greater diffusivity in this film,
enabling the protein to penetrate further into the film within this short time frame. In fact, the
binding curve fits reveal that nearly four times as many binding sites are accessed in the 3xSP77.6k
film after 30 minutes, despite the lower total concentration of binding sites in this film (Table D2). Both films, though, demonstrate an increased number of accessible binding sites and Kd,app
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value (that approaches but does not reach the monolayer value) over time. These observations are
reasonable, as SA would be expected to further diffuse into the film over time, gradually accessing
more binding sites and approaching the equilibrium value for bound analyte concentration. This
slow approach to equilibrium binding conditions is also consistent with the finding that the thin
films require significantly more time to saturate than a simple protein monolayer (Figure 5-2a).
Overall, these results indicate that compared to a monolayer, SA is largely excluded from the thin
films due to reduced diffusivity, and the diffusion properties can be tuned by changing domain
spacing.

Figure 5-5. Binding curves for conjugate thin films exposed to (a) SA or (c) mSA2 in PBS for
different periods of time. Results are compared to those obtained using an Sso monolayer with a 4
hour exposure time. The limit of detection determined for each binding curve is reported for films
exposed to (b) SA or (d) mSA2. Film thicknesses are listed in Table D-2. Error bars represent the
standard deviation of three replicates.
When using mSA2 as the analyte, the studied protein-polymer conjugate thin films
displayed enhanced sensitivity compared to a protein monolayer. 3xSP9.6k films and 3xSP56.1k
films were used to compare the biosensing capabilities of films that allowed complete mSA2
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diffusion (Figure 5-4c) but have a large difference in density of binding sites. While both films
achieved a lower LOD than the Sso monolayer after 4 hours (Figure 5-5c-d), using the film with
a smaller domain spacing (3xSP9.6k, 10-fold reduction in LOD) reduced the LOD more than using
the film with the larger domain spacing (3xSP56.1k, ~4-fold reduction in LOD). As the opposite
trend was found when using SA, mSA2 is likely small enough relative to the domain spacing in
3xSP9.6k films such that the reduction in diffusivity compared to that in 3xSP56.1k films is not
large enough to overcome the sensitivity-enhancing effect of the greater density of binding sites.
This effect, however, is not a result of mSA2 accessing more binding sites in the 3xSP9.6k film,
as over four times the number of binding sites are accessible in the 3xSP56.1k films (Table D-2).
Instead, it appears that the enhanced sensitivity results from a lower Kd,app value within the
3xSP9.6k film (Table D-2), indicating that a greater fraction of mSA2 remains bound to these
films. Thus, unlike when detecting SA, the thin film biosensors were able to effectively uptake
and bind the smaller protein mSA2.
5.4.2.2 Sensing in Biological Fluids
Binding curve measurements in blood serum and urine (both 50% diluted) demonstrated that the
size-based exclusion properties of the conjugate thin films could enable enhanced selectivity in
biological fluids. 3xSP9.6k, 3xSP30.3k, and 3xSP77.6k films were used for these experiments,
allowing comparison of device sensitivity using a range of domain spacings. When detecting SA,
the thin films in general performed comparably to a monolayer (Figure 5-6a-b). In both blood
serum and urine, the monolayers and most thin film samples experienced an approximate 4 to 5fold increase in LOD compared to measurements in buffer as a result of nonspecific binding from
other molecules in the fluid (Figures 5-5b, 5-6e-f). Correspondingly, the binding events in each
film could be described by a Kd,app value ~4-5 times that of the monolayer value in buffer (Table
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D-3). In fact, nearly all films were found to have the same concentration of accessible binding sites
as a monolayer (Table D-3), suggesting inaccessibility of most binding sites likely resulting from
restriction of diffusion into the film. Additionally, the relationship between sensitivity and domain
spacing mirrors that found in buffer, as 3xSP9.6k and 3xSP30.3k films greatly restrict SA diffusion
and perform worse than the monolayer, while the 3xSP77.6k urine sample performance is
indistinguishable from that of the monolayer. The one outlier to this trend is the 3xSP77.6k blood
sample, which displays a near 2-fold reduction in LOD compared to the Sso monolayer (Figure
5-6f). This enhanced performance may be attributable to the larger size of proteins in blood than
in urine,23-24 enabling SA to diffuse into the thin films faster than a greater fraction of proteins in
blood.
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Figure 5-6. Binding curves for conjugate thin films exposed to (a, b) SA or (c, d) mSA2 in (a, c)
50% urine or (b, d) 50% blood serum solutions for 4 hours. Results are compared to those obtained
using a Sso monolayer with a 4 hour exposure time. The limit of detection determined for each
binding curve is reported for (e) urine samples and (f) blood samples. Film thicknesses are listed
in Table D-3. Error bars represent the standard deviation of three replicates.
In the tested biological fluids, the small protein mSA2 could be detected with LOD values
2 orders of magnitude lower than those obtained when using a simple monolayer as the biosensor
(Figure 5-6c-f). Whereas the sensitivity of the monolayer in the fluids was up to an order of
magnitude worse than in buffer, the thin films showed no change or slight improvement in
sensitivity. Though the linear ranges for these sensors cannot be fully calculated from the data set,
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estimates of these ranges also suggest that the conjugate thin films have significantly wider linear
ranges than the monolayer (Table D-4). The apparent improvement in thin film performance is
likely a consequence of using slightly thicker films for the experiments performed in biological
fluids (Table D-3). Indeed, more binding sites were accessible in these samples than in those used
for buffer experiments (Tables D-2, D-3). Kd,app values were also consistently lower in the thin
films than in the monolayers, implying that less nonspecific binding occurred in the thin films due
to the greater exclusion of proteins larger than mSA2 (Table D-3). As expected, the Kd,app values
increased with increasing domain spacing, corresponding to more proteins being able to penetrate
films with larger domain spacings. These findings further demonstrate that domain spacing can be
tuned to allow selective uptake of small proteins.
The sensing capabilities of the designed protein-polymer conjugate thin film biosensors
provide substantial improvements to sensing in biological fluids compared to existing
technologies. While previous studies have demonstrated that precisely designing the surface
morphology of biosensors can allow sensitive analyte detection in the presence of other proteins,1112

these works either do not test their devices in mixtures of more than a few proteins12 or show

signal reduction when measurements are conducted in biological fluids.11 In contrast, proteinpolymer conjugate thin films exhibit no substantial reduction in signal or sensitivity when
detecting a small protein in either serum or urine. As a more direct comparison to the biosensors
developed in this study, porous silicon biosensors have been reported that act as both a filter and
a substrate for biomolecule detection in whole blood.48 Although the size of the silicon pores can
be tuned to only permit molecules below a certain size to enter the pores (analogous to the domain
spacing of polymer domains in protein-polymer conjugate thin films), nonspecific binding is still
a potential issue. Blocking agents and wash buffers are required to prevent off-target molecules
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that are small enough to diffuse into the pores from blocking surface binding sites. Because
protein-polymer conjugate thin films contain binding sites not only on the surface of the device
but also throughout the entire volume of the films, however, no blocking agents or rinsing steps
are required to prevent nonspecific binding.
5.4.2.3 Sensor Stability
The developed biosensors displayed excellent stability for a protein-based sensor. When exposed
to ambient conditions, films showed no significant decrease in binding capabilities over 4 weeks
(Figure D-5a). Furthermore, when stored at 60 °C and 60% relative humidity, the films were still
able to bind analyte to 50% of their original capacity after 2 weeks, only becoming completely
inactive after 4 weeks. The exceptional temperature stability is unsurprising given that the Sso
protein used as the molecular recognition element in these biosensors was engineered from a
protein native to a hyperthermophilic microbe and was previously demonstrated to be resistant to
extreme temperatures.45 GISAXS linecuts indicated that no structural change had occurred in the
films after 2 weeks (Figure D-5b), suggesting that the decrease in binding capability was the result
of 3xSso denaturing without causing microstructural rearrangement.
5.4.3 Sandwich Assay Demonstration
To demonstrate that the thin film biosensors could be used in detection formats beyond simple
imaging of fluorescently-labeled analytes, model sandwich assays were performed in the films.
Specifically, these tests were designed to demonstrate the feasibility of using the films for multistep detection assays such as a sandwich ELISA. The general procedure for this proof-of-concept
experiment is diagramed in Figure 5-7. Films were first exposed to SA solutions and rinsed to
remove unbound analyte. Taking advantage of the strong interaction between SA and biotin, thin
films were then submerged in a solution of biotinylated horseradish peroxidase (biotin-HRP).
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Bound SA was detected colorimetrically through the HRP-mediated oxidation of 3,3',5,5'tetramethylbenzidine (TMB). Attempts to perform this assay using mSA2 as the analyte were
unsuccessful, even when run on an Sso monolayer. Binding experiments with fluorescentlylabeled biotin-HRP revealed extremely weak binding between biotin and mSA2 (Figure D-6),
which is consistent with previous reports of the biotin-mSA2 dissociation constant being multiple
orders of magnitude greater than that for biotin and streptavidin.46, 49

Figure 5-7. Schematic of model sandwich assay performed in conjugate thin film biosensors.
When SA was applied to the bioconjugate films in buffer, the films generally performed as
well as a monolayer (Figure 5-8). In contrast to the findings using fluorescent assays, 3xSP9.6k
films achieved essentially the same LOD as an Sso monolayer, while the LOD attained with
3xSP77.6k films was nearly twice as large. LOD was also found to be effectively independent of
film thickness, giving a sensitivity that only varied based on the conjugate used to fabricate the
film. Together, these results suggest that detection only occurred within a thin layer at the film
surface. If diffusion limitations were significant enough to restrict analyte access to the majority
of the film volume, the absorbance in 3xSP77.6k films would be predicted to consistently be less
than that in 3xSP9.6k films due to the lower fraction of binding sites in the former films (Table 5-

171

1). This expectation is consistent with experimental observations and is reasonable when
considering that in these experiments, HRP was also required to diffuse into the films to observe
a signal. The relatively large size of HRP (44 kDa) combined with likely steric hindrance from SA
molecules bound to the film may have resulted in restrictions to diffusion greater than in one-step
fluorescent binding assays.

Figure 5-8. Binding curves for sandwich assays performed with SA in PBS. Error bars represent
the standard deviation of three replicates.
Sandwich assays exposed to SA in urine and blood serum gave similar results to those
found using fluorescent assays. As was observed in the fluorescent assays (Figure 5-6a), LODs
for all tested thin films were similar to that of a monolayer when SA was dissolved in 50% urine
(Figure D-7a). For SA samples in 50% blood serum, the LOD values for 3xSP9.6k and 3xSP30.3k
films were 2-fold greater than that for an Sso monolayer (Figure D-7b), again mirroring results
for the fluorescent assays (Figure 5-6b). Unlike the fluorescent assays, however, for which
3xSP77.6k films were found to give a slight improvement in LOD, these same films resulted in a
2-fold greater LOD than a monolayer in the sandwich assays, possibly due to additional diffusion
limitations for HRP. Though sandwich assay experiments could not be performed using mSA2 as
the analyte, the general similarities between findings for fluorescent and sandwich assays suggest
that sandwich assays with a smaller analyte would yield improved LOD values relative to a
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monolayer. Regardless, model sandwich assays using SA still demonstrate that these assays are
feasible in the fabricated conjugate thin films.
5.5 Conclusions
3xSso-PNIPAM thin films display an apparent size-based diffusional resistance for proteins
entering the film. Experiments performed with both mSA2 and the larger protein SA reveal that
SA experiences greater resistance to diffusion into the films. In all cases, SA either demonstrates
a longer timescale for diffusion into the thin films or requires films with larger domain spacings
to allow appreciable uptake. By varying the molecular weight of the polymer block in the proteinpolymer conjugates used to create the thin films, domain spacing can be adjusted to tune the size
of proteins that the films could uptake. This simple tuning method should allow facile design of
biosensors optimized for uptake of a target analyte.
The size-based uptake properties of the bioconjugate thin films are also found to enable
greatly enhanced biosensor performance in biological fluids. Not only do these films achieve an
LOD an order of magnitude lower than that of a traditional surface-immobilized protein biosensor
in buffer, but the LOD is also found to be up to 2 orders of magnitude lower for detection in
biological fluids due to minimization of nonspecific binding events. Model sandwich assays
performed in the thin films generally match results in fluorescent binding assays, demonstrating
potential for application in a variety of detection formats. With their easily tunable structure and
highly sensitive detection capabilities, the designed protein-polymer conjugate thin films represent
an extremely promising technology for detection of small proteins and peptides (molecular weight
< ca. 15 kDa) in biological matrices.
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Chapter 6. Polymer Domains Control Diffusion in Protein-Polymer Conjugate Biosensors
6.1 Abstract
While surface-based biosensors have been widely used in diagnostic applications, these sensors
experience reduced sensitivity in the most common detection fluids due to nonspecific binding
effects from non-analyte molecules. Protein-polymer conjugate thin films have been demonstrated
to overcome many of these nonspecific binding issues due to their ability to restrict transport of
impurity molecules into the film, but the transport mechanism within these films is not understood.
Herein, the diffusion coefficients of 15 different proteins and dextran molecules are measured
within protein gels and polymer solutions that mimic the phase-separated protein and polymer
domains of the conjugate thin films using fluorescence recovery after photobleaching (FRAP).
While most molecules have diffusivities that are consistent with size-based diffusion models,
several protein diffusivities deviate significantly from these model predictions in polymer
solutions. Mixtures of monomeric streptavidin (mSA2), an analyte for the thin film biosensors,
with proteins that diffuse faster than mSA2 in the polymer solutions give greater biosensor
sensitivity for mSA2 than solutions of mSA2 alone. Furthermore, a mixture containing several of
the proteins in this work is also found to also result in greater sensitivity for mSA2 than a pure
mSA2 solution. These findings suggest that the polymer domains are primarily responsible for
transport in the thin films and, unlike other surface-based biosensors, protein-polymer conjugate
biosensors can exhibit enhanced sensitivity in complex sensing mixtures.
6.2 Introduction
Biosensors, devices that selectively detect one or more biomolecules and relay this detection in
the form of a measurable signal, have seen widespread use in the diagnostics field.1-3 The analyte
recognition element, usually a protein, is often incorporated onto a surface using one of a wide
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range of immobilization strategies.4-6 As a result, a variety of device formats have been developed,
including surface plasmon resonance,4,

7-9

electrochemical sensing,10-11 and microfluidic

biosensors.12-13 Despite decades of research on surface-based biosensors, many fundamental
design challenges remain, such as ensuring accurate surface characterization14 and experimental
conditions that allow for consistent device performance.15
One of the most pervasive issues with surface-based biosensors, however, is reduction in
performance due to nonspecific binding. Most detection fluids (e.g., blood, urine) primarily
contain off-target molecules that block binding sites and bind to unfunctionalized surfaces of the
sensors, even in diluted samples.16-17 As such, the background signal is enhanced and/or the
binding signal is reduced, resulting in decreases of limit of detection up to several orders of
magnitude.18-19 To minimize the effects of nonspecific binding, some techniques have been
developed that make use of the weaker interactions of nonspecifically bound proteins to better
select for the desired analyte, including molecular imprinting20 and hypersonic resonance.21 Other
methods restrict diffusion of undesired molecules to the sensor surface using membranes that can
filter molecules based on charge,22-23 pores that enable size-based diffusion into the device,24 or
crosslinked gel coatings that greatly restrict diffusion to the sensor surface.25 Since these latter
approaches require differential diffusivities between the analyte and other species, controlling
transport within surface-based biosensors is critical to their performance.
The drive to develop highly sensitive biosensors has motivated the study of numerous
methods to measure and optimize transport in these devices. If a biosensor is simply composed of
a functionalized surface, mass transport limitations can be assumed to occur within a region close
to the surface, often referred to as the depletion region.26 Full convection-reaction-diffusion
models are able to replicate this depletion region, but these models can overpredict analyte binding
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times by several orders of magnitude.27 Analyte transport in biosensors with more complex surface
geometries designed to enhance sensitivity has also been considered, such as in sensors with
nanoscale sensing regions. However, this miniaturization enhances the signal-to-noise ratio at the
expense of reduced mass transport.28 Therefore, this requires shuttling or other forms of active
transport of analyte to the sensing regions to avoid long binding times.29 In addition, simply adding
nanohole arrays between the bulk fluid and a nanochannel containing the sensing surface has been
demonstrated to improve detection times by an order of magnitude.30 Increasing the sensor surface
area also facilitates more rapid mass transport,31-32 though some geometries require slow reaction
kinetics to realize this enhanced transport rate.31 While these biosensor architectures do optimize
transport for enhanced sensitivity or response time, few incorporate methods to combat nonspecific
binding effects.
Concentrated polymer systems offer a mechanism for controlling transport of particles
based on their physical properties. For nanoparticles in polymer solutions, the diffusivity of the
particle is dependent upon the size of the particle relative to the radius of gyration (Rg) of the
polymer.33 While diffusion follows the Stokes-Einstein relation if the nanoparticle is larger than
the polymer Rg, the particle diffuses much faster than is predicted by this equation if the particle
is smaller than the polymer Rg.34-36 Theories have been developed to rationalize this phenomenon,
which have assumed diffusion mechanisms including nanoparticle hopping between
entanglements37 and fast diffusion within a confined depletion region at small length scales.38-39
Though protein diffusion in polymers should generally follow these principles, proteins can also
interact with polymers, leading to more complex transport phenomena. Polymers such as dextran
that interact with proteins increase the effective hydrodynamic diameter of the protein, causing
negative deviations in translational diffusivity from Stokes-Einstein predictions.40-43 Even
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polymers that do not interact with proteins, however, can still affect diffusion by indirectly
controlling protein-protein association. When these non-interacting polymers are in the dilute
regime, the polymers induce preferential hydration of the proteins, reducing the likelihood of
aggregation.42, 44 In the semidilute regime, association rates are enhanced, while in the concentrated
regime, protein-protein association is again diminished, which has been attributed to depletion
effects.44 Thus, diffusion of proteins in polymer solutions is incredibly complex, depending upon
the identity and concentration of both the protein and polymer.
Because polymers can offer great control over protein diffusion, these molecules have been
incorporated into biosensors to restrict diffusion of certain proteins near the surface of the sensor.
For example, polymer brushes have commonly been installed to reduce nonspecific binding in
both surface-based45-46 and hydrogel biosensors.47 Polymer matrices and films have similarly been
installed on biosensor surfaces to control diffusion rates to the sensor surface48-50 and have shown
potential for hindering diffusion of large molecules.51 Recently, our group reported the
development of protein-polymer conjugate thin film biosensors, which exhibited self-assembly
into phase-separated regions of polymer and binding proteins.52 These sensors achieved a two
order of magnitude improvement in limit of detection in plasma and urine compared to biosensors
composed of the binding proteins directly immobilized onto a surface, and this enhanced
sensitivity was attributed to size-based exclusion of off-target molecules. Despite the clear benefits
that this biosensor architecture provides for sensing in biological fluids, relatively little is known
about the transport mechanisms within these conjugate thin films.
In this work, the major factors controlling diffusion within protein-polymer conjugate thin
film biosensors are determined. Diffusion coefficients of a library of 11 proteins and 4 dextran
molecules are measured within analogues of the protein and polymer domains of these films using
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fluorescence recovery after photobleaching (FRAP). These results are compared to binding
experiments within the films, suggesting that diffusion within the thin films is primarily controlled
by the polymer domains. It is also found that, in contrast to other surface-based biosensors,
sensitivity of protein-polymer conjugate sensors can be increased during measurements in complex
mixtures.
6.3 Materials and Methods
6.3.1 Materials
All solvents were purchased from VWR, and all other chemicals were purchased from Millipore
Sigma and used without further purification. Cytochrome C (CytC) and Transferrin (TrFe) were
purchased from Lee Biosolutions. Streptavidin (SA) was purchased from New England Biolabs.
All dextran molecules and Alexa Fluor 647 NHS ester were purchased from Thermo Fisher
Scientific. Lysozyme (Lys), bovine serum albumin (BSA), glucose oxidase (GOx), catalase (Cat),
and fluorescein isothiocyanate (FITC) were purchased from Millipore Sigma. Silicon wafers were
purchased from Wafer World.
6.3.2 PNIPAM Synthesis
Poly(N-isopropylacrylamide) (PNIPAM) functionalized with a maleimide endgroup was
synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization, as
described previously.53 Polymer molecular weight and dispersity were characterized by gel
permeation chromatography performed on an Agilent 1260 LC system equipped with two columns
(ResiPore, 300 × 7.5 mm, up to 500kDa, Agilent Technologies, CA) in series, a Wyatt miniDAWN
TREOS multi-angle light scattering detector, and a Wyatt Optilab T-rEX diffractometer (Figure
E-1). Dimethylformamide (DMF) with 0.02 LiBr was used as the mobile phase with a flow rate
of 1 mL/min at 70 °C.
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6.3.3 Protein Expression and Bioconjugation
3x rcSso7d.SA (3xSso), monomeric streptavidin (mSA2), and GFP variants GFP(0), GFP(-8), and
GFP(-21) were expressed as described previously.54-55 Bioconjugations between 3xSso and
maleimide-functionalized PNIPAM were performed in resuspension buffer (50 mM Tris buffer,
100 mM NaCl, 0.25 mM tris(2-carboxyethyl)phosphine (TCEP), pH 7.4). Solutions of 3xSso were
diluted to approximately 1 mg/mL, and a 5x molar excess of PNIPAM was added. After complete
dissolution of PNIPAM, samples were incubated at 4 °C for 24 h. Ammonium sulfate was then
added to a concentration of 1.0 M to remove unconjugated protein. Following centrifugation, the
supernatant was discarded, and the precipitates were resuspended in resuspension buffer to
approximately 1 mg/mL. Two additional ammonium sulfate precipitations were performed, after
which the resulting solution was purified by Ni-NTA chromatography to remove unconjugated
PNIPAM. Purified protein-PNIPAM conjugates were dialyzed against Milli-Q water.
Bioconjugate purity was confirmed using SDS-PAGE and native PAGE (Figure A-8), and
retention of protein secondary structure was assessed using CD (Figure A-7). Conjugate solution
was concentrated to approximately 100 mg/mL using Millipore-Ultra 15 centrifugal filters
(molecular weight cutoff of 10 kDa). Bulk solid samples were prepared by drop-casting aliquots
of this concentrated solution onto Teflon sheets and drying under vacuum to a final pressure of 5
Torr (ramp rate 50 Torr/h) at room temperature. Samples were then collected and stored at 4 °C
until future use. Typical yield after purification for all conjugates was 30%.
6.3.4 Fluorescence Recovery After Photobleaching (FRAP) Sample Preparation
The diffusion of a large library of molecular probes with a variety of physical properties was
measured in FRAP experiments. Eight proteins with a wide range of hydrodynamic diameters, two
of which displayed strong, selective binding for 3xSso (SA and mSA2), were selected for
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measuring size-based diffusion within each solution. Three variants of superfolder GFP with
formal charges ranger from 0 to -21 were used to measure the effect of molecular charge on
diffusion. Dextran molecules, which contained a much more flexible structure than proteins,
allowed determination of conformational effects on transport. Each of these molecules was labeled
with FITC, as described in Chapter 2.
Crosslinked protein gels were prepared by concentrating a solution of 3xSso in sodium
phosphate buffer (50 mM sodium phosphate, 150 mM NaCl, pH 7.2) to 20 wt.%. The concentrated
protein solution was then heated to 40 °C, and a 10x glutaraldehyde solution (final concentration
of 1.4 wt.% in MilliQ water) was added to the protein solution by quickly pipetting up and down.
The mixture was crosslinked at 40 °C for 30 seconds, resulting in gelation. Residual glutaraldehyde
was removed by rinsing the gel with Milli-Q water. The gel was then stored at 4 °C for future use.
To prepare samples for microscopy, a small section from the gel (volume of < ca. 1 mm 3,
thickness of at least 10 µm) was excised, and 200 µL of a 1 µM solution of FITC-labeled protein
or dextran sample was added to the gel. The gel was allowed to equilibrate in the solution for 16
hours in the dark at 4 °C. Immediately before FRAP measurements were conducted, the fluorescent
solution was pipetted off, and the gel was rinsed with 100 µL of Milli-Q water to remove protein
on the gel surface. The gel was then placed between a glass slide and a coverslip containing doublesided tape edges to seal the gel in place. Milli-Q water was then pipetted into the channel formed
between the glass slide and coverslip, and the two open edges of the channel were sealed using
Sally Hansen Hard as Nails hardener.
Samples for diffusion measurements in PNIPAM solutions were prepared by first
dissolving PNIPAM samples of the desired molecular weight in Milli-Q water to a final
concentration of 20 wt.%. FITC-labeled protein and dextran samples in PBS were then
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concentrated to ~10 µM, and 5 µL of these solutions were added to PCR tubes containing 55 µL
of PNIPAM solution.
Microscope slides for diffusion measurements in PNIPAM solutions were prepared by
adhering a Teflon spacer (No. 12 screw size, 0.25 in. ID, 0.5 in. OD, 0.06 in. thickness, McMasterCarr) to the center of a glass microscope slide using Sally Hansen Hard as Nails hardener. The top
of the spacer was then coated with a thin, even layer of nail hardener, the PNIPAM solution
containing fluorescently-labeled protein was pipetted into the spacer, and a microscope slide was
placed on top of the spacer to seal the PNIPAM solution. The hardener was allowed to dry for 1
hour at room temperature in the dark and then stored at 4 °C in the dark for at least 16 hours.
6.3.5 FRAP Experiments
Imaging was performed on a confocal laser scanning microscope (Zeiss LSM 710, W.M. Keck
Microscopy Facility) equipped with an oil-immersion 40x objective lens. A circular region of
interest was photobleached for 1 second using a 488 nm laser at full power, and fluorescence
recovery was monitored by scanning the region of interest at low laser power (24%) every second
for 1 min after bleaching. Images were also collected every second for 5 seconds prior to the
bleaching event to obtain a pre-bleach intensity value within the bleached region.
FRAP curves were generated by using ImageJ software to process the full sequence of
fluorescence images collected. For each image, fluorescence intensity values were adjusted to
account for fluctuations in laser intensity by dividing the average fluorescence intensity within the
circular bleach region by the average intensity within a rectangular area far from the bleach region.
These fluctuation-adjusted fluorescence values were then normalized between values of 0 (the
fluctuation-adjusted fluorescence value immediately after bleaching) and 1 (the average of the
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fluctuation-adjusted fluorescence values in the 5 images collected prior to bleaching) to obtain a
normalized FRAP curve as a function of time f(t).
6.3.6 Thin Film Preparation
Silicon wafers (P-type Silicon with boron as dopant, (100) orientation, single-side polished) cut
into rectangular sections were sequentially rinsed with acetone, methanol, and water. Substrates
were then dried under a filtered air flow and treated with oxygen plasma for 3 minutes.
Immediately following plasma cleaning, conjugate samples rehydrated to 10 wt.% in Milli-Q water
were flow coated onto the substrates in a chamber maintained at 60% relative humidity, as
described previously.56 To stabilize thin films against dissolution in water, the cast films were
preheated to 40 °C and immersed in a 1.4 wt.% aqueous solution of glutaraldehyde at 40 °C for 20
s to lightly crosslink the protein nanodomains. Immediately following immersion, thin films were
thoroughly rinsed with water until the surfaces became hydrophilic, indicating complete removal
of unlinked glutaraldehyde. Films were dried under filtered air and stored at ambient conditions
until use. Film thickness was determined using a Woolam M-2000D spectroscopic ellipsometer
using a single incidence angle of 70°. Curves were fit using a three-layer model consisting of a 0.4
mm bottom silicon substrate, a native silicon oxide layer of 1.8 nm, and a top conjugate layer fit
using a Cauchy model.
6.3.7 Fluorescence Assays
The binding capabilities of conjugate thin films were measured using mSA2 labeled with Alexa
Fluor 647. Samples were prepared by dissolving unlabeled proteins in PBS (pH 7.4) at a
concentration of either 10 or 100 µM. A 100x solution of fluorescently-labeled mSA2 (final
concentration of 1 µM) was added to each protein solution. These solutions containing mSA2 were
gently applied to the surface of a bioconjugate thin film as 0.5 µL drops. Films were incubated for
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4 hours in a sealed chamber saturated with water vapor at room temperature to prevent drying of
the applied fluorescent samples. The films were then rinsed with Milli-Q water, dried under filtered
air, and immediately analyzed for fluorescence signal. Fluorescence microscopy images were
acquired at 4x magnification using a Cy5 filter set and exposure time of 5000 ms on an Olympus
IX-81 inverted fluorescence microscope with an AxioCam HRC CCD camera. Fluorescence
intensity was calculated using ImageJ software by determining the average fluorescence signal in
a rectangular area of the fluorescent image free of defects and occupying no less than half of the
full sample application area. Background-corrected intensity was determined by subtracting the
fluorescence intensity of a sample from that of an area on the substrate far away from regions
exposed to fluorescent samples.
6.3.8 Additional Characterization Methods
The concentrated solution phase behavior of the studied bioconjugates was characterized using
small-angle X-ray scattering (SAXS). Thin film morphology in both the swollen and dry states
was characterized using grazing-incidence SAXS (GISAXS). Details of the sample preparation
and measurement conditions for these techniques are provided in Chapter 2. Circular dichroism
(CD) spectroscopy, dynamic light scattering (DLS), and small-angle neutron scattering (SANS)
procedures are also provided in Chapter 2.
6.4 Results and Discussion
6.4.1 Overview of Diffusion Experiments
Previous work has suggested that size-based diffusion in protein-polymer conjugate films that are
phase-separated into alternating domains of protein and polymer is controlled by the molecular
weight of the polymer block.52 Thus, to determine if transport in one domain is more strongly
correlated with transport in the entire thin film, diffusion measurements were performed in
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crosslinked protein gels (an approximation of protein domains in the films) and polymer solutions
(an approximation of the polymer domains). Appropriate concentrations for these two solutions
were estimated by measuring the conjugate concentration within fully-swollen thin films, which
is representative of the thin film state when exposed to an analyte in solution.
6.4.2 Thin Film Characterization
Protein-polymer conjugate thin films were fabricated with domain spacings that varied as a
function of polymer molecular weight and degree of film swelling. By conjugating an rcSso7d.SA
trimer (3xSso)55 to poly(N-isopropylacrylamide) (PNIPAM), 3xSP conjugates were synthesized
(Scheme 6-1). Six unique conjugates were created by varying the molecular weight of the
PNIPAM molecule conjugated to 3xSso (Table 6-1). Thin films fabricated from these 3xSP
conjugates all adopt a weakly phase-separated morphology with no strong directional orientation
at 0% relative humidity (RH) (Figures 6-1a, E-2). The domain spacings within these dry films
show good agreement with bulk SAXS data (Figure 6-1b), suggesting that the morphology within
the thin films is similar to that of the bulk conjugates (Figure E-3). Crosslinking the 3xSso
domains with glutaraldehyde results in a slight increase in domain spacing across all conjugate
samples (Figure 6-1b), as has been observed in other protein-PNIPAM conjugate thin films.57
Swelling these crosslinked films by exposure to an atmosphere at 95% RH causes a further increase
in domain spacing due to water uptake within the domains (Figure 6-1b). Uncrosslinked thin films
are also able to absorb water, but the lack of crosslinks in these films to stabilize the structure
results in complete film dissolution at high RH.

188

Scheme 6-1. Bioconjugation of 3xSso containing an N-terminal cysteine residue to maleimidefunctionalized PNIPAM to form a 3xSP conjugate. Orange regions in 3xSso are cartoon
representations of the Sso7d crystal structure generated using Protein Data Bank ID: 1SSO.58
Table 6-1. Composition of 3xSP Conjugates
Conjugate

PNIPAM Mn
(kDa)

PNIPAM Đ

3xSP9.6k
3xSP23k
3xSP46k
3xSP56k
3xSP77k
3xSP117k

9.6
23.3
46.6
56.1
77.6
117

1.05
1.06
1.13
1.11
1.13
1.26

Protein
Weight
Fraction
0.72
0.52
0.35
0.31
0.24
0.18

Figure 6-1. (a) Linecuts of GISAXS patterns for thin films crosslinked with glutaraldehyde at 0%
RH, and (b) domain spacings of bulk conjugate samples and thin films at either 0% RH (dry) or
95% RH (swollen) and with 3xSso domains that were either uncrosslinked or crosslinked. Full
GISAXS patterns from which linecuts in (a) were obtained are presented in Figure E-2. Error bars
in (b) represent 95% confidence intervals for the fit parameter values, as described in Chapter 2.
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The 3xSP thin films generally swell to the same degree in a humid environment regardless
of the molar mass of the PNIPAM block. The average swelling ratio across all films is
approximately 5, and most films have a swelling ratio close to this value (Table 6-2). It is unlikely
that swelling effects resulting from possibly different PNIPAM topologies between the 3xSP films
are relevant, as swelling ratio has a much stronger dependence on initial film thickness (similar
across all samples) than PNIPAM topology.59 Because each thin film has a different composition
of protein and polymer (Table 6-1), the similar swelling ratios imply that water is close to a
nonselective solvent, swelling the 3xSso and PNIPAM domains to an approximately equal degree.
Indeed, previous studies of protein-PNIPAM conjugates have found that water is only slightly
selective for the PNIPAM domains.60 As such, the conjugate volume fraction in the swollen thin
films, about 0.2, should be approximately equal to the volume fractions of 3xSso and PNIPAM
within their respective domains in the films. Correspondingly, diffusion measurements within
samples of each individual block were performed at a volume fraction of 0.2 in both 3xSso gels
and PNIPAM solutions.
Table 6-2. Thicknesses of Dry and Swollen 3xSP Conjugate Thin Films
Dry
Swollen
Swelling
a
Thickness
Thicknessb
Conjugate
Ratioc
(nm)
(nm)
3xSP9.6k
110 ± 10
400 ± 50
3.7 ± 0.6
3xSP23k
98 ± 8
490 ± 50
5.0 ± 0.7
3xSP46k
92 ± 9
400 ± 40
4.3 ± 0.6
3xSP56k
103 ± 5
590 ± 70
5.7 ± 0.7
3xSP77k
90 ± 10
410 ± 40
4.7 ± 0.8
3xSP117k
106 ± 8
560 ± 50
5.3 ± 0.6
a
Film thickness at 0% RH. bFilm thickness at 95% RH. cRatio of swollen thickness to dry thickness.
Errors for film thicknesses represent 95% confidence intervals for fits to reflectance curves. Errors
for swelling ratios were calculated using standard error propagation techniques.
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6.4.3 Diffusion Measurements
6.4.3.1 FRAP Data Fitting
Fluorescence recovery after photobleaching (FRAP) was used to measure the diffusion of probe
molecules in 3xSso gels and PNIPAM solutions. A large library of molecules was selected for
measuring diffusion within each of these solutions (Table 6-3). Transport of these probes in the
protein gels and polymer solutions is affected by both molecular diffusion and binding to the
matrix (the 3xSso gel or PNIPAM chains). Accordingly, FRAP curves were fit using a model that
assumed molecules could exist in either a single bound state (in which the molecules could not
diffuse) or an unbound state (in which the molecules could freely diffuse through the matrix). This
model is represented in Laplace space as follows:61
𝐶𝑒𝑞
1 𝐹𝑒𝑞
𝑘𝑜𝑛
[1 − 2𝐾1 (𝑞𝑤)𝐼1 (𝑞𝑤)] (1 +
𝑓 (̅ 𝑠) = 𝐹∞ { −
)−
},
𝑠
𝑠
𝑠 + 𝑘𝑜𝑓𝑓
𝑠 + 𝑘𝑜𝑓𝑓
𝐹𝑒𝑞 =

𝑘𝑜𝑓𝑓
𝑘𝑜𝑛 + 𝑘𝑜𝑓𝑓

𝐶𝑒𝑞 =

𝑘𝑜𝑛
,
𝑘𝑜𝑛 + 𝑘𝑜𝑓𝑓

𝑠
𝑘𝑜𝑛
𝑞 2 = ( ) (1 +
),
𝐷𝑓
𝑠 + 𝑘𝑜𝑓𝑓

(6-1)

where 𝑓 ̅ is the mean relative fluorescence intensity within the bleach region (normalized by the
mean fluorescence intensity in an area far from the bleach region), F∞ is the equilibrium relative
fluorescence intensity within the bleach region, s is the Laplace variable, I1 and K1 are the firstorder modified Bessel functions of the first and second kind, respectively, w is the radius of the
bleach spot, kon and koff are the rate constants describing the rate of fluorophore binding to and
release from the matrix, respectively, and Df is the diffusion coefficient of the fluorophore in the
absence of binding. The effective diffusion coefficient Deff, which accounts for reductions in
diffusivity due to matrix binding, was calculated as follows:

191

𝐷𝑒𝑓𝑓 =

𝐷𝑓
.
𝑘𝑜𝑛
1+
𝑘𝑜𝑓𝑓

(6-2)

To convert equation (6-1) from Laplace space to real space as function of time, a numerical
Laplace inversion was performed using the Talbot algorithm.62 After performing this inversion,
FRAP data collected as a function of time could be fit to the real space equation. When fitting data
to this transformed equation, a reduced data set was used to avoid over-fitting data at longer time
points. Reduced data sets of roughly equally-spaced points were generated by selecting all data
points from the first 10 seconds after bleaching and every third data point after this time interval.
A representative fit to a FRAP curve is presented in Figure 6-2.
Table 6-3. Probe Molecules Used in FRAP Experiments
Charge at pH
Molecule
Abbreviation
7.4, Unfolded

Molar Mass
(kDa)

Hydrodynamic

CytC

8.9

12.4

Diameter (nm)
2.9 ± 0.3

Lys

7.3

14.3

4.3 ± 0.1

BSA

-32.7

66.5

8.8 ± 0.4

TrFe

-2.4

77.0

12.7 ± 0.1

b

GOx

-29

160

9.2 ± 0.2

b

Cat

-16.2

232

11.0 ± 0.4

c

mSA2

-5.5

15.6

3.2 ± 0.9

c

SA

-3.4

52.8

6.2 ± 0.3

d

GFP(0)

0.3

28.4

8.6 ± 0.5

d

GFP(-8)

-6.7

28.4

8.3 ± 0.8

GFP(-21)

-19.7

28.5

8.4 ± 0.3

e

Dex10k

negligible

~10

14 ± 2

e

Dex40k

negligible

~40

26 ± 1

Cytochrome C
b

b

Lysozyme
Bovine Serum
Albumin

b

Transferrin
Glucose
Oxidase

b

Catalase
Monomeric
Streptavidin

Streptavidin
Superfolder
GFP(0)
Superfolder

GFP(-8)
Superfolder
GFP(-21)

d

Dextran 10k
Dextran 40k
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a

Dextran 70k

e

Dex70k

negligible

~70

80 ± 6

e

Dex500k
negligible
~500
420 ± 70
Dextran 500k
Determined using SANS curve fitting for CytC and mSA2 (Figure E-4) and DLS for all other
molecules. bProteins that do not bind to 3xSso. cProteins that bind to 3xSso. dCharge variants of
superfolder GFP. eDextran molecules. Molecular weights represent number-average molecular
weights reported by the supplier.
a

Figure 6-2. Representative fit to a normalized FRAP curve f(t). The curve is normalized between
0 and 1 such that 0 corresponds to the fluorescence intensity within the bleach spot immediately
after the bleach, and 1 corresponds to the average fluorescence intensity prior to bleaching.
Size-based diffusion models were fit to the diffusion coefficients collected for all molecular
probes in each solution to ascertain the mechanism for diffusion within the solutions. If the effect
of the matrix on molecular diffusion were simply to provide an effective viscosity, diffusion
coefficients would be expected to follow the Stokes-Einstein relation:
𝐷𝑒𝑓𝑓 =

𝑎1
,
𝑑

(6-3)

where ai is a fitting parameter and d is the hydrodynamic diameter of the probe molecule.
Alternatively, the matrix can act as an entrapment for particles, restricting diffusion of large
molecules due to physical constraints provided by a network structure. Under these conditions, Cai
et al. have proposed that nanoparticles larger than the mesh size of the network must undergo a
hopping mechanism to pass between regions of entrapment in the matrix.37 The diffusion
coefficients of these large particles at long time scales are primarily determined by the rate at which
hopping events occur. For diffusion in a crosslinked gel, Cai et al. predict the following sizedependent relationship for the effective diffusion coefficient:37
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𝐷𝑒𝑓𝑓 =

𝑎1 −𝑎 𝑑
𝑒 2 .
𝑑

(6-4)

In solutions of entangled polymer chains, the effective diffusion coefficient is predicted to follow
the equation:37
𝐷𝑒𝑓𝑓 = 𝑎1 𝑒 −𝑎2 𝑑 .

(6-5)

Thus, diffusion coefficients were fit to equations (6-3) and (6-4) for measurements in crosslinked
3xSso gels and equations (6-3) and (6-5) for measurements in PNIPAM solutions.
6.4.3.2 Crosslinked 3xSso Gels
Protein diffusion within crosslinked 3xSso gels is qualitatively well-described by a hopping
diffusion mechanism. As shown in Figure 6-3a, the diffusion coefficients of proteins that do not
bind to 3xSso, including GFP variants, generally lie along the best-fit curve representing hopping
diffusion in a crosslinked gel. Even though the hopping model developed by Cai assumes diffusion
through crosslinked polymer gels in which long chains act as the crosslinks whereas the 3xSso
gels have short glutaraldehyde crosslinks between bulky 3xSso junctions, the Cai model still is
able to fit the data quite well. The Stokes-Einstein relationship, however, provides a poor fit to
these data. Both models generally overpredict the diffusivities of mSA2 and SA, proteins that bind
strongly to 3xSso, as these proteins likely are primarily bound to the gel, giving these molecules
much lower effective diffusivities relative to their size than the other studied proteins.
Additionally, despite the crosslinked gel and the protein probes being charged under the
experimental conditions (Table 6-3), there is no significant difference between the effective
diffusion coefficients of the three charged superfolder GFP variants. Since these diffusion
coefficients also show no monotonic trend when considering the charge of the molecules (from
smallest to largest, the proteins have formal charges of -8, -21, and 0), charge appears to only play
a minor role in the transport of proteins in 3xSso gels.
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Figure 6-3. Effective diffusion coefficients of (a) proteins and (b) dextran molecules in 0.2 volume
fraction solutions of crosslinked 3xSso gels measured using FRAP. Data are fit to both the StokesEinstein equation and a model developed by Cai et al. that describes hopping diffusion of large
particles in crosslinked gels.37 In (a), data points corresponding to proteins that bind strongly to
3xSso (mSA2 and SA) were excluded from the fits. Error bars represent the standard deviation
across at least 5 replicates.
FRAP measurements of dextran molecules suggest that chain conformation and flexibility
determine diffusion mechanisms in crosslinked 3xSso gels. In contrast to protein diffusion in these
gels (Figure 6-3a), dextran diffusion is well-modeled by the Stokes-Einstein equation (Figure 63b). In fact, the Cai model for hopping diffusion reduces to the Stokes-Einstein equation when
describing this diffusion of dextran molecules, indicating that even large dextran molecules do not
become entrapped within the 3xSso gel. Indeed, even though the dextran molecules are up to two
orders of magnitude larger than the measured proteins, the dextran molecules have diffusion
coefficients of the same order of magnitude of the proteins. Unlike folded proteins, which have a
well-defined, rigid structure, dextran molecules can adopt a much wider range of conformations
due to greater chain flexibility, allowing these molecules to much more easily diffuse between
topological constraints. As even fully-folded proteins can display varying levels of chain
flexibility,63-64 it is likely that this factor also results in varied diffusivities between proteins,
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accounting for some of the spread of diffusion coefficients about the Cai model prediction in
Figure 6-3a.
6.4.3.3 PNIPAM Solutions
Some proteins display very large deviations from Stokes-Einstein predictions of diffusivities in
high-Mn PNIPAM solutions. In low-Mn PNIPAM solutions, most proteins have diffusion
coefficients that coincide with a fit to the Stokes-Einstein equation (Figure 6-4a-b). In fact, in all
measured PNIPAM solutions, the Cai model for hopping diffusion generally does not fit the data
significantly better than the Stokes-Einstein equation (Figure 6-4), especially given that the Cai
model uses an additional fitting parameter. This observation is reasonable, as the estimated
entanglement molar mass of PNIPAM, somewhere in the range of 120-230 kDa (see Appendix E
for estimation of entanglement molar mass), is greater than the molecular weight of even the largest
PNIPAM molecule used in this study (117 kDa). As a result, PNIPAM chains are not expected to
be entangled in any of the six solutions, and the Cai model for diffusion in entangled polymer
solutions should not apply. In higher-Mn PNIPAM solutions, four proteins consistently show large
deviations from the Stokes-Einstein fit: BSA (diameter = 8.8 nm) and GOx (diameter = 9.2 nm)
diffuse much faster than predicted, while extremely slow diffusion is observed in solutions with
SA (diameter = 6.2 nm) and TrFe (diameter = 12.7 nm) (Figure 6-4c-f). The diffusivities of the
other proteins, however, are still well-described by the Stokes-Einstein equation in these solutions.
Also, in all six PNIPAM solutions, the three GFP variants show no significant differences in
diffusivities, indicating that molecular charge has little influence on transport in PNIPAM
solutions.

196

Figure 6-4. Effective diffusion coefficients of proteins in 0.2 volume fraction solutions of
PNIPAM with Mn values of (a) 9.6, (b) 23, (c) 46, (d) 56, (e) 77, or (f) 117 kDa measured using
FRAP. Data are fit to both the Stokes-Einstein equation and a model developed by Cai et al. that
describes hopping diffusion of large particles in entangled polymer solutions.37 CytC diffused too
quickly in all solutions to obtain an accurate estimate of the diffusion coefficient. In (f), Cat showed
essentially no fluorescence recovery, so a diffusion coefficient could not be estimated. Error bars
represent the standard deviation across at least 5 replicates.
The large deviations in predicted diffusion coefficients are consistent with previous
literature findings that polymers can interact with proteins on surfaces65-66 and in solution,41, 67-68
with larger polymers interacting more strongly.67-68 The strength of these interactions can vary
greatly depending on the identity of both the protein and the polymer involved,65-67 and the
interactions can become strong enough to overcome expected size-based transport effects.69 Most
experimental studies on the effects of protein-polymer interactions on diffusion have found that
proteins diffuse faster than predicted by the Stokes-Einstein equation in the presence of polymers.
For example, several groups have reported this enhanced diffusion in polymer solutions containing
BSA, as is observed in the present study, which is often attributed to secondary structural changes
in BSA caused by interaction with the polymer.67, 70-71 CD studies of protein secondary structure
reveal that the proteins in this study show very little, if any, change in secondary structure in the
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presence of PNIPAM (Figure E-5). Because this change in structure has been reported to be as
small as a difference of a few percentage between the compositions of certain secondary structure
elements,67 however, it is possible that the small differences in CD spectra after mixing with
PNIPAM are the result of protein-PNIPAM interactions. While very few studies report proteins
that diffuse significantly slower than predicted by the Stokes-Einstein equation, most of these
studies also measure diffusion either with polymer molecules that are significantly smaller than
the PNIPAM molecules used in this experiment or using much lower polymer concentrations.
Indeed, in semidilute polymer solutions such as the ones used for FRAP experiments in this study,
protein association rates are enhanced due to the formation of polymer cages around protein
molecules.44, 72 It is possible that SA and TrFe have high propensities for self-association while
BSA and GOx are unlikely to self-associate, even when in close contact with other proteins.
Regardless, DLS studies of the protein-PNIPAM mixtures are consistent with FRAP experiments,
showing the appearance of slow relaxation times in PNIPAM mixtures containing SA or TrFe and
relaxation times in mixture with BSA or GOx that are faster than those observed in solutions of
either of these proteins without PNIPAM (Figure E-6). Therefore, a combination of proteinpolymer interactions and protein-protein interactions enhanced in a semidilute polymer solution
likely contribute to the deviations from Stokes-Einstein behavior.
No dextran molecules display repeated, significant differences from the Stokes-Einstein
equation. As seen for diffusion of proteins in PNIPAM solutions, the diffusion coefficients of
dextran molecules in PNIPAM solutions are generally no better fit by the hopping diffusion model
than by the Stokes-Einstein equation (Figure 6-5). However, there is evidence that the greater
flexibility of the dextran molecules permits less restricted diffusion. While the diffusivities of the
dextran molecules all decrease by approximately one order of magnitude from the PNIPAM9.6k
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solution to the PNIPAM117k solution (Figure 6-5a, f), most proteins experience a two order of
magnitude decrease in diffusivity across these solutions (Figure 6-4a, f). In addition, similar to
their diffusion in 3xSso gels, dextran molecules have diffusion coefficients of the same order of
magnitude of the proteins (that follow the Stokes-Einstein model) in the same PNIPAM solutions
despite being significantly larger than the proteins.

Figure 6-5. Effective diffusion coefficients of dextran molecules in 0.2 volume fraction solutions
of PNIPAM with Mn values of (a) 9.6, (b) 23, (c) 46, (d) 56, (e) 77, or (f) 117 kDa measured using
FRAP. Data are fit to both the Stokes-Einstein equation and a model developed by Cai et al. that
describes hopping diffusion of large particles in entangled polymer solutions.37 In (e) and (f),
Dex500k showed essentially no fluorescence recovery, so a diffusion coefficient could not be
estimated. Error bars represent the standard deviation across at least 5 replicates.
6.4.4 Thin Film Binding Experiments
Comparison of FRAP results to thin film biosensing experiments suggests that the PNIPAM
domains in 3xSP films have a much greater effect on protein transport than the 3xSso domains.
While factors such as diffusion between domains and thin film morphology certainly affect
diffusion in the films, the FRAP diffusion measurements in solutions analogous to the two domains
within 3xSP conjugate thin films were compared against biosensing measurements to estimate the
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relative impact of diffusion within these domains on overall transport. Because mSA2 mixtures
were applied to the films for a period of time (4 hours) approximately half of that required for the
films to saturate (8 hours),52 transport within the thin films during the experiments was under
dynamic control. Most of the nonbinding proteins considered in this study produce either no
statistically significant change or a slight decrease in biosensor signal when applied to 3xSP thin
film biosensors along with fluorescently-labeled mSA2, but mixtures of GOx or Lys with mSA2
both significantly enhance the fluorescence signal (Figure 6-6). While the fluorescence intensities
of the nonbinding protein-mSA2 mixtures are slightly different (Figure E-7), the differences do
not correlate with the observed fluorescence intensities in biosensing experiments. These different
fluorescence values of the mixtures also cannot explain why the signal enhancement in Lys and
GOx mixtures applied to 3xSP23k thin film biosensors is vastly altered from that when the
mixtures are applied to 3xSP46k and 3xSP77k thin films (Figure 6-6). When considering all
protein mixtures, there is no clear trend between biosensor signal enhancement and diffusion
coefficient of the nonbinding protein in the mixture in crosslinked 3xSso domains (Figure 6-6bd), as these graphs in Figure 6-6 display a random distribution of points across all four quadrants.
However, when comparing the signal enhancement to diffusion coefficients in PNIPAM solutions,
it is clear that only proteins that diffuse faster than mSA2 in the PNIPAM solutions achieve an
improvement in biosensor signal (Figure 6-6e-g). In fact, almost all points in these graphs are
located in either the top right quadrant (the nonbinding protein diffuses faster than mSA2 and the
binding signal is stronger than in the absence of the nonbinding protein) or the bottom left quadrant
(the added protein diffuses slower than mSA2, causing reduced signal). Although not every protein
that diffuses faster than mSA2 produces a signal enhancement, as both BSA and CytC mixtures
give signals similar to that of solutions containing only mSA2, there is still a much clearer relation
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between biosensor signal and diffusion relative to mSA2 in PNIPAM solutions than relative to that
in 3xSso gels.

Figure 6-6. Fluorescence intensities of 1 µM mixtures of fluorescently-labeled mSA2 with 100
µM of one of the nonbinding proteins relative to that of a 1 µM solution of only fluorescentlylabeled mSA2 applied to (a) thin films of (b, e) 3xSP23k (thickness = 120 nm), (c, f) 3xSP46k
(thickness = 110 nm), or (d, g) 3xSP77k (thickness = 160 nm) for 4 hours. Relative intensities are
plotted against the ratio of the effective diffusion coefficient of the added protein to that of mSA2
in (b-d) crosslinked 3xSso gels or (e-g) PNIPAM solutions with PNIPAM of the same Mn value
as the PNIPAM block in the thin film to which the solutions were applied. Points corresponding
to mixtures containing CytC are absent from (e-g), as the diffusion coefficients of CytC were too
fast to be measured in PNIPAM solutions. Labeled points represent mixtures with the named
protein that gave a relative intensity significantly greater than that of solely mSA2. Error bars
represent the standard deviations across 3 replicates on the same film that were calculated using
standard error propagation techniques.
Biosensing experiments in protein mixtures suggest that 3xSP thin film biosensors can
display enhanced sensitivity in complex mixtures. When exposed to a mixture containing mSA2
and all of the nonbinding proteins in this study (at concentrations 10 times lower than the
experiments in Figure 6-6, due to solubility issues), the signal was over double that when sensing
a solution containing only mSA2 (Figure 6-7). This signal enhancement is consistent with a
previous study of 3xSP biosensors in which sensitivity for mSA2 was enhanced in blood serum
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and urine relative to measurements in buffer.52 In contrast, simply averaging the relative intensities
produced from sensing in the six mixtures of each individual protein with mSA2 gave a value (1.2
± 0.2) that was not significantly different from that of a solution with only mSA2 (2.16 ± 0.08).
As such, the proteins that diffuse faster than mSA2 in PNIPAM solutions (which also enhance
biosensing signal when mixed with mSA2) have a greater effect on mSA2 diffusion than those
that diffuse slower than mSA2.

Figure 6-7. Fluorescence intensities of 1 µM mixtures of fluorescently-labeled mSA2 with 10 µM
of one of the nonbinding proteins relative to that of a 1 µM solution of only fluorescently-labeled
mSA2 applied to a 3xSP46k thin film (thickness = 150 nm) for 4 hours. Relative intensities are
plotted against the ratio of the effective diffusion coefficient of the added protein to that of mSA2
in a 0.2 volume percent solution of PNIPAM 46k. The point corresponding to a mixture containing
CytC is absent, as the diffusion coefficient of CytC was too fast to be measured in PNIPAM 46k
solutions. Labeled points represent mixtures with the named protein that gave a relative intensity
significantly greater than that of solely mSA2. The solid line represents the relative intensity of a
mixture containing 1 µM mixtures of fluorescently-labeled mSA2 with 10 µM of all of the
nonbinding proteins (including CytC). Error bars and the bounds of the shaded region around the
dashed line represent the standard deviations across 3 replicates on the same film that were
calculated using standard error propagation techniques.
Given that the expected semidilute conditions within the PNIPAM domains of the swollen
thin films promote protein-protein interactions,44, 72 interactions between mSA2 and other proteins
in the PNIPAM domains likely result in faster mSA2 diffusion in the presence of these faster
diffusing proteins. In crowded molecular environments similar to the PNIPAM domains of the thin
films in this study, weak, transient interactions between proteins are prevalent,73-74 effectively
reducing the diffusivities of all proteins.75 When accounting for the greater viscosities of these
crowded solutions, though, these protein-protein interactions have been found to produce diffusion
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coefficients faster than would be expected from the Stokes-Einstein equation.41 Because the thin
films allow faster diffusing species to penetrate deeper into the film in a given period of time under
dynamic control, mSA2 is more likely to encounter and interact with these faster proteins within
the films. As a result, the transient clusters containing mSA2 that form deeper within the films
would be expected to have greater diffusivities than those that would form in the original mixture
of proteins. The strong dependence of transient interaction strength on the shapes of the interacting
proteins76-77 may explain why not all proteins that diffuse faster than mSA2 result in enhanced
biosensing capabilities when mixed with mSA2. Despite the non-universal nature of sensitivity
enhancement in the presence of proteins diffusing faster than the analyte, the results in this study
imply that this improvement can be achieved if only a small number of proteins in a mixture diffuse
faster than and can interact with the analyte. Therefore, unlike other surface-based sensors that
experience reduced sensitivity in complex mixtures, protein diffusion within the PNIPAM
domains of 3xSP conjugate thin films can facilitate improved biosensor sensitivity in protein
mixtures.
6.5 Conclusions
The diffusion in crosslinked 3xSso gels and PNIPAM solutions was studied to understand the
major factors affecting diffusion within the two domains of phase-separated 3xSP thin films. In
both solutions, charge was shown to have no significant impact on diffusion, and molecules with
greater molecular flexibility were found to experience reduced diffusional resistance. In the
crosslinked protein gels, the relationship between the diffusion coefficients and the sizes of
proteins displayed qualitative agreement with a mechanism of hopping diffusion in a crosslinked
gel. In the PNIPAM solutions, the diffusion coefficients of most proteins followed a StokesEinstein model. However, BSA and GOx were found to diffuse significantly faster in PNIPAM
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solutions than predicted by the Stokes-Einstein equation, while SA and TrFe consistently had
diffusion coefficients up to several orders of magnitude less than predicted by Stokes-Einstein.
These deviations were attributed to a combination of protein-PNIPAM and PNIPAM-induced
protein-protein interactions.
These diffusion measurements were compared against biosensing measurements of protein
mixtures in 3xSP thin films in the diffusion-limited regime, indicating that PNIPAM domains have
a much larger effect on protein transport than the 3xSso domains. When the analyte mSA2 was
mixed with several proteins individually, the measured device sensitivities were uncorrelated with
the diffusion coefficients of the added proteins in crosslinked 3xSso gels. In contrast, sensitivity
enhancements relative to measurements in pure mSA2 solutions were only observed when the
protein mixed with mSA2 diffused faster than mSA2 in PNIPAM solutions. A mixture of mSA2
with many proteins also gave enhanced sensitivity towards mSA2. It was hypothesized that
enhanced sensitivity was achieved in the presence of off-target proteins due to faster diffusion of
mSA2 in the PNIPAM domains of the thin films by transiently interacting with faster diffusing
proteins. Regardless of the underlying transport mechanism, protein-PNIPAM conjugate thin films
displayed improved biosensing capabilities in protein mixtures.
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Chapter 7. Conclusions
7.1 Summary
This thesis has investigated the use of protein-poly(N-isopropylacrylamide) (PNIPAM) conjugate
thin films as biosensors. Based on numerous literature reports of the self-assembly of these
conjugates,1-4 it was believed that the periodic structure of protein-PNIPAM thin films would be
beneficial for biosensor performance. These films contain regions of densely packed analytebinding proteins that could enhance device sensitivity in addition to polymer domains that were
hypothesized to be capable of tailoring transport such that improved selectivity towards analyte
diffusion into the thin films could be achieved. In this regard, there were two primary focuses in
this thesis. First, techniques were developed for the self-assembly of protein-PNIPAM conjugates
with a small protein block, representing a class of analyte-binding proteins used in biosensors that
have superior stability and sensing capabilities compared to the more traditional antibodies.5-7
Second, it was demonstrated that the conjugate biosensors were able to minimize the effects of
nonspecific binding in complex sensing mixtures and even achieve enhanced sensitivity in these
solutions.
The first method used to improve the self-assembly of protein-PNIPAM conjugates with a
low molecular weight protein block was protein oligomerization. Using rcSso7d.SA (Sso) as a
model small binding protein,7 oligomers of this protein ranging from monomer to tetramer were
created by attaching a short, flexible peptide sequence between repeats. While conjugates of the
monomeric Sso variant were disordered under all studied conditions, conjugates of the other
oligomers were able to self-assemble into ordered lamellar structures. As the Sso degree of
oligomerization increased, the quality of self-assembly improved, and the concentration range over
which ordered structures were observed widened. Analyte binding capabilities were retained upon
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oligomerization, and conjugate thin films composed of higher order oligomer conjugates were
found to have greater sensitivity towards analyte molecules.
Protein fusion to strongly-associating coiled-coil domains was also explored to achieve
well-ordered protein-PNIPAM conjugates. The protein block in this study consisted of an Sso
dimer fused at either the N- or C-terminus to one of the two component alpha helices of a coiledcoil. The alpha helices in these fusion proteins generally remained folded under the studied
conditions and were able to weakly homodimerize, but one fusion protein had an almost
completely unfolded alpha helical segment. When two fusion proteins each containing one of the
two coiled-coil helices were mixed in an equimolar ratio, stable heterodimeric coiled-coils
generally formed. However, in one of these equimolar mixtures, coiled-coils were almost
exclusively homodimeric, which was attributed to geometric constraints preventing heterodimeric
coiled-coil association. In solution, conjugates of the fusion proteins that could homodimerize
displayed no significant difference in ordering quality from that of the Sso dimer, whereas
equimolar mixtures of these conjugates showed enhanced ordering. The conjugate containing the
fusion protein with an unfolded alpha helical segment, though, had the most improved ordering in
solution over the Sso dimer. Biosensor thin films fabricated from the fusion protein-PNIPAM
conjugates revealed that all of the conjugates were able to bind analyte, and most offered
significantly enhanced sensing over biosensors made from Sso dimer conjugates.
The fifth chapter of this thesis studied the ability of protein-PNIPAM biosensors to control
diffusion of protein analytes based on size. In this study, two proteins with the same binding
affinity for the biosensor thin films that only differed in size, streptavidin (SA) and monomeric
streptavidin (mSA2), were used as analytes. When buffer solutions containing one of these two
analytes were applied to the thin films, limits of detection (LODs) over an order of magnitude
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lower were reported in films exposed to solutions with the smaller protein mSA2 than in those
exposed to solutions of the larger protein SA. Furthermore, it was demonstrated that by increasing
the molecular weight of PNIPAM conjugated to the protein in these thin films, SA experienced
less-restricted diffusion into the films, possibly as result of the increasing PNIPAM domain size.
In contrast, in these same experiments mSA2 was able to relatively freely diffuse into all of the
thin films. When SA and mSA2 were spiked into solutions of blood serum and urine and applied
to the thin films, conjugate sensors detecting SA performed no better than those composed of the
analyte binding protein directly functionalized to a surface. Thin film biosensors detecting mSA2,
on the other hand, achieved a two order of magnitude improvement in LOD compared to the
surface-functionalized sensors. In aggregate, these experiments suggested that diffusion into the
thin films was dependent upon protein size and this principle allowed deleterious nonspecific
binding effects to be minimized when detecting small proteins.
In the final research chapter, the main factors affecting diffusion in protein-PNIPAM thin
films were studied. By performing diffusion measurements in solutions analogous to the phaseseparated protein and PNIPAM domains within the films, it was found that most proteins diffuse
according to a hopping diffusion model8 within the protein solutions and follow Stokes-Einstein
behavior in PNIPAM solutions. The diffusivities of some proteins in the PNIPAM solutions were
measured to differ by up to several orders of magnitude from the Stokes-Einstein predictions,
though, and these discrepancies were attributed to a combination of protein-protein and proteinPNIPAM interactions. Biosensing measurements performed in the thin films in which mSA2 was
individually mixed with each of the proteins considered in the study indicated that proteins that
diffused faster than mSA2 in PNIPAM solutions could also allow greater sensing of mSA2 when
mixed with this analyte protein. Similar results were obtained during biosensing measurements of
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mSA2 in a mixture of many proteins. Therefore, unlike other surface-based biosensors, proteinpolymer conjugate thin films were found to achieve improved sensitivity in complex protein
mixtures.
7.2 Outlook
The self-assembly methods presented in this thesis provide a framework for creating ordered
structures of functionally-relevant proteins. Since most proteins do not inherently assemble into
well-ordered structures when conjugated to PNIPAM,9 oligomerization of the protein or fusion to
complementary coiled-coil sequences can be used to develop oriented arrays of these proteins
necessary for optimizing protein activity.10-12 Both of these modifications, however, have
limitations that may need to be resolved before they can be generalized for use with any protein.
For oligomerization, the cloning method is tedious and does not guarantee production of the
desired gene. Additionally, it is possible that ordering improvements were only observed in the
Sso oligomers because the proteins fell within the molecular weight range in which proteinPNIPAM conjugate self-assembly is optimized.9 Potentially, nanoscale ordering in the oligomer
conjugates also improved due to the greater molecular flexibility imparted by the peptide linkers,
but further studies on the relationship between protein flexibility and self-assembly would be
required to verify this hypothesis. While coiled-coil association was demonstrated in this thesis to
improve conjugate self-assembly, improvements were inconsistent as a result of varied coiled-coil
folding states and potential geometric constraints deriving from the region on the original protein
to which the coiled-coil sequence was fused. As such, research into the relationship between the
location at which order-directing sequences are fused to a protein and the resulting ordering quality
would need to be performed before this ordering technique could be generalized.
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One potential commercial application of the protein-polymer conjugate thin films is in the
development of practical biosensors from these materials. First of all, thin films were cast on
silicon wafers throughout the thesis for convenience, but development of procedures for casting
on more useful surfaces such as paper and flexible polymers are necessary for use of this
technology in point-of-care applications.13-14 Also, this thesis was primarily focused on improving
the analyte capture step in biosensors, and a method of detecting analyte that does not rely on
fluorescently-labeled analyte molecules other would likely need to developed. One important
consideration here is that the molecule or particle that produces the detectable signal would need
to be relatively small, as the enzyme-linked immunosorbent assays (ELISAs) performed in the
thesis suggested that the sensitivity of these assays was reduced due to the restricted diffusion of
the relatively large protein horseradish peroxidase into the films. For this reason, quantum dots
may be an ideal particle to be used for detection, as these materials are inherently colored and can
be as small as 2 nm.15 Beyond these considerations, manufacturing issues including designing a
method for large-scale fabrication of thin films with consistent thicknesses and morphologies
would need to be considered.
The final research chapter in this thesis indicates that there is a great need for fundamental
studies of protein diffusion in polymer solution and materials. While it is understood that proteinprotein interactions can be enhanced in polymer solutions,16 how these interactions modify the
directed transport of the involved proteins in relatively unknown. The effects of these transient
interactions can be understood by performing fluorescence recovery after photobleaching (FRAP)
experiments similar to those in chapter 6 of the thesis. By using FRAP to measure the diffusion
coefficients of fluorescently-labeled proteins in protein solutions both with and without other nonlabeled proteins added, it can be determined whether the presence of and transient interactions
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with specific proteins and protein mixtures speed or slow the diffusion of a given protein. The
strength of these interactions can be estimated using Förster resonance energy transfer (FRET),
which has been used to measure transient protein-protein interactions in similar crowded
environments in cells.17-19 If protein-protein dynamics in polymer solutions becomes sufficiently
well understood, then protein transport within protein-polymer conjugate thin films could be
simulated. Of course, these simulations would require further information about other effects on
transport within the films, such as accurate measurements of thin film morphology,20
quantification of selective biomolecular transport effects within the protein domains,21 and
understanding of confinement effects within protein and polymer domains.22 Accordingly, it will
almost certainly be several years or even decades before the simulations of protein transport can
be performed with high accuracy. In summary, this thesis demonstrates that there is a wealth of
both fundamental and applied research that can be performed in the fields of self-assembly,
biosensing, and biomolecular transport.
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Appendix A. Supporting Information for Chapter 2
A.1 DNA and Amino Acid Sequences for Proteins Recombinantly Expressed in Thesis

Figure A-1. Plasmid map for pET28b(+) vector used for all cloning experiment in this thesis.
In all cloning experiments, genes were inserted into pET28b(+) using XhoI/NdeI restriction sites.
Thus, the complete vector DNA sequence for each cloned vector can be obtained by replacing the
DNA between the underlined bases in the following sequence with that between the underlined
bases in the genes listed in sections A1.1 to A1.3.
DNA Sequence of pET28b(+) Vector (XhoI/NdeI restriction sites are underlined)
ATCCGGATATAGTTCCTCCTTTCAGCAAAAAACCCCTCAAGACCCGTTTAGAGGCCCCAAGGGGT
TATGCTAGTTATTGCTCAGCGGTGGCAGCAGCCAACTCAGCTTCCTTTCGGGCTTTGTTAGCAGC
CGGATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTGCGGCCGCAAGCTTGTCGACGGAGCTCGAAT
TCGGATCCCGACCCATTTGCTGTCCACCAGTCATGCTAGCCATATGGCTGCCGCGCGGCACCAGG
CCGCTGCTGTGATGATGATGATGATGGCTGCTGCCCATGGTATATCTCCTTCTTAAAGTTAAACA
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AAATTATTTCTAGAGGGGAATTGTTATCCGCTCACAATTCCCCTATAGTGAGTCGTATTAATTTC
GCGGGATCGAGATCTCGATCCTCTACGCCGGACGCATCGTGGCCGGCATCACCGGCGCCACAGGT
GCGGTTGCTGGCGCCTATATCGCCGACATCACCGATGGGGAAGATCGGGCTCGCCACTTCGGGCT
CATGAGCGCTTGTTTCGGCGTGGGTATGGTGGCAGGCCCCGTGGCCGGGGGACTGTTGGGCGCCA
TCTCCTTGCATGCACCATTCCTTGCGGCGGCGGTGCTCAACGGCCTCAACCTACTACTGGGCTGC
TTCCTAATGCAGGAGTCGCATAAGGGAGAGCGTCGAGATCCCGGACACCATCGAATGGCGCAAAA
CCTTTCGCGGTATGGCATGATAGCGCCCGGAAGAGAGTCAATTCAGGGTGGTGAATGTGAAACCA
GTAACGTTATACGATGTCGCAGAGTATGCCGGTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAA
CCAGGCCAGCCACGTTTCTGCGAAAACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATT
ACATTCCCAACCGCGTGGCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACC
TCCAGTCTGGCCCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAACT
GGGTGCCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCGGTGC
ACAATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTGGATGACCAGGATGCC
ATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTCTTGATGTCTCTGACCAGACACC
CATCAACAGTATTATTTTCTCCCATGAAGACGGTACGCGACTGGGCGTGGAGCATCTGGTCGCAT
TGGGTCACCAGCAAATCGCGCTGTTAGCGGGCCCATTAAGTTCTGTCTCGGCGCGTCTGCGTCTG
GCTGGCTGGCATAAATATCTCACTCGCAATCAAATTCAGCCGATAGCGGAACGGGAAGGCGACTG
GAGTGCCATGTCCGGTTTTCAACAAACCATGCAAATGCTGAATGAGGGCATCGTTCCCACTGCGA
TGCTGGTTGCCAACGATCAGATGGCGCTGGGCGCAATGCGCGCCATTACCGAGTCCGGGCTGCGC
GTTGGTGCGGATATCTCGGTAGTGGGATACGACGATACCGAAGACAGCTCATGTTATATCCCGCC
GTTAACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAAC
TCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACC
ACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGC
ACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTAAGTTAGCTCACT
CATTAGGCACCGGGATCTCGACCGATGCCCTTGAGAGCCTTCAACCCAGTCAGCTCCTTCCGGTG
GGCGCGGGGCATGACTATCGTCGCCGCACTTATGACTGTCTTCTTTATCATGCAACTCGTAGGAC
AGGTGCCGGCAGCGCTCTGGGTCATTTTCGGCGAGGACCGCTTTCGCTGGAGCGCGACGATGATC
GGCCTGTCGCTTGCGGTATTCGGAATCTTGCACGCCCTCGCTCAAGCCTTCGTCACTGGTCCCGC
CACCAAACGTTTCGGCGAGAAGCAGGCCATTATCGCCGGCATGGCGGCCCCACGGGTGCGCATGA
TCGTGCTCCTGTCGTTGAGGACCCGGCTAGGCTGGCGGGGTTGCCTTACTGGTTAGCAGAATGAA
TCACCGATACGCGAGCGAACGTGAAGCGACTGCTGCTGCAAAACGTCTGCGACCTGAGCAACAAC
ATGAATGGTCTTCGGTTTCCGTGTTTCGTAAAGTCTGGAAACGCGGAAGTCAGCGCCCTGCACCA
TTATGTTCCGGATCTGCATCGCAGGATGCTGCTGGCTACCCTGTGGAACACCTACATCTGTATTA
ACGAAGCGCTGGCATTGACCCTGAGTGATTTTTCTCTGGTCCCGCCGCATCCATACCGCCAGTTG
TTTACCCTCACAACGTTCCAGTAACCGGGCATGTTCATCATCAGTAACCCGTATCGTGAGCATCC
TCTCTCGTTTCATCGGTATCATTACCCCCATGAACAGAAATCCCCCTTACACGGAGGCATCAGTG
ACCAAACAGGAAAAAACCGCCCTTAACATGGCCCGCTTTATCAGAAGCCAGACATTAACGCTTCT
GGAGAAACTCAACGAGCTGGACGCGGATGAACAGGCAGACATCTGTGAATCGCTTCACGACCACG
CTGATGAGCTTTACCGCAGCTGCCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATG
CAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGG
CGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCGCAGCCATGACCCAGTCACGTAGCGATAGCGGAG
TGTATACTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATATGCGGTG
TGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGCGCTCTTCCGCTTCCTCGCTCA
CTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATA
CGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGC
CAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATC
ACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTT
CCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGC
CTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGT
AGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTA
TCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCAC
TGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTA
ACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGA
AAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTG
CAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGT
CTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAACAATAAAACTGTCTGC
219

TTACATAAACAGTAATACAAGGGGTGTTATGAGCCATATTCAACGGGAAACGTCTTGCTCTAGGC
CGCGATTAAATTCCAACATGGATGCTGATTTATATGGGTATAAATGGGCTCGCGATAATGTCGGG
CAATCAGGTGCGACAATCTATCGATTGTATGGGAAGCCCGATGCGCCAGAGTTGTTTCTGAAACA
TGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAAT
TTATGCCTCTTCCGACCATCAAGCATTTTATCCGTACTCCTGATGATGCATGGTTACTCACCACT
GCGATCCCCGGGAAAACAGCATTCCAGGTATTAGAAGAATATCCTGATTCAGGTGAAAATATTGT
TGATGCGCTGGCAGTGTTCCTGCGCCGGTTGCATTCGATTCCTGTTTGTAATTGTCCTTTTAACA
GCGATCGCGTATTTCGTCTCGCTCAGGCGCAATCACGAATGAATAACGGTTTGGTTGATGCGAGT
GATTTTGATGACGAGCGTAATGGCTGGCCTGTTGAACAAGTCTGGAAAGAAATGCATAAACTTTT
GCCATTCTCACCGGATTCAGTCGTCACTCATGGTGATTTCTCACTTGATAACCTTATTTTTGACG
AGGGGAAATTAATAGGTTGTATTGATGTTGGACGAGTCGGAATCGCAGACCGATACCAGGATCTT
GCCATCCTATGGAACTGCCTCGGTGAGTTTTCTCCTTCATTACAGAAACGGCTTTTTCAAAAATA
TGGTATTGATAATCCTGATATGAATAAATTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAAG
AATTAATTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCG
CACATTTCCCCGAAAAGTGCCACCTGAAATTGTAAACGTTAATATTTTGTTAAAATTCGCGTTAA
ATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTTATAAATCA
AAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTAAAGAA
CGTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCAT
CACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGC
CCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAA
AGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCG
CGCTTAATGCGCCGCTACAGGGCGCGTCCCATTCGCCA
A.1.1 Oligomers of rcSso7d.SA
A.1.1.1 1x rcSso7d.SA
Vector: pET28b(+); Cloning Site: XhoI/NdeI
DNA Sequence (XhoI/NdeI restriction sites are underlined)
CATATGGGCAGCATCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATAT
GTGTGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGA
TCGTGGCTCGTGACGGCCAGTACATTGACTTTAAATATGATGAAGGTGGTGGTGCCTATGGTTAT
GGTTGGGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAATAACTCGA
G
Amino Acid Sequence
MGSIHHHHHHSSGLVPRGSHMCATVKFTYQGEEKQVDISKIKIVARDGQYIDFKYDEGGGAYGYG
WVSEKDAPKELLQMLEKQ
A.1.1.2 2x rcSso7d.SA
Vector: pET28b(+); Cloning Site: XhoI/NdeI
DNA Sequence (XhoI/NdeI restriction sites are underlined)
CATATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATAT
GTGTGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGA
TCGTGGCTCGTGACGGCCAGTACATTGACTTTAAATATGATGAAGGTGGTGGTGCCTATGGTTAT
GGTTGGGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAAGGTGGTGG
TGGTAGCGGTGGTGGCGGTTCAATGGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGG
TGGATATTAGCAAAATCAAGATCGTGGCTCGTGACGGCCAGTACATTGACTTTAAATATGATGAA
GGTGGTGGTGCCTATGGTTATGGTTGGGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGAT
GCTGGAAAAGCAAGGTGGATAACTCGAG
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Amino Acid Sequence
MGSSHHHHHHSSGLVPRGSHMCATVKFTYQGEEKQVDISKIKIVARDGQYIDFKYDEGGGAYGYG
WVSEKDAPKELLQMLEKQGGGGSGGGGSMATVKFTYQGEEKQVDISKIKIVARDGQYIDFKYDEG
GGAYGYGWVSEKDAPKELLQMLEKQGG
A.1.1.3 3x rcSso7d.SA
Vector: pET28b(+); Cloning Site: XhoI/NdeI
DNA Sequence (XhoI/NdeI restriction sites are underlined)
CATATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATAT
GTGTGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGA
TCGTGGCTCGTGACGGCCAGTACATTGACTTTAAATATGATGAAGGTGGTGGTGCCTATGGTTAT
GGTTGGGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAAGGTGGTGG
TGGTAGCGGTGGTGGCGGTTCAATGGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGG
TGGATATTAGCAAAATCAAGATCGTGGCTCGTGACGGCCAGTACATTGACTTTAAATATGATGAA
GGTGGTGGTGCCTATGGTTATGGTTGGGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGAT
GCTGGAAAAGCAAGGTGGTGGTGGTAGCGGTGGTGGCGGTTCAATGGCAACCGTGAAATTCACAT
ACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGATCGTGGCTCGTGACGGCCAGTAC
ATTGACTTTAAATATGATGAAGGTGGTGGTGCCTATGGATATGGTTGGGTGAGCGAAAAAGATGC
ACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAAGGTGGATAACTCGAG
Amino Acid Sequence
MGSSHHHHHHSSGLVPRGSHMCATVKFTYQGEEKQVDISKIKIVARDGQYIDFKYDEGGGAYGYG
WVSEKDAPKELLQMLEKQGGGGSGGGGSMATVKFTYQGEEKQVDISKIKIVARDGQYIDFKYDEG
GGAYGYGWVSEKDAPKELLQMLEKQGGGGSGGGGSMATVKFTYQGEEKQVDISKIKIVARDGQYI
DFKYDEGGGAYGYGWVSEKDAPKELLQMLEKQGG
A.1.1.4 4x rcSso7d.SA
Vector: pET28b(+); Cloning Site: XhoI/NdeI
DNA Sequence (XhoI/NdeI restriction sites are underlined)
CATATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATAT
GTGTGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGA
TCGTGGCTCGTGACGGCCAGTACATTGACTTTAAATATGATGAAGGTGGTGGTGCCTATGGTTAT
GGTTGGGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAAGGTGGTGG
TGGTAGCGGTGGTGGCGGTTCAATGGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGG
TGGATATTAGCAAAATCAAGATCGTGGCTCGTGACGGCCAGTACATTGACTTTAAATATGATGAA
GGTGGTGGTGCCTATGGTTATGGTTGGGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGAT
GCTGGAAAAGCAAGGTGGTGGTGGTAGCGGTGGTGGCGGTTCAATGGCAACCGTGAAATTCACAT
ACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGATCGTGGCTCGTGACGGCCAGTAC
ATTGACTTTAAATATGATGAAGGTGGTGGTGCCTATGGTTATGGTTGGGTGAGCGAAAAAGATGC
ACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAAGGTGGTGGTGGTAGCGGTGGTGGCGGTTCAA
TGGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGATC
GTGGCTCGTGACGGCCAGTACATTGACTTTAAATATGATGAAAGTGGTGGTGCCTATGGTTATGG
TTGGGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAATAACTCGAG
Amino Acid Sequence
MGSSHHHHHHSSGLVPRGSHMCATVKFTYQGEEKQVDISKIKIVARDGQYIDFKYDEGGGAYGYG
WVSEKDAPKELLQMLEKQGGGGSGGGGSMATVKFTYQGEEKQVDISKIKIVARDGQYIDFKYDEG
GGAYGYGWVSEKDAPKELLQMLEKQGGGGSGGGGSMATVKFTYQGEEKQVDISKIKIVARDGQYI
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DFKYDEGGGAYGYGWVSEKDAPKELLQMLEKQGGGGSGGGGSMATVKFTYQGEEKQVDISKIKIV
ARDGQYIDFKYDESGGAYGYGWVSEKDAPKELLQMLEKQ
A.1.2 Intermediate Genes Designed for Coiled-Coil Fusions of 2x rcSso7d.SA
A.1.2.1 2x C-Cys
Vector: pET28b(+); Cloning Site: XhoI/NdeI
DNA Sequence (XhoI/NdeI restriction sites are underlined)
CATATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATAT
GGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGATCG
TGGCTCGTGACGGCCAGTACATTGACTTTAAATATGATGAAGGTGGTGGTGCCTATGGTTATGGT
TGGGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAAGGTGGTGGTGG
TAGCGGTGGTGGCGGTTCAATGGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGG
ATATTAGCAAAATCAAGATCGTGGCTCGTGACGGCCAGTACATTGACTTTAAATATGATGAAGGT
GGTGGTGCCTATGGTTATGGTTGGGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGATGCT
GGAAAAGCAATGTGGTGGATAACTCGAG
A.1.2.2 2x N-Cys_C-BsaI
Vector: pET28b(+); Cloning Site: XhoI/NdeI
DNA Sequence (XhoI/NdeI restriction sites are underlined)
GGCAGCCATATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAG
CCATATGTGTGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAA
TCAAGATCGTGGCTCGTGACGGCCAGTACATTGACTTTAAATATGATGAAGGTGGTGGTGCCTAT
GGTTATGGTTGGGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAAGG
TGGTGGTGGTAGCGGTGGTGGCGGTTCAATGGCAACCGTGAAATTCACATACCAAGGCGAAGAAA
AACAGGTGGATATTAGCAAAATCAAGATCGTGGCTCGTGACGGCCAGTACATTGACTTTAAATAT
GATGAAGGTGGTGGTGCCTATGGTTATGGTTGGGTGAGCGAAAAAGATGCACCGAAAGAACTGCT
GCAGATGCTGGAAAAGCAAGGTGGATAAGGTGAGGTCTCCTCGAGTGACAC
A.1.2.3 2x C-Cys_N-BsaI
Vector: pET28b(+); Cloning Site: XhoI/NdeI
DNA Sequence (XhoI/NdeI restriction sites are underlined)
TGTCAGCATATGGGTCTCCAATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTG
CCGCGCGGCAGCCATATGGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATAT
TAGCAAAATCAAGATCGTGGCTCGTGACGGCCAGTACATTGACTTTAAATATGATGAAGGTGGTG
GTGCCTATGGTTATGGTTGGGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGATGCTGGAA
AAGCAAGGTGGTGGTGGTAGCGGTGGTGGCGGTTCAATGGCAACCGTGAAATTCACATACCAAGG
CGAAGAAAAACAGGTGGATATTAGCAAAATCAAGATCGTGGCTCGTGACGGCCAGTACATTGACT
TTAAATATGATGAAGGTGGTGGTGCCTATGGTTATGGTTGGGTGAGCGAAAAAGATGCACCGAAA
GAACTGCTGCAGATGCTGGAAAAGCAATGTGGTGGATAACTCGAGCACCAC
A1.3 Coiled-Coil Fusions of 2x rcSso7d.SA
A.1.3.1 2xZEC
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Vector: pET28b(+); Cloning Site: XhoI/NdeI
DNA Sequence (XhoI/NdeI restriction sites are underlined)
CATATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATAT
GTGCGCGACCGTTAAGTTCACCTACCAGGGCGAGGAAAAACAAGTTGACATCAGCAAGATCAAAA
TTGTGGCGCGTGATGGCCAGTACATTGACTTTAAGTATGATGAAGGTGGCGGTGCGTACGGTTAT
GGCTGGGTTAGCGAAAAGGACGCGCCGAAAGAGCTGCTGCAGATGCTGGAAAAACAAGGCGGTGG
CGGTAGCGGCGGTGGCGGTAGCATGGCGACCGTGAAGTTCACCTATCAAGGCGAAGAGAAGCAGG
TGGATATTAGCAAAATTAAGATCGTGGCGCGTGATGGTCAATATATCGATTTCAAGTATGATGAA
GGCGGTGGCGCGTACGGTTACGGTTGGGTGAGCGAGAAGGATGCGCCGAAAGAACTGCTGCAGAT
GCTGGAGAAACAAGGTGGCGGTGGCAGCGGTGGCGGTGGCAGCCTGGAGATTGAAGCGGCGGCGC
TGGAGCAGGAAAACACCGCGCTGGAAACCGAGGTGGCGGAGCTGGAACAGGAAGTGCAACGTCTG
GAGAACATTGTGAGCCAATACCGTACCCGTTATGGTCCGCTGTAACTCGAG
Amino Acid Sequence
MGSSHHHHHHSSGLVPRGSHMCATVKFTYQGEEKQVDISKIKIVARDGQYIDFKYDEGGGAYGYG
WVSEKDAPKELLQMLEKQGGGGSGGGGSMATVKFTYQGEEKQVDISKIKIVARDGQYIDFKYDEG
GGAYGYGWVSEKDAPKELLQMLEKQGGGGSGGGGSLEIEAAALEQENTALETEVAELEQEVQRLE
NIVSQYRTRYGPL
A.1.3.2 2xZRC
Vector: pET28b(+); Cloning Site: XhoI/NdeI
DNA Sequence (XhoI/NdeI restriction sites are underlined)
CATATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATAT
GTGCGCGACCGTTAAGTTCACCTACCAGGGCGAGGAAAAACAAGTTGACATCAGCAAGATCAAAA
TTGTGGCGCGTGATGGCCAGTACATTGACTTTAAGTATGATGAGGGTGGCGGTGCGTACGGTTAT
GGCTGGGTTAGCGAGAAGGACGCGCCGAAAGAACTGCTGCAGATGCTGGAGAAACAAGGCGGTGG
CGGTAGCGGCGGTGGCGGTAGCATGGCGACCGTGAAGTTCACCTATCAAGGCGAAGAGAAGCAGG
TGGATATTAGCAAAATTAAGATCGTGGCGCGTGATGGTCAATATATCGACTTTAAGTATGATGAA
GGCGGTGGCGCGTACGGTTACGGTTGGGTGAGCGAAAAGGATGCGCCGAAAGAGCTGCTGCAGAT
GCTGGAAAAACAAGGTGGCGGTGGCAGCGGTGGCGGTGGCAGCCTGGAGATCCGTGCGGCGGCGC
TGCGTCGTCGTAACACCGCGCTGCGTACCCGTGTGGCGGAACTGCGTCAGCGTGTTCAACGTCTG
CGTAACGAGGTGAGCCAGTACGAAACCCGTTATGGTCCGCTGTAACTCGAG
Amino Acid Sequence
MGSSHHHHHHSSGLVPRGSHMCATVKFTYQGEEKQVDISKIKIVARDGQYIDFKYDEGGGAYGYG
WVSEKDAPKELLQMLEKQGGGGSGGGGSMATVKFTYQGEEKQVDISKIKIVARDGQYIDFKYDEG
GGAYGYGWVSEKDAPKELLQMLEKQGGGGSGGGGSLEIRAAALRRRNTALRTRVAELRQRVQRLR
NEVSQYETRYGPL
A.1.3.3 2xZEN
Vector: pET28b(+); Cloning Site: XhoI/NdeI
DNA Sequence (XhoI/NdeI restriction sites are underlined)
CATATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATAT
GCTGGAGATCGAAGCGGCGGCGCTGGAGCAGGAAAACACCGCGCTGGAAACCGAGGTGGCGGAGC
TGGAACAGGAAGTGCAACGTCTGGAAAACATTGTGAGCCAATACCGTACCCGTTATGGTCCGCTG
GGTGGTGGTGGTAGCGGTGGTGGCGGTTCAATGGCAACCGTGAAATTCACATACCAAGGCGAAGA
AAAACAGGTGGATATTAGCAAAATCAAGATCGTGGCTCGTGACGGCCAGTACATTGACTTTAAAT
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ATGATGAAGGTGGTGGTGCCTATGGTTATGGTTGGGTGAGCGAAAAAGATGCACCGAAAGAACTG
CTGCAGATGCTGGAAAAGCAAGGTGGTGGTGGTAGCGGTGGTGGCGGTTCAATGGCAACCGTGAA
ATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGATCGTGGCTCGTGACG
GCCAGTACATTGACTTTAAATATGATGAAGGTGGTGGTGCCTATGGTTATGGTTGGGTGAGCGAA
AAAGATGCACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAATGTGGTGGATAACTCGAG
Amino Acid Sequence
MGSSHHHHHHSSGLVPRGSHMLEIEAAALEQENTALETEVAELEQEVQRLENIVSQYRTRYGPLG
GGGSGGGGSMATVKFTYQGEEKQVDISKIKIVARDGQYIDFKYDEGGGAYGYGWVSEKDAPKELL
QMLEKQGGGGSGGGGSMATVKFTYQGEEKQVDISKIKIVARDGQYIDFKYDEGGGAYGYGWVSEK
DAPKELLQMLEKQCGG
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A.2 PAGE Gels and CD Spectra for Proteins Recombinantly Expressed in Thesis
A.2.1 Oligomers of rcSso7d.SA

Figure A-2. Denaturing protein gels (12% acrylamide) of (a) Sso7d.SA oligomers and (b)
bioconjugates, and (c) native protein gel (8% acrylamide) of bioconjugates. Lanes 1-5 in (a)
represent ladder, 1x rcSso7d.SA, 2x rcSso7d.SA, 3x rcSso7d.SA, and 4x rcSso7d.SA,
respectively. Lanes 1-5 in (b) and (c) represent ladder, 1xSP9.8k, 2xSP17k, 3xSP25k, and
4xSP30k, respectively. All ladders represent molecular weight in kDa. Minor impurities in
denaturing gel (b) are primarily the result of hydrolysis of an ester linkage between protein and
PNIPAM during heating of samples; integration of the bands in native gel (c) reveals that all
conjugate samples are > 98% pure.

Figure A-3. Circular dichroism spectroscopy of (a) rcSso7d.SA oligomers and (b) rcSso7d.SAPNIPAM conjugates before dehydration and after rehydration of solid conjugate pellets confirm
minimal change in secondary structure. In (b) light colored lines represent the corresponding
unconjugated rcSso7d.SA oligomer, dashed lines represent conjugates before dehydration, and
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dark colored lines represent conjugates after rehydration. All rcSso7d.SA oligomers were
measured in 50 mM Tris buffer, 100 mM NaCl, 0.25 mM TCEP, pH 7.4. Conjugates were
measured in MilliQ water. Measurements were performed at 25 °C. Slight differences between
CD spectra of conjugates in (b) below 205 nm are primarily due to high noise in the CD
spectrometer at these wavelengths.
A.2.2 Coiled-Coil Fusions of 2x rcSso7d.SA

Figure A-4. Denaturing protein gels (12% acrylamide) of (a) 2x rcSso7d.SA coiled-coil fusion
proteins and (b) bioconjugates, and (c) native protein gel (8% acrylamide) of bioconjugates. Lanes
1-4 in (a) represent ladder, 2xZEC, 2xZRC, and 2xZEN, respectively. Lanes 1-4 in (b) and (c)
represent ladder and 2xZEC, 2xZRC, and 2xZEN conjugated to PNIPAM (Mn = 26.1 kDa),
respectively. All ladders represent molecular weight in kDa. Minor impurities in denaturing gel
(b) are primarily the result of hydrolysis of an ester linkage between protein and PNIPAM during
heating of samples; integration of the bands in native gel (c) reveals that all conjugate samples
are > 98% pure. Native gel (c) was performed in a running buffer with a pH of 10.0. Relatively
little movement of the 2xZRC conjugate band is likely a result of the running buffer pH being
close to the isoelectric point of 2xZRC (pI = 9.0). Higher running buffer pH was avoided to prevent
denaturation of the protein block.
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Figure A-5. Circular dichroism spectroscopy of (a) 2x coiled-coil fusion proteins and (b)
conjugates in MilliQ water at concentrations of 0.1 mg/mL. In (a) dashed lines represent spectra
in MilliQ water and solid lines represent spectra in ZE buffer. In (b) dashed lines represent spectra
for the unconjugated fusion protein in MilliQ water and solid lines represent spectra for the
corresponding conjugates. CD Spectra in (a) were only collected down to wavelengths of 200 nm
due to interference from high salt concentrations in ZE buffer at lower wavelengths.

Figure A-6. Denaturing protein gel (12% acrylamide) of (a) 3x rcSso7d.SA and bioconjugates,
and (b) native protein gel (8% acrylamide) of bioconjugates. Lanes 1-7 in (a) represent ladder, 3x
rcSso7d.SA, 3xSP9.6k, 3xSP23.3k, 3xSP30.3k, 3xSP56.1k, 3xSP77.6k, respectively. Lanes 1-6
in (b) represent ladder, 3xSP9.6k, 3xSP23.3k, 3xSP30.3k, 3xSP56.1k, 3xSP77.6k, respectively.
All ladders are labeled with molar mass in kDa. Minor impurities in denaturing gel (a) are primarily
the result of hydrolysis of an ester linkage between protein and PNIPAM during heating of
samples; integration of the bands in native gel (b) reveals that all conjugate samples are > 90%
pure.
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Figure A-7. Circular dichroism spectroscopy of (a) 3x rcSso7d.SA and all plotted bioconjugates
and (b) 3xSP30.3k before dehydration and after rehydration of solid conjugate pellets confirm
minimal change in protein secondary structure. Results in (b) are representative of all conjugates.
Slight differences between CD spectra of conjugates in (a) below 205 nm are primarily due to high
noise in the CD spectrometer at these wavelengths.

Figure A-8. Denaturing protein gel (12% acrylamide) of (a) 3x rcSso7d.SA and bioconjugates,
and (b) native protein gel (8% acrylamide) of bioconjugates. Lanes 1-8 in (a) represent ladder, 3x
rcSso7d.SA, 3xSP9.6k, 3xSP23.3k, 3xSP46.6k, 3xSP56.1k, 3xSP77.6k, and 3xSP117k,
respectively. Lanes 1-7 in (b) represent ladder, 3xSP9.6k, 3xSP23.3k, 3xSP46.6k, 3xSP56.1k,
3xSP77.6k, and 3xSP117k, respectively. All ladders are labeled with molar mass in kDa. Minor
impurities in denaturing gel (a) are primarily the result of hydrolysis of an ester linkage between
protein and PNIPAM during heating of samples; integration of the bands in native gel (b) reveals
that all conjugate samples are > 98% pure.
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A.3. 1H-NMR Spectra
A.3.1 EMP

Figure A-9. 1H-NMR spectra for EMP. A TLC of this compound can be found in Figure 2-6.
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A.3.2 exo-3a,4,7,7a-Tetrahydro-2-(3-hydroxypropyl)-4,7-epoxy-14-isoindole-1,3(2H)-dione
(1)

Figure A-10. 1H-NMR spectra for exo-3a,4,7,7a-Tetrahydro-2-(3-hydroxypropyl)-4,7-epoxy-14isoindole-1,3(2H)-dione (1).
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A.3.3 CTA

Figure A-11. 1H-NMR spectra for CTA. A TLC of this compound can be found in Figure 2-7.
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A.4 Supporting Figures for Biosensor Measurements

Figure A-12. Fluorescent intensity of BSA labeled with Alexa Fluor 488 retained in 3xSP77.6k
thin film after various rinsing times. Inset shows enlarged view of low intensity data. The film was
144 nm thick and exposed to a 10 µM solution of BSA. Error bars represent the standard deviation
of three replicates.
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A.5. Data Processing Code
A.5.1 SAXS Data Processing Code
function process11_BM_SAXS(directIn,directExp,headData,headBlank,T,numWP)
%This function imports processed SAXS data obtained from beamline 11-BM
%at NSLS-II using the txt2mat function (obtained from MathWorks file
%exchange) and groups/exports the data in a format that is optimal for
%plotting
%
%Inputs
%
directIn:
String containing the directory from which data will be
%
imported
%
directExp: String containing the directory to which data will be
%
exported. Must include desired filename and end with
%
".xlsx"
%
headData:
Cell array of strings at beginning of each filename to be
%
plotted together (e.g., if ABC1.dat and ABC2.dat should be
%
plotted in same graph, headData should contain 'ABC').
%
Strings should be organized such that data corresponding
%
to the same conjugate are adjacent and in order of
%
increasing weight percent. Weight percents should be
%
denoted as Pxx at the end of each string, where "xx" is the
%
weight percent, in percent (e.g., 50)
%
headBlank: String at beginning of each filename for blank samples
%
T:
Cell array of strings containing temeperatures at which
%
data was collected (e.g., {'10C','20C','30C'})
%
numWP:
Vector of number of weight percent data collected for each
%
conjugate, as listed in headData (e.g., if headData were
%
{'A30P','A40P','B30P','C30P','C40P'}, numWT should be
%
[2,1,2])
%Outputs
%
Data exported to Excel file in directory determined by directExp
%
%Written by Justin Paloni on 10/10/2017
%% Input Parameters for
qCol = 1;
%Column
I_Col = 3;
%Column
datStart = 30; %Row in
datEnd = 289;
%Row in

11-BM SAXS Data
in which q values are stored
in which intensity values are stored
which non-noisy data begins
which non-noisy data ends

%% Extract Blank Data
dirListing = dir(strcat(directIn,'\*.dat'));
numFiles = length(dirListing);
%Create vector of filenames
datNames = string(zeros(size(dirListing)));
for i = 1:numFiles
datNames(i) = string(dirListing(i).name);
end
%Import q values
filename = char(strcat(directIn,'\',datNames(1)));
dat = txt2mat(filename); %Download txt2mat from MathWorks file exchange
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q = dat(datStart:end-datEnd,qCol)*10; %nm^-1
%Import blank data
datBlank = zeros(length(q),length(T));
for i = 1:length(T)
indBlank = find(startsWith(datNames,...
strcat(headBlank,'_T',string(T(i)))));
filename = char(strcat(directIn,'\',datNames(indBlank)));
dat = txt2mat(filename);
datBlank(:,i) = dat(datStart:end-datEnd,I_Col);
end
%Check blank data exists for all temperatures
if size(datBlank,2) ~= length(T)
error('Blank data not collected at each temperature.')
end
%% Extract Data, Subtract Background, and Group Together
Data = cell(length(headData),length(T));
for i = 1:length(headData)
for j = 1:length(T)
indData = find(startsWith(datNames,...
strcat(headData(i),'_T',string(T(j)))));
%If replicates taken at lower exposure times, average replicates
rep = length(indData);
I_dat = zeros(length(q),rep);
for k = 1:rep
filename = char(strcat(directIn,'\',datNames(indData(k))));
dat = txt2mat(filename);
I_dat(:,k) = dat(datStart:end-datEnd,I_Col)*(10^(j-1));
end
%Subtract background from average
Data{i,j} = mean(I_dat,2) - datBlank(:,j);
end
end
%% Export Grouped Data
%Suppress warning
warning('off','MATLAB:xlswrite:AddSheet');
%Export data at constant weight percent
header = cell(3,length(T) + 1);
header(1,1) = {'q'};
header(2,1) = {'nm\+(-1)'};
header(3,1) = {''};
for i = 1:length(T)
header(1,i+1) = {'Intensity'};
header(2,i+1) = {'a.u.'};
tSam = char(T(i));
header(3,i+1) = {[tSam(1:2), sprintf('%cC', char(176))]};
end
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for i = 1:length(headData)
constWP = [q cell2mat(Data(i,:))];
xlswrite(directExp,header,char(headData(i)),'A1');
xlswrite(directExp,constWP,char(headData(i)),'A4');
%Display progress
fprintf('\n%d of %d weight percent files processed',i,length(headData))
end
%Export all weight percent data for each conjugate at 25C
DataT = Data';
datExp = 0;
for i = 1:length(numWP)
start = datExp + 1;
stop = datExp + numWP(i);
%Offset data for clarity
mult = zeros(1,numWP(i));
for j = 1:numWP(i)
mult(j) = 10^(j-1);
end
multM = diag(mult);
DataTM = cell2mat(DataT(4,start:stop))*multM;
constT = [q DataTM];
sheetStart = char(headData(start));
sheetName = strcat(string(sheetStart(1:end-3)),'T',string(T(4)));
xlswrite(directExp,constT,char(sheetName),'A4');
%Create header
header = cell(3,numWP(i) + 1);
header(1,1) = {'q'};
header(2,1) = {'nm\+(-1)'};
header(3,1) = {''};
for j = 1:numWP(i)
header(1,j+1) = {'Intensity'};
header(2,j+1) = {'a.u.'};
wpSam = char(headData(datExp + j));
header(3,j+1) = {[wpSam(end-1:end), sprintf(' wt%c', char(37))]};
end
xlswrite(directExp,header,char(sheetName),'A1');
datExp = datExp + numWP(i);
%Display progress
fprintf('\n%d of %d constant T files processed',i,length(numWP))
end
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A.5.2 FRAP Image Processing Code
currPos = newArray(235,229,41,41); /* Initial bleach position */
prevPos = newArray(4); /* Previous bleach position */
rect1 = newArray(87,196,56,105); /* Area 1 far from bleach region */
rect2 = newArray(373,196,56,105); /* Area 2 far from bleach region */
maxMove = 5; /* Maximum movement of bleach spot in x- and y-directions */
moves = 2*maxMove + 1;
movePos = newArray(moves); /* Movements around current position to track */
for (i=0; i<moves; i++){
movePos[i] = i - maxMove;
}
moveLen = movePos.length;
prevInt = newArray(moveLen*moveLen); /* Previous intensities around bleach region */
currInt = newArray(moveLen*moveLen); /* Current intensities around bleach region */
normInt = newArray(moveLen*moveLen); /* Ratio of current to previous intensities around
bleach region */
critDelta = 1; /* Minimum decrease in intensity corresponding to move in bleach spot */
for (i=1; i<=nSlices; i++) {
origBetter = 0;
/* Track bleach spot in [moves]-by-[moves] region to account for drifting */
if (i>4) {
for (j=0; j<movePos.length; j++) {
for (k=0; k<movePos.length; k++) {
arrayPos = k + (movePos.length*j);
makeOval(prevPos[0]+movePos[k],prevPos[1]+movePos[j],prevPos[2],prevPos[3]);
run("Measure");
currInt[arrayPos] = getResult("Mean",arrayPos);
}
}
run("Clear Results");
/* Determine new bleach spot position */
if (i>5) {
/* Determine if spot has moved */
Array.getStatistics(currInt, minInt, maxInt, meanInt, stdInt);
delta = minInt/meanInt;
for (j=0; j<currPos.length; j++) {
currPos[j] = prevPos[j];
}
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if (delta<critDelta) {
/* Determine position of largest intensity decrease */
minArr = currInt[0];
minIndex = 0;
for (j=1; j<currInt.length; j++) {
if (currInt[j] < minArr) {
/* Only consider move if new circle has slightly
lower intensity than original position */
if (1.001*currInt[j]<currInt[(currInt.length-1)/2]) {
minArr = currInt[j];
minIndex = j;
}
}
}
/* Prevent too large steps */
makeOval(235,229,41,41); /* Initial bleach region */
run("Measure");
origInt = getResult("Mean",0);
run("Clear Results");
if (minArr < origInt) {
col = minIndex%movePos.length;
row = (minIndex-col)/movePos.length;
currPos[0] = currPos[0] + movePos[col];
currPos[1] = currPos[1] + movePos[row];
}
else {
origBetter = 1;
}
}
}
}
/* Measure intensities inside and outside of bleach region */
makeOval(currPos[0],currPos[1],currPos[2],currPos[3]); /* Bleach region */
run("Measure");
makeRectangle(rect1[0],rect1[1],rect1[2],rect1[3]); /* Area 1 far from bleach region */
run("Measure");
makeRectangle(rect2[0],rect2[1],rect2[2],rect2[3]); /* Area 2 far from bleach region */
run("Measure");
M1 = getResult("Mean",0);
if (origBetter==1) {
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makeOval(235,229,41,41); /* Original bleach region */
run("Measure");
M1 = getResult("Mean",3);
}
M2 = (getResult("Mean",1) + getResult("Mean",2))/2;
/* Calculate ratio of intensity inside to outside bleach region */
relInt = M1/M2;
/* Determine mean relInt pre-bleach */
if (i<6) {
if (i==1) {
total = 0;
}
total = total + relInt;
if (i==5) {
max = total/5;
}
}
/* Determine relInt immediately after bleach */
else if (i==6) {
min = relInt;
}
/* Calculate relInt over time, noramlized between 0 and 1 */
else {
num = relInt - min;
den = max - min;
frac = num/den;
write(frac);
}
/* Advance to next image */
for (j=0; j<currInt.length; j++) {
prevInt[j] = currInt[j];
}
for (j=0; j<currPos.length; j++) {
prevPos[j] = currPos[j];
}
run("Clear Results");
run("Next Slice [>]");
}
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A.5.3 FRAP Curve Fitting Code
function [D_eff,k_on,k_off,F_inf,D_f,I_fit] = FRAP_fit_77k
close all
clear
clc
load('FRAP_Data_77k.mat') %Change to have correct filename
points = size(FRAP_Curves_77k, 2) - 1;
%Initialize Vectors
F_inf = zeros(1,points);
D_eff = zeros(1,points);
k_on = zeros(1,points);
k_off = zeros(1,points);
D_f = zeros(1,points);
%Define constants
w = 7.45E-6; %m
fname = 'C:\Users\User1\Documents\Research\FRAP Data\Final Fits\77k';
%Set range of k values to test
k_on_test = logspace(-4,4,30);
k_off_test = logspace(-4,4,30);
%Parse data
time = FRAP_Curves_77k(:,1);
time_no0 = FRAP_Curves_77k(2:end,1);
time3 = [FRAP_Curves_77k(2:10,1); FRAP_Curves_77k(11:3:end,1)];
I_fit = zeros(points,length(time));
%Define simplified function to be fit for determination of initial values
%for D and F_inf
curveFitIn = @(D,t) D(1).*exp(-w.^2./(2.*t.*D(2))).*...
(besseli(0,w.^2./(2.*t.*D(2))) + besseli(1,w.^2./(2.*t.*D(2))));
options = optimset('Display','off','TolFun',1e-20,'TolX',1e-20,...
'FunValCheck','on');
%Fit each curve to function
for i = 1:points
maxFrac = max(FRAP_Curves_77k(:,i+1));
F_inf0 = maxFrac;
D0 = 1E-12;
fit3 = [FRAP_Curves_77k(2:10,i+1); FRAP_Curves_77k(11:3:end,i+1)];
%Implement error-handling strategy to obtain initial values for D and
%F_inf, using the largest D value that does not result in an error
try
D_out = nlinfit(time3,fit3,curveFitIn,[F_inf0,D0],options);
catch
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try
D_out = nlinfit(time3,fit3,curveFitIn,[F_inf0,1E-13],options);
catch
try
D_out = nlinfit(time3,fit3,curveFitIn,[F_inf0,1E-14],...
options);
catch
try
D_out = nlinfit(time3,fit3,curveFitIn,...
[F_inf0,1E-15],options);
catch
D_out = [F_inf0,1E-16];
end
end
end
end
%Determine good initial values for k_on and k_off
resid = zeros(length(k_on_test),length(k_off_test));
D_fit = zeros(length(k_on_test)*length(k_off_test),2);
n = 1;
for j = 1:length(k_on_test)
for k = 1:length(k_off_test)
k_fixed = [k_on_test(j),k_off_test(k)];
try
[beta_out,R] = nlinfit(time3,fit3,...
@(params,t) curveFit2(params,t,k_fixed),...
D_out',options);
D_fit(n,:) = beta_out';
resid_test = sum(R.^2);
if isnan(resid_test) == 1
resid(k,j) = 1E6; %Ignore k_on, k_off values that yield
%imaginary values for part of curve
else
resid(k,j) = resid_test;
end
catch
resid(k,j) = 1E6;

%Ignore k_on, k_off values that give
%errors

end
n = n + 1; %Keep track of which k_on-k_off combination is used
end
end
%Select k_on, k_off pair that gave the lowest residuals
[min_col,row] = min(resid);
[~,col] = min(min_col);
row = row(col);
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min_pos = row + (length(k_off_test)*(col - 1));
F_inf0 = D_fit(min_pos,1);
D0 = D_fit(min_pos,2);
k_on0 = k_on_test(col);
k_off0 = k_off_test(row);
beta0 = [F_inf0,D0,k_on0,k_off0];
%Attempt to optimize parameter values around this course-grain minimum
try
beta_out = nlinfit(time3,fit3,@curveFit,beta0,options);
catch
beta_out = beta0;
end
sprintf('Fit %d of %d completed.',i,points)
%Store optimized parameter values
F_inf(i) = beta_out(1);
D_f(i) = beta_out(2);
k_on(i) = beta_out(3);
k_off(i) = beta_out(4);
%Caluclate D_eff
D_eff(i) = D_f(i)./(1 + (k_on(i)./k_off(i)));
I_fit(i,2:end) = curveFit(beta_out,time_no0);
figure
hold on
plot(time,FRAP_Curves_77k(:,i+1),'ro')
plot(time,I_fit(i,:),'k--')
title(num2str(i))
xlabel('Time (s)')
ylabel('f(t)')
hold off
saveas(gca,fullfile(fname,num2str(i)),'png');
close all
end
end
%Full function to be fit
function f_t = curveFit(params,t)
w = 7.45E-6; %m^-6
F_inf = params(1);
D = params(2);
k_on = params(3);
k_off = params(4);
F_eq = k_off./(k_on + k_off);
C_eq = k_on./(k_on + k_off);
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frap = @(s) F_inf.*((1./s) - (((F_eq./s).*(1 - 2.*...
besselk(1,sqrt((s./D).*(1 + (k_on./(s + k_off)))).*w).*...
besseli(1,sqrt((s./D).*(1 + (k_on./(s + k_off)))).*w))).*...
(1 + (k_on./(s + k_off)))) - (C_eq./(s + k_off)));
f_t = talbot_inversion(frap, t');
end
%Full function to be fit, given fixed values for k_on and k_off
function f_t = curveFit2(params,t,k_fixed)
w = 7.45E-6; %m^-6
F_inf = params(1);
D = params(2);
k_on = k_fixed(1);
k_off = k_fixed(2);
F_eq = k_off./(k_on + k_off);
C_eq = k_on./(k_on + k_off);
frap = @(s) F_inf.*((1./s) - (((F_eq./s).*(1 - 2.*...
besselk(1,sqrt((s./D).*(1 + (k_on./(s + k_off)))).*w).*...
besseli(1,sqrt((s./D).*(1 + (k_on./(s + k_off)))).*w))).*...
(1 + (k_on./(s + k_off)))) - (C_eq./(s + k_off)));
f_t = talbot_inversion(frap, t');
end
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Appendix B. Supporting Information for Chapter 3

Figure B-1. Normalized differential refractive index signals from gel permeation chromatography
of PNIPAM samples. The small shoulder at earlier elution times corresponding to twice the peak
molecular weight in some samples results from slight reactivity of the double bond in the furanprotected maleimide of the CTA, as reported previously.1
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Figure B-2. Radially averaged SAXS patterns for 1xSP9.8k. Top row (left to right): 30 wt.%, 35 wt.%, 40 wt.%, 45 wt.%. Bottom row
(left to right): 50 wt.%, 60 wt.%, 70 wt.%, 100 wt.%. Curves are offset vertically for clarity. The seven curves in each plot correspond
to temperatures of 10 °C to 40 °C in 5 °C intervals, from bottom to top.
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Figure B-3. Radially averaged SAXS patterns for 2xSP17k. Top row (left to right): 30 wt.%, 35 wt.%, 40 wt.%, 45 wt.%. Bottom row
(left to right): 50 wt.%, 60 wt.%, 70 wt.%, 100 wt.%. Curves are offset vertically for clarity. The seven curves in each plot correspond
to temperatures of 10 °C to 40 °C in 5 °C intervals, from bottom to top.
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Figure B-4. Radially averaged SAXS patterns for 3xSP25k. Top row (left to right): 30 wt.%, 35 wt.%, 40 wt.%, 45 wt.%. Bottom row
(left to right): 50 wt.%, 60 wt.%, 70 wt.%, 100 wt.%. Curves are offset vertically for clarity. The seven curves in each plot correspond
to temperatures of 10 °C to 40 °C in 5 °C intervals, from bottom to top.
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Figure B-5. Radially averaged SAXS patterns for 4xSP30k. Top row (left to right): 30 wt.%, 35 wt.%, 40 wt.%, 45 wt.%. Bottom row
(left to right): 50 wt.%, 60 wt.%, 70 wt.%, 100 wt.%. Curves are offset vertically for clarity. The seven curves in each plot correspond
to temperatures of 10 °C to 40 °C in 5 °C intervals, from bottom to top.
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Figure B-6 a-c. DPLS and turbidimetry heating/cooling cycles for 1xSP9.8k at (a) 30 wt.%, (b)
35 wt.%, and (c) 40 wt.%. The red curve represents the heating cycle, and the blue curve represents
the cooling cycle. The black curve represents the 10-minute equilibration at the end of the heating
cycle before cooling.
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Figure B-6 d-f. DPLS and turbidimetry heating/cooling cycles for 1xSP9.8k at (d) 45 wt.%, (e)
50 wt.%, and (f) 60 wt.%. The red curve represents the heating cycle, and the blue curve represents
the cooling cycle. The black curve represents the 10-minute equilibration at the end of the heating
cycle before cooling.
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Figure B-6 g-h. DPLS and turbidimetry heating/cooling cycles for 1xSP9.8k at (g) 70 wt.% and
(h) 100 wt.%. The red curve represents the heating cycle, and the blue curve represents the cooling
cycle. The black curve represents the 10-minute equilibration at the end of the heating cycle before
cooling. For the 100 wt.% sample, power fraction is zero under all measured conditions.
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Figure B-7 a-c. DPLS and turbidimetry heating/cooling cycles for 2xSP17k at (a) 30 wt.%, (b) 35
wt.%, and (c) 40 wt.%. The red curve represents the heating cycle, and the blue curve represents
the cooling cycle. The black curve represents the 10-minute equilibration at the end of the heating
cycle before cooling. For the 35 wt.% sample, power fraction is zero under all measured
conditions.
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Figure B-7 d-f. DPLS and turbidimetry heating/cooling cycles for 2xSP17k at (d) 45 wt.%, (e) 50
wt.%, and (f) 60 wt.%. The red curve represents the heating cycle, and the blue curve represents
the cooling cycle. The black curve represents the 10-minute equilibration at the end of the heating
cycle before cooling.
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Figure B-7 g-h. DPLS and turbidimetry heating/cooling cycles for 2xSP17k at (g) 70 wt.% and
(h) 100 wt.%. The red curve represents the heating cycle, and the blue curve represents the cooling
cycle. The black curve represents the 10-minute equilibration at the end of the heating cycle before
cooling. For the 100 wt.% sample, power fraction is zero under all measured conditions.
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Figure B-8 a-c. DPLS and turbidimetry heating/cooling cycles for 3xSP25k at (a) 30 wt.%, (b) 35
wt.%, and (c) 40 wt.%. The red curve represents the heating cycle, and the blue curve represents
the cooling cycle. The black curve represents the 10-minute equilibration at the end of the heating
cycle before cooling. For the 35 wt.% sample, power fraction is zero under all measured
conditions.

254

Figure B-8 d-f. DPLS and turbidimetry heating/cooling cycles for 3xSP25k at (d) 45 wt.%, (e) 50
wt.%, and (f) 60 wt.%. The red curve represents the heating cycle, and the blue curve represents
the cooling cycle. The black curve represents the 10-minute equilibration at the end of the heating
cycle before cooling.
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Figure B-8 g-h. DPLS and turbidimetry heating/cooling cycles for 3xSP25k at (g) 70 wt.% and
(h) 100 wt.%. The red curve represents the heating cycle, and the blue curve represents the cooling
cycle. The black curve represents the 10-minute equilibration at the end of the heating cycle before
cooling.
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Figure B-9 a-c. DPLS and turbidimetry heating/cooling cycles for 4xSP30k at (a) 30 wt.%, (b) 35
wt.%, and (c) 40 wt.%. The red curve represents the heating cycle, and the blue curve represents
the cooling cycle. The black curve represents the 10-minute equilibration at the end of the heating
cycle before cooling. For the 30 wt.% sample, power fraction is zero under all measured
conditions.
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Figure B-9 d-f. DPLS and turbidimetry heating/cooling cycles for 4xSP30k at (d) 45 wt.%, (e) 50
wt.%, and (f) 60 wt.%. The red curve represents the heating cycle, and the blue curve represents
the cooling cycle. The black curve represents the 10-minute equilibration at the end of the heating
cycle before cooling.
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Figure B-9 g-h. DPLS and turbidimetry heating/cooling cycles for 4xSP30k at (g) 70 wt.% and
(h) 100 wt.%. The red curve represents the heating cycle, and the blue curve represents the cooling
cycle. The black curve represents the 10-minute equilibration at the end of the heating cycle before
cooling. For the 100 wt.% sample, power fraction is zero under all measured conditions.
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Figure B-10. DSC curves of (a) 1xSP9.8k, (b) 2xSP17k, (c) 3xSP25k, and (d) 4xSP30k at varying
concentrations. Curves are offset for clarity.
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Figure B-11. Effect of incubation time on ordering quality in 70 wt.% 3xSP25k samples. (a) SAXS
curves for samples incubated at room temperature for 0, 1, 2, 4, or 7 days (bottom to top). (b)
FWHM-1 of the primary scattering peak for samples in (a) indicate a slight improvement in
ordering with increasing incubation time. (c) CD spectra of the conjugates reveal that the protein
block remains folded during incubation at room temperature. Differences between CD spectra of
conjugates in (c) below 205 nm are primarily due to high noise in the CD spectrometer at these
wavelengths.
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Figure B-12. Comparison of binding curves obtained for each considered conjugate and
rcSso7d.SA monolayer using streptavidin labeled with Alexa Fluor 647 as the analyte. All curves
are shifted to a background signal of 0 for clarity. Thicknesses for the 1xSP9.8k, 2xSP17k,
3xSP25k, and 4xSP30k films are 120, 90, 80, and 135 nm, respectively. Error bars represent the
standard deviation of three replicates.
Table B-1. Intermediate Values in Calculation of Relative Number of Binding Sites
Thin Film
Weight
Predicted Thickness Calculated Densityc Calculated
a
Fraction
Ratiob
(nm)
[P]T (nM) (mol/cm2)
Ratiod
1xSP25k
0.27
1.00
155
3100
4.8
1.00
2xSP25k
0.39
1.43
130
3300
4.3
0.90
3xSP25k
0.47
1.73
150
3900
5.9
1.24
4xSP25k
0.53
1.94
170
3700
6.2
1.31
a

Calculated as the weight fraction of rcSso7d.SA protein in the conjugate. bRatios of weight fractions relative to the
1xSP25k thin film. cDensity of binding sites within a cross-sectional area of the film parallel to the surface. dRatios of
the product of film thickness and [P]T relative to the 1xSP25k thin film.

References for Appendix B
1.
Thomas, C. S.; Glassman, M. J.; Olsen, B. D., Solid-State Nanostructured Materials from
Self-Assembly of a Globular Protein–Polymer Diblock Copolymer. ACS Nano 2011, 5 (7), 56975707, DOI: 10.1021/nn2013673
262

Appendix C. Supporting Information for Chapter 4
Table C-1. Activities and thicknesses of 2x and coiled-coil fusion conjugate thin films.
Conjugate
Film Thickness (nm)
Film Activity/Film Thickness (MFI/nm)a
2x
151
0.32 ± 0.05
2xZEC
136
6.8 ± 0.3
2xZRC
120
0.8 ± 0.1
2xZEN
111
1.2 ± 0.1
2xZEC-ZRC
204
3.6 ± 0.1
2xZEN-ZRC
172
0.09 ± 0.01
a

Reported errors represent the standard deviation across three replicates.

Figure C-1. Normalized differential refractive index signal from gel permeation chromatography
of the synthesized PNIPAM sample. The small shoulder at an earlier elution time corresponding
to twice the peak molecular weight results from slight reactivity of the double bond in the furanprotected maleimide of the CTA, as reported previously.1
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Figure C-2. Radially averaged SAXS patterns for 2xZEC conjugates at (a) 30 wt.%, (b) 35 wt.%, (c) 40 wt.%, (d) 45 wt.%, (e) 50 wt.%,
(f) 60 wt.%, and (g) 100 wt.%. Curves are offset vertically for clarity. The seven curves in each plot correspond to temperatures of 10 °C
to 40 °C in 5 °C intervals, from bottom to top.
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Figure C-3. Radially averaged SAXS patterns for 2xZRC conjugates at (a) 30 wt.%, (b) 35 wt.%, (c) 40 wt.%, (d) 45 wt.%, (e) 50 wt.%,
(f) 60 wt.%, and (g) 100 wt.%. Curves are offset vertically for clarity. The seven curves in each plot correspond to temperatures of 10 °C
to 40 °C in 5 °C intervals, from bottom to top.
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Figure C-4. Radially averaged SAXS patterns for 2xZEN conjugates at (a) 30 wt.%, (b) 35 wt.%, (c) 40 wt.%, (d) 45 wt.%, (e) 50 wt.%,
(f) 60 wt.%, and (g) 100 wt.%. Curves are offset vertically for clarity. The seven curves in each plot correspond to temperatures of 10 °C
to 40 °C in 5 °C intervals, from bottom to top.
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Figure C-5. Radially averaged SAXS patterns for 2xZEC-ZRC conjugates at (a) 30 wt.%, (b) 35 wt.%, (c) 40 wt.%, (d) 45 wt.%, (e)
50 wt.%, (f) 60 wt.%, and (g) 100 wt.%. Curves are offset vertically for clarity. The seven curves in each plot correspond to temperatures
of 10 °C to 40 °C in 5 °C intervals, from bottom to top.
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Figure C-6. Radially averaged SAXS patterns for 2xZEN-ZRC conjugates at (a) 30 wt.%, (b) 35 wt.%, (c) 40 wt.%, (d) 45 wt.%, (e)
50 wt.%, (f) 60 wt.%, and (g) 100 wt.%. Curves are offset vertically for clarity. The seven curves in each plot correspond to temperatures
of 10 °C to 40 °C in 5 °C intervals, from bottom to top.
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Figure C-7a-c. DPLS (left) and turbidimetry (right) heating/cooling cycles for 2xZEC conjugates
at (a) 30 wt.%, (b) 35 wt.%, and (c) 40 wt.%. The red curve represents the heating cycle, and the
blue curve represents the cooling cycle. The black curve represents the 10-minute equilibration at
the end of the heating cycle before cooling.
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Figure C-7d-f. DPLS (left) and turbidimetry (right) heating/cooling cycles for 2xZEC conjugates
at (d) 45 wt.%, (e) 50 wt.%, and (f) 60 wt.%. The red curve represents the heating cycle, and the
blue curve represents the cooling cycle. The black curve represents the 10-minute equilibration at
the end of the heating cycle before cooling.
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Figure C-7g. DPLS (left) and turbidimetry (right) heating/cooling cycles for 2xZEC conjugates
at (g) 100 wt.%. The red curve represents the heating cycle, and the blue curve represents the
cooling cycle. The black curve represents the 10-minute equilibration at the end of the heating
cycle before cooling.
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Figure C-8a-c. DPLS (left) and turbidimetry (right) heating/cooling cycles for 2xZRC conjugates
at (a) 30 wt.%, (b) 35 wt.%, and (c) 40 wt.%. The red curve represents the heating cycle, and the
blue curve represents the cooling cycle. The black curve represents the 10-minute equilibration at
the end of the heating cycle before cooling.
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Figure C-8d-f. DPLS (left) and turbidimetry (right) heating/cooling cycles for 2xZRC conjugates
at (d) 45 wt.%, (e) 50 wt.%, and (f) 60 wt.%. The red curve represents the heating cycle, and the
blue curve represents the cooling cycle. The black curve represents the 10-minute equilibration at
the end of the heating cycle before cooling.
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Figure C-8g. DPLS (left) and turbidimetry (right) heating/cooling cycles for 2xZRC conjugates
at (g) 100 wt.%. The red curve represents the heating cycle, and the blue curve represents the
cooling cycle. The black curve represents the 10-minute equilibration at the end of the heating
cycle before cooling.
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Figure C-9a-c. DPLS (left) and turbidimetry (right) heating/cooling cycles for 2xZEN conjugates
at (a) 30 wt.%, (b) 35 wt.%, and (c) 40 wt.%. The red curve represents the heating cycle, and the
blue curve represents the cooling cycle. The black curve represents the 10-minute equilibration at
the end of the heating cycle before cooling.
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Figure C-9d-f. DPLS (left) and turbidimetry (right) heating/cooling cycles for 2xZEN conjugates
at (d) 45 wt.%, (e) 50 wt.%, and (f) 60 wt.%. The red curve represents the heating cycle, and the
blue curve represents the cooling cycle. The black curve represents the 10-minute equilibration at
the end of the heating cycle before cooling.
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Figure C-9g. DPLS (left) and turbidimetry (right) heating/cooling cycles for 2xZEN conjugates
at (g) 100 wt.%. The red curve represents the heating cycle, and the blue curve represents the
cooling cycle. The black curve represents the 10-minute equilibration at the end of the heating
cycle before cooling.
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Figure C-10a-c. DPLS (left) and turbidimetry (right) heating/cooling cycles for 2xZEC-ZRC
conjugates at (a) 30 wt.%, (b) 35 wt.%, and (c) 40 wt.%. The red curve represents the heating
cycle, and the blue curve represents the cooling cycle. The black curve represents the 10-minute
equilibration at the end of the heating cycle before cooling.

278

Figure C-10d-f. DPLS (left) and turbidimetry (right) heating/cooling cycles for 2xZEC-ZRC
conjugates at (d) 45 wt.%, (e) 50 wt.%, and (f) 60 wt.%. The red curve represents the heating cycle,
and the blue curve represents the cooling cycle. The black curve represents the 10-minute
equilibration at the end of the heating cycle before cooling.
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Figure C-10g. DPLS (left) and turbidimetry (right) heating/cooling cycles for 2xZEC-ZRC
conjugates at (g) 100 wt.%. The red curve represents the heating cycle, and the blue curve
represents the cooling cycle. The black curve represents the 10-minute equilibration at the end of
the heating cycle before cooling.
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Figure C-11a-c. DPLS (left) and turbidimetry (right) heating/cooling cycles for 2xZEN-ZRC
conjugates at (a) 30 wt.%, (b) 35 wt.%, and (c) 40 wt.%. The red curve represents the heating
cycle, and the blue curve represents the cooling cycle. The black curve represents the 10-minute
equilibration at the end of the heating cycle before cooling.

281

Figure C-11d-f. DPLS (left) and turbidimetry (right) heating/cooling cycles for 2xZEN-ZRC
conjugates at (d) 45 wt.%, (e) 50 wt.%, and (f) 60 wt.%. The red curve represents the heating cycle,
and the blue curve represents the cooling cycle. The black curve represents the 10-minute
equilibration at the end of the heating cycle before cooling.
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Figure C-11g. DPLS (left) and turbidimetry (right) heating/cooling cycles for 2xZEN-ZRC
conjugates at (g) 100 wt.%. The red curve represents the heating cycle, and the blue curve
represents the cooling cycle. The black curve represents the 10-minute equilibration at the end of
the heating cycle before cooling.
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Figure C-12. DSC curves of (a) 2xZEC, (b) 2xZRC, (c) 2xZEN, (d) 2xZEC-ZRC, and (e) 2xZENZRC at varying concentrations. Curves are offset for clarity. The seven curves in each plot
correspond to concentrations of 30, 35, 40, 45, 50, 60, and 100 wt.%, from bottom to top.
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Figure C-13. Transition temperatures for (a) macrophase separation and (b) PNIPAM desolvation
for the coiled-coil fusion conjugates as a function of concentration. In (a) no macrophase
separation was observed in 2x or 2xZRC conjugates.

Figure C-14. Domain spacings of coiled-coil fusion conjugates in aqueous solution at 25 °C. Bulk
data are disconnected from solution-phase data to indicate that the bulk samples are not at
equilibrium. Data for 2x are taken from the literature.2
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Figure C-15. FWHM-1 of ordered phases in 45 weight percent 2xZRC samples as a function of
temperature. The red dashed line represents the measured melting point of 2xZRC homodimerized
coiled-coils, 23 °C.
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Appendix D. Supporting Information for Chapter 5

Figure D-1. Normalized differential refractive index signals from gel permeation
chromatography of PNIPAM samples. The small shoulder at earlier elution times corresponding
to twice the peak molecular weight in some samples results from slight reactivity of the double
bond in the furan-protected maleimide of the CTA, as reported previously.1
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Figure D-2. Representative GISAXS vertical linecut from swollen thin films. GISAXS pattern
was collected from a 3xSP56.1k thin film at an incident angle of 0.140°.
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Figure D-3. Bulk SAXS curves for synthesized conjugates at ambient conditions.
Table D-1. Comparison of Bulk and Thin Film Domain Spacings
Conjugate
Bulk Domain
Film Domain
a
Spacing (nm)
Spacing (nm)b
3xSP9.6k
18.4
21.9
3xSP23.3k
26.9
30.6
3xSP30.3k
27.5
32.0
3xSP56.1k
35.9
43.5
3xSP77.6k
43.5
53.9
a
Measured using bulk samples at ambient conditions. bMeasured at 95% RH.
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Figure D-4. GISAXS horizontal linecuts of a 150 nm 3xSP56.1k film swollen in an environment
maintained at 95% RH for different periods of time. GISAXS patterns were collected at an incident
angle of 0.140°.
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Table D-2. Best-fit Parameters for Buffer Binding Curves
Streptavidin Films
Film
Thickness (nm) αa (MFI/nM)
[P]Ta (nM)
Monolayer
-107 ± 8
0.36 ± 0.03
3xSP9.6k, 30 min
173
100 ± 10
0.08 ± 0.01
3xSP9.6k, 4 h
138
110 ± 20
0.9 ± 0.2
3xSP77.6k, 30 min
161
80 ± 50
0.3 ± 0.2
3xSP77.6k, 4 h
121
123 ± 6
0.41 ± 0.02
3xSP77.6k, 8 h
105
130 ± 20
0.64 ± 0.07
Monomeric Streptavidin Films
Film
Thickness (nm) αa (MFI/nM)
[P]Ta (nM)
Monolayer
-100 ± 10
0.35 ± 0.05
3xSP9.6k, 30 min
165
114 ± 9
0.38 ± 0.03
3xSP9.6k, 4 h
138
100 ± 20
0.7 ± 0.1
3xSP56.1k, 30 min
202
129 ± 7
1.17 ± 0.06
3xSP56.1k, 4 h
140
80 ± 9
3.2 ± 0.4
3xSP56.1k, 8 h
133
90 ± 10
2.8 ± 0.4
a

Reported errors represent 95% confidence intervals for the parameter estimate.
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Kd,appa (µM)
8±2
60 ± 10
40 ± 10
80 ± 60
17 ± 2
15 ± 4
Kd,appa (µM)
3±1
11 ± 2
3.7 ± 0.9
33 ± 4
16 ± 4
13 ± 5

Table D-3. Best-fit Parameters for Biological Matrix Binding Curves
Streptavidin Films (Urine)
Film
Thickness (nm) αa (MFI/nM)
[P]Ta (nM)
Kd,appa (µM)
Monolayer
-150 ± 10
0.29 ± 0.02
47 ± 5
3xSP9.6k
142
80 ± 20
0.26 ± 0.05
30 ± 10
3xSP30.3k
184
80 ± 20
0.27 ± 0.06
30 ± 10
3xSP77.6k
154
160 ± 30
0.30 ± 0.06
50 ± 20
Streptavidin Films (Blood)
Film
Thickness (nm) αa (MFI/nM)
[P]Ta (nM)
Kd,appa (µM)
Monolayer
-150 ± 20
0.28 ± 0.04
40 ± 10
3xSP9.6k
123
90 ± 10
0.27 ± 0.04
50 ± 10
3xSP30.3k
159
80 ± 20
0.23 ± 0.04
40 ± 10
3xSP77.6k
133
120 ± 20
0.6 ± 0.1
40 ± 10
Monomeric Streptavidin Films (Urine)
Film
Thickness (nm) αa (MFI/nM)
[P]Ta (nM)
Kd,appa (µM)
Monolayer
-119 ± 3
0.40 ± 0.01
50 ± 2
3xSP9.6k
142
128 ± 5
17.0 ± 0.7
26 ± 2
3xSP30.3k
184
120 ± 20
16 ± 2
29 ± 6
3xSP77.6k
154
120 ± 10
15 ± 1
31 ± 5
Monomeric Streptavidin Films (Blood)
Film
Thickness (nm) αa (MFI/nM)
[P]Ta (nM)
Kd,appa (µM)
Monolayer
-120 ± 10
0.40 ± 0.03
62 ± 7
3xSP9.6k
123
97 ± 2
9.4 ± 0.2
12.2 ± 0.6
3xSP30.3k
159
111 ± 4
5.7 ± 0.2
20 ± 1
3xSP77.6k
133
110 ± 10
4.5 ± 0.5
35 ± 6
a

Reported errors represent 95% confidence intervals for the parameter estimate.

Table D-4. Linear Range Approximations for Detection of mSA2 in Urine
Approximate Linear Range
Film
Concentrations (nM)
Monolayer
5000 – ≥28000a
3xSP9.6k
10 – ≥28000a
3xSP30.3k
10 – ≥28000a
3xSP77.6k
100 – ≥28000a
a

The maximum concentration of mSA2 that could be tested was 28000 nM, and the linear range for all 4 films was
found to include this concentration.
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Figure D-5. (a) Retention of biosensing capabilities in 3xSP77.6k thin films under different
temperature and humidity conditions. (b) GISAXS horizontal linecuts of the films in (a) after 14
days show no significant change in structure. Full GISAXS patterns for films exposed to (c)
ambient conditions and (d) high temperature and high humidity from which the linecuts in (b) were
generated. All measurements were conducted on sections cut from the same 204 nm film. Films in
(a) were exposed to 10 µM solutions of SA for 4 hours. GISAXS patterns were collected at an
incident angle of 0.140°. Error bars in (a) represent the standard deviation of three replicates.
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Figure D-6. Results of sequential fluorescent binding assays using (a) mSA2 and (b) SA as the
analyte. Error bars represent the standard deviation of three replicates. 150 nm 3xSP77.6k thin
films were exposed for 4 hours to solutions of either mSA2 or SA (fluorescently labeled with
Alexa Fluor 647; similar emission and excitation maxima as Cy5), each with a concentration of 10
µM, and imaged using Cy5 and FITC filter sets (orange bars in figure). Films were then exposed
to a 200 ng/mL solution of biotin-HRP (fluorescently labeled with Alexa Fluor 488; similar
emission and excitation maxima as FITC) for 4 hours and again imaged using Cy5 and FITC filter
sets (purple bars in figure). While the film exposed to SA showed significant biotin-HRP binding,
almost no biotin-HRP was bound to the film exposed to mSA2. The slight increase in fluorescent
signal in the Cy5 filter channel after biotin-HRP binding in (b) is likely due to slight overlap of the
Cy5 filter set emission and excitation wavelengths with the emission and excitation spectra for
Alexa Fluor 488.

Figure D-7. Binding curves for sandwich assays performed with SA in (a) 50% urine and (b) 50%
blood serum. Error bars represent the standard deviation of three replicates.
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Appendix E. Supporting Information for Chapter 6
The entanglement molar mass of PNIPAM at a concentration c in solution can be calculated from
the entanglement molar mass in the melt Me as follows:1-2
𝑀𝑒 (𝑐) =

𝑀𝑒
(𝑐/𝑔 𝑐𝑚−3 )1.3

Because the density of PNIPAM, 1.05 g/cm3,3 is close to that of water, a 0.2 volume fraction
solution of PNIPAM should have a concentration of approximately 0.2 g/cm3. Using an
approximate range of 15-30 kDa for the melt entanglement molar mass of PNIPAM,1 it can be
estimated that:
𝑴𝒆 (𝟎. 𝟐 𝒗𝒐𝒍. 𝒇𝒓𝒂𝒄. ) ≈ 𝟏𝟐𝟎 – 𝟐𝟑𝟎 𝒌𝑫𝒂

Figure E-1. Normalized differential refractive index signals from gel permeation chromatography
of PNIPAM samples. The small shoulder at earlier elution times corresponding to twice the peak
molecular weight in some samples results from slight reactivity of the double bond in the furanprotected maleimide of the CTA, as reported previously.4
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Figure E-2. GISAXS patterns of crosslinked thin films of (a) 3xSP9.6k, (b) 3xSP23k, (c)
3xSP46k, (d) 3xSP56k, (e) 3xSP77k, and (f) 3xSP117k at 0% RH.

Figure E-3. Radially averaged SAXS patterns for 3x rcSso7d.SA conjugates in the bulk state.
Curves are offset vertically for clarity. Data were collected at 20 °C.
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Figure E-4. Fits to SANS patterns for (a) CytC and (b) mSA2 in deuterated PBS at 20 °C. The
CytC curve was fit using a sphere form factor with a Schultz distribution to account for
polydispersity in the radius, and the mSA2 curve was fit using a cylinder form factor with a Schultz
distribution to account for polydispersity in the length.

Figure E-5. CD curves for proteins in PBS with and without 10 wt.% PNIPAM 77k added at
20 °C. Curves in the presence of PNIPAM are only plotted to 215 nm, as at lower wavelengths the
CD signal became noisy due to absorbance from PNIPAM. In all cases, the protein secondary
structure shows no significant change when exposed to PNIPAM, suggesting that the polymer is
not causing protein unfolding.
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Figure E-6. DLS size histograms at 20 °C for PNIPAM 117k in PBS and proteins (~0.4 wt.%) in
PBS with and without 1 wt.% PNIPAM 117k added. Graphs show proteins that consistently
diffused (a, b) faster than, (c, d) roughly in accordance with, and (e, f) slower than Stokes-Einstein
predictions in PNIPAM solutions. Solutions with only PNIPAM 117k show two peaks,
corresponding to two populations of relaxation times. Protein solutions generally exhibit a single
peak with a smaller mean radius than either of the PNIPAM peaks. When mixed with PNIPAM
117k, the PNIPAM peaks are present in roughly the same positions as in pure PNIPAM solutions
while the protein peaks disappear. This disappearance is likely the result of the peaks becoming
convoluted with the PNIPAM peaks, as the proteins experience slower diffusion and relaxation
times in the presence of PNIPAM. In (a) and (b), a new peak corresponding to fast relaxation times
is observed, and in (e) and (f), a new peak corresponding to extremely slow relaxation times is
observed. All of these new peaks are consistent with the fast or slow diffusivities compared to
Stokes-Einstein predictions that are observed in FRAP experiments.
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Figure E-7. Fluorescence intensities of 1 µM mixtures of fluorescently-labeled mSA2 with 100
µM of the specified protein relative to that of a 1 µM solution of only fluorescently-labeled mSA2.
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