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Abstract

Self-assembly of protein-polymer block copolymers provides a simple bottom-up
approach towards protein nanopatteming for the fabrication of more effective and efficient
bioelectronic and biocatalytic devices. Changes in shape and surface chemistry between protein-
polymer conjugates and classical coil-coil block copolymers result in significant differences
between the self-assembly of these two classes of molecules. A model material is used to
explore the self-assembly behavior of globular protein-polymer block copolymers as well as
investigate protein functionality, stability, and secondary structure in the resulting nanostructured
materials.

Across a wide range of polymer coil fractions from 0.21 to 0.82, a variety of
morphologies including hexagonally packed cylinders, lamellae, perforated lamellae, weakly
ordered nanostructures and a disordered phase are observed. Surprisingly, a lyotropic re-entrant
order-disorder transition is observed in all materials between 30 and 70 wt% indicating the
solvent-mediated effective interaction potential is non-monotonic with concentration. Solid state
materials are prepared through evaporation of aqueous solvent, which leads to the formation of
kinetically determined nanostructured morphologies. The type of nanostructure is strongly
determined by the solvent quality for the polymer block. Good solvents produce well-ordered
nanostructures similar to those observed in coil-coil block copolymers, while poor solvents
produced an aggregated micellar structure. Importantly, protein secondary structure remains
largely unaltered, even in a completely dehydrated environment. As much as 80% of the protein
solution functionality is retained in these solid state materials. This quantity depends primarily
on the processing conditions, but also the polymer fraction, with ambient temperatures and
materials composed of 45-60% polymer retaining the highest levels of protein functionality.
Interestingly, there exists some fraction of protein functionality which is reversibly lost in the
solid state and regained upon rehydration. The addition of small molecule osmolytes is
demonstrated to eliminate this reversible loss and improve protein functionality retention up to
100% in the solid state. Osmolytes with a high glass transition temperature are capable of
increasing the thermal stability of dehydrated films by 15 'C, while those with a low glass
transition temperature decrease it.
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Chapter 1 Introduction

1.1 The Utility of Proteins and Enzymes

Enzymes are nature's catalysts. In most cases, they have evolved over many, many years

to excel in the performance of a single task or a set of related reactions. They have adapted to

perform one reaction extremely quickly and efficiently under mild conditions. Typical turnover

frequencies (kcat) for enzymes range from 10-1 up to 107 s~1, and substrate binding affinities

(~1/Km) are often large as well.1-2 More importantly, substrate specificities (kt/Km) can be

extremely high signifying that side reactions and undesired products are rare.i-2 In contrast,

current traditional synthetic catalysts tend to have turnover frequencies in the range of 10-2 - 102,

and they can be more susceptible to side reactions due to non-selective substrate binding which

could dramatically limit their utility in certain situations when the feedstock contains

impurities.3-4 Additionally, enzymes are biodegradable and renewable unlike many synthetic

catalysts which often rely on expensive precious metals. As a result of these factors, there is a

growing interest in the incorporation of enzymes into a variety of biocatalytic devices with

applications as varied as the enzymes themselves.5-7 Bioelectronic devices are created through

the incorporation of reaction centers,8 photosynthetic complexes,9 or even fluorescent proteins'0

into highly efficient materials for light harvesting. Biosensors capable of detecting extremely

low levels of analyte are becoming increasingly prevalent in the medical diagnostics field

pioneered by the huge success of glucose oxidase for the detection of glucose in diabetes patients

as well as the detection of hormones in home pregnancy test devices."- 3  And in the

pharmaceutical industry, enzymes have been widely used for synthesizing drug compounds.' 4

Biofuel cells utilizing enzyme catalysis have been successful at producing a number of
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commodity chemicals or valuable precursors.1- 17 Additionally, a number of biocatalytic devices

have utilized the highly efficient nature of enzymes to fabricate devices for carbon

19-2 22-24
sequestration,'8 carbon dioxide reduction,19-21 and hydrogen production.

1.2 Challenges for Enzyme Use

Although there are clearly benefits for the incorporation of enzymes into functional

devices, limitations to their widespread use exist. One of the biggest concerns is the stability of

the enzyme. While the native protein structure is robust enough to self-assemble in its natural

environment, it may be prone to denaturation or unfolding when placed in a foreign

environment. Protein performance also often depends on the surrounding environment, and

many proteins will typically only function in aqueous solutions within some narrow pH and

temperature range.26-27 In addition to ensuring that the protein remains properly folded, access to

the active site must remain unobstructed to allow for substrate binding and product release.

Maintaining fast and efficient transport of substrates, products, and cofactors throughout is also

necessary for efficient, long-lasting devices. 28 -29 Good transport of electrons is particularly

important for the successful implementation of enzymatic biofuel cells. 1516 Additionally,

achieving high enzyme loading densities will be crucial for the fabrication of new high impact

devices which are not reaction limited or for devices in which size is a limiting constraint.

These challenges must be addressed in order to compete both catalytically and economically

with traditional synthetic catalysts.

1.3 Techniques for Nanopatterning Proteins

Nanopatterning of enzymes is a promising option for mitigating the challenges previously

outlined. Through the use of nanopatteming techniques, the positioning of enzymes can be

controlled in three dimensions. In addition, protein orientation can be selected to allow for
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optimal arrangement of active sites for substrate and product transport.3 1 Using the precise

placement afforded by nanopatterning, high loading densities of functional enzyme can be

achieved.32 Enzyme stability concerns can also be addressed through the use of nanopatterning.

A number of studies have investigated the use of various forms of nanopatterning or protein

immobilization to improve enzyme performance, 32-34 and many approaches fit into one of the

following categories: covalent immobilization, physical adsorption, affinity immobilization, or

encapsulation in a matrix.3 5 41

Covalent immobilization. Covalent immobilization of proteins on surfaces has been achieved

using a variety of synthetic schemes. In many cases, the surface is pre-treated to display a

desired functionality, compatible with the chosen immobilization chemistry. The covalent bond

between the protein and surface ensures that the protein is not washed or eroded away during

subsequent processing steps or during use. Chemistries utilizing a variety of functional groups

including amines, carboxyls, thiols, epoxies, and photoactive materials have been developed for

protein immobilization.5' 3, 41-42 Glutaraldehyde has been shown to be a viable option for

enzyme immobilization on a variety of surfaces due to the ability of glutaraldehyde to react with

a range of nucleophiles.43 Amine and carboxyl chemistries are especially popular because many

proteins contain solvent accessible lysine, aspartate and glutamate residues. However, there are

many potential attachment sites on the protein surface, and when utilizing these types of non-site

specific chemistries enzymes often end up in a variety of orientations, some of which do not

remain catalytically active.4~45 Other chemistries using less prevalent functionalities such as

thiols make it possible to constrain protein orientation to some extent.4-4 8 By carefully choosing

the immobilization chemistry as well as using site directed mutagenesis where possible to

present desired protein surface chemistries, the orientation of the immobilized enzyme can be
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guided." Glucose oxidase is one of the most studied enzymes; as a result, a wide range of more

specialized immobilization strategies have been extensively examined with this system including

covalent attachment to self-assembled monolayers49 and gold nanoparticles 50 to fabricate stable

and effective biosensors. In a creative approach to covalent immobilization, a serine esterase

was covalently attached to a surface which had been functionalized with an inhibitor which

selectively binds to the enzyme active site. 51 This approach was then generalized and became

known as a SNAP-tag by creating fusion proteins with the serine esterase so that other enzymes

could be immobilized effectively.-

In order to maintain the highest levels of enzymatic activity after surface immobilization,

a short linker is often used to connect the protein with the surface.5 Enzymes which are

immobilized with many attachment points have been shown to be more stable to heat, detergent,

and organic solvent stressors than enzymes with only a single attachment point.5 Multipoint

attachment techniques such as those making use of epoxies have been shown to effectively

immobilize a variety of enzymes while often retaining high levels of native enzyme activity.56

Physical adsorption. Physical adsorption is another common technique used to immobilize

proteins on a surface.57 59 This method typically relies on electrostatic, ionic, hydrophobic, or

hydrogen bonding interactions between the protein and the substrate, and results in surface

coverage that is more prone to erosion than covalent immobilization.57 60 However, the lack of

covalent modifications to the protein makes this technique appealing for more sensitive proteins

which may be more likely to denature upon covalent attachment. 6' This technique also allows

for some control over enzyme orientation because certain configurations may be preferred as a

result of different substrate surface chemistries and various ionic and electrostatic
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interactions.17,62-63 A variety of enzymes have been immobilized on self-assembled monolayers,

demonstrating the efficacy of physical adsorption for protein nanopatterning.64

A related technique that relies on protein adsorption is layer-by-layer assembly in which

many layers of protein may be built up by alternating between positively and negatively charged

species, and in this way, three dimensional nanopatterns can be assembled. 65 6 In many cases,

enzymes are layered with polyelectrolytes to create a series of nanodomains which are just a few

nanometers thick.67 8  This technique has been used to fabricate biosensor and biocatalytic

devices, and in some cases has shown no enzymatic activity loss as a result of the nanopatteming

process.67 The accompanying polymer can also be designed such that it conducts electrons or

other species necessary for enzyme activity and the fabrication of functional biocatalytic

devices.69 70

Affinity interactions. The third technique for protein nanopatteming, affinity-based

immobilization, shares similarities with both covalent immobilization and physical adsorption.

Although affinity tag approaches are non-covalent, the interaction between the protein and

substrate can still be very strong and nearly permanent. For example, the interaction between

biotin and avidin has an association constant of 1015 L-molf. 7 1 By taking advantage of this

strong interaction, enzymes can be immobilized on a variety of surfaces including carbon fiber,

platinum electrodes, or polymer coated surfaces to fabricate sensors for glucose or peroxide

detection.- 74 Through the use of alternating layers of avidin and biotinylated enzymes, highly

functional biosensor devices can be fabricated which are composed of multiple types of

enzymes. Nanopatterning of antibodies which specifically recognize certain proteins has also

been employed for the construction of immobilized arrays of oriented enzymes.31' 76-77 By

covalently attaching a multivalent nitrilotriacetic acid functional group to the substrate surface,
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His-tagged proteins can be tightly bound to the surface in a desired orientation.78-80 When this

was performed with horseradish peroxidase, more than 85% of the native enzyme activity was

retained.'

Embedding in a matrix. A fourth technique which is relatively common for protein

immobilization is embedment in a protective matrix. The matrix provides a structural framework

with mechanical integrity and generally allows for increased flexibility in terms of the types of

processing procedures for device fabrication that can be tolerated by the enzymes. For example,

the rigidity provided by a matrix of organic molecules helps to improve protein stability, and the

small pore sizes help prevent enzyme loss due to leaching.8 2-83  The pore sizes within the

materials are such that the enzyme is not lost due to leaching, while small substrates and

cofactors are permitted to diffuse through the material. Additionally, the potential for UV

transparency of these types of materials makes them attractive scaffolds for the fabrication of

biosensor devices.84~85 Several enzymes have been shown to remain active upon encapsulation in

sol-gel matrices including, myoglobin, glucose oxidase, and cytochrome C.8 2-8 4 , 86-87 Typically,

encapsulation in a sol-gel matrix results in enzymes which remain functional much longer while

still following traditional Michaelis-Menten kinetics. The enzymes also have slightly lower

substrate binding constants and tumover frequencies.8 3' 88 While sol-gels are among the most

popular materials in which to embed proteins, other polymeric materials such as epoxies,

polyvinyl plastics, polyurethane foams, silicone elastomers, and silk have also been utilized. 89-95

For example, glucose oxidase was immobilized in polytyramine which formed a protective

matrix and was shown capable of maintaining high levels of enzymatic activity. 96  Also,

phosphotriesterase (organophosphate hydrolase; OPH) entrapped in a polyurethane foam was

demonstrated to retain more than 50% of its activity after three months of storage.97
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Templated surfaces. With the previously described covalent and non-covalent surface

immobilization techniques, three dimensional protein patterns can be generated by choosing a

suitable substrate. Nanoparticles, electrospun fibers, and mesoporous silica have all been

utilized to create different geometries, each of which are capable of maintaining high levels of

enzymatic activity.35,98-99 The fibers and mesoporous materials are especially intriguing because

they have a very high surface area to volume ratio for maximal enzyme loading.98 For example,

one study demonstrated that carbonic anhydrase immobilized on a mesoporous substrate

maintained activity levels similar to that of free enzyme in solution and was able to remain active

for at least 20 days.' By covalently immobilizing a-chymotiypsin on electrospun polystyrene

nanofibers, the catalytic activity in nonaqueous solvents increased several thousand-fold over the

native enzyme in the same organic solvent.101 This corresponds to an activity retention of

approximately 65% of native aqueous enzymatic activity. Additionally, all of these surface

immobilization techniques can take advantage of developed technologies such as

photolithography, dip-pen lithography, and microcontact printing to produce desired template

geometries for nanopatteming.52,62,75 ,102 -10 5  For example, covalent immobilization in

microfluidic devices has been successfully used to create enzymatic microreactors.106

Polymeric materials can also be used to create templates for protein patterning by taking

advantage of their intrinsic self-assembly properties.107-11 For example, a polystyrene-block-

poly(ethylene oxide) block copolymer was self-assembled with protein which had several short

poly(ethylene oxide) chains covalently attached, and it was demonstrated that the protein was

selectively segregated to the poly(ethylene oxide) domains of the block copolymer.11 2 In another

study, the aqueous self-assembly of Pluronics block copolymers was used to template Light

Harvesting Complex II protein to fabricate a device for photo-dependent hydrogen production." 3
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And in other research, photosynthetic reaction center enzymes were templated by the self-

assembly of lipid-based materials to create a light harvesting device.114

1.4 Block Copolymer Self-Assembly

Block copolymer self-assembly offers a simple and elegant approach for nanopatterning

materials.11 5 Diblock copolymers are composed of two chemically dissimilar polymers which

are covalently linked at a single point. The self-assembly behavior of these materials is governed

by a balance between enthalpic interactions which are dominated by unfavorable mixing between

the two blocks and an entropic penalty for chain stretching at the interface between the two

polymers."16 The utility of block copolymers lies in their ability to self-assemble into uniform,

periodic structures on the length scale of 5-100 nm. The size and geometry of the nanostructures

formed from self-assembly of coil-coil diblock copolymers in the bulk depends on the relative

volume fraction of one block, fA, and the interaction between the two blocks characterized by the

Flory-Huggins parameter, XN.1 7 "-1 " A variety of thermodynamically stable morphologies have

been achieved including spheres, cylinders, gyroids, and lamellae. 119-122

The small interconnected nanodomains formed by block copolymers makes them ideal

for efficient transport of substrates, products, and charge carriers necessary for a functioning

device. 123-124 In that respect, block copolymers can also serve as excellent membranes which can

be tailored to selectively allow the passage of certain molecules while restricting the flow of

other species.12 5 ~2 8 Block copolymers have also been used for templating materials in a variety

of complex geometries for applications such as integrated circuit fabrication.129-132 By

incorporating an enzyme as one of the blocks of the block copolymer, a huge variety of added

functionality becomes accessible. Now, in addition to having multiphase transport available,
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devices could be made in which enzymes act as the catalyst for unique and challenging chemical

transformations.

1.5 Challenges for Protein-Polymer Block Copolymer Self-Assembly

While there are many potential benefits for the incorporation of enzymes into block

copolymers, there are also several challenges associated with the self-assembly behavior of these

types of materials. First, enzymes do not adopt a random coil conformation as seen with

synthetic coil polymers. Instead, they have a specific geometry as a result of a-helical and

[-sheet motifs that define their folded structure. Second, protein surfaces are decorated with a

variety of amino acids which present a heterogeneous surface unlike that found in synthetic

polymers. The surface coverage of amino acids creates a patchy surface of hydrophobic, ionic,

and hydrogen bond interactions. This will lead to complex interactions between the protein

block and the polymer block. Finally, functional enzymes are typically sensitive to their

surrounding environment, so the usual processing techniques for block copolymers such as

thermal annealing are not feasible. Block copolymers are typically annealed above their glass

transition temperature in order to remove defects and speed up the kinetics of self-assembly. 3 3

This approach will not be possible when using enzymes, as the protein structure would unfold

before the glass transition temperature is reached. This means that solvent casting and annealing

is required, and indicates that an understanding of the kinetics of self-assembly will be very

important.134-13 9 At this point, it is unclear how these additional complexities in geometry,

chemistry, and stability will ultimately affect the self-assembly behavior of these types of

protein-polymer block copolymer materials. In this thesis, some of these additional

complications for self-assembly associated with protein-polymer block copolymers will be

studied.
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1.6 Variations on Block Copolymer Architecture

Several areas of research have focused on understanding the self-assembly of synthetic

block copolymers with non-traditional geometries. For example, rod-coil block copolymers are

becoming increasingly popular, in part due to the ability of some rod homopolymers to conduct

charges.140- 142 Several studies have investigated their self-assembly behavior and have observed

a variety of morphologies including zigzag and arrowhead structures unique to these

systems. -14' Because of the asymmetry inherent in rod-coil block copolymers, the phase

diagram is not symmetrical as in coil-coil block copolymers. 148-149 Due to the highly extended

nature of rod polymers, lamellar and hexagonal morphologies are found in different regions of

phase space than for coil-coil block copolymers, while other types of morphologies have never

been observed in rod-coil block copolymers. "-"'~ Additionally, the liquid crystalline behavior

typical in rod-coil block copolymers leads to unique interfacial and packing constraints.15 2

Importantly, two more parameters in addition to fA and XN are required to fully describe the

phase behavior of these materials: the Maier-Saupe interaction parameter and the coil to rod

length ratio. 148 Combinations of these parameters lead to a variety of amorphous and liquid

crystalline phases with several observed order-order transitions. 3

As with rod-coil diblock copolymers, the phase diagram for disk-coil block copolymers is

also no longer symmetric. In this system, three parameters are required to fully describe the self-

assembly behavior: the coil fraction, the reduced temperature, and the central monomer

interaction parameter.154-155 These types of disk-shaped molecules also self-assemble into a

variety of amorphous and nematic phases.156 Columnar nanostructures are often observed as a

result of 7-7i stacking, hydrogen bonding, and hydrophobic interactions among the disks. 157-158
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A third variation on block copolymer morphology is dendrimer-coil block copolymers.

Here, the symmetry of the system is altered primarily due to the change in interfacial curvature

introduced by the bulky dendrimer block. "9-160 As with the other block copolymer variations,

the nanostructures formed by these materials can be highly dependent on processing

conditions.161 Amphiphilic Janus dendrimers have been shown to self-assemble into a variety of

morphologies in solution including polygonal dendrimersomes, ribbon micelles, and disklike

micelles.162 The formation of these unique structures which are typically not observed in coil-

coil block copolymers can be partially attributed to the molecular rigidity of the dendrimer

architecture.

1.7 Protein-Polymer Bioconjugates

Bioconjugate synthesis. A vast array of synthetic techniques and approaches have been used

for creating a wide variety of protein-polymer bioconjugates.163 These design schemes can be

broadly classified into the following categories: grafting-from, grafting-to, cofactor

reconstitution, and affinity binding.164-166 All four of these techniques can site-specifically link a

single polymer with a protein; however, both the grafting-from and grafting-to approaches have

also been used extensively for attaching many polymers to a single protein molecule.716 For

all these approaches, an abundance of controlled polymerization techniques, most notably atom

transfer radical polymerization (ATRP) and reversible addition-fragmentation chain transfer

(RAFT) polymerization, have been used in order to obtain bioconjugates with consistent and

uniform sizes. 161169 Typically, lower molecular weight polymers are used because they tend to

produce higher coupling efficiencies and are easier to synthesize with low polydispersities.169

In the grafting-to approach, a polymer is covalently attached to a protein using a wide

range of chemistries, many of which are similar to those used for covalent
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immobilization. 164-165,170-171 Popular approaches include amine and carboxylic acid chemistries

which are most commonly observed in cases where multiple polymer attachments are

desired. 172-173 Other site-specific reactions such as thiol-maleimide coupling, 7 4-17 5 native

chemical ligation, 176~177 Staudinger ligation, 178-179 and azide-alkyne click chemistry 180-182 are

becoming increasingly popular as researchers strive to gain more control over the molecular

topology of bioconjugate materials. The grafting-to approach is often utilized partly because of

the broad range of polymerization conditions available which do not necessarily have to be

compatible with proteins.

In the grafting-from approach, a polymer is grown off of the protein itself, removing the

need for a potentially tricky bioconjugation reaction with a large polymer molecule. 183-184 With

this technique the likelihood of unconjugated protein is strongly diminished; however, the

polymerization reaction must be compatible with the protein and reaction conditions must not

cause denaturation.

Cofactor reconstitution has been used particularly with proteins which have a metal

coordination or heme center such as myoglobin or horseradish peroxidase. 185-18 In this case, the

cofactor is covalently bound to a polymer, and upon mixing with the apoprotein, a bioconjugate

is formed.

Affinity binding for bioconjugation is very similar to that for immobilization. In one

approach, the protein is synthesized with a His-tag and the corresponding polymer is end-

functionalized with nickel nitrilotriacetic acid. 189-191 In another method, biotin functionalized

polymers are conjugated with streptavidin protein to create bioconjugate molecules. 192-193 While

both cofactor reconstitution and affinity binding are not permanent bonds, they are often quite

strong.
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Self-assembly behavior. In addition to exploring new methods for synthesizing protein-

polymer block copolymers, several research groups have also studied the self-assembly behavior

of these materials. Much of the effort thus far has focused on observing and quantifying the

behavior of these molecules in dilute or semi-dilute solution. Commonly studied PEGylated

proteins have been widely used to enhance the lifetime of proteins in the biopharmaceutical

industry.194-195  While some bioconjugates are amphiphilic at ambient conditions, many take

advantage of a responsive polymer which becomes insoluble upon exposure to stimuli such as

light, temperature or pH to drive self-assembly.196-199  A variety of kinetically trapped

morphologies have been observed including micelles, vesicles, and toroids.200-201 These

morphologies are typically strongly dependent on the relative polymer coil fraction as well as the

processing conditions used to prepare the sample. 200  By conjugating a thermoresponsive

polymer with ferritin, bionanoparticles suitable for controlled release applications were formed

reversibly upon raising the solution temperature above the thermal transition of the polymer

block.202 Several proteins have been conjugated to poly(N-isopropyl acrylamide) and reversible

aggregate structures have been demonstrated by dynamic light scattering and electron

microscopy.174, 202-209 The types of nanostructures formed have been most dependent on the

polymer molecular weight as well as the rate of heating.210 Similar results have been obtained

using other thermoresponsive polymers, with the thermal transition temperature being tuned by

using different polymer chemistry.2 1'-212 Recently, fusion proteins constructed completely

biosynthetically from an enzymatically functional protein and a thermoresponsive elastin-like

protein, have been shown to self-assemble into aggregate nanoparticles similar to those formed

by protein-polymer conjugates.213214 Other bioconjugates, such as those containing

poly(ethylene glycol) or polystyrene are amphiphilic and form nanostructures without the need
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for an external stimulus. 8 8 , 215-219 Bioconjugates with polystyrene-b-poly(ethylene glycol) block

copolymers attached to myoglobin and horseradish peroxidase were shown to form a variety of

micellar aggregates in water depending on the length of the insoluble polystyrene block.187 Also,

protein-lipid conjugates have been demonstrated to orient proteins within a bilayer structure.220

Fewer studies have examined the self-assembly of protein-polymer conjugates in a

concentrated gel or solid material. A few research groups have demonstrated the ability to self-

assemble protein-polymer conjugates with compatible coil-coil diblock copolymers as a method

for protein nanopatterning in a dehydrated environment. 1 12'221 Bulk ionic complexes between

proteins and polymers have shown the ability to retain significant levels of protein activity in a

solvent-free environment.2 -2 3 Other studies of ionic complexation of a protein with micelle-

forming block copolymers demonstrated the formation of nanotemplated films upon the removal

of water.224 Finally, studies of protein-polymer diblock copolymers demonstrate that these

materials self-assemble in 30-50 wt% gels with good long-range ordering. 225

1.8 Thesis Overview

This thesis describes the synthesis and self-assembly behavior of a model globular

protein-polymer diblock copolymer, mCherry-b-poly(N-isopropyl acrylamide). Chapter 2

contains a detailed description of the synthesis methods and characterization techniques

employed throughout this work. Chapter 3 presents the first demonstration of the bulk self-

assembly of the protein-polymer block copolymer in the solid state. Here, it is shown that the

protein retains some functionality in the solid state, and initial evidence suggests that

nanostructure formation is highly dependent on material processing history. In Chapter 4 the

processing dependent self-assembly behavior is explored in more detail as the effect of solvent

selectivity for the protein and polymer blocks during both sample casting and solvent annealing
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is studied. The ability to improve protein functionality retention in solid state nanostructures

using small molecule osmolytes is studied in Chapter 5. Finally, in Chapter 6 a phase diagram

for the self-assembly of this model globular protein-polymer diblock copolymer is presented as a

function of polymer coil fraction and conjugate concentration.
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Chapter 2 Detailed Synthetic and Experimental Methods

2.1 Protein Biosynthesis

Protein cloning. Throughout this work, the red fluorescent protein mCherry was used as a

model globular protein. It was selected for its fluorescence properties, established high-yield

expression protocols, and lack of cysteine residues in the amino acid sequence.' 2 The absence

of cysteines in the native sequence allows the use of thiol-maleimide bioconjugation to

synthesize the protein-polymer block copolymer material. A single cysteine residue was

introduced at position 131 in the protein sequence to replace the naturally occurring serine

residue. This residue is located on a loop region on the opposite end of the P-barrel as both the N

and C-termini.2 This location is an excellent candidate for bioconjugation to a polymer due to its

exposed position on the end of a loop. Additionally, protein folding was not expected to be

altered because cysteine and serine have very similar chemical structures.

A gene encoding the mutant protein mCherryS 131 C (Figure 2-1) with codons optimized

for expression in E. coli was purchased. By flanking the protein gene sequence with BamHI and

HindIII restriction sites, a double digest followed by ligation was performed to place the gene

into the pQE9 plasmid (Figures 2-2, 2-3). This plasmid encodes for ampicillin resistance, as well

as an N-terminal 6xHis-tag which is used for protein purification. The completed plasmid was

subsequently transformed into SG13009 E. coli cells for high-level protein expression. These

cells contain pREP4, a plasmid with kanamycin resistance that encodes for lac repressor. The

repressor protein limits production of the desired protein until expression is induced by isopropyl

p-D- 1-thiogalactopyranoside (IPTG).
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ampicillin resistanc

lacO operator

lacO operator
15 promoter Ribosome binding site

Wxls-lag
B BamHI(146)

e XpmCherryS131C

mCherrySl3lC in pQE9
4136bp

Col El origin of replication

Figure 2-2. Map of plasmid used in this work. The gene of interest, mCherryS 131 C, is placed

between BamHI and HindIII in the plasmid vector, pQE9. Prior to the mCherry gene, a region

encoding for a 6xHis-tag is present.
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TQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVM

NFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPCDGPVMQKKTMGWEASSERMYPE

DGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTI

VEQYERAEGRHSTGGMDELYK

Figure 2-1. Amino acid sequence for expressed mCherryS13 1C protein including the 6xHis-tag.



IacO operator lacO operator
CTCGAGAAATCATAAAAAATTTAMTGCTTTGTGAGCGGATAACAATTATAATAGATTCAATTGTGAGCGGATAA

dbosome bindina site 6xHis-taq
CAATTTCACACAGAATTCATTAAAGAGGAGAAATTAACTATGAGAGGATCGCATCACCATCACCATCACGGATC

mCherrvS131C
CATGGTGTCTAAAGGTGAAGAAGATAACATGGCCATCATCAAAGAATATGCGTTTCAAAGTGCATATGGAAGGTAGCGTTAA
TGGCCACGAATTTGAAATTGAAGGCGAAGGTGAAGGTCGTCCGTATGAAGGTACCCAGACGGCAAAACTGAAAGTGACCAAA
GGCGGTCCGCTGCCGTTTGCCTGGGATATTCTGTCTCCGCAGTTCATGTATGGTAGTAAAGCGTACGTTAAACATCCGGCCG
ATATCCCGGATTATCTGAAACTGTCTTTTCCGGAAGGCTTCAAATGGGAACGTGTGAACTTCGAAGATGGCGGTGTGGTT
ACCGTTACGCAGGATAGCTCTCTGCAGGATGGTGAATTTATCTACAAAGTGAAACTGCGCGGTACCAATTTCCCGTGCGATGG
CCCGGTTATGCAGAAGAAAACCATGGGCTGGGAAGCCAGTAGCGAACGTATGTACCCGGAAGATGGTGCACTGAAAGGCGA
AATCAAACAGCGCCTGAAACTGAAAGATGGCGGTCACTATGATGCAGAAGTGAAAACCACGTACAAAGCGAAAAAACCGGTG
CAGCTGCCGGGTGCATACAACGTTAACATCAAACTGGATATCACCAGCCATAACGAAGATTATACGATCGTTGAACAGTACGA
ACGTGCAGAAGGTCGTCACTCTACCGGTGGTATGGATGAACTGTACAAATAAAAGCTTAATTAGCTGAGCTTGGACTCCTGTT
GATAGATCCAGTAATGACCTCAGAACTCCATCTGGATTTGTTCAGAACGCTCGGTTGCCGCCGGGCG I I I I I TATTGGTGAGA
ATCCAAGCTAGCTTGGCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATACCACCGTTGATAT
ATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAACCAGACCGTTCAGCTGGATAT
TACGGCCT7Tl7AAAGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAATGC
TCATCCGGAATTTCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATG
AGCAAACTGAAACGUTTTCATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATATATTCGCAAGATGTG
GCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATATGTTTTTCGTCTCAGCCAATCCCTGGGTGAGT
TTCACCAGTTTTGATTTAAACGTGGCCAATATGGACAACTTCTTCGCCCCCGTTTTCACCATGGGCAAATATTATACGCAAGGC
GACAAGGTGCTGATGCCGCTGGCGATTCAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATT
ACAACAGTACTGCGATGAGTGGCAGGGCGGGGCGTAA11111TAAGGCAGTTATTGGTGCCCTTAAACGCCTGGGGTAATG
ACTCTCTAGCTTGAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAA
CGCTCTCCTGAGTAGGACAAATCCGCCCTCTAGAGCTGCCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGC
AGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTT
GGCGGGTGTCGGGGCGCAGCCATGACCCAGTCACGTAGCGATAGCGGAGTGTATACTGGCTTAACTATGCGGCATCAGAGC
AGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGCGCTCTTC
CGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACG

GTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGC
Col El oigain of replication

GCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACC
CGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGG
ATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCG
TTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTGAGTC
CAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGC
TACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTA
CCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTITmTTITTTGCAAGCAGCAG
ATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACG
TTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAA

ampicillin resistance
GTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCAT
CCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACC
GCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGC
AACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGT
TGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGC
GAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCA
GTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAG
TACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGC
CACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGA
TCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAA CA
GGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGA
AGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACA

T5 promoter
MTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCC

TTCGTCTTCAC

Figure 2-3. Gene sequence for entire plasmid including mCherryS131C gene.
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Protein expression. High yields of mCherry protein were obtained by bacterial culture in 1 L

Fernbach flasks. The composition of the media in which protein expression occurred was critical

for obtaining high yields of properly folded protein. The superior performance of 2XYT as

compared with other common media for bacterial expression led to its use in all future

experiments. Expression in 2XYT media produced cultures and cell pellets that were bright pink

and resulted in high yields of mature protein. LB media produced satisfactory results in terms of

protein folding and chromophore maturation, but yielded approximately 20% less purified

material. In contrast, expression in more nutrient filled TB media led to incomplete

chromophore maturation in a significant fraction of the mCherry protein population, resulting in

a much lower absorbance of the fluorescent protein chromophore peak at 586 nm relative to the

absorbance peak at 280 nm from aromatic amino acid residues in the protein. This decrease in

absorbance was readily apparent in the expression media because many of the cultures did not

turn visibly pink during expression.

Expression media containing 200 mg/L ampicillin and 50 mg/L kanamycin was

inoculated with 5 mL overnight culture, grown at 37 0C, and induced with 1 mM IPTG at

optical density OD6oo = 1. The cells were cultured for approximately 5 hours after induction.

When it was time to harvest the cells, the cultures were bright pink instead of the typical brown

color of the expression media alone. The cells containing the expressed protein were then

harvested by centrifugation at 6,000 rpm for 10 minutes at 4 'C. The cell pellets were stored at

-80 *C until purification was performed. Fermentation was also briefly considered for high

throughput protein expression. However, due to a combination of high cell densities and fast

protein expression rates characteristic of fermentations, low yields of properly folded proteins

were observed as for growth in TB media It should be noted that minimal effort was made to
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optimize protein expression conditions in these experiments, and that further effort would likely

result in successful fluorescent protein expression by fermentation.

Protein purification. The presence of the 6xHis-tag on the mCherry protein allowed for

purification by metal affinity chromatography operated in batch mode. Protein was purified

under native conditions as described in the QlAexpressionist. 3 Purification was performed on a

bench at ambient temperature; however all buffers for purification were stored at 4 *C when not

in use. Additionally, all buffers contained low levels of P-mercaptoethanol (BME) in order to

prevent the occurrence of protein dimers through the formation of disulfide bonds between

cysteine residues. First, cell pellets were resuspended in 100 mL lysis buffer (50 mM monobasic

sodium phosphate, 300 mM sodium chloride, 10 mM imidazole, 10 mM BME, pH = 8.0) per

liter culture. This was followed by incubation with 100 mg lysozyme per liter culture for at least

30 minutes at 4 *C. To complete cell lysis, sonication was performed on ice for 15 minutes at

70% power on a 50% duty cycle using a Branson Sonifier 250 with a 0.5 inch horn. Next, the

lysate was centrifuged at 10,000 x g and 4 *C for 30 minutes to remove cell debris and other

insoluble proteins. The clarified lysate from one liter of culture was then mixed with 10 mL

nickel-nitrilotriacetic acid (Ni-NTA) resin and allowed to bind for at least 2 hours at 4 *C. Then,

the lystae/Ni-NTA mixture was added to a column and the flow-through was discarded. The

column was washed with 10 column volume equivalents of wash buffer (50 mM monobasic

sodium phosphate, 300 mM sodium chloride, 20 mM imidazole, 10 mM BME, pH = 8.0),

followed by elution with 4 column volumes of elution buffer (50 mM monobasic sodium

phosphate, 300 mM sodium chloride, 250 mM imidazole, 10 mM BME, pH = 8.0). The eluate

was collected and dialyzed against 20 mM tris(hydroxymethyl)aminomethane (Tris) buffer at

pH = 8.0 (molecular weight cutoff = 3,500 Da). Purified protein solutions were stored at 4 *C
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and shielded from light using aluminum foil to prevent photobleaching of the chromophore. For

best results, protein should be used within one to three weeks after purification.

Protein yield was determined spectrophotometrically using the absorbance peak at 586

nm (extinction coefficient of 72,000 M-'cm-').1 Typical protein yields were between 80 and 100

mg/L culture. After purification and dialysis, mCherryS131C was typically at a concentration of

2-3 mg/mL. The ratio of the peak absorbance at 586 nm to that at 280 nm varied somewhat from

batch to batch, depending on the fraction of protein in which the chromophore was fully mature

and optically active. Typical values for this ratio were around 1.5 after protein dialysis, and

ranged from 1.2 to 1.6. Any batches of protein with values below 1.3 were not used for final

experiments.

Protein purity was assessed using both native and denaturing protein gels as well as

matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS). Denaturing protein

gels (SDS-PAGE) of mCherry show three bands at approximately 28, 19 and 9 kDa (Figure

2-4a). The band at 28 kDa corresponds to the full mCherry protein, while the bands at 19 and 9

kDa are present as the result of cleavage of the acylimine bond in the chromophore during the

harsh gel preparation conditions." When protein gels were run at much lower concentrations, as

has typically been done in the literature,6-7 the two lower molecular weight bands are extremely

faint. Native gels of purified mCherry show two bands, one corresponding to mCherry

monomer, and another corresponding to protein dimer as a result of disulfide bond formation

(Figure 2-4b). The band corresponding to the dimer is significantly diminished by the addition

of BME. MALDI was used to further confirm protein purity. A mass of 28,201 Da was

obtained experimentally, in good agreement with the expected mass of 28,134 Da. No peak was

observed corresponding to the higher molecular weight fragment (18,896 Da expected molecular
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weight), however a small peak was observed for the smaller fragment (9,256 Da expected

molecular weight) which is consistent with the preferential observation of low molecular weight

species by MALDI.

a) b tK b)

,0 k J

30 kDa

25 kDa 146 kDa

66 kDa

Figure 2-4. (a) SDS PAGE denaturing gel showing mCherryS131C purity. The two smaller

molecular weight segments result from cleavage of the acylimine bond in the chromophore

during protein boiling. When the protein is at low concentrations as in Elution 4, only the band

corresponding to the fully intact protein is visible. (b) Native gel showing that mCherry remains

intact throughout the purification process. A higher molecular weight band shows the presence

of dimers formed through disulfide bonds. The presence of dimers can be reduced by adding an

equimolar amount of P-mercaptoethanol.

During the process of identifying the cause of the three bands in denaturing gels of

mCherry, a number of small changes to the protocol were examined. The addition of protease

inhibitor cocktail or 1 mM ethylenediaminetetraacetic acid (EDTA) into the lysis buffer along

with the lysozyme did not have any effect on protein purity (Figure 2-5a). A gene with codons

optimized for eukaryotes instead of prokaryotes was purchased, but did not change the purity or
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yield of mCherry. Additionally, expression was tested in other cells lines including BL2 1 (DE3)

and DH1OB (Figure 2-5b). BL21 cells are known to contain fewer proteases, but neither cell line

performed any better or worse.

a) b)

SG13009 DH10B BL21(DE3)

,so VC Ohr lhr 2hr 3hr Ohr ihr 2hr 3hr Ohr 1hr 2hr 3hr
~O ,dO 5

~ 4-

Figure 2-5. (a) SDS PAGE denaturing gel showing clarified lysate during purification of

mCherryS 131 C with protease inhibitor and/or EDTA. Neither of these additions prevented the

appearance of multiple bands from mCherry. The three black arrows point out the bands from

mCherry, while the second band from the bottom is due to lysozyme. (b) SDS PAGE denaturing

gel showing test expressions comparing cell lines SG13009 and DH1OB at 0, 1, 2, and 3 hours

after induction. No significant differences are observed in the different cell lines. The black

arrows again denote the three bands due to mCherry.

Protein storage. For best results, mCherry protein should be used within one to three weeks

after purification. This guideline is suggested not only to ensure that cysteine thiols do not

degrade before use but also so that the chromophore of mCherry is able to retain as much

functionality as possible. Several experiments were performed to explore the possibility of

storing purified protein for later use. Dialyzed protein in 20 mM Tris buffer at pH = 8.0 was

stored for one month at -20 *C or -80 *C. Samples were prepared containing either no additional
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components or some level of glycerol (5, 10, 25, or 50 wt%) or sucrose (20, 50, 100, 500, or

1,000 mM). Glycerol and sucrose were chosen because they are known to be good

cryoprotectants for proteins. Representative results for 10 wt% glycerol and 100 mM sucrose are

shown in Figure 2-6. Generally, all levels of glycerol or sucrose performed similarly, with

slightly better results occasionally observed at higher loading levels. Importantly, samples stored

at -20 'C retained more mCherry functionality than samples stored at -80 *C or 4 *C. For this

work, it was decided to always use freshly purified protein; however, these results suggest that it

may be possible to preserve nearly fully functional protein for later use.

a) 1.36 
Fresh material

0% glycerol
1.34 - 10% glycerol

4 *C for 1 month
- 0% glycerol

132 - -20 *C for 1 month
-- 0% glycerol

- 10% glycerol
< 1.30 - - -80 *C for 1 month

---- 0% glycerol
2- - - 10% glycerol

1.26 -

580 582 584 586 588 590 592
Wavelength (nm)

b)1.36
Fresh material

0 mM sucrose
1.34 - 100 mM sucrose

4 Cfor 1 month
C -- OmM sucrose
-2 1.32 - -20 *C for 1 month

- mM sucrose
--- 100 mM sucrose

S1.30- -- 80 *C for 1 month
- 0 mM sucrose

S---- 100 mM sucrose

580 582 584 586 588 590 592
Wavelength (nm)

Figure 2-6. UV-vis data showing the effect of (a) glycerol and (b) sucrose on the characteristic

absorption peak of mCherry after one month of storage.
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2.2 Polymer Synthesis

Monodisperse poly(N-isopropylacrylamide) (PNIPAM) was synthesized using reversible

addition-fragmentation chain-transfer (RAFT) polymerization. Maleimide end functionality was

desired for protein bioconjugation through thiol-maleimide coupling. However, any maleimide

present during the polymerization would participate in the reaction through its double bond.

Therefore, the RAFT chain transfer agent (CTA) used in this work was functionalized with a

furan protected maleimide which could be deprotected after polymerization. Two components

of the CTA were synthesized in parallel and then coupled together to yield the final product.

a)

C) + MW6

a 0

b)1

c) +8 e

0 0

Scheme 2-1. Synthesis of (a) EMP (b) protected maleimide (compound 1) (c) EMP-imide

RAFT chain transfer agent.

Synthesis of 2-ethylsulfanylthiocarbonyl sulfanyl-2-methylpropionic acid (EMP). This

procedure was adapted from the work of You and Oupicky.9 First, fresh (< -1 year old)

ethanethiol (6.2 g, 0.1 mol) was added to the reaction flask followed by Aliquat 336 (1.0 g, 0.002
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mol) and acetone (73 mL), and the mixture was cooled in an ice bath under nitrogen. Next, 9 mL

50% aqueous solution of sodium hydroxide (4.5 g, 0.1 mol) was added dropwise over 10

minutes. Then, a solution of carbon disulfide (6.03 mL, 7.6 g, 0.1 mol) in acetone (12.6 mL) was

added dropwise to the reaction over 30 minutes. This was followed by the addition of

chloroform (12 mL, 17.8 g, 0.15 mol). Finally, 80 mL of 50% sodium hydroxide solution (40 g,

1.0 mol) was added dropwise over 20 minutes. The reaction was stirred overnight under

nitrogen, and became a deep red solution with a yellow precipitate.

The next day, 100 mL of water was added to the reaction mixture and the contents were

transferred to a separatory funnel. An additional 100 mL water was used to rinse the remaining

contents of the reaction flask into the funnel. Then, 80 mL hydrochloric acid was added. This

resulted in the formation of a yellow aqueous layer with a dark red organic layer on top. Next,

the product was extracted in the organic phase with 3x100 mL diethyl ether. The first extraction

fraction was dark red, and the second and third were yellow. After the final extraction, the

aqueous phase was colorless. Next, ether was removed by rotary evaporation to obtain

approximately 30 mL red liquid. A quick column was performed using 100 mL silica gel and

1:1 hexanes:diethyl ether as the mobile phase. The first and third fractions were yellow and

discarded. The second fraction which contained the product was dark red/brown. Because an

additional purification step was required after the column, as much of the reddish-brown product

was collected as possible. Then, the solvent was removed from the product under vacuum. The

final purification step was vacuum distillation using a microdistillation apparatus without the

cooling water jacket. Distillation was started at 80 *C and the temperature was slowly raised

5-10 'C every 10-20 minutes. The yellow material which distilled first was not the product. A

heat gun was used to speed the process; however caution was required, as the mixture had a

45



tendency to bump. Over the course of approximately 5 hours, the temperature was increased to

180 *C. At this point, the heat gun was used to keep the glassware hot enough for distillation to

continue successfully. Once the deep orange/red product began to distill over, a new collection

flask was used. For the next hour, the heat gun was used constantly to help transfer the product

over to the collection flask. Finally, the purified product was transferred to a glass vial while

still hot and significantly less viscous. After cooling to room temperature, the product was

stored in the freezer. This reaction typically yielded 7-8 g EMP (30-35% yield), and NMR was

used to confirm purity. 'H NMR (CDCl3, 5): 1.33 (t, 3H, -CH 2CH3), 1.72 (s, 6H,

-C(CH 3)2COOH), 3.30 (q, 2H, -CH 2CH 3).

HO)SSS~

B BS

B

chloroform
A

C

Figure 2-7. 'H-NMR of 2-ethylsulfanylthiocarbonyl sulfanyl-2-methylpropionic acid (EMP) in

deuterated chloroform.
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Synthesis of exo-3a,4,7,7a-Tetrahydro-2-(3-hydroxypropyl)4,7-epoxy-14-isoindole-1,3(2H)-

dione (1). For this reaction, the work of Neubert and Snider was followed.'0 To the reaction

flask, 500 mL methanol was added followed by exo-3,6-epoxy-1,2,3,6-tetrahydrophthalic

anhydride (9.0 g, 0.054 mol). The mixture was allowed to stir at room temperature for 5-10

minutes. Then, 3-amino-1-propanol (4.08 g, 0.054 mol) was added dropwise. The reaction was

stirred at 56 'C for at least 3 days under ambient atmosphere.

Once the reaction was complete, methanol was removed by rotary evaporation. The

resulting yellow oil was dissolved in 100 mL dichloromethane and washed with saturated

sodium chloride in water (3x75 mL). The organic phase was then dried with sodium sulfate,

concentrated by rotary evaporation, and finally dried under vacuum overnight. This yielded

approximately 2.5 g product (20% yield). Purity was confirmed by NMR. 1H NMR (CDCl3, 8):

1.75 (tt, 2H, -CH 2 (CH 2)CH 2-), 2.88 (s, 2H, -NC(O)CH-), 3.52 (t, 2H, -CH 20-), 3.65 (t, 2H,

-NCH2-), 5.27 (s, 2H, -CH(O)-), 6.52 (s, 2H, -CHCH-).
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Figure 2-8. 'H-NMR of exo-3a,4,7,7a-Tetrahydro-2-(3-hydroxypropyl)-4,7-epoxy-14-

isoindole-1,3(2H)-dione (1) in deuterated chloroform.

Synthesis of EMP-imide RAFT agent. An N,N'-dicyclohexylcarbodiimide (DCC) coupling

reaction was used to synthesize the final product as detailed in Bays et al.8 EMP, 1, DCC, and

4-dimethylaminopyridine (DMAP) were combined in the molar ratio of 1:1.1:1.2:0.1 with a basis

of approximately 2.3 g (0.01 mol) EMP. The reaction was performed in anhydrous

dichloromethane with stirring at room temperature under ambient atmosphere overnight. A

column was run with 100 mL silica gel and 1:1 hexanes: ethyl acetate as the mobile phase and

was monitored by thin layer chromatography (TLC). TLC confirmed that the second yellow

fraction to come off the column (Rf ~ 0.38) was the desired product. Finally, solvent was
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removed by rotary evaporation, the product was dried overnight under vacuum, and purity was

confirmed by NMR. 'H NMR (CDCl 3, 8): 1.29 (t, 3H, -S-CH 2CH3), 1.69 (s, 6H, -C(CH 3)2-),

1.85-2.00 (tt, 2H, -CH 2 (CH 2 )CH 2 -), 2.83 (s, 2H, -NC(O)CH-), 3.26 (q, 2H, -CH 2CH3), 3.55 (t,

2H, -NCH2-), 4.05 (t, 2H, -CH 20-), 5.24 (s, 2H, -CH(O)-), 6.49 (s, 2H, -CHCH-).

H

/ D B B

H D N
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B

H

D C

Figure 2-9. 'H-NMR of EMP-imide RAFT agent in deuterated chloroform.

PNIPAM polymerization. NIPAM monomer was purified by sublimation at 65 'C under

vacuum, and azobisisobutyronitrile (AIBN) was used as received. The final polymer molecular

weight was tuned using a combination of the ratio of RAFT agent to monomer and

polymerization time (Figure 2-10). The monomer:CTA ratio ranged from 70:1 up to 1500:1, and
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polymerization times were between 55 and 190 minutes. All polymerization reactions were run

at a monomer concentration of 2.0 M in acetonitrile and with a CTA:initiator ratio of 1:0.5. The

reaction scale was also found to affect the time needed to reach a given conversion, so most

reactions were run on a 40 g NIPAM scale.
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2-10. Calibration curve showing final polymer molecular weight as a function of (a)

r:CTA ratio and (b) polymerization time.

With the EMP-imide RAFT CTA used in the polymerizations, coupling of polymer

chains typically occurred to a small extent even at low conversions. This produced a population

with a molecular weight approximately double that of the majority of the polymer chains. When

unmodified EMP was used, no coupling was observed. Therefore, it is believed that the double

bond in the protecting group is slightly reactive during the polymerization. To help reduce the

extent to which coupling occurs, the reactions were run at low conversions of approximately

35-45%.

In a typical polymerization reaction, first 40 g of monomer was dissolved in

approximately 150 mL acetonitrile in a beaker with stirring at room temperature. Then, the
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appropriate amount of RAFT CTA and initiator was added. The solution was then transferred to

an airfree synthesis flask using a calibrated glass pipet which allowed for an exact measurement

of the total solution volume. Next, an appropriate volume of fresh acetonitrile was added to

dilute the solution to 2.0 M. To degas the reaction, three cycles of freeze-pump-thaw were used.

For the most consistent results, the vacuum level during the final pump step should be 2-3 mTorr

higher than the closed system vacuum level. During the final thaw step, the reaction mixture was

allowed to warm up to room temperature. Then the reaction flask was slowly backfilled with

nitrogen while stirring, and the flask was sealed. It was then placed into a pre-heated oil bath at

55 0C and allowed to polymerize for the prescribed amount of time. The reaction was terminated

by opening the flask to air and removing it from the oil bath. Reactions were run at 55 *C

instead of 65 'C as is typical for polymerizations using AIBN as an initiator in order to reduce

the frequency of coupling. Since the rate of polymerization is also somewhat slower, there is a

wider timeframe to achieve the desired polymer molecular weight.

0

HN Y n0 0o
1. AcOnmtile, AIBN, 650C, N2  0 H
2. ThemnI preipitatian

120C, 2 hrs
Vaium

0
0he

Scheme 2-2. Polymerization and purification of poly (N-isopropylacryl amide).
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PNIPAM purification. PNIPAM is purified by thermal precipitation cycling which is made

possible by its lower critical solution temperature (LCST) behavior in water which results in the

polymer becoming insoluble in solutions above 32 *C. 11-12 Precipitation into ether was also

considered for polymer purification, but was rejected due to low polymer recoveries and the

large volumes of solvent required. For the thermal precipitation method, the polymerization

solvent was first removed by rotary evaporation at 30-40 *C. The dried contents were then

dissolved in approximately 200 mL nanopure water at 4 *C overnight. Then the solution was

filtered to remove any remaining AIBN from solution. Next, the aqueous solution was

centrifuged at 40 *C and 1200 rpm for 90 minutes. The supernatant containing unreacted

monomer was discarded and the pellet was suspended in water at 4 *C. This solution was

centrifuged at 40 'C once again, and the pellet was dried under vacuum for approximately 2

days. Finally, the protecting group on the RAFT CTA was removed using a retro Diels-Alder

reaction8 under vacuum at 120 *C for two hours. Experiments to optimize this deprotection

technique were performed by another member of the lab. It should be noted that boiling in

toluene, as reported in the literature for the deprotection of smaller molecules,8 was not

successful with our polymers. The deprotection step ultimately resulted in maleimide end-

functionalized PNIPAM in approximately 30-35% yield relative to the initial monomer mass.

Polymer molecular weight and polydispersity were determined by gel permeation

chromatography (GPC) with an Agilent 1260 Infinity HPLC using NN-dimethylformamide

(DMF) with 0.01 M lithium bromide as the mobile phase. Three identical columns in series were

used to enhance separation of the polymer species and provide better molecular weight

resolution. Both a refractive index detector and a Wyatt Mini-Dawn three-angle light scattering

detector were employed to enable absolute molecular weight determination. Solutions were
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filtered with a 0.45 pm filter prior to analysis to remove particulates which would alter the data

and foul the columns. For quantifying the refractive index signal, the dn/dc for PNIPAM was

measured to be 0.0761 mL/g by injecting several known concentrations of PNIPAM into the

GPC detector. GPC traces typically showed two peaks: a large primary peak and a minor peak

present due to coupling through the double bond on the furan protecting group. Both of these

peaks were fit to a Gaussian, and the relative areas under those curves were used to determine the

extent of coupling. Coupling was generally minor, and most polymers displayed only 4-7%

coupling. It is important to note that the coupling peak is diminished significantly or not

observed at all when using a GPC which has lower molecular weight resolution because only

two columns are used.
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Figure 2-11. GPC traces of polymer with Mn = 15,660 g/mol and PDI = 1.09 using (a) 2

column GPC and (b) 3 column GPC.

2.3 Bioconjugate Synthesis

Bioconjugation reaction. Site specific bioconjugation of mCherry to PNIPAM was achieved

through thiol-maleimide coupling. First, any disulfide bonds between cysteine thiols were
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reduced with the addition of a 10-fold molar excess of tris(2-carboxyethyl)phosphine (TCEP).13

TCEP was gently stirred with the purified protein solution for several minutes at 4 'C, and then a

3-fold molar excess of PNIPAM was added and allowed to react with stirring. Three to six hours

later, an additional 3-fold molar excess of PNIPAM was added, and the reaction proceeded

overnight. The reaction was performed at 4 'C to ensure macrophase separation of PNIPAM did

not occur. When using polymers with molecular weights above approximately 60 kg/mol,

greater conversions may be achieved by allowing the reaction to proceed for up to 48 hours.

Typical reaction conversions were between 60 and 80%, with higher conversions observed when

using lower molecular weight polymers. These conversions were roughly measured using

denaturing protein gels by comparing the intensities of the bands due to unconjugated protein

with those from bioconjugate. This technique is discussed in greater detail in the following

section.

Several reaction conditions were tested to determine which combination resulted in the

highest conversion (Figure 2-12). These initial test bioconjugations were performed with a 2

kg/mol maleimide end-functionalized poly(ethylene glycol) (PEG). Tris, phosphate and 2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) buffers were tested at pH 6.5 and 7.5.

The TCEP excess was also tested at 5x, lOx and 25x, and PEG excesses of 5x, lOx, 20x, and 50x

were examined. These experiments showed that Tris buffer was superior, a 10 fold excess of

polymer was best, and a TCEP excess of 1 Ox was sufficient. Next, a more thorough study of pH

conditions was conducted with Tris buffers at pH = 7.1, 7.3, 7.5, 7.7, and 7.9, and from this

study pH = 8 was chosen. Later experiments performed using PNIPAM were conducted to

explore the possibility of decreasing the polymer excess required in order to conserve material.
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This resulted in a decrease of the molar excess to 6x. Subsequent experiments found that adding

polymer in two aliquots improved yields slightly.

a)
Phosphate buffer, pH = 6.5

PEG excess
5x lox 20x Sax

Phosphate buffer, pH - 7.5

PEG excess
5x lox 20x 5x

Tris buffer, pH - 7.5 HEPES buffer, pH - 7.5 Phosphate buffer, pH * 7.5

PEG excess PEG excess TCEP excess
5x lox 20x 6ox 5x lox 20x 50x lox 25x

b)
Tris buffer, pH = 7.5 Phosphate buffer, pH = 7.5

mCherry PEG excess PEG excess
alone lOx 20x 20x 30x lOx 20x 20x 30x

c) Tos Buffer

pH - 7.1 pH - 7.3 pH - 7.7 pH - 7.9
mCherry PEG excess PEG excess PEG excess PEG excess

alone lox 20x lox 20x lOx 20x lOx 20x

Figure 2-12. Denaturing protein gels showing the results of test bioconjugations with mCherry

and PEG. The black arrows denote bands due to unconjugated mCherry and the red arrows point

to bioconjugate.

Bioconjugation purification and purity determination. Bioconjugates were purified using a

combination of thermal precipitation and affinity chromatography (Scheme 2-3). Because

PNIPAM exhibits LCST behavior, thermal cycling can be employed to obtain purified materials

quickly and inexpensively. In the case of purifying mCherry bioconjugate, ammonium sulfate

salt was added to lower the transition temperature such that polymer precipitation occurred at
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room temperature, and no additional heating was required. Following precipitation, an affinity

chromatography column was used to remove unconjugated polymer, resulting in purified

bioconjugate. The affinity chromatography column step was performed last so less Ni-NTA was

required.

a)

s0

b)

1 M (NH 4)2SO 4  Ni-NTA

Yield 50%

Scheme 2-3. (a) Thiol-maleimide coupling between mCherryS131C and PNIPAM.

(b) Purification of mCherry-PNIPAM by thermal precipitation and affinity chromatography.

To purify mCherry-PNIPAM bioconjugates, one part reaction mixture was combined

with one part 20 mM tris buffer at pH = 8 and one part 3 M ammonium sulfate solution at

pH = 8. For bioconjugate reactions with very large polymers, a 1:1.5:0.5 ratio may be used to

obtain better pellet formation and better separation. This mixture was centrifuged at 10,000 rpm

for 90 minutes at room temperature. The supernatant containing unreacted mCherry protein was

then discarded, and the pellet containing unreacted polymer as well as bioconjugate was

resuspended at 4 *C in one part 20 mM tris buffer at pH = 8.
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Next, the resuspended solution was divided into parts (one part for every 50 mg of

mCherry used in the bioconjugation reaction) which were run on separate columns.

Approximately 15 mL of Ni-NTA was added to each part and allowed to bind with the

bioconjugate overnight at 4 'C. Bioconjugates with polymers larger than 40 kDa may require

additional binding time up to 24 hours. This mixture was then loaded into a column at 4 'C,

washed with 10 column volume equivalents of wash buffer (50 mM monobasic sodium

phosphate, 300 mM sodium chloride, 20 mM imidazole), and eluted with 3 column volumes of

elution buffer (50 mM monobasic sodium phosphate, 300 mM sodium chloride, 250 mM

imidazole). The flow-through was usually rebound to Ni-NTA along with any wash fractions

which were sufficiently pink. This mixture was allowed to bind with the Ni-NTA for at least 3-6

hours before another column was run. For bioconjugates with very large polymers, this

rebinding process may need to be repeated a third time. The eluate from all columns was

collected and dialyzed (molecular weight cutoff = 3,500 Da) against nanopure water.

Bioconjugate yield was determined spectrophotometrically using the absorbance peak at 586 nm.

Yields were typically between 35 and 60%, with lower PNIPAM coil fractions resulting in

higher yields.

Bioconjugate purity was assessed using both denaturing and native protein gels (Figure 2-

13). In a denaturing gel, several bands were observed. Unconjugated mCherry appeared in 3

bands at 28, 19, and 9 kDa due to cleavage at the acylimine bond in the chromophore. The

conjugate appeared in 2 broad bands. The first was at the expected conjugate molecular weight

in which the PNIPAM is attached to the intact protein. This band appeared very broad and

smeared primarily as a result of polymer attachment, but also because of the polymer

polydispersity. The second conjugate band appeared as a result of the case where PNIPAM was
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attached to mCherry protein in which the chromophore bond had been cleaved. The thiol in

mCherryS 131 C is located on the protein fragment that is approximately 19 kDa. The conjugate

purity was calculated by dividing the band intensity due to bioconjugates by the sum of the band

intensity due to the bioconjugate and the mCherry band at 28 kDa.

For mCherry-PNIPAM materials, bioconjugate purity was assessed more accurately

using native gels. In a denaturing gel, the multiple bands resulting from chromophore cleavage

can result in two different species appearing in the same region. Also, there is the possibility that

the thiol-maleimide bond may be cleaved during the gel preparation process due to the presence

of BME and the reactivity of the maleimide by thiol exchange, 14 resulting in a lower measured

purity. In a native gel, unconjugated mCherry bands at apparent molecular weights of 170 kDa

(very faint) and 200 kDa correspond to protein monomers and dimers, respectively. Each

conjugate was seen in two bands: one band of conjugate with the average molecular weight

PNIPAM attached and a higher molecular weight band with the coupled PNIPAM attached. At

high polymer molecular weights, these bands were not clearly resolvable.

a) b) 1 2 3 4
1 2 3 4 720 kDa

480 kDa

242 kDa
40 kDa

146 kDa
25 kDa

66 kDa

Figure 2-13. Typical denaturing gel (a) and native gel (b) for bioconjugate materials with

fPNIPAM = 0.42, 0.53, 0.69 in lanes 2, 3, and 4, respectively.
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Lane analysis of these protein gels showed that bioconjugates were typically between 92

and 99% pure. The purity of each conjugate was estimated using lane analysis software (Image

Lab by Bio-Rad Laboratories) by dividing the integrated intensity resulting from the

bioconjugate band by the total integrated intensity from all bands. This molar purity is then

converted to a mass-based purity using the molecular weights of mCherry and PNIPAM. It was

found that bioconjugates with lower PNIPAM coil fractions typically resulted in higher purities.

This is likely the result of a combination of higher reaction conversion and better binding of

bioconjugate to Ni-NTA with lower molecular weight PNIPAM polymers.

2.4 Sample Preparation and Data Acquisition Techniques

After the purified protein-polymer block copolymers are dialyzed to pure water, they

must be concentrated before being processed into solid state samples. Concentration was

performed using Millipore Ultra-15 centrifugal filters with a molecular weight cutoff of 10 kDa.

The bioconjugate was concentrated to approximately 70-100 mg/mL by repeated centrifugation

at 5,000 x g at 4 *C for 20 minutes. After concentration, the pH was adjusted using formic acid

and any small molecule osmolyes were added in the proper ratios as necessary.

Small-angle X-ray scattering (SAXS). Bulk samples for X-ray scattering were prepared by

removing water at room temperature under vacuum or at 40 'C at ambient pressure. Initially,

vacuum levels for solvent evaporation were controlled by hand, but this was found to result in

variations from sample to sample. Therefore, the solvent evaporation rate at room temperature

was adjusted using a vacuum controller with a ramp rate of 50 Torr/hr and a setpoint of 300 Torr

to slowly remove water. Then, full vacuum was applied overnight to complete the drying

process. Moulds for casting bulk SAXS samples consisted of washers with a 5 mm inner
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diameter and a 1 mm height with Kapton tape on one side (Figure 2-14a). Typically 2-3 aliquots

of 40 pL of concentrated bioconjugate solution were required to fill the mould. These solid state

samples may be stored for extended periods of time (at least one year) in a cool, dry and dark

place without noticeable changes in morphology.

After casting, a subset of samples was solvent annealed. The solvent annealing setup

consisted of approximately 1 cm of solvent in the bottom of a sealed glass jar with an inverted

beaker on which the sample was placed, giving a sample to liquid distance of 4 cm (Figure

2-14c). The solvent was usually water, but in one study it was a 1 vol% formic acid solution.

Solvent annealing was performed for 8, 12, 24 or 72 hours, and no appreciable loss of solvent

occurred during annealing. After annealing, the samples were allowed to dry under ambient

conditions (below the glass transition temperature of the material), kinetically arresting the

process of structure evolution.

Solution state samples were initially cast under vacuum from the concentrated solution.

Small pellets approximately 1 mg in mass were prepared by drying 20 jL droplets of

concentrated block copolymer solution on a Teflon sheet (Figure 2-14b). A vacuum ramp rate of

300 Torr/hr with a setpoint of 50 Torr was used, followed by exposure to full vacuum. These

pellets were then weighed and transferred to eppendorf tubes for solution preparation. To each

tube, nanopure water was added to create approximately 30 mg of each block copolymer solution

at the desired mass fraction. The tubes were then centrifuged at approximately 20,000 x g for 2

minutes to ensure both the pellets and water were at the bottom of the tube to facilitate good

mixing. The solutions were protected from light with aluminum foil and placed at 4 *C for

sample hydration. The centrifugation process could be repeated over the next several days to

ensure homogeneous solutions. For concentrations of 50 wt% and below, 24 hours was
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sufficient hydration time, but for 60 and 70 wt% solutions, several days were required. Once

sample hydration was complete, the solutions were transferred to washers prepared with Kapton

tape on one side. Then another piece of Kapton tape was placed on the other side to seal the

sample in place. Samples were stored at 4 *C shielded from light until use. Sample pellets could

be prepared up to several months in advance; however, once samples were hydrated, they were

used within one month in order to ensure that the Kapton tape seal did not allow significant

water evaporation.

a) b) c)

Figure 2-14. (a) Solid state mCherry-PNIPAM sample cast in a washer (b) Solid mCherry-

PNIPAM pellets after vacuum drying on Teflon sheet (c) Solvent annealing apparatus consisting

of a glass jar with an inverted beaker on which the solid state sample is placed.

Synchrotron SAXS data was collected at the National Synchrotron Light Source (NSLS)

at Brookhaven National Lab (Beamlines X27C and X9) and at the Advanced Photon Source at

Argonne National Lab (Beamline 12-ID-B) following the standard operating procedures at each

beamline. Images were reduced to one dimensional scattering patterns using the software

provided at each beamline. At the NSLS (where the majority of the data was collected),

scattering patterns for solid state samples were acquired for 5 minutes at 25 *C, while data for
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solution state samples was acquired for 30 seconds. For temperature dependent data collected on

solution state samples, an equilibration time of 10 minutes at each temperature was sufficient.

Scattering data was corrected for empty and dark field scattering using the following equation:

'corected =T 1 Ssample - Sbackground Sdark - Sbackground

sample -BCsample tsample tdark
- (Eqn. 2-1)

1 Sempy Sbackgrund Sdark - Sbackground

eTy -BC te~mpty *Bempt[ etpfpy tdark ,J
where S is the 1D reduced scattering intensity, T is transmittance, BC is beam current in

milliamps, and t is exposure time in seconds. Transmittance was calculated using:

Tsample - t'sample I,pen (Eqn. 2-2)
'i,sample 't,open

where It is the transmitted intensity and Ii is the incident intensity. All scattering data correction

calculations were performed in IGOR Pro (version 6.1.2.1). Corrected 1D scattering patterns

were plotted using the same software.

In the scattering correction formula above, the background was an acquisition with the

shutter closed for a very short time (- 1 second). This allows for corrections of any abnormal

and systematic errors in pixel readings from the detection camera. The dark was an acquisition

with the shutter closed for a longer time (ideally the same time as the sample acquisition). This

provides information necessary to correct for detection events which occur even in the absence

of the X-ray source. The empty was an acquisition (ideally the same length of time as the

sample) with just the Kapton tape on which the sample was prepared. The empty allows for

subtraction of the scattering due to the Kapton and not the sample under investigation. Finally,

the open intensities were obtained by allowing the X-ray beam to pass through an empty sample

holder, and they are used for calculating sample transmittances.
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Transmission electron microscopy (TEM). The same bulk samples used for SAXS were used

for microscopy after scattering experiments were completed. Samples were cryo-microtomed to

a thickness between 60 and 65 nm using a Leica EM UC6 cryoultramicrotome. The microtome

was operated at -110 *C for all samples except those containing 20 wt% glycerol in which case

-80 'C was used. A dry pickup technique was used to collect the slices on copper grids with a

square mesh size of 400 lines per inch. With such a small mesh size, a support coating was not

necessary on the TEM sample grids. Samples were then stained with ruthenium tetroxide vapors

from a 0.5% aqueous solution for 20 minutes. Due to the greater number of alcohol, amine, and

aromatic functional groups on the protein compared with the polymer, the protein domains were

selectively stained and appear dark in images.

Transmission electron microscopy was performed on a JEOL 2000FX or a JEOL 2011

microscope. Both were operated in bright field mode with LaB6 filament and an accelerating

voltage of 120 kV. Images were captured using a digital camera in a fixed bottom mount

configuration. Images were processed into their final forms using ImageJ (version 1.44p) to add

scale bars and Adobe Photoshop CS4 Extended (version 11.0.2) to adjust the brightness and

contrast levels.

Experiments were attempted at a higher acceleration voltage of 200 kV, but this destroys

the thin slices of material. Also, a few experiments were attempted using a JEOL 200CX TEM

which is equipped with a tungsten filament. Because a tungsten filament is not as bright as

LaB6 , the contrast was significantly reduced making the acquisition of clear images extremely

difficult. As a result, it is highly recommended to use a TEM with a LaB6 filament operating at

120 kV for imaging these protein-polymer block copolymers.

63



UV-vis spectrophotometry. Samples for solid state UV-vis were prepared very similarly to

those for SAXS. The solvent evaporation rate was extremely important for obtaining

reproducible spectroscopy results. Initial studies exposing the samples directly to full vacuum or

manually controlling the vacuum level resulted in data sets with large variability. For more

reproducible films, a ramp rate of 300 Torr/hr with a final setpoint of 50 Torr was used. These

samples were exposed to vacuum for four hours in total. For each sample, 50 gL of conjugate

solution at an mCherry concentration of 10 mg/mL was deposited on a quartz substrate and then

exposed to vacuum. The UV-vis spectra were acquired immediately after removal from the

vacuum chamber. A subset of samples was solvent annealed directly after removal from vacuum

using the same setup as described for bulk samples. After annealing was complete, the samples

were removed and allowed to dry briefly under ambient conditions until the surface was no

longer shiny due to the presence of water. The absorption spectra for these samples were taken

immediately after the films no longer appeared wet.

Initial UV-vis measurements for determining protein functionality in the solid state

suffered from poor day-to-day reproducibility. During the first round of experiments, the

vacuum level during casting was controlled manually and samples were exposed to full vacuum

nearly immediately. Figure 2-15 shows the results for three distinct vacuum casting

experiments. All samples came from the same stock solution at a concentration of 10 mg/mL

mCherry. While there is good agreement among samples cast at the same time, there is not

agreement among samples cast separately. This motivated the use of a prescribed and controlled

vacuum ramp rate in order to obtain reproducible UV-vis measurements that are presented in

Chapters 4 and 5.
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Figure 2-15. Studies investigating the reproducibility of UV-vis measurements for assessing

protein functionality retention in the solid state. Three samples were identically prepared from

the same solution for each of the three separate experiments performed on different days. Solid

films were prepared by solvent evaporation under manually controlled vacuum levels. The

averages among the three replicates were: 0.70, 0.67, and 0.78 for experiments A, B, and C,

respectively.

Rehydrated UV-vis spectra were obtained directly following acquisition of solid state

data. To prepare the rehydrated samples, the quartz containing the solid state sample was placed

in a small beaker and 500 pL water was added to cover the sample. The solution was mixed to

obtain a homogeneous solution which was then loaded in to a quartz cuvette with a 1 cm path

length for data acquisition.

Both solid state and rehydrated UV-vis spectra were collected using a Cary 50 UV-vis

spectrophotometer. A TLC 40 (Quantum Northwest) sample holder equipped with a Peltier

temperature controller was used, and data were taken every nanometer between 190 and 800 nm.

A spectrophotometric measure of protein function was calculated as A586 of the sample relative

to A586 of the as-synthesized conjugate in solution, where both values were normalized by A28 0 to

control for variations in protein concentration. IGOR Pro was used to perform this data analysis

as well as plot the results. At least three replicates were averaged for each sample, and the best,
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most reproducible results were obtained when using the same fresh solution for each replicate

sample.

Thermostability. Samples for thermostability measurements were prepared the same way as

samples for UV-vis spectrophotometry, except that the casting solution was at a concentration of

7 mg/mL mCherry. The quartz substrate for these samples was a rectangle which fit into the

UV-vis sample holder. A cardboard spacer was used to ensure that the quartz plate remained

upright in the sample holder and had good contact for heat transfer (Figure 2-16). A constant

stream of nitrogen was supplied to the sample chamber at a flowrate of 50 standard cubic feet per

hour to reduce the oxidative stress of the environment. A silicone rubber coating was briefly

considered to further isolate the sample from its environment; however, it obscured the

absorbance measurements reducing the signal to noise ratio, and did not show improvements

over samples without this coating.

Figure 2-16. Sample holder for thermostability measurements showing how cardboard spacer

is inserted into UV-vis spectrophotometer.

Thermal stability measurements were conducted by measuring A586 as a function of

temperature between 25 and 100 'C using the Peltier temperature controlled sample holder with
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a temperature ramp rate of 1 *C/min. A ramp rate of 3 *C/min was also tested for a smaller

subset of samples; both ramp rates gave identical results, confirming the absence of kinetic

effects. Additional experiments were conducted to confirm the absence of photobleaching of the

mCherry chromophore in the timescale of a single experiment. The temperature at which the

sample lost half of its initial absorption at 586 nm was taken as the apparent melting temperature.

Three replicates were averaged to produce the final results. All data analysis and figure

preparation was performed using IGOR Pro.

Cloud point measurements. Cloud point measurements were used to determine the transition

temperature of the bioconjugate in dilute solution. Solutions of each conjugate material were

prepared at a concentration of 1 mg/mL PNIPAM. Data was collected at 700 nm every 10

seconds during a temperature ramp from 20 to 50 'C at a ramp rate of 0.1 *C/min. The transition

temperature was taken as the temperature at which half of the highest absorbance was observed.

All data analysis and figure preparation was performed using IGOR Pro.

Circular dichroism (CD). Circular dichroism was used to assess the protein secondary

structure content after the process of dehydration and self-assembly. CD experiments were

attempted on solid film samples, similar to those prepared for solid-state UV-vis. However,

these samples resulted in a very low signal to noise ratio which was not improved by altering the

film thickness. For these experiments, mCherry at concentrations of 1 and 10 mg/mL was drop

cast on quartz surfaces and dried under manually controlled vacuum. At both concentrations

very little ellipticity was observed. Due to the high sensitivity of this technique on protein

concentration, it was suspected that the films were not smooth or uniform enough to make these

measurements accurately. As a result, CD was performed on the rehydrated samples after UV-

vis measurements were acquired. The concentration of each solution was adjusted such that the
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absorbance at 280 nm was approximately 0.5. The concentration based on the A280 was used

because some of the protein may have lost its chromophore function prior to CD experiments.

CD spectra were measured on an Aviv model 202 CD spectrometer operating at 25 *C.

All spectra were background corrected. Data was acquired at wavelengths between 200 and 250

nm at 1 nm intervals. Spectra were analyzed for secondary structure content with CDPro

software using CONTINLL, SELCON3, and CDSSTR methods. The results from all three

methods were averaged to produce the final results. For data analysis with CDPro, data were

converted from raw ellipticity to molar circular dichroism using the following equation:

9
OMCD _ eas (Eqn. 2-3)

3298-L-C-n

where 0Oas is the measured ellipticity, L is the path length in centimeters, C is the molar

concentration of protein, and n is the number of amino acids in the protein. A reference basis set

of 43 proteins was used (SP43) and the data was fit over a wavelength range from 200 or 205 nm

up to 240 nm.

Fourier transform infrared spectroscopy (FTIR). Samples for FTIR were cast in a similar

manner as samples for solid state UV-vis spectrophotometry. The only differences were that for

FTIR, silicon wafers (test grade, P type with boron dopant, (100) orientation, 500 pm thick, 1-50

ohm-cm resistivity) were used as the substrate and bioconjugate was used at an mCherry

concentration of 6 mg/mL.

FTIR data was acquired using a Thermo Nexus 870 with 64 scans at a 2 cm~1 resolution

resulting in data points every 1 cm~1. Analysis was performed using OMNIC software. First,

data were background corrected using the spectrum from a bare silicon wafer. Then the spectra

were baseline corrected to ensure a flat baseline between 1800 and 2500 cm 1 . The spectra were

then adjusted using the smoothing function in the OMNIC software package. This algorithm

68



removes the high frequency noise in the data by adjusting the current data point based on several

surrounding points. This was necessary to obtain Fourier Self-Deconvolution (FSD) curves with

wider bandwidths. FSD spectra were also calculated using OMNIC software in the amide I

region between 1600 and 1700 cm-1. An enhancement factor of 2.5 and a bandwidth around 30

cm~1 was chosen for general secondary structure identification. Each peak in the FSD was

assigned to a secondary structure according to literature15 2 2 and the relative areas under each

peak were used to determine secondary structure content in the solid state samples.

Optical microscopy. Samples for optical microscopy were also cast in a similar manner as

samples for solid state UV-vis spectrophotometry, except that glass coverslips were used as

substrates. Samples were imaged with a Zeiss AxioSkop 2 MAT microscope operating in bright

field mode immediately after removal from the vacuum chamber. Images were processed into

their final form using ImageJ to add scale bars and Photoshop to adjust the brightness and

contrast.

Small-angle neutron scattering (SANS). SANS experiments were performed on the Low-Q

Diffractometer end station at the Lujan Neutron Science Center at Los Alamos National

Laboratory. Hydrogenated conjugate samples were dialyzed into 98% deuterated water or a 20

mM formate buffer at pH = 5.7 made with deuterated water. Samples were then loaded into

quartz banjo cells with a 1 mm sample path length, and scattering patterns were collected until at

least 250,000 events above background. Data was collected at temperatures of 25 and 40 'C to

alter the solvent quality for the polymer block. Absolute intensities were obtained by correcting

for background scattering and open beam neutron flux. SANS experiments were repeated at

both 1 wt% and 3 wt%, producing identical results. The resulting spectra were fit with either the

69



Beaucage model or the Percus-Yevick 24-26 model depending on the solvent quality for the

polymer block.

In good solvents for the polymer block, the Beaucage model was used according to the

following equation:

q2R,2 Berf
I(q) =Bkgd+Gexp -6 , (Eqn. 2-4)

-3 q

where the five parameters to be fit are Bkgd, G, Rg, B, and P. The data fitting was performed in

IGOR Pro using the NIST Center for Neutron Research (NCNR) SANS package.

For materials in a poor solvent for the polymer block, the Percus-Yevick model was

employed: 24

I (q) = K -S (q) -F (q) + C (Eqn. 2-5)

where the intensity depends on a scaling factor, K, the structure factor for close packed micelles,

S, the form factor describing the micellar geometry, F, and incoherent background scattering, C.

The structure factor is described by:

S(q) = I (Eqn. 2-6)

1+ 2417 G( A(GA)

where

A = 2qr (Eqn. 2-7)

G(A)= (sin(A) -A cos(A))+ (2Asin(A) + (2 -A2 )cos(A)-2) +
A7 A (Eqn. 2-8)

-(A4 cos (A) +4 [(3A2 -6) cos (A) + (A' - 6A) sin (A) + 61)

and
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(1+277)2

(I _)7)4

-6r- 1+)67(1+r)

V7 (1 +277)2

(1-)

In these equations, r7 is the packing fraction of the micellar spheres.

The form factor for polydisperse micellar spheres is given by:

fP(r)f2 (q,r)dr
F(q)= P(r)dr

where

f (q,r)= 4rr3 3 [sin (qr)-qr cos(qr)]exp(o.2 q2)3 (qr)

S ( (- in (r) -r,)2'
P(r)= 2c ;r exp 202

P 2rp2

where o describes the diffuseness of the micellar boundary. P (r) describes a lognormal

distribution characterized by parameters r and o-,. A lognormal distribution was used instead

of the typical Gaussian distribution to prevent unphysical negative micellar radii.26 Data fitting

with this model was performed in Matlab using the non-linear regression tool with code

developed by Matthew Glassman.

Dynamic light scattering (DLS). DLS experiments were performed on a DynaPro Nanostar at

a scattering angle of 900 with a laser wavelength of 658 nm. The same 1 wt% solutions that
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were used for SANS experiments were used for DLS; however, prior to these experiments, the

solutions were filtered with a 0.2 pm sterile filter to remove any particulates. Data was acquired

with 10 x 10 second acquisitions with at least 10 minutes equilibration at each temperature.

DYNAMICS software was used for data analysis.
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Chapter 3 Solid-State Nanostructured Materials from Self-Assembly

of a Globular Protein-Polymer Diblock Copolymer

Reproduced with permission from ACSNano, 5 (7), pp 5697-5707. Copyright 2011 American
Chemical Society.

3.1 Abstract

Self-assembly of three-dimensional solid state nanostructures containing approximately

33% by weight globular protein is demonstrated using a globular protein-polymer diblock

copolymer, providing a route to direct nanopatterning of proteins for use in bioelectronic and

biocatalytic materials. A mutant red fluorescent protein, mCherryS131C, was prepared by

incorporation of a unique cysteine residue and site-specifically conjugated to end-functionalized

poly(N-isopropyl acrylamide) through thiol-maleimide coupling to form a well-defined model

protein-polymer block copolymer. The block copolymer was self-assembled into bulk

nanostructures by solvent evaporation from concentrated solutions. Small-angle X-ray scattering

and transmission electron microscopy illustrated the formation of highly disordered lamellae or

hexagonally perforated lamellae depending upon the selectivity of the solvent during

evaporation. Solvent annealing of bulk samples resulted in a transition towards lamellar

nanostructures with mCherry packed in a bilayer configuration and a large improvement in long

range ordering. Wide-angle X-ray scattering indicated that mCherry did not crystallize within
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the block copolymer nanodomains and that the P-sheet spacing was not affected by self-

assembly. Circular dichroism showed no change in protein secondary structure after self-

assembly, while UV-vis spectroscopy indicated approximately 35% of the chromophore

remained optically active.

3.2 Introduction

Enzymes have garnered a great deal of attention for incorporation into a variety of

biocatalytic and bioelectronic devices'-3 because of their substrate specificity, high catalytic

rates, and ability to operate under mild reaction conditions. Enzymes have been incorporated

into highly selective and sensitive biosensors for applications such as glucose detection and

medical diagnostics.4 5 Biofuel cells have been prepared that operate on nontraditional fuels such

as sugars, utilize low operating overpotentials, and do not require an electrolyte membrane.6 -

Enzymes also continue to be widely used to catalyze the synthesis of pharmaceutical

compounds,9 and more recently, biocatalysts are being pursued for a wide variety of energy

applications, including carbon sequestration,' 0 carbon dioxide reduction,"- 3 and hydrogen

production.14~16 Photodiodes or photovoltaics have been prepared from reaction center

proteins,1 7 photosynthetic complexes,' 8 and fluorescent proteins19 in attempts to exploit the high

absorption cross section and quantum efficiency of the proteins. All of these protein-based

devices offer the added advantages of biodegradability and renewability, making them attractive

as green chemistry techniques become increasingly prevalent.

Although proteins offer the aforementioned desirable advantages, the incorporation of

these complex molecules into highly efficient and functional devices presents a large number of

challenges. In order to increase the enzyme activity per unit area, a high density of enzyme
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should be achieved by structuring the material in three dimensions. Diffusion of

substrate/product or charge carriers into and out of the material must be rapid to minimize

transport limitations, and control over the orientation of the enzyme is desired to maintain access

to the substrate and cofactor binding areas. Finally, the material should be engineered to

improve the stability and lifetime of the protein. These engineering design goals have motivated

20
the development of a number of strategies for immobilizing or nanopatteming enzymes.

Operational stability, efficiency and lifetime of enzymes have been shown to increase through

immobilization with multiple tethers on porous supports or within a crosslinked material.

Nanopatterning of proteins is required to increase the density of enzymes at the surface

and to ensure continuous pathways for transport of electrons, substrates, and products through

the material. Nanopatterning may also be used as a method to enforce proper orientation and

stabilize the fold of the protein. Layer-by-layer techniques have been used to pattern proteins

and polyelectrolytes on surfaces by taking advantage of electrostatic, hydrophobic and hydrogen

bond interactions between the materials.2223 Alternately, a variety of lithographic methods

including microcontact printing, photolithography and dip-pen lithography have been used to

create templates for protein immobilization by patterning an attachment site where the protein

selectively binds.24-26 Covalent binding using lysine-NHS or cysteine-maleimide chemistries,2 7

or non-covalent binding using biotin-avidin28 or His tag-NTA29 interactions are then employed to

immobilize enzymes on the pre-formed patterns. In a third approach, nanostructured templates

are self-assembled from amphiphilic molecules and the proteins are inserted into the templates.

This type of template has been demonstrated with the use of block copolymer thin films, 30

nanostructures formed from surfactants in solution,3 and through the self-assembly of lipid

materials.32
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Block copolymer self-assembly provides a simple, low cost method for fabricating

nanopatterns in three dimensions that may be of high value for producing enzyme-based

materials. Block copolymers prepared with two or more Gaussian coil polymer blocks are well-

known to self-assemble into a wide variety of nanostructures with characteristic length scales

from 5-100 nm.33 35 The multidomain structures formed by these block copolymers make them

ideal candidates for building three-dimensional structures with efficient mass or charge carrier

transport.36-37 However, the thermodynamics of coil-coil block copolymers do not generalize to

more complex systems. Changes in the topology of the polymer chain and liquid crystalline or

other specific interactions between polymers result in large changes in the phase behavior of

these systems, as has been demonstrated for rod-coil block copolymers.38 Incorporating a

globular protein as one block in a block copolymer to direct the protein's self-assembly into

nanostructured materials introduces a great deal of added complexity beyond both coil-coil and

rod-coil systems due to the specific chain fold in the protein domain, the strong, directional

interactions between proteins that lead to macromolecular crystallization, and the complex

thermodynamics of interactions between proteins and synthetic polymers. It is unclear how the

traditional concepts of block copolymer self-assembly will apply to globular protein-polymer

block copolymers, particularly when the constraint of maintaining protein fold and function

during processing and nanostructure self-assembly is imposed.

While significant effort has been directed towards the self-assembly of bulk and thin film

block copolymers with a-helical, [-sheet, coiled-coil, and cyclical peptide blocks,39 4' studies of

globular protein-polymer conjugates have been restricted primarily to self-assembly in solution.

Giant amphiphiles consisting of globular proteins and synthetic polymers have been synthesized

and their self-assembly has been studied in solution. 2 " The variety of observed morphologies
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including spherical, rod-like and toroid micelles is due primarily to changes in relative coil

fraction as well as processing conditions which kinetically favor certain morphologies.45 Among

these amphiphilic conjugates are PEGylated proteins which have been used to improve the

stability and lifetime of proteins in serum.46-48 However, there is currently a lack of fundamental

knowledge on the self-assembly of globular protein-polymer conjugates in concentrated

solutions or solid state materials, and these materials have not been evaluated as a means to

nanopattern protein-based devices.

Here, we demonstrate block copolymer self-assembly as an effective technique for

producing nanostructured plastics from globular proteins. A model globular protein-polymer

diblock copolymer is synthesized based on the site-specific conjugation of poly(N-isopropyl

acrylamide) (PNIPAM) to the fluorescent protein mCherry. Self-assembly is induced by

evaporation of water from concentrated solutions of the copolymers, and the kinetic effects of

evaporation method and post-evaporation solvent annealing are shown to influence nanostructure

formation. The fold and optical activity of mCherry within the nanostructured assembly is

investigated, and the packing of mCherry within the self-assembled nanostructure is explored.

3.3 Experimental Methods

Synthesis of 2-ethylsulfanylthiocarbonylsulfanyl-2-methyl propionic acid (EMP). This

procedure was adapted from the work of You and Oupickf. 49 First, ethanethiol (7.21 mL, 0.1

mol), acetone (73 mL), and tricaprylylmethylammonium chloride (1.0 g, 2.5 mmol) were

combined and the mixture was cooled on ice under nitrogen. Next, 9 mL of 50% (w/v) sodium

hydroxide was added dropwise. After an additional 20 minutes, carbon disulfide (6.03 mL, 0.1

mol) and acetone (12.6 mL) were combined and added dropwise. Chloroform (12 mL, 0.15 mol)
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was added, followed by the addition of 80 mL of 50% (w/v) sodium hydroxide over 10 minutes.

The yellow-orange mixture was stirred overnight. Water (200 mL) was added, followed by

concentrated hydrochloric acid (80 mL) to drop the pH below 1. The mixture was extracted

three times into diethyl ether and concentrated to a dark red oil. Crude product was purified via

silica gel chromatography (1:1 hexanes/ether) and then distilled to yield 11.0 g of a bright

orange, viscous liquid (49% yield). 'H NMR (CDCl 3, 6): 1.33 (t, 3H, -CH 2 CH3 ), 1.72 (s, 6H,

-C(CH 3)2COOH), 3.30 (q, 2H, -CH 2 CH 3).

Synthesis of exo-3a,4,7,7a-tetrahydro-2-(3-hydroxypropyl)4,7-epoxy-14-isoindole-1,3(2H)-

dione (1). Following the work of Neubert and Snider,50 3-amino-1-propanol (4.08 g, 54.2 mmol)

was added dropwise to a solution of exo-3,6-epoxy-1,2,3,6-tetrahydrophthalic anhydride (9.0 g,

54.2 mmol) in 500 mL methanol. The reaction was stirred at 56 *C for 3 days, after which the

solvent was removed by rotary evaporation to give a clear yellow oil. Then 100 mL

dichloromethane was added and washed three times with 100 mL brine. The organic fraction

was dried over sodium sulfate and the solvent removed under reduced pressure to give 2.71 g of

a white solid (22% yield). 'H NMR (CDCl 3, 6): 1.75 (tt, 2H, -CH 2 (CH 2)CH 2 -), 2.88 (s, 2H,

-NC(O)CH-), 3.52 (t, 2H, -CH 20-), 3.65 (t, 2H, -NCH2-), 5.27 (s, 2H, -CH(O)-), 6.52 (s, 2H,

-CHCH-).

Synthesis of RAFT agent. Functional RAFT chain transfer agent (CTA) was prepared by

carbodiimide coupling.' EMP (1.88 g, 8.40 mmol), 1 (1.50 g, 6.72 mmol),

4-dimethylaminopyridine (103.8 mg, 0.84 mmol), and N,N'-dicyclohexylcarbodiimide (3.46 g,

16.8 mmol) were combined in 58 mL dry tetrahydrofuran and stirred under nitrogen at room

temperature overnight. The reaction mixture was filtered and concentrated, and the product was

purified by silica gel chromatography (1:1 hexanes/ethyl acetate) to yield 1.23 g of a bright
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yellow solid (34% yield). 'H NMR (CDCl 3, 8): 1.29 (t, 3H, -S-CH 2CH3), 1.69 (s, 6H,

-C(CH 3)2 -), 1.85-2.00 (tt, 2H, -CH 2(CH 2)CH 2-), 2.83 (s, 2H, -NC(O)CH-), 3.26 (q, 2H,

-CH 2CH3), 3.55 (t, 2H, -NCH2-), 4.05 (t, 2H, -CH 20-), 5.24 (s, 2H, -CH(O)-), 6.49 (s, 2H,

-CHCH-).

Polymerization. The CTA and azobisisobutyronitrile (AIBN) (recrystallized twice from

methanol) were added to a 2.0 M solution of NIPAM (sublimated) in acetonitrile in the ratio

600:1:0.2 (monomer:CTA:initiator). The solution was degassed by three freeze-pump-thaw

cycles. The polymerization was carried out in a sealed flask at 65 *C and terminated after 75

minutes by removal of heat and exposure to oxygen. The polymer was then precipitated in cold

diethyl ether and dried under vacuum. The maleimide was deprotected by heating to 120 *C

under vacuum for 2 hours. The molecular weight and polydispersity were determined by gel

permeation chromatography using a Waters Breeze 1525 HPLC system with a series 2414

refractive index detector, calibrated with poly(methyl methacrylate) standards, and

N,N-dimethylformamide with 0.01 M LiBr as the mobile phase.

Cloning and protein expression. The gene for mCherry, optimized for prokaryotic codon

usage, was subcloned into the pQE9 vector (Qiagen) which encodes for an N-terminal His tag.

Site directed mutagenesis was used to create the mutant mCherryS131C by replacing a serine

with a cysteine at residue 131, located in a loop region on the end of the [-barrel opposite the N

and C termini. The protein was expressed in the E. colh strain SG13009 containing the pREP4

repressor plasmid, grown in Terrific Broth at 37 *C, and induced with 1 mM Isopropyl

P-D-1-thiogalactopyranoside (IPTG) at OD6o0 = 1. The cells were cultured for 4.5 hours after

induction and were then harvested. The cell were resuspended in lysis buffer (50 mM NaH 2PO4,

300 mM sodium chloride, 10 mM imidazole, 10 mM [-mercaptoethanol (BME), pH 8.0),
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incubated with 1 mg/mL lysozyme at 4 *C for 30 minutes and sonicated. The lysate was

clarified, and the protein was purified using Ni-NTA metal affinity chromatography.

Throughout the purification, 10 mM BME was used in all buffers. Elution fractions containing

purified protein were dialyzed into 20 mM Tris buffer, pH = 8. The yield in the elution fractions

was determined spectrophotometrically using the absorbance peak at 586 nm (extinction

coefficient of 72,000 M~1cm'1).12 5

The purity of the protein was confirmed by denaturing gel electrophoresis (SDS-PAGE),

native state gel electrophoresis, and matrix assisted laser desorption ionization mass

spectrometry (MALDI-MS). SDS-PAGE (Appendix A) shows three bands near 28, 19 and 9

kg/mol due to partial cleavage of the protein during sample boiling before loading the gel.5 The

highest molecular weight band corresponds to the expected molar mass of the whole mCherry

molecule, and the sum of the molar masses of the two lower mass bands also corresponds to the

mass of the whole protein, consistent with hydrolysis of the sensitive acylimine bond within the

mCherry chromophore." The native gel (Appendix A), run at a high protein concentration,

shows only a single prominent protein band corresponding to the mCherry and a higher

molecular weight band corresponding to dimerization through the formation of a disulfide bond.

Consistent with previously reported expressions of mCherry, 56-57 it is noted that the lower molar

mass fragments are not observed by SDS-PAGE in more dilute samples. The observation of a

single dominant band in the native gel indicates that cleavage occurs only during SDS-PAGE

sample preparation. The purity of the protein was further confirmed by MALDI-TOF mass

spectrometry; the measured molar mass of the protein was 28,201 g/mol compared to the

expected mass of 28,134.48 g/mol. No peak was observed for the higher molar mass hydrolysis

product (18,896 g/mol calculated molar mass), although a small peak was observed for the low
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molecular weight fragment (9,256 g/mol calculated molar mass), consistent with the preferential

observation of low molecular weight species by MALDI.

Bioconjugation. The coupling reaction between mCherryS131C and maleimide end-

functionalized PNIPAM was performed in 20 mM Tris buffer, pH 8.0.

Tris(2-carboxyethyl)phosphine (TCEP) (0.0185g, 0.0646 mmol) was added to the

mCherryS131C solution (0.173g, 0.00646 mmol, 1.8 mg/mL) one hour prior to PNIPAM

addition to reduce all thiol groups. Maleimide functionalized PNIPAM (2.61201g, 0.0451

mmol) was added to the solution and allowed to react overnight. The conjugate was purified by

precipitation in 1.0 M ammonium sulfate solution followed by centrifugation at room

temperature. The pellet containing conjugate and unreacted PNIPAM homopolymer was then

resuspended in 20 mM Tris buffer (pH 8) and precipitated a second time. The excess PNIPAM

was removed from the second pellet using Ni-NTA affinity chromatography to yield purified

conjugate. After collecting the flow-through, the column was washed with approximately 7

column volumes of wash buffer before elution to completely remove unconjugated PNIPAM.

The purified conjugate was dialyzed into pure water. Purity was analyzed using SDS-PAGE and

the yield was determined spectrophotometrically.

Sample preparation and characterization. Conjugate solution was concentrated to

approximately 44 mg/mL conjugate using Millipore Ultra-15 centrifugal filters with a molecular

weight cutoff of 3 kDa Bulk samples were prepared by evaporation of water either at 40 *C

under ambient pressure or at room temperature under vacuum. Solvent annealing was performed

at 4 *C or room temperature in sealed jars using nanopure water as the solvent. UV-vis spectra

were collected at ambient temperature on a Cary 50 UV-vis spectrophotometer using a quartz

cuvette and normalized to the absorbance at 280 nm. CD spectra were obtained using an Aviv
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Model 202 circular dichroism spectrometer operating at 25 'C and converted into molar

ellipticity by correcting for the water background and using the concentration determined by the

A280. CDPro was used to analyze spectra to determine the secondary structure content using

CONTINLL, SELCON3 and CDSSTR methods. Disk-shaped samples for x-ray scattering were

cast on kapton tape using 7 mm diameter washers as a mould. SAXS and WAXS data were

collected using a Molecular Metrology ASSY 610-004378 system, and corrected for empty cell

and dark field scattering. Bulk samples were cryo-microtomed using a Leica EM UC6 at

-100 'C to a thickness of 50-60 nm for TEM analysis. Samples were stained with ruthenium

tetroxide vapors from a 0.5% aqueous solution for 20-40 minutes. Due to the greater number of

alcohol, amine and aromatic functional groups on the protein compared with the polymer, the

protein domains were selectively stained and appear dark in images. A JEOL 2000FX

transmission electron microscope was used to obtain bright field images using an accelerating

voltage of 120 kV and a LaB filament. Images were captured using an ORCA camera in a fixed

bottom mount configuration.

3.4 Results and Discussion

Globular protein-polymer diblock copolymer synthesis. A model globular protein-polymer

conjugate with a single well-defined bioconjugation site was synthesized using the red

fluorescent protein mCherry and the thermoresponsive synthetic polymer PNIPAM. The protein

mCherry was selected because the native sequence lacked cysteine residues, the high yield

expression and purification of folded protein are well-established, and the fluorescent nature

provided a simple and robust spectrophotometric method for conjugate characterization. The

protein mCherrys2, 55 was mutated to introduce a unique thiol conjugation site into its sequence
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by replacing serine with cysteine at residue 131, yielding the mutant mCherryS131C. The

mutation is located in a loop region on the end of the P-barrel structure opposite both the N and

C termini, as illustrated in Scheme 3-1. A 6xHis-tagged variant of this protein was expressed in

Escherichia coli (E. coli) and then purified using metal affinity chromatography under native

reducing conditions to preserve the delicate chromophore bond and reduce thiol inactivation.

The yield of purified protein, determined spectrophotometrically at 586 nm based on the known

extinction coefficient of mCherry, 52 was 121 mg/L culture.
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Scheme 3-1. Synthesis of maleimide-functionalized poly(N-isopropyl acrylamide) and its

bioconjugation to mCherryS13 1C to create a protein-polymer diblock copolymer.

The diblock copolymer was synthesized by conjugating mCherryS131C to maleimide-

functionalized PNIPAM. A reversible addition-fragmentation chain transfer (RAFT) agent
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containing a protected maleimide group was used to synthesize low polydispersity PNIPAM

(Scheme 3-1). After polymerization, the maleimide group was thermally deprotected to yield

maleimide end-functionalized PNIPAM with a molar mass of 51.3 kg/mol and a polydispersity

of 1.24. Gel permeation chromatography (GPC) analysis is shown in Figure 3-1. The

polydispersity in these samples originates in part from a small shoulder at twice the peak

molecular weight in the GPC trace that represents 8% of the total polymer mass. This minor

high molecular weight fraction is believed to originate from a slight reactivity of the double bond

in the protected maleimide group on the RAFT agent during polymerization to conversions

greater than 50%. When an identical RAFT agent is used without the protected maleimide

functionality, no coupling is observed.

Bioconjugation was then performed at room temperature in 20 mM Tris buffer (pH 8)

using an 8-fold excess of PNIPAM. SDS-PAGE of the crude conjugation product and purified

fractions is shown in Figure 3-2. The band at approximately 70,000 g/mol corresponds to the

mCherry-PNIPAM conjugate with a PNIPAM volume fraction of 0.66 and a weight fraction of

0.66. The band at 28,000 g/mol corresponds to unconjugated mCherry, while the bands at

19,000 g/mol and 9,000 g/mol correspond to the partial hydrolysis of the mCherry chromophore

acylimine bond during SDS-PAGE analysis.5 4-56'5 Lane analysis of the crude reaction mixture

revealed a conversion of approximately 78%, comparable to previously reported conversions for

thiol-maleimide couplings to globular proteins.51' 9-60 Although the 8-fold excess of PNIPAM

used gave maximum conversion of the mCherryS131C, decreasing to a five-fold excess still

yielded approximately 70% conversion. After conjugation, unreacted mCherry was removed

using ammonium sulfate precipitation; SDS-PAGE showed that after the first precipitation no

additional unreacted mCherry is removed. Unconjugated PNIPAM was subsequently removed
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by metal affinity chromatography; washing with 7 column volumes of buffer was used to ensure

complete removal of the free PNIPAM. Analysis of the second elution lane (lane 8) suggests

that the conjugate is > 90% pure, while the third elution lane (lane 9) demonstrates that at lower

protein concentrations only the conjugate band is visible. The purified conjugate was obtained in

a final yield of 30%. Circular dichroism and UV-vis spectroscopy (Appendix A) confirm that

the protein structure and optical properties in the purified mCherry-PNIPAM diblock remain

unchanged from that of the mCherryS131C in solution. Cloud point measurements (Appendix

A) show that the thermal transition of the conjugate increases by ~ 5 *C relative to that of the

homopolymer due to addition of the large hydrophilic protein.
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Figure 3-1. Normalized gel permeation chromatography trace of deprotected poly(N-isopropyl

acrylamide) product with a poly(methyl methacrylate)-equivalent molecular weight of 51.3

kg/mol and a polydispersity of 1.24.
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Figure 3-2. Denaturing SDS-PAGE gel showing purification of mCherryS131C-PNIPAM

conjugate. The crude reaction mixture (lane 1) was purified by repeated precipitation of the

conjugate using ammonium sulfate to remove unconjugated mCherryS131C. The discarded

supernatants (lanes 2 and 3) contained most of the unconjugated mCherry. Metal affinity

chromatography was used to remove excess PNIPAM. Minimal conjugate is lost from the

column flow-through (lane 4) and the two wash steps (lanes 5 and 6). The conjugate is then

eluted in four fractions (lanes 7-10).

Nanostructure formation. Self-assembly of mCherry-PNIPAM diblock copolymers was

accomplished through evaporation of water from diblock copolymer solutions to form

nanostructured bulk plastics. The formation of nanostructures strongly depends on the

processing conditions used to prepare the material, as demonstrated by small-angle X-ray

scattering (SAXS), shown in Figure 3-3, and transmission electron microscopy (TEM) images,

shown in Figure 3-4. In the TEM images, the mCherry areas appear dark due to staining with

ruthenium tetroxide which reacts with alcohols, amines and aromatics present on the protein

surface.61 Two processing pathways were explored for water evaporation: a protein-selective
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solvent (40 'C water, above the lower critical solution temperature (LCST) of the PNIPAM

homopolymer) and a non-selective solvent (room temperature water), as illustrated in Figure 3-5.
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Figure 3-3. Small-angle X-ray scattering (SAXS) data of as-cast and solvent annealed mCherry-

PNIPAM block copolymers. Samples were cast from both protein-selective (40 *C water) and

non-selective (room temperature water) solvents. The materials form long-range ordered

nanostructures with weak order. After solvent annealing in water, the samples transition to

lamellar nanostructures with improved long-range order. Traces have been offset for clarity.
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Figure 3-4. TEM images of mCherry-PNIPAM block copolymers demonstrate the formation of

lamellae and hexagonally perforated lamellae in bulk samples cast at (a) 40 *C or (b) room

temperature, and samples cast at room temperature followed by solvent annealing in water at (c)

4 'C or (d) room temperature. Panel e shows the 40 *C cast sample at a lower magnification.
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Figure 3-5. This schematic depicts two possible pathways towards self-assembly of mCherry-

PNIPAM block copolymers. Room temperature water provides a non-selective solvent, whereas

40 'C water is a protein-selective solvent. Self-assembly is induced by increasing the block

copolymer concentration through solvent evaporation.

Both as-cast samples contain multiple peaks in their SAXS patterns, indicating the

formation of long-range ordered nanostructures. The nanostructures formed from a non-selective

solvent exhibit two sets of peaks, a relatively intense set that can be indexed to a lamellar

structure and a weaker set that may be indexed to a hexagonal lattice. The primary peak is

asymmetric, composed of a 001 peak and a low q 100 shoulder. The first higher order

reflections may be indexed to 110, 200, 002, and 003, corresponding to peaks from both a

hexagonal and a lamellar lattice. These peak observations are consistent with a hexagonally
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packed lamellar (HPL) morphology with a lamellar domain spacing of 23.4 nm and a hexagonal

domain spacing of 26.5 nm. The 002 and 003 scattering peaks, corresponding to the lamellar

spacing, are much more intense than the 110 and 200 scattering peaks corresponding to the

hexagonal perforations, as is typical for HPL structures.62 TEM images of the sample provide

evidence for HPL formation and are consistent with previously reported images of HPL from

coil-coil diblock copolymers. 63-64 The micrograph in Figure 3-4b shows areas of lamellar

structure with perforations parallel to the lamellar normal as well as regions of the sample that

have a hexagonally packed structure. These two structures are consistent with different

orientations of the HPL unit cell in the sample. The formation of an HPL morphology at a

PNIPAM volume fraction of 0.66 is similar to that found in coil-coil block copolymer systems

where HPL morphologies are typically seen as non-equilibrium structures in a narrow window

between lamellae and cylinders.63 Even though the protein is the minority block in these

copolymers, the protein domains perforate the coil regions. This suggests that the protein

remains more highly hydrated than the PNIPAM during sample casting, increasing its effective

volume fraction.

The assembled nanostructures from a protein-selective solvent show poorer ordering than

those obtained from a non-selective solvent. The protein-selective solvent results in a relatively

broad primary peak with a broad second order shoulder centered around a q value twice that of

the primary peak. While the observed peak positions are consistent with the formation of

lamellar nanostructures, the broad peaks indicate that the order in this sample is poorer than that

in the sample cast from non-selective solvent. The TEM images in Figure 3-4ae show the

structurally heterogeneous nature of this sample containing small lamellar regions with

hexagonally packed areas interspersed. These images show that the sample is composed of
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undulating lamellae accompanied by regions of hexagonal structures with PNIPAM centers

similar to the structure of the sample cast from a non-selective solvent. These structures may be

the result of micelles that merged to form sheets. A lower magnification image (Figure 3-4e)

reveals that these lamellar regions are interspersed with spherical protein aggregates, and that

these domains are inverted from the observed HPL morphologies. Because this sample was

prepared from a state where the protein and polymer are segregated due to immiscibility of the

solvent and polymer, it is likely that kinetic barriers to nanoscale structural rearrangement during

solvent evaporation result in the structural heterogeneity and a relatively low degree of order.

In comparison to the sample cast in the non-selective solvent, the sample cast from

protein-selective solvent has a larger domain spacing of 32.1 nm, as measured by SAXS.

However, TEM images suggest that the domain sizes for the more highly ordered (Figure 3-4a)

and more disordered (Figure 3-4e) regions of the protein-selective solvent cast sample differ

significantly. Fourier transforms of the images of well-ordered lamellar regions and the

disordered regions indicate that the disordered regions are 40% larger than the lamellar regions.

This increased domain spacing observed at larger length scales is consistent with the 37% larger

domain spacing observed by SAXS of the protein-selective solvent compared to the lamellar

sample from a non-selective solvent. The observed difference in domain spacing for disordered

and lamellar regions of the protein-selective solvent condition suggests that the equilibrium

lamellar spacing would be quite similar for both casting conditions; however, the processing-

dependent effects that lead to the high degree of structural heterogeneity and kinetic trapping of

non-equilibrium structures for the protein-selective solvent result in a large increase in the

average domain spacing.
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Solvent annealing of samples cast from the non-selective solvent condition was used to

probe whether the HPL structure was at equilibrium. Annealed samples show enhanced ordering

of the nanodomains with a clear lamellar symmetry and a domain spacing corresponding to the

lamellar spacing observed in the as-cast sample, suggesting that the lamellar phase is closer to

thermodynamic equilibrium for this sample. After annealing in water at either 4 *C or room

temperature for 8 hours, the primary peak shifted to slightly lower q* than in the as-cast sample,

all reflections in the SAXS pattem became sharper, and the two higher order reflections now

occur at 2q* and 3q*, consistent with the formation of lamellae. TEM confirms the formation of

lamellar nanostructures in the room temperature annealed sample, while some hexagonally

perforated lamellae are still present in the sample annealed at 4 *C. Both annealed samples show

clear layered structures and larger grain sizes than the as-cast sample. In addition, dislocations

typical of lamellar block copolymers may be observed in the annealed samples. The

improvements in translational and orientational order are consistent with the sharpening of

scattering peaks and the observation of the third order reflection. In addition, the lamellae are

relatively straight as compared to the typical fingerprint patterns observed in coil-coil diblocks.

The nanodomain persistence length appears to be longer than that of coil-coil block copolymer

domains, but shorter than that of typical rod-coil block copolymer domains.65 This observation

is likely due to the small, yet well-defined rigid shape of the mCherry protein, which may

introduce an enhanced bending rigidity within the nanodomains relative to that of a coil-coil

diblock copolymer.

Although both solvent annealed samples show an evolution towards lamellar structures,

the disappearance of the low q shoulder on the primary peak and the appearance of the third

order peak are both more pronounced in the sample annealed at room temperature. In addition,
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the domain spacing of the sample annealed at room temperature (24.0 nm) is larger than the

domain spacing of the sample annealed at 4 *C (23.1 nm). While both annealing conditions were

chosen to occur in the non-selective solvent regime, both the chemical potential of water and the

water-PNIPAM interactions are strongly temperature dependent. The PNIPAM block is

anticipated to have a more favorable interaction with water at lower temperature, but the

chemical potential of water vapor during solvent annealing decreases as a function of

temperature. Both the slightly larger domain spacing and the increased degree of ordering

observed in the room temperature annealed sample suggest that the increased chemical potential

of water at higher temperature dominates the annealing behavior, resulting in increased swelling

of the lamellar nanostructures and accounting for the increase in domain spacing. In addition,

both higher temperature and higher water content will increase the mobility of the polymer,

consistent with the observation of more intense higher order peaks and a stronger depletion of

the hexagonally perforated lamellar phase in the sample annealed at room temperature.

Using scaling relationships for domain spacing as a function of molecular weight, the

proteins may be inferred to pack in a bilayer structure within the lamellae. On the basis of the

crystallographic structure of mCherry," the protein has a length of approximately 4.2 nm in the

folded state. Because the folded proteins are rigid, the same scaling analysis for domain spacing

in rod-coil diblock copolymers65 is expected to apply. For the mCherry-PNIPAM diblocks, this

would yield an expected domain spacing of ~12.4 nm in the monolayer configuration. Because

this value is approximately half that of the experimentally observed domain spacing, it is most

likely that the mCherry is packed in a bilayer configuration within the lamellar nanodomains.

Protein assembly within the nanodomain structure. To enable the fabrication of

nanostructured protein-based materials, the protein in these self-assembled block copolymers
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must remain properly folded and functional. The functionality of mCherry in solid state

mCherry-PNIPAM materials was quantified using both UV-vis spectroscopy and circular

dichroism, demonstrating that the self-assembly process preserves a large fraction of the protein

structure and optical activity. UV-vis spectra were measured for solid state samples (Figure

3-6a) and for rehydrated diblock copolymers (Figure 3-6b). In the solid state, the peak

absorption of the mCherry chromophore at 586 nm remains unchanged, but the shoulder near

550 nm increases in intensity relative to the peak, suggesting a change in absorbance in the solid

state. This change is reversed when the materials are rehydrated. The diminishing of the

absorbance peak at 586 nm and the enhancement of the shoulder at 510 nm and the peak at 390

nm in both solid state and rehydrated samples indicates that the chromophore has been disrupted

for some fraction of the material. A peak at 386 nm has been observed previously in similar red

fluorescent proteins and has been attributed to the addition of water across the acylimine

chromophore bond.58

Because quantum overlap in the solid state may influence the spectrum, a quantitative

measure of the functionality of the materials was performed by measuring their absorbance

spectrum upon rehydration in milli-Q water. Compared to the UV-vis data for as-synthesized

protein-polymer conjugates in solution (Appendix A), the rehydrated samples show a decrease in

the ratio of A586:A 280 from approximately 1.3 to 0.5. This indicates that for all four samples 30-

40% of the protein remains active when compared to the conjugate in solution. Consistent with

preservation of approximately 35% of the protein's optical activity, the bulk material appears to

have a deep red color (Appendix A). Rehydration also results in a decrease in the peak

absorbance at 390 nm to some level intermediate between the as-synthesized and the solid state

materials. This suggests the presence of three types of mCherry chromophore in the solid state:
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active, irreversibly inactive, and spectrally shifted. The active fraction is responsible for the

major absorbance peak at 586 nm. The peak at 390 nm increases in the solid state material then

decreases upon rehydration, suggesting that a significant contribution to this peak comes from

the spectrally shifted material. The shoulder at 510 nm also increases upon rehydration,

suggesting that there is a fraction of irreversibly inactivated chromophore that absorbs at this

wavelength only after rehydration. Some of the irreversibly inactivated chromophore may also

have no absorption within the visible region.

In the dehydrated samples, it is observed that the extent of processing correlates with a

loss of optical function in the protein. The relatively rapid casting process at 40 *C tends to

promote a higher fraction of active chromophore compared to other samples by about 10%.

Because the sample cast at 40 *C was never exposed to high vacuum, it is likely that it contains

residual water that enhances the stability of the protein through hydrogen bonding. The room

temperature cast sample has the next highest fraction of active chromophore, followed by the

two solvent annealed samples which show a further decrease in absorbance at 586 nm and an

increase in absorbance at 390 nm. By comparison, a control sample of lyophilized mCherry

retains less than 15% of its optical activity at 586 nm, worse than any of the self-assembled

materials. Upon rehydration, the relative order of peak intensities in the solid state and

rehydrated spectra changes. While all samples show an increase in the absorbance at 586 nm

after rehydration, the sample solvent annealed at 4 *C shows the largest increase, indicating that

it contains the largest fraction of reversibly inactive material.
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Figure 3-6. (a) Solid state UV-vis spectra of mCherry-PNIPAM conjugate normalized by A2 80.

(b) Rehydrated solid state UV-vis spectra of mCherry-PNIPAM conjugate normalized by A280

showing retention of the characteristic absorbance peak shape of mCherry at 586 nm.

(c) Rehydrated solid state circular dichroism spectra of conjugate showing protein fold is not

disturbed by self-assembly.
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Circular dichroism spectra of the rehydrated conjugates show very little change from the

conjugate before self-assembly. This indicates that the majority of the protein retains identical

secondary structure to the native protein, even after having been dehydrated and rehydrated.

Quantitative analysis of the spectra showed that the mCherry alone was composed of 50%

P-sheet, as compared to a theoretically predicted 57% P-sheet content from the crystal structure.

The discrepancy between the measurement and prediction is accounted for by the presence of the

6xHis tag region in the experimental protein but not in the crystal structure. The mCherry-

PNIPAM block copolymer in solution after purification was 43% P-sheet, and the rehydrated

samples contained 41-48% P-sheet, indicating no loss of secondary structure upon PNIPAM

conjugation within the resolution of the measurement. Taken together, the circular dichroism

and UV-vis data illustrate that it is possible to maintain a substantial degree of globular protein

fold and function in a solid state self-assembled block copolymer. Because the fold is

maintained to a much higher degree than the chromophore activity, it is likely that the activity of

the sensitive chromophore is lost during self-assembly without large changes in the protein

structure.

The packing and crystallinity of the mCherry within the block copolymer nanodomains

was investigated using wide-angle X-ray scattering (WAXS), shown in Figure 3-7. The

scattering patterns of self-assembled conjugates contain the same two peaks as a bulk sample

composed of solid mCherry prepared by evaporation from solution. This demonstrates that the

WAXS peaks seen for the block copolymer samples are a result of the mCherry structure and not

affected by the PNIPAM. No peaks are present corresponding to the mCherry crystal structure,

indicating that the mCherry is in an amorphous state. This is consistent with both kinetic

limitations to crystallization during the self-assembly process, which occur on a timescale of
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-2 hours, and with UV-vis results that suggest a portion of the protein may be structurally

perturbed in the solid state and therefore unable to crystallize within the mCherry unit cell.

150
room temperature cast

100

4*C anneal

50 -room temperature anneal

0
5 10 15 20 25

q (nm-)

Figure 3-7. Wide-angle X-ray scattering data of as-cast and solvent annealed mCherry-

PNIPAM block copolymers shows scattering due to the inter-sheet and inter-strand spacing of

P-strands. The spacing of the P-strands of mCherry is not altered in conjugate materials.

WAXS data for the mCherry protein indicate that the material retains a predominantly

P-barrel structure in the solid state. All of the block copolymers contain two peaks, one at

approximately 6.23 nm~1 and the other at 14.32 nm-1 corresponding to 1.0 and 0.45 nm,

respectively, in real space. The larger domain spacing peak is attributed to either inter-sheet

spacing or inter-helix spacing for proteins containing P-sheets or a-helices, respectively.66 The

smaller domain spacing peak arises from inter-strand hydrogen bonding in P-sheet proteins or

backbone hydrogen bonding in a-helices.66 Given that circular dichroism and the known crystal

structure of mCherry suggest a predominantly P-sheet secondary structure, these peaks are

inferred to result from inter-sheet spacing and inter-strand hydrogen bonding between P-strands.
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Because the q values of these peaks do not change between samples, it is concluded that the

inter-sheet and inter-strand spacing is not changed significantly by the processing method used to

induce self-assembly. The block copolymer samples all show similar intensities for both peaks

with the ratio of the 6.23 nm' to the 14.32 nm1 peak equal to approximately 0.98. In contrast,

mCherry shows a higher intensity for the second peak with a ratio of 0.84. An increase in this

66
ratio has previously been correlated with a decrease in P-sheet content, suggesting that the

P-sheet content is slightly lower in the self-assembled block copolymers than in the bulk

mCherry. This result is consistent with the minor decrease in P-sheet content upon

bioconjugation observed by CD.

3.5 Conclusions

Protein-polymer diblock copolymers composed of mCherryS131C and PNIPAM were

synthesized and self-assembled into nanostructured materials, demonstrating an attractive route

towards high density three-dimensional protein nanopatterning with precise control over protein

orientation and placement. Self-assembly was induced by solvent evaporation, and the

selectivity of the solvent during the evaporation process was shown to have a large effect on the

nanostructure formed, resulting in a heterogeneous nanodomain structure for a protein-selective

solvent and a hexagonally perforated lamellar phase for a non-selective solvent. Subsequent

solvent annealing resulted in an evolution toward well-ordered lamellar structures, suggesting

that this lamellar structure may be closer to thermodynamic equilibrium. After annealing at

room temperature, SAXS indicated a domain spacing for the material of 24.0 nm, suggesting that

the mCherry packs in bilayers within the lamellae. The mCherry structure within the lamellar

domains was largely amorphous, with the only observed WAXS peaks assigned to inter-sheet
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and inter-strand spacing of -strands. While circular dichroism indicated no irreversible change

in protein secondary structure after self-assembly, UV-vis spectroscopy showed that one third of

the protein chromophores remained active in the solid state material.
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Chapter 4 Kinetically Controlled Nanostructure Formation in Self-

Assembled Globular Protein-Polymer Diblock

Copolymers

Reproduced with permission from Biomacromolecules, 13 (9), pp 2781-2792. Copyright 2012
American Chemical Society.

4.1 Abstract

Aqueous processing of globular protein-polymer diblock copolymers into solid state

materials and subsequent solvent annealing enables kinetic and thermodynamic control of

nanostructure formation to produce block copolymer morphologies that maintain a high degree

of protein fold and function. With model diblock copolymers composed of mCherry-b-poly(N-

isopropyl acrylamide), orthogonal control over solubility of the protein block through changes in

pH and the polymer block through changes in temperature is demonstrated during casting and

solvent annealing. Hexagonal cylinders, perforated lamellae, lamellae, or hexagonal and

disordered micellar phases are observed depending upon the coil fraction of the block copolymer

and the kinetic pathway used for self-assembly. Good solvents for the polymer block produce

ordered structures reminiscent of coil-coil diblock copolymers, while an unfavorable solvent

results in kinetically trapped micellar structures. Decreasing solvent quality for the protein

improves long-range ordering, suggesting that the strength of protein interactions influences
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nanostructure formation. Subsequent solvent annealing results in evolution of the

nanostructures, with the best ordering and the highest protein function observed when annealing

in a good solvent for both blocks. While protein secondary structure was found to be almost

entirely preserved for all processing pathways, UV-vis spectroscopy of solid state films indicates

that using a good solvent for the protein block enables up to 70% of the protein to be retained in

its functional form.

4.2 Introduction

Proteins are poised to enable large advances in future materials through their

incorporation into a variety of bioelectronic and biocatalytic devices,' pharmaceuticals 2, fuel

cells 3 and photovoltaics. Enzymes contribute many favorable qualities to such materials,

including large activity, high selectivity, and the ability to operate on unusual substrates. The

construction of functional materials often requires large enzyme loading densities, necessitating

the use of three-dimensional patterning or immobilization techniques.5  To date, protein

patterning has been accomplished through a wide variety of methods including layer-by-layer

assemblies,6 monolayer films,7 and the use of lithographic,8 polymer,9 and inorganic 1-"1

templates. Continued challenges with protein denaturation during incorporation, protein stability

within a material, and control over protein nanostructure make the development of new materials

central to the improvement of biocatalytic devices.' 2

Self-assembly provides a single-step approach to protein patterning where the native and

specific interactions present in proteins can be harnessed to build complex structures over large

areas.13 14 Protein-based materials capable of self-assembly may be created through site-specific

bioconjugation to form a protein-polymer diblock copolymer. A variety of bioconjugation
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techniques have been successfully implemented including grafting-from,15-' 6 grafting-to, 16-17

cofactor reconstitution18 -19 and affinity binding20 s2 approaches. To induce self-assembly, a

polymer responsive to temperature, pH or light is often used to produce an amphiphilic block

copolymer upon stimulus exposure.20, 22 These amphiphilic molecules self-assemble into a

variety of solution-state morphologies depending on relative block lengths,2 3 polymer

hydrophobicity, and solution conditions, including pH and ionic strength. Many of these

structures are thought to be kinetically determined due to the variety of observed morphologies.

While bioconjugates with polystyrene form micelles as well as vesicles with a bilayer

configuration,2 conjugates with poly(N-isopropyl acrylamide) (PNIPAM) have been observed to

form micelles and other large aggregates in solution when the temperature is raised above the

lower critical solution temperature (LCST) of the PNIPAM homopolymer, causing the polymer

to collapse.18 , 26-28 Additionally, protein-lipid conjugates have been shown to self-assemble into

lipid membranes,' 9 and blends of proteins and surfactants have been shown to form lipid bilayer-

like structures.2 9

Fewer studies have explored the self-assembly of globular protein-polymer block

copolymer gels or solid state materials. Synthetic block copolymers can be used to template the

self-assembly of the bioconjugate material, which selectively partitions to one domain of the

synthetic block copolymer.30-32 Altematively, protein-polymer diblock copolymers may be

directly nanopattemed in the solid state by employing the amphiphilic nature of the bioconjugate

to induce self-assembly into block copolymer-like nanostructures when solid materials are cast

from aqueous solution.33 This method for patteming protein-based catalysts potentially enables

extremely high densities of functional proteins, control over protein orientation, and engineering

multiphase transport through different block copolymer nanodomains.
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Block copolymer self-assembly directly from solution often results in structures with

little long-range ordering, 34 necessitating an annealing step to obtain high quality patterns.37

Due to the thermal sensitivity of most proteins, solvent annealing is the only general option for

improving order in protein-polymer block copolymers. As the solvent swells the sample, the

block copolymer mobility increases and the solvent compatibilizes the two blocks, resulting in a

decrease in unfavorable interactions. 34-35 In fully synthetic block copolymers, studies show that

the greatest enhancement in ordering occurs during very short annealing times, with the effect of

annealing diminishing with increased time.34 Different evaporation conditions using the same

solvent can also result in different morphologies,3 8 and the use of different solvents can result in

a variety of morphologies due to differences in relative block solubilities.39 Solvent annealing

also provides a potential route toward improving protein activity and stability in biofunctional

systems by utilizing optimal pH, ionic strength, and buffer type.22' 40

Both solution casting and solvent annealing processes used to fabricate solid state

globular protein-polymer diblock copolymer nanostructures inherently involve both

thermodynamic and kinetic effects, making the specific processing pathway used to prepare

materials critical for both nanostructure formation and maintaining protein function. This study

investigates processing pathways used to control nanostructure formation as a function of coil

fraction, demonstrating that kinetic effects largely determine the type of nanostructure formed.

Model material composed of a red fluorescent protein, mCherryS131C, and a thermoresponsive

polymer, PNIPAM forms self-assembled nanostructures through water evaporation from aqueous

conjugate solutions, and these structures are subsequently solvent annealed to alter ordering.

Two orthogonal variables, temperature and pH, are simultaneously used to control the solvent

quality for each block during the casting and annealing processes. Nanostructures from
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conjugates with three different polymer coil fractions are studied to understand the effect of

processing on nanodomain morphology, long-range ordering, protein fold, and protein function.

3.3 Experimental Methods

Synthesis of protein-polymer conjugates. Low polydispersity PNIPAM was synthesized using

radical addition-fragmentation chain transfer (RAFT) polymerization with a protected maleimide

chain transfer agent (CTA) as described previously. 3 The monomer concentration was held

constant at 2.OM and the CTA/azobisisobutyronitrile (AIBN) ratio was held constant at 1:0.5.

The ratio between the NIPAM monomer and the CTA was varied between 300 and 1000, and the

polymerization was performed at 55 *C for 90 to 180 minutes, depending on the desired polymer

molecular weight. After isolation of the polymer by precipitation, the polymer was dried under

vacuum and the end-group of the CTA was deprotected at 120 *C under vacuum for 2 hours.

The polymer molecular weights and polydispersities were determined by gel permeation

chromatography (GPC) using an Agilent 1260 Infinity HPLC with N,N-dimethylformamide

(DMF) as the mobile phase. Both a refractive index detector and a Wyatt Mini-Dawn three-

angle static light scattering detector were employed to enable absolute molecular weight

determination.

Protein expression of the mutant red fluorescent protein, mCherryS131C, was carried out

in Luria Broth and purified following the previously described procedure. 33 Site-specific thiol-

maleimide bioconjugation and purification were performed as previously reported with a 6-fold

molar excess of polymer. Three coil fractions (fpNml = 0.42, 0.53, 0.69; Table 4-1) were

chosen to span a range of molecular designs that would produce different nanostructured

morphologies in a traditional coil-coil block copolymer system. Conjugate purity was assessed
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by denaturing (SDS-PAGE) and native protein gels and matrix-assisted laser desorption

ionization mass spectroscopy (MALDI-MS). The two lower coil fraction conjugates resulted in

higher purities around 98% by mass, while the conjugate with the largest PNIPAM coil fraction

was approximately 93% pure, as estimated from SDS-PAGE. Conjugate yield was determined

spectrophotometrically using the protein absorption at 280 nm (extinction coefficient of 32,550

M-'cm'). The yield of the purified product depended strongly on the molecular weight of the

PNIPAM block, with Mn = 57.3 kg/mol resulting in the lowest yield (16%), while materials with

Mn = 18.8 and 29.0 kg/mol were obtained in yields of 31% and 36%, respectively. The

decreased yield at higher polymer molecular weight is primarily due to the lower yield of the

bioconjugation reaction.

Table 4-1. mCherry-b-PNIPAM block copolymers

PNIPAM Mn PDpNmp, Conjugate Mnblock copolymer (kg/mol) (kg/mol)

mCherry-PNIPAM19 18.8 1.08 46.9 0.42
mCherry-PNIPAM29 29.0 1.10 57.1 0.53
mCherry-PNIPAM57 57.3 1.12 85.4 0.69

Sample preparation. Conjugate solutions, dialyzed into pure water, were concentrated to -70

mg/mL using Millipore Ultra-15 centrifugal filters with a molecular weight cutoff of 3 kDa.

Conjugate behavior was studied in four different solutions. A protein-selective solvent is

achieved using an aqueous solution above the thermal transition of the conjugate materials

(40 *C, pH = 7.5). In contrast, a polymer-selective solvent is realized using a solution near the

isoelectric point (pI) of the protein (25 *C, pH = 5.7). Additionally, a non-selective solvent is

obtained using a room temperature pH = 7.5 solution, and a non-solvent is created with a
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solution at pH = 5.7 and a temperature of 40 *C. Bulk samples of nanostructured conjugate were

created by evaporating the solvent at room temperature or 40 *C. The solvent evaporation rate at

room temperature was controlled using a vacuum controller with a ramp rate of 300 Torr/hour

and a final setpoint of 75 Torr, while evaporation at 40 *C was performed at ambient pressure.

Samples were subsequently solvent vapor annealed at room temperature in either water or a

1 vol% formic acid solution for 8, 24, or 72 hours. The solvent annealing setup consisted of

approximately 1 cm of solvent in the bottom of a sealed glass jar with an inverted beaker on

which the sample was placed, giving a sample to liquid distance of 4 cm. No appreciable loss of

solvent during annealing occurred. After annealing, samples were allowed to dry under ambient

conditions (below the glass transition temperature of the material), kinetically arresting the

process of structure evolution.

Sample characterization. Dynamic light scattering (DLS) experiments were performed on a

DynaPro Nanostar at a scattering angle of 900 with a laser wavelength of 658 nm. UV-vis

spectra were collected using a Cary 50 UV-vis spectrophotometer. A spectrophotometric

measure of protein function is calculated as A586 of the sample relative to A5 86 of the as-

synthesized conjugate, where both values are normalized by A280 to control for variation in

protein concentration. At least three replicates were averaged for each sample to produce the

final data. Circular dichroism (CD) spectra were measured on an Aviv model 202 CD

spectrometer operating at 25 'C and background corrected. Spectra were analyzed for secondary

structure content with CDPro software using the CONTINLL, SELCON3, and CDSSTR

methods. Fourier transform infrared (FTIR) spectroscopy was performed using a Thermo Nexus

870 and analyzed using OMNIC software. Fourier self-deconvolutions (FSD) of the amide I

110



peak were performed using a bandwidth of 30 cm' and an enhancement factor of 2.5 for general

secondary structural identification.

Small-angle neutron scattering (SANS) experiments were performed on the Low-Q

Diffractometer (LQD) end station at Los Alamos Neutron Science Center (LANSCE).

Hydrogenated conjugate samples were dialyzed into 98% deuterated water and loaded into a

quartz cell. Absolute intensities were obtained by correcting for background scattering and open

beam neutron flux. The resulting spectra were fit with either the Beaucage43 model or the

Percus-Yevick" 45 model, depending on the solvent quality for the polymer block. For the

Percus-Yevick model, effects of polydispersity and Gaussian smearing were taken into

consideration. SANS experiments were repeated at both 1 wt% and 3 wt%, producing

quantitatively identical results. Small-angle X-ray scattering (SAXS) and transmission electron

microscopy (TEM) samples approximately 1 mm in thickness were cast on Kapton tape using

1 mm thick anodized aluminum washers as a mould. SAXS experiments were performed on

beamline X9 of the National Synchrotron Light Source (NSLS) at Brookhaven National Lab, and

the data was corrected for empty cell and dark field scattering. The scattering from several

replicates of similar materials was measured to ensure reproducibility of nanostructure

formation, and acquisition times were chosen such that the effect of beam damage on sample

nanostructure was undetectable. Bulk samples were cryo-microtomed using a Leica EM UC6 at

-110 'C to a thickness of 60 nm and stained with ruthenium tetroxide vapors from a 0.5%

aqueous solution for 20 minutes. This treatment preferentially stains the protein domains,

making them appear darker in images. A JEOL 2000FX TEM was used to obtain bright field

images using an accelerating voltage of 120 kV and a LaB6 filament. Images were captured

using an ORCA camera in a fixed bottom mount configuration.
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4.4 Results and Discussion

Characterization of solution nanostructure. The solution-state processing pathway used to

self-assemble solid state nanomaterials has a large impact on the final material structure due to

the potential for nanostructures formed in solution to be kinetically trapped in the final solid state

material. DLS and SANS are used to assess the aggregation state of the globular protein-

polymer block copolymers in solution, providing insight into the initial structure during

processing for different solvent conditions. While DLS provides information about the size of

conjugate aggregates in solution, SANS allows the nanostructure within the aggregates to be

studied. Table 4-2 shows both average particle sizes and measured polydispersities obtained by

DLS as a function of solvent quality and coil fraction. The average hydrodynamic radii

measured in non-selective and polymer-selective solvents increase with increasing PNIPAM coil

fraction and the values are consistent with individual molecules of protein-polymer conjugate.

Based on the protein length of 4.2 nm from the crystal structure4 6 (PDB 2H5Q) and the root-

mean-square end-to-end distance of PNIPAM with a Kuhn segment length of 0.7 nm,47

calculated values of 6.6, 7.7, and 10.0 nm are obtained for the three PNIPAM coil fractions of

0.42, 0.53, and 0.69, respectively. These calculations assume a dumbbell configuration for the

conjugate that is consistent with previous experimental observations on protein-PEG

conjugates.48 As expected, the calculations using an ideal polymer chain model slightly

underestimate the experimental measurement, which is performed in a good solvent for the

polymer.
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Table 4-2. Dynamic light scattering from 1 wt% mCherry-PNIPAM solutions

Temperature Average radius (nm) Average radius (nm) Average radius (nm)
Sample (C) pH fPNiPAM = 0.42 fPNIPAM = 0.53 fPNIPAM = 0.69

(PDI) (PDI) (PDI)

non-selective 25 7.5 7.3 (17%) 8.0 (24%) 11.0 (25%)

protein-selective 40 7.5 > 800 (21%) > 800 (9%) > 800 (27%)

polymer-selective 25 5.75 7.9 (32%) 8.2 (28%) 9.6 (22%)

non-solvent 40 5.75 > 800 (9%) > 800 (64%) > 800 (51%)

SANS experiments, as illustrated in Figure 4-1, show similar results for the non-selective

and polymer-selective solvents, with no signs of aggregation. Curves for samples in a good

solvent for the polymer were fit with a Beaucage43 model that was selected for its ability to fit

the form factor of the protein-polymer conjugate without prior knowledge of the polymer

configuration around the protein. At fPNIPAM = 0.53, fits give an effective radius of gyration (Rg)

for the conjugate of 7.5 L 1.4 and 6.9 ± 1.2 nm for non-selective and polymer-selective solvents,

respectively. For the conjugate with fPNIPAM = 0.69, the Rg increased to 15.0 + 3.8 and 18.0 ± 5.5

nm in the non-selective and polymer-selective solvents, respectively, in agreement with the

hydrodynamic radii obtained by DLS. For the smaller conjugate with a coil fraction of 0.42, the

Rg was measured to be 11.8 ± 2.9 and 10.2 ± 2.8 nm in the non-selective and polymer-selective

solvents, respectively. These molecular sizes are similar within measurement error to the

conjugate with 53% PNIPAM and to the size measured by DLS. The terminal behavior at high q

is characterized by power law exponentials of 1.36 ± 0.01, 1.62 ± 0.02, and 1.41 ± 0.01 for the

three PNIPAM coil fractions in order of increasing coil fraction. As expected, the power law

exponents are only weakly dependent on the solvent quality for the protein block, and they are

intermediate between a Gaussian coil and an ideal rod and close to that expected for a coil in a

good solvent.
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Figure 4-1. Small-angle neutron scattering patterns of a 3 wt% solution of mCherry-PNIPAM29

(fPNIPAM = 0.53). Solid lines show fits to the data. Non-selective (room temperature, neutral pH)

and polymer-selective (room temperature, pH 5.7) solvents contain conjugates in the monomeric

state, while samples in a protein-selective solvent (40 *C, neutral pH) result in aggregation. The

20 mM sodium formate pH = 5.7 and 40 *C water traces have been vertically offset by 10 and

100 cm-1, respectively, for clarity.

In poor solvents for the polymer block, large-scale aggregation occurs, as indicated by an

apparent particle radius in excess of 800 nm by DLS. After several hours, a macrophase

separated precipitate is clearly observable by eye, and SANS patterns show a peak characteristic

of ordering in the aggregated phase. Fitting with a Percus-Yevick model44 -45 for disordered hard

spheres gives hard sphere radii of 14.5 ± 0.2, 17.9 ± 0.2, and 21.2 ± 0.3 nm for increasing

PNIPAM coil fractions. These results are consistent with the formation of collapsed PNIPAM

domains above the thermal transition temperature, followed by phase separation of the

aggregated conjugates to form nanostructured phases. SANS observes the short length scale
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ordering within macrophase separated regions, while DLS predominantly detects the large scale

size of the macrosphase separated aggregates.

Unlike traditional block copolymers where micelles or vesicles are observed in a

selective solvent for either block,49 these globular protein-polymer block copolymers show phase

behavior that is dominated by the behavior of the polymer block. Near the pI of the protein and

below the LCST of the PNIPAM homopolymer where the solvent is selective for the polymer,

the block copolymers remain soluble in their monomeric form. It is important to note that

monomer formation under these conditions may only be observed for proteins with relatively

high solubilities such as mCherry, and that it may not be generalizable to all proteins. At

elevated temperatures, where the solvent is selective for the protein, the block copolymers

macrophase separate from solution regardless of the solvent quality for the protein. This

behavior suggests that the protein block in the corona has insufficient electrostatic and entropic

repulsive interactions to form stable aggregated structures.

Kinetically-determined structure formation. As diblock copolymers are concentrated from

dilute solution to induce self-assembly, the solvent quality has a large effect on the type of

nanostructure formed due to kinetic effects on block copolymer self-assembly, as illustrated by

SAXS in Figure 4-2 and TEM in Figure 4-3. When cast from good solvents for the PNIPAM

block, mCherry-PNIPAM19 (fPNIPAM = 0.42) tends to form a hexagonal cylinder phase. The

SAXS pattern of a sample cast from a non-selective solvent shows broad, overlapping higher

order peaks at 3q* and 2q*, indicating a poorly-ordered hexagonal morphology. A TEM image

of this sample (Figure 4-3c) shows PNIPAM cylinders in an mCherry matrix in both end-on and

edge-on orientations with very small grain sizes. When the material is cast from a polymer-

selective solvent, sharper SAXS peaks are observed at both <3q* and 2q*, indicating an
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improvement in hexagonal order. Microscopy images (Figure 4-3a) further verify the presence

of larger grains of well-formed PNIPAM cylinders in an mCherry matrix. In contrast, samples

prepared from a non-solvent for the polymer block result in a disordered micellar structure. The

primary SAXS peak is broader and only a broad shoulder is observable at higher q, indicating a

greater degree of disorder than for samples cast from a good solvent for the polymer. A

disordered micellar structure is confirmed by TEM, as shown in Figure 4-3f. In many areas of

the disordered micellar sample, the PNIPAM nanodomains encircle or nearly encircle mCherry

nanodomains, which is surprising because PNIPAM is the minority component.
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Figure 4-2. Small-angle X-ray scattering data for mCherry-PNIPAM block copolymers cast

from each of the four solvent types for three different PNIPAM coil fractions: (a) fPNIPAM = 0.42

(b) fPNIPAM = 0.53 (c) fPNIPAM = 0.69. Both the coil fraction and casting condition have a

significant impact on the type of nanostructure formed. The traces have been offset for clarity.
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Figure 4-3. TEM images for as-cast mCherry-PNIPAM block copolymers. (a) Cylinders cast

from a polymer-selective solvent, fPNIPAM = 0.42. The white arrow shows an example of

cylinders parallel to the field of view, and the black arrow points out perpendicular cylinders. (b)

Lamellae cast from a polymer-selective solvent, fPNIPAM = 0.53. (c) Cylinders cast from a non-

selective solvent, fPNIPAM = 0.42. (d) Nanostructure cast from a non-selective solvent, fPNIPAM =

0.53. The white arrow designates a region of perforated lamellae, and the black arrows show

side-on and edge-on cylindrical nanostructures. (e) Disordered lamellae cast from a non-

selective solvent, fPNIPAM = 0.69. (f) Disordered micelles cast from a protein-selective solvent,

fPNIPAM = 0.42. (g) Hexagonally packed micelles cast from a protein-selective solvent, fpNIpAM ~

0.53. (h) Hexagonally packed micelles cast from a protein-selective solvent, fPNIPAM = 0.69.
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At a coil fraction of 0.53, mCherry-PNIPAM29 also shows a strong morphology

dependence on the polymer selectivity of the solvent. In samples cast from a non-selective

solvent, SAXS patterns (Figure 4-2b) show an asymmetric primary peak with a low q shoulder

and multiple overlapping higher order reflections that do not allow clear identification of the

nanodomain structure. The patterns look similar to previously observed scattering patterns from

hexagonally perforated lamellae in these materials; 33 however, the low q shoulder and higher

order peaks are less pronounced. TEM images of the sample cast from a non-selective solvent

(Figure 4-3d) show mCherry structures in a PNIPAM matrix with regions exhibiting both

hexagonal and perforated lamellar structures. In contrast, TEM images of samples cast from a

polymer-selective solvent show a predominately lamellar morphology (Figure 4-3b) with better

ordering than samples cast from a non-selective solvent. However, the X-ray scattering pattern

shows little change as compared with the sample cast from a non-selective solvent. When a non-

solvent for the polymer block is used to prepare materials, mCherry-PNIPAM29 forms micellar

structures composed of discrete mCherry nanodomains surrounded by a continuous PNIPAM

nanodomain similar to mCherry-PNIPAM19. Peaks at 3q* and f7q* in the SAXS patterns

suggest hexagonal ordering of the nanostructures, and TEM images (Figure 4-3g) clearly

illustrate the micellar structure with hexagonal packing.

At the highest studied PNIPAM fraction (fPNIPAM 0.69), mCherry-PNIPAM57 self-

assembles into highly disordered lamellar morphologies when cast from a good solvent for the

polymer, while hexagonal micellar morphologies are formed during casting from a non-solvent

for the polymer. SAXS curves of samples cast from a good solvent for the polymer show broad

primary peaks with relatively low intensities, typical of disordered structures; however, a weak

peak at 2q* is observed indicating some ordering is present. TEM images of a sample cast from
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a non-selective solvent, illustrated in Figure 4-3e, show a relatively disordered morphology with

very short curved lamellar-like domains similar to morphologies observed in coil-coil block

copolymers near the order-disorder transition.5 0 The hexagonal phase formed from poor solvents

for the polymer block is characterized by large polymer domains separated by thin protein-rich

regions (Figure 4-3h). These structures are reminiscent of a kinetically-trapped morphology

formed by the aggregation of solution nanostructures, and SAXS patterns indicate hexagonal

packing of these structures with peaks at <3q* and 7q*.

The combined measurements of structure in solution and in the solid state suggest that

kinetics govern the effect of polymer solvent quality on nanostructure formation according to the

pathways for self-assembly illustrated in Figure 4-4. In a good solvent for the polymer block,

conjugates remain as individual molecules in solution until a comparatively high concentration,

at which point self-assembly occurs from homogenous solution. This self-assembly pathway

results in morphologies that resemble those of traditional block copolymers.51-52 Cylinders,

perforated lamellae, and lamellae are observed in order of increasing coil fraction, although the

specific coil fractions at which these three morphologies are observed are higher than in coil-coil

diblock copolymers. In contrast, a non-solvent for the polymer block causes aggregation even at

low concentrations as the PNIPAM domains collapse, minimizing their interactions with the

solvent. PNIPAM aggregation drives macrophase separation from solution, and further

concentration of conjugate leads to the enrichment of these macrophase separated domains. This

yields nanostructures with hexagonal symmetry due to packing of micellar nanodomains.

Unexpectedly, mCherry cores are observed at low PNIPAM fractions and PNIPAM cores are

observed at high PNIPAM fractions. It is hypothesized that, at low coil fractions, the unstable

mCherry coronas collapse to produce inverted micellar domains, while at higher coil fractions,
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the PNIPAM is kinetically trapped in the micelle core due to the higher penalty for chain

diffusion at high molecular weight.

Non-selective Solvent

Polymer-selective Solvent

Perforated Lamellae

Protein-selective Solvent

1414

Lamellae Aggregated Micelles

Figure 4-4. Schematic depicting two observed pathways towards the self-assembly of protein-

polymer block copolymers. The first occurs in a good solvent for the polymer block and results

in a variety of morphologies depending on the polymer coil fraction. The second is obtained by

using a poor solvent for the polymer block in which micelles are formed and subsequently

aggregate into nanostructures.

Unlike the large effect of polymer solvent quality, protein solvent quality does not

significantly change the kinetic pathway for self-assembly in mCherry-PNIPAM materials.

However, minimizing the electrostatic repulsion between mCherry blocks by tuning the pH to be

near the pI does improve the quality of order observed, and in the case of mCherry-PNIPAM29,

produces a change in the type of nanodomain formed. Although this processing strategy may

result in significantly different results depending on protein solubility and protein-protein
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interactions near the pI, these results suggest that tuning protein interactions is an important

strategy for promoting ordered nanostructure formation. It is hypothesized that polymer solvent

quality has a much larger effect than protein solvent quality in this system because of the very

large change in PNIPAM solubility over the temperature range explored.

In addition to changes in the nanostructure symmetry, the samples cast from poor

solvents for the polymer always produced morphologies with larger domain spacing, and the

magnitude of this effect increases as the coil fraction increases. For a coil fraction of 0.42, the

domain spacing increases from approximately 21.3 nm for materials cast from a good solvent for

the polymer block to 23 nm for materials cast from a non-solvent for the polymer block. At a

coil fraction of 0.53, the domain spacing increases from approximately 28 nm to 34 nm, while

for a coil fraction of 0.69, the increase is from 36 nm to 44 nm for the same solvent conditions.

These observations are consistent with the more strongly-segregated nature of the protein-

selective solvent and non-solvent casting conditions, where unfavorable mixing between

PNIPAM and water induces net repulsive interactions between the PNIPAM and the highly

soluble mCherry. Due to the unfavorable polymer-solvent interactions, the polymer stretches to

minimize interfacial contact and remains kinetically trapped in the strongly-segregated structure

in the final solid state morphology.

Effect of solvent annealing on structure evolution. Solvent annealing was explored to

improve the order of protein-polymer block copolymer nanostructures and to provide insight into

kinetic effects in as-cast samples. Non-selective (room temperature water) and polymer-

selective (1% formic acid) solvents were used for solvent annealing because poor solvents for the

polymer block do not provide the necessary increase in polymer block mobility. Samples cast

from a non-selective solvent were solvent annealed in either a non-selective or a polymer-
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selective solvent, and samples cast from a polymer-selective solvent were annealed in only a

non-selective solvent. These conditions provide at least one processing stage using a non-

selective solvent and are expected to produce structures with the best ordering closest to that of

the equilibrium morphology while simultaneously preserving a large fraction of protein in its

functional form.

Depending on the coil fraction of the mCherry-PNIPAM block copolymer, solvent

annealing in a non-selective solvent may result in improved ordering, a change in nanodomain

structure, or a decrease in ordering due to the interplay between kinetic effects on structure

formation and the thermodynamics of self-assembly. For mCherry-PNIPAM19 (fpNmnm = 0.42),

all solvent annealing conditions lead to improved ordering of hexagonal cylindrical

nanostructures after 8 hours, as evidenced by the decreasing width of the primary peak and more

clearly resolved peaks at ]3q* and 2q* (Figure 4-5ab,c). Samples cast from a polymer-selective

solvent and annealed in a non-selective solvent for 24 to 72 hours show continuous

improvements in order of increasing annealing time, as evidenced by a continuous sharpening of

the primary peak in SAXS and two clearly separate higher order reflections at 72 hours. In

contrast, samples cast from a non-selective solvent and annealed in a non-selective solvent for 24

to 72 hours result in a slight increase in the width of the primary SAXS peak and blurring

together of the two higher order peaks, as compared to the 8 hour anneal. TEM of the sample

annealed for 24 hours (Figure 4-6a) shows well-formed PNIPAM cylinders embedded in a

continuous mCherry matrix with both end-on and side-on grain orientations observed. The

common approach to a hexagonal cylinder phase for all materials annealed in a non-selective

solvent suggests that this phase is thermodynamically favorable for mCherry-PNIPAM19. While

annealing in an acidic solution results in improved ordering up to 8 hours, the 24 and 72 hour
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annealed samples show a rapidly broadening primary peak and the disappearance of higher order

peaks, indicative of an order-disorder transition in the materials. It is hypothesized that an

increasing concentration of acid accumulates in the film during annealing, and the accumulated

positive charge on the protein promotes disordering of the block copolymer.

Annealing mCherry-PNIPAM29 (fpjns = 0.53) in a non-selective solvent results in an

improvement in nanodomain ordering followed by a change in nanodomain structure from

hexagonal or perforated lamellar to lamellar (Figure 4-5d,e,f). Similar structural changes are

observed from samples originally cast from a non-selective or a protein-selective solvent. After

8 hours of annealing in a non-selective solvent, higher order peaks become more distinct,

indicating a higher degree of ordering. The domain spacing does not change appreciably after

this short annealing time. After 24 hours of annealing a sample cast from a polymer-selective

solvent, large perforated lamellar grains with polymer domains clearly perforating protein

domains are observable by TEM (Figure 4-6b). Despite the observation of larger perforated

lamellar grains in TEM at 24 hours, SAXS pattems show growth of the 001 and 002 peaks and

diminishing intensity of the 100 shoulder and 200 reflection, suggesting that a transition to a

lamellar phase has started. Annealing for 72 hours provides sufficient chain mobility for the

nanostructures to rearrange to lamellae (Figure 4-6c), suggesting that the perforated lamellar

morphology is kinetically trapped. When the sample is cast from a non-selective solvent and

annealed for 24 hours in a non-selective solvent, this transition to a more lamellar structure has

already begun, and few indications of perforated lamellar or hexagonal ordering remain (Figure

4-6d). When a sample cast from a non-selective solvent is instead annealed for 24 hours in a

polymer-selective solvent, protein perforations of polymer domains are still observed (Figure 4-

6e). As with mCherry-PNIPAM19, annealing in a polymer-selective solvent shows a rapid
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increase in disorder with increasing annealing time, resulting in loss of order for annealing times

longer than 24 hours. Solvent annealing results in an increase in domain spacing of 10-20% due

to solvent swelling after 72 hours for all three conditions.

In contrast to smaller coil fractions where solvent annealing improves ordering, for

mCherry-PNIPAM57 (fpmpm = 0.69) the degree of ordering decreases slightly with increasing

solvent annealing time, as evidenced by the decreasing intensity of the primary scattering peak.

The relatively high coil fraction is anticipated to decrease the water concentration required to

reach the order-disorder transition, promoting a slight loss of order with increasing swelling.

SAXS (Figure 4-5g,hi) shows that the primary peak intensity decreases, particularly from 24 to

72 hours of annealing for all samples. In addition, the second order peak intensity decreases,

with the most prominent decrease occurring after acidic solvent anneals. For all three annealing

conditions, the domain spacing increases with increasing annealing time from 36 nm to 40-45

nm as the polymer swells with water. A TEM image of this sample cast from a non-selective

solvent and then annealed in the same solvent for 24 hours (Figure 4-6f) shows a highly

disordered lamellae-like nanostructure, similar to that seen in the non-annealed sample. These

results suggest that mCherry-PNIPAM57 is relatively close to the order-disorder transition, and

that added solvent during annealing results in an increase in disorder due to compatibilization of

the two blocks.
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Figure 4-5. Small-angle X-ray scattering data for mCherry-PNIPAM block copolymers showing

the effect of solvent annealing. (a-c) fpNIppm = 0.42 shows improved hexagonal ordering with

annealing. (d-f) fPNIPAM = 0.53 shows enhancement of higher order peaks when annealing for 8

and 24 hours, indicating improved long-range ordering. Longer annealing times diminish the

prominence of the higher order peaks as a result of decreased ordering. A transition in

morphology from perforated lamellae to lamellae is observed with increased annealing time.

(g-i) fPNIPAM = 0.69 shows a slight loss of ordering with increasing annealing time.
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Figure 4-6. TEM images for mCherry-PNIPAM block copolymers that have been solvent

annealed. (a) Hexagonally packed cylinders from a non-selective solvent cast/water anneal for

24 hours, fPNIPAM =0.42. The white arrow indicates a region of edge-on cylinders, and the black

arrow shows end-on cylinders. (b) Perforated lamellae from a polymer-selective solvent

cast/water anneal for 24 hours, fPNIPAM = 0.53. (c) Lamellae from a non-selective cast/water

anneal for 72 hours, fPNIPAM = 0.53. (d) Disordered lamellae from a non-selective solvent

cast/water anneal for 24 hours, fPNIPAM = 0.53. (e) Perforated lamellae from a non-selective

cast/i vol% formic acid anneal for 24 hours, fPNIPAM = 0.53. (f) Disordered lamellae from a non-

selective solvent cast/water anneal for 24 hours, fPNIPAM= 0.69.

The complex effect of solvent annealing on structure formation reflects the interplay of

kinetic and thermodynamic driving forces governing structure formation during solvent

annealing. While the addition of a non-selective solvent increases chain mobility and promotes

relaxation towards an equilibrium morphology, it also changes the thermodynamic equilibrium
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by introducing an additional component into the block copolymer system that swells the

nanodomain structure. In the case of mCherry-PNIPAM19, chain mobility effects dominate, as

evidenced by a very minor change in domain spacing with increasing annealing time, and

enhanced ordering is observed. In the case of mCherry-PNIPAM57, a 30% increase in domain

spacing leads to a decrease in ordering without a change in nanostructure, indicating that

swelling effects dominate. For mCherry-PNIPAM29, both structural rearrangement and changes

in domain spacing are observed. The interplay between structure evolution and increased

swelling with increased annealing time yields a range of optimal annealing times from 8 to 24

hours where enhanced long-range ordering is observed without a large degree of nanodomain

swelling.

In contrast to behavior during annealing with non-selective solvents, annealing with a

dilute acid (polymer-selective solvent) leads to a more rapid loss of order. Unlike pH-controlled

casting solutions where the formic acid molarity is constant, the film is an open system in contact

with a chemical potential bath during solvent annealing. Therefore, significant formic acid is

absorbed into the nanostructures during annealing, as evidenced by a change in the color of the

materials from dark red to gold due to protonation of the mCherry acylimine group.53-54

Protonation of mCherry induces a net positive charge that increases electrostatic repulsions

between molecules and promotes disordering within the nanostructures. This is consistent with

the observation that casting from solutions with a pH near the pI (minimizing electrostatic

interactions) enhances ordering.
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Figure 4-7. Protein optical activity as a function of PNIPAM coil fraction and casting solvent.

Protein function is shown in terms of the absorbance of the fluorescent protein chromophore at

586 nm, relative to the initial solution-state absorbance of the protein-polymer conjugate. Solid

state samples (a) provide a direct measure of function in solid nanostructures, while rehydrated

samples (b) provide a measure of the fraction of protein that remained folded. Room

temperature water is a non-selective solvent, room temperature pH = 5.7 is a polymer-selective

solvent, 40 'C water is a protein-selective solvent, and 40 *C pH = 5.7 is a non-solvent for this

system.

Protein structure and function. Molecular design and the processing conditions used to induce

self-assembly have a large effect on the function of the protein in the solid state. Solid state UV-

vis provides a measure of the protein function in the bulk self-assembled material, allowing its

dependence on casting and annealing conditions to be quantified. In mCherry, the chromophore

is sensitive to the surrounding environment, making UV-vis absorption an excellent indicator for

the maintenance of protein fold and function. Figure 4-7a shows that for all PNIPAM coil
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fractions, casting from a non-selective solvent preserved the highest levels of protein function,

with up to 70% of the original solution-state absorbance preserved. Samples cast from acidic

solutions show a relative decrease in absorbance at 586 nm, which corresponds to the appearance

of a new peak at 440 nm, indicative of a spectral shift due to protonation of the acylimine

chromopohore.5 3-56 Therefore, UV-vis measurements for acid-cast samples underestimate the

fraction of functional protein in the solid state. The amount of functionality preserved also

depends on coil fraction. For samples cast at room temperature, protein function decreases

weakly with increasing coil fraction, while for samples cast from a non-solvent, the chromophore

absorbance peak increases weakly with increasing coil fraction. The variation in protein function

with changing coil fraction may be due to a combination of compositional and morphological

effects which cannot be clearly differentiated due to the relationship between block copolymer

composition and morphology.

Comparison between solid state and rehydrated solution absorption measurements

provides a method to separate functionality losses due to irreversible denaturation from losses

due to spectral shifts caused by association in the solid state or protonation of the mCherry

chromophore by residual acid. For all conditions, the rehydrated absorbance is lower than the

as-synthesized conjugate, indicating an irreversible loss of functionality ranging from 5 to 45%,

as shown in Figure 4-7b. However, the level of retained functionality is higher than in the solid

state, clearly indicating that part of the decrease in absorbance in the solid state is reversible and

not due to protein unfolding or chromophore degradation. Casting from a good solvent for the

polymer block results in higher reconstituted protein function than casting from a poor solvent

for the polymer for all coil fractions. Surprisingly, casting from an acidic solution also led to

much higher activity levels after rehydration than casting from a neutral pH solution. This
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suggests that the decreased functionality observed for acid-cast samples is primarily due to

protonation of the chromophore and that the addition of the small molecule actually has a

functionality-preserving effect. The preserving effect is speculated to be due to hydrogen

bonding with residual formate ions in the film that may stabilize the protein in a manner similar

to that of pharmaceutical additives. 7

Solvent annealing may also have an impact on the function of the protein within

nanostructured materials. Annealing water-cast samples in pure water does not significantly

alter protein function, but for samples which become significantly swollen, like mCherry-

PNIPAM57, the protein chromophore absorbance increases with annealing time by

approximately 20% of the original solution value (Figure B-7). This is consistent with the effect

of protein rehydration to increase absorbance. However, when annealing at an acidic pH, the fast

drop in A58 indicates that chromophore protonation occurs rapidly and is nearly complete within

8 hours. In contrast, annealing with water after casting samples at acidic pH leads to a more

gradual increase in As86 with longer annealing times as residual acid is slowly released from the

film. It is also observed that there is a wide degree of variability between the samples cast from

an acidic solution and annealed in a non-selective solvent. Regardless of the rate of increase in

A586 , the A44o inversely tracks with A586, consistent with variability due to inhomogeneous acid

diffusion out of the film. Measurements on rehydrated protein after solvent annealing indicate

that the annealing time does not greatly affect the fraction of folded protein when annealing in a

non-selective solvent. For those samples annealed in an acidic solution, it is observed that a

short anneal results in a small initial decrease in overall functionality (4-12% of original

absorbance) due to chromophore protonation, after which there is negligible loss of functionality
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with increased annealing time. Regardless of annealing condition, the lowest coil fraction

always retains the highest level of protein function in samples rehydrated after annealing.
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Figure 4-8. Representative solid state FTIR spectra for (a) fPNIPAM =0.42 (b) fPNIPAM =0.53 and

(c) fPNIPAM= 0.69, showing the amide I region with Fourier self-deconvolution (FSD) overlaid.

The amide I peak has greater intensity near 1631 cm' for lower PNIPAM coil fractions, which

indicates a predominately P-sheet structure, while for the highest PNIPAM coil fraction, the peak

intensity shifts to 1649 cm4 , indicating an increase in the amount of random coil content.

The secondary structure of the protein was assessed in both self-assembled

nanostructures and rehydrated conjugates, showing that, despite changes in protein function with

processing, the secondary structure is largely preserved. The FTIR spectra are used to determine

the secondary structure from the amide I region between 1600 and 1700 cm' using a Fourier

self-deconvolution algorithm.41-42, 58-60 As shown in Figures B-8,9, 10, the amide I peak shows no

resolvable change with different processing conditions for a given PNIPAM coil fraction. Figure

4-8 provides representative spectra for each conjugate along with the corresponding

deconvolutions which show that the primary difference among the conjugates is the enhancement

of the deconvoluted peak centered around 1650 cm-' with increasing coil fraction. The five

peaks obtained upon deconvolution were attributed to secondary structures in accordance with
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the literature (Table 4-3).41-42, 58-63 The peak at 1631 cm~1 is the most intense for coil fractions of

0.42 and 0.53, which is consistent with a predominately P-sheet protein. At fPNIPAM= 0.42

approximately 43% of the conjugate was P-sheet structures, while at fPNIPAM =0.53 this value

was 40%. For the conjugate with a coil fraction of 0.69, the amide I peak maximum is shifted to

1649 cm-1, indicative of a larger random coil fraction, and the P-sheet fraction was reduced to

38%. As expected, a decrease in the relative P-sheet content was observed at the larger PNIPAM

coil fractions due to the increasing polymer coil fraction of the material. However, the observed

decrease is smaller than predicted based on the increasing coil fraction alone (see Appendix B),

which suggests that conjugates with a higher polymer coil fraction have a slightly higher P-sheet

content in the protein. Circular dichroism (CD) measurements on rehydrated conjugate confirm

the preservation of secondary structure after self-assembly. The spectra for each rehydrated

conjugate are indistinguishable from the as-synthesized conjugate, showing predominantly p-

sheet structure with the same P-sheet content as the corresponding as-synthesized conjugate

(Tables B-5,6,7).

Table 4-3. FTIR peak identification according to literature

wavenumber range (cm-) peak assignment

1612-1640 beta-sheet (strong)
1640-1657 random coils
1650-1660 alpha helix
1661-1680 beta turns, loops
1681-1695 beta-sheet (weak)

While protein secondary structure retention is required to maintain high levels of protein

functionality, changes in tertiary structure also contribute to overall protein function. Even
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though secondary structure remained largely unaltered, displaying a high fraction of P-sheet

content as expected from the mCherry crystal structure,4 the chromophore absorbance of

mCherry was found to be dependent on charge state and slightly dependent on processing time

and bioconjugate coil fraction. This suggests that the tertiary structure of some fraction of the

protein is disrupted during self-assembly, resulting in an irreversible loss of function ranging

from 5 to 45% of the total protein. However, several processing conditions are identified that

appear to maintain 80-95% of the protein in its folded form.

4.5 Conclusions

Model globular protein-polymer block copolymers composed of an mCherry protein

block and a PNIPAM polymer block are shown to self-assemble into cylinders, perforated

lamellae, lamellae, or hexagonal and disordered micellar phases, depending on both the polymer

coil fraction and the solvent quality for each block. Temperature modulation during self-

assembly alters the solvent quality and consequently the morphology; a good solvent for the

polymer produces nanostructures reminiscent of coil-coil block copolymers. When a poor

solvent for the polymer block is used, aggregates that form in solution are kinetically trapped in

the solid state to form disordered micellar structures. Tuning protein interactions also affects

nanostructure formation, as samples cast from solutions near the isoelectric point of the protein

where repulsive interactions between proteins are minimized produce nanostructures with

improved ordering. At the smallest polymer coil fraction studied (ffpNuAm = 0.42), a hexagonal

morphology is strongly preferred. However, at the largest coil fraction (fpNA = 0.69),

disordered lamellae are observed which may indicate that these samples are near an order-

disorder transition. Bioconjugates with an intermediate coil fraction (fpNmAm = 0.53) result in
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several morphologies including perforated lamellae and lamellae depending on the processing

history, demonstrating the importance of kinetic effects on structure control. Solvent annealing

materials with fpMmAm = 0.53 results in a trend toward lamellar nanostructure under many

conditions. As the coil fraction in the block copolymer is increased, solvent annealing for 8-24

hours in a non-selective solvent is shown to enhance the quality of nanostructures

(fpMmA = 0.42), change the morphology (fpNPT = 0.53), or simply swell existing nanodomains

(fpm4A = 0.69).

Depending upon the block copolymer coil fraction and processing technique used to

induce self-assembly, a large fraction of the protein function could be preserved in the solid

state. Using a neutral pH solution, up to 70% of the initial protein function is maintained when

in a solid film with the highest retention observed at the lowest coil fraction. In contrast, using

an acidic solution results in a spectral shift due to chromophore protonation that is reversed upon

rehydration to recover up to 95% of the original protein function. Despite variations in protein

function, the secondary structure remains intact regardless of the processing conditions used in

this study. Overall, these results indicate that a large majority of the protein tertiary structure can

be preserved in self-assembled materials.
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Chapter 5 The Effect of Small Molecule Osmolytes on the Self-

Assembly and Functionality of Globular Protein-Polymer

Diblock Copolymers

Reproduced with permission from Biomacromolecules, 14 (9) pp 3064-3072. Copyright 2013
American Chemical Society.
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5.1 Abstract

Blending the small molecule osmolytes glycerol and trehalose with the model globular

protein-polymer block copolymer mCherry-b-poly(N-isopropyl acrylamide) (mCherry-b-

PNIPAM) is demonstrated to improve protein functionality in self-assembled nanostructures.

The incorporation of either additive into block copolymers results in functionality retention in

the solid state of 80% and 100% for PNIPAM volume fractions of 40 and 55%, respectively.

This represents a large improvement over the 50-60% functionality observed in the absence of

any additive, Furthermore, glycerol decreases the thermal stability of block copolymer films by

15-20 'C, while trehalose results in an improvement in the thermal stability by 15-20 'C. These

results suggest that hydrogen bond replacement is responsible for the retention of protein

function, but suppression or enhancement of thermal motion based on the glass transition of the

osmolyte primarily determines thermal stability. While both osmolytes are observed to have a
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disordering effect on the nanostructure morphology with increasing concentration, this effect is

less pronounced in materials with a larger polymer volume fraction. Glycerol preferentially

localizes in the protein domains and swells the nanostructures, inducing disordering or a change

in morphology depending on the PNIPAM coil fraction. In contrast, trehalose is observed to

macrophase separate from the block copolymer, which results in nanodomains becoming more

disordered without changing significantly in size.

5.2 Introduction

The wide range of functions exhibited by enzymes and other globular proteins makes

them attractive for incorporation into a variety of bioelectronic and biocatalytic devices. 1-3 In

order to optimize the performance of these materials, it is often desirable to control protein

orientation and provide nanostructured transport pathways for substrates and products in a

material that contains a very high density of active protein sites.4 To date, many approaches for

nanopatterning proteins have been developed: covalent immobilization,' 5 physical adsorption

on surfaces,6-7 and the use of nanostructured templates8-" to control protein packing. Self-

assembly provides an alternate, bottom-up approach toward directly nanopatterning proteins.

Through a single site-specific bioconjugation, a protein-polymer diblock copolymer is created

which has been shown to self-assemble in a manner analogous to coil-coil block copolymers into

solid state nanostructures, 1- structured gels,' 5 or micellar aggregates. 16- A variety of

synthetic approaches have been demonstrated in the literature to create these types of

macromolecules including grafting to, grafting from and grafting through approaches all utilizing

a wide range of controlled polymerization techniques to ensure materials remain

monodisperse. 9 -25 Additionally, it has been demonstrated that bioconjugates can be constructed

139



through non-covalent interactions including avidin-biotin and carbohydrate-protein specific

interactions."-' Many studies have investigated the self-assembly behavior of these

bioconjugate materials in solution where the formation of a variety of aggregate structures

including spherical and elongated micelles, toroids and vesicles have been demonstrated. 16-18,26

Studies of the behavior of protein-polymer ionic complexes with multiple polymers associated

with each protein molecule have also found that proteins are able to retain significant

functionality in a solvent-free environment. However, maintaining high levels of enzyme

activity after protein immobilization remains an ongoing challenge.28 Obstruction of the active

site and protein unfolding, especially at interfaces, are major contributors to the dramatic

decrease in enzyme activity often observed when comparing immobilized activity levels to those

measured in solution.29 In addition, increased thermal stability and extended protein lifetimes

are often required for the fabrication of industrially relevant materials.

A number of different methods for protein stabilization have been developed based upon

modifications to the protein or the surrounding environment. 30 31 Site-directed mutagenesis is

used to improve the intrinsic stability of the protein to thermal or chemical stressors.

Chemical modification of the protein with poly(ethylene glycol) (PEG) molecules or other

polymers2 8 , 33 can also increase the stability of proteins, in part by encapsulating the protein to

form a protective shell in solution.3 4  Encapsulation in silk fibroin,3 5 sol-geIs 36-37 or

polyurethanes38 has been demonstrated as an effective technique to improve the chemical and

thermal stability as well as extend the lifetime of enzymes in non-ideal environments. The

creation of a rigid, crosslinked network surrounding proteins has also been shown to improve

stability and reduce unwanted leakage of proteins from the material; however, this is often

accompanied by a loss in total protein activity.2 8
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Another technique employed to increase the fraction of active protein is the use of

additives or preservatives. These types of materials have most notably been shown to

dramatically improve enzyme activity after lyophilization, 39 and are broadly grouped into the

following categones:30, 3, 40-41 osmolytes (including sugars), polymers,3 1 chelating agents,42

salts, 4 3 and surfactants. Trehalose is one of the most popular osmolytes in part due to its

thermophysical properties, including a relatively high glass transition temperature and low

reactivity.39 44 4 5 The early work of Crowe and coworkers demonstrated the exceptional ability

of trehalose to act as a lyoprotectant to stabilize lipid membranes against aggregation and the

loss of their contents upon rehydration.4 Studies examining the ability of sugars to improve the

thermal stability of proteins such as bovine serum albumin,47 trypsin,48 RNase A, and firefly

luciferase 9 have demonstrated the superior performance of trehalose as compared with other

osmolytes. Glycerol, another osmolyte commonly employed to improve protein stability, has

been shown to maintain and promote protein hydration in solution50 and can act as an

antiplasticizer in conjunction with trehalose.51 The mechanism by which these additives enhance

stability in a dehydrated environment is still uncertain; however, several theories have been

proposed. 39, 45, 48 The two primary theories are that the additive molecule replaces hydrogen

bonds which would normally be fulfilled by water, or that the additive creates a glassy matrix

which restricts protein movement. More recent work suggests protein stability may be related to

P-relaxation of the sugar matrix encapsulating the protein.52

In addition to improving the activity and stability of proteins, small molecule additives

are expected to alter the self-assembly behavior of protein-polymer block copolymers. For

example, the addition of homopolymers to block copolymer nanostructures can be used to swell

the characteristic domain spacing of coil-coil block copolymers as well as facilitate the
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fabrication of complex geometries using chemoepitaxial templates. A number of studies

have investigated the addition of small molecules which interact selectively with one of the

blocks, oftentimes through hydrogen bonds, and their effects on the supramolecular assembly of

block copolymers.55-56 Depending on the relative loading and segregation of the small molecule

within the block copolymer, several previously unobserved morphologies have been identified,

such as lamellae-within-lamellae nanostructures.55' 5 The addition of solvent molecules also

results in a rich and varied phase behavior that depends on solvent selectivity for each block,

temperature, and polymer concentration. 8 -2 For example, preferential solvation has been

observed to increase the effective volume fraction of one block which can induce a change in

morphology from cylinders to lamellae to reverse cylinders with increasing solvent content.60 -2

In this study, the addition of osmolytic additives to protein-polymer block copolymer

nanostructures is demonstrated as a promising route to increase the stability and activity of

proteins in nanomaterials. Trehalose and glycerol are used to improve protein performance in

bulk self-assembled protein-polymer block copolymers in a model material composed of a red

fluorescent protein, mCherry, and poly(N-isopropyl acrylamide) (PNIPAM). Although

temperature dependent self-assembly is not considered in this study, the thermoresponsive

behavior of PNIPAM in water allows for easy, cost-effective purification of bioconjugate

material. Nanostructures are self-assembled with each additive through solvent evaporation, and

the retention of functionality and thermal stability of the proteins in the dehydrated state is

assessed as a function of additive loading. The effect of these additives on self-assembly

behavior and morphology is then investigated, demonstrating a region of additive loadings where

both nanostructured morphologies and quantitative retention of protein function can be achieved.
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5.3 Experimental Methods

Low polydispersity PNIPAM was synthesized using radical addition-fragmentation chain

transfer (RAFT) polymerization with a protected maleimide chain transfer agent (CTA) as

described previously.' 3 Polymer molecular weights and polydispersities were determined by gel

permeation chromatography (GPC) using an Agilent 1260 Infinity HPLC with N,N-

dimethylformamide (DMF) as the mobile phase. Both a refractive index detector and a Wyatt

Mini-Dawn 3-angle static light scattering detector were employed to enable absolute molecular

weight determination. Protein expression, purification, and bioconjugation were also performed

as previously described.' 3 The materials used in this study are shown in Table 5-1.

Table 5-1. mCherry-b-PNIPAM block copolymers

PNIPAM Mn Conjugate Mn Final purity*Block copolymer (kg/mol) PDIMa (kg/mol) fNI (%)

mCherry-PNIPAM14 14.4 1.18 42.5 0.40 100

mCherry-PNIPAM26 26.4 1.07 54.5 0.55 97

*As determined by native protein gel electrophoresis

Sample preparation. Conjugate solutions, dialyzed into pure water, were concentrated to -100

mg/mL using Millipore Ultra-15 centrifugal filters with a molar mass cutoff of 10 kDa. Glycerol

or trehalose was then added to these solutions such that it would make up 5 to 50% of the total

dry mass. Water evaporation was performed at room temperature, and the solvent evaporation

rate was controlled using a vacuum controller. To prepare samples for absorption spectroscopy

and optical microscopy, a ramp rate of 300 Torr/hr with a final setpoint of 50 Torr was used to

obtain reproducible films. For the preparation of small-angle X-ray scattering (SAXS) samples,
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a ramp rate of 50 Torr/hr with a setpoint of 300 Torr was used initially to remove water slowly to

minimize kinetic effects. This was directly followed by exposure to full vacuum overnight to

complete the drying process.

Sample characterization. UV-vis spectra were collected using a Cary 50 UV-vis

spectrophotometer. A spectrophotometric measure of protein function is calculated as A586 of

the sample relative to A586 of the as-synthesized conjugate, where both values are normalized by

A280 to control for variations in protein concentration. At least 3 replicates were averaged for

each sample. At the highest trehalose loading levels in this study, there is greater variation

among sample replicates due to challenges in producing smooth films for spectroscopic analysis.

Thermal stability measurements were conducted by measuring A586 as a function of temperature

between 25 and 100 *C using a Peltier heater under a blanket of dry nitrogen with a temperature

ramp rate of 1 *C/minute. A ramp rate of 3 *C/minute was also tested for a smaller subset of

samples; both ramp rates gave identical results, confirming the absence of kinetic effects. The

temperature at which the sample lost half of its initial absorption at 586 nm was taken as the

63-64apparent melting temperature. Three replicates were averaged to produce the final results.

Optical microscopy was performed on a Zeiss AxioSkop 2 MAT microscope.

SAXS and transmission electron microscopy (TEM) samples approximately 1 mm in

thickness were cast on Kapton tape using 1 mm thick anodized aluminum washers as a mould.

SAXS experiments were performed on beamlines X27C and X9 of the National Synchrotron

Light Source (NSLS) at Brookhaven National Lab and beamline 12-ID-B of the Advanced

Photon Source (APS) at Argonne National Lab. The data were corrected for empty cell and dark

field scattering. Acquisition times were chosen such that the effect of beam damage on sample

nanostructure was undetectable. Bulk samples containing no additives were cryo-microtomed to
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a thickness of 60 nm using a Leica EM UC6 cryoultramicrotome operating at -110 *C and

stained with ruthenium tetroxide vapors from a 0.5% aqueous solution for 20 minutes. Samples

containing 20% trehalose were also microtomed at -110 *C, while samples containing 20%

glycerol were microtomed at -80 *C. The same staining treatment was applied to all samples and

acts on alcohol, amine and aromatic functional groups,65 so regions containing protein and/or

additive will appear darker in images. A JEOL 2011 transmission electron microscope was used

to obtain bright field images using an accelerating voltage of 120 kV and a LaB6 filament.

Images were captured using a digital camera in a fixed bottom mount configuration.

5.4 Results and Discussion

Protein function. The presence of osmolytic additives within globular protein-polymer block

copolymer nanostructures significantly increases the fraction of functional protein within the

materials. Absorption is used to measure chromophore functionality of the fluorescent protein

mCherry because it acts as an excellent indicator of proper protein fold and structure due to the

high sensitivity of the chromophore to its local environment. When no additives are present, the

films retain 49% and 63% of the original solution chromophore absorption for fpNPm = 0.40 and

0.55, respectively. This is already a significant improvement over simple lyophilization of

mCherry, which results in the loss of more than 80% of the chromophore.12 By combining this

data with the results from a previous study13 (Figure C-3), it is evident that there exists a range of

PNIPAM coil fractions between fpN~m = 0.40 and 0.55 for which optimal protein functionality

retention is observed due to the effect of the polymer alone.

The incorporation of glycerol or trehalose into the films significantly increases the

fraction of protein retained in its functional form. Neither osmolyte alters the absorption
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spectrum of the mCherry (Figure 5-1), which is nearly identical in shape to that of both films

without additives and the as-synthesized conjugate. However, both osmolytes significantly

increase the chromophore absorption peak at 586 nm. The darkest shaded bars in Figure 5-2

show the fraction of protein functionality retained after casting into the solid state. At

fPNMAM= 0.40, an increase in functionality is seen with glycerol levels between 0 and 10 wt%

(Figures 5-2a and C-4a). After reaching approximately 80% functionality retention with 10 wt%

glycerol in the films, additional glycerol up to 50 wt/o does not have a significant effect on

protein function, which reaches a plateau between 80 and 85%. While the majority of the

improvement due to glycerol is observed at relatively low concentration, trehalose shows more

gradual improvement with increasing mass fraction to the same final plateau level as glycerol.

For fpmpA = 0.40, an increase in functionality retention is observed with increasing trehalose

content up to approximately 30 wt% (Figures 5-2b and C-4a), where a plateau around 80%

functionality retained is reached. For both glycerol and trehalose, the block copolymer with the

higher polymer coil fraction retains the most functionality in the solid state as osmolyte is

introduced. At fpm~A = 0.55 with glycerol additive, a plateau is reached at nearly 100%

retention of function after the addition of 10 wt% glycerol (Figures 5-2c and C-4c). With

trehalose additive, an increase in functionality with increasing trehalose concentration is

observed (Figures 5-2d and C-4c) until 100% of the protein functionality is preserved at a

loading of 20 wt%.

A fraction of the protein's lost function is recovered upon rehydration, indicating that loss

of protein chromophore absorbance for low additive loadings can be attributed partially to

irreversible loss due to changes in protein secondary and tertiary structure and partially to

reversible loss due to spectrally shifted chromophores or reversible changes in protein
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structure. 12, Measurements of A586 for the rehydrated conjugates (Figure 5-2 and C-4b,d) show

that in the absence of osmolyte a significant fraction of the absorbance is recovered upon

rehydration. Samples without osmolytes were able to recover an additional 20% and 24% of the

as-synthesized protein functionality at fPNIPAM = 0.40 and 0.55, respectively. The remaining 31

and 13% of the as-synthesized protein functionality is lost irreversibly upon dehydration.

Although the material with a higher polymer coil fraction shows a greater improvement upon

rehydration relative to the as-synthesized material, in both cases the improvement observed upon

rehydration was equal to 50% of the protein functionality retained in the solid state.

1.2
Solution state

a 1.0 -- As synthesized
o :Solid state
C - 5 wt/o glycerol0.8 - 5 wt/o trehalose
0

-- No osmolytes
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0.4
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0.0 4- l l i l .
350 400 450 500 550 600 650
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Figure 5-1. Absorption spectra of mCherry-PNIPAM26 both in solution and in the solid state

demonstrate that glycerol and trehalose do not affect the characteristic shape of the mCherry

absorption peak and that they improve the fraction of protein function retained in the solid state.

All spectra have been normalized by total protein content using A280.
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Figure 5-2. Retained protein functionality as a function of additive loading for fpPAM = 0.40

with (a) glycerol or (b) trehalose and fPNIPAM = 0.55 with (c) glycerol or (d) trehalose.

Measurements of normalized UV-vis absorption peaks at 586 nm in the solid state (darkest

shade) provide a direct measure of protein function in solid nanostructures. The difference in the

peak absorbance at 586 nm between the rehydrated samples (medium shade) and solid state

samples represents the portion of functional material which is reversibly lost upon dehydration.

The remaining difference between the peak absorbance in the as-synthesized block copolymer

(lightest shade) and the rehydrated samples corresponds to chromophore function which has been

irreversibly lost during the self-assembly process. Error bars represent 95% confidence intervals.
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After rehydration, there is no resolvable difference in functionality among samples

containing either trehalose or glycerol. At fpNTA = 0.55, there is only a minor increase in the

rehydrated protein functionality with the incorporation of osmolytes at any level. However, at

fPN~m = 0.40, there is an increase of approximately 8-18% for osmolyte levels of 5 wt%, after

which only a small increase is observed with increasing additive levels. For both fpNTA = 0.40

and fpMpA = 0.55, the plateau level reached in the rehydrated state is the same as that reached in

the solid state, indicating that higher osmolyte levels completely eliminate the reversible loss of

chromophore function in the solid state. In the case of fppem = 0.40, the irreversible

functionality loss is reduced but not eliminated by the osmolytes, while for fpNmm: = 0.55, the

irreversible loss is completely removed.

Both trehalose and glycerol performed similarly with respect to protein functionality over

the range of concentrations examined in this study, which suggests that they function through

similar mechanisms. The low glass transition temperature of glycerol implies that the formation

of a glassy matrix is not responsible for the preservation of functionality. Additionally, the

additive levels in this study are not sufficient to form a complete encapsulating matrix around the

proteins; experiments examining the stability of lyophilized proteins typically find that upwards

of 70 wt% of an additive such as trehalose is needed to preserve more than half of the initial

protein activity.48  Combined with the fact that both additives have an effect similar to simple

hydration with water in terms of eliminating the reversible loss of function when added at high

concentration, this data suggests that hydrogen bond replacement by the osmolytes is most likely

responsible for the observed improvement in functionality retention.

Protein thermostability. The ideal osmolyte would not only improve protein functionality, but

also improve protein stability in the solid state. While many proteins operate best in natural
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systems within a narrow physiological temperature range, practical devices often benefit from a

wider window of operating conditions. To explore the effects of glycerol and trehalose on

thermostability, temperature ramp assays for solid state materials with various levels of

osmolytes are shown in Figure 5-3. When no osmolytes are present in the films, the apparent

melting temperature of mCherry is 56 *C regardless of PNIPAM coil fraction. For the two

different coil fractions studied, this indicates that although the polymer volume fraction has a

large impact on protein functionality, it does not impact thermostability. The addition of 20 wt%

glycerol drops the apparent melting temperature to around 40 'C, and a further increase in

glycerol loading to 40 wt% results in only a small additional effect. In contrast to glycerol,

trehalose incorporation results in an increase in the transition temperature to 70-75 'C. Similar

increases in thermostability at both 20 wt% and 40 wt% trehalose indicate that above some

moderate level of trehalose, additional amounts have a small impact on further improving the

thermostability of protein in films.

The effect of the additives on improving thermostability is correlated to the glass

transition of the additive molecules. Because glycerol is a fluid at the temperatures used in this

study, it has a plasticizing effect on the protein and polymer, increasing molecular mobility that

facilitates thermal denaturation. The enhanced thermostability of materials containing trehalose

may be attributed to the relatively high glass transition temperature of trehalose (115 *C).44 This

reduces the molecular mobility of the protein, delaying protein unfolding to higher temperatures.
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Figure 5-3. (a) Representative peak absorbance (A586) curves during temperature ramping

showing the different characteristic shapes obtained with glycerol and trehalose as additives.

(b) The temperature at which half of the absorbance at 586 nm is lost is shown as a function of

osmolyte level for fPNIPAM = 0.40 and fPNIPAM = 0.55. Trehalose is shown to increase

thermostability, while glycerol decreases thermostability.

Effect of osmolytes on self-assembly. In addition to the effects on protein functionality and

stability, increasing glycerol or trehalose content within self-assembled mCherry-PNIPAM block

copolymers leads to changes in the nanostructured morphology and nanodomain size as observed

by both SAXS and TEM. In the absence of any additives, mCherry-PNIPAM14 self-assembles

into a cylindrical nanostructure morphology (Figure 5-4) with a domain spacing of 17.7 nm.

Weak higher order peaks at /3q* and 2q* suggest the formation of cylinders with poor long-

range ordering. TEM confirms the cylindrical morphology, showing regions of both end-on and

edge-on cylinders of polymer in a protein matrix (Figure 5-5a). mCherry-PNIPAM26 forms
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hexagonally packed cylindrical nanodomains as well with a characteristic domain spacing of

23.1 nm. Although the higher order peaks expected at \3q* and 2q* are broad and overlapping,

TEM imaging clearly shows a cylindrical morphology for this block copolymer (Figure 5-5d).
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Figure 5-4. Small-angle X-ray scattering data for mCherry-PNIPAM block copolymers showing

the effects of increasing levels of osmolyte on nanostructure for fPNIPAM = 0.40 with (a) glycerol

or (b) trehalose and fPNIPAM = 0.55 with (c) glycerol or (d) trehalose. Traces have been offset for

clarity.
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Figure 5-5. TEM images for as-cast mCherry-PNIPAM block copolymers. (a) Cylinders from

neat block copolymer at fPNIPAM = 0.40 oriented both perpendicular (black arrow) and parallel

(white arrow) to the field of view. (b) fPNIPAM = 0.40 with 20 wt% glycerol. (c) fPNIPAM =0.40

with 20 wt% trehalose. (d) Cylinders from neat block copolymer at fPNIPAM = 0.55 oriented both

perpendicular (black arrow) and parallel (white arrow) to the field of view. (e) fPNIPAM = 0.55

with 20 wt% glycerol. (f) fPNIPAM = 0.55 with 20 wt% trehalose.

With the addition of small amounts of glycerol, changes in the nanostructure morphology

begin to appear. At fPNIPAM = 0.40, the addition of 5 wt% glycerol produces a scattering pattern

in which the higher q region still does not allow distinction between different morphologies.

With 20 wt% glycerol, the primary peak broadens and the higher order peak also broadens but

increases in intensity. The structure observed by TEM no longer shows signs of hexagonal

packing and appears much more disordered than the neat block copolymer (Figure 5-5b). At
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30 wt% glycerol, the second peak becomes less intense and small oscillations appear at higher q.

Further increases in concentration result in a loss of higher order peak intensity, suggesting

disordering of the block copolymer nanostructure with increasing glycerol concentration.

Optical microscopy experiments reveal that glycerol does not macrophase separate from the

mCherry-PNIPAM block copolymer, even at loadings up to 50 wt% (Figure C-6). Blending

experiments on each individual block show that up to 40 wt% glycerol does not macrophase

separate from mCherry, but that glycerol does macrophase separate from PNIPAM by 20 wt%

loading (Figure C-7). This suggests that glycerol can be treated as a solvent that is somewhat

selective for mCherry domains in this system. Therefore, at higher loadings the glycerol will

preferentially segregate into the mCherry domains, resulting in swelling of these domains and the

observed structural disordering at 30 wt% glycerol and above.

At fPNIPAM = 0.55, better ordering is maintained with the addition of glycerol. The

addition of up to 20 wt% glycerol results in swelling of the nanodomains without significant

changes in the broad and overlapping higher order peaks. TEM of these structures at 20 wt%

glycerol shows that the cylinder phase is more disordered and that the grain size is smaller

(Figure 5-5e); however, the structure does not appear as disordered as in similar samples at

fPNIPAM = 0.40. At 30 and 40 wt% the scattering peaks narrow, creating a slight splitting between

the \3q* and 2q* peaks in the higher order region. Finally, by 50 wt% glycerol, higher order

peaks are observed at 2q* and 3q*, suggesting a transition to a lamellar phase.
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Figure 5-6. Characteristic domain spacing of nanostructures as determined by SAXS at

fPNIPAM = 0.40 and fPNIPAM = 0.55 as a function of osmolyte loading level.

The addition of glycerol to mCherry-PNIPAM generally increases the characteristic

domain spacing of the block copolymer. At fPNIPAM = 0.40, the addition of 5 wt% glycerol

results in a small increase in domain spacing to 19.7 nm (Figure 5-6). Between 5 and 30 wt%

glycerol, the changes in the nanostructure symmetry are accompanied by a small decrease in

domain spacing, and above 30 wt% glycerol, the domain spacing begins to increase as the block

copolymer becomes more disordered. At fPNIPAM = 0.55, between 5 and 30 wt% glycerol a large

steady increase in domain spacing from 23.1 nm up to 31.7 nm is observed. However, between

30 and 50 wt% glycerol where the change in nanodomain structure is observed by SAXS, the

domain spacing remains relatively constant. Several studies have found that the domain spacing

increases with increasing solvent content when using a sufficiently selective solvent.58 ,60-61 This

increase has been attributed to a decrease in the interfacial width between the domains in order to
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minimize unfavorable interactions of one block with the solvent which leads to increased chain

stretching normal to the interface for lamellar systems. While the general trend of increasing

domain spacing with increasing glycerol content is consistent with these previous studies of

traditional block copolymers, the rate at which the domain spacing increases does not follow

expected scaling laws, suggesting that additional effects associated with the protein domain are

important for phase behavior in this system.

The addition of trehalose to the conjugate with fPNIPAM - 0.40 results in similar structural

evolution as observed with increasing glycerol content. Between 5 and 30 wt% trehalose, SAXS

patterns show a change in higher order peak shape and intensity, indicative of a gradual shift in

morphology. At a 20 wt% trehalose loading, TEM images show a disordered structure similar to

that observed in samples containing glycerol (Figure 5-5c). Optical microscopy experiments

show that trehalose does not macrophase separate from the block copolymer at 20 wt% loading;

however macrophase separation is observed by 40 wt% loading. Blend experiments show that

trehalose macrophase separates from mCherry at 6 wt% and from PNIPAM at 4wt% loading.

Importantly, wide-angle X-ray scattering experiments indicate that trehalose does not crystallize

within the nanodomains or macrophase separated regions (Figure C-8). As the trehalose begins

to macrophase separate from the block copolymer between 20 and 30 wt% trehalose, the higher

order SAXS peaks experience a more dramatic decrease in intensity while the primary peak

shows little change in intensity or width, suggesting poorer long-range ordering with the

increasing trehalose content. The trend towards the disappearance of the higher order peaks

continues up to 50 wt% trehalose.

Block copolymers with a polymer volume fraction of fPNIPAM = 0.55 produce better

ordered structures than those at fPNIPAM = 0.40 upon the addition of trehalose. Samples
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containing up to 10 wt% trehalose produce very similar SAXS patterns as samples without any

additives. At a 20 wt% loading, an increase in intensity along with a change in peak symmetry

of the higher order peak is observed, suggesting a transition in the nanostructure morphology.

TEM shows a lack of hexagonal ordering and a more disordered structure than the neat block

copolymer; however, the imaging contrast is much lower as well (Figure 5-5f).

The addition of trehalose to mCherry-PNIPAM block copolymers does not significantly

increase the domain spacing of the block copolymer, likely because trehalose does not strongly

prefer to localize within one domain of the block copolymer. At fpNm&J = 0.40 and low

trehalose concentrations, a small decrease in domain spacing is observed, but as the trehalose

loading increases and the block copolymer disorders the domain spacing increases slightly. In

the case of fpapm = 0.55, added trehalose increases the domain spacing to approximately 25 nm

for all loading levels examined. The smaller domains observed when using trehalose as

compared with glycerol suggest more compact packing of chains within the nanodomains which

is likely the result of macrophase separation of trehalose from the block copolymer.

5.5 Conclusions

mCherry-PNIPAM block copolymers with two different coil fractions were self-

assembled in blends with glycerol or trehalose to enhance protein functionality in the solid state.

The osmolytes improved functionality to a maximum of 100% and 80% of protein levels in

solution for PNIPAM coil fractions fpMTA = 0.55 and 0.40, respectively. Glycerol reached this

maximum level at lower osmolyte fractions than trehalose, and the similar performance of both

additives suggests that the mechanism by which they improve protein functionality is the

replacement of hydrogen bonds lost during water evaporation. Although both osmolytes
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produced similar results with respect to functionality retention, glycerol resulted in a 15-20 *C

decrease in thermal stability while trehalose was able to increase the thermal stability of the

protein by roughly the same amount. The high glass transition temperature of trehalose is able to

suppress thermal motions in the protein, while the plasticizing effect of glycerol promotes

thermal motions leading to functionality loss.

In the absence of any osmolyte, both block copolymers formed cylindrical

nanostructures, and the presence of osmolytes resulted in a gradual disordering of the

nanostructures. Added glycerol was observed to be somewhat selective for the mCherry

domains and led to swelling of the nanodomains. At fkpnm = 0.40, this resulted in disordering,

while at fprpm = 0.55, a transition in nanostructure morphology from cylinders to lamellae was

observed. Trehalose, on the other hand, was not very soluble in either the protein or the polymer

domains, and as a result did not significantly alter the domain spacing. With increasing trehalose

levels, rapid disordering was again seen at fpNpm = 0.40, and at fpNwpm = 0.55 some disordering

was observed to accompany a change in nanostructure symmetry.
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Chapter 6 Coil Fraction-Dependent Phase Behavior of a Model

Globular Protein-Polymer Diblock Copolymer

Soft Matter, to be submitted for publication - Reproduced by permission of The Royal Society of
Chemistry.
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6.1 Abstract

The self-assembly of the model globular protein-polymer block copolymer mCherry-b-

poly(N-isopropyl acrylamide) is explored across a range of polymer coil fractions from 0.21 to

0.82 to produce a phase diagram for these materials as a function of molecular composition.

Overall, four types of morphologies were observed: hexagonally packed cylinders, perforated

lamellae, lamellae, and disordered nanostructures. Across all coil fractions and morphologies, a

lyotropic re-entrant order-disorder transition in water was observed, with disordered structures

below 30 wt% and above 70 wt% and well-ordered morphologies at intermediate concentrations.

Solid state samples prepared by solvent evaporation show moderately ordered structures similar

to those observed in 60 wt% solutions, suggesting that bulk structures result from kinetic

trapping of morphologies which appear at lower concentrations. While highly ordered

cylindrical nanostructures are observed around a bioconjugate polymer volume fraction of 0.3

and well-ordered lamellae are seen near a volume fraction of 0.6, materials at lower or higher

coil fractions become increasingly disordered. Notable differences between the phase behavior

of globular protein-polymer block copolymers and coil-coil diblock copolymers include the lack
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of spherical nanostructures at either high or low polymer coil fractions as well as shifted phase

boundaries between morphologies which result in an asymmetric phase diagram.

6.2 Introduction

The self-assembly of protein-polymer block copolymers is an attractive, bottom-up

approach that enables the nanopatteming of proteins which may further increase the efficiency of

a variety of biocatalytic and bioelectronic materials. 1-3 The use of enzymes in the fabrication of

such devices is alluring due to their large catalytic efficiencies, high turnover rates, and the wide

variety of possible reactions that can be catalyzed. Improved enzyme performance in devices

can be attained through nanopatteming, resulting in higher loading densities, proper enzyme

orientation for easy access to the active site, and efficient transport of substrates and products."

Block copolymer self-assembly has been used extensively as a template for nanopatteming a

variety of materials, including proteins.7- 0 Direct self-assembly of block copolymers containing

a protein of interest could simplify the fabrication of functional materials by eliminating the need

for pattern transfer processing steps after self-assembly and increasing the loading levels of the

material of interest.

A number of studies have investigated the self-assembly of globular protein-polymer

block copolymers, often as amphiphilic molecules in solution. Several researchers have

developed novel synthetic approaches to create monodisperse conjugates with well-defined

molecular architecture in high yields." 4 In dilute solution, these materials self-assemble into a

variety of nanostructures including micelles, vesicles and toroids.15 18 Protein-polymer hybrid

materials made from ionic complexes between proteins and polymers19 or by encapsulation of a

protein in a block copolymer 20 have also been processed into bulk nanomaterials in which the
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protein secondary structure is preserved and significant levels of protein function remain even in

a solvent-free environment.

While the self-assembly of traditional coil-coil block copolymers both in the bulk and in

solution is well-understood, it is not clear how the globular shape and specific interactions

between amino acids on the protein surface will alter the physics of self-assembly. In ideal coil-

coil block copolymer systems, only the relative volume fraction of one block (fA) and the Flory-

Huggins interaction parameter between the two blocks (QN) are needed to fully define the

system. - Molecular asymmetry, such as is observed in rod-coil,24 disk-coil,25 and dendrimer-

coil2 6-2 7 block copolymers, results in significant changes to the phase diagram, including shifted

phase boundaries as well as morphologies unique to the new molecular geometries. In addition

to introducing more complex chain topologies, the incorporation of proteins introduces specific

ionic and hydrophobic interactions which are not necessarily arranged in a regular repeating

pattern. These effects are also expected to contribute to deviations from classic block copolymer

behavior.

Another dimension of complexity arises upon the addition of solvent to a block

copolymer system. Solvent-based processing is a necessary condition for the self-assembly of

globular protein-polymer conjugates which generally do not have an accessible melt state due to

thermal denaturation of protein secondary and tertiary structure at high temperatures.

Incompatibility with traditional melt processing techniques highlights the need for a clear

understanding of the solution behavior of protein-based materials. In coil-coil block copolymers,

depending upon the relative selectivity of the solvent for each block, a variety of order-order

transitions (OOTs) can be observed with changing concentrations in solution due to preferential

segregation of the solvent.236 Because temperature often changes the interaction strength
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between the solvent and the block copolymer, OOTs are also observed with changes in

temperature.29-30, 33 In some systems at select concentrations near lyotropic order-disorder

transitions (ODTs), a re-entrant thermotropic ODT can be observed with well-ordered

nanostructures flanked by disordered structures at higher and lower temperatures.2 9 In

Pluronic/water systems, several re-entrant ODTs are also observed with increasing polymer

concentrations.

Our previous work with a model globular protein-polymer block copolymer, mCherry-b-

poly(N-isopropyl acrylamide) (mCherry-PNIPAM), clearly demonstrated the dependence of bulk

morphology on solution processing steps utilized to create solid state samples, and showed that

up to 70% of the protein remained in its active form even after processing into solid samples.3 -39

A subsequent study investigated the nanostructured morphology of a small set of representative

block copolymers as a function of temperature and concentration in water.40  This study

discovered the presence of a concentration-dependent ODT for mCherry-PNIPAM block

copolymers that is typically located between 30 and 40 wt%. OOTs were also observed with

increasing temperature, primarily due to the dramatic change in solvent quality for PNIPAM at

temperatures above its thermoresponsive transition. At 40 and 50 wt%, nanostructures with

good long-range ordering were observed; however, bulk samples with a similar coil fraction

unexpectedly showed reduced ordering such that it became difficult to distinguish between

different morphologies based solely on scattering data.

Here, the coil fraction and concentration dependence of the mCherry-PNIPAM phase

diagram is examined in detail, exposing the origins of the loss of order in solid state materials

and highlighting key differences between coil-coil and protein-polymer self-assembly. The

phase behavior of mCherry-PNIPAM is studied at concentrations up to 70 wt%, illustrating a re-
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entrant order-disorder transition that leads to kinetic trapping of poorly ordered structures in the

solid state. The dependence of domain spacing on polymer composition is explored, revealing

little dependence on concentration as well as different scaling regimes with respect to polymer

molecular weight at high and low polymer volume fractions.

6.3 Experimental Methods

Synthesis. Radical addition-fragmentation chain transfer (RAFT) polymerization was used to

synthesize maleimide-end functionalized PNIPAM with low polydispersity as described

previously. 39 Gel permeation chromatography (GPC) using an Agilent 1260 Infinity HPLC with

N,N-dimethylformamide (DMF) as the mobile phase was used to obtain polymer molecular

weights and polydispersities. Both a refractive index detector and a Wyatt Mini-Dawn 3-angle

static light scattering detector were employed to enable absolute molecular weight determination.

Protein expression, purification, and bioconjugation were performed as previously described.39

The materials used in this study are summarized in Table 6-1.
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Table 6-1. mCherry-PNIPAM block copolymers

Block Copolymer

mCherry-PNIPAM6

mCherry-PNIPAM8

mCherry-PNIPAM1O

mCherry-PNIPAM13

mCherry-PNIPAM17

mCherry-PNIPAM19

mCherry-PNIPAM24

mCherry-PNIPAM32

mCherry-PNIPAM44

mCherry-PNIPAM67

mCherry-PNIPAM97

PNIPAM Mn
(kg/mol)

5.7

7.5

9.8

12.5

16.6

18.9

24.4

32.0

44.5

66.6

97.3

PDIPNIPAM

1.16

1.05

1.09

1.10

1.13

1.10

1.07

1.08

1.09

1.07

1.13

Conjugate M,,
(kg/mol)

33.9

35.6

37.9

40.7

44.7

47.0

52.6

60.2

72.6

94.7

125.5

*As determined by native protein gel electrophoresis

Sample preparation. Conjugate solutions, dialyzed into nanopure water, were concentrated to

-100 mg/mL using Millipore Ultra-15 centrifugal filters with a molecular weight cutoff of 10

kDa. Solution small-angle X-ray scattering (SAXS) samples were prepared by rehydrating small

pellets (1-2 mg) of dried bioconjugate with nanopure water to the desired concentration,

followed by equilibration for several days at 4 *C. Water evaporation for bulk samples was

performed at room temperature, and the solvent evaporation rate was controlled using a vacuum

controller. All SAXS and TEM samples were prepared using the following protocol, unless

noted otherwise. The -100 mg/mL conjugate solutions were subjected to a vacuum ramp rate of

50 Torr/hr with a setpoint of 300 Torr to initially remove water slowly. This was directly

followed by exposure to full vacuum overnight to complete the drying process. A handful of

experiments were conducted in which the effect of the evaporation conditions was tested. In one

instance, the slow evaporation protocol detailed above was performed with the vacuum chamber

167

fPNnPA

0.21

0.26

0.31

0.36

0.43

0.46

0.53

0.59

0.67

0.75

0.82

Final Purity*

(/0)

92

98

98

98

95

97

91

92

93

92
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thermostated at 4 *C. In another set of experiments, a faster ramp rate was achieved at room

temperature by immediately pulling full vacuum to encourage more rapid water evaporation. A

final set of experiments began with hydrated solution samples at 40 or 50 wt% which were

subjected to full vacuum to prepare bulk samples.

Sample characterization. Bulk SAXS and transmission electron microscopy (TEM) samples

approximately 1 mm in thickness were cast on Kapton tape using 1 mm thick anodized

aluminum washers as a mould. Solution SAXS samples were loaded into 1 mm thick washers

and sealed with Kapton tape. SAXS experiments were performed on beamline X27C of the

National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory and on beamline

12-ID-B of the Advanced Photon Source at Argonne National Laboratory. The data were

corrected for empty cell and dark field scattering. Acquisition times were chosen such that the

effect of beam damage on sample nanostructure was undetectable. Hydrated samples were

equilibrated at each temperature for 10 minutes prior to data acquisition. Bulk samples were

cryo-microtomed using a Leica EM UC6 at -110 'C to a thickness of 60 nm, and stained with

ruthenium tetroxide vapors from a 0.5 % aqueous solution for 20 minutes. A JEOL 2011

transmission electron microscope was used to obtain bright field images using an accelerating

voltage of 120 kV and a LaB6 filament.

6.4 Results and Discussion

Re-entrant order-disorder transition behavior. mCherry-PNIPAM conjugates investigated at

concentrations between 40 and 70 wt% reveal the presence of a re-entrant lyotropic order-

disorder transition as evidenced by SAXS (Figure 6-1, Figure D-3). With increasing

concentration, the structures first become ordered, typically at concentrations between 30 and
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40 wt% as previously established.4 4 Increasing the concentration further up to 70 wt% leads to

disordering of the nanostructured morphology, as evidenced by the disappearance of higher order

peaks and a broadening of the primary peak. In most mCherry-PNIPAM block copolymer

samples, highly ordered nanostructures are observed only at 40 and 50 wt%. SAXS patterns of

these samples are characterized by narrow primary peaks with clearly defined higher order

peaks. Cylinder-forming block copolymers show distinct peaks at 3q* and 2q* (Figure 6-lb),

while lamellae-forming block copolymers present a clear peak at 2q* (Figure 6-1c) which is

sometimes accompanied by the next expected higher order peak at 3q*. Regardless of

nanostructure, samples at 60 wt% begin to show signs of disordering as the primary peak and

higher order peaks start to broaden. In the case of cylindrical nanostructures, the peaks at 3q*

and 2q* overlap and are no longer clearly distinguishable. The scattering pattern in the q-range

where higher order peaks are found is broader and flatter for a cylinder-forming block copolymer

than for one which forms lamellae. By a concentration of 70 wt%, almost all ordering is lost and

a scattering pattern similar to that of disordered polymer melts is observed.41 In addition to the

lack of higher order peaks at this concentration, the primary peak becomes very broad and shifts

towards lower q-values. At moderate to high polymer volume fractions (fPNIPAM 0.53-0.82,

Figure D-3), significant but incomplete disordering is observed at 70 wt%. In these cases, there

are still signs of weak higher order peaks, and it is hypothesized that complete disordering would

be observed at slightly higher concentrations. However, studies at even higher concentrations

are impeded by very long equilibration times for homogeneous dispersion of water within these

solid-like samples.
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Figure 6-1. Representative small-angle X-ray scattering patterns for mCherry-PNIPAM block

copolymers at 25 *C which span the range of observed morphologies. (a) Disordered and weakly

ordered nanostructures are formed at fPNIPAM = 0.26. (b) Cylindrical nanostructures are observed

at fPNIPAM= 0.43. (c) Lamellar domains formed at fPNIPAM =0.67. Well-ordered nanostructures

are generally observed in aqueous block copolymer solutions prepared at 40 and 50 wt%.

Moderately well-ordered structures are seen at 60 wt% and in bulk samples, and highly

disordered samples are produced in 70 wt% solutions. Traces have been vertically offset for

clarity.

Surprisingly, given the observed disordering at high block copolymer concentrations,

these materials are observed to form relatively well-ordered nanostructures in the bulk. The
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scattering patterns of bulk samples resemble those observed at 60 wt%, with broadened primary

peaks and higher order peaks which often overlap. This suggests that the structures observed in

solid state samples became kinetically trapped near 60 wt% concentration during solvent

evaporation, similar to the 56% protein concentration in the mCherry protein crystal structure 4 2

(although there is no sign of protein crystallization in any of the materials38). As the water

content drops below this level, the protein should lose mobility which would prevent further

block copolymer rearrangement in self-assembled nanostructures.

Although block copolymers with small PNIPAM volume fractions do not form highly

ordered nanostructures at any concentration investigated, they still experience a window of

increased repulsive interactions reflective of the lyotropic re-entrant ODT observed in materials

at higher polymer fractions. At the lowest investigated coil fraction (fp~mpy = 0.21), no signs of

ordering were observed at any of the tested concentrations. As the polymer content is increased

up to fpNmAm = 0.26 (Figure 6-la), SAXS patterns consistent with very weakly ordered

nanostructures are observed at 50 and 60 wt% with a faint and broad higher order peak. This

block copolymer composition is very close to the ODT as a function of PNIPAM volume

fraction. Even in these two low molecular weight samples which show little or no ordering, the

primary peak still becomes significantly more broad at 70 wt/o than at 50 wt%. According to the

random phase approximation for coil-coil block copolymer self-assembly, the correlation peak

for nearest neighbors intensifies and narrows as the repulsive interaction strength between blocks

(x parameter) increases.43 The same trend has also been shown in different block copolymer

geometries such as rod-coil block copolymers. 44 This indicates that the effective solvent-

mediated interaction parameter must increase between 40 and 50 wt% and then decrease between

60 and 70 wt% as the primary scattering peak narrows and then increases.
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The re-entrant lyotropic ODT observed in this system is unlike typical behavior of coil-

coil block copolymers in a solvent. Usually, below some concentration, the block copolymer is

disordered in solution. As the concentration is increased, the order monotonically increases.45-46

In the case of a poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-b-

PPO-b-PEO) triblock copolymer in water, several lyotropic re-entrant ODTs are observed.33' 3

In one instance, the morphology evolved from isotropic to hexagonal to isotropic to lamellar and

finally back to isotropic with increasing concentration. 3 In these low molecular weight systems

(-2900-3700 g/mol), ordered phases can be observed up until 80 or 90 wt%, and an isotropic

phase is observed at all higher concentrations due to a decrease in the repulsive interaction in the

absence of sufficient solvent.33 ' 3 A thermotropic re-entrant ODT is observed in a 20 vol%

solution of polystyrene-b-polyisoprene (PS-b-PI) in a selective solvent with disordered micellar

nanostructures followed by a spherical morphology and then disordered material with increasing

temperature.29-30 In this coil-coil system, the thermotropic transition to an ordered phase is

believed to be driven by micelle core swelling as the solvent becomes less selective with

increasing temperature. Whereas in the mCherry-PNIPAM/water system, the re-entrant ODT is

observed at all block copolymer compositions (Figure 6-2), in the PS-b-PI system, a re-entrant

thermotropic ODT has only been observed within a narrow compositional window near the

lyotropic ODT between micelles and spherical nanostructures.
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Figure 6-2. Phase diagrams for the self-assembly of mCherry-PNIPAM block copolymers as a

function of polymer coil fraction and concentration at (a) 25 C and (b) 15 'C. Open symbols

represent previously published data obtained from similar mCherry-PNIPAM block

copolymers40 and show good agreement with the data collected in this study.

The observation of re-entrant ODTs across a wide range of block copolymer

compositions explains why solvent annealing is of limited effectiveness for improving order in
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mCherry-PNIPAM. The amount of solvent required to increase mobility of the polymer chains

swells the nanostructure into the disordered region. The data from 70 wt% solutions suggests

that prolonged solvent annealing should result in disordered equilibrium structures if water

uptake is less than 30-40% during solvent annealing. This is consistent with our previous

observations of disordering after long (3 day) solvent annealing processes, and the limited

improvement in nanostructure ordering after any tested solvent annealing conditions.39 Typical

solvent contents in annealed block copolymer films range between 20 and 45 vol%,47-48 which

includes much of the range over which mCherry-PNIPAM block copolymers exhibit disordered

nanostructures.

Because the scattering patterns obtained from 60 wt% and bulk samples appear very

similar, it is hypothesized that the nanostructures become kinetically trapped around this

concentration as solvent evaporates during the sample casting process. Therefore, highly

disordered nanostructures observed at 70 wt% are not realized in the solid state. Our previous

work with this system has shown that bulk nanostructure formation is kinetically determined,3 ~39

so changes in the rate of nanostructure formation which enable kinetic trapping at lower

concentrations may enable improved structures in the solid state. Bulk samples were prepared

by removing solvent more rapidly either from a solution at approximately 100 mg/mL block

copolymer or from a hydrated sample prepared at 40 or 50 wt% (Figure 6-3). These experiments

were performed on four block copolymers which demonstrated changes in nanostructure or

quality of ordering with increasing concentration. Similar results were obtained at all

investigated coil fractions, so only one representative sample of each morphology is presented.

For the cylinder-forming block copolymer at fPNIPAM : 0.43, more rapid solvent removal was not

able to improve the quality of ordering in bulk samples. Similarly, a lamellae-forming block
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copolymer at fPNIPAM 0.67 formed poorly ordered structures in the bulk when the solvent was

removed from the relatively dilute solution at the faster rate. The SAXS pattern for this sample

shows a broader primary peak than the bulk sample cast at a slower rate with no signs of any

higher order peaks, and somewhat resembles the pattern observed at 70 wt%. In the case of

removing water from a 40 wt% sample, only poorly ordered structures were observed in the

bulk. In contrast, after dehydrating a 50 wt% sample of a lamellae-forming block copolymer,

improved ordering in comparison with the slowly cast bulk sample is observed with a narrower

primary peak and a very well-defined peak at 2q*.

Because solution SAXS experiments performed at 15 'C and below (Figure D-4)

demonstrated that some block copolymers exhibit slightly better ordering or occasionally a

different morphology than observed at 25 'C, solvent evaporation to form bulk samples was

attempted at a lower temperature of 4 'C. Bulk samples prepared at 4 'C showed worse

ordering, similar to that observed in 70 wt% samples. Therefore, at these lower temperatures

solvent casting is unable to trap any ordered structure in these materials.

Combined, these results demonstrate that the kinetic trapping of well-ordered

nanostructures in bulk samples is difficult and sensitive to initial block copolymer concentration.

Because the evaporation of water from these materials (approximately 1 hour to completely

dehydrate a sample) is relatively slow in comparison to the time necessary for structural

rearrangement of the block copolymer (a few minutes for thermal equilibration4"), it is to be

expected that changes in solvent evaporation rate have only a minor ability to trap highly ordered

nanostructures formed in 40 and 50 wt% solutions.
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Figure 6-3. Small-angle X-ray scattering patterns of mCherry-PNIPAM block copolymers with

(a) fPNIPAM =0.43 and (b) fPNIPAM 0.67 demonstrating the effects of initial sample concentration

and solvent evaporation rate on the kinetic trapping of nanostructures. The nanostructures from

bulk samples prepared by slow solvent evaporation from relatively dilute solution (-100 mg/mL)

are compared with samples prepared by fast solvent evaporation from solution and from

hydrated samples at 40 and 50 wt%. The scattering patterns obtained for hydrated samples at 40

and 50 wt% are shown for comparison. Traces have been vertically offset for clarity.
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Phase diagram as a function of polymer fraction. The phase behavior of mCherry-PNIPAM

as a function of coil fraction shows significant differences from that of coil-coil block

copolymers due to the structure of the conjugate molecule. A phase diagram for the self-

assembly of mCherry-PNIPAM at 25 *C is presented in Figure 6-2a as function of polymer

volume fraction and block copolymer concentration in water. This work significantly expands

upon the small number of coil fractions previously studied,"-4 demonstrating good agreement

with previously published results. From a set of eleven block copolymers spanning a range of

coil fractions from 0.21 to 0.82, four types of nanostructures are observed: cylinders, lamellae,

perforated lamellae, and a disordered phase.

At the lowest PNIPAM coil fraction studied (fpNm = 0.21) ordered structures are never

observed at any concentration or temperature investigated. From fpNnM = 0.26 to

frPTAM = 0.36, the ODT at which the materials go from disordered to ordered nanostructures

with increasing concentration decreases from 50 wt% to 40 wt%. Above this concentration,

weakly ordered or cylindrical nanostructures are observed. Based on previously published

data, 0 the ODT with concentration continues to extend to lower concentrations with increasing

polymer volume fraction until approximately fpNm = 0.6, at which point the ODT is at about

30 wt%. As the polymer volume fraction is increased further, the ODT begins to increase slowly

again to at least 35 wt%.4 At these higher coil fractions from fpNpAm = 0.53 to 0.82, lamellar

nanostructures are observed.

The region containing ordered nanostructures is generally bounded at higher

concentrations near 70 wt% where the lyotropic ODT is located. Interestingly, at two coil

fractions between the cylindrical and lamellar regions (fp1wm = 0.53 and 0.59) some weak

ordering is still present at 70 wt% (Figure D-3). Therefore, intermediate polymer volume
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fractions between fPm~A = 0.5 and 0.6 have the widest concentration window for well-ordered

nanostructure self-assembly. This is expected for instances where protein-polymer repulsive

interactions drive self-assembly because these repulsive interactions are at a maximum for

symmetric block copolymers.49

Within the ordered region, cylindrical nanostructures extend from fpNmm = 0.31 to

fp~m~ = 0.43 between the lyotropic ODT at lower concentration and the onset of the other

lyotropic ODT near 60 wt%. A small region of cylinders extends out to higher polymer volume

fractions (fpNmym = 0.53) at 60 wt% concentration, and then also up to 70 wt% at fpNmn = 0.53.

At lower concentrations between fp~m&. = 0.46 and 0.53 below the cylindrical nanostructures,

there exists a small region of perforated lamellar structures. An OOT between perforated

lamellar and lamellar nanostructures extends from roughly fp1mA = 0.5 at 40 wt% up to

fpmyA = 0.55 at 50 wt/o. From fpmyA = 0.59 to 0.82, a large region of lamellar nanostructures

is observed at concentrations between 40 and 60 wt/o.

Comparison between previous studies of mCherry-PNIPAM conjugates and materials in

this study show good agreement for phase identifications with the exception of a single point. In

a previous study, a lamellar morphology was observed with fpNmPA = 0.44 at 40 wt% and 25 *C,

whereas the materials in this study at fpNAm = 0.43 and 0.46 at 40 wt% form cylindrical and

perforated lamellar nanostructures, respectively. The more complete phase behavior of the

material with fpNmn' = 0.44 clearly shows that this material is near several phase boundaries in

concentration, temperature and composition 40 such that small differences in any of these

parameters can result in either a cylindrical, perforated lamellar, or lamellar nanostructure. This

indicates that batch-to-batch variability including variations of a few percent in purity, polymer
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molecular weight, or concentration account for the observed differences and make precise

localization of phase boundaries challenging.

Figure 6-4. TEM images for mCherry-PNIPAM block copolymers. (a) Cylinders from

fpemm = 0.36 (b) Poorly ordered cylinders from fp.Pm = 0.43 (c) Poorly ordered cylinders

from fpm~A = 0.46 (d) Poorly ordered cylinders from fpNMPM = 0.53 (e) Lamellae form

fpupm = 0.59 (f) Lamellae from fpeme = 0.67 (g) Poorly ordered lamellae from fpNAMP= 0.75

(h) Poorly ordered lamellae from fpNwAA = 0.82. Samples were stained such that protein-rich

regions appear dark.
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TEM images of ordered bulk samples (Figure 6-4) show the morphology progression in

the solid state as polymer coil fraction is increased. The structures observed by microscopy in

the bulk are believed to be very similar to those found in 60 wt/o solutions due to the similar

scattering patterns. Below fpwpA& = 0.36, largely disordered structures are observed in SAXS

patterns. At a polymer volume fraction of 0.36, hexagonally packed cylindrical nanostructures

with a PNIPAM core in an mCherry matrix are observed. Below a polymer coil fraction of 0.53,

a hexagonal morphology continues to be observed in the bulk. However, as the coil fraction

increases over this range, microscopy shows the hexagonal order deteriorates as the material

transitions towards a lamellar nanostructure. At fpuPms = 0.53, a microphase separated yet

disordered structure is observed between hexagonal and lamellar regions in the phase diagram.

The increase in disorder of nanostructures between regions of well-defined cylinders and

lamellae could potentially indicate a lamellae-cylinder coexistence region, implying that during

complete dehydration, a mixed phase is kinetically trapped.

With a further increase in polymer content to fp~mDA = 0.59, the self-assembled

morphology transitions to a lamellar nanostructure, and well-ordered lamellae are observed at

fpNm = 0.67. For materials with polymer volume fractions of 0.75 and 0.82, the nanostructures

become more disordered. TEM images of these samples (Figure 6-4g,h) show polymer

nanodomains with shorter persistence lengths which tend to bend around protein-rich regions.

These more tortuous nanostructures suggest that at high coil fractions there is some tendency for

protein-polymer block copolymers to form curved interfaces; however, there is not a sufficient

driving force to form well-ordered cylinders or spheres with mCherry cores. The increase in

observed disorder over these polymer coil fractions may result from increased packing

frustration as the polymer volume fraction increases well above 50% without inducing enough
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curvature to form a cylindrical nanostructure.

The phase diagram presented in Figure 6-2a for mCherry-PNIPAM is significantly

different from that of coil-coil block copolymers. One of the most notable differences is that the

phase diagram of coil-coil block copolymers is approximately symmetric about fA = 0.5, while

the phase diagram of mCherry-PNIPAM is not symmetric, likely as a result of the molecular

asymmetry caused by the presence of the globular protein. Additionally, even though cylinders

and lamellae were observed in the protein-polymer system, a spherical morphology was not

observed over the range of coil fractions examined. In coil-coil block copolymers, a transition

from disordered to spherical nanostructures occurs around fA = 0.05 in the strong segregation

limit, and the block fraction at which the transition occurs increases as the segregation strength is

decreased. The spherical morphology extends up to approximately fA = 0.15, at which point a

transition to hexagonally packed cylinders is observed which extends to fA = 0.3.2 However, in

the case of mCherry-PNIPAM, a direct transition from disordered to cylindrical nanostructures is

observed near fpNmAM = 0.26, and the cylindrical phase extends until approximately fpNPAM

0.43 or 0.53, depending on the concentration.

For the protein-polymer conjugate system, a perforated lamellar nanostructure is

observed, which is not an equilibrium phase in coil-coil block copolymers and cannot be

definitively established as an equilibrium phase in this system either. In coil-coil block

copolymer systems, an equilibrium gyroid phase is located in a narrow window between coil

fractions of 0.3 and 0.32. This gyroid phase was not observed in the mCherry-PNIPAM system;

however, due to the narrow range over which this morphology is formed in coil-coil block

copolymers, it is possible that a stable gyroid phase could exist in mCherry-PNIPAM block

copolymers at a coil fraction not investigated in this study.
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In coil-coil block copolymers, the OOT between gyroid and lamellar structures is

dependent primarily on polymer volume fraction and occurs around fA = 0.33. In the case of

mCherry-PNIPAM, the OOT between lamellae and cylinders or perforated lamellae is also

largely dependent on PNIPAM volume fraction and occurs around fpNl&m = 0.55; however, there

is some dependence on concentration as the OOT dividing line in Figure 6-2a has a positive

slope at lower concentrations. The lamellar nanostructures which begin around fpwAm = 0.59

extend through fpuA = 0.82. This implies that no inverse cylinder or spherical morphologies

are observed in this protein-polymer system, similar to the rod-coil system- 5 in which these

phases are also not observed. However, in the rod-coil system, the lamellar region extends to the

higher rod fraction side of the phase diagram, where in mCherry-PNIPAM the lamellar region

extends to the lower protein fraction side of the phase diagram. In a particle-polymer bock

copolymer system composed of hydroxylated polyhedral oligomeric silsesquioxane (POSS) and

polystyrene, the lamellar nanostructure is also observed to extend to high polymer volume

fractions of 0.76.2 However, in this system, transitions to inverse double gyroid, cylindrical,

and spherical morphologies are observed with increasing polymer content at volume fractions of

0.78, 0.81, and 0.93, respectively. 2

The extension of lamellar nanostructures up to such high polymer volume fractions in

mCherry-PNIPAM may be the result of folded protein structure which is relatively rigid and may

limit the introduction of high curvature regions into block copolymer nanostructures. The

observation of cylindrical nanodomains where mCherry is the majority component demonstrates

the ability of the protein to form positive curvature with a larger radius at the end of the protein

where the polymer is not attached. However, inverse cylinders were not observed, indicating

that the formation of curvature in the opposite direction is not favored. This could be the result
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of geometrical constraints wherein the proteins cannot pack compactly enough such that the

interfacial area per polymer chain is too large for the single polymer chain to accommodate.

This is in contrast to rod-coil block copolymers which do not form curvature, and have only been

observed to form a hexagonal phase with the rod polymer as the minority block. 0

Changes in the interaction strength between the solvent and the protein-polymer block

copolymer result in somewhat different structures at a temperature of 15 'C compared with

25 'C. While this temperature range still falls below the thermoresponsive transition of

PNIPAM and therefore does not cause drastic changes in the solvent selectivity, it does modulate

the solvent mediated interactions sufficiently to cause the appearance of a handful of

thermotropic OOTs.40 To better understand how these OOTs affect phase behavior across a

broad range of polymer coil fractions, a second phase diagram is constructed at 15 'C (Figure

6-2b). All of the changes between the two temperatures occur at concentrations of 50 wt% or

lower where there is sufficient water present to alter the block copolymer solubility causing

measurable shifts in OOT and ODT concentrations. First, the slope of the ODT line at low

PNIPAM volume fractions and concentrations becomes more negative at lower temperatures.

Second, the region of perforated lamellar nanostructures becomes significantly smaller as the

OOT between perforated lamellae and lamellae shifts towards lower PNIPAM coil fractions, and

at 15 0C, lamellae extend down to fPNIPAM= 0.43 in 40 wt% solutions. The origin of the OOTs

with temperature may be attributed to a small change in solvent quality as water becomes a

slightly polymer-selective solvent at lower temperatures. 40 This extends the lamellar phase to

lower PNIPAM coil fractions by preferentially swelling the polymer domains.
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block copolymers.
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The characteristic domain spacing of mCherry-PNIPAM as a function of molecular

weight was found to differ from conventional power law scaling typically observed in coil-coil

block copolymers (Figure 6-5, Figures D-6,7,8). First, in coil-coil block copolymers, the domain

spacing is typically discontinuous across phase boundaries, especially in solution;49' 53-54

however, in mCherry-PNIPAM, the domain spacing continuously increases and does not show a

clear discontinuity as the morphology evolves between different ordered nanostructures with

increasing coil fraction. Second, the domain spacing of coil-coil block copolymers in the melt

state scales with the total degree of polymerization, N, to the two thirds power in the strong

segregation limit and to the one half power in the weak segregation limit.37' 49 In mCherry-

PNIPAM, a power law cannot describe the domain spacing dependence on total molecular

weight (Figure D-8).

The compact folded structure of mCherry may be approximated as a solid object which

occupies a constant domain width, suggesting that the block copolymer domain spacing may be

approximated as

d =N" +C (Eqn. 6-1)

where d is the nanostructure domain spacing, N is the number of PNIPAM monomers, and C is a

constant representing the contribution of mCherry to domain spacing. Because previous

experiments suggested that the protein packs in a bilayer configuration,3 8 the constant C is

expected to be approximately 8.4 nm, twice the length of the mCherry protein, although the

presence of water during solution self-assembly may increase this domain width. The predicted

scaling behavior in Equation 6-1 suggests that a plot of log(d-C) vs log(N) will provide insight

into the behavior of domain spacing. The slope of this plot decreases with increasing PNIPAM

molecular weight and is bounded by o=1 in the limit of low polymer coil fraction and a=1/3 in
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the limit of high polymer coil fraction (Figure 6-5ab), indicating that the domain spacing of this

material does not follow power law scaling. At low coil fractions, the protein size determines the

interfacial area occupied by the block copolymer, and the polymer chain must stretch to

accommodate that constraint, so as the polymer chain grows, the domain spacing should increase

approximately linearly with PNIPAM molecular weight. In contrast, in the high polymer volume

fraction limit, the large polymers define the interfacial width, effectively increasing the lateral

spacing of protein molecules. A dependence of N"2 would be expected if the chains were freely

swelling; however, here a dependence tending towards N1/3 is observed consistent with

interpenetrating polymer chains. At all polymer molecular weights, water can move between

PNIPAM and mCherry nanodomains to accommodate the increase in protein-protein spacing.

mCherry-PNIPAM shows no dependence of domain spacing on concentration in ordered

structures between 40 and 60 wt%, with an increase observed for most coil fractions at 70 wt%

as the material disorders (Figure 6-5c). This is in contrast with studies of coil-coil block

copolymers in solution which demonstrated a power law dependence of domain spacing on

concentration with an exponent of 1/3 for lamellar nanostructures in a neutral solvent.29' 32, 55

However, in Pluronic solutions, the domain spacing is found to remain relatively constant as a

function of concentration with a small decrease of 1-2 nm with increasing concentration between

approximately 50 and 80 wt% where ordered nanostructures were observed. 3 '3 For mCherry-

PNIPAM block copolymers, the domain spacing measured in solutions below 70 wt% are nearly

identical to those measured in the solid state for PNIPAM coil fractions of 0.53 and lower. At

higher coil fractions, the solid state samples have domain spacings that are smaller than those in

solution. Both of these observations are in contrast with the expected increase in domain spacing

in a solvent-free environment that has been observed in coil-coil systems.29 32,55
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6.5 Conclusions

A lyotropic re-entrant ODT was observed in all ordered mCherry-PNIPAM block

copolymers. Disordered structures are observed below 30 or 40 wt% and above 70 wt%, with

nicely ordered nanostructures at intermediate concentrations. This type of re-entrant ODT is not

typical of coil-coil block copolymers in solution where order usually improves monotonically

with increasing concentration. The highest quality nanostructures were observed at 40 and

50 wt%. Solid state materials showed moderately well-ordered nanostructures with scattering

patterns similar to those observed at 60 wt%. This suggested that bulk morphologies were the

result of kinetically trapped nanostructures at 60 wt%. Because solvent evaporation generally

occurs on a slower timescale than structural rearrangement in these block copolymers, kinetic

trapping of the solid state materials in highly ordered nanostructures formed at 40-50 wt/o is

only successful for some materials. The limited efficacy of solvent annealing to improve

ordering is also explained by the presence of a disordered phase at high polymer concentrations.

Aggregation of data for 11 separate polymer coil fractions yields the first phase diagram

which systematically explores the effect of polymer volume fraction. The four morphologies

observed across phase space were hexagonally packed cylinders, lamellae, perforated lamellae

and a disordered phase. Scattering patterns indicate that a region exists around fpquAm = 0.40 in

which well-ordered cylinders are formed and that in a region around fpMPm = 0.60, nicely

ordered lamellae are produced. Between these regions, as well as at very low or high polymer

coil fractions, the nanostructures become more disordered. Key differences between this system

and traditional coil-coil block copolymers include an asymmetrical phase diagram as a function

of coil fraction as well as shifted locations of phase boundaries. The shape of the folded protein

is likely a major factor in these differences and the inability of the protein to accommodate
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regions of high curvature is believe to contribute to the lack of a spherical morphology. By

creating a detailed phase map for a single model material, mCherry-PNIPAM, this research

enables future work to target a block copolymer composition to form a desired morphology in

materials with different protein and/or polymer blocks.
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Chapter 7 Conclusions

7.1 Summary

This thesis began with the demonstration of the ability of a model protein-polymer block

copolymer, mCherry-PNIPAM, to self-assemble into regular nanostructures in the bulk. This

was the first time that a block copolymer containing a globular protein had ever been

demonstrated to self-assemble into a solid material. Several important observations were made

including the retention of a significant level of protein functionality in the solid state material

and the dependence of nanostructure on processing history. The observation of a perforated

lamellar nanostructure further hinted that kinetic effects would play a large role in the self-

assembly behavior of this class of materials. While this first effort primarily served as an early

demonstration of the bulk self-assembly of a single example of this type of material, it also

uncovered many more questions conceming the physics behind self-assembly and it's

applicability to a multitude of other systems A handful of these questions were addressed in

subsequent chapters of this thesis.

In the next major study, the effects of processing history were studied in a more detailed

and controlled manner. The solvent selectivity towards each block in the copolymer was found

to alter the nanostructure in solution and subsequently in the solid state with the most striking

changes being observed when temperature was used to dramatically change polymer solubility.

Throughout this work, the necessity for reproducibility became increasingly apparent, and efforts

were taken to standardize procedures to obtain consistent, meaningful results that could be

compared across different experiments. This requirement was especially true when it came to

measurements of solid state protein functionality. While the highest protein functionality
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measurements at this time were a respectable 80%, higher retention levels nearing 100% would

make this nanopatterning technique more attractive for future applications in biofunctional

devices.

The next area of research was dedicated to increasing the fraction of retained protein

functionality in the solid state using small molecule osmolytes. Even though polymer content in

the block copolymer still influenced protein functionality levels, trehalose and glycerol were

observed to contribute to the retention of up to 100% protein functionality in some materials. In

addition to enhancing protein functionality, these osmolytes were also shown to alter the thermal

stability and self-assembly behaviors of these materials.

Finally, the model mCherry-PNIPAM block copolymer was used to create a phase

diagram as a function of polymer coil fraction and block copolymer concentration in water under

conditions where water is a good solvent for PNIPAM. This work highlighted many key

differences between classic coil-coil and protein-polymer block copolymer phase behavior

including the lack of high curvature phases as well as large anisotropies in the phase diagram for

the protein-polymer system. Additionally, the studies conducted in concentrated solutions

provided further evidence for the kinetic effects governing self-assembly of these materials and

uncovered a lyotropic re-entrant order-disorder transition. These results highlighted the need to

identify and quantify the driving force interactions in order to develop a deeper understanding of

the underlying thermodynamics governing the self-assembly of this class of materials.

7.2 Outlook

Exciting opportunities exist for future work studying protein-polymer block copolymers

composed of different materials. Choosing catalytically active enzymes will undoubtedly

increase the broader impact of the work, as well as add several new challenges. Maintaining
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pathways for substrate and product transport will be crucially important. Striking the right

balance between a supporting framework to prevent protein denaturation and allowing for the

small motions necessary for normal catalytic function of enzymes will pose an added complexity

for enzymatic systems. In these applications, the polymer chemistry can also be tailored such that

it acts as more than just an inert block necessary to create an amphiphilic molecule. The polymer

could be constructed such that it facilitates small molecule transport or acts to improve

enzymatic activity retention.

While the prospect of being able to choose materials designed specifically for new

applications is certainly exciting, perhaps more interesting scientifically are the effects of these

changes on the self-assembly behavior of these materials. Using the work presented in this thesis

as a reference, future work could examine the effects of systematic changes to block copolymer

architecture and chemistry to determine the universality of the phase diagram presented for the

mCherry-PNIPAM system. Different protein shapes and amino acid surface chemistries will

likely affect self-assembly behavior, but at this time, it is unclear whether these differences will

significantly impact final morphologies. Similarly, further geometrical constraints to the system

imposed by choosing a polymer which does not behave as a conventional coil could result in new

morphologies and phase diagrams. The use of highly stable proteins (for example proteins

derived from extremophiles) may allow for a wider processing window and perhaps help to

answer questions concerning the relationship between kinetically controlled structures and

thermodynamic equilibrium. Studies with different materials would also aid in determining

which forces are primarily responsible for driving self-assembly, deepening our knowledge of

the system. Experiments combined with theoretical work may allow more accurate predictions

of self-assembly behavior of new proposed materials of interest.
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To make these materials commercially viable, significant efforts will have to be devoted

towards the development of processes which are capable of retaining high levels of enzymatic

activity. Additionally, advancements in large-scale protein synthesis will be required to ensure

the availability of sufficient raw materials for the construction of a commercial product. Due to

the expected high initial cost of fabricating such devices, early applications could be in the area

of high-value commodity chemical synthesis. Looking forward, chemical syntheses which rely

on redox chemistry could find benefits from the use of nanopatterned proteins due to the very

high conversion efficiencies possible with enzymes. If specialty polymers capable of fast and

effective proton or electron transport prove to be compatible with the enzymes, biofuel cells

constructed out of protein-polymer block copolymers would certainly be a very exciting area of

research because substrates and products would only need to be transported over distances of

several nanometers.

The work of this thesis focused on characterizing the self-assembly behavior of a single

model system and provides a starting point for future researchers. In particular, the phase

diagram prepared for the mCherry-PNIPAM system can guide future endeavors in choosing

relevant block copolymer compositions in a variety of new materials and devices. It is important

to remember that the range of applications for new systems is limited only by the number of

enzymatically catalyzed reactions.
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Sequence of mutant mCherryS 131 C protein including the 6xHis tag:

MRGSHHHHHHGSMVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGT

QTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNF

EDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPCDGPVMQKKTMGWEASSERMYPEDGA

LKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQYE

RAEGRHSTGGMDELYK

Sample Thermal Transition (0C)
PNIPAM 33.5

mCherryS131C-PNIPAM 38.6

Table A-1. Cloud points of mCherryS131C-PNIPAM and the corresponding homopolymer.

Solutions were prepared at 1.26 mg/mL PNIPAM and the absorbance at 700 nm was monitored

as the temperature was ramped from 20 to 50 'C at 0.1 C/min. A PNIPAM molecular weight of

35.5 kg/mol was used for both conjugate and homopolymer measurements. Increasing PNIPAM

molecular weight would decrease the transition temperatures.

Figure A-1. Photograph of mCherry-PNIPAM block copolymer sample cast at room

temperature and used for SAXS data acquisition showing the deep red color of mCherry. The

sample is 7 mm in diameter and approximately 0.5 mm in height.

196



a) 1.4
- mCherry

1.2 - - mCherry-PNIPAM
- mCherry-PNIPAM lyophilized

1.0

0.8

0.6

0.4 -

0.2 -

0.0 1
350 400 450 500 550 600 650

Wavelength (nm)

b)L)3 -- mCherry
-e- mCherry-PNIPAM

5 ..
E 10 - -

010

M -5

200 210 220 230 240 250

Wavelength (nm)

Figure A-2. (a) UV-vis spectra in solution show minimal change in mCherryS131C

chromophore after conjugation to PNIPAM. The spectrum of the mutant mCherryS131C is

quantitatively identical to that of the parent protein. 1-2 This is contrasted with the dramatic

change observed after lyophilization. (b) Circular dichroism spectra of mCherryS131C and its

conjugate with PNIPAM in solution indicate the protein fold is not disrupted by conjugation.
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Figure A-3. (a) SDS PAGE denaturing gel showing mCherryS 131 C purity. The two smaller

molecular weight segments are the result of the chromophore acylimine bond breaking during

protein boiling. (b) Native gel showing that mCherry remains intact throughout the purification

process. A higher molecular weight band shows the presence of dimers formed through disulfide

linkages; the dimers are more prevalent under non-reducing conditions. Reduced mCherry was

obtained by adding an equimolar amount of P-mercaptoethanol and allowing the reaction to

occur at room temperature for one hour.
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Sample Method Fraction helix Fraction sheet Fraction turn Fraction Average Average Average Average
unordered fraction helix fraction sheet fraction turn fraction

unordered

mCherryS131C

mCherryS131C-PNIPAM

Room temperature cast

40 C cast

4 C anneal

Room temperature anneal

CONTINLL

SELCON3

CSDDTR

CONTINLL

SELCON3

CSDDTR

CONTINLL

SELCON3

CSDDTR

CONTINLL

SELCON3

CSDDTR

CONTINLL

SELCON3

CSDDTR

CONTINLL

SELCON3

CSDDTR

0.057

0.071

-0.004

0.027

-0.033

0.021

0.026

-0.248

0.029

-0.006

-0.019

0.020

-0.036

-0.032

0.033

0.037

0.018

0.503

0.501

0.486

0.393

0.473

0.394

0.436

0.557

0.390

0.427

0.467

0.381

0.403

0.456

0.508

0.480

0.452

0.183

0.142

0.251

0.202

0.235

0.198

0.204

0.271

0.203

0.213

0.228

0.196

0.179

0.244

0.192

0.217

0.235

0.257

0.286

0.267

0.378

0.325

0.386

0.334

0.421

0.377

0.366

0.324

0.404

0.454

0.332

0.267

0.266

0.295

0.041

-0.003

-0.067

0.001

-0.016

0.029

0.497

0.433

0.462

0.428

0.413

0.480

0.192

0.219

0.224

0.215

0.206

0.215

0.270

0.351

W
~0

0

-L

0

2.~

CD

0Q

0

0.381

0.356

0.396

0.276



Volume fraction calculation. The volume fraction of PNIPAM in the mCherry-PNIPAM block

copolymer was calculated using mCherry crystallographic data2 along with a PNIPAM density3

of 1.05 g/cm3. First, the mCherry density is calculated.

MW.- z
V-NA (Eqn. A-1)

The molar mass, MW, is 28,134.48 g/mol including the 6xHis tag. Z, the number of formula

units per unit cell, is 3. NA is Avogadro's number, and the volume, V, is calculated using the

dimensions of the unit cell.

V=a-b-c-sin(3)

where a= 4.876 nm, b = 4.285 nm, c = 6.106 nm, and p = 112.31*.

The volume fraction of PNIPAM is then calculated using the following formula:

MWPNIPAM
fP... PPNIPAM

MWPNIPAM MWmChery

PMPAM PmCherry

References
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3. L. Zhang, E. S. Daniels, V. L. Dimonie and A. Klein, J. AppL. Polym. Sci., 2010, 118,
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Figure B-1. Gel permeation chromatography traces of each deprotected poly(N-isopropyl

acrylamide) used in this study. Three columns were used to enhance resolution, and light

scattering detectors were used to determine the absolute molecular weights. The small peak at

twice the average molecular weight present in all traces is caused by slight coupling of two

polymers through the RAFT chain transfer agent.1 Peak fitting of the traces reveals that coupled

polymer accounts for 4-7% of the total polymer mass.
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Figure B-2. (a) Denaturing SDS-PAGE shows the conjugates used in this study after

purification. The lanes contain conjugates with coil fractions of 0.42 (lane 2), 0.53 (lane 3), and

0.69 (lane 4). Unconjugated mCherry is observed in three distinct bands at approximately 28, 19,

and 9 kDa. The largest molecular weight species of the three is attributed to intact protein, while

the two smaller fragments appear as a result of chromophore cleavage during gel preparation.

The conjugate is also seen in three bands. The middle, most prominent band corresponds to

conjugate composed of an intact protein and polymer at the average molecular weight. The

slightly smaller molecular weight band corresponds to conjugate material in which the mCherry

chromophore bond has been cleaved. The bioconjugation site is located on the larger of the two

pieces created during chromophore cleavage, so this lower molecular weight conjugate band is

observed very close to the intact conjugate band. Finally, the faint higher molecular weight

conjugate band is attributed to material in which coupled PNIPAM was bioconjugated to

mCherry. These three conjugate bands are not resolvable for high PNIPAM molecular weights

due to the relatively small difference in the total conjugate molecular weight. The purity of each

conjugate material was estimated using lane analysis software. (b) Native gel of each conjugate

after purification with coil fractions of 0.42 (lane 2), 0.53 (lane 3), and 0.69 (lane 4). The weak

unconjugated mCherry bands at apparent molecular weights of 170 kDa (very faint) and 200 kDa

correspond to protein monomers and dimers, respectively. Each conjugate is seen in two bands:

one band of conjugate with the average molecular weight PNIPAM attached and a higher

molecular weight band with the coupled PNIPAM attached. At high polymer molecular weights,

these bands are not clearly resolvable.
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Figure B-3. SANS of hydrogenated bioconjugate in D 2 0 for (a) fPNIPAM = 0.42 and

(b) fPNIPAM 0.69. Room temperature solutions of both neutral pH (non-selective) and pH = 5.7

(polymer-selective) show no signs of aggregation, while bioconjugate in 40 'C water (protein-

selective) shows large-scale aggregation. Samples in good solvents for the polymer block were

fit with a Beaucage6 model, while samples in a non-solvent for the polymer were fit with a

Percus-Yevick7 -8 model for disordered hard spheres. The 20 mM sodium formate pH = 5.7, and

40 'C water traces have been vertically offset by 10 and 100 cm', respectively, for clarity.

SANS data fitting. SANS spectra from samples in a good solvent for the polymer block were

fitted using the Beaucage model.6

(q 2R| B~erf (qR, /1 )]3
I(q)= Bkgd+G exp + 3 ,,j+ ,

3 )qP
(Eqn. B-I)

SANS spectra from samples in a poor solvent for the polymer block were fitted using the Percus-

Yevick hard-sphere model.7

I(q)= K -P(q)-S(q)+C (Eqn. B-2)

204

a)

E

1000

100

10

1

0.1

0.01



where K is a constant dependent on the sample properties, P(q) is the form factor, S(q) is the

structure factor, and C is a constant.

The form factor for polydisperse spheres is defined as

fp(r)f2(q,r)dr

P(q)= 0
f p(r)dr

(Eqn. B-3)

where

p(r) = (2o-,2)- exp (r -)2_
2(Tr2
2 -

(Eqn. B-4)

(Eqn. B-5)

(Eqn. B-6)

f(q, r) = Y rr3'D(q, r) exp (-.2 q2)

1(q, r)= 3 3 [sin(q-r)-q-r cos(q- r)]
(q- r)

The structure factor is described by

1
S(q, R,q)= I

1+24r7(G(A) / A)

A=2q-R

G(A) = " (sin A - Acos A)+ 1(2A sin A + (2- A2)cosA-2) +

(-A4 cos A+4[(3A2 -6)cosA+(A3 -6A) sinA+ 6])

(Eqn. B-7)

(Eqn. B-8)

(Eqn. B-9)

In these equations, R is the hard sphere radius, 2ris the packing fraction, r is the core radius, -, is

the diffuse sphere parameter which is equal to one, a is the polydispersity parameter for the

spheres, and C is a constant.
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Table B-1. Fitted parametersa obtained from SANS spectra using (a) Beaucage model and
(b) Percus-Yevick model

Sample R. (nm) P B (cm-'sr-) G (cm-'sf) Bkgd (cm7Isr-I)b

fpNim= 0.42

non-selective 11.8 A 2.9 1.35 t 0.01 5.1E-04 t 1E-05 0.2086 t 0.004 4.6E-13

polymer-selective 10.2 2.8 1.38 t 0.01 3.2E-04 t IE-05 0.1253 t 0.003 4.OE-15

fpNim= 0.53

non-selective 7.5 1 1.4 1.58 t 0.01 2.1E-04 i 8E-06 0.1136 t 0.002 7.0E-21

polymer-selective 6.9 ± 1.2 1.66 i 0.02 2.OE-04 t 8E-06 0.1161 ± 0.002 1.OE-15

fpNm= 0.69

non-selective 15.0 t 3.8 1.42 ± 0.01 2.6E-04 t 5E-06 0.2909 t 0.010 1.6E-15

polymer-selective 18.0 t 5.5 1.41 J 0.01 2.5E-04 t 5E-06 0.3716 t- 0.019 1.3E-19

Sample R (nn) r(nm) 7 a (nm) K (cm7') C (cm7')

fpNIpAm = 0.42

protein-selective

fpNip = 0.53
protein-selective

fpN1pAm = 0.69

protein-selective

14.5 10.2 7.7t0.6 0.40 i 0.01 0.03i0.004 60 t 5 0.0091t0.0003

17.910.2 11.210.2 0.40t0.01 0.02t0.001 30 t 1 0.0052t0.0001

21.2 i 0.3 11.3 t 0.3 0.3610.02 0.0210.002 22 t 1 0.0044i0.0001

a Parameter bounds are represented by the 95% confidence interval.
b Zero error reported by fitting algorithm due to round off
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Representative UV-vis absorption spectra for fPNIPAM = 0.42 for both solid-state
(a,c,e,g) and rehydrated (b,d,f,h) samples. The absorbances have been normalized based on the
total concentration of protein present, with a relative peak absorbance of 1.0 indicating the A586
of the as-synthesized conjugate material. The primary peak (500-600 nm) is the characteristic
absorbance peak for mCherry,2, 9 and it intensifies upon rehydration. The smaller peak at 440 nm
occurs as a result of chromophore protonation in the presence of acids3 -4, 10-11 and is no longer
visible after sample rehydration.
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Figure B-5. Representative UV-vis absorption spectra for fPNIPAM 0.53 for both solid-state

(a,c,e,g) and rehydrated (b,d,fh) samples.
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Figure B-6. Representative UV-vis absorption spectra for fPNIPAM = 0.69 for both solid-state

(a,c,e,g) and rehydrated (b,d,f,h) samples.
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Figure B-7: Protein absorbance at 586 nm as a function of annealing time and PNIPAM coil

fraction in the solid-state (a-c) and rehydrated (d-f). Error bars in (a-c) represent the standard

deviation among replicates.
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fraction, fPNIPAM= 0.42. Traces have been baseline corrected using the region between 1900 and

2500 cm-1, and normalized to an absorbance of 1 at the peak of the amide II region (1480-1575

cm-1). The amide I peak (1600-1700 cm-1) provides information about the secondary structure of

proteins.12-19 Fourier self-deconvolution of the amide I peak shows that the mCherry in the

conjugate material maintains its predominately f-sheet structure with no resolvable effect of

processing conditions, as is evidenced by the higher absorbance around 1635 cm 1 compared

with wavelengths at 1650 cm-1 and above.
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Figure B-9. Baseline corrected and normalized FTIR spectra of samples with PNIPAM weight

fraction, fPNIPAM= 0.53. As with the samples at fPNIPAM =0.42, the mCherry secondary structure

remains predominately P-sheet regardless of processing conditions with a maximum absorbance

around 1635 cm~'.
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fraction, fPNIPAM= 0.69. In contrast to samples at fPNIPAM= 0.42 and 0.53, the maximum of these

spectra occur at 1649 cm~1, which is consistent with the greater random coil content of this

material due to the larger PNIPAM fraction.
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Table B-2. Fourier self-deconvolution analysis of FTIR spectra for fPNIPAM = 0.42.

Average Average Average erage
Sample fraction helix fraction sheet fraction turn fractien

unordered-
0.18 0.46 0.16 0.20Non-selective solvet cast

No anneal

Polymer-selective solvent cast

No anneal

Protein-selective solvent cast

No anneal

Non-solvent cast
No anneal

Non-selective solvet cast

Room temperature water anneal 8 hours

Non-selective solvet cast

Room temperature water anneal 24 hours

Non-selective solvet cast

Room temperature water anneal 72 hours

Non-selective solvet cast
Room temperature acid anneal 8 hours

Non-selective solvet cast
Room temperature acid anneal 24 hours

Non-selective solvet cast

Room temperature acid anneal 72 hours

Polymer-selective solvent cast

Room temperature water anneal 8 hours

Polymer-selective solvent cast
Room temperature water anneal 24 hours

Polymer-selective solvent cast

Room temperature water anneal 72 hours

0.41

0.44

0.39

0.46

0.46

0.44

0.45

0.45

0.46

0.41

0.45

0.40

0.17

0.18

0.21

0.16

0.17

0.17

0.17

0.17

0.16

0.19

0.17

0.17

0.22

0.20

0.20

0.20

0.19

0.21

0.20

0.19

0.21

0.20

0.20

0.23
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Table B-3. Fourier self-deconvolution analysis of FTIR spectra for fpNPAm = 0.53.

Average Average Average Average
Sample h t fractionSample fraction helix fraction sheet fraction tam fato

unordered
Non-selective solvet cast 0.20 0.39 0.20 0.21

No anneal

Polymer-selective solvent cast 0.18 0.44 0.15 0.24
No anneal

Protein-selective solvent cast 0.20 0.41 0.17 0.23
No anneal

Non-solvent cast 0.19 0.43 0.16 0.22

No anneal

Non-selective solvet cast 0.20 0.38 0.19 0.22
Room temperature water anneal 8 hours

Non-selective solvet cast 0.21 0.38 0.16 0.24
Room temperature water anneal 24 hours

Non-selective solvet cast 0.20 0.37 0.20 0.24
Room temperature water anneal 72 hours

Non-selective solvet cast 0.21 0.37 0.15 0.27
Room temperature acid anneal 8 hours

Non-selective solvet cast 0.20 0.40 0.20 0.21

Room temperature acid anneal 24 hours

Non-selective solvet cast 0.20 0.37 0.21 0.22
Room temperature acid anneal 72 hours

Polymer-selective solvent cast 0.20 0.41 0.16 0.24
Room temperature water anneal 8 hours

Polymer-selective solvent cast 0.18 0.45 0.14 0.22
Room temperature water anneal 24 hours

Polymer-selective solvent cast 0.18 0.44 0.16 0.21

Room temperature water anneal 72 hours
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Table B-4. Fourier self-deconvolution analysis of FTIR spectra for fpNpAM = 0.69.

Average
Average Average Average frai

fraction helix fraction sheet fraction turn
unordered

Non-selective solvet cast 0.18 0.38 0.11 0.34
No anneal

Polymer-selective solvent cast 0.18 0.39 0.11 0.32
No anneal

Protein-selective solvent cast 0.19 0.38 0.14 0.29
No anneal

Non-solvent cast 0.20 0.37 0.12 0.30
No anneal

Non-selective solvet cast 0.15 0.39 0.10 0.36
Room temperature water anneal 8 hours

Non-selective solvet cast 0.20 0.37 0.13 0.29
Room temperature water anneal 24 hours

Non-selective solvet cast 0.21 0.40 0.12 0.27

Room temperature water anneal 72 hours

Non-selective solvet cast 0.20 0.37 0.12 0.31
Room temperature acid anneal 8 hours

Non-selective solvet cast 0.19 0.37 0.14 0.30
Room temperature acid anneal 24 hours

Non-selective solvet cast 0.19 0.37 0.15 0.28
Room temperature acid anneal 72 hours

Polymer-selective solvent cast 0.17 0.40 0.14 0.29
Room temperature water anneal 8 hours

Polymer-selective solvent cast 0.18 0.39 0.13 0.29
Room temperature water anneal 24 hours

Polymer-selective solvent cast 0.24 0.33 0.16 0.27
Room temperature water anneal 72 hours
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Calculating secondary structure content contributions from FTIR. The disordered structure

content of the protein in the conjugate (dprotein) was obtained through a least squares fit of the

following equation:

d =~~ d,,Nwt +d,,,,N'""(EqB-0dconjugatemeased - protein ptein polymer polymer (Eqn. B-i0)
Npotein+ Npo,,mer

where d is the average disorder content and N is the number of monomers or amino acids present

in the molecule. Np Win = 248 and Npoymer = 166, 256 or 506 for fpNprm = 0.42, 0.53 or 0.69,

respectively. dwoymr was measured to be 0.444 by Fourier self-deconvolution for all molecular

weights and is assumed to remain unchanged after bioconjugation. A good fit was obtained with

dptein= 0.025 (squared 2-norm of the residual = 1.98e-4).

A similar equation is constructed to evaluate the P-sheet content:

SflproteinNt,,, + ,,po,,wNpoi*'" (Eqn. B-il)
flconjugate,measured p + N

Nprotein+ polymer

In this case, a single value of Notein (0.79) was not sufficient to describe the behavior of

sconjugate measumd (squared 2-norm of the residual = 0.012), indicating that protein 0-sheet content

in the conjugates was dependent on PNIPAM coil fraction, with the fraction of P-sheet

increasing as coil fraction increases.
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Table B-5. Analysis of circular dichroism spectra using CDPro software for fpNmAM = 0.42.

Variations in measured protein secondary structure with casting condition are within the

uncertainty due to the choice of fitting algorithm.

Average Average Average Average
Sample fraction li fraction sheet fraction tn

unordered
Non-selective solvet cast 0.018 0.501 0.204 0.275

No anneal

Polymer-selective solvent cast 0.019 0.495 0.203 0.283

No anneal

Protein-selective solvent cast 0.024 0.460 0.206 0.307

No anneal

Non-solvent cast 0.021 0.486 0.209 0.283

No anneal

Non-selective solvet cast 0.012 0.488 0.205 0.288
Room temperature water anneal 8 hours

Non-selective solvet cast 0.029 0.506 0.205 0.261
Room temperature water anneal 24 hours

Non-selective solvet cast 0.017 0.496 0.204 0.279

Room temperature water anneal 72 hours

Non-selective solvet cast 0.029 0.447 0.210 0.315
Room temperature acid anneal 8 hours

Non-selective solvet cast 0.016 0.490 0.204 0.282
Room temperature add anneal 24 hours

Non-selective solvet cast 0.024 0.480 0.206 0.283
Room temperature acid anneal 72 hours

Polymer-selective solvent cast 0.025 0.453 0.206 0.310

Room temperature water anneal 8 hours

Polymer-selective solvent cast 0.021 0.490 0.211 0.272
Room temperature water anneal 24 hours

Polymer-selective solvent cast 0.019 0.497 0.206 0.278
Room temperature water anneal 72 hours
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Table B-6. Analysis of circular dichroism spectra using CDPro software for fpNu = 0.53.

Variations in measured protein secondary structure with casting condition are within the

uncertainty due to the choice of fitting algorithm.

Average Average Average Average

Sample fractionSample fraction helix fraction sheet fraction turn fato
unordered

Non-selective solvet cast 0.012 0.451 0.200 0.340

No anneal

Polymer-selective solvent cast 0.009 0.446 0.218 0.325

No anneal

Protein-selective solvent cast 0.019 0.474 0.198 0.300
No anneal

Non-solvent cast 0.005 0.456 0.206 0.314

No anneal

Non-selective solvet cast 0.017 0.461 0.211 0.305

Room temperature water anneal 8 hours

Non-selective solvet cast 0.008 0.456 0.206 0.324

Room temperature water anneal 24 hours

Non-selective solvet cast 0.022 0.464 0.203 0.303
Room temperature water anneal 72 hours

Non-selective solvet cast 0.015 0.435 0.206 0.335

Room temperature acid anneal 8 hours

Non-selective solvet cast 0.006 0.463 0.194 0.326
Room temperature add anneal 24 hours

Non-selective solvet cast 0.010 0.457 0.213 0.313
Room temperature acid anneal 72 hours

Polymer-selective solvent cast 0.023 0.462 0.206 0.306
Room temperature water anneal 8 hours

Polymer-selective solvent cast 0.028 0.459 0.203 0.307

Room temperature water anneal 24 hours

Polymer-selective solvent cast 0.029 0.432 0.210 0.332

Room temperature water anneal 72 hours
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Table B-7. Analysis of circular dichroism spectra using CDPro software for fpNwAJ = 0.69.

Variations in measured protein secondary structure with casting condition are within the

uncertainty due to the choice of fitting algorithm.

Average Average Average Average
Sample fractionSample ~ fraction he&i fraction sheet fraction tam fato

unordered
Non-selective solvet cast -0.010 0.380 0.211 0.398

No anneal

Polymer-selective solvent cast -0.004 0.365 0.225 0.406
No anneal

Protein-selective solvent cast -0.006 0.368 0.185 0.404

No anneal

Non-solvent cast -0.011 0.377 0.211 0.397

No anneal

Non-selective solvet cast -0.009 0.358 0.227 0.410

Room temperature water anneal 8 hours

Non-selective solvet cast -0.015 0.369 0.245 0.387

Room temperature water anneal 24 hours

Non-selective solvet cast 0.002 0.372 0.216 0.395

Room temperature water anneal 72 hours

Non-selective solvet cast -0.010 0.377 0.218 0.404

Room temperature add anneal 8 hours

Non-selective solvet cast -0.027 0.362 0.247 0.394

Room temperature add anneal 24 hours

Non-selective solvet cast -0.004 0.371 0.218 0.400
Room temperature acid anneal 72 hours

Polymer-selective solvent cast -0.023 0.369 0.223 0.409

Room temperature water anneal 8 hours

Polymer-selective solvent cast -0.014 0.367 0.231 0.404

Room temperature water anneal 24 hours

Polymer-selective solvent cast 0.020 0.367 0.206 0.407

Room temperature water anneal 72 hours
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Figure C-1. Gel permeation chromatography traces of each deprotected poly(N-isopropyl

acrylamide) (PNIPAM) used in this study. Three columns were used to enhance resolution, and

light scattering detectors were used to determine the absolute molecular weights. The small peak

at twice the average molecular weight present in all traces is caused by slight coupling of two

polymers through the RAFT chain transfer agent.' Peak fitting of the traces reveals that coupled

polymer accounts for 4-6% of the total polymer mass.
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1 2 3
720 kDa

480 kDa

242 kDa

146 kDa

66 kDa

Figure C-2. Native gel of each conjugate after purification with PNIPAM coil fractions of 0.55

(lane 2) and 0.40 (lane 3). Unconjugated mCherry bands that appear at apparent molecular

weights of 170 kDa (very faint) and 200 kDa correspond to protein monomers and dimers,

respectively.2 Each conjugate is seen in two bands: one band of conjugate with the average

molecular weight PNIPAM attached and a higher molecular weight band with the coupled

PNIPAM attached. At high polymer molecular weights, these two bands are not clearly

resolvable. The purity of each conjugate was estimated using lane analysis software by dividing

the integrated intensity resulting from the bioconjugate band by the total integrated intensity

from all bands. This molar purity is then converted to a mass-based purity using the molar

masses of mCherry and PNIPAM.
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Figure C-3. UV-vis measurements at 586 nm of solid-state mCherry-PNIPAM as a function of

PNIPAM volume fraction. Combining the data from this work with previous work2

demonstrates that optimal protein functionality retention occurs over a range between

fPNIPAM = 0.40 and 0.55. Error bars show the standard deviation among replicates.
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Figure C-4. Retained protein functionality as a function of osmolyte loading for fPNIPAM 0.40

(a,b) and fPNIPAM =0.55 (c,d). Measurements of normalized UV-vis absorption peaks at 586 nm

in the solid state (a,c) provide a direct measure of protein function in solid nanostructures, while

rehydrated samples (b,d) provide information on the fraction of material which is irreversibly

denatured during solid state processing. Error bars show the standard deviation among

replicates.
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Figure C-6. Optical microscopy images of solid state mCherry-PNIPAM block copolymer
blends with (a) glycerol and (b) trehalose. Films containing glycerol remain homogeneous even
at loadings of 50% glycerol by weight. In contrast, films containing trehalose show the
appearance of branched needle structures within the block copolymer rich regions beginning at
30 wt% and 35 wt% trehalose for fpNmem = 0.40 and fpNmm = 0.55, respectively, indicating the
onset of macrophase separation. The needle structures are also observed to grow with increasing
trehalose concentration. The spots and the surrounding concentric rings are a result of variations
in film thickness after drop casting. Scale bar corresponds to 50 pm.
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Figure C-7. Optical microscopy images of solid state (a) mCherry and (b) PNIPAM blends

with glycerol and trehalose. While glycerol does not show signs of phase separation from

mCherry, it does phase separate from PNIPAM. Trehalose also macrophase separates from

PNIPAM and shows the same needle-like macrophase separated structures in mCherry as were

observed in the block copolymer. Onset of macrophase separation of trehalose begins at 6 wt%

trehalose in mCherry (black arrow) and at 4 wt% in PNIPAM. Scale bar corresponds to 50 pm.

230

a) Glycerol Trehalose b)



(D

C

104

103

10 2

10 1

100

5 10 15

q (nm )

20 25

Figure C-8. Wide-angle X-ray scattering (WAXS) performed on mCherry-PNIPAM39

(fPNIPAM =0.64, PNIPAM M, = 38.78 kg/mol, PDI = 1.10) showing little to no effect of glycerol

or trehalose on the protein structure of mCherry. The broad peaks at 6 and 14 nm-' are consistent

with intersheet and interstrand spacing of the p-sheets in the protein, as observed previously.1

The lack of sharp peaks corresponding to the crystal structure of trehalose indicates that trehalose

is not crystallized within the self-assembled nanostructures.
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Figure C-9. Representative baseline corrected and normalized FTIR spectra for fPNIPAM = 0.40

for samples containing (a) no osmolytes (b) 20 wt% glycerol (c) 20 wt% trehalose showing only

small effects of glycerol and trehalose on protein secondary structure. The amide I region is

shown with the Fourier self-deconvolution (FSD) overlaid.
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Table C-1. Fourier self-deconvolution analysis of FTIR spectra for bioconjugates used in this

study.

Average Average Average Average
Sample fraction helix fraction sheet fraction turn fraction

unordered
mCherrv-PNIPAM14 0.190 0.513 0.109 0.188

No additives

mCherrv-PNIPAM14 0.177 0.515 0.091 0.218

2000 glycerol

mCherrv-PNIPAMI14 0.149 0.503 0.086 0.262
4000 glycerol

mCherry-PNIPAM14 0.215 0483 0.122 0.179
200% trehalose

mCherry-PNIPAM14 0.218 0A71 0.123 0.187

400o trehalose

Average for mCherrv-PMIPAM14 0.190 0.497 0.106 0.207

mCherr;-PNIPAM26 0.210 0.449 0.123 0.219

No additives

mCherry-PNIPAMI?26 0.244 0467 0.058 0.231

2000 glycerol

mCherrv-PNIPAM26 0.223 0.449 0.072 0.256
4000 glycerol

mCherrv-PN1PAM26 0.212 0.417 0.099 0.272

20D o trehalose

mCherrv-PNIPAM26 0.222 0.408 0.090 0.281

400o trehalose

Average for mCherrv-PNIPAM26 0.222 0.438 0.088 0.252
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Volume Fraction Calculation. The PNIPAM volume fraction is calculated using the

crystallographic structure of mCherry3 (PBD ID 2H5Q) and a PNIPAM density4 of 1.05 g/cm3 .

The protein density is calculated from crystallographic data as:

Ppr r1 M o Hi*s z
in 11 1  V ~~rtell A

The molar mass of the mCherry MWprtein, no His tag, is 26,740.4 g/mol. The number of formula

units per unit cell, z, is 2. NA is Avogadro's number and q, is the crystal structure water content

(44.28 %). The unit cell volume, V, is calculated with the following equation:

V=a-b-c-sin(J)

where a= 4.876 nm, b = 4.285 rm, c = 6.106 nm, and p = 112.31*.

The volume fraction of PNIPAM in the block copolymers is then calculated as:

MWPNIPAM

=P PPNIPAM

WPNPAM protein, Hi tag

PPNIPAM Pprtein

where the protein molecular weight now includes a 6x His tag (MWpotein, His tag 28,134.48

g/mol).
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Figure D-1. Gel permeation chromatography traces of each deprotected poly(N-isopropyl

acrylamide) (PNIPAM) used in this study. Three columns were used to enhance resolution, and

light scattering detectors were used to determine the absolute molecular weights. The small peak

(< 6% of total polymer mass) at twice the average molecular weight present in all traces is

caused by slight coupling of two polymers through the RAFT chain transfer agent.'
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Figure D-2. Native gel of each conjugate after purification with PNIPAM coil fractions of 0.21

(lane 2), 0.26 (lane 3), 0.31 (lane 4), 0.36 (lane 5), 0.43 (lane 6), 0.46 (lane 7), 0.53 (lane 8), 0.59

(lane 9), 0.67 (lane 10), 0.75 (lane 11), and 0.82 (lane 12). Unconjugated mCherry bands

correspond to protein monomers (gray arrow) and dimers (black arrow).2 The purity of each

conjugate was estimated using lane analysis software by dividing the integrated intensity

resulting from the bioconjugate band by the total integrated intensity from all bands. This molar

purity is then converted to a mass-based purity using the molar masses of mCherry and

PNIPAM.
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Figure D-3. SAXS of mCherry-PNIPAM block copolymers in concentrated solutions and in the

bulk at 25 'C. Traces have been offset for clarity.
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Figure D-4. SAXS of mCherry-PNIPAM block copolymers in concentrated solutions at 15 0C.

Traces have been offset for clarity.
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Figure D-5. TEM image of largely disordered nanostructures from mCherry-PNIPAM block

copolymer with fpNpAM = 0.31.
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Figure D-6. Domain spacing of mCherry-PNIPAM block copolymers as a function of PNIPAM

volume fraction in concentrated solutions at 25 *C and in the bulk, as measured by SAXS.
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Figure D-7. Domain spacing of mCherry-PNIPAM block copolymers as a function of PNIPAM

volume fraction in concentrated solutions at 15 *C, as measured by SAXS.
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Figure D-8. Domain spacing of mCherry-PNIPAM block copolymers as a function of total

molecular weight in (a) the solid state and (b) a 40 wt% solution at 25 *C, as measured by SAXS.
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