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Abstract

Generating Protein-Functionalized Nanomaterials

via Rationally Designed Statistically Random Heteropolymers

By
Brian Matibag Panganiban
Doctor of Philosophy in Materials Science and Engineering
University of California, Berkeley

Professor Ting Xu, Chair

The focus of this dissertation is on the development of a modular approach toward
protein-based nanomaterials. Over the past billion years, nature has optimized proteins to
sustain the complexities of life. The efficiency, reproducibility, and diversity of functions
that proteins poses is unmatched by any biomimetic product. Successful integration of
active proteins with synthetic polymers has the potential to combine the advantages of
both the biological as well as the synthetic world. Proteins would provide materials with
chemical heterogeneity, structural precision, catalytic activity, and system dynamics not
offered by manmade materials, and polymers would provide a platform that is chemically
diverse, processable, and robust. Protein-functionalized materials can clearly open a
viable approach to improving current technologies and will positively impact the current
paradigm of materials science and device engineering.

However, most proteins reside in aqueous media and the majority of their uses are
for biomedical applications. Their insolubility and inability to remain functional in non-
aqueous solvents as well as their susceptibility to high temperatures are major barriers
preventing their general usage toward biofunctional hybrid materials. In order to make
proteins viable building blocks in the materials community, proteins must be processable,
their structure must remain stable during processing, and their function must be preserved
post-fabrication. Reverse micelles have been shown to successfully encapsulate a variety
of proteins and make them processable. Using common small molecules surfactants,
protein-based materials can indeed be created without modification of the protein itself,
but surfactants were observed to only meet the criteria for processability and lent itself to
protein denaturation during and after processing.

Many non-covalent interactions of similar energy scales underlie protein folding,
polymer chain conformation, protein-polymer interactions, polymer-solvent interactions,
1



and solvent-protein interactions. The delicate balance of the various energetic
contributions must be understood in order to manipulate these interactions without
interfering with a protein’s structure and built-in functionality. Using a rational approach,
statistically random heteropolymers were developed that provided increase stability of
proteins in organic solvent and elevated temperatures without interfering with both
protein folding as well as material fabrication. This rational approach limited the
parameter workspace and provided boundaries in which polymers were synthesized. A
mixture of structural characterization of protein-polymer complexes and spectroscopic
analysis of protein-polymer interactions were used to identify polymers that optimized
preservation of protein activity.

This development of statistically random heteropolymers provides a path toward
protein-based materials. By mixing proteins, statistically random heteropolymers, and
commercially available polymers, protein patterning and devices for catalysis were
generated. This work demonstrates the potential of statistically random heteropolymers as
a vehicle toward functional materials, opening up a wide range of possible applications,
from sensors to catalysis to energy.
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§ 1.1. Introduction

Proteins have evolutionarily been optimized to sustain and regulate the
complexities of living. Whereas DNA encodes life, proteins allow life to happen. They
are involved in catalyzing biological reactions, transporting molecules within cells,
providing structural support for biological assemblies, and regulating cellular processes.
Translation of these biologically-derived functions into engineered materials would
provide improvements in a variety of technological sectors. This may lead to immediate
impacts in catalysis, sensing, medicine, energy, storage, stimuli responsive materials, and
hierarchically structured nanomaterials.”™ Although large strides have been made to
create synthetic biomimetics (e.g. molecularly imprinted polymers'®®®, artificial
photosynthetic systems™®), they have generally not been able to replicate the same level of

performance proteins possess.

However, direct incorporation of proteins into current processing practices
remains a challenge. Proteins primarily reside in aqueous media and are typically not
amenable for usage beyond biomedical applications. Organic solvent-use generally
remains a common necessity for the industrial-scale fabrication of various materials. A
protein’s insolubility and inability to remain functional in non-aqueous solutions are
significant hurdles that need to be addressed. Although some proteins can natively
tolerate low levels of organic solvent exposure, this trait is only reserved for a few special
cases and this organic solvent is typically polar and miscible with water.?>?* Nonpolar
solvents would give rise to key issues pertaining to protein solubility, stability, and
processability. Nevertheless, utilizing proteins in organic solvents opens up new
possibilities in creating new hybrid materials.?* %

There have been a variety of methods that address organic solvent
incompatibility. Unfortunately, each technique has glaring limitations; there is no single,
approach that can link any protein to any application. In order to understand and
implement new modifications that stabilize protein structure, a basic understanding of
protein folding and dynamics is required. In this chapter, 1 will briefly discuss the
fundamental aspects of protein assembly, the origin of their inherent functionality, and
the benefits of translating protein function into engineered systems. | will also outline
protein stability from both a thermodynamic and kinetic viewpoint and review existing
approaches toward protein stabilization. Finally, I will elaborate on the potential benefits
of protein-functionalized nanomaterials and how the approach outlined in this dissertation
will pave the way for a new generation of enhanced technology.

8§ 1.2. Proteins

Proteins, the building block for all biotic matter, are special biological polymers
that have adopted a variety of roles in organisms. Proteins can be found in compacted
globular states that freely solubilize in biological serum, acting as biocatalyst.”® They can
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also be found in more complex arrangements, such as fibers for structural support?” or
embedded in membranes as receptor molecules.”® No matter the assumed macroscopic
state, all proteins hierarchically fold into a unique multi-order structure. Although this
may not hold entirely true for intrinsically disordered proteins (IDPs), IDPs do adopt an
ensemble of predictable structures that result in unique functions.”

From a one dimensional line of information, proteins spontaneously adopt a
functional three dimensional configuration. The shape and chemistry of this conformation
dictate a protein’s recognition and interaction with ligands. Through billions of years of
evolution and mutagenesis, fluctuations and irregularities of protein structures gave rise
to a diverse set of functions and properties that have propagated the advancement of life.
Understanding this structure-function relationship and being able to retain protein native
structure is the key toward generating functional biomaterials.

1.2.1. Structure

Unlike the majority of synthetic polymers, proteins possess a precise monomeric
sequence that induces a reproducible three dimensional fold. This three dimensional
structure can be explained and predicted by the interactions that the monomers
experience intramolecularly as well as intermolecularly. A concerted hierarchical
assembly occurs as the protein finds its final conformation, from local assemblies made
up of tens of monomers, to structural domains made up of tens to hundreds of monomers,
and finally to overall structures made up of hundreds to thousands of monomers, as seen
in Figure 1.1. Although there is an endless amount of configurations that a protein can
mathematically adopt, restrictions stemming from monomeric and environmental
interactions result in a single native structure.

(d)
(§/

Figure 1.1. Hierarchical structure of proteins. (a) Amino acids are the basic building
block for proteins. Each amino acid is composed of a carboxylic acid, an amine, a
hydrogen atom, and a unique R-group. (b) The linear sequence of amino acids makes up
a protein’s primary structure. (c) The chain of amino acids folds into secondary
structures, primarily found as a-helices and B-sheets. (d) Tertiary structure arises as
multiple intramolecular secondary structures collapse into a dense structural domain. (e)

(a) o
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Multiple polypeptide chains can hybridize, resulting in the formation of a quaternary
structure.

1.2.1.1. Primary Structure

Proteins, at the most fundamental level, are composed of an unbranched chain of
conjugated monomers called amino acids, as seen in Figure 1.1(a-b). There are 20
canonical amino acids, each containing a basic amino group, an acidic carboxyl group, a
hydrogen atom, and a sidechain. Each amino acid differs in the chemical moiety found on
this sidechain. These chemical groups can vary, from something as simple as hydrogens
or methyls, to something slightly more complex like alkanes, hydroxyls, and
carboxamides, to something more unique such as thiols, guanidiniums, and indoles.
These amino acids are typically grouped into four categories — positively charged polar,
negatively charged polar, non-charged polar, nonpolar — each providing different driving
forces for protein folding. For example, nonpolar sidechains are hydrophobic in nature
and have the propensity to cluster in the presence of water. Contrastingly, polar
sidechains are hydrophilic and prefer to remain hydrated.

Some amino acids offer special attributes. For instance, inclusion of glycine,
which has a hydrogen side group, provides backbone flexibility. Proline is a pyrrolidine-
containing amino acid that tethers a-carbon to the amine along the side group. This
restricts the conformational flexibility of the backbone. Cysteine, an amino acid that
contains a thiol, can form intramolecular, reversible disulfide bonds as a way to further
increase protein stability.

Unlike the secondary, tertiary, and quaternary structure, the primary structure is
held together by covalent bonds. Condensation reaction of the amine from one amino
acid and the carboxylic acid of another amino acid produce a peptide bond linkage. This
type of bond restricts the amount of thermodynamically viable configurations. The
peptide bond hinders rotation around an amide plane, and each amino acid has a specific
geometric shape that sterically restricts certain orientations. When this backbone rotates
to find energetically favorable states, only a few angles are thermodynamically
acceptable. This limits the available conformations that can actually be accessed by the
protein.

1.2.1.2. Secondary Structure

Depending on the localized amino acid sequence, proteins hierarchically fold into
secondary structures, composed primarily of a-helices, B-sheets, and unstructured loops
(Figure 1.1c). a-helices are right-handed helical structures, typically ranging from 4 to 40
amino acids in length. B-sheets are planar structures formed when two or more B-strands
come together. These B-strands are fully extended, typically ranging from 5 to 10 amino
acids in length. The main driving force for secondary structure formation is the
fulfillment of all intramolecular hydrogen bonds along the backbone, from the N-H
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hydrogen bond donor of one amino acid to the C=0 hydrogen bond acceptor of another
amino acid. In a-helices, the N-H forms a hydrogen bond with a C=0 four amino acids
earlier in the protein sequence. In B-sheets, each p-strand is aligned adjacent to another B-
strand to facilitate optimal geometric packing for hybridization.

Unstructured loops are found between a-helices and B-sheets. These loops are
generally formed in the presence of glycines and prolines, amino acids that provide
backbone flexibility and unique backbone kinks, respectively. Unlike a-helices and f-
sheets, hydrogen bonds are not formed intramolecularly in loop structures. Hydrogen
bond donors and acceptors are found within the aqueous solution. This results in loops
favoring the exterior of the protein.

1.2.1.3. Tertiary Structure

The next level of hierarchical complexity arises from the packing of secondary
structures into three dimensional units called structural domains. Domains range from 50
to 200 amino acids, where each domain has a well-defined hydrophobic core. Whereas
the main driving force for secondary structure arises from the formation of hydrogen
bonds, the main interaction that gives rise to structural domains is the hydrophobic effect.
Hydrophobic residues pack and segregate to the core of these domains so as to minimize
their interaction with water. One to several dozen of these structural domains then pack
into a protein’s tertiary structure (Figure 1.1d).

1.2.1.4. Quaternary Structure

Some proteins contain more complex arrangements, termed quaternary structure.
Quaternary structures involve the association of different protein chains into a multi-
component assembly (Figure 1.1e). These chains are not covalently linked, and
quaternary structure can be composed of multiple copies of the same tertiary subunit as
found in hemoglobin,® or different tertiary subunits as found in ribosome.*! These
tertiary subunits are often the fundamental unit of function; by having multiple tertiary
subunits, proteins can possess more complex functions.

1.2.2. Forces Governing Protein Folding

From an entropic standpoint, protein structures are highly unfavorable. The large
entropic penalty associated with restricting a protein with millions of conformations to a
single native structure is fairly large. For example, the Boltzmann’s principle states that
the entropy of a system is proportional to the natural log of the amount of microstates
available:

S=kzln0 (1.1)



In this equation, S is entropy, kg is Boltzmann’s constant, and Q is the number of
microstates. If we assume that a protein has one million conformations, the entropic
penalty associated with the folding process is around 50 kJ/mol at room temperature. In
order for a protein to remain stable, the folded state must overcome this entropic penalty.

Enthalpically, stable protein conformation is attributed to the process of
minimizing the overall free energy of the system, resulting from the sum of intra- and
intermolecular interactions for a given set of environmental influences. Noncovalent
interactions drive protein folding, from pairwise interactions between transient or stable
atomic charges, as seen in Figure 1.2. Depending on the type of interactions that are
present, there is an optimal interaction distance where repulsion and attraction are at
equilibrium, resulting in the formation of a protein’s structure.

Van der Waals Electrostatic Hydrogen Hydrophobic
Forces Interactions Bonding Effect

WA Wan Y e
IR

-0 S
o NH* H CH;

5

) ) CH3
) ) / / HyC

Figure 1.2. Native protein structure is stabilized by the sum of many non-covalent
interactions. These interactions include van der Waals forces, electrostatic interactions,
hydrogen bonding, and the hydrophobic effect.

The weakest of these noncovalent interactions are van der Waals’ forces. This
occurs when two neutral atoms are brought in close proximity to one another, causing an
induced dipole. This induced dipole creates a transient separation in charge, leading to
molecular attraction. For biological molecules, the optimal distance for van der Waals’
forces occurs between 3 to 4 A and becomes negligible after 5 A.3 At distances under 3
A, the atoms behave like hard spheres and experience a repulsive force. This can be
described by the Lennard-Jones Potential,

&y @

U(r) = —4e;; [(2)12 _

r



where U is potential energy, jj is a constant characteristic of the two atom types, oj; is the
average diameter of the atoms, and r is the distance between the two atoms. These van
der Waals’ interaction result in energies of about 1 kJ/mol.*

The strongest type of interaction arises from permanent charges. Unlike van der
Waals’ forces, the optimal distance for each ion pair is around 3 A, and the attraction falls
off slowly with increasing distance. The strength of these interactions is fairly susceptible
to changes in the local environment. In a vacuum, charges separated by 3 A have an
energetic strength of about 500 kJ/mol. At the same distance in water, ionic interactions
result in an energetic strength of about 6 kJ/mol. This phenomenon can be described by
Coulomb’s Law,

Ur) = % (1.3)

where q; and g are the charges of the atoms, D is the effective dielectric constant, and r
is the distance between the two atoms. Water has a dielectric constant of 78.3 at room
temperature while vacuum has a dielectric constant of 1.

Although the interior of the protein provides vacuum-like properties, fully
charged atoms are rarely found in the interior of proteins. In order to bring a charged-
atom into the interior of the protein, the strongly bound water molecules found near the
charged moiety prior to protein folding must be separated. This would result in a large
energetic penalty. Charged residues, consequently, are typically found on the protein
surface, and depending on the extent to which the residue is exposed to water, the energy
can range from 6-20 kd/mol.*

The third type of interaction is hydrogen bonding. Hydrogen bonding is very
common in biological molecules, where atoms are polarized due to differences in
electronegativity. In biology, the most electronegative atoms are oxygen and nitrogen and
the least electronegative are hydrogen and carbon. When an electronegative atom is
covalent attached to hydrogen, atoms are pulled closer to the more electronegative atom,
causing a partial positive charge on the hydrogen and a partial negative charge on the
other.

Unlike the two previous interactions, hydrogen bonds are highly directional, like
covalent bonds. Dipoles interact most favorably when dipoles are aligned. The hydrogen
bonds found in secondary structure have an optimal energy when dipoles are co-linear
and have a distance between 2.4 A and 2.7 A.¥ The rate at which the attraction falls off
with respect to distance can be characterized as something between the interactions
between transient charges in van der Waals’ forces and interactions between stable
charges in ion pairs. This can be described by a variation of the Lennard-Jones Potential,



i\ 12 D;\10
U(r) = Ky [(71) -2(4) ] (1.4)
where Kj, Cj, and Dj are constants and r is the distance between the two atoms.
Hydrogen bonding is weakened by the presence of water due to electrostatic shielding
and competing hydrogen bond donors and acceptors. After accounting for the attenuation
caused by water, hydrogen bonds are typically in the energetic range of around 5-20
kd/mol.*

The largest contributor to protein folding arises from the hydrophobic effect.
There is a relatively small population of charges found on proteins, and interactions
caused by van der Waals’ forces are far too weak to solely keep a protein together.
Hydrogen bonding does not contribute significantly to the overall stability other than
keeping secondary structures intact; the energy difference between intramolecular
hydrogen bonding and hydrogen bonds formed with water is insignificant. The
hydrophobic effect, however, is a large driving force for protein stabilization; there is a
large increase in stability through the shielding of hydrophobic residues within the
interior of the protein. The formation of a hydrophobic core reduces water ordering at the
surface of the protein and increases the entropy of the system.

Although the hydrophobic effect is the main driving force for overall protein
stability, hydrogen bonding that occurs at the secondary structure level is required. The
backbone of proteins is polar and when hydrophobic residues pack into the interior of the
protein, hydrogen bonding between the backbone and the water is disrupted. This is quite
energetically unfavorable. In order to bring this backbone into the interior of the protein,
hydrogen bonding must first be satisfied. This is achieved through secondary structure
formation.

Kinetically, proteins constantly explore their conformational landscape, sampling
the solvent and solutes that may be in their vicinity. Protein structure fluctuates rapidly
between the different microstates, but these microstates do not deviate too far from the
native conformation; this process is reversible. When a protein unfolds, there is a
transition between the native and unfolded state, going through several intermediate
conformations. Typically, these intermediate transition states are high in energy and
require external stimuli to overcome the kinetic barrier. If proteins are kept in biological
conditions, the rate of protein unfolding is minimized.

1.2.3. Function

As machines, proteins represent the pinnacle of efficiency and specificity. They
have a fluid structure with atomically-precise conformational motion. This results in the
ability to couple a mechanical action with a chemical event. At the core of all protein
function, a physical interaction with another molecule occurs. For example, enzymes



interact with substrates, antibodies attach to viruses, and structural proteins assemble with
one another to create macroscopic, load-bearing structures.

Proteins selectively bind to a ligand or set of ligands, such as ions, small
molecules, or macromolecules. These events can be short- or long-lived, depending on
the strength of binding. These interactions are non-covalent, and effective binding occurs
only if protein-ligand complementarity occurs; the amount of interactions between the
two molecules is maximized. The shape, contour, and size of the two molecules must
match up and the placement of amino acids within the binding pocket must correlate well
with the chemical moieties found on the surface of the ligand.

The conformation and chemical groups present at the binding site elucidate
protein functionality. The alignment of the chemical moieties directs the intramolecular
interactions that occur within the protein. There are two different mechanisms that can
occur at the binding site. First, by changing the shape and local chemical environment of
the binding site, proteins can restrict water molecules from interacting with the ligand.
Water molecules can outcompete and attenuate protein-ligand interactions. Second, the
pairing of polar amino acids can alter protein selectivity and reactivity. Changing the
local charge environment can drastically promote or deter certain ligands from entering
the binding site. Additionally, by controlling the orientation, spatial location, and
chemical groups found in the binding pocket, protein reactivity can be enhanced. In the
catalytic triad for example, a network of interactions between three residues results in the
creation of a serine-based nucleophile.*®

Enzymes, one particular subset of proteins, are an extremely desirable biological
component for protein-functionalized materials.>* Enzymes are macromolecules involved
in the catalysis of biological reactions. They bind to one or more substrates and
participate in the formation or breakage of covalent bonds. These reactions are very
rapid, speeding up a reaction by a factor of a million or more. The binding that occurs
between enzyme and substrate stabilizes the transition state and lowers the kinetic barrier
of the reaction. Enzymes are associated with unrivaled substrate selectivity and the
unparalleled ability to create products that are regio-, stereo-, and chemospecific.

Often, enzymes will sequester small molecules as a way to increase their chemical
diversity — chemical elements that the canonical amino acids do not have — and acquire
new functionality. One particular small molecule that will be discussed in future chapters
is heme. Heme is an iron-containing porphyrin that can associate with a variety of
proteins, such as horseradish peroxidase.®> Heme provides an inorganic catalyst to
decompose hydrogen peroxide into water. In cases where enzymes use a cofactor, a
binding pocket that can coordinate well with the compound must be present. Once the
pocket is disrupted, the cofactor no longer has an affinity to the protein and would result
in dissociation.



8 1.3. Current Limitations of Protein Processing

Translating these functions into engineered systems is not a trivial task. Making
proteins soluble, stable, and processable in organic solvents is a large deterrent toward
protein-functionalized materials. Water-soluble proteins are typically sold or stored in a
lyophilized powder or an aqueous solution containing additives. These states do not
readily lend themselves to protein solubilization in non-polar organic media. These
powders remain undispersed after mixing, and aqueous solutions remain phase separated.

Preserving protein structure and function during and after fabrication is a more
difficult challenge. As previously noted, protein function is highly correlated with protein
structure. In nature, proteins are susceptible to conformational and activity change when
their biological environment changes. For example, proteinases can act as chaperones at
low temperatures and as proteinases at high temperatures.®® In addition, phosphoglucose
isomerase is a glycolytic enzyme in the cytoplasm and a nerve growth factor and cytokine
out of the cell.*” Changes in biological pH, temperature, or reducing environment can
greatly influence native structure, which consequently induces a change in functionality.
These biological influences are typically in the tolerable range of proteins. Outside of this
tolerable range, a range that protein-functionalized materials may need, detrimental
effects are highly expected.

Proteins adopt configurations that best balance both the favorable as well as the
repulsive intramolecular interactions, typically only 20-60 kJ/mol more stable than the
unfolded, non-functional conformation.*® Each pair of weakly interacting amino acids can
be readily strengthened or weakened via external stimuli. As previously mentioned,
modifications in local conditions will result in protein conformational change and protein
deactivation. These extrinsic influences may include changes in solvent polarity, pH,
ionic concentration, or temperature. Even the thermal energy associated with room
temperature (300 K) is around 2.5 kJ/mol, more than twice the energy of van der Waals’
forces and on the same order of magnitude as ionic pairing, hydrogen bonding, and the
desolvation of hydrophobic residues. Although the ability to respond to sensitive cues
from the environment is the inherent origin to their function, protein structure is very
fragile and generally less robust when compared to synthetic materials. Secondary,
tertiary, and quaternary structures are all susceptible to these external stimuli and would
result in protein unfolding, irreversible aggregation, and lost in protein function.

8 1.4. Approaches toward Protein Stabilization

Although the energy landscape can be vast and complex, protein folding and
unfolding can be simplified as an ensemble of three different macrostates: unfolded,
transition, and folded. The unfolded macrostate encompasses protein conformations that
sit at local minima and do not exhibit any sort of activity. The transition is an ensemble of
unstable high energy states that segregates the folded and unfolded conformations. The
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folded state is the lowest energy conformation, where this native structure results in
protein activity. In order to stabilize proteins, there are three different approaches that can
be taken, as seen in Figure 1.3. The unfolded state can be destabilized and made more
energetically unfavorable. This will reduce the entropic penalty due to folding. The
energetic level of the transition state can be increased, reducing the likelihood of
conformational change. Lastly, the folded state can be stabilized enthalpically, making it
more energetically favorable. All existing protein stabilization methods rely on these
mechanisms, focusing on either altering the microenvironment, directly modifying the
chemistry, or manipulating the dynamics of the protein.®**

Transition State
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Figure 1.3. Simplified energy landscape of protein folding. Red dashed lines indicate
ways to stabilize protein through modification of the unfolded, transition, and native
state. Entropic, dynamic, and enthalpic contributions are considered, respectively.

1.4.1. Solution Modification

Dampening the motion of the protein’s local environment would reduce the
ability of the protein’s backbone to rotate, translate, and vibrate. There is a direct link
between the molecular motion of the protein and the molecular motion of its
surroundings. When proteins are stored in solution, chemicals that stabilize protein
structure are frequently added, such as polyols and sugars.**® There have also been
studies that indicate ionic liquids can stabilize protein structure.*”*? A common feature of
these chemical additives is their ability to modify protein structure and impede the
motion of the water molecules in the immediate vicinity of the protein. Based on “water
replacement hypothesis,” stabilizing agents replace the local water molecules around the
protein and stabilizes the three dimensional structure through hydrogen bonding, as seen
in Figure 1.4a.>° “Preferential exclusion hypothesis” is another theory stipulating that
these agents are excluded from the macromolecule’s surface and interact with the water
instead. Water is excluded from the protein, making its structure more compact and less
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susceptible to conformational change (Figure 1.4b).** Although there are substantial
disputes on the correct mechanism toward protein stabilization, the two theories are well-
received.

Stabilized Protein

Figure 1.4. Various theories to explain protein stabilization through solution additives.
(a) Water replacement theory involves the substitution of water molecules by protecting
agents that can form hydrogen bonds with the protein. (b) Preferential exclusion theory
proposes that there is no direct interaction between the protecting agent and protein.
Instead, addition of the protecting agent sequesters water molecules away from the
protein, decreasing its hydrated radius and increasing its compactness and stability. (c)
Vitrification theory assumes that the protecting agent forms a glassy matrix that
physically shields the protein from abiotic stress.

Protein stability can also be improved upon diluting proteins in a rigid, inert
glassy solid matrix that slows down molecular motion (Figure 1.4c). This Kinetic
mechanism for protein stabilization is often referred to as “glass dynamic hypothesis” or
vitrification.”> This molecular crowding effect alters the molecular motion of water
molecules, similar to that of osmolytes, and consequently modifies the localized
environment of the protein. This method of entrapment results in molecular retardation
and a reduction in conformational change. These approaches decrease the rate of
molecular motion and provide a kinetic method toward protein stability.

Proteins can also be stored in solid form to prolong shelf lifetime. This is
commonly achieved through freezing in solution or through lyophilization, also known as
freeze-drying.>” By storing proteins in the solid form, protein conformational change is
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impeded. However, removal of a protein’s hydration shell may shift the equilibrium
between the native and unfolded state. Different types of interfaces, such as air/liquid,
air/solid or solid/liquid, are introduced during the drying process. This local change in the
protein environment can result in protein unfolding as a way to passivate the interfacial
tension of this interface. In addition, the drying process may cause localized strain on the
protein as the solvent expands or contracts during freezing.

1.4.2. Biological Modification

Another approach involves the modification of the protein itself. Protein primary
structure can be altered to enhance the intramolecular interactions between residues,
optimizing stability as a function of environmental conditions. A combinatorial protein
library of macromolecular states provides a fast way to analyze a large group of
permutations and to obtain a statistical evaluation on performance as a function of amino
acid sequence. There are two biological techniques that are prevalent. One is through
directed evolution®® °* (protein redesign) and the other is through de novo design®
(protein design).

In protein redesign, an existing protein is evaluated in terms of thermodynamic
stability and efficient functionality. Over multiple rounds of mutagenesis and screening,
an accelerated version of divergent evolution is simulated. In several cases, changes to
only a few amino acids is sufficient to offer higher orders of protein stability, tolerance to
non-natural conditions, substrate specificity, and product selectivity.®® *" In de novo
design, functional motifs are taken from an established collection of known sequences.
Non-canonical proteins are constructed around these structural themes. A combinatorial
library can then be made featuring this motif, creating new proteins with adequate
performance for a desired set of environmental conditions.

These methods, though, are tedious, time consuming, and require extensive
resources. Since directed evolution is performed in bacteria, using this technique to create
proteins that solubilize and remain stable in non-polar organic solvents remains highly
improbable. Using de novo design, on the other hand, can be used to generate proteins
that fold in organic solvents. They can be used to predict and direct the synthesis of new
proteins with new functions and new architectures.® However, the amount of
computational time becomes a limiting factor; large protein assemblies are not
appropriate for this technique. In addition, a predicted structure computationally does not
guarantee a desired result experimentally.

1.4.3. Chemical Modification

Chemical modification has had great success in creating stable proteins in non-
native environments. The chemistry is fairly straightforward and subsequent results have
shown great promise. By targeting certain chemical moieties found on the protein, it is
possible to create opportunities to make proteins more accessible in the engineering
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sense. Something as simple as n-terminal acetylation can be used to stabilize helical
protein structures.*

The most popular approach involves the covalent attachment of polymers onto the
surface of proteins, i.e. protein-polymer conjugates.® Protein-polymer conjugates are a
family of soft materials where polymers are either grown from or grafted to the surface of
the protein, as seen in Figure 1.5.°*% The attachment of polymers with appropriate
compositions could potentially mitigate the limitations of proteins by mediating the
interactions between the proteins and the local medium.®® % ® One specific polymer,
poly(ethylene glycol) (PEG), has unique chemical properties, such as high solubility,
amphiphilicity, and inertness, which translates to stabilization of proteins in non-native
environments. Unfortunately, PEGylation requires the protein to have a surface chemistry
that is compatible with polymer attachment.

m \U.’g\\l\ Various Architectures m\ T\
Peptide/Protein Polymer

Conjugation Routes

“Graft to” (I ~

o Peptide-Reactive Polymer
Ho. - Lys: -COOH, -NHS ‘E e I~
P 0. 'l s PN n
CH, Cys: -maleimide S T L 1
CH HNT o
o Etc. HiC” CH.
HyG / I~ i s
“Graft from” L At “fha
oo A~
CHy l
Peptide Macroinitiator L Ly,
NMP Macroinitiator e
win 580 i oo T At o
ot e . i .
~~ o vRRFPY e
VvV iy oo o
((((((((
= war

Potrmer Pepote Contupse

Figure 1.5. Overview of the various routes available for the conjugation of polymers
onto proteins.

Alternatively, proteins can be intramolecularly crosslinked.®® This reduces the
amount of conformational states available to the protein and restricts unfolding.
However, two limitations arise when employing this technique. First, as previously
stated, chemical modification requires a certain chemical composition. Two amino acids
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with chemical groups compatible with crosslinking must be in close proximity. Second,
protein function is linked to a mechanical action. By crosslinking the interior of the
protein, the fluidity that gives rise to protein response can be hindered and result in a loss
of native protein activity.

1.4.4. Physical Modification

An approach that has less reliance on protein chemistry is through physical
modification. This can be executed through adsorption onto a flat surface, ionic binding
of proteins with protecting agents, physical entrapment in crosslinked matrices,
sequestration of proteins in nanopores, or encapsulation of proteins in micellar
constructions.®*’? By confining the protein with a sterically hindering structure, the
amount of microstates available to the protein is reduced.

Experimentally, nanoencapsulation has gained momentum as an emerging
technique. Long-term room temperature storage of many proteins has been demonstrated
in sol-gel matrices.” Confined enzymes not only remain reactive for extended periods of
time but also show higher orders of activity retention than enzymes in suspension. In
nature, chaperones enable protein folding and refolding.”* They provide a nanoscopic
environment that limits the energy landscape accessible to the protein. This approach
toward protein stabilization can be replicated using synthetic nanometer-sized
compartments as well as surface immobilization,” but the need for a solid support limits
the number of viable applications.

Protein modification can also be achieved through the use of surfactants.”®"® As
an example, membrane proteins have notoriously poor stability and a high tendency to
denature upon removal from their native environment. A class of random copolymer
surfactants, amphipols (APols), has been developed to substitute small molecule
surfactants for membrane protein reconstitution.”*® They are comprised of a hydrophilic
polymer backbone with hydrophobic chains that act as anchoring points to the membrane
protein, stabilizing the structure of the hydrophobic protein in the presence of water.
APols also provide the extra benefit of thermostability and longer protein lifetimes.
Micelles have been shown to successfully solubilize proteins, creating a colloidal
dispersion in a variety of solvents, but the dynamic nature of micelles commonly results
in loss of protein activity after extended storage.

8 1.5. Heading toward the Nanoscale

Block copolymers (BCPs) provides a route toward protein assemblies at the
nanoscale.®”  BCPs can microphase separate into very distinct nanometer features®® and
have been shown to direct the assembly of proteins into a variety of nanometer-spaced
hierarchical structures, such as lamellae, hexagonally-packed cylinders, closed-packed
spheres, and gyroids."” ® At the nanoscale, chemical processes are enhanced. The
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frequency of particle-to-particle interactions is increased and substrate diffusion
limitations are reduced. This can greatly improve a variety of technologies, including
sensors and enzyme cascades.®

Through the use of different processing techniques, various macroscopic
structures can be generated to fit a specific application. Co-assembly of block copolymers
and proteins can generate bulk gel structures with a bicontinuous phase, generating
materials ideal for gas transport with in built-in gas selectivity (Figure 1.6a). Block
copolymer thin films can be used to arrange proteins into two dimensional arrays with
high transparency, ideal for smart coatings, separation, and sensing devices (Figure 1.6b).
Electrospun nanofibers can provide building blocks for the construction of macroscopic
materials with high surface area, useful for catalysis (Figure 1.6c). Lastly, multilayered
colloidal particles are useful for the controlled release of protein therapeutics (Figure
1.6d).
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Figure 1.6. Co-assembly of proteins in block copolymer templates. Different
macroscopic structures provide appropriate architectures for specific applications.
Directed assembly of proteins in block copolymer (a) bulk gels, (b) thin films, (c)
electrospun fibers, and (d) colloidal particles.

8§ 1.6. Perspective and Outlook

The materials field needs an approach for the generation of protein-based
materials. Proteins offer unprecedented performance that cannot be replicated solely

16



through synthetic reproductions. Areas of industrial scale catalysis, energy, purification,
and even military weapons would see immediate impacts, areas typically not associated
with proteins. The motivation of this work is to understand protein-macromolecule
interaction at the fundamental level and use this knowledge to engineer new functional
materials. It is only when we understand the relationship between chemistry, structure,
and performance can we generate protein-functionalized materials. This success will
translate into an enhanced quality of life.

For example, proteins can selectively modify complex molecules, creating
products that are enantiomerically pure with precise stereospecificity and
chemoselectivity. In the multitrillion dollar pharmaceutical industry, the Food and Drug
Administration pushes for products that are monodispersed, homogenous, and pure.
Batch to batch variation or deviations in stereochemistry can make drugs less reliable and
less effective. Paclitaxel is a chemotherapeutic drug that suffers from poor water
solubility and has a structure with multiple chemical handles. Through the use of specific
enzymes, divinyl adipate and lipases, it is possible to selectively attach glucose to this
hydrophobic therapeutic.®®® This results in an increase in hydrophilicity and
pharmacokinetics. In a different industry that requires catalysts, the conversion of
cellulosic materials into suitable biofuel products requires the initial breakdown of
cellulose into its monomeric sugar units. Currently, the most effective way in breaking
down cellulose is through the use of cellulase, a class of enzyme that hydrolyzes cellulose
into glucose.**

In the energy field, proteins can be used in a variety of novel applications.
Photosystem | protein can be used to generate a current using sunlight.*** There has
been a recent push toward both artificial and synthetic photosynthesis. The incorporation
of photosystem | proteins into next generation photovoltaics, a macromolecule that has
efficiencies far exceeding synthetic reproductions, would cause a definitive resurgence in
the solar energy field. Enzyme-based fuel cells, another approach toward alternative
energy sources, involves the use of reductive and oxidative protein-pairs that can split
and reform molecules.” % This results in the generation of a current with substrates and
products that are environmentally safe.

In the military, proteins can be used to improve the lives of soldiers on the
battlefield. Chemical warfare agents are problematic weapons with detrimental effects.
The incorporation of organophosphorus hydrolase proteins into smart fabrics and filters
would provide a device that can save lives.”” %9 These proteins degrade
organophosphates into inert molecules with high efficiency. In addition, the United States
Airforce has experimented with the use of proteins in ammonium perchlorate-loaded
apoferritin-Al hybrids. The combination of proteins with inorganic materials, oxidizing
agents, and explosive materials have resulted in a new class of explosives, called
biothermite, where reactivity is controlled by the amount of protein adsorbed onto the
surface of the material.
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No matter the application, there are always improvements needed for these
protein-based systems. Paclitaxel and lignocellulose require organic media for
solubilization and processing. In addition, proteins are expensive reagents and finding a
way to recycle them in these processes would benefit the industry financially. Being able
to have precise control over protein-synthetic material interactions is also needed. For
example, enzyme-based fuel cells require proteins to interface properly with anodes and
cathodes. Photosystem | proteins must be oriented properly in order to participate in
efficient electron transport. By finding a way to stabilize proteins in organic solvents, it is
possible to improve a lot of these cutting-age technologies.

8 1.7. General Approach and Synopsis of Subsequent Chapters

Throughout subsequent chapters, | will present on a new route toward protein
stabilization. Past members in our group have focused on the enhancement of protein
structure and function through the use of covalently attached polymers, as seen in Figure
1.7.3 15 62,66, 67, 103105 The nrotein-polymer conjugate field is well established, with
bioconjugate synthetic protocols widely available. In addition, there are a variety of
polymers with chemical handles that can be attached to proteins. However, the chemistry
of the protein must be compatible to conjugation, and the chemistry of the polymer must
not interfere with protein structure. In addition, purification of protein-polymer
conjugates is difficult, time consuming and reduces product yield.
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Figure 1.7. Advantages and limitations of protein-polymer conjugates and protein-
encapsulated reverse micelles.
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A different approach, which will be the topic of this dissertation, involves the use
of surfactants to solubilize and stabilize proteins. Unlike protein-polymer conjugation,
this technique is non-specific and can be easily done through emulsions. These structures,
however, are fairly dynamic in nature and long-term protein stability is compromised. In
order to make reverse micelle encapsulation a viable method, enhancement to the current
approach must be explored.

In this dissertation, | will first show a method of developing hierarchically
structured protein-based composites using an existing approach, specifically reverse
micelle formation using small molecule surfactants. Next, I will show its limitations and
the need for new polymer surfactants. | will go over the design process, the
characterization of the polymer, and our analysis of its ability to stabilize proteins in both
organic solvents and elevated temperatures. Lastly, I will demonstrate the viability of this
approach to create new model protein-functionalized materials that can be used as a
platform for future technologies.
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Chapter 2

Co-Assembly of Protein-Encapsulated Reverse Micelles and
Block Copolymer-Based Supramolecules toward Functional
Hybrid Materials
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Hybrid materials with persistent nanoscale protein ordering have the potential to
provide significant improvements for a variety of applications. Combining block
copolymers and proteins would endow benefits from both the synthetic and natural
world. Block copolymers provide a three-dimensional scaffold for protein patterning, and
proteins provide a level of functionality unmatched by manmade materials. However,
maintenance of protein structure and activity while permitting uninhibited block
copolymer microphase separation are two self-assembly processes that require
compatible processing techniques. In this chapter, |1 will discuss an approach toward
simultaneous co-assembly of proteins and a block copolymer-based supramolecule in
organic media. Proteins are first encapsulated in reverse micelles and then co-solubilized
with the block copolymer prior to spin casting and electrospinning. This bottom-up
approach toward protein nanoassemblies provides unimpeded microphase separation of
the block copolymer-based supramolecule and demonstrates our ability to preserve
protein activity and accessibility. Endowment of protein functionality to block
copolymer-based supramolecules will lead to nanocomposites containing complex
hierarchical structures with enhanced processability and potential scalability.

§ 2.1. Introduction

Nanostructured materials for display or delivery of proteins have the potential to
alleviate many scientific shortcomings. Nanoscale protein arrays have been developed to
improve diagnostic applications.® Multivalent ligand presentation on drug nanocarriers
has proved to increase the efficacy of drug therapeutics through active targeting.? Cell-
culture substrates with a controlled presentation of biological ligands have the ability to
manipulate cellular differentiation, migration, and viability.> Furthermore, tethered
proteins with nanometer spacing have aided in enzyme cascades.*

Block copolymers (BCPs) are an important class of nanostructured materials that
have found diverse applications in lithography, electronics, and inorganic materials
synthesis, and they have the potential to be exploited for protein-based nanomaterials.
Their utility arises primarily from the well-defined nanoscale morphologies that result
from the microphase separation of two or more chemically incompatible polymer blocks.’
These blocks are covalently tethered along the polymer backbone, resulting in a unique
set of accessible hierarchical structures when processed from solution. BCP assemblies
have been studied in solution as well as in condensed phases, which include bulk
preparations, thin films on surfaces, and fibers. Long-range ordering in these latter cases
can be achieved through a variety of annealing techniques, and polymer functionality can
be augmented through the addition of nanoparticles,® homopolymers,” & and small
molecules.”™ Furthermore, BCPs have the ability to direct the assembly of these types of
additives. Incorporation of proteins is very desirable as it would endow BCP
nanostructures with a diverse set of functional and structural elements with angstrom-
level resolution.*
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Top-down assemblies are generally employed to pattern proteins at the nanoscale.
Nano-patterned protein assemblies are prepared via stepwise adsorption of proteins onto
a substrate. As discussed in the previous chapter, retention of protein activity during
material processing is a large concern. A top-down approach provides a means to
retaining protein function; it separates scaffold processing from the ability to keep
proteins in a compatible environment. Techniques such as direct dip-pen and native
protein nanolithography,®** photolithographic patterning,'® and microcontact printing’
have seen great success in the scientific community.

Alternatively, BCPs can be used to pattern protein nanoassemblies via a bottom-
up approach. Previously, our group had reported the co-assembly of peptides and proteins
with amphiphilic BCPs in thin films.*® *® While the majority of protein/BCP assemblies
have been prepared via stepwise anchoring of proteins from an aqueous solution onto
prefabricated polymer surfaces, 2 our group demonstrates the ability to simultaneously
co-assemble protein-polymer conjugates and BCPs from organic solution. This co-
assembly strategy benefits from enhanced processability as well as increased biological
activity. In addition, proteins are made an integral component of the material rather than
just a discrete, appended layer on the surface. In many cases, however, target proteins
cannot be sufficiently modified so as to maintain structure and function during assembly.
Rather, proteins remain insoluble in the non-aqueous environment or are denatured.

In this chapter, I will report the use of surfactant-based reverse micelles as a way
to expand the scope of proteins compatible with BCP co-assembly. Reverse micelles,
comprised of a colloidal dispersion of surfactant-bound water droplets in a non-polar
phase, have been used to solubilize a variety of polar molecules, including proteins and
other biomolecules, in organic solvents.?*?° In particular, sequestration of proteins in
reverse micelles has allowed for protein purification via liquid-liquid extraction, led to
enhanced protein stability, and expanded the scope of enzymatic chemistry that would
otherwise be limited to aqueous media. | will demonstrate that reverse micelles can be
assembled with BCPs and be used to incorporate enzymes in the resulting hybrid
materials. Proteins remain active throughout the entire process and can be incorporated
not only into block copolymer thin films but in block copolymer electrospun fibers. I
anticipate that further development of this modular system will allow us to incorporate
proteins in BCP materials that were previously considered bio-incompatible, leading to a
new generation of materials.

§ 2.2. Results and Discussion

Previously, our group had reported the co-assembly of heme-binding coiled coil
a-helix bundle peptides and horse heart myoglobin (Mb), a naturally occurring heme
protein, with poly(styrene)-block-poly(ethylene oxide) (PS-b-PEO) in thin films.'®
Conjugation of PEO to these biomolecules resulted in stabilization of peptide structure in
the case of the helix bundles and preservation of protein structure and function in the case
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of Mb. Unmodified Mb, on the other hand, was incompatible with the organic solvents
used in solution processing and thin film solvent annealing.

Polymer conjugation in this manner was employed to enhance compatibility with
organic solvents, although this approach proved unsuitable for various proteins in
conjunction with the PS-b-PEO and other amphiphilic BCPs. For example, co-assembly
of BCPs with PEO-modified horseradish peroxidase (HRP), a heme protein widely used
for detection in biological assays, resulted in precipitation of proteins from organic
solution prior to film processing. When this strategy was employed for the co-assembly
of BCPs with glucose oxidase (GOx), a flavin-dependent enzyme used for glucose
determination and other sensing applications, GOx was dissolved in solution. However,
no activity was observed after incorporation of GOx-PEO conjugates with BCPs. PEO
conjugation was verified using gel electrophoresis (Appendix A.1.1), but as shown in
Appendix A.1.2, introduction of methanol decreased the activity of the protein and
incorporation of GOx-PEO in a 2:1 mixture of benzene and methanol caused complete
protein denaturation.

Limited compatibility of HRP and GOx is presumably related to the low levels of
PEO that can be appended to the protein surfaces using conventional conjugation
chemistry. Therefore, a strategy that obviates the need for covalent modification of
proteins was investigated. Surfactant reverse micelles were used to incorporate proteins
into BCP samples in organic solution. Sodium 2-bis(hexylethyl) sulfosuccinate (AOT)
was chosen for the formation of protein-containing reverse micelles. AOT has been
widely studied and is known to solubilize relatively large volumes of water in nonpolar
solvent. The surfactant facilitates formation of thermodynamically stable, spherical
reverse micelles with nanometer dimensions.*® This provides a good vessel for protein
processability in organic solvents; proteins remain in the aqueous reverse micelle core
and the reverse micelle shell allows enhanced organic solvent solubility.

In order to form reverse micelles, an aqueous protein solution was injected into an
AOT-containing, non-polar toluene solution. After sonication and brief mixing under a
stream of nitrogen, the reverse micelle solutions were optically clear. This indicated that
AOT reverse micelles accommodated HRP and GOx, as seen in Figure 2.1a and Figure
2.1b respectively. Without AOT, the aqueous protein solution remained insoluble in
toluene and was unable to be further processed (Figure 2.1c¢). The [H2O]:[AOT] molar
ratio was kept at w~13, which led to an AOT-protein particle size of around 4 nm,** small
enough to be incorporated into the block copolymer microdomains. AOT-protein particle
size was verified by dynamic light scattering (DLS) (Figure 2.1d). Colorimetric assays
were used to evaluate the activity retention of HRP in AOT/HRP reverse micelles and of
GOx in AOT/GOx reverse micelles after incorporation into toluene. Over 24 h, aliquots
of AOT/protein reverse micelles were dispersed in aqueous buffer. This allowed us to
disrupt the reverse micelle, free the protein, and evaluate protein functionality
exclusively. As shown in Figure 2.1e, about 20% of HRP activity and 90% of GOx
activity was maintained after 24 h. These times can be considered extreme cases for
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block copolymer co-assembly; co-processing would occur within the first hour, which
would provide enough protein activity to produce a viable functional hybrid material.
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Figure 2.1. Encapsulation of proteins in AOT-mediated reverse micelles. Photos after
AOT-mediated encapsulation of (a) HRP and (b) GOx in toluene. (c) Photo of aqueous
HRP processing attempt in toluene without AOT. (d) Number average DLS distribution
of AOT/HRP reverse micelles and AOT/GOx reverse micelles. (e) Activity of HRP and
GOx after storage in organic media and subsequent dispersion in aqueous buffer.

The reverse micelles were blended with chloroform solutions containing (24
kDa)poly(styrene)-block-(9.5 kDa)poly(4-vinyl pyridine) (PS-b-P4VP) and 3-
pentadecylphenol (PDP), and the resulting mixtures appeared homogenous with no
protein precipitation. In this manner, the reverse micelle-based strategy proved much
more versatile with respect to protein incorporation than the previously reported polymer
conjugation approach. The selection of this comb-coil block supramolecule is three-fold.
First, directed assembly of alkyl-functionalized nanoparticles has been well-studied in
this PS-b-P4VP(PDP) system.** 3* AOT’s alkane moieties are chemically similar to the
PDP that is hydrogen bonded to the P4VP pyridyl sidechains, as shown in Scheme 2.1.
Therefore, AOT reverse micelles are expected to segregate within the PV4P(PDP)
microdomain in the block copolymer-based supramolecule. Second, solvent annealing
has been shown to provide sufficient mobility in this system to achieve long-range
ordering without the need for elevated temperatures.®* Heat, consequently, would provide
an additional extrinsic source that may lead to protein denaturation. Third, adjustment of
PDP loading alters the volume ratio of the supramolecule block, providing another
method for controlled organization of proteins within thin films.’
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Scheme 2.1. Co-assembly process of protein-encapsulated AOT reverse micelles and PS-
b-PAVP(PDP). The AOT alkyl tail, shown in red, is chemically compatible with the PDP
alkyl chain, also shown in red.

Thin films were prepared by spin-casting the blended solutions onto silicon
substrates, resulting in films with thicknesses of ~100 nm. The protein loading ranged
from 0.005-5% (w/w). Following spin casting, the films were solvent-annealed with
chloroform vapor to provide polymer mobility and promote microdomain ordering.
Chloroform is both a good solvent for polystyrene and 4-vinyl pyridine, compatible with
PDP, and miscible with the toluene used during protein encapsulation. The thin film
morphology was found to depend on the level of AOT loading. Thin films containing a
[4VP]:[PDP] molar ratio of 1:1 exhibited a lamellar film morphology. Addition of up to
0.2 molar equivalents of [AOT] per [4VP] and 0.5% GOx also resulted in thin film
lamellae, as observed by atomic force microscopy (AFM) with a sample containing
1:0.14 [4VP] to [AOT] (Figure 2.2).

Figure 2.2. AFM phase image of PS-b-P4VP(PDP) containing GOx. Film was fabricated
with a [4VP]:[AOT] ratio of less than 0.2 molar equivalents.
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When more than 0.2 equivalents of AOT was added, films exhibited a
hexagonally-packed cylindrical morphology. Addition of AOT/protein reverse micelles
with a [4VP]:.JAOT] molar ratio of 1:0.7 resulted in a BCP thin film with hexagonally-
packed cylinders for HRP-containing (Figure 2.3a), GOx-containing (Figure 2.3b), and
HRP/GOx-containing films (Figure 2.3c). The cylinders presumably consist of
polystyrene, while the matrix is comprised of P4AVP/PDP/AOT. With the addition of
AOT/protein reverse micelles, the volume fraction of the P4VP(PDP) microdomain
increases through sequestration of the AOT and protein, providing an explanation for this
shift from lamella to cylinders. The composite thin films were studied by grazing-
incidence small angle x-ray scattering to characterize macroscopic ordering and
morphology beneath the film surface. Although hierarchical ordering on multiple length
scales has been demonstrated for this PS-b-P4VP/PDP system, reverse micelle
incorporation was found to interfere with angstrom-scale ordering within the P4VP/PDP
comb-blocks as well as the nanometer-scale ordering of the BCP microdomains below
the surface (Appendix A.1.3). Further optimization of annealing conditions will be
required for preparation of well-ordered materials.

- —r-ﬁ_ S i o oy
Figure 2.3. AFM phase image for PS-b-P4VP(PDP) containing a [4VP]:[AOT] ratio of
more than 0.2 molar equivalents. Films were loaded with (a) 0.5% (w/w) GOX, (b) 0.5%
(w/w) HRP, and (c) 0.25% (w/w) GOx and 0.25% (w/w) HRP.

Enzymatic activity in thin films was assessed using colorimetric assays.
Retention of activity was observed for HRP and GOx, as well as two serine-based
proteases, chymotrypsin and subtilisin. Figure 2.4a depicts the detection of HRP
decomposition; reduction of hydrogen peroxide was monitored using a colorimetric
electron donor, 3,3”,5,5’-tetramethylbenzidine (TMB). When TMB is converted into its
diimine version, the reaction can be verified visually by the appearance of a blue
chromophore. Figure 2.4b depicts the detection of GOx-generated hydrogen peroxide
upon glucose oxidation. As 4-aminoantipyine is converted to 4-N-(p-nitrobenzquinone)-
antipyrine during this multistep assay, the activity of GOx can be verified visually by the
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appearance of a red chromophore. This result is in marked contrast to previous assembly
attempts with GOx-PEO conjugates.

(2) SN | () ©) SGox HRP GOXx + HRP

Figure 2.4. Assessment of protein activity after thin film processing. Changes in solution
color for (a) HRP, (b) GOx, and (¢) HRP/GOx mixed films indicate functional enzymes.

Product formation was also observed when both enzymes were loaded in thin
films via reverse micelles (Figure 2.4c). The combination of multiple proteins proved to
be a potential route for hybrid materials that require specific functionality, enhanced
sensing capabilities, and increased reaction rates. Enzyme cascades, for instance, would
benefit from this co-assembly approach.®* ** Combining multiple enzymes into block
copolymers would increase protein density in localized areas of the material. This would
result in a subsequent decrease in complementary enzyme spacing. Substrate diffusion
between the two enzymes would be greatly reduced, thus enhancing the kinetics of the
multistep catalytic conversion.

Protein storage within these polymer thin film hybrids was also evaluated. For
example, HRP and GOx were both only able to retain ~25% of their initial activity in the
PS-b-P4VP(PDP) thin films after 20 h under ambient conditions, as shown in Figure 2.5a
and Figure 2.5b respectively. Chymotrypsin (CT), contrastingly, was able to retain ~60%
of protein activity after storage in BCP thin films at ambient conditions for 20 h and
~40% after 50 h, as shown in Figure 2.5c. These results suggest that by tuning the
interactions between the different components, it is possible to tailor the required storage
time for a given application.
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Figure 2.5. Storage assessment of protein-containing thin films. (a) HRP-, (b) GOx-, and
(c) CT-containing thin films were stored under ambient conditions until tested in buffer.
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Similarly, tuning the interactions between protein, surfactant, and block
copolymer will allow us to tailor protein delivery. Upon exposure to aqueous solutions,
proteins are expelled out of the films at different rates. HRP was observed to leach out of
BCP thin films immediately. Assays verified that all of the detected activity was observed
in the buffer bath — about 90% — and very little was observed in the films after 30 min
(Figure 2.6a). This was also observed for films containing AOT/GOx reverse micelles. In
fact, nearly complete leaching of HRP and GOx was observed during bath times in as
short as 10 min. Contrastingly, ~90% of the CT remained in BCP thin films after
exposure to an aqueous buffer for 30 min. Very little activity was found in the bath
(Figure 2.6b).
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Figure 2.6. Leaching assessment of protein-containing thin films. (a) HRP- and (b) CT-
containing thin films were submerged in their respective buffers for 30 min. These baths
were analyzed using colorimetric assays.

It was not immediately clear, however, why CT should be retained in the BCP
thin films while the HRP and GOx leached into solution within several minutes. Two
variables, molecular weight and isoelectric point, are obvious differences between the
three proteins. These two attributes may affect thin film assembly characteristics. In
particular, the relatively high pl of CT (9.4) results in a positively-charged protein under
assay conditions which may interact with anionic AOT. This may explain the increased
retention time for CT in block copolymer thin films. HRP and GOx, meanwhile, are not
positively-charged under assay conditions and would not be subjected to electrostatic-
based retention.

In an attempt to increase the protein residence time in thin films, formation of
protein-surfactant ion-pair complexes was investigated. We speculated that hydrophobic
protein-surfactant complexes formed via pairing of positively-charged amino acid
residues with negatively-charged surfactant head groups would be less likely to leach into
the aqueous solution. The relatively low levels of surfactant required to form the ion-pair
complexes might also be an advantage, possibly leading to minimal perturbation of BCP
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morphologies after thin film processing. AOT did not form active complexes with HRP
or GOx in our hands, but the detergent was suitable for formation of active CT
complexes, as reported in literature.®” Contrary to our expectations, however,
chymotrypsin loaded as ion-paired complexes leached from thin films to a greater extent
than chymotrypsin loaded as reverse micelles. As shown in Appendix A.1.4, the majority
of chymotrypsin leached from thin films prepared with ion-paired complexes within 10
minutes after exposure to aqueous solution. As previously stated, ~90% of chymotrypsin
loaded in reverse micelles was retained in the PS-b-P4VP(PDP) thin films after 30 min in
a buffer bath. This result suggests that particles or surface coatings composed of the
BCP/reverse micelle hybrids may be an effective vehicle for protein storage or delivery,
but further analysis must be used to evaluate why ion-paired complexes leached out of
films to a much greater extent.

AOT reverse micelles were prepared with HRP in buffers with pH values below
the protein’s pl. This ensured positively-charged protein and promoted interaction with
the negatively-charged surfactant. Small increases in retention were observed when the
pH of the reverse micelle buffer and the reaction buffer was reduced (Appendix A.1.5).
Highest retention levels (~40%) were observed when the reverse micelle buffer pH was
reduced to 4.6 and the reaction buffer pH was reduced to 6. Further decreases in pH led
to an observed drop in protein retention. As an alternative to protein charge tailoring via
pH adjustment, the use of cationic cetyltrimethylammonium bromide (CTAB) for pairing
with negatively-charged proteins was explored. CTAB proved too crystalline for
effective incorporation into the PS-b-P4VP(PDP) thin films, however, as seen in
Appendix A.1.6.

HRP, GOx, and CT span a relatively large range of molecular weight, isoelectric
points, and structural motifs. Because chymotrypsin remained active and resident within
the PS-b-P4VP(PDP) thin films, co-assembly of the block copolymer and other serine-
based proteins with similar physical and chemical characteristics were explored. Reverse
micelles comprised of AOT and trypsin or subtilisin were prepared. Although
chymotrypsin and trypsin are close analogues, reverse micelles containing trypsin
capable of cleaving p-nitroanilide substrates were unable to be prepared. Several reports
describe the preparation of reverse micelles containing active trypsin, so additional
studies are needed to optimize AOT/trypsin reverse micelles in our hands. Active
subtilisin, conversely, was readily incorporated into AOT reverse micelles. Despite
similarities in molecular weight and isoelectric point for chymotrypsin and subtilisin,
subtilisin was observed to leach from the films into aqueous solution within 30 min
(Figure 2.7), no matter what buffer was used: a buffer optimized for chymotrypsin or a
buffer optimized for subtilisin. This may indicate that chymotrypsin’s extended residence
time in thin films may not be a function of solely size or isoelectric point. Further
investigation must be conducted.
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Figure 2.7. Analysis of subtilisin activity in thin films. Activity is assayed based on
proteolysis of N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide at pH = 8.0. Activity was
measured in (a) bicarbonate buffer optimized for subtilisin and (b) bis-tris buffer
optimized for chymotrypsin. Films were incubated in the bath for 30 min.

Electrospun fibers are useful building blocks to construct macroscopic materials
with high surface area, useful for catalysis.*®*** Electrospinning is a technique that takes
advantage of an electric potential to drive the creation of thin fibers from a polymer
solution or melt. The application of a sufficiently high voltage uniaxially stretches the
viscoelastic liquid out from a narrow outlet. For electrospun BCP fibers, BCPs self-
assemble and form nanostructures mainly governed by the BCP phase behavior.”* ** The
creation of protein-loaded electrospun fibers often involves the dissolution of protein in a
biocompatible polymer fluid and electrospinning from water. Proteins are embedded
within the interior of the fiber and are shielded from the environment.* Proteins provide
a functional aspect to the fiber and the BCP provides an internal structure that could play
a vital role in tailoring these fibers to achieve desirable attributes.

Upon electrospinning of a solution containing AOT/HRP reverse micelles and PS-
b-P4VP(PDP) from chloroform, successful formation of a fibrous mat was observed
optically (Figure 2.8a), cylindrical fibers were observed using scanning electron
microscopy (Figure 2.8b), and microphase separation of BCP domains within the interior
of the fiber was observed using cross-sectional transmission electron microscopy (Figure
2.8c). Incorporation of HRP-encapsulated reverse micelles shows little interference with
electrospun fiber formation, and the fibers exhibited the ability to microphase separate
into two unique domains. Furthermore, the application of an electric potential and an
increase in solution viscosity, needed for electrospinning, produced minimal disturbance
of reverse micelle complexes, as verified by active HRP.
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Figure 2.8. HRP-containing electrospun fibers. (a) Optical image of electrospun fiber
mat containing AOT/HRP reverse micelles. (b) SEM and (c) cross-sectional TEM of
BCP fiber mat.

8§ 2.3. Conclusion

In conclusion, we have demonstrated the co-assembly of protein-containing
surfactant reverse micelles and BCP-based supramolecules in both thin films and
electrospun fibers. This strategy greatly expands the scope of proteins that could be
incorporated into protein-based hybrid materials. Protein activity was retained for various
classes of proteins, and proteins remained functional during storage in thin films, more so
for chymotrypsin. Proteins were observed to leach from the thin films upon exposure to
aqueous solution, although chymotrypsin was a notable exception. Upon further
investigation of this co-assembly process and a better understanding of the interactions
between protein, surfactant, and block copolymer is obtained, it would be possible to
optimize the behavior of these protein-based materials to elucidate a specified protein
elution rate and protein storage timeline. The system may be useful for applications that
include protein delivery, catalysis, and transport.

8 2.4. Experimental Section

2.4.1. Materials

Horseradish peroxidase type Il (HRP), glucose oxidase type X-S (GOx), o-
chymotrypsin type Il (CT), subtilisin type VIII, sodium 2-bis(hexylethyl) sulfosuccinate
(AOT), o-D-glucose, phenol, 4-aminoantipyrine, and N-Succinyl-Ala-Ala-Pro-Phe p-
nitroanilide were obtained from Sigma Aldrich. TMB Peroxidase EIA Substrate Kit was
obtained from Bio-Rad Laboratories. (24 kDa) poly(styrene)-block-(9.5 kDa) poly(4-
vinyl pyridine) (PS-b-P4VP) was obtained from Polymer Source with a PDI of 1.10. 3-n-
pentadecylphenol (PDP) was obtained from Acros. Toluene and chloroform were
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obtained from Fisher Scientific, and Milli-Q water was obtained from EMD Millipore.
Silicon wafers were obtained from International Wafer Service. All materials were used
as received.

2.4.2. Assembly of Protein-Encapsulated Reverse Micelles

AOT was dissolved in toluene at a concentration of 200 mM. HRP and GOx were
individually dissolved in DI water to a concentration of 2 w/v %. a-CT was dissolved in
10 mM Bis Tris, 2 mM CacCl, at pH 8.4 to a concentration of 1 w/v %. Injection emulsion
was used to create AOT-protein reverse micelles. The suspension was sonicated, mixed,
and partially evaporated using a constant stream of N, gas until optically clear.
Additional toluene was added to compensate for evaporated solvent in order to
reestablish the original concentration.

2.4.3. Dynamic Light Scattering

Size of AOT-HRP reverse micelles and AOT-GOx reverse micelles were
measured using a Brookhaven Instruments BI-200SM Research Goniometer and Laser
Light Scattering System. The refractive index of the particle was taken as the refractive
index of H,0O, n = 1.33. Temperature was controlled and set at 25°C. Measurements were
sorted by number average and a NNLS fit was used to analyze the correlation curves.

2.4.4. Assay of Protein Activity in Aqueous Buffer

HRP activity was assessed using 3,3’,5,5’-tetramethylbenzidine and hydrogen
peroxide. Baseline HRP activity was determined by preparing a stock protein solution in
100 mM KH,PO4/K,HPO, phosphate buffer at pH 6 and applying a prepared TMB assay
solution, as outlined by the manufacturer. Solution was thoroughly mixed and UV-visible
spectroscopy was performed on a Hewlett-Packard 8453 Spectrophotometer. A 1-cm path
length cuvette was used and absorbance at 370 nm was monitored.

H;C CH3 H;C CH;
HRP
H,N NH, + H,0, ——3» HN — NH + 2H,0
H;C CH; H;C CH;

GOx activity was assessed using an assay containing glucose, phenol, 4-
aminoantipyrine, and HRP. Baseline GOXx activity was determined by preparing a stock
protein solution in 100 mM KH,PO4/K;HPO, phosphate buffer at pH 6 and applying the
colorimetric assay. Absorbance at 505 nm was monitored.

(2.1)
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CT and subtilisin activity were assessed using an assay containing N-Succinyl-
Ala-Ala-Pro-Phe p-nitroanilide. Baseline CT and subtilisin activity were determined by
preparing a stock protein solution in 10 mM Bis-Tris with 2 mM CaCl,, pH 8.4 for CT
and in 25 mM sodium bicarbonate, pH 8.5 for subtilisin and then applying the
colorimetric assay. Absorbance at 390 nm was monitored.
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AOT-protein reverse micelles were left in ambient room temperature conditions
for 0, 2, 4, 8, and 24 h in toluene. After specified times, aliquots were taken and diluted in
the protein’s respective buffers. After thorough mixing, the assay solution is applied.
Activity was quantified using UV-visible spectroscopy by monitoring the conversion rate
of the colorimetric assay for 5 min for HRP. For the other proteins, activity was
quantified by monitoring absolute absorbance after a specified time.

2.4.5. Assembly of PS-b-P4VP(PDP) Supramolecule

PS-b-P4VP and PDP were dissolved separately in chloroform. Both solutions
were combined at a mole ratio corresponding to 1:1 [PDP]:[4VP] in chloroform and
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stirred overnight to promote hydrogen bonding. The final concentration of the solution
was 1 w/v % PS-b-P4VP(PDP).

2.4.6. Fabrication of Protein-Containing Thin Films

Prior to spin casting, four spinning solutions were created: 0.5 w/w % HRP, 0.5
wiw % GOx, 0.25 w/w % HRP + 0.25 w/w % GOx, 0.25 w/w % CT, 0.25 w/w %
subtilisin. Solutions were created by mixing AOT-protein reverse micelle solution and
PS-b-P4VP(PDP) solution. Thin films were prepared on silicon wafers. Solutions were
prepared by spin-casting the blended protein-supramolecule solution for 20 s at 3000
RPM. Film thickness was assessed using a Filmetrics F20 interferometer. Samples were
solvent annealed in a sealed 250 mL jar containing 500 pL of chloroform for 20 min.

2.4.7. Atomic Force Microscopy

Thin films were imaged using atomic force microscopy. AFM was performed on
a Molecular Imaging PicoSPM Il with a PicoScan 2500 controller. A scan rate of 2 Hz
and a resonant frequency ranging between 300-400 kHz were used.

2.4.8. Colorimetric Analysis of Protein in Thin Films

Thin films were submerged for 30 min in buffer and evaluated with their
respective colorimetric assays.

2.4.9. Leaching of Protein from Thin Film

Protein-containing thin films were placed in 400 pL of their respective buffers.
Protein-containing thin films were incubated at room temperature for 30 min and then
removed. Films were subsequently placed in another 400 pL bath of the same buffer
solution. Their colorimetric assay solution is applied to each bath. Activity was quantified
using UV-visible spectroscopy by monitoring the conversion rate of the colorimetic
assay.

2.4.10. Protein Activity Retention in Thin Film

Protein-containing thin films were left at ambient room temperature conditions for
a prolonged time period post fabrication and solvent annealing. After specified times,
protein-containing films were placed in buffer containing an assay solution. UV-visible
spectroscopy monitored the protein activity by looking at the rate of conversion of the
colorimetric assay.
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2.4.11. Fabrication of Protein-Containing Electrospun Fibers

Prior to electrospinning, a 1 w/v % HRP solution was created containing HRP
encapsulated in AOT reverse micelles in toluene and a 17 w/v % PS-b-P4VP(PDP) in
chloroform. The final spinning solution contained 13 v/v % toluene. Electrospun fibers
were created with a solution feed rate of 5 mL/h and a voltage of 10 kV. A tip-to-plate
distance of 15-20 cm was manually set. 30 min was sufficient in fabricating fibers for
characterization and testing.

2.4.12. Scanning Electron Microscopy

Electrospun fibers were mounted on an SEM holder using conductive carbon tape.
SEM images were collected on a JEOL FE-SEM at an accelerating voltage of 5 kV.

2.4.13. Transmission Electron Microscopy

Electrospun fibers were embedded and cured in resin for 4 h at 60°C. Samples
were then microtomed and exposed to iodine vapor for 10 min which selectively stains
the P4AVP(PDP) domain. TEM images were collected on a FEI Tecnai 12 TEM at an
accelerating voltage of 120 kV.
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Chapter 3

Design and Optimization of Statistically Random
Heteropolymers toward Enhanced Protein Stability and

Processability
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Preserving protein function in non-native conditions have benefitted greatly from
the development of statistically random heteropolymers. The chemical and architectural
complexities of statistically random heteropolymers provide a modular platform for
tunable protein-polymer-solvent interactions. This provides expansive opportunities not
offered by small molecule surfactants or amphiphilic polymers. By understanding the
relationship between statistically random heteropolymer composition, encapsulation
route, and protein function retention, a set of parameters can be established for future
iterations. In this chapter, I will report the synthesis of six rationally designed random
heteropolymers whose physical and chemical properties were varied. Small changes in
both chemistry and architecture resulted in clear behavioral differences in polar and non-
polar solubility and aggregation. These differences in solution behavior result in clear
differences in protein-polymer interactions. Furthermore, unlike traditional surfactants,
the path taken to induce protein-amphiphile hybridization can be tuned to optimize
activity preservation.

§ 3.1. Introduction

Random heteropolymers with a statistical distribution of monomers offer an
approach toward protein stabilization. The chemical heterogeneity of the protein surface
matches well with the chemical complexity offered by random heteropolymers.
Monomers can be chosen to interact favorably with amino acids on the protein surface.?*
Changes in polymer composition and backbone can be used to manipulate
amphiphilicity.” Furthermore, tuning of monomer feed ratios can be used to direct the
lateral correlation between a polymer and protein surface.

Current approaches toward protein processability and stability are not as flexible.
In solution, surfactant encapsulation and polymer conjugation are two popular
approaches. Small molecule surfactants’™° and amphiphilic polymers™ *? can emulsify
protein solutions in media, while end-functionalized polymers can be covalently attached
to protein surfaces, mediating their interaction with the environment.® Yet, both
techniques have their own drawbacks. Surfactants are greatly limited by the chemistry
and architecture that are available; their ability to pack into micelles is bound by the
geometry and strength of its hydrophobic and hydrophilic sections.* In addition, this
micelle structure is fairly dynamic and participates in subunit exchange in solution, which
can encourage solvent penetration and cargo leakage.'>*

Polymer conjugation uses accessible functional handles on the protein surface.*
An insufficient amount of conjugation sites for polymers has been shown to provide little
enhancement in terms of protein stability and processability, as seen in Chapter 2. The
hydrophobicity of the polymer used is also limited, as the polymer will disrupt
intramolecular interactions that hold the protein together if the hydrophobicity is too
great.” # In addition, local distortion at the site of conjugation does occur, arising from
the steric hindrance incurred by the protein.?
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Statistically random heteropolymers (SRHPs) offer an alternative vehicle to
solubilize, stabilize, and make processable a variety of nonspecific proteins. They
combine the generality of surfactants and the stability of polymer conjugation. Similar to
small molecule surfactants, the interactions they participate in are non-covalent; however,
the polymer architecture provides multiple sites for the surfactant to bind. The sum of
many non-covalent interactions can be comparable to the strength of a covalent bond.
Sequence-controlled polymers could provide accurate control over chemical composition
and architecture, but these macromolecules are plagued with scalability and synthetic
scheme limitations, difficulties in high molecular weight polymerization, and a reduced
library of applicable monomers.?® The appeal of a defined monomer sequence can be
simulated in SRHPs through controlled radical polymerization and proper monomer
feeding ratios. The statistical randomness of the polymerization process will dictate the
spacing between the different monomers that are introduced, with the caveat that the
monomers have the same reactivity.°

Hydrophobically modified polymers (HMPs) are a class of synthetic
macromolecules composed of a hydrophilic backbone and a statistical distribution of
hydrophobic side groups.?* # In aqueous solutions, these hydrophobic moieties self-
associate, forming microdomains of hydrophobic pockets.?®* One specific type of HMP,
amphipols (APols), has been shown to solubilize and stabilize hydrophobic
transmembrane proteins in water.> *>*? Their chemical complexity provides tunability of
both solvent amphiphilicity and protein interactions. However, this technique requires
initial solubilization of transmembrane proteins with small molecule surfactant micelles.
In addition, this approach is limited to aqueous systems and has not been adapted to non-
polar media.

SRHPs have greatly expanded the scope of functionalities and properties
accessible to materials science and engineering. However, to design and use SRHPs
effectively requires a deep understanding of how proteins, SRHPs, and solvents interact.
Hereafter, | will report on a set of rationally designed SRHPs to investigate the interplay
between SRHP composition, encapsulation technique, and protein preservation. This
preliminary set of experiments will help dictate future designs and approaches.

8 3.2. Results and Discussion

The protein surface is highly heterogeneous and chemically complex; however,
the interactions that occur at the surface are predictable. A protein’s surface can be
simplified into a binary map of polarity (hydrophobic vs. hydrophilic) and a ternary map
of charge (neutral vs. positive vs. negative). Magnitude of polarity and charge were
ignored for this initial undertaking as it will complicate the initial SRHP design process.
Taking horseradish peroxidase (HRP) as an example, its crystal structure was used as a
model protein.®®* HPR was conceptualized as a patchy particle with clusters of
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hydrophobic, cationic, and anionic patches (Appendix A.2.1). These patches can be
measured to obtain a distribution of sizes and distances (Figure 3.1). When mapping out
the surface based on these parameters, proteins can be simplified as spheres with patch
diameters in the range of ~0-1 nm and average patch-to-patch distances of ~1-2 nm
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Figure 3.1. Surface analysis of HRP (1H55). The histograms of the patch diameters (left)
and patch-to-patch distances (right) of (a) hydrophobic patches, (b) cationic patches, and

(c) anionic patches.

Table 3.1. Surface Measurements of Horseradish Peroxidase

Patch Average Diameter (A) Average Distance (A)
Hydrophobic 6.1 3
Positive 4.9 16.1
Negative 9.5 15.1
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The chain-based structure of SRHPs is expected to interact with proteins
multivalently, increasing the binding affinity per surfactant. Monomer chemistry is tuned
to interact favorably with patches on the surface. Interactions should stay below the
energy threshold that would cause the polymer to outcompete protein intramolecular
interactions. The spacing between interacting monomers is essential for protein-polymer
complex stability; complimentary monomer distances that resonate well with the
distances and sizes of protein patches would optimize binding. Tuning monomer spacing
with respect to protein patch distances lowers polymer stretching and compression
required to accommodate for hybridization. The enthalpic gain resulting from this
protein-polymer interaction would compensate for the entropic penalty associated with
encapsulation.

Upon hybridization with the protein, it is assumed that the polymer will adjust and
correct for any deviation from this patch-to-patch average distance and maximize the
number of favorable interactions. In addition, the presence of both a hydration layer
around the protein and organic solvent will pin the polymer surfactant at the interface.**
The SRHP will arrange itself to position the majority of hydrophobic monomers into the
organic solvent and the majority of polar monomers into the water. Monomers in the
water will anchor to the protein surface multivalently. The additive interactions of
multiple weak interaction between SRHP and protein is critical to ensure that overall
protein-polymer interactions is sufficiently strong to form a polymer shell yet weak
enough to prevent localized protein denaturation. This design process is summarized by
Scheme 3.1.
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Scheme 3.1. Tailoring SRHPs for a protein’s surface.
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SRHPs were synthesized using reversible addition-fragmentation chain transfer
(RAFT) polymerization. A controlled free radical polymerization system that is robust
allows us to utilize a wide range of commercially available monomers and reaction
conditions. RAFT is also sensitive enough to provide precise tuning over both the
molecular weight and polydispersity.*® Four monomers were chosen to provide SRHPs
with enough chemical complexity to act as both an effective agent for protein attachment
and a proper amphiphilic surfactant.

A methacrylate-based polymer was chosen as the foundation for SRHPs. There is
a variety of functional groups offered in methacrylate-based polymer chemistry, and the
backbone provides ample flexibility for protein wrapping. The majority of the polymer is
composed of methyl methacrylate (MMA). MMA provides hydrophobicity to the
polymer, allowing it to remain soluble in non-polar media. It also acts as a spacer
between functional monomers that interact with the protein surface. Oligo(ethylene
glycol) methacrylate (OEGMA) is expected to locally stabilize the protein because of
poly(ethylene glycol)’s (PEG’s) established phenomenon in stabilizing proteins.®® In
addition, PEG provides hydrophilicity to the polymer, making it soluble in aqueous
solutions, and it is known to retain a hydration shell. This will be essential in providing
proteins with an appropriate environment. 2-ethylhexyl methacrylate (2-EHMA) is
expected to interact with the hydrophobic patches on the protein surface. It also increases
the hydrophobicity of the polymer, balancing the effects of OEGMA. 3-sulfopropyl
methacrylate (3-SPMA) is a hydrophilic anionic species that is expected to form salt
bridges with the positive charges found on the surface of HRP. The monomer selection
was guided by Hildebrand solubility parameters found in literature for the four monomers
and the two solvents in the system (Appendix A.2.2).3"3% A cationic monomer was
excluded to prevent strong intramolecular interactions within the polymer that may
hinder hybridization between SRHP and protein.

By varying the feeding ratios of the four monomers and varying the lengths of
OEGMA and the polymer backbone, six different SRHPs were synthesized (Table 3.2).
SRHP-1 was developed to match the lateral correlation found on the protein surface.
SRHP-2 and SRHP-3 exchanged 2-EHMA with OEGMA, making the polymer exhibit a
more hydrophilic characteristic. SRHP-4 and SRHP-6 were created to be analogues of
SRHP-1, where the ratios remained the same but OEGMA length was increased. These
two routes in increasing OEG (increasing OEGMA monomer vs. increasing OEGMA
length) would provide direction for future iteration. Increasing OEG content would
benefit the protein greatly due to the aforementioned ability of PEG to stabilize proteins.
Lastly, SRHP-5 was synthesized to evaluate the effects of increasing molecular weight.
As molecular weight is increased, the amount of anchoring moieties per polymer is
increased; however, as the case for higher molecular weight polymers, the entropic
penalty associated with polymer ordering during encapsulation also becomes greater and
may hinder proper protein-polymer interactions.
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Table 3.2. Theoretical Monomer Composition of SRHPs

Sample
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R o
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Although these changes in monomer ratio and OEGMA length are small in
magnitude, the resulting effects are drastic in terms of SRHP solubility and aggregation.
Group contribution theory was used to evaluate the hydrophilic-lipophilic balance (HLB)
of each individual monomer (Table 3.3).%
monomer hydrophobicity. Lower HLB numbers indicate higher hydrophobicity and
higher HLB numbers indicate higher hydrophilicity. For instance, alkanes are
hydrophobic and contribute negatively to HLB. Charged moieties, such as sulfonates on
the other hand, are highly polar and contribute significantly to increasing HLB.

Table 3.3. HLB Values using Group Contribution Theory

Functionality Amount Group # Amount Group # Amount Group # Amount Group #
-CH,- 4 -0.475 11 -0.475 4 -0.475 6 -0.475
-CO,R- 1 24 1 2.4 1 24 1 2.4
-CH,CH,0- — — — — 3-20 0.33 — —
-0805- - - - - - - 1 38.7
HLB 7.5 4.175 8.49-14.1 45.25

These HLB values provide an indicator of
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By treating these SRHPs as a mixture of surfactants tethered along a polymer
backbone, an HLBix value can be calculated (Table 3.4). HLBix values between the six
SRHPs indicate little difference in solution properties. These values, though, straddle the
boundary where surfactants prefer to create aggregates with a hydrophilic shell and
hydrophobic core and where surfactants prefer the inverse.** HLB values between 1 and
10 prefer inverted structures where non-polar components face outwards and polar parts
point inwards. HLB values between 10 and 40 prefer the opposite. As SRHP values fall
between 9 and 11, all polymers are expected to solubilize in both non-polar organic
solvents and water.

Table 3.4. HLB Mixture Values for SRHPs

SRHP-1 SRHP-2 SRHP-3 SRHP-4 SRHP-5 SRHP-6
HLB,,ix 8.97-9.05 9.19-9.28 9.40-9.52 9.47 9.47 10.37

In water, only SRHP-1, -4, and -6 were dissolvable. The remaining SRHPs appear
as a transparent gel-like substance in solution. The increase in OEGMA monomer in
SRHP-2 and -3 would lead us to believe that its increased hydrophilicity would make it
more readily soluble; however, this is not the case. It is speculated that OEGMA
monomers along the backbone become physically entangled due to the high density of
OEGMA. It is possible heat can be used to provide the energy needed for entanglement
disruption and assist in solubilization, but additional studies must be conducted. SRHP-6,
with its long OEGMA chain, does not behave in this manner. OEG subunits are localized
further away from the backbone and have more room, preventing entanglement. As seen
in literature, hydrophobicity of an amphiphilic polymer is not dependent on solely
chemistry but also on how well the sidechains pack.*?

Increasing the molecular weight also results in a similar gel-like macrostructure as
observed in SRHP-5. As previously speculated, increasing the molecular weight of
SRHPs may hinder proper solubilization. The entropic penalty for polymer ordering
increases as molecular weight increases. This phenomenon occurs due to the increase in
the amount of available microstates. More microstates result in higher entropic penalty
during the packing of hydrophobic monomers into the core. Again, heat may help during
the dissolution of the macromolecule, but additional studies must be conducted. For this
initial set of observations, it can be concluded that 3x molecular weight hinders polymer
performance. Aggregation indicates an increase in intramolecular interactions which may
impede protein-polymer interactions during processing.

Dynamic light scattering was used to monitor water-soluble SRHP behavior. In
water, the three SRHPs behaved similarly, with hydrodynamic diameters ranging from 4-
8 nm (Figure 3.2). An increase in diameter was observed as the length of OEGMA was
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increased. Water is a good solvent for OEG and an increase in the amount of OEG
subunit should result in an increase in the degree of swelling, which was observed.
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Figure 3.2. DLS histograms of SRHPs in water. Left column shows diameter distribution
based off of number average values and right column shows diameter distribution based
off of volume average values for (a) SRHP-1, (b) SRHP-4, and (c) SRHP-6.

Small angle x-ray scattering (SAXS) was used to provide further insight in SRHP
morphology. The length scale of x-rays allows us to probe the internal structure of
SRHPs. Figure 3.3 shows scattering profiles of SRHP-1, -4, and -6 fitted to a
polydispersed core-constant shell model. In order to decouple structure factor and form
factor, scattering profiles were fitted from 0.07 A™ to 0.2 A™. Interestingly, with small
OEGMA lengths, SRHP-1 adopts a core-shell cylindrical morphology in water, while
SRHP-4 and -6, which have longer OEGMA lengths, adopt a spherical morphology. The
reduction in OEGMA volume fraction in SRHP-1 forces a cylindrical morphology in
order to maximize packing and shielding of hydrophobic MMA and 2-EHMA.
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Figure 3.3. SAXS scattering profiles of SRHPs in water. Red solid lines represent
PolyCore fits.

Table 3.5 summarizes information obtained from SAXS and DLS. Results from
the two techniques are in good agreement. The radius of gyration of SRHP-4 and -6 cores
are the same and there is only a slight increase in shell thickness. This indicates that the
center of mass of this OEGMA shell remains close to the hydrophobic core-hydrophilic
shell interface. It is speculated that this occurs as a way to passivate the interactions
between the hydrophobic monomers and the water. Lastly, looking at the low q structure
factor peak, little deviation from the three SRHPs was observed. The SRHPs seem well
dispersed in solution, with polymer-to-polymer distances of 40 nm.

Table 3.5. Summary of SAXS and DLS Measurements of SRHPs

Small Angle X-Ray Scattering Dynamic Light Scattering
Sample Shape Teore (NM) toper (M) Leore (NM) tiace (NM) Autocorrelation Peak (nm) | pumper (11M) Tyomme (NM)
SRHP-1  Cylinder 1.6 0.6 6.6 0.9 39.9 22 2.6
SRHP-4 Sphere 0.7 2.6 - - 40.5 24 2.6
SRHP-6 Sphere 0.7 2.7 - - 40.5 32 38

When SRHPs were dissolved in non-polar media, the small changes in monomer
ratio produced large difference in size. SAXS was used to evaluate polymer properties in
toluene (Figure 3.4). Scattering profiles indicate that increases in OEGMA ratio and
SRHP length caused large aggregation. Although dissolvable in toluene, the increasing
slope at low g for SRHP-2, -3, and -5 revealed particles much larger than the observable
range of our sample-to-detector distance. SRHP-6, although calculated to contain a
stochastically higher number of OEG subunits than SRHP-2 and -3, shows better
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solubilization behavior in toluene. This would suggest that chemical hydrophobicity is
not sufficient to characterize these polymers and that future experiments must be
designed to evaluate architecture role in SRHP solubility. Our speculation is that by
placing this extra OEG away from the backbone, SRHP has more degrees of freedom to
efficiently pack the hydrophilic portions of the polymer, similar to what was observed in
water. For SRHP-5, it is still unclear on its inability to dissociate into smaller particles,
but the large entropic penalty for ordering long polymers may be a potential explanation
for this phenomenon.
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Figure 3.4. SAXS scattering profiles of SRHPs in toluene.

The Guinier approximation was used to calculate the radius of gyration of
toluene-soluble SRHPs (Table 3.6). With the observed sizes, it is highly likely that these
polymers exist as an aggregate of SRHPs rather than individual SRHPs floating in
solution. In addition, the relationship between SRHP size and OEGMA length can be
extracted from this data (Figure 3.5). Increasing the length of OEGMA causes an increase
in overall aggregate size. Larger aggregates reduce the total amount of surface area and
increase the total amount of volume. It is speculated that this would allow for better
shielding of OEG from the toluene. It is also observed that this increase in SRHP size
begins to plateau as OEGMA length increases. Further studies must be conducted to
evaluate this phenomenon, but there may a critical OEGMA length where the system
reaches equilibrium.

Table 3.6. Guinier approximation of SRHPs
Guinier Approx. SRHP-1 SRHP-2 SRHP-3 SRHP-4 SRHP-5 SRHP-6

1 (nm) 4.4 - - 8.6 - 10.6
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Figure 3.5. Relationship between OEGMA degree of polymerization and SRHP radius.

Three SRHPs were chosen to assess SRHPs’ ability to stabilize proteins stored in
organic media. Injection emulsion of an aqueous protein solution into toluene containing
SRHP-1, SRHP-3, or SRHP-4 was used to create HRP-encapsulated reverse micelles.
Over 24 h, aliquots of SRHP/HRP reverse micelles were dispersed in buffer. This allows
us to disrupt SRHP/HRP hybridization and extrapolate the sole effects of protein
denaturation. As seen in Figure 3.6a, both SRHP-1 and SRHP-4 showed great ability to
initially encapsulate and stabilize the protein. Over a 24 h time period, the increase in
OEGMA length correlates to enhanced activity retention in organic solvent. SRHP-3,
which tends to cluster into large aggregates in toluene solution, showed inconsistent
protein processing behavior (Figure 3.6b). During activity testing over a 24 h time period,
large standard deviations were observed. Its strong interaction with itself most likely
hinders its ability to interact with the protein. Further investigation must be done to
evaluate the stabilizing effects of increasing OEGMA length.
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Figure 3.6. Activity of HRP after storage in organic solvent and dispersed in aqueous
buffer in (a) SRHP-1 and SRHP-4 and (b) SRHP-3 reverse micelles.
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Previous data was all obtained by encapsulating HRP in reverse micelles. Reverse
micelle complexes are ideal in stabilizing proteins. An aqueous environment is
maintained around the protein; however, obtaining high concentration solutions of
SRHP-4/HRP reverse micelles is difficult. This has led us to investigate other
encapsulation techniques, such as adsorption-evaporation-resuspension and adsorption-
lyophilization-resuspension. SRHPs’ ability to dissolve in both water and toluene offers
multiple avenues for SRHP/HRP hybridization. By solubilizing both SRHPs and HRP in
water first, it is possible to bring SRHPs in close proximity to proteins prior to exposure
to organic solvent. In addition, we can control the amount of toluene that the complexes
are resuspended in. This technique is similar to the ion pairing approach discussed in
Chapter 2. Scheme 3.2 summarizes the differences in procedure.
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Scheme 3.2. Encapsulation method of HRP in toluene via SRHPs. (a) Injection emulsion
technique. (b) Solvent evaporation technique. (c) Lyophilization technique.

Each encapsulation route resulted in different morphologies. In Figure 3.7,
transmission electron microscopy (TEM) images are shown for free polymer (Figure
3.7a) and complexes formed through ejection emulsion (Figure 3.7b), solvent evaporation
(Figure 3.7c), and lyophilization (Figure 3.7d). In the case of injection emulsion and
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lyophilization, a bimodal distribution was observed, where one species corresponds to the
diameter of free polymer (~20 nm), and the other species corresponds to the SRHP-
4/HRP complex (~70 nm for ejection emulsion and ~50 nm for lyophilization). For
evaporation, a more monodisperse solution was found with a diameter of ~30 nm (Figure
3.7(e-h)). The drastic reduction in particle size in evaporation-assisted complexes is
speculated to result from the increased concentration of protein and polymer during water
evaporation. Interactions between protein and polymer are enhanced and may result in a
reduction of protein amount per complex. Further investigation must be conducted to
verify this.

SRHP-4 Emulsion Evaporation Lyophilization
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Figure 3.7. TEM of (a) SRHP-4 and SRHP-4/HRP complexes formed through (b)
emulsion, (c) solvent evaporation, and (d) lyophilization. Image analysis was used to
measure the diameters of (e) free SRHP-4, (f) reverse micelles, (g) evaporation-assisted
complexes, and (h) lyophilization-assisted complexes.

SAXS was used to determine the internal structuring of these complexes. In order
to fit our scattering profiles, we summed a spherical polydisperse core-shell model with a
polydisperse Gaussian coil model to provide scattering contributions from both the
SRHP-4/HRP complex and SRHP-4 aggregates respectively. Deconvolution of the
individual scattering contributions was done by fitting the scattering profile of just
SRHP-4 in toluene and modeling the SRHP-4/HRP complex at low ¢, where
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contributions of the SRHP-4 aggregates are minimized. For SRHP-4/HRP reverse
micelles, a core-shell structure was observed, with a radius of 10 nm and a shell thickness
of 24 nm (Figure 3.8a). For SRHP-4/HRP complexes formed through evaporation
(Figurer 3.8b) and lyophilization (Figure 3.8c), we observed no distinct core shell
structure but rather a spherical particle with a mixture of protein, polymer, and water. The
core for the evaporated-mediated complex was much smaller however, at 10 nm, while
the core for the lyophilized-mediated complex was much larger, at 26 nm. These results
are summarized in Table 3.7. The SAXS models agree well TEM results.
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Figure 3.8. SAXS scattering profiles of SRHP-4/HRP complexes using various
encapsulation techniques. (a) SRHP-4/HRP reverse micelle. (b) SRHP-4/HRP evaporated
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complex. (c) SRHP-4/HRP lyophilized complex. The left shows individual fits of SRHP-
4/HRP complex and SRHP-4 aggregates. The right shows a combined summed fit.

Table 3.7. Core-Shell Measurements from SAXS.

Approach Toore (M) tepen (M)
Emulsion 10.1 238
Evaporation 10.1 0.6
Lyophilization 26 0.7

Comparing the three different encapsulation techniques and their ability to
stabilize proteins stored in organic media, it was observed that evaporated and
Iyophilized complexes provided better initial activity retention (Figure 3.9). It is
postulated that there is a reduction in solvent exposure experienced by the protein as the
surfactant is already in close proximity prior to toluene resuspension. This increase in
protein activity preservation is governed by short range diffusion of SRHP and protein. In
emulsion-assisted encapsulation, the polymer must find the aqueous protein solution first.
This long range diffusion results in increased organic solvent exposure. For evaporated
complexes however, the activity diminishes at a much more drastic rate than the activity
of HRP in reverse micelles. Further investigation must be conducted, but the reduced
particle size may make it easier for solvent to penetrate and denature the protein.
Complexes that are lyophilized preserved protein activity to the highest extent. In
addition, complex formation was more reducible in the lyophilized system in comparison
to evaporated complexes and reverse micelles.
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Figure 3.9. Activity of HRP after storage in organic solvent and dispersed in aqueous
buffer for various SRHP-4 complexes.
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§ 3.3. Conclusion

SRHPs are modular surfactants for protein stabilization in organic solvent. Its
tailorability in monomer ratios, monomer chemistry, and polymer size provide
opportunities to manipulate the interactions between protein and its environment. As
revealed in this chapter, slight variations in polymer chemistry and architecture leads to
changes in polymer solvent behavior, morphology, and protein interaction. In this study,
we were able to optimize the polymer chemistry to achieve optimal performance. Lastly,
since SRHPs are amphiphilic, it allows us to explore different avenues in protein-polymer
hybridization. We observed different core-shell structures generated, based on processing
procedure. SRHPs provide a solution to making proteins more soluble, stable, and
processable in organic solvents.

§ 3.4. Experimental Section

3.4.1. Materials

Horseradish peroxidase type Il (HRP), phosphotungstic acid, methyl methacrylate
(MMA), ethylene glycol methyl ether methacrylate (OEGMA, M, = 300 g/mol, 500
g/mol, and 1100 g/mol), 2-ethylhexyl methacrylate (2-EHMA), 3-sulfopropyl
methacrylate  potassium  salt  (3-SPMA), N,N-dimethylformamide, =~ N,N-
dimethylformamide-d7, dichloromethane, tetrahydrofuran, and diethyl ether were
obtained from Sigma Aldrich. TMB Peroxidase EIA Substrate Kit was obtained from
Bio-Rad Laboratories. Toluene was obtained from Fisher Scientific, and Milli-Q water
was obtained from EMD Millipore. S-methoxycarbonylphenylmethyl dithiobenzoate
RAFT transfer agent was synthesized as described by Perrier et al.** Dialysis membranes
with a molecular weight cutoff of 6000-8000 g/mol were obtained from Spectrum
Laboratories. TEM carbon grids were obtained from Ted Pella. All monomers were
passed through a short column of neutral alumina to remove the inhibitor before use. All
other materials were used as received.

3.4.2. Synthesis of SRHPs by RAFT Polymerization

A solution of MMA, OEGMA, 2-EHMA, 3-SPMA, and S-
methoxycarbonylphenylmethyl dithiobenzoate in N,N-dimethylformamide was degassed
by three freeze-pump-thaw cycles before being sealed off under vacuum. Reversible
addition-fragmentation chain transfer polymerization was employed, as depicted by
Scheme 3.2, and after 20 h at 60°C, the polymerization media was diluted in
dichloromethane, precipitated in diethyl ether, and dried under vacuum. The resulting
polymer was dissolved in tetrahydrofuran and dialyzed against a 1:1 mixture of
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tetrahydrofuran and water for 3 days and against pure water for 2 days. The dialysis
solutions were renewed every day. Finally, the water solution remaining in the dialysis
membrane was freeze dried.

' N P

3-SPMA

MMA

2-EHMA

o)
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S 60°C
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/I\\
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Scheme 3.3. Synthesis of SRHP by RAFT polymerization.

3.4.3. Characterization of SRHP

'H NMR and *H-**C heteronuclear single quantum coherence (HSQC) 2D NMR
spectra were carried out at 363 K with a Bruker Avance 111 400 spectrometer (400 MHz
for 1H and 100 MHz for 13C) using a 5 mm BBFO+ probe. Quantitative 13C NMR
distortionless enhancement by polarization transfer (DEPT135) spectra was carried out at
363 K and 100 MHz with a Bruker Avance 1l 400 spectrometer using a 10 mm selective
13C SEX probe. Polymer samples were examined as ca. 15% (w/v) solutions in N,N-
dimethylformamide-d; (DMF-d;). Chemical shift values (8) are given in ppm in reference
to residual hydrogenated solvent. Number average (M,) and weight average (M,,) molar
mass and polydispersity (PDI = M,/M,) of SRHPs were obtained from size exclusion
chromatography (SEC) analyses using a Waters 717 Plus autosampler, a 515 HPLC
pump, a 2410 differential refractometer, a 2487 UV—vis detector, a MiniDawn multiangle
laser light scattering (MALLS) detector (measurement angles are 44.7°, 90.0°, and
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135.4°) from Wyatt Technology Inc., a ViscoStar viscosity detector from Wyatt, and five
Styragel HR columns connected in the following order: 500, 103, 104, 105, and 100 A.
Tetrahydrofuran was used as the eluent at a flow rate of 1.0 mL/min at room temperature.
The results were processed using the Astra 5.4 software from Wyatt Technology Inc.

3.4.4. Analysis of SRHPs

'H NMR spectra of SRHPs were used to verify that neither organic solvents nor
monomer residuals were present in the final samples. The attribution of NMR signals was
performed by comparing the 1H NMR, quantitative 3C NMR and DEPT *C NMR, and
'H-3C HSQC 2D NMR spectra with those of monomers MMA, 2-EHMA, OEGMA, 3-
SPMA and SRHP monomers (MMA+2-EHMA), (MMA+OEGMA) and (MMA+3-
SPMA) with 80 mol% of MMA. Example spectra of SRHP-4 can be found in Appendix
A.2.3-A.2.5.

Calculating experimental monomer ratios was performed by comparing the
quantitative 13C NMR spectra integrations of MMA at 51.86 ppm (I), 2-EHMA at 68.74
ppm (I;), OEGMA at 58.43 ppm (I3), and 3-SPMA at 48.77 ppm (l4). Molar ratios of
monomers MMA (i), 2-EHMA (j), OEGMA (k) and 3-SPMA (I) were calculated using
Equations 3.1-3.4.

i=h/(+ 1+ 13+ 1) (3.1)
=/ (it 12+ 13+ 1) (3.2)
K=l3/ (1 + 12+ 13+ 14) (3.3)
=1/ (I + 1+ 13+ 1Y) (3.4)

3.4.5. Assembly of Protein-Containing Complexes

SRHPs were dissolved separately in toluene or water at a concentration of 0.1 w/v
% and HRP was dissolved in DI water to a concentration of 1 w/v %. For reverse
micelles, injection emulsion was used, where the resultant solution contained a
volumetric ratio of 50:1 SRHP toluene solution to HRP solution. The suspension was
sonicated, mixed, and partially evaporated using a constant stream of N, gas until
optically clear. Additional toluene was added to compensate for evaporated solvent in
order to reestablish the original concentration. For complexes formed through solvent
evaporation, a solution that contained a volumetric ratio of 50:1 SRHP water solution to
HRP solution was sonicated and blown with N2 gas for 1 h. After all water was
evaporated, solid films were resuspended with toluene to the original concentration and
sonicated. For complexes formed through lyophilization, aqueous SRHP solution was
combined and sonicated with HRP solution at a volumetric ratio of 50:1. SRHP/HRP
mixtures were lyophilized overnight, resuspended with toluene to the original
concentration, and subsequently sonicated.
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3.4.6. Small Angle X-Ray Scattering

SAXS experiments were carried out at the Advanced Light Source (ALS) at the
Lawrence Berkeley National Lab (LBNL), Berkeley, California at the
SAXS/WAXS/GISAXS beamline 7.3.3. The instrument was operated using an x-ray
energy of 10 keV. For measurements of 0.5 w/v % SRHPs 1-6 in water, a sample-to-
detector distance of 2.3 m was used. For measurements of 0.5 w/v % SRHPs 1-6 in
toluene, a sample-to-detector distance of 1.8 m or 2.3 m was used. For measurements of
SRHP-4/HRP complexes, a sample-to-detector distance of 3.8 m was used. A 2 M Pilatus
detector was used to obtain scattering profiles. Samples were contained in standard
boron-quartz capillaries situated in a customized sample holder which permitted the
sample to be filled and removed using a syringe. This setup allowed for quantitative
background subtraction. Absolute intensity calibration was performed using toluene. The
capillary thickness was 1.6 mm. Scattering length densities were taken to be the
following: p = 8.0 x 10° A for toluene, p = 9.5 x 10° A2 for H,0, p = 12.3 x 10° A”?
for HRP, p ~ 9.2 x 10°® A for SRHP.

Guinier approximations were used to determine SRHP size in toluene.**
Polydisperse Core with Constant Shell Thickness* or Core-Shell Cylinder with
Polydisperse Radius*® model was used to determine SRHP morphology in water. A sum
two model function was used to fit the scattering profile associated with SRHP4/HRP
complexes in solution. Polydisperse Gaussian Coil*” was used to model aggregated
SRHP-4 and Polydisperse Core with Constant Shell Thickness was used to model SRHP-
4/HRP complexes.

3.4.7. Dynamic Light Scattering

Size distributions of 0.1 w/v % agueous SRHP solutions were measured using a
Brookhaven Instruments BI-200SM Research Goniometer and Laser Light Scattering
System. Temperature was controlled and set at 25°C. Measurements were sorted by both
number and volume average and a NNLS function was used to analyze the correlation
curves.

3.4.8. Transmission Electron Microscopy

SRHP and SRHP/HRP complexes were drop cast on TEM carbon grids and dried
for 5 minutes. Subsequently, several drops of water were used to wash off excess free
polymer. Samples were stained using a 2 w/v% solution of phosphotungstic acid in water
for 2 minutes. TEM images were taken on a JEOL 1200EX TEM at an accelerating
voltage of 80 kV.
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3.4.9. Assay of Protein Activity in Aqueous Buffer

HRP activity was assessed using a TMB Peroxidase EIA Substrate Kit (Bio-Rad).
Baseline HRP activity was determined by preparing a stock protein solution in 100 mM
KH,PO4/K,HPO, phosphate buffer at pH 6 and applying a prepared TMB assay solution,
as outlined by the manufacturer. Solution was thoroughly mixed and UV-visible
spectroscopy was performed on a Hewlett-Packard 8453 Spectrophotometer. A 1-cm path
length cuvette was used and absorbance at 370 nm was monitored.

H;C CH3 H;C CH;
HRP
H,N NH, + H,0, ——3» HN — NH + 2H,0
H;C CH; H;C CH;

SRHP/HRP solutions were left in ambient room temperature conditions for 0, 2,
4, 8, and 24 hours in toluene. After specified times, aliquots were taken and diluted in
100 mM KH,PO4/K;HPO, phosphate buffer, pH 6, to disperse the protein and SRHP.
After thorough mixing, the assay solution is applied. Activity was quantified using UV-
visible spectroscopy by monitoring the conversion of the colorimetric assay.

(3.5)

56



Chapter 4

Preserving Protein Hierarchical Structure in Organic Solvents
via Rationally Designed Statistically Random Heteropolymers
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Protein-functionalized materials have the potential to change the current paradigm
of materials science. However, it still remains a challenge to preserve protein hierarchical
structure and function while making them readily processable. Protein structure is
inherently fluid, and it is this property that contributes to their fragility outside of their
native environment. In this chapter, | will show that through the use of rationally
designed statistically random heteropolymers, it is possible to stabilize proteins at each
hierarchical level and process them in organic solvents, a common need for materials
fabrication. Through evaluation of horseradish peroxidase and green fluorescent protein
structure, we show that statistically random heteropolymers can stabilize enzymes,
allowing for activity retention when stored in organic solvent. Furthermore, we
demonstrate that proteins (horseradish peroxidase and chymotrypsin), when encapsulated
in statistically random heteropolymers, are still accessible to their substrates while
remaining inaccessible to the denaturing organic solvent.

8 4.1. Introduction

Proteins have been optimized by nature for the past billion years and have many
attributes that are unmatched by any manmade counterpart. Successful integration of
functional proteins into synthetic systems can greatly improve our ability to meet
demands within the various technological sectors. This may lead to immediate impacts in
catalysis,® sensing,® medicine,®> energy," molecular transport,® and nanostructured
materials.® For example, combining proteins and synthetic polymers would provide
materials with enhanced chemical heterogeneity, structural precision, catalytic activity,
and controlled system dynamics.” However, most proteins reside in aqueous media and
the majority of their uses are for biomedical applications. Their insolubility and inability
to remain functional in non-aqueous solutions are major barriers toward the development
of protein-functionalized materials.

The incompatibility between proteins and organic solvents hinders processability.
Water-soluble proteins cannot be readily dissolved in organic media and cannot be
directly incorporated into water-insoluble, synthetic materials. Polymer conjugation has
had success in this regard; however, as discussed in Chapter 2, the protein’ and polymer®
® must have compatible chemistries. Reverse micelles have been shown to successfully
encapsulate proteins, creating a colloidal dispersion in organic solvents,*®*® but the
dynamic nature of micelles could lead to loss of protein activity."*°

In order to stabilize proteins in non-native media, it is required to separate
proteins from extrinsic stimuli and to conformationally confine proteins to entropically
impede the unfolding process. A class of hydrophobically modified polymers, amphipols,
has successfully stabilized transmembrane proteins in water using these two stabilizing
mechanisms.*”?° However, as a two-step process, it requires small molecule surfactants
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for initial solubilization. Amphipols also cannot be applied to water-soluble proteins nor
organic solvents.

As shown in the previous chapter, statistically random heteropolymers (SRHPS)
provide an enhanced route toward protein stabilization and processability. It has
previously been shown that by using two monomers, it is possible to tailor a random
copolymer’s interfacial activity precisely.”> SRHPs’ chemical diversity thus will match
well with the heterogeneity of protein surfaces. Its chain-based structure can interact with
proteins multivalently. Although the protein surface is fairly intricate with its diversity in
chemical functionality, the interactions that these amino acid residues participate in can
be simplified into four categories: hydrophobic, hydrophilic, cationic, anionic. Stellacci et
al. have shown that the spatial periodicity of AuNP is critical to modulate their
interaction with proteins, where these interactions reside within the subnanometer
regime.?? SRHPs may interact with proteins and act as a chaperone to stabilize, mediate,
and potentially create nanoreactors in non-native environments.

In this chapter, | will provide further analysis of an optimized SRHP variant
(SRHP-4). This SRHP acts as synthetic chaperones and effectively disperses proteins in
organic solvents without compromising protein structure and enzymatic activity. Using
SRHP-4, we have been able to retain about 80% enzymatic activity in horseradish
peroxidase (HRP) and close to 100% fluorescence in green fluorescent protein (GFP)
when solubilized in toluene for 24 h. Furthermore, nanoreactors with encapsulated
proteins can enzymatically interact with substrates in organic media as well as substrates
encapsulated in reverse micelles. SRHPs clearly open a viable approach toward protein-
functionalized materials and will positively impact the current paradigm of materials
science and device engineering.

8 4.2. Results and Discussion

Maintaining protein structure during encapsulation requires a fairly delicate
balance among numerous energetic contributions, including protein folding, polymer
chain conformation, macromolecular hybridization, and environmental influences.
Molecular dynamics (MD) simulations of SRHP-4/HRP complexes were performed at
the all-atom resolution. Multiple chains of SRHP-4 were first built by growing polymers
from random seeds. The polymerization conditions for each seed were kept as close to
the experimental values as possible. These polymers were then brought in close
proximity to HRP and the interactions were evaluated. Simulations would provide insight
into the individual SRHP-4/HRP interactions found within each nanoclustered complex.
Figure 4.1a and Figure 4.1b show the final snapshots of the atomistic simulation of the
SRHP-4/HRP complex in toluene and in water, respectively. In aqueous solutions,
SRHP-4 and HRP were loosely complexed together and only ~40% of the HRP surface
was covered by SRHP-4 whereas in toluene, the HRP surface was fully covered by
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SRHP-4 and the complex was stable over the simulation duration of 200 ns. This
suggests that the encapsulation process requires a water/organic solvent interface and that
the multivalent protein-polymer interaction is not strong enough to counteract the
resistance to encapsulation. This has led to our hypothesis that a water/toluene interface is
present within the interior of the SRHP-4/HRP complex.

To further understand the mechanism of the SRHP-4/HRP assembly, the radial
distribution of polymers around the protein’s center of mass was calculated. The obtained
results are presented in Figure 4.1(c-e). The majority of the hydrophilic components (i.e.,
monomers C and D, OEGMA and 3-SPMA respectively) were found to point inward
toward the protein, while the majority of the hydrophobic components (i.e., monomers A
and B, MMA and 2-EHMA respectively) were distributed outwards, in contact with the
toluene environment. These results suggest that once anchored at the polar/nonpolar
interface, SRHP-4 can adjust its local chain conformation to maximize protein-polymer
and polymer-solvent interactions. With this arrangement, SRHP-4 forms a nanoscopic
polymeric shell around HRP, effectively improving protein solubility and stability in
organic solvent.
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Figure 4.1. MD simulation snapshots of SRHP-4/HRP in (a) water and (b) toluene. (c)
Radial distribution functions of the polymer backbone around HRP in toluene and water.
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(d) Radial distribution functions of the monomers in toluene. () The corresponding
radial distribution functions in water.

In these simulations, it was assumed that water was retained within the interior of
the complex. Small angle x-ray scattering (SAXS) was performed on SRHP-4 after
lyophilization from water and resuspension in toluene. This will allow us to verify this
assumption. Similar to SRHP-4/HRP lyophilized complexes, a spherical polydisperse
core-shell model and a polydisperse Gaussian coil model were summed to provide
scattering contributions from both SRHP-4/H,0 lyophilized complexes and free SRHP-4
aggregates respectively, as shown in Figure 4.2(a-b). Deconvolution of the individual
scattering contributions is done by fitting the scattering profile of just SRHP-4 in toluene
and modeling the SRHP-4/HRP lyophilized complex at low g, where contributions of the
SRHP-4 aggregates are minimized. For SRHP-4/H,0O lyophilized complexes formed
through lyophilization, we observed a small increase in size. From the electron density of
the complex, water was retained within its interior. The radius of the core is ~11.2 nm
and the shell thickness is ~1.2 nm. The change in the scattering length density of the
SRHP-4/H,0 lyophilized complex indicates that the complex is about 48.8% SRHP-4
and 51.2% H,O by volume. It is speculated that this OEG monomer is able to hold water
during the lyophilization process. This will provide proteins with a favorable
environment within the interior of the complex.

(a) ® SRHP-4/H,0 Lyophilized Complex| (b)

] ’ m SRHP-4 ] .,
10 E 10 E ".

T T
0.001 0.001 0.01 0.1

Figure 4.2. SAXS scattering profiles of SRHP-4/H,O lyophilized complexes. (a)
Individual fits of SRHP-4/H,0 complex and SRHP-4. (b) Combined summed fit.

In addition to water content, two additional parameters were explored: SRHP-4
concentration dependence and [SRHP-4]:[HRP] ratio dependence. SAXS was performed
on SRHP-4 dissolved in toluene at concentrations of 5 mg/mL and 1 mg/mL. A
polydisperse Gaussian coil model was used to fit each curve, as shown in Figure 4.3. As
tabulated on Table 4.1, we observed no distinguishable change in size between the two
concentrations. To self-validate our individual fits, scaling factors were obtained. The
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relative scaling factor values between the two fits agree well with the change in solution
concentration.

® 5Smg/mL
H 1mg/mL

d¥/dQ (

2
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Figure 4.3. SAXS scattering profiles of SRHP-4 dissolved at different concentrations in
toluene. Red line indicates fitted Polydisperse Gaussian Coil Model.

Table 4.1. Concentration Dependence on SRHP-4 Size in Toluene

Concentration (mg/mL) r (nm) Scaling Factor
3 9.5 4.69
1 92 1

In Chapter 3, a [SRHP-4]:[HRP] ratio of 11:1 was used. Morphology is a large
factor in the protein stability performance. To optimize size, three different (SRHP-4)-to-
HRP ratios were evaluated: 6-to-1, 11-to-1, and 110-to-1. Using dynamic light scattering
(DLS), we observed that at 11:1, the hydrodynamic diameter of the SRHP-4/HRP
lyophilized complex is around 60 to 70 nm (Figure 4.4). When the ratio was reduced two-
fold, complex size increased to 250 nm and a significant amount of 1000 nm aggregates
was present. This is not ideal as processing larger complexes into nanostructured
materials may not be compatible. Furthermore, complexes with larger diameters may
cause diffusion limitations for substrates to enter these nanoreactor complexes, which
will discussed later in this chapter.

When the ratio of (SRHP-4)-to-HRP was increased 10-fold, no change in
hydrodynamic diameter is observed. We believe that our original molar ratio used in
Chapter 3 lies above a critical value. Molar ratios below this critical value would result in
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larger particles. Once the critical value is reached, complex size does not change with
molar ratio. The thermodynamic driving force for self-assembly is at an equilibrium.
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Figure 4.4. DLS (SRHP-4)-to-HRP study on SRHP-4/HRP lyophilized complex size.
Number average was used to determine diameter distribution.

Fourier transform-infrared (FT-IR) spectra of SRHP-4/HRP lyophilized
complexes were obtained over 24 h and are shown in Figure 4.5a. Monitoring the amide |
band (1700 cm™ to 1600 cm™) allows for secondary structure analysis. The amide | band
indicates the presence of C=0 carbonyl stretching. In the case for proteins, a band is
present rather than an individual peak; the carbonyl moiety on the protein backbone
stretches differently depending on the geometry of hydrogen bonding. Depending on the
adopted secondary structure (a-helix, p-sheet, or B-turn), hydrogen bond angles and
distances will result in slight fluctuations in wavenumber. These spectra can then be
deconvoluted using the negative second derivative (Figure 4.5b).® From the FT-IR
spectra, we observed little change in protein secondary structure over 24 h in toluene; less
than a 20% change in intensity was observed for the a-helix (1656 cm™), B-sheet (1633
cm™), and B-turn (1685 cm™) peaks.

To compare SRHP-4 with currently available surfactants, small molecule Aerosol
OT (AOT) and amphiphilic block copolymer, poly(styrene)-block-poly(ethylene oxide)
(PS-b-PEOQ), were used to create HRP-encapsulated reverse micelles. HRP secondary
structure in these reverse micelles could not be measured. In order to obtain a decent
signal-to-noise ratio in FT-IR, solutions must be concentrated. Fortunately for the SRHP-
4 lyophilization technique, this was not a problem. For reverse micelle injection emulsion
technique, this was not possible. By concentrating the solution, gelation occured as
molecules interact, thus rendering solution FT-IR inappropriate for these samples.
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Figure 4.5. Spectroscopic analysis of HRP 2° using FT-IR. (a) FT-IR spectra of amide I
band in SRHP-4/HRP lyophilized complex over 24 h. (b) Negative second derivative of
FT-IR spectra.

HRP was exchanged with green fluorescent protein (GFP) in order to monitor
tertiary structure in situ. The fluorescence intensity of GFP as well as the emission peak
maxima is highly dependent on its tertiary structure. A decrease in tertiary structure will
result in a decrease in fluorescent intensity. In addition, protein unfolding would result in
solvent interactions with the fluorescent moiety, changing the emission peak position.

Upon encapsulation of GFP with SRHP-4, GFP can be effectively solubilized in
organic solvents as well. Due to sample limitations, the concentration of GFP is kept low
in comparison to HRP. In order to see the effects of this change in SRHP-to-GFP molar
ratio, SAXS was used to evaluate the structure of the SRHP-4/GFP lyophilized complex.
Again, a spherical polydisperse core-shell model and a polydisperse Gaussian coil model
were summed to provide scattering contributions from both the SRHP-4/GFP lyophilized
complex and free SRHP-4 aggregates respectively, as shown in Figure 4.6(a-b). It was
determined that the radius of the core is ~8.9 nm and the shell thickness is ~1.3 nm.
There is not much difference in size between SRHP-4/GFP lyophilized complex and
SRHP-4/H,0 lyophilized complex. The concentration of GFP is low and so the majority
of the complexes may not contain GFP. This may account for the poorly fitted summed
model. Rather than a bimodal system of two species, three different complexes are
present: SRHP-4, SRHP-4/H,0 lyophilized complex, SRHP-4/GFP lyophilized complex.

(a) T ® SRHP-4/GFP Lyophilized Complex] (b)
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Figure 4.6. SAXS scattering profiles of SRHP-4/GFP lyophilized complexes. (a)
Individual fits of SRHP-4/GFP complex and SRHP-4. (b) Combined summed fit.
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In Figure 4.7(a-c), fluorescence spectra of SRHP-4/GFP lyophilized complexes,
AOT/GFP reverse micelles, and PS-b-PEO/GFP reverse micelles were compared over 24
h in toluene respectively. SRHP-4/GFP lyophilized complexes and GFP in water have
similar fluorescent emission peak maxima throughout the length of the test (Figure 4.7d).
This suggests that the environment of the phenolate/imidizolidone-based moiety found in
the interior B-barrel structure remains undisturbed and that there is no solvent penetration
that can affect the local environment of the protein core.?* On the other hand, GFP in
AOT reverse micelles and PS-b-PEO reverse micelles show a change in peak maxima,
indicating a change in dielectric constant experienced by this phenolate/imidizolidone
group. This indicates protein unfolding and/or solvent penetration. The intensity of this
peak can also be monitored to evaluate GFP tertiary structure. In Figure 4.7e, it is
observed that the intensity of GFP when encapsulated in SRHP-4 is retained over 24 h,
indicating enhanced stability of GFP. GFP encapsulated in AOT and PS-b-PEO decreases
to about 55% and 85%, respectively, of their initial fluorescence over 24 h. The
interactions between the phenolate/imidizolidone group and basic amino acids lining the
interior of the B-barrel enhance electron delocalization causing fluorescence. Any change
in the tertiary structure then will make fluorescence intensity decrease, which is seen
minimally in SRHP-4/GFP complexes and significantly in the two reverse micelle
structures.
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Figure 4.7. Spectroscopic analysis of GFP 3° structure using fluorescence spectroscopy.
(@) SRHP-4/GFP lyophilized complex, (b) AOT/GFP reverse micelle, and (c) PS-b-
PEO/GFP reverse micelle fluorescence spectra. (d) Location of peak maxima over 24 h
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when stored in toluene. Dotted line represents location of peak maxima of GFP in water.
(e) Normalized absorbance measurement over 24 h when stored in toluene.

For HRP to remain active, an inorganic cofactor, heme, is required.” The heme is
attracted to a hydrophobic pocket on the exterior of the protein and the presence of
histidines provides control of iron oxidation state in heme. This is the active group that is
involved in the decomposition of hydrogen peroxide into water. UV-visible absorbance
spectra of SRHP-4/HRP lyophilized complex, AOT/HRP reverse micelle, and PS-b-
PEO/HRP reverse micelle were compared over 24 h in toluene and are shown in Figures
4.8(a-c) respectively. Our measurements indicate that HRP in water has a UV-visible
absorbance peak at 403 nm. In Figure 4.8d, no significant deviation from 403 nm was
observed for the heme peak in SRHP-4/HRP lyophilized complexes. This suggests that
the heme binding pocket is stable and protein tertiary structure is retained over 24 h.
AOT/HRP reverse micelles and PS-b-PEO/HRP reverse micelles show peak deviation
upon encapsulation and a return back to 403 nm over 24 h. The encapsulation process
seems to effect the heme-protein interactions. Looking at the peak intensity over time, the
SRHP-4/HRP lyophilized complex spectra show little change in absorbance, while
AOT/HRP reverse micelle and PS-b-PEO/HRP reverse micelle spectra show significant
change (Figure 4.8e).
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Figure 4.8. Spectroscopic analysis of the heme binding pocket in HRP (a) SRHP-4/HRP
lyophilized complex, (b) AOT/HRP reverse micelle, and (c) PS-b-PEO/HRP reverse
micelle spectra using UV-visible spectroscopy. (d) Location of peak maxima over 24 h
when stored in SRHP-4/HRP lyophilized complex, AOT/HRP reverse micelle, and PS-b-
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PEO/HRP reverse micelle spectra using UV-visible spectroscopy. Dotted line represents
location of peak maxima of HRP/heme in water. (e) Normalized absorbance
measurement over 24 h when stored in toluene.

When all hierarchical structures are maintained, enzymatic activity should be
preserved. Enzymatic assays were used to evaluate activity of HRP function in SRHP-
4/HRP lyophilized complexes after suspension in toluene. Over 24 h, aliquots of SRHP-
4/HRP lyophilized complexes were dispersed in buffer. This allows us to disrupt SRHP-
4/HRP hybridization and extrapolate the effects this process has on solely protein
function. As shown in Figure 4.9, over 80% of HRP activity was still maintained (this
data was first mentioned in Chapter 3), whereas both reverse micelles only preserved
HRP activity to 20% of its original value. HRP encapsulated in small molecule
surfactant- and amphiphilic block copolymer-based reverse micelles denature and lose
their functionality immediately after encapsulation and this functionality quickly drops
off. Other proteins have been encapsulated as well, such as glucose oxidase, and show
similar levels of protein function preservation when using SRHP-4 (Appendix A.3.1).
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Figure 4.9. Activity of HRP after storage in organic solvent using SRHP-4, AOT, or PS-

b-PEO and dispersed in aqueous buffer.

Enzymatic activity was evaluated when suspended in organic media. Accessibility
of proteins while encapsulated in SRHP-4 provides an approach toward the development
of nanoreactors. Tailoring SRHP chemistry can provide tunability of molecular transport
across its shell and expulsion of solvent from its core. Tailoring SRHP/protein structure
can provide tunability of shell thickness which may provide a kinetic barrier toward
penetration. Nanoreactors have advantages over enzyme adsorption on a solid substrate.
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Nanoreactors are in constant diffusion in solution, minimizing localized product
accumulation near the enzyme.

HRP and chymotrypsin (CT) encapsulated in (SRHP-4)-based complexes were
evaluated. HRP has the ability to decompose benzoyl peroxide into benzoic acid in the
presence of an electron donor (Figure 4.10a).%° Benzoyl peroxide is hydrophobic and can
be solubilized in toluene, thus allowing us to assess the accessibility of substrates in
complexes while proteins remain encapsulated. HRP catalysis was observed by the
production of a yellow chromophore in solution, as seen in Figure 4.10b. Although this
decomposition of benzoyl peroxide is spontaneous, the presence of HRP does speed up
the process, as seen in Figure 4.10c. Individual spectra can be found in Appendix A.3.2.
SRHP-4 is able to permit substrates to diffuse into the particle, but from previously
shown spectroscopic analysis, organic solvent does not penetrate. It is speculated that the
more polar substrate has a lower energetic barrier for penetration in comparison to the
more non-polar toluene.
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Figure 4.10. Activity and accessibility of HRP while encapsulated in (SRHP-4)-based
nanoreactors. (a) Decomposition of hydrophobic benzoyl peroxide into benzoic acid in
the presence of SRHP-4/HRP lyophilized complexes. (b) Verification of HRP activity
and accessibility in (SRHP-4)-based nanoreactors using colorimetric assays. (¢) Activity
plots of the catalytic reaction in toluene, in the presence of SRHP-4, and in the presence
of SRHP-4/HRP lyophilized complex.
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Alternatively, we can encapsulate hydrophilic substrates in reverse micelles. CT,
a protease involved in peptide backbone cleavage, has successfully been incorporated
into SRHP-4 lyophilized complexes. Their substrate, a short peptide sequence with a
colorimetric tag (N-succinyl-Ala-Ala-Pro-Phe p-nitroanilide)?” has been successfully
incorporated into SRHP-4 reverse micelles. By combining the two in solution, we can
monitor the interaction of the two different complexes, as shown schematically in Figure
4.11a. Using UV-visible spectroscopy, we see that in the absence of CT, there is no
change in absorbance. When SRHP-4/CT lyophilized complexes are introduced, an
increase in absorbance is observed, indicating cleavage of p-nitroaniline and activity
retention of CT (Figure 4.11Db). Individual spectra can be found in Appendix A.3.3. These
two methods indicate that substrates can diffuse through SRHP-4 from the surround
media, and fusion of complexes can provide delivery of cargo between complexes.

()

(b)

100

® SRHP-4
B SRHP-4/CT Lyophilized Complex

80

60

40

Reaction Completion (%)

Time (min)

Figure 4.11. Activity and accessibility of CT while encapsulated in (SRHP-4)-based
nanoreactors. (a) Proteolysis of hydrophilic peptides encapsulated in (SRHP-4)-based
reverse micelles in the presence of SRHP-4/CT lyophilized complexes. (b) Monitoring
CT-catalyzed reaction over time.

The significance of CT is that even if proteins are confined in these nanoreactors,
protein fluidity is not hindered. In HRP, catalysis stems from oxidation of hydrogen
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peroxide at the heme cite. In CT, hydrolysis occurs at the catalytic triad, which involves a
mechanical event. If the confinement of CT is too strong, this mechanical event would be
hindered and protein activity would be nonexistent. It is speculated that the fluidity arises
from the water that is retained within the core of this complex.

8§ 4.3. Conclusion

There are many advantages associated with SRHPs. They assist in the
encapsulation, solubilization, and stabilization of a variety of proteins in organic solvents.
The instability, insolubility, and inability to retain protein function in organic media no
longer hold, allowing protein-functionalized materials with increased performance to be
generated. Although AOT small molecule surfactants and amphiphilic block copolymers
such PS-b-PEO do demonstrate the ability to make proteins more processable, their lack
of preserving protein function limits their viability. In addition, SRHP-4 provides a vessel
that can be used to generate nanoreactors for both hydrophobic and hydrophilic
substrates. SRHPs have the potential to pave the path toward improved technologies,
such as water detoxification, and shows promise as a modular and general approach
toward protein-based material fabrication.

8 4.4. Experimental Section

4.4.1. Materials

Horseradish peroxidase type Il (HRP), glucose oxidase type X-S (GOx), a-
chymotrypsin type Il (CT), sodium 2-bis(hexylethyl) sulfosuccinate (AOT), a-D-glucose,
phenol, 4-aminoantipyrine, N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide, and magnesium
sulfate were obtained from Sigma Aldrich. Benzoyl peroxide was obtained from TCI.
TMB Peroxidase EIA Substrate Kit was obtained from Bio-Rad Laboratories. (22 kDa)
poly(styrene)-block-(21.5 kDa) poly(ethylene oxide) (PS-b-PEO) was obtained from
Polymer Source. Toluene was obtained from Fisher Scientific, and Milli-Q DI water,
green fluorescent protein (GFP), and Amicon Ultra-0.5 mL centrifugal filters with a
cutoff molecular weight of 10 kDa were obtained from EMD Millipore. GFP was
centrifuge filtrated to remove salts and glycerol using centrifugal filters. GFP was then
dissolved in Milli-Q water to a concentration of approximately 1 mg/ml. Benzoyl
peroxide was dissolved in toluene and treated with magnesium sulfate to remove water.
All other materials were used as received. SRHP-4 was synthesized as previously
reported in Chapter 3.
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4.4.2. Molecular Dynamic Simulations

The classical molecular dynamics (MD) simulations were performed at the all-
atom resolution using the package GROMACS (version 5.0).2% The latest version of the
CHARMM 36 force field was used for all the molecules investigated.*®

The structure of the protein was downloaded from the RSCB Protein Data Bank
with the protein ID 1H55. The degree of polymerization (DP) of 80 was employed for
SRHP-4, which is close to the experimental molar weight of 30 kDa. In building a single
SRHP-4 chain, random seeds were varied to match the experimental composition ratio of
MA:MB:MC:MD = 10:4:5:1, where MA is methyl methacrylate, MB is 2-ethylexyl
methacrylate, MC is oligo(ethylene glycol) methacrylate with a degree of polymerization
of 9, and MD is 3-sulfopropyl methacrylate. Therefore, each random polymer chain
contained 40 MA, 16 MB, 20 MC and 4 MD monomers. In total, 12 different SRHP-4
chains were built using different random seeds so that the ratio of the concentration of
polymer to that of protein matched the experimental value.

To investigate the influence of solvent on the encapsulation of proteins by SRHPs
two different solvent conditions, aqueous solution and organic (toluene) solution were
studied. The compositions of the components are provided in Table 4.2.

Table 4.2. Compositions of SRHP-4/HRP Mixtures in Different Systems

Protein Polymer Toluene Water
Vacuum 1 12
Aqueous Solution 1 12 - 92151
Organic Solution 1 12 15430

Due to the nature of long polymer chains, the encapsulation kinetics is far beyond
the capability of atomistic molecular dynamic simulations. Therefore, some approaches
were employed to speed up the polymer/protein aggregation process. The initial
structures of the polymer-protein complex were built using the package PACKMOL.*
The protein molecule was initially put in the center of the box with the edge length of 15
ns in all dimensions. The 12 polymer chains were subsequently arranged surrounding the
protein with one out of the four -SO3- groups distributed within the distance of 4 nm
from the center of mass of the protein molecule. Note the size of the protein molecule is
around 6 x 4 x 4 nm®. After a short energy minimization using the steepest descent
algorithm, the polymer/protein complex was simulated under vacuum conditions for 1 ns.
At the end of the simulation, all the polymer chains were aggregated surrounding the
protein molecule. In the simulation under the vacuum condition, the NTV ensemble
(constant number of particles, temperature and volume) was employed via the V-rescale
thermostat (the reference temperature 400 K and the characteristic time of 0.5 ps). It is
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noteworthy that the backbone atoms of the protein molecule were constrained at their
initial coordinate using a force constant of 1000 kJ/mol/nm? to maintain the structure of
the protein molecule.

Based on the final frame of the simulation under vacuum condition, the polymer-
protein complex was subsequently embedded in organic toluene solution or water
solution. See Table 4.1 for the number of solvent molecules added. They were used as the
initial structures for the following simulations under the organic or aqueous solutions. In
the following simulations, the periodic boundary conditions were imposed in all the three
dimensions; neighbor searching was performed for a distance up to 1.2 nm, and was
updated every 10 time steps; the short-range van der Waals interactions were truncated at
1.2 nm with the long-range dispersions applied for both the energy and the pressure; the
short-range Coulomb interactions was also truncated at 1.2 nm with the long-range
interactions calculated using the smooth Particle Mesh Ewald algorithm.*" 3 Moreover,
to speed up the simulations, the simulation time step of 2 fs was employed by
constraining the covalent bonds involving hydrogen atoms using the LINCS algorithm.
To speed up the process for the optimal polymer-protein aggregate structure, the
simulations were first simulated at a high temperature of 400 K. The NTP ensemble
(constant number of particle, temperature and pressure) was applied with the temperature
coupled via V-rescale algorithm and the isotropic Berendsen barostat (the reference
pressure 1 bar). The simulation duration of 40 ns was performed. The calculations of the
RMSD of the protein backbone atoms suggest that 40 ns simulations were roughly long
enough to equilibrate the polymer-protein complex. Note that the protein backbone atoms
were again constrained to maintain the structure.

The production simulations were subsequently performed at room temperature.
The position restrain was switched off for the protein molecule, allowing it to fully relax
for the optimal structure. The NTP ensemble was imposed with the pressure coupled via
the Parrinello-Rahman algorithm (reference pressure 1 bar, characteristic time 4 ps,
compressibility of 4.5x10-5 bar-1). The temperatures of protein, polymer and solvent
(toluene, or water) were separately coupled via the Nose-Hoover algorithm (reference
temperature 298 K, characteristic time 0.5 ps). The frames were saved at a frequency of
50 ps. Each of the simulations was performed for a duration of 200 ns. Calculations
support that the simulations have converged, at least within the simulation duration.

4.4.3. Assembly of Protein-Containing Complexes

HRP and GOx were dissolved in DI water to a concentration of 10 mg/mL. CT
was dissolved in 0.1 M Tris-HCI with 1 mM CacCl,, pH 7.75, to a concentration of 10
mg/mL GFP was dissolved in DI water to a concentration of approximately 1 mg/ml.
SRHP-4 was dissolved in DI water at a concentration of 1 mg/mL. Sodium 2-
bis(hexylethyl) sulfosuccinate (AOT, Aldrich) was dissolved in toluene at a concentration
of 200 mM. PS-b-PEO was dissolved in toluene at a concentration of 1 mg/mL.
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HRP solutions were injected into AOT solution at a [H,O]/[AOT] ratio of wy=13
or injected into PS-b-PEO at a volumetric ratio of 1:50 HRP solution to polymer solution.
The suspensions were sonicated, mixed, and partially evaporated using a constant stream
of Nz gas until optically clear. Additional toluene was added to compensate for
evaporated solvent in order to reobtain original concentrations. SRHP-4/protein
complexes were obtained by combining the aqueous SRHP solution with protein solution
at a volumetric ratio of 50:1. SRHP/protein mixtures were lyophilized overnight,
resuspended with toluene to the original concentration, and subsequently sonicated.

4.4.4. Small Angle X-Ray Scattering

SAXS experiments were carried out at the Advanced Light Source (ALS) at the
Lawrence Berkeley National Lab (LBNL), Berkeley, California at the
SAXS/WAXSIGISAXS beamline 7.3.3. The instrument was operated using an X-ray
energy of 10 keV. For measurements of SRHP-4, SRHP-4/H,O and SRHP/GFP
lyophilized complexes, a sample-to-detector distance of 3.8 m was used. A 2 M Pilatus
detector was used to obtain scattering profiles. Samples were contained in standard
boron-quartz capillaries situated in a customized sample holder which permitted the
sample to be filled and removed using a syringe. This setup allowed for quantitative
background subtraction. Absolute intensity calibration was performed using toluene. The
capillary thickness was 1.6 mm. Scattering length densities were taken to be the
following: p = 8.0 x 10° A for toluene, p = 9.5 x 10° A2 for H,0, p = 12.3 x 10° A”?
for GFP, p ~ 9.2 x 10° A for SRHP-4.

A sum two model function was used to fit the scattering profile associated with
SRHP-4/H,0 and SRHP-4/GFP lyophilized complexes in solution. Polydisperse
Gaussian Coil** was used to model aggregated SRHP-4 and Polydisperse Core with
Constant Shell Thickness® was used to model the complexes.

4.4.5. Dynamic Light Scattering

Size distributions of SRHP-4/HRP lyophilized complex solutions were measured
using a Brookhaven Instruments BI-200SM Research Goniometer and Laser Light
Scattering System. Temperature was controlled and set at 25°C. Measurements were
sorted by number average and a NNLS function was used to analyze the correlation
curves.

4.4.6. Fourier-Transform Infrared Spectroscopy

To enhance the signal-to-noise ratio, solutions of SRHP-4/HRP lyophilized
complexes were concentrated 200-fold. Solutions were deposited in a liquid cell
composed of CaF, windows with a path length of 1 mm. Spectra were collected at 0, 2, 4,
8, and 24 hours after resuspension in toluene on a Thermo Scientific Nicolet 6700.
Measurements were conducted at room temperature and the amide | band between 1700
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cm™ and 1620 cm™ was monitored. Spectral analysis was performed using the built-in
OMNIC Spectra Software.

4.4.7. Fluorescence Spectroscopy

Retention of green fluorescent protein fluorescence was evaluated using a Perkin
Elmer LS-55 fluorescence spectrometer. Immediately after encapsulation of GFP,
solutions were sealed in a 1-cm path length quartz cuvette and excited at an excitation
wavelength of 450 nm. Emission wavelength was monitored between 450 nm and 600
nm. Measurements were conducted at room temperature and taken O, 2, 4, 8, and 24
hours after resuspension.

4.4.8. Heme Analysis using UV-Visible Spectroscopy

SRHP-4/HRP lyophilized complex solutions in toluene were sealed in a 1-cm
path length quartz cuvette. UV-visible spectroscopy was performed on a Hewlett-Packard
8453 Spectrophotometer. Measurements were conducted at room temperature and the
location of the heme peak as well as the intensity of this peak were monitored between
350 nm and 800 nm at 0, 2, 4, 8, and 24 hours after resuspension.

4.4.9. Assay of Protein Activity in Aqueous Buffer

HRP activity was assessed using a TMB Peroxidase EIA Substrate Kit. Baseline
HRP activity was determined by preparing a stock protein solution in 100 mM
KH,PO4/K,HPO, phosphate buffer at pH 6 and applying a prepared TMB assay solution,
as outlined by the manufacturer. Solution was thoroughly mixed and UV-visible
spectroscopy was performed on a Hewlett-Packard 8453 Spectrophotometer. A 1-cm path
length cuvette was used and absorbance at 370 nm was monitored.

H;C CH3 H,C CH,
HRP
H,N NH, + H,0, ———3 HN = NH + 2H,0
H;C CH3 H;C CH3

GOx activity was assessed using an assay containing glucose, phenol, 4-
aminoantipyrine, and HRP. Baseline GOXx activity was determined by preparing a stock
protein solution in 100 mM KH,PO,/K,HPO, phosphate buffer at pH 6 and applying the
colorimetric assay. A 1-cm path length cuvette was used and absorbance at 505 nm was
monitored.

(4.1)
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Solutions were left in ambient room temperature conditions for 0, 2, 4, 8, and 24
hours in toluene. After specified times, aliquots were taken and diluted in 100 mM
KH,PO4/K,HPO, phosphate buffer, pH 6, to disperse the protein and SRHP. After
thorough mixing, the assay solution is applied. Activity was quantified using UV-visible
spectroscopy by monitoring the conversion of the colorimetric assay.

4.4.10. Assay of Protein Activity in Organic Media

Benzoyl peroxide and 3,3°,5,5’-tetramethyl benzidine was introduced into toluene
solutions containing SRHP-4/HRP lyophilized complexes. Samples were incubated at
room temperature for 30 minutes. Visual analysis and UV-visible spectroscopy were used
to determine color change of the colorimetric electron donor (yellow tint). Whole spectra
can be found in Appendix A3.3.

H3C CH3 HsC CH3
HRP
HaN NH, + HJ/O, ———P» HN — NH + 2H,0
H3C CH; H3C CH;
o o
©)k0/0 2 (j)I\OH
o

(4.3)

N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide was used to assay the activity
retention of CT in toluene. N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide was dissolved in
0.1 M Tris-HCI with 1 mM CaCl,, pH 7.75, at a concentration of 1 mM. In order to use
N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide in organic media, the compound was
encapsulated in SRHP-4 reverse micelles using an injection emulsion technique, at a
volumetric ratio of 50:1 SRHP-4 to assay. After mixing protein and assay, samples were
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incubated at room temperature for 30 minutes. Activity was quantified using UV-visible
spectroscopy by monitoring the hydrolysis of the p-nitroanilide group at 360 nm.

0 0 o
H S oH
N N N
Ho H v oH
o ¢ o o = :

NO,
o o " o
N < H\)k
HO' N Y N N Y H Chymotrypsin -
o 2 o o X :

NO,

(4.4)
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Chapter 5

Enhanced Thermal Stability of Proteins in Aqueous Solutions
Using Rationally Designed Statistically Random

Heteropolymers
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The use of elevated temperatures for material fabrication and accelerated reaction
rates is a common condition for enhanced processing. However, heat and preservation of
protein hierarchical structure are two processes that are typically incompatible. Protein
denaturation occurs at temperatures exceeding non-native conditions, resulting in
diminished functionality and irreversible aggregation. Intramolecular protein interactions
are weakened and contributions from entropic penalty dominate. In addition, protein
dynamics are accelerated at increased temperatures, allowing proteins to overcome the
kinetic barrier between the folded and unfolded state. In this chapter, I will show that the
thermal stability of proteins can be improved through incubation with statistically random
heteropolymers. Statistically random heteropolymers are amphiphilic and have the ability
to form multivalent interactions with a protein’s surface. Fluorescence, circular
dichroism, and UV-visible spectroscopy were utilized to monitor protein structure at each
hierarchical level. In an analogous mechanism to that of chaperones, statistically random
heteropolymers provide heterogeneous patches for non-covalent association of partially
denatured proteins, offering them the chance to properly refold. The mechanism of
statistically random heteropolymer stabilization may provide necessary insight toward the
development of artificial cellular machinery and other protein-polymer hybrid materials
that can raise the quality of life.

§ 5.1. Introduction

Protein folding is critically sensitive to changes in the local environment. At
elevated temperatures, proteins adopt additional non-native conformations, arising from
the weakening of hydrogen bond networks and van der Waals forces, the heightened
influence of entropic penalty, and the increase in protein dynamics." Unfolded proteins
have an increased probability of displaying their hydrophobic regions to the aqueous
environment. This drives the formation of protein aggregates to shield these hydrophobic
regions from the water. This aggregation process results in irreversible aggregation and
loss of activity.

The temperature dependence of protein folding limits the scope of enzyme
implementation in both small scale and industrial settings. High temperatures are often
required for material and biomolecular processing. Polymer melts are needed for
injection molding. Heat is needed to expand components for assembly and for
disinfection of medical devices. Additionally, chemical reactors that utilize enzyme
catalysis are faced with the challenge of temperature sensitivity at the required reaction or
solution viscosity conditions.

In an attempt to preserve protein functionality, both prokaryotic and eukaryotic
organisms have adapted molecular aids that prevent protein denaturation at elevated
temperatures. Chaperones, a highly conserved class of proteins, play a critical role in
maintaining enzyme viability, particularly under conditions of heat shock.? ® Chaperones
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assist in the folding of macromolecules or assembly of large complexes. They bind to
partially folded or unfolded proteins and prevent irreversible aggregation.* °> By
providing a hydrophobic surface for partially unfolded proteins to interact with,
chaperones prevent further denaturation, and in turn, aggregation with other unfolded
proteins. This provides a reversible mechanism toward renaturation. However,
chaperones require the use of ATP binding to drive the transformation between a high
affinity state and a low affinity state and may not be compatible with all processing
practices.

A particular class of molecular chaperones, chaperonins, has large cylindrical
structures that act as folding cages.’ The interior of this cylinder is lined with
hydrophobic residues that act as both a passive and active mechanism toward protein
renaturation. These chaperonins block aggregation and accelerate productive folding.
Unlike the active mechanism that requires ATP to assist in a high-to-low affinity
transition, the passive model provides a protective environment at infinite dilution space,
thus preventing the interaction between unfolded proteins and limiting irreversible
aggregation.’

Mimicking the mechanism of chaperone proteins, thermal denaturation can be
deterred through non-covalent interactions with synthetic materials.® In this chapter, |
will show that the thermal stability can be achieved through association with an
optimized rationally designed statistically random heteropolymer (SRHP-4). Acting as a
synthetic chaperone, SRHP-4 provides stabilizing interactions that protect a protein from
thermal denaturation, preserving native folding and functionality. Colorimetric assays
were used to measure protein activity retention, and protein hierarchical structure was
evaluated using spectroscopic techniques. As will be discussed in this chapter, thermal
stability is achieved in both aqueous and organic media, but there are clear differences in
the mechanism used to stabilize the protein in each case.

8§ 5.2. Results and Discussion

Small angle x-ray scattering was used to evaluate SRHP-4 as a function of
concentration. In water, an SRHP-4 concentration where aggregation does not occur is
ideal; polymer-polymer interactions that occur during aggregation may hinder a
polymer’s ability to interact with the protein and prevent denaturation. Figure 5.1 shows
scattering profiles of SRHP-4 at 0.05, 0.1, 0.5, and 1 w/v % fitted to a polydispersed
core-constant shell model. Since the polymer has both hydrophobic and hydrophobic
components, the polymer is expected to have a core-shell structure, where the majority of
the hydrophobic residues are in the core and the majority of hydrophilic residues are in
the shell. All scattering profiles show similar shapes, with slight offsets caused by
differences in scaling factor. Similarities in scattering profile shape indicate that the
structure of the polymer in solution is not concentration dependent within the evaluated
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concentration range. Fits were conducted at high-q in order to decouple the form factor
scattering contributions from the structure factor scattering contributions found at low-q.
Each fit was done independently from one another.

10 mg/mL
107 5 mg/mL
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0.5 mg/mL
‘£ 10%
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Figure 5.1. SAXS scattering profiles of SRHP-4 in water at different concentrations. Red
solid lines represent PolyCore fits.

Table 5.1 summarizes information obtained from SAXS. Both the core radius and
shell thickness of SRHP-4 do not change as a function of concentration. The core radius
is maintained at 0.7 nm and the shell thickness at 2.5 nm. With the known molecular
weight of the polymer, it is assumed that the polymers exist as a unimeric state and do not
aggregate at this concentration. The affinity the polymers have with one another is fairly
weak. The relative scaling factors used are shown in the fourth column and are good
agreement with the changes in concentration. This provides verification that our
individual fits are reasonable. At low-q, an autocorrelation peak is observed and becomes
more pronounced as concentration is increased. Indexing the peak provides information
on the interparticle dispersion distance between SRHP-4. As SRHP-4 concentration is
increased, the autocorrelation peak shifts right, indicating a decrease in polymer-to-
polymer distance in water.

Table 5.1. Summary of SAXS Results

Concentration (mg/mL) Teore (M) tepen (M) Scaling Factor Autocorrelation Peak (nm)
10 0.7 25 9.64 25.6
5 0.7 25 5.15 28.5
1 0.7 25 1 40.9
0.5 0.7 25 0.57 —
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By graphing interparticle distance as a function of SRHP-4 concentration, it is
possible to observe particle interactions. If polymer-to-polymer interactions are not
observed within this concentration range, a linear dependence between concentration and
interparticle distance should be observed. In Figure 5.2, as concentration increases, an
exponential decay that levels off at around 25 nm occurs. This indicates that at distances
less than 25 nm, the repulsion force between particles becomes too great and prevents
SRHP-4 from getting closer.
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Figure 5.2. Relationship between SRHP-4 concentration and particle-to-particle distance
in water.

Interactions between HRP and polymer where evaluated using dynamic light
scattering. In Figure 5.3a, histogram distributions of HRP alone, SRHP-4 alone, and both
are shown in aqueous solution. If complexation occurs between the two macromolecules,
an increase in size should occur. Initially, this was not observed. The sample was then
allowed to incubate at room temperature for 1 h (Figure 5.3b), 2 h (Figure 5.3c), and 3 h
(Figure 5.3d). The hydrodynamic diameter of the particle did not change within this time
range. This indicates that the interaction between the protein and polymer are either
nonexistent and do not have an affinity for one another or are short lived and cannot be
observed by DLS. Complexation between protein and polymer was also not observed at
70°C (Appendix A.4.1).
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Figure 5.3. DLS histograms of SRHP-4 and HRP in water. (a) SRHP-4 and HRP in water
after storage in water for (a) 0 h, (b) 1 h, (c) 2 h, and (d) 3 h at room temperature. DLS
distributions of HRP and SRHP-4 alone are overlaid at time 0 h.

In this study, a low polymer concentration and high polymer concentration
solution was used to evaluate protein thermal stability as a function of SRHP-4
concentration. Two extremes were chosen — [SRHP-4]:[HRP] molar concentration of
11:1 and 110:1. To further evaluate the presence of complexation, SAXS was employed.
Scattering profiles were obtained individually for HRP, 1 mg/mL SRHP-4, and 10
mg/mL SRHP-4 (Figures 5.4(a-b)). In addition, scattering profiles were obtained for a
mixed HRP/SRHP-4 solution at the two different SRHP-4 concentrations. It was
observed that no complexation occurs after 20-24 h post-sonication. Summation of the
two individual scattering profiles — protein and polymer — resulted in replication of the
mixed system. This indicates that each scattering profile is independent of one another
and that there is no complex formation; proteins and polymers do not hybridize with one
another at room temperature in water. If complexation does occur, the scattering profile
should change to indicate a new form factor.
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Figure 5.4. SAXS scattering profiles of SRHP-4 and HRP. (a) SRHP-4 to HRP molar
ratio of 11:1. (b) SRHP-4 to HRP molar ratio of 110:1.

HRP hierarchical structure was first monitored at room temperature. As a
reference, (100 kDa) poly(ethylene oxide) (PEG) was used as a control. Using PEG will
allow us to evaluate the effects of having chemical complexity (SRHP-4) and a
heterogeneous surface on protein stability. The volume fraction of PEG in solution was
kept at percentage between the volume percent of 1 mg/mL and 10 mg/mL SRHP-4
solutions (1 mg/mL SRHP-4 at 0.8 v %, 10 mg/mL at 7.5 v %, 1 mg/mL PEG at 1.5 v %).
These values are kept low to eliminate the molecular crowding effect that occurs at
higher volume fractions.

Circular dichroism spectroscopy was used to evaluate protein secondary structure.
By using circularly polarized light, the amount of a-helix, B-sheets, and turns can be
quantified. The difference in absorbance between left- and right-handed circularly
polarized light will change depending on the secondary structure composition of HRP.
The structure of HRP is primarily helical, as observed by x-ray diffraction.*® The spectra
found in Appendix A.4.2 show a strong the a-helix signal. Over 24 h, the 222 nm is
monitored, as it is a characteristic peak for the a-helical 2° structure. At room
temperature, PEG provides slight increase in helicity (Figure 5.5a). 1 mg/mL and 10
mg/mL SRHP-4 result in more helical characteristics. Over the span of this test, all
samples did not show a reduction in activity, even solutions containing no polymer. More
studies must conducted to determine why initial 222 nm signal increases in the presence
of polymer. It is not known if the addition of polymers alters secondary structure or if the
polymer renatures unfolded proteins found in solution. At 70°C, a-helical characteristic
was maintained to a much greater extent in the SRHP-4 solutions over 24 h (Figure 5.5b).
It is speculated that the chemical heterogeneity of the random heteropolymer provides
HRP with better secondary structure stability than PEG alone.
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Figure 5.5. CD spectroscopic analysis of HRP hierarchical structure in the presence of
SRHP-4 or PEG at (a) room temperature and (b) 70°C.

Fluorescence spectroscopy was used to evaluate protein tertiary structure. By
using an excitation wavelength of 280 nm, the change in emission wavelength spectra can
be used to monitor the environment of tyrosine, tryptophan, and disulfide bonds within
HRP. As the protein unfolds, these amino acids that were once in the core of the protein
would become exposed to the solvent. This results in a change in the dielectric constant
of the local environment, changing the electronic properties of these chemical bonds.
Looking at the spectra in Appendix A.4.3, the intensity appears random. Typically for
HRP, as the protein unfolds, the heme which quenches the fluorescence gets removed
locally and the fluorescence should increase; however, fluorescence is heavily influenced
by temperature, making intensity an unreliable indicator for tertiary structure change. The
change in peak position can be monitored instead, as changes in the local environment
around the aromatic and disulfide moieties will cause shifts in this peak. Over 24 h at
room temperature, no significant change was observed, indicating retention of 3°
structure (Figure 5.6a). The peak maxima only changed within a percent of the initial
location of the peak. Less peak shift was observed with the inclusion of SRHP-4 in
comparison to PEG. At 70°C, HRP in SRHP-4 solutions were stabilized to a much
greater extent than proteins in PEG solutions (Figure 5.6b).
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Figure 5.6. Fluorescence spectroscopic analysis of HRP hierarchical structure in the
presence of SRHP-4 or PEG at (a) room temperature and (b) 70°C.
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As previously discussed in Chapter 4, HRP requires an inorganic cofactor, heme,
to be present. UV-visible spectra found in Appendix A.4.4 indicate an absence in peak
maximum shift as a function of time, but a change in intensity at 400 nm was observed.
By monitoring this wavelength, it is possible to see any changes to the heme molar
extinction coefficient. This indicates a change in the local dielectric environment of
heme. At room temperature, there was little change over 24 h (Figure 5.7a); however,
intensity increased in the presence of SRHP-4 and PEG. It is speculated that the SRHP-4
and PEG may help reform unfolded HRP in solution, but further investigation must be
conducted. At elevated temperatures, proteins in a 10 mg/mL solution were stabilized to a
much greater extent and protein in a 1 mg/mL solution retained tertiary structure to a
higher degree than protein in a solution of PEG.
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Figure 5.7. UV-visible spectroscopic analysis of HRP hierarchical structure in the
presence of SRHP-4 or PEG at (a) room temperature and (b) 70°C.

When all hierarchical levels are preserved, activity is retained. Using the same
colorimetric assay discussed in previous chapters, retention of protein activity as a
function of time, temperature, and polymer concentration was evaluated. At room
temperature, activity did not change over time (Figure 5.8a). A slight increase in activity
was observed with addition of polymer. At elevated temperatures, there is a drastic
decrease in HRP activity without polymer additives. As SRHP-4 is introduced, protein
activity is preserved and is improved to a much greater extent when more SRHP-4 is
introduced. PEG, which provides great initial activity retention, decays at a much more
drastic rate (Figure 5.8Db).
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Figure 5.8. Colorimetric assay analyses of HRP function in the presence of SRHP-4 at
(a) room temperature and (b) 70°C.

Typically, additives are included to slow down the motion of the system or crowd
proteins to restrict conformational change. However, volume percent of polymers used in
these solutions are kept to a minimum. This indicates that SRHP-4 does not act as a
molecular crowder but participate in interactions that prevent protein denaturation. In
addition, this interaction is short-lived, as indicated by the structural tests performed;
there is no complex formation. We speculate that the statistically random heteropolymers
provide a heterogeneous surface that provides proteins with an environment to fold back
to their native state when partially unfolded. By increasing the amount of SRHP-4, the
probability of finding a chemically patchy surface is increased. When no polymer is
added, unfolded proteins find other unfolded proteins and undergo irreversible
aggregation, resulting in activity loss.

Unlike samples in water, SRHP-4/HRP lyophilized complexes in toluene provide
nanoscopic confinement for HRP. This nanoconfinement provides an enclosed space that
restricts conformational change and provides a driving force for retaining native
structure.* This is seen in Figure 5.9. Proteins both encapsulated in (SRHP-4)-based
complexes and AOT-based reverse micelles both exhibit higher protein activity after 24 h
in comparison to proteins in aqueous media at 70°C. Proteins in SRHP-4 complexes seem
to be more conformationally restricted; the protein-polymer network found in lyophilized

complexes may provide more confinement in comparison to a fluid reverse micelle
structure.

In addition, when temperature is increased, the subunit exchange of surfactants
typically increases,”® thus leading to solvent penetration. To see this effect, AOT was
used as a benchmark. In the case of AOT, a drastic drop in activity retention was
observed, whereas HRP encapsulated in SRHP-4 was able to retain around 50% of its
initial activity at 70°C. This information reveals that SRHP-4 possibly has a higher
complex affinity than small molecule surfactants in organic solvent. The multivalent
interaction that SRHP-4 polymers exhibit prevents long range diffusion of the surfactant
and reduces SRHP-4 desorption from the complex. Further investigation must be
conducted to decouple the effects of nanocaonfinement and impeded micelle dynamics.

86



® 1 mg/mL SRHP-4/HRP Lyophilized Complex
Q) | m 200 mM AOT/HRP Reverse Micelle
(=)
= 80
§e] L
E E
Q
© 60+
14
=
=
5 404
b
£
Q
4§ 20
. :
0 T T T T
0 5 10 15 20 25
Time (h)

Figure 5.9. Activity of HRP after storage in organic solvent using SRHP-4 or AOT
surfactant and dispersed in aqueous buffer. Samples were stored at 70°C.

8§ 5.3. Conclusion

There are many advantages associated with SRHPs. Not only do they encapsulate,
solubilize, and stabilize proteins in organic solvents but can also stabilize proteins at
elevated temperatures (70°C) in both water and organic media. This provides routes that
can benefit both the field of material processing and nanoreactors. By increasing
temperature, proteins can be introduced into polymer melts, for example, or be
incorporated in a catalytic reaction where temperature can increase the rate of reaction.
Although PEG can be used as a commercially available substitute for thermal stability,
the chemical heterogeneity of SRHP-4 produces far greater stability without the need for
high polymer concentrations. High polymer concentrations are needed for molecular
crowding, which may not be cost-effective route toward protein stabilization in industry.
In addition, the use of heat in organic solvents allowed us to monitor micelle dynamics.
Proof that the interaction per SRHP-4 surfactant has a greater binding affinity than the
interaction per AOT small molecule surfactant was obtained.

§ 5.4. Experimental Section

5.4.1. Materials

Horseradish peroxidase type Il (HRP), 2-bis(hexylethyl) sulfosuccinate (AOT),
and (100 kDa) poly(ethylene oxide) (PEO) were obtained from Sigma Aldrich. TMB
Peroxidase EIA Substrate Kit was obtained from Bio-Rad Laboratories. Toluene was
obtained from Fisher Scientific, and Milli-Q water was obtained from EMD Millipore.
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All other materials were used as received. SRHP-4 was synthesized as previously
reported in Chapter 3.

5.4.2. Preparation of SRHP-4/HRP Solutions

For aqueous solutions composed of SRHP-4 and HRP, SRHP-4 was dissolved in
DI water at a concentration of 0.1 w/v % or 1 w/v % and HRP was dissolved in DI water
at a concentration of 1 w/v %. Aqueous SRHP-4 solution was combined and sonicated
with HRP solution at a volumetric ratio of 50:1. For aqueous solutions composed of PEO
and HRP, PEO was dissolved in DI water at a concentration of 0.1 w/v %. Aqueous PEO
solution was combined and sonicated with HRP solution at a volumetric ratio of 50:1.

For SRHP-4/HRP lyophilized complexes, SRHP-4 was dissolved separately in DI
water at a concentration of 0.1 w/v % and HRP was dissolved in DI water to a
concentration of 1 w/v %. Agueous SRHP-4 solution was combined and sonicated with
HRP solution at a volumetric ratio of 50:1. SRHP-4/HRP mixtures were lyophilized
overnight, resuspended with toluene to the original concentration, and subsequently
sonicated. For AOT/HRP reverse micelles, AOT was dissolved in toluene at a
concentration of 200 mM. HRP was individually dissolved in DI water to a concentration
of 2 wiv %. Injection emulsion was used to create AOT-HRP reverse micelles. The
suspension was sonicated, mixed, and partially evaporated using a constant stream of N,
gas until optically clear. Additional toluene was added to compensate for evaporated
solvent in order to reestablish the original concentration.

5.4.3. Small Angle X-Ray Scattering

SAXS experiments were carried out at the Advanced Light Source (ALS) at the
Lawrence Berkeley National Lab (LBNL), Berkeley, California at the
SAXS/WAXSIGISAXS beamline 7.3.3. The instrument was operated using an X-ray
energy of 10 keV. Measurements were done at a sample-to-detector distance of 1.8 m. A
2 M Pilatus detector was used to obtain scattering profiles. Samples were contained in
standard boron-quartz capillaries situated in a customized sample holder which permitted
the sample to be filled and removed using a syringe. This setup allowed for quantitative
background subtraction of both the capillary and the solvent. Absolute intensity
calibration was performed using toluene. The capillary thickness was 1.6 mm. Scattering
length densities were taken to be the following: p = 9.5 x 10° A2 for H,0, p~92x 10°
A? for SRHP-4. Polydisperse Core with Constant Shell Thickness'® was used to
determine SRHP-4 morphology in water as a function of concentration.

5.4.4. Dynamic Light Scattering

Size distributions of aqueous SRHP-4/HRP solutions were measured using a
Brookhaven Instruments BI-200SM Research Goniometer and Laser Light Scattering
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System. Temperature was controlled and set at 25°C. Measurements were sorted by
number average and a NNLS function was used to analyze the correlation curves.

5.4.5. Circular Dichroism

SRHP-4/HRP aqueous solutions were stored at room temperature or in an oven at
70°C. Samples were allowed to equilibrate back to room temperature. Circular dichroism
measurements were taken 0, 2, 4, 8, or 24 h after sonication of solutions on a Jasco J-815
Spectropolarimeter. Solutions were sealed in a 1-mm path length quartz cuvette and
ellipticity was monitored between 190 nm and 250 nm. Background subtractions were
performed post-measurements using an SRHP-4 solution with the corresponding
concentration. Measurements were conducted at 20°C.

5.4.6. Fluorescence Spectroscopy

Retention of HRP tertiary structure was evaluated using a Perkin Elmer LS-55
fluorescence spectrometer. SRHP-4/HRP aqueous solutions were stored at room
temperature or in an oven at 70°C. Samples were allowed to equilibrate back to room
temperature. Measurements were taken 0, 2, 4, 8, or 24 h after sonication of solutions.
Solutions were sealed in a 1-cm path length quartz cuvette and excited at an excitation
wavelength of 280 nm. Emission wavelength was monitored between 310 nm and 400
nm. Measurements were conducted at room temperature.

5.4.7. Heme Analysis using UV-Visible Spectroscopy

SRHP-4/HRP aqueous solutions were stored at room temperature or in an oven at
70°C. Samples were sealed in a 1-cm path length quartz cuvette. Samples were allowed
to equilibrate back to room temperature. UV-visible spectroscopy was performed on a
Hewlett-Packard 8453 Spectrophotometer. Measurements were conducted at room
temperature and the location of the heme peak as well as the intensity of this peak were
monitored between 270 nm and 450 nm at 0, 2, 4, 8, and 24 hours after sonication

5.4.8. Assay of Protein Activity in Aqueous Buffer or Organic Solvent

HRP activity was assessed using a TMB Peroxidase EIA Substrate Kit (Bio-Rad).
Baseline HRP activity was determined by preparing a stock protein solution in 100 mM
KH,PO4/K,HPO, phosphate buffer at pH 6 and applying a prepared TMB assay solution,
as outlined by the manufacturer. Solution was thoroughly mixed and UV-visible
spectroscopy was performed on a Hewlett-Packard 8453 Spectrophotometer. A 1-cm path
length cuvette was used and absorbance at 370 nm was monitored.
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H3C CH,

H3C CH3
HRP
H,N NH, + H,0, ——3» HN — NH + 2H,0
H;C CH3

HsC CH,

(3.5)

SRHP-4/HRP, PEG/HRP, or AOT/HRP solutions were left at ambient room or
elevated temperature conditions for 0, 2, 4, 8, and 24 hours in DI water or toluene. After
specified times, aliquots were taken and diluted in 100 mM KH;PO4/K;HPO,4 phosphate
buffer, pH 6, to disperse the protein and SRHP-4. After thorough mixing, the assay
solution is applied. Activity was quantified using UV-visible spectroscopy by monitoring
the conversion of the colorimetric assay.
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Protein-functionalized materials with persistent nanoscale ordering can improve a
variety of applications. A combination of protein and block copolymer offers a bottom-up
approach toward materials with unique and specific functionality coupled with controlled
nano-patterned assemblies. In this chapter, I will report on the co-processing of
horseradish peroxidase-containing reverse micelles and block copolymers in organic
media. Statistically random heteropolymers were used to first encapsulate proteins,
providing a vessel for increased processability, enhanced retention of protein activity, and
a modular platform to tune protein-block copolymer interactions in organic solvent.
Subsequently, reverse micelles are co-assembled with poly(styrene)-block-poly(ethylene
oxide) and spin-cast into block copolymer thin films. Sequestration of proteins into one
of the domains was observed, and protein functionality was retained throughout the
fabrication process.

8§ 6.1. Introduction

Nanostructured materials exhibiting biofunctionality over defined, controllable
length-scales can improve a variety of technological sectors. This may include catalysis,*
sensors,? molecular transport,® energy,* and medical therapeutics.® Synergistic integration
of protein and synthetic block copolymer (BCP) is of particular interest. There is a
preexisting library of proteins rich in chemical, structural, and functional diversity, where
each individual protein possesses an unmatched level of specificity and efficiency.®
Synthetic biomimetic reproductions have generally not been able to replicate the same
level of performance proteins possess, such as those involved in photosynthesis.” Block
copolymers, alternatively, have the capacity to form well-defined nanoscale
morphologies with long range ordering.® They are highly robust and processable and
have a diverse set of tunable properties (e.g. glass transition temperature, hydrophobicity,
degradability, mechanical strength). Rather than developing fully synthetic biomaterials,
combining proteins and block copolymers, which have proved to be valuable on their
own scientific merits, may provide even greater utility in tandem.

However, it remains a significant challenge to produce protein-based functional
materials without compromising protein structure and accordingly, protein activity.
Proteins have a narrow window of conditions where they remain functional. Specific
temperatures, pH, salt concentrations, and solvent polarities are needed to provide the
necessary intra- and intermolecular interactions that govern native protein conformation.
Consequently, polymers require their own set of conditions that may prove to be
incompatible with protein activity preservation. By limiting the media to strictly water — a
condition generally required for protein solubilization and stability — the type of polymers
and applications that can be accessed becomes greatly restricted. Protein processability in
organic solvents would increase the breadth of obtainable materials.
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Co-assembly of block copolymers and proteins in organic solvents provides a
bottom-up approach that benefit from enhanced processability, increased protein loading,
and the ability to incorporate proteins with greater hierarchical complexities.® *° In
addition, block copolymer-based nanocomposites can be fabricated into various
macroscopic structures. These structures include thin films, bulk gels, nanofibers, and
colloidal particles. Depending on the type of application, the chemistry, microstructure,
and macrostructure of the block copolymer composite can be tailored to obtain the most
desirable performance.

The main limitation, however, is the ability to find processing conditions that
facilitate block copolymer microphase separation and protein solubility and stability.
Solubilizing and stabilizing proteins in organic solvents can be achieved using small
molecule surfactants™™** or through PEGylation,® as discussed in Chapter 2. These
methods have been shown to facilitate further material processing. Small molecule
surfactants, however, are dynamic and lend themselves to protein denaturation.
PEGylation requires specific chemistries to be present on the protein surface. In addition,
the chemical tunability of both small molecule surfactants and polymer conjugation is
limited, contributing to potential conflicts between protein-solvent-block copolymer
interactions during processing.

Statistically random heteropolymers (SRHPs) provide a modular platform for
protein solubilization, stabilization, and processability. Their amphiphilic nature and
ability to multivalently hybridize with the protein’s surface enables protein usability in
organic solvents. Furthermore, SRHP amphiphilicity and its interaction with the
environment can be tuned through modulation of its monomer selection and monomer
ratio. Monomers can be chosen to interact favorably with one domain of the block
copolymer and unfavorably with the other.

In this chapter, | will report the use of SRHP-4/HRP reverse micelles to increase
the breadth of conceivable hybrid materials, facilitating compatibility between proteins
and block copolymers. We demonstrate that SRHP-4 can encapsulate proteins in
spherical reverse micelles, a vessel for enhanced solubility, stability, and processability in
organic solvents. These SRHP-4/HRP reverse micelles are then co-assembled with block
copolymers during thin film spin-casting. Proteins remain active and functional
throughout the entire process, block copolymer microphase separation remains
unhindered, and proteins are nanoscopically arranged in controllable hierarchical
structures. The next step involves incorporation of proteins into BCP electrospun fibers.

8 6.2. Results and Discussion

Injection emulsion induces encapsulation of HRP in (SRHP-4)-based reverse
micelles, as stated in Chapter 3. These reverse micelles appear spherical under TEM with
a bimodal diameter distribution centering around 20 nm and 50 nm. The 20 nm size arises
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from free polymer and the 50 nm size arises from SRHP-4/HRP reverse micelles. Co-
solubilization of SRHP-4/HRP reverse micelles and poly(styrene)-block-poly(ethylene
oxide) (PS-b-PEO) block copolymer in toluene resulted in no disruption of SRHP-4/HRP
reverse micelles prior to spin-casting. Intensity average was used for dynamic light
scattering (DLS) size distribution analysis, as seen in Figure 6.1. Mixtures of SRHP-
4/HRP reverse micelles and PS-b-PEO resulted in shifts of the 200 nm and 1500 nm
peaks of the BCP solution. Scattering contributions from the SRHP-4/HRP reverse
micelles can account for this deviation to lower sizes; the peak is influenced by scattering
contributions from the BCP as well as the SRHP-4/HRP reverse micelles.
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Figure 6.1. Intensity-averaged DLS histogram of PS-b-PEO and SRHP-4/HRP reverse
micelle solution prior to spin-casting.

The chemical synergy of the system allows us to direct the assembly of proteins
into nanoscale patterns. The Flory-Huggins parameter, y, between PS and PEO is high,
providing us with well-ordered nanostructures through microphase separation. SRHP-4 is
primarily composed of PMMA and PEO chains, chemical moieties that are miscible in
PEO and not in PS. The y between PMMA and PEO is around -0.005 to -0.001 and the y
between PMMA and PS is around 0.08. Because of this, we believe that the SRHP-
4/HRP reverse micelle will be directed into the PEO domain of the block copolymer thin
film. This is summarized in Scheme 6.1, where the red-depicted statistically random
heteropolymer is complementary to the red-depicted PEO domain of the block copolymer
hybrid material.
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Scheme 6.1. Summary of hybrid block copolymer materials via co-assembly of block
copolymer and SRHP-4/HRP reverse micelles. AFM is used to evaluate morphology, and
chromophoric assays are used to evaluate protein activity.

After spin-casting, atomic force microscopy (AFM) was used to evaluate the as
cast protein-BCP composite thin films. The phase image (Figure 6.2a) shows cylindrical
PEO domains, where the softer PEO domains are depicted black and the higher modulus
PS are depicted tan. The image shows some of the PEO domains appearing tan. It is
speculated that SRHP-4/HRP reverse micelles were incorporated into the PEO domain
and the packing of extra material accounts for the increase in modulus. The height image
(Figure 6.2b) reveals a slight increase in height at the center of the cylindrical PEO
domains. This further suggests that SRHP-4/HRP reverse micelles were sequestered by
PEQ during the spin-casting process.

Figure 6.2. AF |mags of an as cast thin film composed of PS-b- PEO and SRHP-
4/HRP reverse micelles (a) Phase and (b) height images of block copolymer-protein
hybrid thin film prior to solvent annealing.
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Solvent annealing was used to increase the order in block copolymer thin films.
Pre-swelling with water allowed for selective annealing of the PEO domain, and
subsequent co-solvent annealing with water and benzene provided mobility for the entire
BCP thin film.»> After annealing, PS-b-PEO (Figure 6.3a) and PS-b-PEO thin films
containing SRHP-4 (Figure 6.3b) and SRHP-4/HRP reverse micelles (Figure 6.4c) all
showed ordered films with perpendicular PEO cylindrical domains. BCP alone showed
an average PEO domain diameter of 23.7 nm (Figure 6.3d). Slight increase in average
PEO domain diameter was observed upon inclusion of SRHP-4 to 31.2 nm (Figure 6.3¢).
Significant average PEO domain diameter was observed upon incorporation of SRHP-
4/HRP reverse micelles to 40.6 nm (Figure 6.3f). The addition of proteins is speculated to
cause an increase in PEO domain size as a way to accommodate for the extra material.
Although the average size increased, the incorporation of SRHP-4 increased the
frequency of PEO domain sizes that are 19 nm. This collapse in some of the PEO domain
was unusual and further investigation must be conducted. One possible theory on this
occurrence is that the PMMA mediates the interactions that occur at the interface.
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Figure 6.3. AFM phase images of solvent annealed thin films of (a) PS-b-PEO, (b) PS-b-
PEO with SRHP-4, and (c) PS-b-PEO with SRHP-4/HRP reverse micelles. Image
analysis of PEO domain diameters of (d) PS-b-PEO, (e) PS-b-PEO with SRHP-4, and (f)
PS-b-PEO with SRHP-4/HRP reverse micelles.

Grazing-incidence small angle x-ray scattering (GISAXS) was used to determine
changes in periodicity upon incorporation of SRHP-4 and SRHP-4/HRP reverse micelles.
Two-dimensional scattering profiles for each thin film can be found in Figures 6.4(a-c).
Taking gx line cuts, it was observed that the structure factor peak shifts to lower q as

96



SRHP-4 is added, and lowered further after addition of SRHP-4/HRP reverse micelles
(Figure 6.4d). This indicated an increase in periodicity. The natural periodicity of this
block copolymer system is 31 nm. Addition of SRHP-4 increased the periodicity to 33
nm, and addition of SRHP-4/HRP reverse micelles increased the periodicity to 39 nm.
The ratio between the first order peak and second order peak in all three samples is 1:V3,
verifying that these PEO cylinders are hexagonally packed and perpendicular to the
substrate.
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Figure 6.4. GISAXS scattering profiles of solvent annealed thin films of (a) PS-b-PEO,
(b) PS-b-PEO with SRHP-4, and (c) PS-b-PEO with SRHP-4/HRP reverse micelles. (d)
GISAXS g line cuts. (e) Schematic of block copolymer thin film with locations of HRP
and SRHP-4.

Increase in periodicity and increase in domain size suggest directed assembly of

HRP into the PEO domains. As previously stated however, SRHP-4/HRP reverse
micelles have a diameter of around 50 nm. In order to accommodate for this material into
a PEO domain with a diameter of 40.6 nm, there must be a disassembly of the reverse
micelle. It is hypothesized that during annealing, the SRHP-4/HRP reverse micelle is
disrupted and reside in the PEO domains as smaller complexes or as individual
components. This may explain why after annealing, the phase discrepancies observed in
as cast films were no longer present. Within the PEO domain, the driving force for
reverse micelle stability — the interface between two immiscible media — is no longer
present. SRHP-4 and its cargo both have favorable interactions with PEO, resulting in the
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disruption of the reverse micelle. Figure 6.4e is a schematic that illustrates this
hypothesis, where both HRP and SRHP-4 are sequestered into the PEO domain; however,
they exist as individual components.

In order to directly verify directed assembly of proteins into the PEO domain,
resonant soft x-ray scattering (RSoXS) was attempted. This technique allows us to
change the x-ray energy in order to enhance the contrast for specific elements. Targeting
the nitrogen-edge would allow us to see the periodicity of HRP since SRHP-4 and PS-b-
PEO do not contain nitrogen. However, RSoXS did not reveal information on the protein
arrangement, as shown in Appendix A.5.1. HRP loading may not be high enough. Not all
PEO cylinders contained a sufficient amount of protein. This would result in a lack of
lateral auto correlation of the nitrogen signal.

Retention of HRP activity post-annealing was evaluated using a colorimetric
assay of H,O, and 3,3,5,5’-tetramethylbenzidine (TMB). The conversion of TMB into
its diimine species indicates retention of HRP activity, which can be visually observed by
the appearance of a blue chromophore in solution. Upon submergence of HRP-containing
thin films in a phosphate buffered solution containing the assay, the appearance of the
blue tint after 30 min at room temperature verified active HRP (Figure 6.5).

Figure 6.5. Photo of solution containing colorimetric assay in buffer after submergence
of an HRP-containing hybrid thin film.

Over the course of processing HRP into block copolymer thin films, from
encapsulation into (SRHP-4)-based reverse micelles, to mixing with a BCP solution, to
spin-casting, HRP is able to retain 50% of its original activity (Figure 6.6). Data was
normalized by HRP concentration, where HRP concentration in the film was calculated
by assuming a film density similar to the density of the PS-b-PEO (~1 g/mL) and
measuring the dimensions of the film to determine film volume (1.7 cm x 1.7 cm x 31
nm). However, after solvent annealing, protein activity retention drops significantly,
down to 5%. The disassembly of the complex is speculated to be the cause for drastic
protein denaturation during solvent annealing. As there is no longer a protective barrier
around the protein, benzene is allowed to interact with the protein and cause a reduction
in protein activity. Future systems are currently under investigation where protein-
polymer complexes are kept intact during the entire processing procedure.
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Figure 6.6. Activity of HRP during the film casting process.

When proteins were stored in block copolymer thin films, activity was drastically
diminished when stored at room temperature after 1 h. This was unusual since the block
copolymer is in solid form. However, when SRHP-4/HRP reverse micelles were directly
spin-cast onto a silicon wafer without the BCP, HRP was able to retain about 70% of its
activity after 2 weeks when stored at ambient conditions, as seen in Figure 6.7. SRHP-4
was able to provide HRP with a confined environment that allowed HRP to retain activity
after 2 weeks. When co-processed with PS-b-PEOQ, this ability is compromised. The PEO
domain may be too fluid. In addition, it is speculated that the interface between PS and
PEO may be the origin of this quick denaturation phenomenon. More studies must be
conducted to investigate the mechanism that is occurring to optimize this bottom-up
approach toward protein patterning.

Imeframe
Figure 6.7. Activity of HRP after spin-casting of SRHP-4/HRP reverse micelles directly
onto a silicon wafer. Activity was evaluated immediately after spin-casting and after 2
weeks at room temperature. Protein activity is normalized by protein concentration.

99



With this enhanced processability, electrospinning was employed in an attempt to
develop protein-based fiber materials from organic media. Because electrospinning
generates fibers with extremely large surface area-to-volume ratios, electrospinning is a
desirable technique for fabricating catalytic fiber mats. SRHP-4/HRP complexes were
mixed with poly(methyl methacrylate) (PMMA). PMMA was chosen because it is
wettable yet still hydrophobic enough to retain its structural integrity in water. In
addition, PMMA is chemically compatible with SRHP-4. Hybrid electrospun fiber mats
with loaded SRHP-4/HRP lyophilized complexes were successfully fabricated, as seen in
Figure 6.7(a-b), and exhibited excellent activity in aqueous buffer solution, as verified by
the conversion of a blue chromophoric assay (Figure 6.7c). As PMMA is hydrophobic,
electrospun fiber mats are expected to repel water without inhibiting assay transport. This
is schematically portrayed in Figure 6.7d. The next step is to exchange PMMA with
either poly(styrene)-block-poly(ethylene oxide) or poly(styrene)-block-poly(methyl
methacrylate) as a way to generate electrospun fibers with internal nanoscale ordering.

PMMA Fiber

Figure 6.8. Processing of proteins using SRHP-4. (a) Electrospun PMMA fiber mat. (b)
SEM image of electrospun PMMA fibers containing SRHP-4/HRP complexes. (c)
Verification of HRP activity and accessibility in electrospun fiber mat using colorimetric
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assays. (d) Schematic of HRP-containing fibers where substrates are permeable but water
is excluded out.

8§ 6.3. Conclusion

The combination of SRHPs and BCPs hold great promise in providing a general
approach toward nanostructured protein-based materials. SRHPs allow for water-soluble
proteins to disperse in organic solvents in nano-sized vehicles. They preserve protein
functionality during the fabrication of these nanocomposites to a significantly high
degree. Lastly, the ability to modulate SRHP chemistry allows for manipulation and fine
tuning of protein-block copolymer interactions. BCPs, on the other hand, provide a good
platform for protein nanoassemblies in complex, hierarchical, three dimensional
structures. Their ability to arrange proteins in very precise patterns with very minimal
human interference provides a processable and scalable technique for future
technological advancements. Future directions include incorporation of other proteins, as
seen in Appendix A.5.2. Incorporation of insulin into synthetic materials will allow us to
store protein therapeutic at room temperature and create biodegradable patches.
Computationally designed three helix bundles™ can be used to create two dimensional
arrays with hierarchically-decorated surfaces using high temperatures.

8§ 6.4. Experimental Section

6.4.1. Materials

Horseradish peroxidase type Il (HRP), phosphotungstic acid, and poly(methyl
methacrylate) (PMMA) (MW = 350,000 Da) were obtained from Sigma Aldrich. were
obtained from Sigma Aldrich. TMB Peroxidase EIA Substrate Kit was obtained from
Bio-Rad Laboratories. (23 kDa) poly(styrene)-block-(7 kDa) poly(ethylene oxide) (PS-b-
PEO) was obtained from Polymer Source with a PDI of 1.07. Toluene and benzene were
obtained from Fisher Scientific, and Milli-Q DI water was obtained from EMD Millipore.
TEM carbon grids were obtained from Ted Pella. Silicon wafers were obtained from
International Wafer Service. All materials were used as received. SRHP-4 was
synthesized as reported in Chapter 3.

6.4.2. Assembly of Protein-Containing Reverse Micelles

SRHP-4 was dissolved in toluene at a concentration of 0.1 w/v % and HRP was
dissolved in DI water to a concentration of 1 w/v %. Injection emulsion was used to
create SRHP-4/HRP reverse micelles, where the resultant solution contained a volumetric
ratio of 50:1 SRHP-4 solution to HRP solution. The suspension was sonicated, mixed,
and partially evaporated using a constant stream of N, gas until optically clear.
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Additional toluene was added to compensate for evaporated solvent in order to
reestablish the original concentration.

6.4.3. Fabrication of HRP-Containing Thin Films

Prior to spin casting, SRHP-4/HRP reverse micelles were co-solubilized with a
solution containing 1 w/v % PS-b-PEO. The final spin casting solution was 0.002 wt %
HRP. Two other solutions were created as controls: PS-b-PEO only, PS-b-PEO with
SRHP-4. These samples were prepared to possess similar concentrations to the HRP-
containing solution. Solutions were spin-cast for 20 s at 3000 RPM onto a silicon wafer.
Film thickness was assessed using a Filmetrics F20 interferometer and ranged between
30-40 nm.

Samples were solvent annealed using a mixture of water and benzene. Samples
were placed in a 2.6-L cylindrical aluminum chamber equipped with an O-ring-sealed lid.
Samples were pre-swelled with water (6 mL) for 2 hrs. Benzene (6 mL) was then added
to the chamber, where the samples continued to anneal for 2 hrs.

Formation of SRHP-4/HRP thin films, SRHP-4/HRP reverse micelles were
directly spin-cast for 20 s at 3000 RPM onto a silicon wafer.

6.4.4. Dynamic Light Scattering

Size distributions of SRHP-4/HRP reverse micelle solution, PS-b-PEO solution,
and a solution containing a mixture of the two were measured using a Brookhaven
Instruments BI-200SM Research Goniometer and Laser Light Scattering System.
Temperature was controlled and set at 25°C. Measurements were sorted by intensity
average and a NNLS function was used to analyze the correlation curves.

6.4.5. Atomic Force Microscopy

Thin films were imaged using atomic force microscopy. AFM was performed on
a Molecular Imaging PicoSPM Il with a PicoScan 2500 controller. A scan rate of 2 Hz
and a resonant frequency ranging between 300-400 kHz were used.

6.4.6. Grazing-Incidence Small Angle X-Ray Scattering

GISAXS experiments were carried out at the ALS beamline 7.3.3. The instrument
was operated using an x-ray energy of 10 keV and a sample-to-detector distance of 2.3 m.
Scattering profiles were collected on a 2 M Pilatus detector, at an incident angle of 0.20°.

6.4.7. Analysis of HRP Activity during Processing

HRP activity was assessed using a TMB Peroxidase EIA Substrate Kit. Baseline
HRP activity was determined by preparing a stock protein solution in 100 mM
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KH,PO4/K,HPO, phosphate buffer at pH 6 and applying a prepared TMB assay solution,
as outlined by the manufacturer. Solution was thoroughly mixed and UV-visible
spectroscopy was performed on a Hewlett-Packard 8453 Spectrophotometer. A 1-cm path
length cuvette was used and absorbance at 370 nm was monitored.

H3C CH; HsC CH;
HRP
H,N NH, + H,0, ——3» HN — NH + 2H,0
HsC CH; HsC CH,

After each step during spin-cast processing, an aliquot of each solution was taken
and dispensed into the previously outlined buffer. TMB was immediately applied and
UV-visible spectroscopy was used to monitor HRP activity. The film was placed in the
buffer for at least 20 s to release all the HRP prior to TMB assay introduction and UV-
visible spectroscopy analysis.

(6.1)

6.4.8. Visual Analysis of HRP Activity Post-Annealing

Thin films were submerged for 30 min in 100 mM KH,PO4/K,;HPO, phosphate
buffer at pH 6 containing TMB assay. Presence of blue color indicates HRP activity.

6.4.9. Electrospinning HRP-Containing Fibers

PMMA was dissolved in chloroform to achieve a 7.5 wt% concentration. 200 uL
of toluene containing the SRHP/HRP complex was mixed with 800 uL of the
PMMA/chloroform solution. The mixture was stirred for 5 min at 350 RPM immediately
prior to electrospinning. The solution was then electrospun from a 1 mL syringe and a 20
gauge needle. An aluminum collector plate was placed 18 cm away from the needle tip in
a horizontal setup. The solution was pumped at a rate of 0.45 mL/h. A voltage of 8 kV
was applied to the solution.

6.4.10. Scanning Electron Microscopy

A Hitachi TM-1000 scanning electron microscope was used to acquire images of
the electrospun fibers. The samples were mounted on conductive carbon tape. A 15 kV
accelerating voltage was used to acquire the SEM images.

6.4.11. Visual Analysis of HRP Activity Post-Electrospinning

Electrospun fiber mats were submerged for 30 min in 100 mM KH,PO4/K;HPO,
phosphate buffer at pH 6 containing TMB assay. Presence of blue color indicates HRP
activity.
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Afterword

Protein-functional nanomaterials are an interesting and exciting class of new
materials with applicable translation into catalysis, sensing, filtration, medicine, energy,
and beyond. As the interactions that govern protein folding, polymer conformation,
solvent solubility, and the interactions between these three components are all along the
same energy length scale, the research that is conducted within this field lies at both the
physical interfaces of this system as well as the scientific interfaces of many disciplines.
The work that is described in this dissertation provides a comprehensive analysis of
protein-polymer interactions and possible applications. From a science perspective,
evaluation of interactions using spectroscopic technique and determination of structure
using scattering provides intellectual wealth. From an engineering perspective, the design
of the polymer, the optimization of processing techniques, and the incorporation into a
model application provides potential in enhancing society. This strong relationship
between chemistry, structure, and performance and the ability to manipulate these three
core aspects provides a modular approach toward protein-based nanomaterials.

Future work will continue to further characterize and analyze this polymer
chemistry-protein stability relationship. The world of random heteropolymers is an
emerging field and the chemistry and structure of this exciting class of tailorable
materials is appealing. In addition, the road has been paved for a variety of applications.
Water and gas filtration of chemical warfare agents is one key avenue that is in current
development in our lab. By incorporating organophosphorus hydrolase into electrospun
nanofiber mats, smart fabrics can be created to enhance the lives of both soldiers and
civilians. Expansion into different molecular systems is another avenue of interest as we
delve deeper into the world of statistically random heteropolymers. Current directions
that are now in progress is to apply SRHPs to larger systems, such as stabilizing

104



molecular machinery (ribosomes), creating transmembrane-decorated liposomes, and
finally, making mammalian cells into viable material building blocks.
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A.1. Supporting Information for Chapter 2

150 kDa

100 kDa
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PEG eq: 0 250

A.1.1. Conjugation of poly(ethylene glycol) was verified through gel electrophoresis.
Maleimide-functionalized PEG with a molecular weight of 2000 Da was reacted with
glucose oxidase in a phosphate buffered solution. An excess of PEG was introduced.
Glucose oxidase has a molecular weight of 80 kDa. The molecular weight increase
observed in the right lane verifies conjugation of PEG.
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H,O0 80% MeOH 2:1
benzene:MeOH

A.1.2. Glucose oxidase-PEG conjugates were dissolved in either water, 80% methanol, or
a 2:1 benzene to methanol solution. A colorimetric assay was used to assess the degree to
which protein activity was retained. It was observed that at 80% methanol, activity of
glucose oxidase had diminished in comparison to pure water. When glucose oxidase-PEG
conjugates dissolved in a benzene/methanol mixture, the protein was completely
deactivated.

127



— swp/pdpfaot
\/ ~SvD/pdplact + 4% chymo
svp/pdpiact + 4% GOX
— svp/pdp/act + 4% HRP

Intensity

0.05 0.10 0.15 0.20 0.25
G (A
A.1.3. GISAXS scattering profiles of polymer thin films containing AOT or AOT/protein
reverse micelles. Films are unstructured beneath the surface and the periodicity of the
cylindrical domains did not change based on protein incorporation.
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A.1.4. Comparison of chymotrypsin activity in hybrid thin film. Enzyme activity was
assessed based on proteolysis of N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide. PS-b-
P4VP/PDP thin films contain 0.25% (w/w) chymotrypsin. Protein was incorporated as a
charge-paired surfactant complex (P4VP:AOT = 1:0.15). Leaching was monitored 10 and
60 min after submergence in an aqueous bath.
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A.1.5. Comparison of horseradish peroxidase activity in hybrid thin film. Enzyme
activity was assessed as a function of reverse micelle buffer and assay reaction buffer
after a 30 min bath. Prep 1 involves a reverse micelle core containing buffer pH of 4.6
and a reaction buffer pH of 4.6. Prep 2 involves a reverse micelle core containing buffer

pH of 4.6 and a reaction buffer pH of 6. Prep 3 involves a reverse micelle core containing
buffer pH of 6 and a reaction buffer pH of 6.
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A.1.6. Fabrication of chymotrypsin hybrid thin film using (24 kDa)PS-b-(9
kDa)P4VP(PDP) (P4VP:PDP = 1:1) and CTAB. Protein was incorporated as a charge-
paired surfactant complex (P4VP:CTAB = 1:0.36).
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A.2. Supporting Information for Chapter 3

(b)

A.2.1. Protein crystal structure of horseradish peroxidase (1H55). (a) Hydrophilic surface
map where orange represents areas with hydrophobic residues and gray represents areas
with hydrophilic residues. (b) Charge surface map where blue represents areas with
positive residues, red represents areas with negative residues, and gray represents areas
with non-charged residues.
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A.2.2. Hildebrand Solubility Parameters for Monomers and Solvents
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A.3.3. 1H NMR (DMF-d7, 400 MHz) of SRHP-4.
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A.3.4. DEPT **C NMR and quantitative **C NMR (DMF-d;, 100 MHz) of SRHP-4.
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A.3.5. 'H-C HSQC 2D NMR (DMF-d7, 100 MHz) of SRHP-4.
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A.3. Supporting Information for Chapter 4
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A.3.1. Activity of GOx after storage in organic solvent using SRHP-4 reverse micelles
and dispersed in aqueous buffer.
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A.3.2. UV-visible absorbance spectra of benzoyl peroxide/3,3”,5,5’-tetramethylbenzidine
assay. Monitoring (a) toluene, (b) SRHP-4, and (¢) SRHP-4/HRP lyophilized complex
over 5 min. Each spectrum is collected every 30 s.
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A.3.3. UV-visible absorbance spectra of n-succinyl-Ala-Ala-Pro-Phe p-nitroanilide assay.

Monitoring (a) SRHP-4 and (b) SRHP-4/CT lyophilized complex over 30 min. Each
spectrum is collected every 1 min.
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A.4. Supporting Information for Chapter 5
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A.4.1. Dynamic light scattering histograms. (a) and (b) are number and volume average
distributions of HRP in water after 4 h at 70°C respectively. (c) and (d) are number and
volume average distributions of SRHP-4 and HRP in water after 4 h at 70°C respectively.
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A.4.2. Circular dichroism spectra at 20°C and 70°C of SRHP-4 or PEG and HRP in

water.
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A.4.3. Fluorescence spectra at 20°C and 70°C of SRHP-4 or PEG and HRP in water.
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A.4.4. UV-visible absorbance spectra at 20°C and 70°C of SRHP-4 or PEG and HRP in

water.
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A.5. Supporting Information for Chapter 6
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A.5.1. Resonant soft x-ray scattering profiles as a function of energy of hybrid thin films
composed of SRHP-4/HRP reverse micelles and poly(styrene)-block-poly(ethylene
oxide). Increasing the x-ray energy allows us to target the nitrogen edge, which allows us
to highlight protein periodicity. HRP has nitrogen whereas the block copolymer and
SRHP-4 do not.
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B SRHP-4/SH Complex
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A.5.2. Encapsulation of other proteins using SRHP-4. (a) Number average DLS
histogram of lyophilization-assisted encapsulation of insulin into SRHP-4 complexes.
Prior to resuspension in solution, insulin was in a phosphate buffer at pH 2. (b) Negative
second derivative of insulin FT-IR spectra over 24 h. Secondary structure remained
relatively intact after solubilization in toluene (c) Number average DLS hisogram of
lyophilization-assisted encapsulation of a computationally designed three helix bundle
into SRHP-4 complexes. AFM images of spin-cast SRHP-4/computationally designed
three helix bundle complexes onto a silicon wafer (d) before and (e) after thermal
annealing at 70°C. Bundling of the helix was observed after thermal annealing.
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