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Abstract

Control of Hierarchical Order and Development of Stimuli-Responsive Self-Assembled Materials

Across Multiple Length Scales

Stacey Chin

One of the grand challenges in materials chemistry and nanochemistry is the development of

functional materials through ordered, hierarchical structures using synthetic building blocks. Na-

ture has done this through evolution of molecular components such as nucleic acids, saccharides,

lipids, amino acids, and inorganic crystals. The precise spatial positioning of these components

gives rise to highly complex functions, such as the movement of muscles or the growth of tissues.

In the context of these biological systems, this work developed novel stimuli-responsive materials

based on interactions and hierarchical ordering of low molecular weight molecules known as pep-

tide amphiphiles (PAs). The first system of supramolecular-covalent hybrid polymers was created

by synthetically modifying a peptide amphiphile capable of self-assembling into supramolecular

filaments with an initiator for atom-transfer radical polymerization. This enabled the growth of

thermo-responsive oligo(ethylene glycol) methacrylate (OEGMA) polymers covalently attached to

the nanofiber surface. Arrangement of these nanofibers in an aligned tubular scaffold resulted in

macroscopic anisotropic actuation of the hybrid material, with a stronger response perpendicular

to the direction of alignment. This behavior emulates the anisotropic actuation observed in biolog-

ical muscle tissue, which is driven chemically. Computational and experimental results indicated

that the anisotropy was due to its hierarchical structuring, in part from the tethered nature of the

thermo-responsive molecular structures to the supramolecular filaments as well as due to the struc-

tural reinforcement of the microstructure. From this work, explorations of how to further control

the macroscopic domains of alignment were carried out using a direct ink-writing approach to apply

shear. 3D printing was used to order the supramolecular assemblies into various patterns of align-
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ment within the hybrid structure. With printed patterns of alignment, structures were able to display

curling instead of shrinking behavior, attributed to differences in drag force and therefore alignment

between layers of printed material. In order to create more uniformly patterned alignment, cellulose

nanocrystals were then incorporated into the PA printing solution, which significantly improved the

rheological properties of the ink such that large free-standing structures could be printed without

the addition of cross-linking calcium ions. In order to create similar printed structures but without

the need for rheological additives, an all-PA ink system was developed containing 𝛽-cyclodextrin

and adamantane moieties for supramolecular host-guest cross-linking. These all-PA materials were

also printable and maintain their structure without the addition of ionic cross-linkers or other rhe-

ological additives, which could be important for biological applications of these materials. Finally,

the formation of hierarchical peptide amphiphile structures was investigated on a microscopic level

by using annealing processes in confined environments. The reversible formation of micron-sized,

highly ordered liquid crystalline superstructures was observed upon heating, consisting of thou-

sands of bundled PA nanofibers packed in a hexagonal lattice. It is suggested that the inter-fiber

spacing decreases significantly at elevated temperatures due to increased ion condensation and the

entropic release of water bound to the PA surface. This effect is analogous to the lower critical solu-

tion temperature behavior observed in thermo-responsive polymers such as OEGMA, but has not

been previously observed within supramolecular assemblies. Taken together, these findings demon-

strate the versatility of PA molecules towards controlling the formation of hierarchically ordered

materials and their applications in the development of stimuli-responsive functional materials.
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1 Introduction

1.1 biological inspiration for functional hierarchical materials

Evolved over millennia, nature has developed a rich complexity of structures with diversity of

functions. These structures have served as inspiration for scientists throughout the course of his-

tory, as researchers have tried to replicate these complex functions, such as the mechanical strength

of trees,1 the structural integrity of bones,2,3 or the work-performing behavior of muscles,4,5 us-

ing synthetic materials.6 These complex functions are integrally tied to the way these materials are

structured — through the hierarchical ordering of small, molecular building blocks. In contrast

to traditional top-down materials fabrication where bulk materials are miniaturized to the micro

or nano scale through processing,7 these natural building blocks are arranged from the bottom up,

from simple nanostructures into increasingly complex structures that influence the macroscopic

functions of the materials (Fig. 1.1).

The hierarchal structure of plant cell walls contributes to the enormous mechanical strength

of wood materials (Fig. 1.2). The cell wall not only protects and shapes the cell body inside, and

Figure 1.1:Top-down assembly (left) takes bulk materials and reduces their size through processing
techniques to reach the desired length scale. Bottom-up assembly (right) takes atoms or molecular
building blocks, and arranges them in a precise manner to create the desire material and features.
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Figure 1.2: In bamboo and other wood materials, hydrogen bonding within cellulose chains forms
fibrillar structures. These fibrils arrange into hollow honeycomb-like structures, surrounded by a
matrix of lignin and hemicellulose, which gives bamboo its characteristic tensile strength. Repro-
duced from Wegst et al.6

also provides an ordered scaffold for further macroscopic structures.1,8 The cell walls composed of

aligned cellulose fibrils, which provides reinforcement for the matrix of lignin and hemicellulose

that surrounds them. Cellulose is a straight-chain polysaccharide made of repeating glucose units.

Each repeat unit is only ∼1 nm long, but due to the formation of hydrogen bonds, can form larger

hexagonal or rectangular or fibrillar structures that further bundle into macrofibrils (∼10-25 nm in

diameter). These macrofibrils have ∼20 nm-long regions of crystalline cellulose, with ordered hy-

drogen bonding between amorphous regions with disordered hydrogen bonds. The further higher-

order arrangement of these cellulose macrofibrils into honeycomb-like structures gives the cell walls

and overall wood structure their characteristic macroscopic mechanical strength.

Another material that exhibits excellent mechanical properties due to its structural hierarchy

is the compact bone in the human skeleton (Fig. 1.3). Compact bone is made of a combination

of cells embedded in an organized matrix of organic collagen and inorganic hydroxyapatite

(𝐶𝑎ଵ଴(𝑃𝑂ସ)଺(𝑂𝐻)ଶ)) nanocrystals.6,9 Collagen is composed of polypeptide chains that fold into

tropocollagen triple helices (∼300 nm long, ∼1.5 nm in diameter) due to glycine residues every

third amino acid. These collagen fibrils form a scaffold for the growth of 50 nm x 25 nm x 3 nm

hydroxyapatite nanocrystals uniformly along their length. These mineralized collagen fibrils then

form a bundled superstructure of fibers, which are further organized into lamellar concentric
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arrays of ∼100 nm-diameter hollow cylinders called osteons. These osteons surround the nerves

and blood vessels within the bone, protecting them from damage and providing structural integrity

to support the rest of the body.

Skeletal muscles are another example of a material whose function, the development of motion

and ability to perform mechanical work, is dependent on its structural hierarchy (Fig. 1.4).11 The

overall contraction of muscles that leads to their work-performing ability is fundamentally due to

the nanoscale motion of two proteins: actin and myosin.12–14 Actin, a small protein of 42 kDa,

assembles with other actin subunits into filamentous structures that provide a ‘track’ for the move-

ment of myosin protein heads to slide across, generating force in what is known as a power stroke.

However, a single actin-myosin power stroke only generates a force of ∼2-5 pN across a distance of

5 nm;15 in order to transduce this energy to a larger lengthscale, motion must be a concerted effort

of thousands of actin and myosin proteins working together and moving in tandem. Each subunit

of actin and myosin proteins, which are held together by proteins called titin, are structured in a

fibrous subunit called a sarcomere, which are roughly 2 µm in length.16 These sarcomeres bundle

together into myofibrils, which further bundle into muscle fibers that create the entire skeletal mus-

cle. This arrangement is extensive, with hundreds of thousands of sarcomeres running along the

length of a typical muscle. This hierarchical ordering allows the 2 pN forces of single actomyosin

contractions to create many Newtons worth of macroscopic, work-performing force.

While nature so elegantly organizes its available building blocks into hierarchical structure, pro-

gramming and predicting the interactions and assemblies that new molecules will form has proven

to be quite difficult for synthetic chemists. Therefore, researchers often try and mimic the structures

and interactions that are found in natural systems within a new synthetic design. One such design

element are the anisotropic fibrous structures that appear repeatedly in structural hierarchy, which

can often branch length scales and promote directional functional properties within the material.

Replicating these types of assemblies and controlling structural order can be done using biologically
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Figure 1.3: In compact bone, tropocollagen triple helices are formed due to hydrogen bonding from
repeated glycine residues. These helices bundle into collagen fibrils, which allow for the mineraliza-
tion of hydroxyapatite crystals along their length. The mineralized fibrils are then arranged into con-
centric arrays of hollow cylinders, called osteons, which surround nerves and blood vessels while
providing mechanical strength. Reproduced from Wegst et al.6

Figure 1.4: (a) In skeletal muscle, actin and myosin proteins make up the contractile unit, called
a sarcomere, with a titin protein scaffold. (b) Sarcomeres bundle together into myofibrils, which
further bundle into muscle fibers that create the macroscopic skeletal muscle. Modified from Lodish
et al.10
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derived building blocks, such as polypeptides or polysaccharides, but can also be developed using

de novo chemical compounds and interactions not typically found in nature.

1.2 artificial actuators & stimuli-responsive polymers

One active field of research that relies on hierarchical structure is the field of artificial actuators.

Inspired by the structure of skeletal muscles, described above, scientists strive to make mechanically

robust synthetic materials that have the ability to transduce stimuli such as light, temperature, or

chemical energy into mechanical energy such as movement or lifting another object. In these sys-

tems, structural anisotropy is essential to creating directionality of this motion, which allows the

energy to be more efficiently directed into a work-performing task. Artificial actuators are of great

interest in the field of soft robotics, due to their flexibility and adaptability to different process, as

well as their increased safety as compared to their traditional metal robotics counterparts.

On the nanoscale, artificial actuators and the actuating motion has been explored through

the bottom-up design of synthetic molecules, such as the molecular motors pioneered by the lab

of Fraser Stoddart.18,19 Mechanically interlocked molecules (MIMs) consist of two or more syn-

thetic components that cannot be separated (due to steric repulsions) without breaking a covalent

Figure 1.5: (a) Actuation schematic of a muscle-inspired rotaxane system. (b) Chemical structure
of rotaxane molecule. Modified from Witus et al.17
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bond, and are thus extremely stable as well as able to be chemically well-characterized. Rotaxane

molecules, a type of MIM, can include recognition sites that serve as extended and contracted states

for translational molecular motion. Rotaxanes often actuate through electrochemical means, rely-

ing on a change in redox state and therefore charge and dipolar interactions between two portions

of the molecule (Fig. 1.5a).17 However, these molecules are often synthetically very challenging to

make (Fig. 1.5b), and therefore the potential to scale up these molecules into a functional, macro-

scopic material is limited.

Due to their ease of scalability and simple chemistries, macromolecular polymer systems have

been widely explored in the artificial actuator literature, particularly within the field of stimuli-

responsive hydrogels.20–22 Hydrogels are covalently crosslinked polymer networks that are highly

swollen in water, often containing over 90% water by mass. Polymer hydrogels make attractive ma-

terials candidates due to their ease of synthesis, scalability, and especially their ability to undergo

reversible volumetric changes that can be multiple times the initial material volume. Due to ex-

tensive monomer development over the past century, there are also a large number of chemistries

and functionalities that are available for use within stimuli-responsive materials. Typical stimuli

include temperature,23 light,24,25 electric field,26,27 and pH,28 with the most common system being

thermoresponsive polymers such as poly(NIPAM) or poly(DMAEMA).29

Typically, these thermoresponsive polymers undergo reversible volumetric contraction in water

through a property known as a lower critical solution temperature, or LCST. Polymers with LCST

behavior undergo a transition from a hydrophilic state to a hydrophobic state above a specific transi-

tion temperature causing collapse and precipitation from solution.31–34 On the molecular level, be-

low the LCST these polymer chains form hydrogen bonds with water, solvating the polymer chains

in solution (Fig. 1.6). As the temperature is increased, however, entropic effects dominate, and it

becomes thermodynamically more favorable for the water molecules that were previously interact-

ing with the polymer chains to interact and hydrogen bond with water molecules in solution. The

polymer chains, no longer solvated, collapse into a random globule conformation, effectively pre-
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cipitating from solution. In a dispersed polymer solution, this results in turbidity within the sample

and eventual settling of the polymer aggregates. If the polymers are crosslinked within a hydrogel

network, this results in shrinkage of the bulk hydrogel and expulsion of water, or syneresis, from

the network structure. This transition is fully reversible, and upon cooling the hydrogen bonds will

reform, causing resolvation and re-swelling of the polymer chains. This hydrophilic to hydropho-

bic transition is common among many other stimuli-responsive polymers as well,25,35 although the

thermodynamic driving forces may be different in other chemistries.

However, structural anisotropy is difficult to create in a polymeric hydrogel due to the random

entangled network formed upon polymerization. This typically results in only isotropic contrac-

tion, where the polymer network shrinks the same amount in each direction. In these cases, a

global stimulus cannot be applied throughout the material to induce directional or anisotropic mo-

tion. By applying externally biased stimuli, such as temperature gradients, peristaltic or earthworm-

type motion can be demonstrated.36,37 In light-responsive systems, shining light on specific parts

of the structure can also induce directional motion.38 Such examples rely on complexity within the

spatiotemporal application of the respective stimulus, while the material itself remains relatively

simple.

Figure 1.6: Below the LCST, polymer chains are hydrated by water hydrogen bonds and hydrogels
are swollen. Above transition temperature, entropic effects dominate, with water molecules no
longer solubilizing the polymer chain. The polymer chain collapses, leading to contraction of the
hydrogel. Modified from Pennadam et al.30
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Figure 1.7: Schematic representation of bidirectional bending and shape switching behaviors of
hydrogel bilayer. Reproduced from Xu et al.39

A logical evolution of artificial actuator systems is to increase complexity in the material by

introducing additional components to reinforce the material, add directionality, or other desirable

functions. Bilayers of nonresponsive-responsive materials, for example, can show curling behavior

due to mismatches in the mechanical properties as one material contracts (Fig. 1.7).39,40 This curling

behavior can lead to anisotropy, depending on the configuration within the sample geometry.41 In

another example from the Aida lab, incorporation of titania nanosheets in a thermoresponsive hy-

drogel led to composite materials with strong and rapid anisotropic actuation in response to changes

in temperature.42 To induce the anisotropic orientation and therefore actuation, a strong magnetic

field was used to orient the nanosheets within the polymer matrix. LCST-behavior of the polymer

at increased temperature causes an increase in permittivity, causing electrostatic repulsion between

nanosheets.

These examples demonstrate the need for increased complexity in order to develop anisotropic

actuation. The inclusion of directional information within the material is critical for achieving

anisotropy. The short persistence length of most traditional covalent polymers prevents the stable

orientation of individual chains and therefore long-range order without the application of intense

forces such as high shear, which is not feasible for a number of systems and detracts from the scalabil-

ity of such materials. As such, non-covalent systems, such as supramolecular assembled structures,

have become of interest due to their ability to easily form high-aspect ratio anisotropic assemblies.
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1.3 supramolecular assembly

1.3.1 Driving forces for supramolecular assembly

The term supramolecular chemistry was coined by Jean-Marie Lehn in 1978 to describe “chem-

istry beyond the molecule,” or chemical interactions that occur outside of a covalent bond.43 As

a field that has burgeoned over the last thirty years,44 supramolecular focuses on the breadth of

noncovalent interactions that can occur between different molecules, such as Van der Waals forces,

𝜋-𝜋 stacking, hydrogen bonding, and electrostatic interactions. These noncovalent interactions,

while weaker in strength than a typical covalent bond, play an integral role in the arrangement and

bottom-up building of hierarchical structures from molecular building blocks. The dynamic nature

of these noncovalent interactions due to the fine balance of attractive forces (such as 𝜋-𝜋 stacking)

and repulsive forces (such as electrostatic repulsion of like-charged species), can also allow for the

reconfiguration of assemblies with small changes in the environment. These rearrangements can

result in distinct phases or assembly states depending on the energy landscape of the molecules,

leading to a rich variety of supramolecular assemblies that can arise from a single molecular struc-

ture.45,46 The extreme promise of supramolecular chemistry was rewarded in 1987, when the sci-

entists Donald Cram, Jean-Marie Lehn, and Charles Pederson were awarded the Nobel Prize in

chemistry for their development of the field.47 Supramolecular chemistry was acknowledged again

in 2016, when Fraser Stoddart, Jean-Pierre Sauvage, and Ben Feringa were awarded the Nobel Prize

in for molecular machines, which rely heavily on the advances in knowledge about intermolecular

interactions.48

Some of the most highly studied supramolecular systems are amphiphilic surfactant molecules

that contain both hydrophilic and hydrophobic moieties; however, predicting the final assembled

state of surfactant-like molecules can be challenging. In 1976, Jacob Israelachvili proposed a the-

ory describing a ‘critical packing parameter’ (CPP), which generally describes rules for how simple
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surfactants can pack based on geometric constraints due to the balance of attractive and repulsive

forces present (Fig. 1.8).49 The CPP is defined as follows:

𝐶𝑃𝑃 = 𝑉
𝑎௢𝑙௖

(1)

Where 𝑉 is the volume of the surfactant molecule, 𝑎௢ is the surface area of the headgroup, and

𝑙௖ is the critical length of the hydrophobic chain.

Figure 1.8: Critical packing shape and structures formed for varying critical packing parameter
values of a simple amphiphile molecule. Modified from Salim et al.50
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Generally, as the CPP increases, the assembly becomes more dominated by the hydrophobic

alkyl chains, resulting in less overall surface curvature as the effective size of the headgroup de-

creases. While the CPP is a useful starting point for predicting behavior and has been used exten-

sively to describe traditional surfactant assembly, it does not account for specific intermolecular

interactions between molecules such as hydrogen bonding or electrostatics. As chemists design

molecules with increasing complexity that go far past simple surfactants, the Israelachvilli packing

principles may not encompass the multitude of interactions that contribute to the overall assembly

of these complex molecules.

1.3.2 Peptide-based supramolecular materials

One type of these more complex self-assembling molecules are peptide-based materials. Na-

ture has evolved to assemble peptides into complex protein structures with high fidelity using the

interplay of hydrophobic and hydrogen-bonding intra- and inter-molecular interactions between

peptide side chains (Fig. 1.9). These programmable interactions make peptides a prime candidate

for the rational design of synthetic self-assembled structures.

Scientists have studied natural peptide-based materials such as amyloid fibrils, spider silk, and

collagen and elastin extracellular matrix proteins to learn about the intermolecular interactions that

cause the assembly into anisotropic structures. Using these hydrogen bonding and hydrophobic

interactions, researchers have developed synthetic peptide sequences that assemble into fibrillar

structures, such as RADA 16-I,51 KVLFF,52 KFE8,53 or simple diphenylalanines.54 In particular,

taking advantage of 𝛽-sheet hydrogen bonding, interactions that are integral in the formation of

amyloid fibrils, has been a rich avenue in the design of anisotropic supramolecular structures due

to the directional nature of the bond formation.55

Inspired by the amphiphilic lipid molecules that compose cellular membranes, additional hy-

drophobic interactions can be added to direct assembly by lipidating a short amino acid sequence.

The class of molecules, termed peptide amphiphiles (PAs) was developed in the late 1990s,56 and has
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Figure 1.9: Bottom-up folding of polypeptide structures. Primary structure is comprised of the
amino acid sequence, which fold into to regular secondary structures such as 𝛼-helices or 𝛽-sheets.
These domains can further fold into three-dimensional tertiary structure, and multiple tertiary struc-
tures can complex into a functional quaternary structure. Shown is the tetrameric quaternary struc-
ture of hemoglobin. Image from the public domain.
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subsequently been extensively studied by the Stupp group and others over the past two decades.57,58

These molecules are short peptide sequences attached to a hydrophobic alkyl tail (Fig. 1.10). The

alkyl tail, typically 12-16 carbons long, is covalently attached to hydrophobic amino acid residues

such as valine or alanine, which have propensity to form 𝛽-sheet hydrogen bonds in aqueous solu-

tion. The 𝛽-sheet structure forms directional hydrogen bonds, unlike other secondary structures

such as 𝛼-helices, which can elongate the self-assembled structure outside of the typical micellar

structure that would be expected from simple surfactant behavior.59 These𝛽-sheet hydrogen bonds,

in combination with the terminal hydrophilic charged amino acids, cause the peptide amphiphiles

to assemble into highly anisotropic nanostructures. Typically, these take the form of cylindrical

nanofibers or nanoribbons with a more rectangular or elongated ellipsoid cross-section, but can

also form sheet-like or helical assemblies depending on amino acid sequence.46,60,61 Due to the bio-

compatibility and structural similarity of PA-based materials to the native extracellular matrix, our

group has used these molecules extensively as biomaterials and scaffold for tissue regeneration.62–64

The modular nature of the solid-phase peptide synthesis methods used to make these molecules al-

lows us to easily modify these peptides to add additional functionality, such as bioactive epitope

sequences. With the extensive protecting group chemistry that has been developed for peptides,

it is also rather simple to add small molecule to the peptide structure through orthogonal chem-

istry.65–67

Figure 1.10: PA sequences contain a hydrophobic alkyl tail (red) covalently attached to a 𝛽-sheet
forming peptide region (yellow). Charged amino acids (green) are added for solubility. These PA
molecules can assemble into nanofiber morphologies. Additional functionalities, such as bioactive
epitopes, can also be added after the charged region.
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Figure 1.11: (a) Cryo-TEM of PA nanofibers showing nanoscale alignment after applied shear force.
(b) SEM of microscopically aligned bundled PA structures. (c) Cross-polarized optical microscopy
showing macroscale alignment of an extruded PA string. Panel B modified from Chin et al.68 Panel
C modified from Zhang et al.69

One of the strengths of these self-assembled PA materials is their ability to form hierarchical

structures informed by their molecular design (Fig. 1.11). Due to the anisotropic nature of the

peptide amphiphile assemblies, they form lyotropic liquid crystalline solutions at certain concen-

trations. The domains of alignment can easily be aligned into larger monodomains through the ap-

plication of even weak shear forces such as pipetting (Fig. 1.11c).69 These 1D filamentous nanofibers

are able to mechanically entangle and bundle together to create porous aligned superstructures. The

alignment of these nanostructures can be frozen in place by the addition of multivalent counteri-

ons such as calcium, which can both charge screen and bridge the ionic amino acids, causing the

nanofiber materials to form a hydrogel network that can be used as a structural scaffold.68 The align-

ment of within the hydrogel structure can direct both the mechanical properties of the gel as well

as cellular response to the material, particularly in cell types such as cardiomyocytes and neurons,

whose functionality is highly dependent on the cellular alignment.70,71

Aggregation and superstructure formation can be induced by additional functionalities, such

as epitope sequence or DNA base-pairing interactions.72,73 This versatility makes PAs a prime can-

didate for use in the further development of hierarchical materials.
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1.4 liquid crystalline materials

Liquid crystals are a state of matter that, due to their simultaneous liquid-like and crystal-like na-

ture, displays unique physical properties.74 The liquid-like properties allow these materials to flow,

shear, and form droplets, whereas the crystalline-like nature give the molecules regular spacing as

well as anisotropic optical,75 electrical,76 and magnetic properties.77 Typical liquid crystal-forming

molecules are structurally anisotropic, such as azobenzene,78 nanocrystalline cellulose,79 or surfac-

tant micelles,80 which allows for the close, crystalline-like packing of the molecules.

The formation of the liquid crystalline (LC) phase is typically temperature-dependent (ther-

motropic).81 Depending on how the molecules are arranged, different classes of liquid crystals can

form, such as nematic, smectic, or cholesteric phases, each of which have characteristic packing

and optical properties (Fig. 1.12. In some colloidal dispersions, liquid crystals can also be formed

depending on concentration (lyotropic liquid crystals), where solvent molecules also play a role in

the assembly of the LC phase. These can include amphiphilic surfactant molecules, viruses,82 or col-

loidal nanocrystals,83,84 among others. Lyotropic liquid crystals may also pack in different phases,

such as lamellar or hexagonal columnar phases depending on the concentration of amphiphile and

solvent. As mentioned in section 1.3.2, PA molecules form lyotropic liquid crystalline solutions

upon aggregation.

Due to the anisotropic nature of molecules, it is easy to gain extensive molecular scale orien-

tational order, forming domains of aligned molecules that are often on the order of micrometers.

However, this order rarely extends to the macroscale without the application of an external force

or field. This can be done mechanically using applied strain,86 through surface patterning,87 or by

using magnetic or electric fields.76,88

Liquids crystalline materials have been used extensively in the field of optics, where they are

commonly used in displays or lenses.89,90 More recently, their ability to switch between LC and

isotropic phases have been used for shape-memory polymers and actuating materials.91–93 How-

ever, in these cases, the shape change is typically not reversible without human intervention to reset
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Figure 1.12: (a) Thermotropic liquid crystal phases. (b) Lyotropic liquid crystal phases. Panel A
modified from Andrienko.74 Panel B modified from Goodby et al.85

the desired shape of the elastomer. Researchers have also taken advantage of their ability to be

shear aligned using extrusion-based techniques. Recent advances in the field of 3D printing have

been especially potent for the complex spatial patterning of alignment within LC materials.94,95 The

functionality of these materials shows promise for the hierarchical ordering of functional materials.
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1.5 thesis overview

This thesis is based on developing new molecular systems that utilize directed assembly to con-

trol the overall hierarchical structure and therefore function of the resulting materials. Taking in-

spiration from biological systems, we use peptide amphiphile building blocks as the basis for our

bottom-up design of anisotropic structures, and explore their assembly into higher ordered super-

structures for functional anisotropic materials.

This work begins by taking inspiration from the structure of skeletal muscles, and their

ability to transduce chemical energy into mechanical energy. In Chapter 2, synthesis of covalent-

supramolecular hybrid materials is explored to create anisotropic artificial actuators. By embedding

highly anisotropic peptide amphiphile nanofibers into a matrix of thermoresponsive but isotropic

covalent polymers, we create a hybrid hydrogel material that actuates anisotropically, dependent on

the direction of alignment. We further investigate the mechanisms of this anisotropic contraction

through computational and experimental means, concluding that the anisotropy is due to a

combination of factors, with both the composite-like microstructure as well as the grafted-from

nanostructure contributing to the observed behavior. This knowledge gives us a basis for the

further design of covalent-supramolecular hybrid polymers with even more complex actuation

behavior.

Chapter 3 builds upon the previous work, expanding the scope of fabrication techniques to a

direct ink writing 3D printing method. This technique allows for precise programming of align-

ment using a top-down approach. 3D printed covalent-supramolecular hybrid polymers are fabri-

cated with different patterns of alignment. When heated, printed materials with net alignment show

anisotropic curling behavior, unlike prints lacking net alignment. This is attributed to gradients in

alignment that occur during the printing process. We further include cellulose nanocrystals into the

hybrid ink to act as a rheological additive to increase the stiffness of the inks in order to build even

larger, more complex structures. The resulting materials are significant more mechanically robust

and able to be easily handled, even before ionic cross-linking with divalent calcium ions. The 3D
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printing methods are then extended to a new PA-only system containing supramolecular host-guest

cross-links, taking advantage of the strong noncovalent binding affinity between𝛽-cyclodextrin and

adamantane. PA solutions containing both host and guest components form shear-thinning hydro-

gels without the addition of calcium cross-linking and can be printed as multilayer, freestanding

hydrogel structures.

In Chapter 4, we move from the macroscale to the microscale, looking at how to control struc-

ture and hierarchical order of PA nanostructures using thermal processing, or annealing, within

spatially confined environments. Using variable-temperature X-ray scattering and confocal laser-

scanning microscopy techniques on a model PA system, we observe a sharp increase of translational

order and formation of a hexagonal lyotropic liquid crystal phase upon heating. The formation of

the lyotropic LC phase also correlates with the bundling of PA nanofibers into regular, micron-sized

superstructures. This is attributed to an LCST-like entropic effect due to a change in hydration state

of the nanofibers at high temperature. The LCST behavior is shown to be highly dependent on

the ionicity of the nanofiber surface; however superstructure bundling can occur with or without

the presence of crystalline Bragg peaks that indicate high degrees of translational order. The LCST

behavior is shown to be generalizable to other PA sequences, and this phenomenon is indicative

of a general strategy to control superstructure formation and alignment within a liquid crystalline

peptide solution.

Finally, taking into account the knowledge gained from the work detailed in the previous chap-

ters, Chapter 5 discusses the next steps for progressing in the development of aligned functional

hierarchical materials. Further development of the supramolecular-covalent hybrid polymer sys-

tem in proposed in the context of creating more complex actuation motion, as well as expansion of

the 3D printing methods to build larger, more robust structures. Additional studies within the rich

phase space of PA LCST behavior are also proposed to further determine the dynamic PA-solvent in-

teractions that govern the superstructure formation and inform us of design rules for the bottom-up

creation of hierarchical ordered peptides.
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2 Covalent-Supramolecular Hybrid Polymers as
Anisotropic Artificial Actuators

2.1 objectives and significance

Imparting innate directionality into a synthetic material can be quite difficult; however, the

structure of skeletal muscle can provide inspiration on how to achieve reversible, macroscopic,

anisotropic motion in soft materials. One key aspect of their structure that informs their function

is the precise organization of individual proteins such as actin, myosin, and titin into anisotropic

structures called sarcomeres. Their further hierarchical organization into muscle fibers allows the

transduction of nanoscale protein motion to the performance of macroscale mechanical work. In-

spired by this hierarchical structure, we report on the bottom-up design of macroscopic tubes that

exhibit anisotropic actuation driven by a thermal stimulus. The tube is built from a hydrogel in

which extremely long supramolecular nanofibers are aligned using weak shear forces, followed by

radial growth of thermoresponsive polymers from their surfaces. The hierarchically ordered tube

exhibits reversible anisotropic actuation with changes in temperature, with much greater contrac-

tion perpendicular to the direction of nanofiber alignment. We identify two critical factors for

the anisotropic actuation, macroscopic alignment of the supramolecular scaffold and its covalent

bonding to polymer chains. Using finite element analysis and molecular calculations, we conclude

polymer chain confinement and mechanical reinforcement by rigid supramolecular nanofibers are

responsible for the anisotropic actuation. The work reported suggests strategies to create soft active

matter with molecularly encoded capacity to perform complex tasks.
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2.2 background

Nature creates mechanically useful materials through the bottom-up arrangement of nanoscale

building blocks into hierarchically ordered structures that bridge length scales and create macro-

scopic objects. In a human biceps macroscopic forces are exerted through directional and concerted

motion of millions of actuating components.11 These components are made up of actin and myosin

supramolecular polymers linked to a macromolecular scaffold known as titin, which collectively

form the sarcomere.14 The aligned structure of sarcomeres over macroscopic scales provides great

inspiration for the development of soft materials that behave as anisotropic actuators.

When attempting to replicate the functions of skeletal muscle, polymer gels are extremely

promising materials due to their ability to undergo large volumetric changes with a variety of

stimuli.26,29,96,97 For example, pH-responsive hydrogels successfully adjusted the focal length

of optical lenses with only isotropic swelling behavior.98 Directional actuation can be achieved

in molecularly isotropic materials through the application of complex external forces such as

thermal gradients, photo-masking of specific locations, or external fields.24,27,37 Alternatively, a

directional bias in the material itself can be introduced through the use of processing techniques

such as the construction of multilayered polymer sheets with different moduli,23,99 or top-down

photopatterning of polymer films.22,100 In supramolecular materials, it is possible to introduce a

directional bias of non-covalent assemblies using external forces,69 however, very few examples

of using such materials as actuators have been reported. One such rare example is a recent con-

tribution that demonstrated the photo-triggered actuation of hierarchically organized molecular

motors in aligned supramolecular gels.101 Other important examples are liquid crystalline (LC)

elastomers, where LC phases can lead to reversible deformation of materials,102,103 and shape

memory polymers that can recover previously programmed shapes upon application of thermal

stimuli.104,105 However, these LC and polymeric systems are typically hydrophobic and require

high temperature processing to create specific shapes.
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A different approach to anisotropic actuation has been the use of organic-inorganic composite

materials to introduce directionality in the microstructure.106 In one example, anisotropic actuation

was achieved by incorporating titania nanosheets aligned by a strong, external magnetic field within

a thermoresponsive hydrogel.42 In another example, oriented patterns of 3D-printed cellulose fibers

and clay particles in a thermoresponsive polymer matrix could form complex shapes through pre-

dictable self-folding.94 These systems, however, still require complex processing steps to attain the

desired actuation. It remains of great interest in materials science to design anisotropic actuators

based on intrinsically ordered systems containing supramolecular and covalent polymers that align

under weak shear forces, which takes inspiration from the hierarchical organization of proteins in

skeletal muscle.

We report here on the bottom-up molecular design of a macroscopic soft actuator that deforms

anisotropically in an aqueous environment without requiring high temperature or high stress pro-

cessing, which are typically needed in such systems.107 The material has a hybrid composition con-

sisting of two components, a supramolecular polymer that under very weak shearing forces pro-

vides the anisotropic framework, and transfers this anisotropy to the thermoresponsive motion of

the covalent polymer linked to the supramolecular skeleton. Consequently, the hierarchical struc-

ture formed in the shape of a macroscopic tube exhibits anisotropic actuation reversibly driven by

thermal changes. To build the anisotropic skeleton we use water soluble peptide amphiphile (PA)

molecules that under certain conditions are thermodynamically driven to form effectively infinite

nanoscale fibers,45 resulting in a LC solution that is easily shear aligned to encode directional infor-

mation.69,70 These PA molecules are chemically designed to initiate the polymerization of the ther-

moresponsive polymer using atom-transfer radical polymerization (ATRP). As described below,

the required steps for bottom-up assembly of this muscle-inspired hierarchically ordered actuator

utilize easily applied shear using simple benchtop procedures.
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2.3 results & discussion

2.3.1 Material synthesis & characterization

Fig 2.1 shows a schematic representation of the fabrication process used to prepare the hybrid

actuator material. We synthesized a PA (PA1, Fig. 2.1a, blue color) that contains a bromoisobutyryl

moiety coupled to the 𝜖-amino group of a lysine residue in order to initiate the growth of cova-

lent polymer chains by ATRP.108 Coassembly of PA1 with PA2 (filler) results in the formation of

supramolecular nanofibers containing 10 mol% initiator functionalized molecules (Fig. 2.1b). Ther-

mal annealing was used to lengthen the nanofibers45 and create an aqueous lyotropic liquid crystal

at 1 wt% in buffer (Fig. 2.1c, Fig. 2.2).

We found that this liquid crystal can be extensively shear aligned in a tubular mold containing a

rotating metal rod in the center (Fig. 2.1d).70 By retracting the central rod, the chamber containing

PA is exposed to CaCl2 solution and this in turn causes gelation of the liquid crystal into a tube

shaped object. Based on earlier work, we hypothesized that the supramolecular fibers would orient

circumferentially in the tube walls (Fig. 2.1e). Lastly, the tubular hydrogels are then transferred

to a polymerization bath containing a methanol/water solution. This solution contains diethylene

glycol methyl ether methacrylate (DEGMA) and oligo(ethylene glycol) methyl ether methacrylate

(OEGMA500) monomers (molar ratio 95:5 DEGMA:OEGMA500), N,N’-methylenebisacrylamide

crosslinker, catalyst, and reducing agent in order to carry out ATRP109,110 and generate covalent

chains grafted from the supramolecular scaffold (Fig. 2.1f). Due to the controlled nature of ATRP,

polymer chains can only grow from the initiator sites on PA1. Unless otherwise noted, chains had

an expected degree of polymerization of 1500, and crosslinker was added at a concentration equiv-

alent to 1 wt% of the monomers, resulting in approximately one crosslink per 75 monomer units.

Crosslinking is expected to occur both within polymer chains on the same nanofiber as well as be-

tween nanofibers.
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Figure 2.1: (a) PA1 and PA2 are codissolved in hexafluoroisopropanol (HFIP) to ensure complete
dissolution and molecular mixing. Removal of HFIP and redissolution in aqueous buffer gives (b),
coassembled peptide amphiphile (PA) nanofibers. Subsequent annealing at 80°C for 30 minutes
gives a liquid crystalline solution of high aspect-ratio PA nanofibers. (c) Cryogenic transmission
electron microscopy shows long nanofibers (scale bar is 200 nm), and polarized optical microscopy
(inset, scale bar is 200 µm) shows birefringent domains. (d) To fabricate the PA tubes, rotational
shear force is applied to PA solution to circumferentially align the nanofibers within a tubular mold.
The central rod is then retracted to allow influx of CaCl2 solution, gelling the PA as shown in (e),
maintaining nanostructure orientation. Covalent polymer chains are grafted from nanofibers with
atom-transfer radical polymerization in a polymerization bath. (f) The resulting hybrid contains
covalent chains grafted radially from the nanofiber surface and shows a distinct opacity change
from the unpolymerized state (photographic insets, scale bars are 1 cm), while maintaining fibrous
morphology (scanning electron microscopy insets, scale bars are 10 µm).
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Figure 2.2: Cryo-TEM of (a), 0 mol% PA1 + 100 mol% PA2; (b) 10 mol% PA1 + 90 mol% PA2; (c)
10 mol% PA1 + 90 mol% PA2 after polymerization of thermoresponsive covalent polymer. Note
that due to the similar density of the OEGMA copolymer to water, there is no distinct contrast from
water within the polymer phase. (Scale bars are 100 nm). Polarized optical microscopy showing
birefringence of a 1 wt% solution of 10 mol% PA1 + 90 mol% PA2 (same as panel b) after annealing;
(d) 0°sample rotation, (e) 45°sample rotation. (Scale bars are 200 µm)

The random copolymer exhibits the expected lower critical solution temperature (LCST) of

35˚C by dynamic light scattering (DLS, Fig. 2.3).111 We monitored the consumption of monomer

using nuclear magnetic resonance (NMR, Fig. 2.3). We estimate the molecular weight of tethered

chains by gel permeation chromatography of non-tethered chains grown from soluble initiator

(ethyl 𝛼-bromoisobutyrate), which has been shown to be in good agreement with those grown from

surfaces.112

While the tube dimensions and fibrous morphology (Fig. 2.4) remain the same before and af-

ter polymerization, distinct differences in the material opacity are observed due to the crosslinking
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Figure 2.3: (a) Polymer conversion is monitored by following the decrease in signal intensity of vinyl
peaks by 1H NMR. (b) Representative GPC In THF of polymer after 15 hours shows a monomodal
peak on light scattering detector. Mn = 9.8x104, PDI = 1.36. (c) Light-scattering behavior at in-
creasing temperature, showing increased scattering above LCST for samples containing PEGMA
polymers. Error bars represent one standard deviation.

Figure 2.4: (a) After gelation with 0.1M CaCl2 solution (scale bar is 5 µm). (b) After polymerization
and dialysis (scale bar is 10 µm). (c) SEM image of polymer-only hydrogel (scale bar is 2 µm). Note
that the polymer hydrogel also has a fibrous structure on small length scales, but does not contain
long-range order. Images were taken from within a cross-section of the tube wall.

density (photographic insets, Fig. 2.1e, f). Further discussion of the material opacity can be found

in the Methods (Section 2.5). The hybrid material was stable in a hydrated state at ambient temper-

ature for more than one year. Furthermore, mass calculations show a decrease of the water content

from approximately 98% to 94% after polymerization, as well as an increase of overall dry mass, in-

dicating successful polymerization of the covalent polymer. The hybrid tubes can be easily handled

and are mechanically much more robust than tubes formed only by the supramolecular scaffold.
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Microindentation experiments indicate a fourfold increase in radial compressive modulus for the

hybrid tubes relative to their supramolecular counterparts (4.2 ± 1.5 vs. 16.7 ± 2.8 kPa, mean ±

s.d., n = 3 – 5).

We examined the distribution of covalent polymer throughout the tubular structure using

confocal microscopy and fluorescently labeled materials. In both the tube cross-section and

Figure 2.5: (a) Confocal microscopy of fluorescently tagged circumferentially aligned hybrid tube
in tube cross-section. (b) Confocal microscopy of fluorescently tagged circumferentially aligned
hybrid along tube wall. (c) Confocal microscopy of fluorescently tagged composite tube in tube
cross-section. (d) Confocal microscopy of fluorescently tagged composite along tube wall. Fluores-
cently tagged hybrids and composites contain 1 mol% of PA3 in the supramolecular phase and 1
monomer wt% of fluorescein-O-methacrylate in the covalent phase. Scale bars are 200 µm.
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the tube wall we observed a homogeneous distribution of fluorophores and a high degree of

colocalization (Fig. 2.5). This indicates that during polymerization, monomer can freely diffuse

within the supramolecular scaffold, allowing polymer chains to be initiated throughout the entire

volume of the tube.

2.3.2 Anisotropic thermoresponse

Next, we investigated the actuation behavior of the hybrid tubes by immersing them in water

and heating from 25 °C to 70 °C over a period of 30 minutes. Above the LCST of the copolymer, we

observed a significant contraction of hybrid tubes (Fig. 2.6a, d). The contraction is reversible and

upon cooling, the polymer re-swells to its original dimensions.

The hybrids can be actuated for multiple cycles and with similar dimensional changes (Fig. 2.7).

The actuation of these materials is sufficiently strong to perform work (Fig. 2.8), with samples able

to lift up to 380 times their dry weight with a work capacity of 0.629 kJ kg-1 and volumetric energy

density of 5.656 kJ m-3.

Hybrid tubes containing circumferentially aligned supramolecular scaffold exhibited

anisotropic actuation, contracting more strongly along their length relative to their width (62%

versus 79% of original dimensions, see Fig. 2.6a). This behavior is not observed in tubes con-

taining only covalent polymer or only supramolecular scaffold (Fig. 2.6b, c). Tubular hydrogels

containing only covalent polymer contract isotropically to 77% of their original length and width,

while supramolecular PA tubes, as expected, have no observable contraction. When we aligned

the supramolecular scaffold axially (parallel to the tube long axis) instead of circumferentially

(Fig. 2.6d), the anisotropy reverses to 79% of original width versus 88% of original length. These

observations suggest that anisotropic actuation is linked to the alignment of the supramolecular

scaffold containing covalently grafted thermoresponsive polymer.
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Figure 2.6: (a) Circumferentially aligned hybrid polymer (left) shows anisotropic contraction along
the length of the tube upon heating (center), as normalized to original tube dimensions (right) over
the course of 1800 seconds. (b) Covalent polymer tube. (c) Supramolecular polymer tube. (d)
Axially aligned hybrid polymer. (scale bars are 3mm). A representative heating curve is depicted
in Figure 2.19. Statistical analysis was performed using an unpaired two samples Student’s t-test; *
p<0.05, ** p<0.01, *** p<0.001; (Data are presented as mean ± s.d., n = 3).
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Figure 2.7: Circumferentially aligned PA-polymer hybrid is able to retain shape and ability to con-
tract across six heating-cooling cycles (data represented as mean ± s.d. of 3 measurements). Af-
ter repeated handling, width contraction of the hybrids tends to become somewhat ellipsoidal (for
example, from touching the central post in the contraction chamber), causing deviations in tube
measurement.

Figure 2.8: PA-polymer hybrid is able to perform work upon heating. 760 mg weights were attached
to a hybrid material (2.0 mg dry weight) and lifted 1.67 mm against gravity (scale bar is 1 cm). This
corresponds to a work capacity of 0.629 kJ kg-1 and volumetric energy density of 5.656 kJ m-3.
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2.3.3 Alignment of the supramolecular scaffold in hybrid materials

The data presented in Fig. 2.6 indicates that anisotropic actuation originates from the combina-

tion of covalent polymer and supramolecular phases in the hybrid material. The difference in re-

sponse between circumferentially and axially aligned polymers indicates that the direction of align-

ment in the supramolecular phase determines the nature of the anisotropy.

To investigate the importance of this alignment, we analyzed samples with polarized optical

microscopy (Fig. 2.10). The circumferentially aligned hybrid material shows strong birefringence

in both the cross-section and the tube wall, indicating the presence of highly aligned structures

(Fig. 2.9a, d). In contrast, the axially aligned sample only shows strong birefringence in the tube wall

but little in the tube cross-section, which is expected for a material with this orientation (Fig. 2.9b,

e). The cross-section and wall of a tube fabricated from covalent polymer hydrogel show negligible

birefringence, thus revealing no net orientation (Fig. 2.9c, f).

We also characterized orientation in the tubular samples using small-angle X-ray scattering

(SAXS) (see Fig. 2.9g-i, Fig. 2.11). The 2D scattering of aligned samples reveals ellipsoidal patterns

consistent with long-range order, whereas unoriented ones have no angular dependence of the ob-

served scattering. The plot of integrated radial intensity as a function of azimuthal angle (Fig. 2.9g,

h insets) in the circumferentially and axially aligned hybrid material show maximum intensities

around 180° and 90°, respectively, confirming the proposed alignment of supramolecular nanofibers

within tubular samples. Finally, the SAXS data reveals that tubes composed of the covalent polymer

contain randomly oriented chains (Fig. 2.9i). It is therefore clear that the strongest contraction of

the tube is observed perpendicular to the orientation of supramolecular nanofibers. In the case

of circumferentially aligned nanofibers, the tubes shrink preferentially along the length, whereas

those with axial alignment reveal preferential shrinkage along the width. We therefore have strong

evidence that anisotropic contraction of the tubes is directly linked to the macroscopic orientational

order provided by the supramolecular phase.
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Figure 2.9: Circumferentially aligned hybrid polymer shows birefringence in cross-sectional slices
(a) as well as along the tube wall (d) under cross-polarized light. Axially aligned hybrid polymer
shows birefringence only in the tube wall (b, e). Covalent polymer shows negligible birefringence
(c, f). 2D small-angle X-ray scattering patterns show angle dependent intensity maxima in the
aligned hybrids but not in the covalent polymer (g-i). Insets show integrated radial intensity versus
azimuthal angle. Scale bars in images of cross-sectional slices (a, b, c) are 1 mm and 400 µm in
images of the tube walls (d, e, f).
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Figure 2.10: Microscopy images of sections of the tube wall of tubular hydrogels from (a) circumfer-
entially aligned hybrid, (b) axially aligned hybrid, and (c) covalent polymer under cross-polarized
light. A sample stage was used to rotate the samples by 0, 45, 90, and 135 degrees, respectively. As
expected, the highly circumferentially aligned tube shows strong birefringence at 45 and 135 de-
grees of sample rotation and minimal birefringence at 0 and 90 degrees. The axially aligned hybrid
exhibits the same trend as the circumferentially aligned hybrid, however, domains with different
alignment are present. In contrast, the covalent polymer tube shows no birefringence at any sample
orientation. Scale bars are 400 µm.
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Figure 2.11: 2D small angle X-ray scattering patterns show angle dependent intensity maxima in
the tubular hydrogels. Insets show integrated radial intensity versus azimuthal angle. (a) circum-
ferentially aligned and (b) axially aligned PA tubes before grafting of covalent polymer. Composite
tubular hydrogel (c) before and (d) after grafting of covalent polymer. e) The alignment of the PA
nanostructures is maintained within the circumferentially aligned hybrid structures after multiple
contraction and expansion cycles (n > 3). All measurements were taken at room temperature.
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Figure 2.12: (a) PA nanofibers with high persistence length provide mechanical reinforcement along
the PA axis, preventing contraction in the direction of alignment. (b) Experimental results of heat-
ing a circumferentially aligned composite material. Statistical analysis was performed using an
unpaired two samples Student’s t-test; * p<0.05, ** p<0.01, *** p<0.001; (Data are presented as
mean ± s.d., n = 3). (c) Schematic of finite element analysis model of covalent-noncovalent sys-
tem. (d) Finite element analysis results of shrinkage due to mechanical reinforcement with varying
interfiber distance.

We considered possible mechanisms that link the observed correlation between anisotropic ac-

tuation and orientation of the supramolecular phase. One possibility is that high-persistence length

structures mechanically restrict contraction of the covalent polymer. In this case, the oriented,

rigid structures would diminish contraction preferentially in the direction of alignment and lead to

macroscopic anisotropic actuation (Fig. 2.12a).

Tensile experiments show a difference in the Young’s modulus perpendicular and parallel to the

nanofiber alignment axis (50.3 ± 39 kPa vs. 263.3 ± 179 kPa, mean ± s.d., n = 6 – 12), indicating
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Figure 2.13:Tensile experiments of circumferentially (red) and longitudinally aligned (blue) hybrid
tubes. (a) Representative examples of tensile tests. (b) Mean engineering strain at break (%) and
(c) mean Young’s modulus (kPa). Experiments show the circumferentially aligned hybrids (where
the tensile force is applied perpendicular to nanofiber alignment) have higher strain at break than
longitudinally aligned hybrids where tensile force is applied parallel to the direction of nanofiber
alignment (42.1 ± 10.6 % vs 15.8 ± 6.7 %). Conversely, the circumferentially aligned samples show
lower modulus (50.3 ± 39 kPa vs 263.3 ± 179 kPa). Data is represented as mean ± s.d. of 6 – 12
samples.

the nanofiber orientation does affect the material mechanics (Fig. 2.13). We hypothesize that if the

anisotropic response were solely due to mechanical restriction from the rigid nanofibers, a compos-

ite material – where the polymer is not covalently connected to the supramolecular nanofibers –

should match that of the hybrid materials. We therefore synthesized composite samples containing

circumferentially aligned PA2 nanofibers embedded in a covalent polymer matrix (Fig. 2.12b), in

contrast to the previously described hybrid materials. These composite samples show similar inte-

gration of the covalent polymer component throughout the material (Fig. 2.5). We found that com-

posite samples do exhibit anisotropic actuation, shrinking to 85% of their original length and 92%

of their original width. However, this actuation is of considerably lower magnitude than that of the

previously described circumferentially aligned hybrid samples (Fig. 2.6a). This indicates that while

mechanical restriction contributes, it cannot be the sole cause of the observed hybrid anisotropy.

In addition to the preparation of a composite control, we also constructed a computational

model using finite element analysis. However, it is challenging to directly model this system due to
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the vast differences in length scale between supramolecular nanofibers and the macroscopic tube.

Therefore, we treat the bulk hybrid tube as a periodic array of rigid, non-deformable PA nanofibers

embedded in a soft matrix so that the behavior of the system can be captured using a unit cell with

periodic boundary conditions. Specifically, each unit cell contains one PA nanofiber, which is mod-

eled as a cylindrical rod strongly adhered to the surrounding polymer in order to prevent slippage

at the PA-polymer interface and therefore constraining the matrix during contraction (Fig. 2.12c).

In this model, the size of the unit cell represents the distance between fibers, and the PA nanofiber

is considered an infinitely long object given the periodic boundary conditions. This assumption is

a reasonable approximation given the very high aspect ratio and relative stiffness of PA nanofibers

(see Section 2.5). Below, we describe this finite element model of a soft matrix containing dispersed,

rigid nanofibers, which has successfully been used to describe deformed hybrid hydrogels.113,114

The free energy, 𝐹, of the covalent polymer in the hybrid structure is described using the Flory-

Rehner theory,115 which incorporates the elastic energy of the polymer gel into the free energy of

mixing of the solvent and the polymer gel,

𝐹 = 1
2𝑁𝑘𝑇[𝜆

ଶ
௫ + 𝜆ଶ௬ + 𝜆ଶ௭ − 3 − 𝑙𝑛(𝜆௫𝜆௬𝜆௭)] + 𝑘𝑇𝑉௠𝑣 [( 1𝜙 − 1)𝑙𝑛(1 − 𝜙) + 𝜒(1 − 𝜙)] (1)

where 𝑁 is the total number of polymer chains (defined as segments between crosslinking junc-

tions), 𝜆௫, 𝜆௬, and 𝜆௭ are the stretching ratios along the principal axes (final length after deforma-

tion/initial length),𝑉௠ is the volume of the polymer in the absence of solvent, 𝜈 is the volume of each

solvent molecule, 𝑝ℎ𝑖 is the volume fraction of monomers, and 𝑐ℎ𝑖 is the Flory interaction parame-

ter between the solvent and the polymer. For a polymer gel with LCST behavior, 𝑐ℎ𝑖 becomes larger

when the temperature increases. For simplicity, we assume here that 𝑐ℎ𝑖 only depends on temper-

ature. In an isotropic gel, the stretching ratios are the same along all principal axes and therefore

𝜆௫ = 𝜆௬ = 𝜆௭ = 𝜙ିଵ
ଷ . In the case of an anisotropic gel, where the gel is constrained uniaxially along
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the z direction (fiber direction) and free to swell in the x and y directions, 𝜆 = 𝜆௫ = 𝜆௬ = (𝜙𝜆௭)ି
ଵ
ଶ .

By varying 𝜒, a change in𝜙 and consequently 𝜆 is directly obtained from the equilibrium equations,

and therefore, the relation between 𝜒(𝑇௜) and 𝜒(𝑇௙) and the resulting change in the stretching ratios

𝜆 can be derived (see Section 2.5.10),

𝜒
𝜆ଶ𝜆௭

= 1
2
𝑁௩
𝑉௠

ቆ1 − 2𝜆ଶ) − 𝜆ଶ𝜆௭𝑙𝑛(1 −
1

𝜆ଶ𝜆௭
− 1ቇ (2)

Estimates of the interfiber distances range from approximately 30 nm in a two-dimensional

crystalline state previously observed116 to 80 nm in a hydrated gel (see Supplementary Note 3). The

finite element analysis indicates that the hybrid material should have significantly larger contraction

perpendicular to the fiber axis within the range of interfiber distances modeled from 24 to 96 nm

(Fig. 2.12d). Within this range of interfiber distances, the analysis predicts a contraction ranging

from 69% to 63% of its original length. This model likely overestimates the contraction, as it does not

reflect all aspects of the hybrid system. In particular, the thermal response of the polymer as well as

the chemical structure and unique molecular architecture of the hybrid is not properly represented

in the finite element analysis. To complement the finite element analysis and investigate other mech-

anisms that would aid in the occurrence of anisotropy, we extended an existing molecular theory

that describes the chemistry and molecular architecture of the hybrid more accurately.

It is known that end-grafting of chains into polymer brushes greatly affects the resulting physical

properties. At high densities, the grafting of polymer chains to a surface leads to polymer chain

confinement resulting in more extended conformations compared to those in solution.117 We expect

that, due to the grafting, the more extended conformations of chains perpendicular to the nanofiber

lead to a more pronounced radial collapse of polymer chains above the LCST (Fig. 2.14a). Since the

previously described finite element model does not take this molecular picture into account, we

used theory to model a single PA nanofiber with end-grafted polymer chains.

The molecular approach used in this work is based on a theory that has successfully been applied

to study structural and thermodynamic properties of a variety of end-tethered polymer systems.118
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Figure 2.14: (a) Schematic representation of confinement effect in grafted polymer chains below
(extended) and above (collapsed) the transition temperature leading to pronounced volume changes
in the material perpendicular to the supramolecular nanofiber. (b) Polymer volume fraction versus
radial distance away from the PA nanofiber. Polymer is a linear alternating copolymer (EG2-a-HB)
66-EG2. (c) Height of end-tethered polymer as function of temperature for different copolymers
with increasing amounts of hydrophobic monomers. The polymer is a linear alternating copolymer
(EGn-a-HB1) m. Number of segments is Np=200, the surface coverage is 0.07 chains nm-2, and
radius of nanofiber equals 5 nm.

The theory explicitly includes conformations of polymer chains, as well as size, shape, and volume of

every molecular species in the system. For simplicity, the model represents the thermoresponsive

DEGMA/OEGMA500 copolymer as a linear poly(ethylene glycol) (PEG)-like copolymer of ethy-

lene glycol and hydrophobic monomers. This allows us to investigate the effect of end-grafting and

molecular chemistry on the structure and thermal response of the system. We assume the polymer

chains to be evenly distributed and irreversibly end-tethered to the cylindrical nanofiber surface.
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Previous work has explored PEG chains end-tethered to planar surfaces119 as well as the behavior

of PEG solutions.120 It was found that in order to accurately represent the LCST behavior of PEG

polymers, hydrogen bonding between water and monomer, as well as between water molecules,

must be included. Here, we go well beyond the Flory-Rehner approach employed in the finite ele-

ment analysis described above. These specific hydrogen bond interactions, in addition to the typi-

cal polymer-water and polymer-polymer interactions, are necessary to obtain the correct thermal

response. In fact, the hydrogen bonding is explicitly included into the free energy expression of the

PA nanofibers (see Section 2.5.23).

For a given grafting density, the model allowed us to calculate the polymer volume fraction,

⟨𝜙௣(𝑟)⟩, at a given distance from the surface, 𝑟. Upon increasing the temperature above the tran-

sition temperature, a rapid collapse of the polymer chains is predicted, accurately replicating the

experimentally observed LCST behavior (Fig. 2.14b). The average height, ℎ, of the polymer brush

is defined as twice the normalized first moment of the volume fraction, ⟨𝑟⟩, minus the radius of the

nanofiber, 𝑅,

ℎ = 2(⟨𝑟⟩ − 𝑅) 𝑤𝑖𝑡ℎ ⟨𝑟⟩ = න
ஶ

ோ
𝑟⟨𝜙௣(𝑟)⟩𝑑𝑟/න

ஶ

ோ
⟨𝜙௣(𝑟)⟩𝑑𝑟 (3)

Assuming that every tenth PA molecule grows a polymer chain, we estimate a grafting density

of 0.07 chains nm-2 on the nanofiber surface.121 For a copolymer of 200 segments, we observe a

drastic change in the average height of the brush. In our model, the height of the brush decreases

from approximately 12 nm to 2.75 nm (23% of original height) when the temperature is increased

from room temperature to 375 K, and variations in grafting density in the range of that used experi-

mentally result in only minor changes in contraction (Fig. 2.16a, Fig. 2.17). This collapse is induced

by the relative reduction of polymer-water hydrogen bonds in favor of water-water hydrogen bonds

(Fig. 2.15). The extent of the collapse predicted by the model is more extreme than what is observed

in the experimental system. This is due to the fact that in this calculation the chains are linear and

not crosslinked, and are likely more strongly affected by confinement effects. A qualitatively similar



58

Figure 2.15: (a) Spatial average fraction of polymer-water hydrogen bonds and water-water hydro-
gen bonds as function of temperature for the PA nanofiber end-tethered with PEG. (b) The polymer
volume fraction versus radial distance away from the PA nanofiber for different temperatures. Ra-
dius of the nanofiber is 5 nm, Np=200, and the surface coverage is 0.07 chains nm-2.

Figure 2.16: (a) Height of end-tethered PEG polymers as function of temperature for different graft-
ing densities for fixed number of segments (Np=200). (b) Height of end-tethered PEG polymers
as function of temperature for different polymer chain lengths for fixed surface coverage of 0.07
chains-2. Radius of the nanofiber is 5 nm.
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Figure 2.17: The effects of modifying grafting density on actuation at (a) 10 mol% PA1, (b) 25 mol%
PA1, (c) 35 mol% PA1. Statistical analysis was performed using an unpaired two samples Student’s
t-test; * p<0.05, ** p<0.01, *** p<0.001; (Data are presented as mean ± s.d., n = 3).

thermal response was predicted by the model when we vary grafting density, molecular weight, and

chemical composition (Fig. 2.14, Fig. 2.16). Increasing differences in brush height between the ex-

tended and collapsed states were found to occur when grafting densities and molecular weights were

increased. We found that the strategy to control the thermal response is to vary the hydrophobic

component of the polymer, which can drastically change the transition temperatures (Fig. 2.14c).

This could be and important handle for the design of further actuating materials. In summary, the

molecular approach indeed predicts the LCST behavior of the polymer and the connection between

anisotropic actuation and the radial collapse of chains in a brush configuration on the nanofiber

surface. We conclude that end-grafting of chains on the supramolecular fibers and mechanical rein-

forcement of the hydrogel by the fibers both contribute to the anisotropic actuation observed in the

experimental system.

2.4 conclusions

We have demonstrated the bottom-up molecular design of a soft anisotropic actuator based on

conjugation between a supramolecular and a covalent polymer. Directed by the facile alignment

and internal stability of mesogenic supramolecular polymers, it was possible to induce anisotropic
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actuation in an extremely flexible, thermoresponsive covalent polymer on macroscopic scale. In the

future, dynamic rearrangement of the supramolecular building blocks will add an additional level

of control not possible with conventional materials, and may allow for the creation of actuators

that adapt to specific applications on demand, for example by changing the direction of anisotropic

actuation. We anticipate that hybrid materials based on the design principles outlined here will drive

the development of superior soft actuators responsive to external stimuli and capable of performing

complex mechanical tasks. The grand challenge moving forward is to explore the design of such

active matter encoded molecularly to create complex forms of actuation.
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2.5 materials & methods

Materials

Acetonitrile, ammonium hydroxide (NH4OH), 2,2’-bipyridine (Bpy), a-bromoisobutyryl

bromide, calcium chloride (CaCl2), copper(I) bromide (CuBr), dichloromethane (DCM),

di(ethylene glycol) methyl ether methacrylate (DEGMA), diisopropylethylamine (DIEA),

N,N-dimethylformamide (DMF), diethylether, ethanol, ethyl 𝛼-bromoisobutyrate, fluorescein-

O-methacrylate, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), N,N’-methylenebis(acrylamide),

methanol, 4-methylpiperidine, poly(ethylene glycol) methyl ether methacrylate of Mn 500

(OEGMA500), sodium chloride (NaCl), sodium hydroxide (NaOH), sodium persulfate (NaPS),

trifluoroacetic acid (TFA), and deuterium oxide (D2O), trifluoroacetic acid-d1, and 4,4-dimethyl-

4-silapentane-1-sulfonic acid were purchased from Sigma-Aldrich. Diethanolamine was received

from TCI America. All fluorenylmethyloxycarbonyl (Fmoc) protected amino acids were delivered

from P3 Biosystems except for Fmoc-𝜖-Ahx-OH which was obtained from aappTEC. P3 Biosys-

tems also provided the coupling agents 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium

hexafluorophosphate (HBTU) and benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluo-

rophosphate (PyBOP). Carboxytetramethylrhodamine (TAMRA) acid and palmitic acid were

obtained from Click Chemistry Tools and Acros Organics, respectively. Triisopropylsilane (TIPS)

was purchased from Chem-Impex Int’l INC. DEGMA and OEGMA500 were passed over basic

alumina to remove inhibitors immediately prior to use. All other chemicals were used as received

unless specifically stated otherwise.

Peptide amphiphile synthesis and purification

PA molecules were synthesized using standard Fmoc-solid-phase peptide chemistry. Molecules

PA1-3 were synthesized on Rink amide MBHA resin (aappTEC). Fmoc deprotection was performed

using 20% 4-methylpiperidine in DMF for 20 minutes. The resin was then washed with DMF
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and swollen with DCM. Amino acid couplings were performed with 4 equivalents of protected

amino acid, 4 equivalents of HBTU, and 6 equivalents of DIEA in 50% DMF/50% DCM for 2 hours.

Palmitic acid was coupled to the peptide N-terminus with 8 equivalents of palmitic acid, 8 equiv-

alents of HBTU, 12 equivalents of DIEA in 50% DMF/50% DCM for 4 hours. Deprotection and

couplings were verified through ninhydrin colorimetric assays (Kaiser test). Initiator-containing

PA1 was synthesized with a Fmoc-Lys(Mtt)-OH coupled first to the Rink Amide MBHA resin. De-

protection of the 4-methyltrityl (Mtt) group on the lysine e-amine was performed by swelling the

resin in DCM and adding solution of 4% TFA, 5% TIPS and 91% DCM for multiple 5 minute washes

until yellow color was no longer seen in solution. 𝛼-bromoisobutyryl bromide was coupled to the

free 𝜖-amine with 4 equivalents a-bromoisobutyryl bromide, 1.1 equivalents PyBOP, and 6 equiva-

lents DIEA in DCM for 4 hours. Synthesis of the peptide then continued as described above.

PAs were cleaved from resin by shaking in a solution of 95% TFA, 4% TIPS, 1% water. After

cleavage, the solvent was concentrated under reduced pressure and the remaining 1 mL of solution

was precipitated into an excess of cold diethyl ether. The crude product was redissolved at 10 mg

mL-1 in water with 0.1% NH4OH. This solution was purified using standard preparatory reverse-

phase high-performance liquid chromatography (HPLC) techniques on a Shimadzu Prominence

instrument equipped with a Phenomenex Gemini NX-C18, 30 x 150 mm column. A mixture of

water/acetonitrile containing 0.1% NH4OH was used as eluent. Pure fractions were selected based

on the corresponding product signals in electrospray ionization mass spectrometry using direct

injection on an Agilent 6520 Q-TOF LC-MS. Organic solvent was removed from selected fractions

under reduced pressure before being frozen, lyophilized, and stored at -20°C until further use.

The purity of the PA materials used in this work was determined to be >95% from integrating

the absorption signals at 220 nm in analytical liquid chromatography-mass spectrometry (LC-MS)

using a Agilent 1200 system equipped with a Phenomenex Gemini C18, 1 x 100 mm column with

the same Agilent 6520 Q-TOF detector (Fig. 2.18, left column). The two peaks in the analytical

LC trace of PA3 (Fig. 2.18c) at an elution time of 16 and 16.3 minutes correspond to two isomers
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of the TAMRA dye. The mass spectra shown in the right column of Fig. 2.18 were obtained from

the whole peak region of the respective LC trace. Supplementary Tables 1-3 list the species with a

minimum ion count signal of 2% of the highest intensity in the spectrum. The majority of the iden-

tified signals correspond to the expected masses of PA1-3 or their clusters, with proton-, sodium-,

or ammonia adducts or combinations thereof. In the case of PA1 and PA2, a trace amount of con-

tamination was observed with a species that had acquired an additional alanine, termed as PA4 and

PA5, respectively. The addition of an amino acid such as alanine is a common occurrence in solid

phase peptide synthesis and such impurities are very difficult to completely remove through HPLC

purification. In our experience, the self-assembled structures of PA1 and PA2 were not affected by

the presence of trace amounts of PA4 and PA5. PA structures were also confirmed through NMR

spectroscopy.
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Figure 2.18: LC-MS traces (left) of (a) PA1, (b) PA2, and (c) PA3 from purity analysis. The mass
spectra (right) are obtained by integrating the ion counts from the full peak region in the LC-MS
trace.



65

Table 2.1: Mass spectral identification of HPLC purified PA1

Table 2.2: Mass spectral identification of HPLC purified PA2
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Table 2.3: Mass spectral identification of HPLC purified PA3

PA1 13C NMR (125 MHz, TFA-dଵ): 𝛿 13.5 (Pal-CHଷ), 16.8 – 17.1 (3x Ala-C(ఉ)Hଷ), 17.9 (2x Val-

C(ఊ)Hଷ), 18.2 (Val-C(ఊ)Hଷ), 18.6 (Val-C(ఊ)Hଷ), 18.7 (Val-C(ఊ)Hଷ), 18.8 (Val-C(ఊ)Hଷ), 23.2 (several

Pal-CHଶ), 23.4 (Lys-C(ఊ)Hଶ), 27.1 (Pal-C(ఉ)Hଶ), 27.5 (2x Glu-C(ఉ)Hଶ), 27.6 (Glu-C(ఉ)Hଶ), 28.8

(Lys-C(d)Hଶ), 29.7 – 30.4 (3x Glu-C(ఊ)Hଶ, several Pal-CHଶ), 31.8 (2x Bib-CHଷ), 31.9 (Val-C(ఉ)H),

32.0 (Val-C(ఉ)H), 32.1 (Lys-C(ఉ)Hଶ), 32.3 (Val-C(ఉ)H), 32.7 (several Pal-CHଶ), 35.7 (Pal-C(ఈ)H),

41.3 (Lys-C(ఢ)Hଶ), 51.1 (2x Ala-C(ఈ)H), 51.4 (Ala-C(ఈ)H), 54.4 (2x Glu-C(ఈ)H), 54.6 (Glu-C(ఈ)H),

55.1 (Lys-C(ఈ)H), 60.4 (C(CHଷ)ଶBr), 60.9 (Val-C(ఈ)H), 61.5 (Val-C(ఈ)H), 62.1 (Val-C(ఈ)H), 173.6

(Val-CO), 174.2 (CO), 174.3 (CO), 174.5 (CO), 174.7 (CO), 175.5 (CO), 175.8 (CO), 176.0 (CO),

176.4 (CO), 177.5 (Bib-CO), 178.8 (Lys-CO), 180.5 (Glu-C(ఋ)O), 180.6 (2x Glu-C(ఋ)O), 181.6 (Pal-

CO).
1H NMR (600 MHz, TFA-d1): 𝛿 0.80 (t, 3H, J = 6.5 Hz, Pal-CHଷ), 0.92 – 0.99 (m, 18H, 6x Val-

C(ఊ)Hଷ), 1.21 – 1.37 (m, 24H, several Pal-CHଶ), 1.44 – 1.54 (m, 11H, 3x Ala-C(ఉ)Hଷ, Lys-C(ఊ)Hଶ),

1.63 – 1.73 (m, 4H, Lys-C(ఋ)Hଶ, Pal-C(ఉ)Hଶ), 1.84 – 1.99 (m, 8H, 2x Bib-CHଷ, Lys-C(ఉ)Hଶ), 2.04 –

2.21 (m, 5H, Glu-C(ఉ)Hଶ, 3x Val-C(ఉ)H), 2.25 – 2.34 (m, 4H, 2x Glu-C(ఉ)Hଶ), 2.58 – 2.64 (m, 8H,

3x Glu-C(ఊ)Hଶ, Pal-C(ఈ)Hଶ), 3.36 (t, 2H, J = 6.60 Hz, Lys-C(ఢ)Hଶ), 4.38 (d, 1H, J = 8.24 Hz, Val-

C(ఈ)H), 4.43 (d, 1H, J = 7.85 Hz, Val-C(ఈ)H), 4.52 (d, 1H, J = 7.73 Hz, Val-C(ఈ)H), 4.59 – 4.65 (m,

4H, 3x Ala-C(ఈ)H, Lys-C(ఈ)H), 4.77 – 4.82 (m, 3H, 3x Glu-C(ఈ)H).
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PA2 13C NMR (125 MHz, TFA-d1): 𝛿 13.5 (Pal-CHଷ), 16.8 (Ala-C(ఉ)Hଷ), 16.9 (Ala-C(ఉ)Hଷ),

17.1 (Ala-C(ఉ)Hଷ), 17.9 (2x Val-C(ఊ)Hଷ), 18.2 (Val-C(ఊ)Hଷ), 18.6 (Val-C(ఊ)Hଷ), 18.7 (Val-

C(ఊ)Hଷ), 18.8 (Val-C(ఊ)Hଷ), 23.2 (several Pal-CHଶ), 27.1 (Pal-C(ఉ)Hଶ), 27.3 (Glu-C(ఉ)Hଶ),

27.6 (Glu-C(ఉ)Hଶ), 27.7 (Glu-C(ఉ)Hଶ), 29.7 – 30.4 (3x Glu-C(ఊ)Hଶ, several Pal-CHଶ), 31.9

(Val-C(ఉ)H), 32.0 (Val-C(ఉ)H), 32.3 (Val-C(ఉ)H), 32.7 (several Pal-CHଶ), 35.7 (Pal-C(ఈ)Hଶ),

51.1 (Ala(ఈ)-CH), 51.2 (Ala(ఈ)-CH), 51.4 (Ala(ఈ)-CH), 53.9 (Glu(ఈ)-CH), 54.4 (Glu(ఈ)-CH), 54.7

(Glu(ఈ)-CH), 60.9 (Val(ఈ)-CH), 61.6 (Val(ఈ)-CH), 62.2 (Val(ఈ)-CH), 173.6 (Val-CO), 174.3 (CO),

174.4 (CO), 174.5 (CO), 174.7 (CO), 175.5 (Ala-CO), 176.0 (Ala-CO), 176.5 (Ala-CO), 177.7

(Glu-CO), 180.6 (Glu-C(ఋ)O), 180.6 (Glu-C(ఋ)O), 180.7 (Glu-C(ఋ)O), 181.6 (Pal-CO);
1H NMR (600 MHz, TFA-d1): 𝛿 0.81 (t, 3H, J = 6.6 Hz, Pal-CHଷ), 0.93 – 1.00 (m, 18H, 6x

Val-C(ఊ)Hଷ), 1.20 – 1.37 (m, 24H, 12x Pal-CHଶ), 1.44 – 1.47 (m, 9H, 3x Ala-C(ఉ)Hଷ), 1.70 – 1.75

(m, 2H, Pal-C(ఉ)Hଶ), 2.06 – 2.19 (m, 5H, Glu-C(ఉ)Hଶ, 3x Val-C(ఉ)H), 2.27 – 2.37 (m, 4H, 2x Glu-

C(ఉ)Hଶ), 2.59 – 2.66 (m, 8H, 3x Glu-C(ఊ)Hଶ, Pal-C(ఈ)Hଶ), 4.39 (d, 1H, J = 8.4 Hz, Val-C(ఈ)H),

4.44 (d, 1H, J = 8.0 Hz, Val-C(ఈ)H), 4.53 (d, 1H, J = 7.7 Hz, Val-C(ఈ)H), 4.60 – 4.66 (m, 3H, 3x

Ala-C(ఈ)H), 4.78 – 4.85 (m, 3H, 3x Glu-C(ఈ)H).

Tube fabrication

PA solutions were prepared by dissolving PAs 1 and 2 in a 1:9 molar ratio in HFIP and sonicating

for 1 minute. The solvent was removed and the resulting film dissolved at 10 mg/mL in a solution of

50 mM Tris buffer and 150 mM NaCl. The solution was pH-adjusted to pH 7.4 with 1M NaOH and

sonicated for 2 minutes. The solutions were annealed at 80°C for 30 minutes and slowly cooled to

room temperature over the course of several hours to create a LC solution of PA nanofiber bundles.

Tubes were fabricated using a method adapted from a previously described protocol.70 Briefly,

PA solution was injected via a 25-gauge needle into the annular gap of a 4 mm inner diameter

shearing chamber. A 3 mm diameter steel rod was inserted and the chamber fitted onto a 50-mL

falcon tube filled with 100 mM CaCl2. The device was loaded onto a modified metal lathe and ro-
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tated for 308 ± 5 RPM for 120 seconds, exerting an estimated rotational shear strain of 97 s-1. The

translational stage was then retracted slowly, causing CaCl2 solution to flow into the glass tube, im-

mediately gelling the PA suspension. The inner rod was completely removed and the resulting tube

was carefully extracted. Laterally aligned samples were prepared in a similar manner but without

rotational shear applied; the strain applied in this case is 5-10 s-1.

Hybrid tube polymers

In a 20-mL scintillation vial, 0.1153 g DEGMA (0.613 mmol, 2850 equiv) and 0.0161g

OEGMA500 (0.032 mmol, 150 equiv) were mixed with 1.3 mg NBAA (8.43 µmol, 1 wt% of total

monomer) and 1.51 mg ascorbic acid (8.6 µmol, 40 equiv) in 1.5:1 water:methanol (5 mL total).

Trace amounts of 4,4-dimethyl-4-silapentane-1-sulfonic acid were added as an internal NMR

standard. The solution was mixed and a circumferentially aligned PA tube gel (0.31 mg PA1,

2.19 mg PA2), made as described above, was added to the solution. The vial was sealed with a

rubber septum and degassed with N2 for 15 minutes. Separately, 3.3 mg CuBr and 8.0 mg Bpy was

dissolved in 10 mL methanol in a 50-mL Schlenk flask and degassed with N2. The reaction was

initiated by injecting 0.1 mL CuBr/Bpy stock into the reaction vial and placing within a 45 °C oil

bath for 16 h. 40 µL aliquots were removed at t = 0 h and 16 h, and diluted in D2O for 1H NMR

analysis of monomer conversion. After 16h, tubes were removed from monomer solution and

rinsed repeatedly with Milli-Q water to remove residual monomer. Samples were stored in Milli-Q

water until further analysis.

Covalent tube polymer

0.2273 g DEGMA (1.2 mmol), 0.0315 g OEGMA500 (0.063 mmol), 2.4 mg NBAA (15.57 µmol, 1

wt% of total monomer), and 2.4 mg NaPS (1.01 µmol, 1 wt% of total monomer) were dissolved in 90

µL Milli-Q water and 60 µL ethanol. The mixture was degassed with N2 for 15 minutes, then placed

in a 4 mm diameter cylindrical Teflon mold with a 3 mm central steel post. The mold was sealed
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and placed in a 67 °C water bath for 19 hours. The covalent polymer hydrogel was then carefully

removed from the Teflon mold, rinsed with Milli-Q water, and stored in Milli-Q water until further

analysis.

Composite tube polymer

Water-soluble ATRP initiator 2-bromanyl-N,N-bis(2-hydroxyethyl)-2-methyl propanamide

was synthesized by the addition of 𝛼-bromoisobutyryl bromide dropwise to a stirred solution of

dry diethanolamine in DCM under nitrogen atmosphere overnight. The resulting mixture was

extracted with 0.5 M HCl and the organic phase dried under reduced pressure. The initiator was

dissolved in a 1:9 molar ratio with PA2 in HFIP with sonication, then the solvent was removed

and the resulting film redissolved at 1 w/v% PA2 in a solution of 50 mM Tris buffer and 150 mM

NaCl. The solution was pH-adjusted to pH 7.4 with 1 M NaOH and sonicated for 2 minutes. The

solutions were annealed at 80 °C for 30 minutes and slowly cooled to room temperature over the

course of several hours. Tubes of the annealed solution were prepared as described above, and the

tubes subsequently polymerized using the procedure for the hybrid polymers immediately after

fabrication.

NMR spectroscopy

Structural analysis of PA1 and PA2 was performed with deuterated trifluoroacetic acid-d1 as

the solvent on an Agilent DD 600 MHz w/HCN cryoprobe (1H) and a Bruker Avance III 500 MHz

w/direct cryoprobe (13C). Chemical shifts are relative to the solvent signal. Structural assignments

were performed using 1H-1H-gCOSY, 1H-13C-gHSCQAD, and 1H-13C-gHMBCAD.

Anisotropy measurements

Tubes were sectioned into 7-10 mm segments and placed within a 20 mL glass scintillation

vial on a polypropylene base centered on a 21-gauge needle to prevent translational motion upon
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heating. The scintillation vial equipped with a temperature probe was filled with sonicated Milli-Q

water and heated for 30-40 minutes with a hotplate. A representative temperature ramp is shown

below. Images were taken every 30 seconds with a Nikon D5100 camera equipped with a Nikon

AF-S DX 18-55 mm lens. Images from every 2.5 minutes were analyzed by measuring length and

width at three different tube positions per direction in each image. Distances were normalized to

length at t=0. Three independent tubes were measured for each sample condition and averaged.

Error bars represent one standard deviation.

Figure 2.19: Average heating curve of samples heated in Fig. 2.6and Fig. 2.12b. (mean ± s.d., n =
20)

Polarized optical microscopy

For cross-sectional images the tubes were sectioned into thin segments of approximately 1mm

thickness cut perpendicular to the tube’s long axis. The images of the tube’s walls were obtained

after sectioning along the tube’s long axis. The samples were placed in glass bottom 35mm-dishes

(MatTek Corporation, P35G-1.5-14-C) filled with Milli-Q water. The samples were then imaged in

between two perpendicular light polarizers using a Leica DM750 P instrument in reflection mode

with a 4x magnification using Leica Application Suite V4.2 software. A sample stage allowed for
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the precise rotation and x, y-positioning of the samples. Cross-sectional images were stitched using

the ImageJ plugin tools “MosaicJ” and Grid/Collection Stitching by Preibisch et al.122 Bright-field

images were recorded using the same instrument without the light polarizers.

Small-angle X-ray scattering

SAXS measurements were performed at beamline 5-ID-D of the DuPont-Northwestern-Dow

Collaborative Access Team (DND-CAT) Synchrotron Research Center at the Advanced Photon

Source, Argonne National Laboratory. Liquid samples were prepared at 1 w/v% in 1.5 mm quartz

capillaries (Charles Supper), while gel samples were sectioned from tube samples and placed with

aqueous solution in an aluminum three-well sample holder with Kapton sides. Data was collected

using an energy of 17 keV using a CCD detector positioned 245 cm behind the sample. Scattering

intensities were recorded within a 𝑞 range of 0.0024 < 𝑞 < 0.40 Å-1, where the wave vector 𝑞 is

defined as 𝑞 = (4𝜋/𝜆)𝑠𝑖𝑛(𝜃/2) where 𝜃 is the scattering angle.

For the plot of integrated intensity vs. azimuthal angle “Fit2D” software123 was used to average

the 2D SAXS images of the tubes from at least two separate measurements and the background from

a solvent-containing well was subtracted to obtain a 2D image. A radial integration in the q range

of 0.0024 < 𝑞 < 0.0135 Å-1 with an azimuthal angle range of 270 degrees to exclude the beamstop

was performed.

Confocal laser-scanning microscopy

Fluorescently labeled hybrid tubes were prepared analogue to the procedure described above.

Fluorescent PA scaffold was prepared by coassembling TAMRA functionalized PA3 (Fig. 2.20)

with PA1 and PA2 at a molar ratio of 0.01/0.1/0.89. Fluorescein-O-methacrylate was added to the

monomer solution at 1 wt% of the monomer fraction to fluorescently label the covalent polymer

through copolymerization. For confocal imaging, the tubes were cut along the tubes long axis

(tube wall) or sectioned into thin segments of approximately 1 mm thickness cut perpendicular to
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the tube’s long axis (cross-section). The samples were then placed in glass bottom 35 mm-dishes

(MatTek Corporation, P35G-1.5-14-C) filled with Milli-Q water and visualized using a Nikon A1R

confocal laser-scanning microscope equipped with GaAsP detectors.

Figure 2.20: Structures of fluorescent molecules used in characterization experiments.

Scanning electron microscopy

Hybrid tubes were dehydrated by incubation in a series of ethanol solutions of increasing con-

centration. Ethanol was subsequently removed by critical point drying (Tousimis Samdri-795). Ex-

tra caution was taken to ensure the samples were not heated above the lower critical solution tem-

perature of the polymer material during the exchange. Dehydrated hybrid tubes were mounted on

stubs using carbon glue and coated with 21 nm of osmium (Filgen, OPC-60A) to create a conduc-

tive sample surface. All SEM images were taken using a Hitachi SU8030 or LEO 1525 instrument

operating at an accelerating voltage of 2 kV.

Liquid chromotography-Mass spectrometry

The purity of the PAs after HPLC purification was determined by analytical LC-MS using an

Agilent 1200 system equipped with a Phenomenex Gemini C18, 1 x 100 mm column, detector
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Agilent 6520 Q-TOF LC-MS. Gradient: acetonitrile 5% for 5 min at 50 µL min-1, 5 – 95% over 25

min at 50 µL min-1 followed by 95% for 5 min at µL min-1. Peaks were detected at 220 nm.

Gel permeation chromatography

Samples were taken by polymerizing hybrids as described above with additional soluble ethyl

a-bromoisobutyrate, and aliquots were taken from the aqueous solution. Aliquots were dialyzed

against Milli-Q water, lyophilized, and reconstituted in tetrahydrofuran (THF). Molecular weights

and molecular weight distributions were determined by size exclusion chromatography in THF at

25°C using two Varian PolyPore 300x7.5mm columns (flow rate 1 mL min-1). Detection was per-

formed with multi-angle light scattering (18-angle Dawn Heleos II), viscometer (ViscoStar-II), and

differential refractive index (OptiLab T-rex) detectors.

Cryogenic-transmission electron microscopy

Cryo-TEM was performed using a JEOL 1230 TEM working at 100 kV accelerating voltage.

Samples were plunge frozen using a Vitrobot Mark IV (FEI) vitrification robot at room temperature

at 95-100% humidity. 7.5 µL of sample solution (0.1 w/v%, diluted from 1 w/v% immediately before

grid preparation) were placed on 300-mesh copper grids with lacey carbon support, blotted, and

plunge frozen into liquid ethane. Samples were transferred into a liquid nitrogen bath, and placed

into a Gatan 626 cryo-holder through a cryo-transfer stage. Images were acquired using a Gatan

831 CCD camera.

Microindentation

Indentation tests were carried out using an axisymmetric probe tack device, consisting of a

piezoelectric stepping motor connected in parallel to a load transducer attached to a flat cylindrical

indenter with a radius (𝑅) of 0.59 mm. Displacement was monitored using an optical sensor with

submicrometer sensitivity. All samples with thickness (ℎ) of 0.5 mm were fixed on a glass plate
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with a camera underneath providing optional imaging. The indenter approached the sample with

a constant velocity of 10 µm s-1 until a specified load, ranging from 10 to 25 mN, was reached. The

resulting load (𝑃) and displacement (𝑑) data were used to calculate the modulus of the sample. The

Young’s modulus (𝐸) of the sample was calculated by using the relation between the compliance

(𝐶 = 𝑑/𝑃) and the modulus at a specified contact radius (𝑎) assuming Poisson’s ratio of the sample

equals 0.5.124

𝐸 = 3𝑃
8𝛿𝑎ቆ1 +

1.33𝑎
ℎ + 1.33ቆ𝑎ℎቇ

ଷ
ቇ
ିଵ

(4)

An average value of 𝐸 from the above equation from 10 – 40% strain was used as the modulus.

Moduli from multiple indents (3 – 5 per sample) were averaged to give the reported modulus.

Tensile testing

Force-displacement measurements were taken on a Sintech 20G apparatus with a 2.5N load

cell. Tube samples were removed from water, cut in half longitudinally using a razor blade, and

flattened immediately before loading into the apparatus. Gage length and sample dimensions were

measured and samples were approximated as a rectangular cross-section. Samples were extended at

5 mm min-1 until failure was observed. Data was analyzed using Testworks software to determine

modulus and strain at break. Moduli and strain were averaged across multiple samples (n = 6 – 12)

to give reported values.

Calculation of mechanical properties

The work capacity of the circumferentially aligned tube was calculated using established meth-

ods in the actuator field,125 dividing the work of contraction (kJ) by the mass (kg) of the hybrid

material, using the equation below:

𝑊𝑜𝑟𝑘 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑘𝐽/𝑘𝑔) = 𝑚௪𝑔Δℎ/𝑚௛ (5)
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where 𝑚௪ is mass of the weights hung from the actuator (kg), 𝑔 is gravitational acceleration (9.8

m s-2), Δℎ is the displacement of the weight (𝑚), and 𝑚௛ is the mass of the hybrid (not including

water).

The volumetric energy density is calculated as the work during contraction (kJ) divided by the

volume of the actuator (m3) using the equation below:

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑘𝐽/𝑚ଷ) = 𝑚௪𝑔Δℎ/𝑉 (6)

where 𝑉 is the volume of the actuator tube (m3), calculated by multiplying the surface area of the

ring by the initial height of the sample.

Statistical analysis

Using OriginPro 2017 software, a Welch corrected two sample t-test was performed to deter-

mine if the normalized width and length of a tube at a given timepoint show statistically significant

differences. Statistically significant differences are indicated by p < 0.05 (*), p < 0.01 (**), and p <

0.001 (***).

Finite element analysis: isotropic and anisotropic swelling of hydrogel

For an isotropic swelling hydrogel, the polymer network deforms homogeneously, and 𝜆 =

𝜆௫ = 𝜆௬ = 𝜆௭ = 𝜙ିଵ/ଷ. Following the notation in the main text we can rewrite Eq. 1 as

𝐹(𝜙, 𝑇) = 1
2𝑁𝑘𝑇ቆ

3
𝜙ଶ/ଷ − 3 + 𝑙𝑛𝜙ቇ + 𝑘𝑇𝑉௠𝑣 ቈቆ 1𝜙 − 1ቇ𝑙𝑛(1 − 𝜙) + 𝜒(1 − 𝜙)቉ (7)
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When the free swelling gel is in equilibrium with the external solvent, its osmotic pressure Π

must be zero, i.e.,

Π = −𝛿𝐹(𝜙, 𝑇)𝛿𝑉 = 𝜙ଶ

𝑉௠
𝛿𝐹(𝜙, 𝑇)

𝛿𝜙 = 0 (8)

where the number of monomers is assumed to be constant. Inserting Equation 7 in Equation 8 and

substituting 𝜙 with 𝜆ିଷ gives

𝜒
𝜆ଷ =

1
2
𝑁௩
𝑉௠

(1 − 2𝜆ଶ) − 𝜆ଷ𝑙𝑛ቆ1 − 1
𝜆ଷቇ − 1 (9)

For an anisotropic gel constrained along the 𝑧 direction, 𝜆 = 𝜆௫ = 𝜆௬ = (𝜙𝜆௭)ିଵ/ଶ. The

equilibrium is reached when the stress in the free directions (i.e., 𝑥 and 𝑦 directions) equals to zero,

which gives

𝜒
𝜆ଶ𝜆௭

= 1
2
𝑁௩
𝑉௠

(1 − 2𝜆ଶ) − 𝜆ଶ𝜆௭𝑙𝑛ቆ1 −
1

𝜆ଶ𝜆௭
ቇ − 1 (10)

When 𝜆 = 𝜆௭, the stretching ratios in all directions are equal, thus Equation 10 reduces to

Equation 9, indicating that the anisotropic gel reaches an isotropic swollen state. The corresponding

𝜒 given by Equation 10 at 𝜆 = 𝜆௭ is denoted by 𝜒஼ in the following texts.

For an anisotropic gel constrained by rigid fibers oriented to the 𝑧-axis, 𝜆 is homogeneous if the

fibers are assumed to be infinitely long, while 𝜆௫ and 𝜆௬ are inhomogeneous due to the constraint

from the fibers. As such, it is challenging to achieve an analytical solution of the (𝜆௫, 𝜆௬, 𝜆௭) dis-

tribution at equilibrium, and we therefore follow a finite element approach to numerically solve 𝜆௫
and 𝜆௬ with a fixed value of 𝜆௭ under periodic boundary conditions.

Finite element analysis simulations

The finite element simulations are performed in the commercial software ABAQUS. The con-

stitutive model of the hydrogel (Equation 1 in the main text) is implemented using the UHYPER
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subroutine. The hydrogel matrix is meshed with C3D8R elements. In all the simulations, the mesh

density is validated in mesh convergence studies. The periodic boundary conditions are imposed

as follows: Let 𝑆ା and 𝑆ିbe a pair of opposite boundaries defined by the lattice vector 𝑙; for an ar-

bitrary point located at 𝑟 on 𝑆ା and its duplicate point located at 𝑟 − 𝑙 on 𝑆ି, their displacements

𝑢(𝑟) and 𝑢(𝑟 − 𝑙) must satisfy

𝑢(𝑟) − 𝑢(𝑟 − 𝑙) = 𝑙’ − 𝑙 (11)

where 𝑙’ is the deformed lattice vector. Because 𝑙’ − 𝑙 is the same for all pairs of duplicate points on

𝑆ା and 𝑆ି, Equation 11 can be easily implemented using constraint equations in ABAQUS.

Consistent with the contraction experiments described in the main text, the dimensional change

of a constrained gel is induced in the simulation when 𝜒(𝑇) varies. Specifically, the initial and final

𝜒 (denoted by 𝜒(𝑇௜) and 𝜒(𝑇௙), respectively) are defined by the given initial volume fraction and

shrinkage for an isotropic shrinking gel. At 𝜒஼ , a constrained gel unit cell with a PA nanofiber

embedded is in equilibrium and stress-free; when its 𝜒 varies from 𝜒஼ to 𝜒(𝑇௜) and 𝜒(𝑇௙), the

constrained gel contracts correspondingly and we can then measure the contraction ratio from𝜒(𝑇௜)

to 𝜒(𝑇௙).

In the simulations, the pre-defined isotropic contraction of the swelling gel is 77%. The initial

stretching ratio of the covalent polymer gel at room temperature is estimated to be 1.77. Using

Equation 9, we can calculate the corresponding 𝜒(𝑇௜) and 𝜒(𝑇௙) and use them for the anisotropic

gel contraction simulations. The parameter 𝜒஼ is calculated from Equation 10, using 𝜆 = 𝜆௭ =

3.54. The dimensionless quantity 𝑁𝑣/𝑉௠ is estimated as followed. Let 𝑁஼௅ , 𝑚஼௅ , 𝑀஼௅ denote the

number, mass and molar mass of the crosslinkers respectively, 𝜌௠ ≈ 10଺𝑔/𝑚ଷ be the density of

the DEGMA/OEGMA polymer, and 𝑣 = 3 × 10ିଶଽ𝑚ଷ be the volume of a single water molecule.

The weight percentage of the crosslinkers with respect to the weight of the polymer is 𝑤஼௅ = 1%.

The number of chains between the adjacent crosslinking junctions is given by 𝑁 = ଵ
ଶ(4𝑁஼௅) =
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2𝑁஺𝑚஼𝐿/𝑀஼௅ assuming that 4 subchains are attached to each crosslinker. 𝑉௠ = 𝑚௠/𝜌௠ where

𝑚௠ is the mass of the polymer. 𝑀஼௅ = 154𝑔/𝑚𝑜𝑙 Therefore,

𝑁௩
𝑉௠

= 2𝑁஺𝑚஼௅𝑣𝜌௠
𝑀஼௅𝑚௠

= 2𝑁஺𝑤஼௅𝑣𝜌௠
𝑀஼௅

≈ 2 × 10ିଷ (12)

It is noteworthy that the PA nanofibers are modeled as rigid rods in our simulations due to the

remarkable difference between the moduli of the gel matrix and the PA nanofiber. Per Equation 1,

the initial shear modulus (when 𝜆 = 𝜆௬ = 𝜆௭ = 1) of the gel matrix is given by𝑁𝑘𝑇/𝑉௠. Assuming

a Poisson ratio of 0.5, the Young’s modulus of the gel matrix 𝐸௠௔௧௥௜௫ ≈ 3𝑁𝑘𝑇/𝑉௠. On the other

hand, the Young’s modulus of the PA nanofiber can be related to its persistence length 𝑙௣ via𝐸௙௜௕௘௥ ≈

𝑙௣𝑘𝑇/𝑙,126,127 where 𝑙 = 𝜋𝑟ସ/4 is the geometrical moment of inertia of a cylindrical rod with a

radius of 𝑟.127 Thus,

𝐸௙௜௕௘௥
𝐸௠௔௧௥௜௫

= −43𝜋𝑙௣𝑉௠/𝑁𝑟
ସ (13)

In our system, we assume 𝑟 = 5 nm, 𝑙௣ = 50 µm based on persistence lengths in the microm-

eter range128 previously determined for other PA nanofibers; by substituting Equation 12in Equa-

tion 13we have 𝐸௙௜௕௘௥/𝐸௠௔௧௥௜௫ = 434. As such, using a deformable fiber instead of a rigid one

only results in a negligible change (<0.1%) of the contraction ratio in our simulations. Therefore, it

is adequate to calculate the contraction of the polymer hybrid without considering the deformation

of the PA nanofibers.

Estimating interfiber distances

We used the dimensions of the mold (outer diameter = 4 mm, inner diameter = 3 mm, and

length = 32 mm to calculate a tube volume of 𝑉௧௨௕௘ = 175.23𝑚𝑚ଷ) and the known mass concen-

tration (10 mg mL-1) of the PA solution filling the mold prior to gelation, to calculate the amount

of PA per tube (1.75 mg). From atomistic simulations of similar PA nanofibers,121 we obtained an
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approximate density of 0.778 mg mm-3 for the PA within the tubes. We assume a fiber diameter of

10 nm, which is consistent with data obtained from small angle X-ray scattering. From these param-

eters, we calculate a volume of 𝑉௙௜௕௘௥ = 2.249𝑚𝑚ଷ to be occupied by the PA nanofibers within the

tube. Assuming the PA nanofibers to be arranged in a 2D square lattice as used in the finite element

analysis, we can calculate the interfiber distance by solving the following equation for the width of

the lattice, 𝑎:

𝜋 × 𝑟ଶ
𝑎ଶ =

𝑉௙௜௕௘௥
𝑉௧௨௕௘

(14)

Therefore, the interfiber distance can be estimated to be:

𝑎 = ඨ𝜋𝑟
ଶ𝑉௧௨௕௘
𝑉௙௜௕௘௥

= 78 𝑛𝑚 (15)

Molecular theory: free energy model

One PA polymer hybrid nanofiber is modeled as a cylinder of radius 𝑅 that is end-tethered

with𝑁௣ polymers chains covalently end-tethered to a cylindrical surface of area 𝐴(𝑅). Each copoly-

mer contains temperature-responsive ethylene glycol monomers (denoted as 𝐴) and hydrophobic

monomers (denoted as 𝐵). Here, we present a description of the theory outlining its most impor-

tant features. A complementary description of the theory for planar surfaces was previously de-

scribed.119 The total Helmholtz free energy of the system has the following contributions:

𝐹 = −𝑇𝑆௖௢௡௙ − 𝑇𝑆௠௜௫ + 𝐸௏ௗௐ + 𝐹௔௦௦௢௖ (16)

where 𝑇 is the temperature; 𝑆௖௢௡௙ is the conformational entropy of the polymers chains; 𝑆௠௜௫ is the

translational entropy of the water; 𝐸௏ௗௐ corresponds to the Van der Waals attraction between the

monomers; 𝐹௔௦௦௢௖ is the free energy of hydrogen bond formation, i.e., the enthalpic and entropic

cost associated with forming water-water and water-monomer hydrogen bonds. In the following a
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description of each of the terms of the free energy is presented. The conformational entropy of the

polymer chains,118 which per unit area, is given by

−
𝑆௖௢௡௙
𝑘஻𝐴(𝑅)

= 𝜎෍
ఈ
𝑃(𝛼)𝑙𝑛𝑃(𝛼) (17)

Here, 𝜎 = 𝑁௣/𝐴(𝑅) is the grafting density or surface coverage, i.e., the number of chains

per unit area. 𝑃(𝛼) corresponds to the probability to find a chain in conformation 𝛼. This prob-

ability distribution function (pdf) is essential in describing various thermodynamic and structural

quantities related to the polymers. For instance, the average polymer number density, ⟨𝜌௜(𝑟)⟩, for

monomers of type 𝑖 at position 𝑟 is given by

⟨𝜌௜(𝑧)⟩ =
𝜎

𝐺(𝑟) ෍
ఈ
𝑛௜(𝛼; 𝑟) (18)

Here 𝑛௜(𝛼; 𝑟) is the number of polymer segments of monomer type 𝑖 found within a volume

element [𝑟, 𝑟 + 𝑑𝑟] that belong to polymer conformation 𝛼. The variable 𝑛௜(𝛼; 𝑟) is input and

dependent on the molecular architecture and chemistry of the polymer. The variable 𝑟 is the radial

coordinate in cylindrical coordinates. The system is assumed to be laterally homogeneous and only

explicitly anisotropic in the radial cylindrical direction. The function 𝐺(𝑟) = 𝐴(𝑟)/𝐴(𝑅) = 𝑟/𝑅

is the Jacobian determinant divided by the area of the cylindrical surface of the hybrid. It describes

the change in volume as function of distance away from the nanofiber. The total polymer volume

fraction is the sum of the volume fractions of the individual monomer of type A and B and is given

by

⟨𝜙(𝑟)⟩ = ⟨𝜙஺(𝑟)⟩ + ⟨𝜙஻(𝑟)⟩ = ⟨𝜌஺(𝑟)⟩𝑣஺ + ⟨𝜌஻(𝑟)⟩𝑣஻ (19)
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where 𝑣஺ and 𝑣஻ is the volume of monomer of type A and B respectively. The second term in the

free energy of Equation 16is the mixing entropy of the water molecules and it is given by

− 𝑆௠௜௫
𝑘஻𝐴(𝑅)

= න𝑑𝑟𝜌௪(𝑟)[𝑙𝑛(𝜌௪(𝑟)𝑣௪) − 1] (20)

Here, 𝜌௪(𝑟) is the number density of water and 𝑣௪ is the volume of water. The third term in

the free energy describes the attractive Van der Waals interaction energy between monomers,

𝛽𝐸௏ௗௐ
𝐴(𝑅) = − 𝜒஺

2𝑣௪
න𝑑𝑟𝐺(𝑟)⟨𝜙஺(𝑟)⟩ଶ −

𝜒஻
2𝑣௪

න𝑑𝑟𝐺(𝑟)⟨𝜙஻(𝑟)⟩ଶ (21)

where 𝜒௜ is the interaction parameter that measures the strength of attraction between like-

monomers, being either temperature responsive (A) or hydrophobic (ఉ) monomers. In our

calculations, we take 𝜒௜ = 𝐵௜/𝑇. Considering only the above Van der Waals interaction energy

would result in a phase behavior and thermal response characteristic of UCST (upper critical

solution temperature) systems. Hydrophobic monomers, which have a UCST phase behavior,

are appropriately described by above interaction energy. However, PEG polymers have LCST

behavior, which has its origins in hydrogen bond formation between PEG monomers and water

molecules. Thus we include an additional term in the free energy, the fourth term in Equation 16,

which describes the free energy contribution of hydrogen bond formation between monomer and

water and water-water molecules.119,120 This contribution is represented by:

𝛽𝐹௔௦௦௢௖
𝐴(𝑅) = න𝑑𝑟𝐺(𝑟)2⟨𝜌஺(𝑟)⟩[𝑥௣(𝑟)𝑙𝑛 𝑥௣(𝑟) + (1 − 𝑥௣(𝑟))𝑙𝑛(1 − 𝑥௣(𝑟)) − 𝑥௣(𝑟)𝛽Δ𝐹௣]

+ න𝑑𝑟𝐺(𝑟)2𝜌௪(𝑟)[𝑥௪(𝑟)𝑙𝑛 𝑥௪(𝑟) + (1 + 𝑥௪(𝑟))𝑙𝑛(1 − 𝑥௪(𝑟)) − 𝑥௪(𝑟)𝛽Δ𝐹௪]

+ න𝑑𝑟𝐺(𝑟)2𝜌஺(𝑟)⟩ቈ1 − 𝑥௪(𝑟) − 𝑥௣(𝑟)
⟨𝜌஺(𝑟)⟩
𝜌௪(𝑟)

቉𝑙𝑛ቈ1 − 𝑥௪(𝑟) − 𝑥௣(𝑧)
⟨𝜌஺(𝑟)⟩
𝜌௪(𝑟)

቉

− න𝑑𝑟2𝜌௪(𝑟)ቈ𝑥௪(𝑟) + 𝑥௣(𝑟)
⟨𝜌஺(𝑟)⟩
𝜌௪(𝑟)

቉𝑙𝑛2𝜌௪(𝑟)𝑣௪𝑒 (22)
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where 𝜒௣(𝑟) is the local fraction of polymer-water hydrogen bonds for A monomers and 𝑥௪(𝑟) is

the local fraction of water-water hydrogen bonds. Only hydrogen bonds formation between the A

(PEG) monomers and water molecules and between water-water molecules are considered. The B

monomers do not form hydrogen bonds with water. In Equation 23, the free energy contribution

𝛽Δ𝐹௜ = 𝛽Δ𝐸௜−Δ𝑆௜/𝑘஻ is the sum of the energetic gain (Δ𝐸௜) of forming one hydrogen bond and the

corresponding entropic loss (Δ𝑆௜) of forming the hydrogen bond for either 𝑖 = 𝑝(polymer-water)

or 𝑖 = 𝑤 (water-water) hydrogen bond pair. They have the following values:

𝛽Δ𝐹௣ =
2000𝐾
𝑇 − 3.35 𝑎𝑛𝑑 𝛽Δ𝐹௪ = 1800𝐾

𝑇 − 2.25 (23)

These values, obtained from experiments and simulation results, are specific for PEG and wa-

ter.120 A derivation of this free energy contribution was described previously.119,120 The repulsive

interactions in the theory are modeled as excluded volume interactions. The intrachain interactions

are explicitly considered during generation of the polymer conformations. The intermolecular ex-

cluded volume interactions are accounted for by assuming that the system is incompressible at every

position,

⟨𝜙௣(𝑟)⟩ + 𝜌௪(𝑧)𝑣௪ = 1 (24)

These volume constraints are enforced through introduction of the Lagrange multipliers 𝜋(𝑟).

The free energy expression is minimized with respect to 𝑃(𝛼), 𝜌௪(𝑟), 𝑥௪(𝑟), and 𝑥௣(𝑟), under the

constraint of incompressibility. Minimization with respect to yields 𝑃(𝛼),
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𝑃(𝛼) =
1
𝑞𝑒𝑥𝑝ቈ − 𝛽න𝑑𝑟𝜋(𝑟)𝑛஺(𝛼; 𝑟)𝑣஺ +

𝜒஺
𝑣௪

න𝑑𝑟⟨𝜒஺(𝑟)⟩𝑛஺(𝛼; 𝑟)𝑣஺ −2න𝑑𝑟𝑛஺(𝛼; 𝑟)𝑙𝑛(1− 𝑥௣(𝑟))቉

× 𝑒𝑥𝑝ቈ − 𝛽න𝑑𝑟𝜋(𝑟)𝑛஻(𝛼; 𝑟)𝑣஻ +
𝜒஻
𝑣௪

න𝑑𝑟⟨𝜙஻(𝑟)⟩𝑛஻(𝛼; 𝑟)𝑣஻቉ (25)

where 𝑞 ensures normalization of 𝑃(𝛼) and 𝜋(𝑟) is the Lagrange multiplier or lateral pressure field

that enforces the incompressibility constraint. Minimizing with respect to the water number density

or volume fraction gives

𝜙௪(𝑟) = 𝑒𝑥𝑝ቈ − 𝛽𝜋(𝑟)𝑣௪ − 2𝑙𝑛(1 − 𝑥௪(𝑟)) − 2𝑙𝑛ቆ1 − 𝑥௪(𝑟) − 𝑥௣(𝑟)
⟨𝜌஺(𝑟)⟩
𝜌௪(𝑟)

ቇ቉ (26)

Finally, minimizing the free energy expression with respect to the local fraction of polymer-

water 𝑥௣(𝑟)and water-water hydrogen bonds 𝑥௪(𝑟) gives

𝑥௣(𝑟) = 2𝑒𝑥𝑝(𝛽Δ𝐹௣)𝜙௪(𝑟)(1 − 𝑥௣(𝑟))ቆ1 − 𝑥௪(𝑟) − 𝑥௣(𝑟)
⟨𝜌஺(𝑟)⟩
𝜌௪(𝑟)

ቇ (27)

and

𝑥௪(𝑟) = 2𝑒𝑥𝑝(𝛽Δ𝐹௪)𝜙௪(𝑟)(1 − 𝑥௪(𝑟))ቆ1 − 𝑥௪(𝑟) − 𝑥௣(𝑟)
⟨𝜌஺(𝑟)⟩
𝜌௪(𝑟)

ቇ (28)

The unknowns in Equation 19, and Equation 25, through Equation 28, are the Lagrange multi-

pliers or lateral pressures,𝜋(𝑟), the local fraction of polymer-water 𝑥௣(𝑟) and water-water hydrogen

bonds𝑥௪(𝑟). Once solutions for these variables are found all equilibrium thermodynamic and struc-

tural properties of the system are known. Solutions of these variables can be obtained numerically.

This is accomplished by substituting expressions of the polymer and water volume fractions into the
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incompressibility constraint Equation 24, and the ‘chemical reaction equations’ of Equation 27 and

Equation 28, which results in a set of non-linear integro differential equations. By discretizing space

these differential equations can be converted into a set of coupled non-linear algebraic equations

that can be solved with standard numerical techniques.129 Details on the discretization procedure

and numerical methods can be found in the literature.119,130

Finally, we employ a three-state RIS model to generate the chain conformations.131 In this

model, each bond has three different isoenergetic states. The conformations are generated by a

simple sampling method and all are self-avoiding and cannot penetrate into the nanofiber. We gen-

erated a set of independent conformations for each different molecular weight. The same set of

conformations was used in all calculations for a given molecular weight. Each segment of the poly-

mers had a length 𝑙 = 0.30 nm, and a volume 𝑣௔ = 𝑣௕ = 0.065 nm3 which corresponds to the partial

molar volume of PEG in water. The volume of a water molecule was 𝑣 = 0.03 nm3. The interaction

parameter for the ethylene glycol monomers is fixed at 𝜒 = 100/𝑇. The hydrophobic monomer is

not allowed to form hydrogen bond between monomer and water. The discretization thickness was

𝛿 = 0.35-0.5 nm, which is sufficient to obtain accurate solutions for the given set of equations.

Thermal response of PEG

To understand in more detail the role of hydrogen bonding on the thermal response of the PEG-

like cylindrical brush we present in Fig. 2.15 the average fraction of water-water hydrogen bonds

and polymer-water hydrogen bond as function of temperature for a PA nanofiber end-tethered

with PEG polymers. Adjacent to that the polymer volume fraction as function of distance away

of the nanofiber is shown. The number of water-water and polymer-water hydrogen bond is like

the polymer volume fraction position dependent. Therefore, in order to be able to compare differ-

ent temperatures we introduce the spatial average fraction of PEG-water hydrogen bonds, ⟨𝑥௣⟩ =

∫𝑑𝑟𝐺(𝑟)𝑥௣(𝑟)⟨𝜌஺⟩/ ∫ 𝑑𝑟𝐺(𝑟)⟨𝜌஺(𝑟)⟩ and the average fraction of water-water hydrogen bonds,

⟨𝑥௪⟩ = ∫𝑑𝑟𝐺(𝑟)𝑥௪(𝑟)⟨𝜌஺⟩/ ∫ 𝑑𝑟𝐺(𝑟)⟨𝜌௪(𝑟)⟩. The integration is restricted to the region where
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there are polymers, otherwise if the integration is extended to infinity ⟨𝑥௪⟩ would become equal to

the average fraction of water-water hydrogen bonds of pure water. Observe that the formation of

hydrogen bonds is always accompanied by a gain in free energy, that is, both −Δ𝐹௣ and −Δ𝐹௪ are

negative (see Equation 24,). However, the free energy gain to form water-water hydrogen bonds

is larger than the free energy gain to form polymer – water hydrogen bonds (Δ𝐹௣ < Δ𝐹௪). Conse-

quently, when temperature increases the free energy gain to form polymer-water hydrogen bonds

decreases quicker than the decreases in free energy gain to form water-water hydrogen bonds. This

effect is demonstrated in Fig. 2.15.

Hence water increasingly prefers to have hydrogen bonds with other water molecules instead

of having hydrogen bonds with polymer segments. This effectively leads to a decrease in the solvent

quality. With increasing temperature, the solvent quality decreases and is able to overcome the

conformational entropy of the tethered polymer, which favors extended conformations. Therefore,

the polymer layer shrinks, and at elevated temperatures the layer eventually collapses (Fig. 2.15b).

Thermal response of PEG-like copolymer

The LCST of pure PEG polymers is above 400K.120 Therefore, we considered a very large and

experimentally unrealistic temperature range. By introducing hydrophobic monomers into the

copolymer, a drastic reduction of the transition temperature can be accomplished as displayed in

Fig. 2.14c. Whereas a PEG polymer has a transition temperature of around 425 K, a linear alter-

nating copolymer (EG2-a-HB) 66-EG2 (blue curve of Fig. 2.14c) transitions around 325 K from a

swollen, extended state to a collapsed state. These predictions are consistent with the experimental

observations by Lutz et al. showing that the fraction of hydrophobic monomers controls the LCST

behavior for PEG copolymers similar to one considered in this paper.132

The drastic reduction is observed because the hydrophobic monomers are not allowed to form

hydrogen bonds between monomer and water. Consequently, a water-hydrophobic monomer con-

tact is energetically very unfavorable. There is no energetic gain, unlike forming hydrogen bonds
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with other water molecules and with ethylene glycol monomers. This effectively causes the copoly-

mer to experience very poor solvent quality, and the brushes collapse at a much lower temperature

than the pure PEG polymer.

Note, the effect of varying the interaction parameter for the hydrophobic monomers is very

small because the effective repulsions between the hydrophobic monomer and water molecules are

mostly mediated indirectly by the hydrogen bond formation between water molecules, and not by

the effective Van der Waals interaction. The height of polymer layer for the end-tethered copoly-

mers, presented in Fig. 2.14c, has only a very limited dependence on 𝜒஻. The interaction parameter

was arbitrarily set to 𝜒஻ = 0.15/𝑇.

Thermal Response effect of surface density and molecular weight

In Fig. 2.16 we explore the effect of surface coverage and molecular weight or degree of poly-

merization on the thermal response of end-tethered PEG. We observe that with increasing surface

coverage the height of the swollen state increases. This is due to the increased excluded volume in-

teraction resulting from the increased polymer density near the nanofiber surface. Likewise, due to

the increase in the number of monomers the collapsed state is also larger. A similar but much more

pronounced trend can be observed with increases in chain length. Longer chains can stretch fur-

ther away from the surface and form more energetically favorable hydrogen bond pairs with water

molecules. Consequently, longer chains form a relatively more extended state. Effects of the varia-

tion of the density of initiators on the structure of the polymers are obtained via molecular modeling

(shown in Fig. 2.16). We expect some increase in actuation with increased grafting above the exper-

imental grafting density of 0.07 chains nm-2; however, at high grafting densities the changes are

minimal due to increased sterics preventing polymer mobility close to the nanofiber surface. This

is corroborated experimentally in Fig. 2.17, where increasing the grafting density by increasing the

mol% of initiator in the supramolecular coassembly. The overall degree of contraction remains sim-
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ilar across three cases; however, the kinetics of the contraction appear to change. These kinetics will

be explored in future work.

Effect of crosslinking on material opacity and thermoresponse

The continuum model shows that an important parameter for the degree of anisotropy is related

to the degree of crosslinking within the gel as well as the response of the gel to temperature varia-

tions via 𝜒(𝑇), which is provided by the molecular theory in the absence of crosslinking (Fig. 2.15).

However, the gel degree of collapse is restricted by the constraint imposed by crosslinking, which

are similar to the constraints imposed by grafting chains on a surface. In this case heterogeneities

develop, as evident in the lateral pressure as a function of area per grafted chain with increasing

temperature (Fig. 2.21). The collapse at high temperature leads to a coexistence of two-phase com-

position due to the constraints in the grafted case vertical and lateral collapsed state. These con-

straints are similar to those in a crosslinked gel, which always have polydispersity in the number

of monomers per crosslink causing regions with different monomer densities, providing an opaque

color to the collapsed gels. We note that the number of monomers per crosslink is directly related

to the number density of accessible chains for polymer growth from the fiber surface.
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Figure 2.21: Lateral pressure as a function of the area per molecule, 𝛼 = 𝐴(𝑅)/𝑁௣. The polymer is
a linear alternating copolymer of PEG and hydrophobic monomers, with a ratio of 4:1. The number
of monomers is 𝑁௣ = 150, and the radius of the nanofiber is 5 nm.
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3 Macroscopic Control of Alignment and Hierarchy

3.1 objectives and significance

Hierarchical order and control of alignment is key in developing responsive materials, in order

to transduce nanoscale actions to macroscopic motions. Peptide amphiphile materials are useful

in the development of such hierarchical structure, due to their ability to be aligned through the ap-

plication of weak shear forces. Using extrusion-based direct ink writing method of 3D printing,

we are able to macroscopically control the fabrication of arbitrary alignment patterns that allow for

additional complexity within the materials. In a PA-polymer hybrid printed system, this resulted

in observed curling behavior due to gradients of alignment within the printed material. The macro-

scopic control of alignment was aided by further materials development, using the incorporation

of cellulose nanocrystals or host-guest supramolecular interactions into the PA ink. These systems

allowed for more versatile printing of these inks without the need for immediate addition of calcium

counterions in order to maintain alignment after extrusion.

3.2 background

Thermoresponsive covalent-supramolecular hybrid polymers show extreme promise as artifi-

cial actuators for soft robotics due to their inherently anisotropic nature derived from the 1D pep-

tide amphiphile nanofiber scaffold. However, the fabrication method used previously, application

of rotational shear inside of a glass mold, inherently limits the geometries that can be created with

these hybrid materials.68 To fully take advantage of these hybrids as artificial actuators, it is impera-

tive to develop new fabrication methods that allow for the design of arbitrary shapes with controlled

alignment, which can direct anisotropy during the actuation process.

PA assemblies are of high interest due to their formation of extremely high aspect ratio (∼10

nm × >5 µm) anisotropic nanostructures.133 These nanostructures form liquid crystalline domains
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in aqueous solution that can be aligned into monodomain gels via shear force while pipetting

into media with divalent counterions.69 These liquid crystalline solutions require very weak

shear forces, as little as 1-4 s-1.70 The resulting gels exhibit bulk anisotropic properties, such as

directionally enhanced mechanics or directional cell response due to the alignment of the nanoscale

assemblies.134,135 In most examples, however, these gels are drawn manually, and we therefore

cannot reproducibly build these materials into complex patterns or 3D objects with consistent and

programmable nanoscale alignment. In order to design advanced patterns and anisotropy within

these hybrid materials, we must investigate alternative methods of fabrication.

Direct ink writing (DIW) has emerged as an attractive candidate for the fabrication of aligned

hydrogel materials.136,137 A type of 3D printing, direct ink writing is an extrusion-based technique

that can precisely deposit viscous ‘inks’ in a predetermined pattern, and quickly solidify after ex-

trusion, maintaining the desired morphology. During the extrusion process, DIW can also apply

significant shear forces on the inks being printed, which can allow for the alignment of components,

such as PA nanofibers, within the printed structure.

Using DIW to align anisotropic objects within the ink has been demonstrated in a number

of systems, incorporating materials such as nanocrystalline cellulose,138,139 carbon fibers,140 and

polymeric microfilaments within an overall cross-linked polymer network. These materials typically

act as rheological fillers, and can impart directional mechanical properties into the composite ink.

These incorporated materials can be used to bolster the anisotropic nature of the material as well as

enable the creation of more complex structures.141 Mechanically more robust inks are beneficial in

making large, multilayered structures that are strong enough to support themselves, and still allow

for diffusion and hydration throughout the printed hydrogel network, similar to vascularization of

tissues or within plants.142,143

We describe here the use of DIW methods to 3D print covalent-supramolecular hybrid ma-

terials with pre-programmed alignment patterns. Depending on the pattern of alignment, these

materials show advanced anisotropic actuation behavior. We investigate the nature of this curling
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behavior, and attribute it to local gradients of alignment throughout the cross-section of the printed

sheets. We extend the system through the inclusion of cellulose nanocrystals as a rheological filler

within the PA ink in order to create more mechanically robust structures that are free-standing even

before the addition of additional ionic crosslinking. We also introduce a method of adding mechan-

ical strength to the PA inks through supramolecular crosslinks, which are able to create printable

inks without the need for non-peptide additives within the materials.



92

3.3 results & discussion

3.3.1 3D printing of supramolecular-covalent hybrid materials

Since the supramolecular peptide amphiphile nanofibers can be aligned with weak shear forces,

we are able to use other fabrication techniques such as extrusion printing in order to produce aligned

PA hydrogel materials. 3D printing methods can produce more intricate PA architectures than the

previously described tube. Recent studies in the Stupp group have developed procedures for the

general 3D printing of PA-based inks, tuning printing parameters to allow for a high degree of

alignment in the subsequent printed fibrils (Fig. 3.1).

We proceeded with the fabrication of thermoresponsive supramolecular-covalent hybrid sheets

from extruded PA filaments as shown in Figure 3.2a, which are subsequently polymerized in the

Figure 3.1:Extrusion printing supramolecular liquid crystalline hydrogels. (a) Molecular structures
of peptide amphiphiles used in anionic and cationic nanofiber inks. (b) Assembled nanofibers are
extruded through a thin nozzle onto a salt coated substrate to gel the shear-aligned nanofibers in
place. (c) Photo and POM images of printed E3 nanofiber gel on CaCl2 coated substrate and (d)
SEM image of printed E3 nanofiber gel filament (inset scale bar: 100 nm). Reproduced from Sather
et al.144
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same manner as the tubes described in Chapter 2. Because the hybrid sheets contain the same me-

chanical reinforcement and end-grafting as the tubes, we expect to observe similar anisotropic actu-

ation perpendicular to the direction of supramolecular alignment. Interestingly, sheets that have a

net alignment bend in a distinct orientation upon heating (Fig. 3.2b, e). In contrast, sheets lacking

a net alignment, either through the printing of concentric spirals or with a cross-hatch pattern do

not show similar bending, but rather non-uniform wrinkling (Fig. 3.2c, d, f, g).

The aligned hybrid sheets bend unidirectionally, towards the printing substrate and perpendic-

ular to the aligned fiber axis, upon increase in the surrounding temperature above the transition

temperature of the covalent polymer. This bending is highly reversible and repeatable over multiple

cycles. Similar bending and even rolling behavior of polymer sheets has been observed in the case of

bilayers.22,23 However, these materials typically bend due to the mismatch in moduli or expansion

coefficients between the two components of the bilayer. In contrast, the hybrid sheets presented

here have a homogeneous dispersion of supramolecular nanofibers within the polymer matrix, as

shown in the cross-sectional confocal microscopy image (Fig. 3.3).

In polarized microscopy images, we find increased birefringence of the layers closest to the

substrate, indicating stronger alignment, compared to the upper layers of the sheets (Fig. 3.4). SEM

Figure 3.2: (a) Schematic of 3D printing process. Aligned sheets before (b) and after (e) heating.
Square spiral printed sheets before (c) and after (f) heating. Cross-hatched sheets before (d) and
after (g) heating. Insets show printing patterns of each sheet. (scale bars are 5 mm).
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Figure 3.3: Confocal microscopy of the cross-section of a 3D printed three layer aligned sheet. (a)
TAMRA-labelled supramolecular nanofiber component. (b) Fluorescein-labeled covalent polymer
component. (c) Merged channels showing colocalization of components. L1 represents the first
layer printed on the glass substrate and L2 and L3 are the subsequent printed layers. Scale bar are
100 µm.

Figure 3.4: Optical microscopy of (a) one layer and (b) three layer aligned 3D printed sheets. When
the sample is aligned 45° to the polarizer, a more uniform and stronger birefringence is observed
for one layer sheets than for three layer sheets. Scale bars are 400 µm.

imaging also suggests that there is better alignment on the bottom surface of the sheets than on the

top surface (Fig. 3.5).

We hypothesize that the first layer may have a higher drag shear force during extrusion onto a

hard glass substrate than the drag shear force experienced by the upper layers when extruded onto

the soft hydrogel surface of the initial previous layer. The differences in alignment between layers
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Figure 3.5:Representative SEM images from the bottom (a, b) and top (c, d) surfaces of a 3D printed
three layer aligned sheet. Scale bars are 1 µm in (a, b, c) and 500 nm in (d).

may be responsible for the preferential direction of bending in the hybrid sheets, where the more

aligned bottom layer contracts more along the direction perpendicular to fiber alignment than the

top layers, resulting in a net bending motion towards the bottom of the gel.

Interestingly, hybrid sheets that have a cross-hatch or square spiral pattern and do not feature

net alignment, show a buckling behavior instead of a bending motion (Fig. 3.2). This indicates that

the stresses generated by the transition of the thermo-responsive polymer cannot be released in a

directed motion as is the case for sheets having a net alignment.

Our results demonstrate that these aligned hybrid materials are a general platform for pro-

grammable actuation, and we anticipate this feature to be useful in designing more complex macro-

scopic responses of our material by using pre-programmed patterns of the 3D printed material,

inspired by the work of the Lewis group.94
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3.3.2 Incorporation of cellulose nanocrystals into PA-polymer hybrids for 3D printing

As the 3D printing and subsequent polymerization of the covalent-supramolecular hybrids

showed excellent promise as a new fabrication method for aligned hierarchical materials, we worked

to further develop the printed hybrid system. While the sheet-like structures from above were easily

printed with PA-only inks, the relatively weak (<10 kPa) modulus does not lend itself to the printing

of large, robust structures. In addition, the aerosol spray method of delivering cross-linking calcium

ions used in the previous prints significantly slows down the printing process, as it means only one

layer can be printed at a time before human intervention is needed. Increasing the rheological prop-

erties of the extruded PA ink would prove to be very advantageous to this hybrid polymer system

and allow for printed structures of increased size. The printed structures can then subsequently be

placed in a CaCl2 solution in order to further crosslink and strengthen the material.

Figure 3.6: Shear-thinning behavior of CNC suspensions between 1-15 wt/v%.
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Figure 3.7: Rheological tests examining the behavior of (a) 15 w/w% CNC-only, (b) 15 wt% CNC
with 1 wt% PA, and (c) 1 wt% PA-only inks under 3D printing conditions (steady state-high shear-
steady state).

To this end, we investigated the incorporation of cellulose nanocrystals (CNCs) into the PA

inks. CNCs are anisotropic particles composed of the crystalline portions of cellulose microfibrils;

they are typically extracted from the amorphous regions through acid digestion. CNCs are∼20 nm

in diameter and ∼200 nm or more in length, depending on processing conditions, and have been

investigated extensively in direct ink writing applications.139,145 Cellulose nanocrystal dispersions

are observed to have shear-thinning properties across a wide range of concentrations,79 allowing

for the opportunity to tune the rheological properties. (Fig. 3.6). Incorporation of CNCs into the

PA ink at 10-15 wt/v% with 1-1.5 wt/v% PA produced inks with superior mechanical properties,

with a storage modulus (G’) of 104 Pa (Fig. 3.7b), over a magnitude higher than CNCs or PA alone

(Fig. 3.7a, c). The inks were then exposed to high rotational strain (100 s-1 to mimic the shear

forces that would be experienced during the extrusion process). After the high strain is released,

CNC-containing inks immediately return to their original viscoelastic state, indicating that their

structure would be maintained during the printing process (Fig. 3.7a, b). In comparison, the PA-

only sample (Fig. 3.7c) shows a modest increase in G’ and G’’, likely due to alignment of the PA

nanofibers, but is nonlinear, indicating that the ink would relax over time, resulting in loss of fine

printed features if not crosslinked with calcium ions immediately.

These CNC-PA materials were self-supporting once printed, unlike the previously described

PA inks. This allowed for the printing of not only fully infilled sheets (Fig. 3.8a, b), but also the
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Figure 3.8: (a) Photograph of fully infilled CNC-PA hybrid sheet. (b) Photograph of previous free-
standing material being easily handled with tweezers. (c) Photograph of a lattice-like printed CNC-
PA hybrid sheet. (d) Photograph of previous freestanding material being easily handled with tweez-
ers.

printing of sheets with a lattice-like pattern (Fig. 3.8c, d), where the printed filaments could span

millimeter-sized gaps while maintaining the integrity of the print pattern. Further incubation with

0.1 M CaCl2 solution produced an extremely robust CNC-PA composite hydrogel that could easily

be manipulated.

These CNC/PA prints can be polymerized in the same manner as the previous materials (de-

scribed in the Methods section 3.5). These materials show excellent mechanical properties, with a

compressive modulus of 45.9 ± 17.1 kPa as measured by microindentation, a 2.75-fold increase over

hybrid polymers without CNCs incorporated (16.7 ± 2.8 kPa). The CNC/PA hybrids show colocal-

ization of polymer and PA throughout the printed structure, as shown in confocal microscopy of

cross-sectional slices of the prints. (Fig. 3.9). It should be noted that the CNC materials do appear to
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Figure 3.9: Confocal microscopy of a CNC-PA hybrid cross section showing (a) TAMRA-labeled
PA, (b) FITC-labeled polymer, and (c) merged channels showing colocalization. Scale bars are 200
µm.

have some phase separation between the cellulose and peptide components of the material, shown

as voids without fluorescent labeling of the CNCs.

Despite the phase segregation, these printed materials still show a high level of birefringence in

POM (Fig. 3.10). These materials appear to have multiple smaller domains of alignment, as opposed

to the previously printed materials, which have a singular monodomain of aligned nanofiber sam-

ples. This indicates that the phase separation of the cellulose nanocrystals may be preventing some

of the alignment of the nanofibers at the current printing parameters. However, despite the lack

of monodomain alignment, analysis of fluorescently labeled CNC/PA prints before polymerization

show a high degree of alignment within the CNC portion and modest alignment of the PAs, which

could still contribute to mechanical and actuation anisotropy (Fig. 3.11).

When heated, these CNC-containing hybrid materials show the expected increase in turbidity

associated with the LCST transition (Fig. 3.12). However, the materials undergo modest overall con-
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Figure 3.10: Polarized optical microscopy showing birefringence of CNC-PA hybrid oriented at (a)
0°and (b) 45°with respect to the polarizer. Scale bars are 200 µm.

Figure 3.11: (a) Confocal microscopy of a CNC-PA printed material without polymerization. Scale
bar is 100 µm. (b) Directionality histogram of image shown in (a) based off of Fourier analysis (blue
are CNCs, red are PA)

traction, resulting in a reduction of surface area to 80% of the initial state. However, as the material

is heated, the individual printed filaments seem to increase in polymer density, creating pronounced

striping patterns (Fig. 3.12, insets); this could indicate that the filament-filament crosslinking needs

to be increased during the polymerization process to improve the macroscopic contraction. These

prints seem to show little to no bending behavior, unlike the PA-polymer only hybrids. This could
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Figure 3.12: (a) Photograph of fully infilled CNC-PA hybrid print at room temperature. Inset: con-
trast enhancement of printed filaments. (b) Photograph of fully infilled CNC-PA hybrid print after
heating for 20 minutes. Inset: contrast enhancement of printed filaments, showing distinct stria-
tions.

be due to the fact that the CNC-containing ink undergoes significantly less drag shear force when

being printed, as it does not need to be printed on a CaCl2-coated substrate in order to maintain its

printed shape. This could lead to fewer differences in alignment between the top and bottom faces

of the sheets, reducing the modulus mismatch that occurs upon shrinking. This alignment variation

could be more intentionally built in the material by changing the printing parameters for different

layers to build in differences in the alignment from the top down.

Our results demonstrate a significantly more rheologically robust material that is able to create

complex, free-standing structures before the addition of calcium crosslinker. This robust material

is easily handled, and can be subsequently polymerized to grow thermoresponsive polymer chains

from the nanofiber surfaces. These materials show modest actuation that can be further developed

by controlling additional printing parameters that control shear force for alignment.
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3.3.3 Host-guest supramolecular crosslinking for 3D printing

The phase segregation of the CNCs within the hybrid materials indicates that inhomogeneous

dispersion of the rheological additive component is not ideal for all desired applications. Ideally,

a printable material would be a homogeneous mixture containing sufficient mechanical strength

and viscoelastic properties to be printed on its own, but without the need for addition of calcium

cross-linking at every printed layer. Therefore, we designed an entirely peptide amphiphile-based

system using additional host-guest interactions as the basis for additional cross-linking and strength-

ening of the PA material. Host-guest based systems have been shown as an effective cross-linking

mechanism to improve the rheological properties of macromolecular systems such as hyaluronic

acid.146,147

Figure 3.13: (a) Chemical structures of𝛽-cyclodextrin containing host PA, adamantane-containing
guest PA, and Cଵ଺VଶAଶEଶ filler PA. (b) Schematic illustration of host-guest interactions along as-
sembled PA nanofibers.
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The molecular design of this system is shown in (Fig. 3.13). This system utilizes the strong

noncovalent interactions between 𝛽-cyclodextrin and adamantane as a supramolecular crosslinker

between nanofibers. 𝛽-Cyclodextrin is known to strongly bind adamantane derivatives (K=10ଷ −

10ସ)148 and has been extensively used in the hydrogel literature, particularly as a mechanism for self-

healing.149,150 The molecules were designed with long PEG10 or G6 linkers in order to increase the

availability of these host and guest groups in solution.151 We envision mixing nanofibers that contain

the adamantane-PA with nanofibers that have been separately prepared containing the cyclodextrin-

PA after annealing; in solution, the host-guest complex will form, leading to a supramolecular

crosslinked structure that can form a gel even without calcium.

Figure 3.14: (a) Cryo-TEM of adamantane-containing PA coassembled at various mole percentages
(10%, 50%, 100%) with E2 filler PA. (b) DLS trace of 100% adamantane PA showing high proportion
of micelles. (c) Cryo-TEM of cyclodextrin-containing PA coassembled at various mole percentages
(10%, 50%, 100%) with E2 filler PA. (b) DLS trace of 100% cyclodextrin PA showing mostly larger
aggregates. Scale bars are 100 nm.
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Incorporating these molecules into assemblies of C16V2A2E2 ‘filler’ peptide, we see that at low

mole percentages of the host or guest PAs do not affect the overall nanofiber assembly Fig. 3.14.

At higher mole percentages, the structures appear to shorten considerably, and at 100 mol% of the

cyclodextrin or adamantane containing PAs, 1D assemblies no longer seem to present, with the

majority of structures converting to micelles. This is likely due to the destabilization of the nanos-

tructures due to the steric interference of the large cyclodextrin groups at the PA surface, resulting

in poor packing when in the nanofiber state. Thus, a coassembly ratio of 10 mol% of each host and

guest PA within the C16V2A2E2 backbone was used for all further studies to ensure assembly and

incorporation of the host and guest moieties within the nanofibers.

When mixing the two annealed host-containing and guest-containing nanofibers together, we

see a significant increase in the nanofiber width, becoming more ribbon-like (Fig. 3.15b, c). This in-

dicates that there must be some interaction that are occurring between the host and guest moieties

that are causing elongation of the nanofiber width. Mixing these two solutions also immediately

causes turbidity in the sample (Fig. 3.7a), indicating that there must be some interactions occur-

ring and formation of structures on the optical length scale in order to cause light scattering of the

solution.

Looking more closely at these mixed solutions using scanning electron microscopy (SEM,

Fig. 3.16), we observe micron-scale bundled structures that could be indicative of the cyclodextrin-

adamantane interactions. These bundled features are not observed in any of the singular PA

components within the host-guest system. This bundling interaction has also been observed

in other PA systems with programmable attractive interactions, such as DNA or electrostatic

interactions.73

The mixed host-guest system shows significant increase in the rheological properties of the

material without the addition of calcium crosslinking (Fig. 3.17a). The mixed host-guest material at

3 w/v% showed significant increase in storage and loss modulus over unmixed or filler samples, with

a 210x increase in G’ over the E2 PA alone, and between 4-20× increase in G’ over each of the host
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Figure 3.15: (a) Photograph of clear cyclodextrin-only (left) and adamantane-only (right) PA solu-
tions, which turn immediately turbid (center) upon mixing. (b) Cryo-TEM of mixed host-guest PA
solution. (c) Quantification of nanofiber width, showing significant increase in nanofiber diameter
after mixing.

or guest components alone. Host-guest interaction are dynamic, meaning these materials are able

to re-form the supramolecular cross-links if they are broken during the shearing process. During

oscillatory strain tests alternating between low and high strain, the host-guest PA system recovers

to its original modulus, whereas the backbone PA alone shows a distinct drop in modulus as high

strain is applied (Fig. 3.17b). This shows that at high strain, the ionic cross-links in the backbone PA

(gelled with CaCl2) are irreversibly broken, and cannot re-form once the strain is lifted. In contrast,
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Figure 3.16: SEM images of mixed adamantane-cyclodextrin PAs (purple, bottom right) showing
bundled behavior. Individual components alone (E2, adamantane PA, cyclodextrin PA) do not show
the same bundling behavior. Scale bars are 1 µm.

Figure 3.17: (a) Storage (G’) and loss (G’’) modulus of host-guest PA components separately and
together with no added CaCl2 gelator. (b) Rheological behavior of mixed host-guest PAs compared
to E2 filler gelled with CaCl2 at alternating low and high strain.
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the supramolecular cross-links in the host-guest system can be re-formed, resulting in complete

recovery of the mechanical properties once the strain is lifted.

Figure 3.18: (a) Rheological assay showing shear thinning and recovery behavior of mixed host-
guest PA, similar to conditions expected during the extrusion process. (b) Extrusion-printed free-
standing host-guest peptide amphiphile hydrogel. Print is 7 layers tall, with no CaCl2 on the sub-
strate surface or added in between layers.

The excellent rheological properties of the host-guest PA system indicated this material would

be a promising candidate for 3D printing, as it showed significant shear-thinning and recovery

behavior (Fig. 3.18a). Pilot printing studies showed that this material could be printed into free-

standing shapes without the addition of CaCl2 crosslinking or other additives. These host-guest

materials were able to be printed up to 7 layers, or 1.4 mm in height, without significant degrada-

tion of the print fidelity (Fig. 3.18b, c).

Our results demonstrate that this host-guest system shows promise for a new type of PA-based

ink that can be used for 3D printing. This all-PA system requires no rheological composite additives,

and can be used for printing biologically relevant scaffolds, such as regenerative tissue matrices.
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3.4 conclusions

In conclusion, we have demonstrated the development of PA-based inks for direct ink writing

3D printing applications. The applied shear force during the extrusion process is able to align PA

nanofibers, creating arbitrary patterns of alignment within the material. When polymerized with

thermoresponsive polymers, these sheets show a bending-based actuation behavior due to differ-

ences in alignment between the top and bottom layers of the material. We also demonstrate that

the mechanical properties of the PA ink can be modulated through the incorporation of cellulose

nanocrystals, which act as a rheological additive and allow for the printing of more complex architec-

tures, including those with increased porosity. We also develop a new, host-guest PA system whose

supramolecular crosslinks enhance the mechanical properties of PA inks before gelation, allowing

for printing of a homogenous peptide-based system without the addition of calcium counterions.

Taken together, these systems allow for the control over many different parameters in the PA 3D

printing space. These materials can be used for the printing of complex hydrogel patterns as well as

controlled alignment within the printed materials, which can control properties such as direction

of actuation as well as provide physical cues in biological systems such as tissue regeneration.

3.5 materials & methods

Materials

All fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids were ordered from P3

BioSystems. P3 BioSystems also provided the coupling agents 2-(1H-benzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU) and benzotriazol-1-yl-oxytripyrrolidino-

phosphonium hexafluorophosphate (PyBOP). 1-adamantaneacetic acid, 𝛽-cyclodextrin, and

1,6-hexanediamine were purchased from Sigma-Aldrich. Acetonitrile, ammonium hydroxide

(NH4OH), calcium chloride (CaCl2), diisopropylethylamine (DIEA), N,N-dimethylformamide

(DMF), diethylether, dichloromethane (DCM), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), sodium
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chloride (NaCl), sodium hydroxide (NaOH), and trifluoroacetic acid (TFA) were purchased

from Fisher Scientific. Sulfuric acid-extracted, freeze-dried cellulose nanocrystals (CNCs) were

sourced from the U.S. Department of Agriculture Forest Products Laboratories (FPL) through the

University of Maine. Full processing details of these CNCs are given by Reid et al.152 All chemicals

were used as received unless specifically stated otherwise.

PA synthesis

PAs used in sections 3.3and 3.4 were synthesized and purified as described in 2. PAs used in

section 3.4 were synthesized using standard fluorenylmethyloxycarbonyl (Fmoc)-solid phase pep-

tide chemistry. The peptide was synthesized on a 1 mmol scale on Rink amide MBHA resin (1.92g,

0.52 meq g-1, 100-200 mesh) in the Peptide Synthesis Core at the Simpson Querrey Institute. The

C16V2A2E2 filler PA, C16V2A2E4G6K(Mtt), and C16V2A2E4PEG10GK(Mtt) PAs were synthesized

using a CEM Liberty microwave-assisted peptide synthesizer. The E2 filler PA was cleaved and

HPLC-purified using standard methods, whereas the other two sequences were stored uncleaved

on resin in a solution of 1:1 DMF:DCM until further chemical modification.

Adamantane PA synthesis

Resin-bound C16V2A2E4G6K(Mtt) was transferred to a fritted peptide synthesis vessel and

swollen in DCM for 30 minutes. The 𝜖-amine of the lysine residue was selectively deprotected using

a solution of 4% TFA and 5% TIPS in 91% DCM. The resin was incubated with the Mtt deprotection

solution for 5 min increments, washing thoroughly with DCM in between until no yellow color

remained in solution. 1-adamantaneacetic acid was coupled to the free amine using 1.1 equivalents

1-adamantaneacetic acid, 1.1 equivalents PyBOP, and 6 equivalents DIEA in a 1:1 mixture of DCM

and DMF for two hours. Coupling was verified through a ninhydrin colorimetric assay.

The PA was cleaved from resin and purified using standard preparatory reverse-phase HPLC

techniques. Organic solvent was removed from selected fractions under reduced pressure before
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being frozen, lyophilized, and stored at -20 °C until further use. Purity of the PA was determined

through analytical LC-MS (Calculated M+: 1759.08, observed: 1758.90).

Figure 3.19: Analytical LC trace of adamantane PA with MS (inset) of primary peak.

Cyclodextrin PA synthesis

Synthesis of the cyclodextrin amine (CD-amine) was performed as described in Loebel et al.153

Briefly, in a 250-mL round bottom flask, 𝛽-cyclodextrin (20 g, 17.62 mmol) was suspended in water

(125 mL) and cooled to 0 °C over ice. p-Toluenesulfonyl chloride (4.2 g, 22 mmol) was dissolved

in 10 mL acetonitrile and added dropwise to the suspension. The reaction was stirred at room tem-

perature for 2 hours. The reaction was then basified to pH ∼8.5 with addition of solid ammonium

chloride. The crude produced was purified by multiple precipitations from water and acetone and

dried under vacuum to give the intermediate 6-o-monotosyl-6-deoxy-𝛽-cyclodextrin as a white

powder.

The intermediate 6-o-monotosyl-6-deoxy-𝛽-cyclodextrin (5g, 3.88 mmol) and DMF (25 mL)

was added to a three-necked flask equipped with a condenser and sealed under nitrogen. 1,6-

hexanediamine (20g, 172 mmol) was heated until liquid and added immediately to the reaction

flask via syringe. The reaction was carried out under nitrogen at 80°C for 18 hours. The produced
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was precipitated 3× from acetone and washed with diethyl ether to afford the final product as a

white powder.

Resin-bound C16V2A2E4PEG10GK(Mtt) was transferred to a fritted peptide synthesis vessel and

swollen in DCM for 30 minutes. The 𝜖-amine of the lysine residue was selectively deprotected using

a solution of 4% TFA and 5% TIPS in 91% DCM. The resin was incubated with the Mtt deprotection

solution for 5 min increments, washing thoroughly with DCM in between until no yellow color

remained in solution. Diglycolic acid was coupled to the free amine using 1.1 equivalents diglycolic

acid, 1.1 equivalents PyBOP, and 6 equivalents DIEA in a 1:1 mixture of DCM and DMF for one

hour. Coupling was verified through a ninhydrin colorimetric assay. Then, CD-amine was coupled

to the free carboxylic acid using 1.1 equivalents CD-amine, 1.1 equivalents PyBOP, and 6 equivalents

DIEA in DMF overnight. Coupling was verified by microcleavage of a small amount of resin and

analysis by ESI-MS.

The PA was cleaved from resin and purified using standard preparatory reverse-phase HPLC

techniques. Organic solvent was removed from selected fractions under reduced pressure before

being frozen, lyophilized, and stored at -20°C until further use. Purity of the PA was determined

through analytical LC-MS. (Calculated M+: 3138.54, observed: 3156.76).

Figure 3.20: Analytical LC trace of cyclodextrin PA with MS (inset) of primary peak..
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Mixing of host-guest PAs

PAs were co-assembled at different percentages with E2 filler PA by dissolving the lyophilized

powder in HFIP and mixing for 15 min. Samples were frozen in liquid N2, and HFIP was removed

in vacuo for 2 h. Samples were then re-dissolved using several microliters of 1N NaOH in distilled

deionized water. These solutions were frozen in liquid N2 and lyophilized to remove any residual

HFIP. The co-assembled peptide amphiphile powder was reconstituted in 125mM NaCl and 3mM

KCl solution to a final concentration of 30 mg/mL (3 w/v%). It was then adjusted to a pH of 7.4

using 1 µL additions of 1N NaOH. Samples were annealed at 80 °C for 30 min, then slowly cooled at

1°C per minute to reach a final temperature of 27 °C. To mix, equal volumes of cyclodextrin PA and

adamantane PAs were added to an eppendorf tube and vigorously pipetted together until mixed.

Fluorescent labeling of CNCs

Based on the protocol from Way et al.,154 the CNCs were TEMPO oxidized utilizing a 4 wt%

solution of CNCs to which 0.1 mmol/g of TEMPO and 1 mmol/g of NaBr were added. 10 mmol/g

of NaOCl was added dropwise to the solution. 0.5 M NaOH was added to adjust the pH to around

10. This was left for an hour on a shaker plate before being centrifuged down at 4500 rpm for 10

min and then decanted. This was washed in ethanol 3x and then in water 3x before being left in

water overnight. The CNC-COOH product was centrifuged (4500 rpm for 10 min) and decanted

then lyophilized and stored as a powder before labeling with fluorescenamine.

0.3 mmol of EDC (1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride, 99%) was

combined with a solution of 1.6 wt% CNC-COOH. 0.15 mmol of fluoresceinamine was then dis-

solved in milliQ water and added to the CNC-COOH/EDC solution. This was placed on a shaker

plate for 24 hours. The solution was then added to methanol and vortexed and centrifuged down

(4500 rpm for 10 min). This was then rotovapped down and placed into 3500 kDa dialysis tubes

and dialyzed for a week. This was then lyophilized, leaving a yellow product.
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3D printing of covalent-supramolecular hybrid polymers

PA1 and PA2 were coassembled in a 1:9 molar ratio as described in Chapter 2, but redissolved

at a final concentration of 15 mg mL-1 before annealing. The annealed PA fibers were printed into

1 cm × 1 cm squares on CaCl2-coated glass substrates using a Hyrel 3D System 30M printer. Sub-

strates were prepared by first washing glass coverslips with milliQ water and drying on a hot plate

at 70 °C. The clean and dry coverslips were then aerosol spray coated with 0.1 M CaCl2 while still

heated at 70 °C, resulting in dispersed 10-50 µm CaCl2 crystals at a surface density of 0.5 µmol

cm--2. The PA solution was extruded through a 0.41 mm inner diameter nozzle (Nordson EFD)

and gelled immediately upon contact with CaCl2, allowing for string hydrogels to be patterned into

squares with varying print paths designed in Slic3r (Fig. 3.21- 3.23). The tip-to-substrate distance

was approximately 200 µm, with a print speed of 10 mm s-1 and a flow rate of 0.42 µL s-1. Typi-

cal gels were 1 mm thick and consisted of 3 or 4 printed layers, with salt introduced via aerosol

spray between each subsequent layer. Following printing, the square gels were stored in a hydrated

environment to prevent drying before polymerization.

The printed PA hydrogels were polymerized using the procedure for the hybrid polymers

described in Chapter 2 with molar ratios of DEGMA:OEGMA500:PA1:CuBr:Bpy:ascorbic acid of

14250:750:1:2:5:100. 1 monomer wt% of NBAA crosslinker and 0.5 monomer wt% fluorescein-O-

methacrylate were also included in the polymerization solution.
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Figure 3.21: (a) Print path for a uniaxially aligned three-layer sheet. (b) Optical microscopy of an
aligned three-layer sheet, demonstrating strong birefringence when the sample is rotated 45°to the
polarizer. Scale bars are 400 µm.

Figure 3.22: (a) Print path for a square spiral three-layer sheet. (b) Optical microscopy on a corner
of a square spiral three-layer sheet, showing bright birefringence at the point of the corner when the
sample is at 0°, but a dark region at the corner point when the sample is rotated 45°to the polarizer.
At the corner point, the fibers bend at ∼45°to connect one edge of the square to the adjacent edge.
Scale bars are 400 µm.

Figure 3.23: (a) Print path for a cross-hatched four-layer sheet. (b) Optical microscopy of a cross-
hatch four-layer sheet, with birefringence extinguished at both 0°and 45°because the layers are ori-
ented 90°to each other. Scale bars are 400 µm.
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3D printing of CNC-PA hybrid polymers

The CNC/PA inks were prepared at a composition of 12.5 w/v% CNC and 1.5 w/v% PA (90 mol%

Cଵ଺VଷAଷEଷ with 10 mol% EATRP PA and trace TAMRA). The CNCs were dispersed in milliQ water

at 20 w/w% (25 w/v%) concentration through alternated stirring for 5 min and vortexing for 30 sec

until the resulting material was visibly smooth. The ink was then centrifuged down at 4500 rpm

for 5 min and horn sonicated in an ice bath at 20% amplification (Fisher Scientific Model 120 Sonic

Dismembrator with 0.3 cm diameter probe). The ink was pulsed 30× for 10 seconds on/off intervals

while moving the probe to different locations within the sample to optimize the processing due to

its high viscosity. After each 10 cycles, the ink was stirred to get a homogenous product. After the

horn sonication, the ink was centrifuged down for 5 min at 4500 rpm and transferred to a syringe

and extruded into a solution of 3 wt% PA. This was then hand stirred with a spatula until combined

(∼10 min) and then transferred to a printing cartridge and centrifuged down at 4500 rpm for 1 min.

CNC/PA composite prints were made using an EnvisionTEC 3D Bio-plotter (Manufacturer Se-

ries) with a low temp cartridge head. The ink was printed with either a 27G (0.2 mm diameter),

conical (tapered) plastic nozzle or a 12.7 mm long 27G (0.2 mm diameter) straight nozzle). The

prints were 10 mm× 10 mm× 540 µm (3 layers) with an aligned inner structure with center-center

strand distances of 0.3 mm. With the 27G conical nozzle, the printing parameters were 0.4 bar and

20 mm/s. The structures were printed onto either glass coverslips or wetted dialysis membranes.

After printing, the structures were ionically crosslinked with∼500 µL of 0.1 M CaCl2 pipetted onto

the print surface and held for at least 10 minutes. The prints were kept in humid conditions until

further polymerized as described above.

3D printing of host-guest PAs

3 wt% solutions of adamantane PA and cyclodextrin PA were mixed in a 1:1 ratio via manual

pipetting and loaded into 3 mL pneumatic piston syringe barrels (Nordson EFD). Constructs were

printed onto untreated plastic petri dishes using a Cellink BioX 3D bioprinter to minimize spread.
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The optimal printing parameters used a 0.41 mm inner diameter conical nozzle (Nordson EFD)

with 5 kPa extrusion pressure, 5 mm/s print speed and 0.2 mm layer height. Both the ink and the

build platform were kept at 25 °C throughout the printing process.

Polarized optical microscopy

Samples were placed in glass bottom 35mm-dishes (MatTek Corporation, P35G-1.5-14-C) filled

with milliQ water. The samples were then imaged in between two perpendicular light polarizers

using a Leica DM750 P instrument in reflection mode using Leica Application Suite V4.2 software.

A sample stage allowed for the precise rotation and x, y-positioning of the samples. Bright-field

images were recorded using the same instrument without the light polarizers.

Confocal laser-scanning microscopy

Cross-sectional samples were created by thinly slicing printed and polymerized hybrid materials

into ∼1 mm sections using a razor blade. These sections were placed on glass coverslips and kept

hydrated during the course of imaging. Samples were visualized using a Nikon A1R confocal laser-

scanning microscope equipped with GaAsP detectors.

Scanning electron microscopy

Printed hybrids were dehydrated by incubation in a series of ethanol solutions of increasing

concentration. Ethanol was subsequently removed by critical point drying (Tousimis Samdri-795).

Extra caution was taken to ensure the samples were not heated above the lower critical solution tem-

perature of the polymer material during the exchange. Dehydrated hybrid prints were mounted on

stubs using carbon glue and coated with 21 nm of osmium (Filgen, OPC-60A) to create a conduc-

tive sample surface. All SEM images were taken using a Hitachi SU8030 or LEO 1525 instrument

operating at an accelerating voltage of 2 kV.
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Cryogenic transmission electron microscopy

PA samples were prepared as described in section 3.5. Cryo-TEM was performed using a JEOL

1230 TEM working at 100 kV accelerating voltage. Samples were plunge frozen using a Vitrobot

Mark IV (FEI) vitrification robot at room temperature at 95-100% humidity. 7.5 µL of sample solu-

tion (0.1 w/v%, diluted from 1 w/v% immediately before grid preparation) were placed on 300-mesh

copper grids with lacey carbon support, blotted, and plunge frozen into liquid ethane. Samples

were transferred into a liquid nitrogen bath, and placed into a Gatan 626 cryo-holder through a

cryo-transfer stage. Images were acquired using a Gatan 831 CCD camera.

Nanofiber diameter was measured manually in ImageJ, using the widest part of the ribbon-like

assembly. Multiple nanofibers were measured per image, and at least five representative images were

analyzed per sample.

Rheological measurements of CNC-PA inks

To mimic the 3D printing extrusion process, rheological assays based on Schaffner et al. were

done using an Anton Paar MCR302 rheometer with a CP25-2 fixture.155 The ink was first oscillated

for 60 seconds at 0.1% strain and 10 rad/s angular frequency to determine the resting modulus

before printing. Then, a standard flow test with constant rotation at a shear rate of 100 s-1 was

performed for 60 seconds, which mimics the extrusion process. Then, the resting modulus after

flow was measured for 60 seconds using the same 0.1% strain and 10 rad/s angular frequency.

Shear thinning properties of PA inks with various CNC content was measured using a standard

flow test on an Anton Paar MCR302 rheometer with a CP50-1 fixture. Shear rate was varied between

1 s-1 and 1000 s-1 and viscosity was measured at various shear rates.

Rheological measurements of host-guest PAs

PA materials were prepared using methods described above. An Anton Paar MCR302 Rheome-

ter with a 25 mm cone plate was used for all rheological studies. 150 µL of PA liquid was placed on
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the sample stage. Divalent gelling solution was only used for the “E2 PA Gel” sample in which 30

µL of 150 mM CaCl2 solution (final concentration 25 mM) was placed on the plunger positioned

above the material. The plunger was lowered to the measuring position and a humidity collar was

added to prevent sample evaporation. For the experiments used to determine storage and loss mod-

ulus, the sample was equilibrated for 30 minutes with a constant angular frequency of 10 rad/s and

0.1% strain. The storage and loss modulus were recorded at the end of the 30-minute interval. For

the recovery experiments, the sample underwent cyclical loading. The sample was exposed to 0.5%

shear strain for 200 seconds, followed by 50% shear strain for 50 seconds all at 10 Hz over a course

of 4 cycles. The storage and loss modulus were recorded and plotted against time.

Microindentation

Indentation tests were carried out using an axisymmetric probe tack device, consisting of a

piezoelectric stepping motor connected in parallel to a load transducer attached to a flat cylindrical

indenter with a radius (𝑅) of 0.59 mm. Displacement was monitored using an optical sensor with

submicrometer sensitivity. All samples with thickness (ℎ) of 0.5 mm were fixed on a glass plate

with a camera underneath providing optional imaging. The indenter approached the sample with

a constant velocity of 10 µm s-1 until a specified load, ranging from 10 to 25 mN, was reached. The

resulting load (𝑃) and displacement (𝑑) data were used to calculate the modulus of the sample. The

Young’s modulus (𝐸) of the sample was calculated by using the relation between the compliance

(𝐶 = 𝑑/𝑃) and the modulus at a specified contact radius (𝑎) assuming Poisson’s ratio of the sample

equals 0.5.124

𝐸 = 3𝑃
8𝛿𝑎ቆ1 +

1.33𝑎
ℎ + 1.33ቆ𝑎ℎቇ

ଷ
ቇ
ିଵ

(1)

An average value of 𝐸 from the above equation at low strain (displacement between 0.01 and 0.03

mm) was used as the modulus. Moduli from multiple indents were averaged to give the reported

modulus.



119

4 Microscale Thermoresponse of Liquid Crystalline
Assemblies

4.1 objectives and significance

Developing complex, responsive materials requires the hierarchical ordering of smaller build-

ing blocks into precise structures that can translate responses or motions that occur on the nanoscale

to a bulk, macroscopic response. Taking inspiration from nature, we use innately anisotropic self-

assembled peptide amphiphiles to direct their assembly into higher ordered superstructures during

an annealing process. When heated in aqueous solution, these supramolecular nanofibers exhibit

lower critical solution temperature (LCST) behavior, which causes the fibers to reversibly pack into

a hexagonal lyotropic liquid crystalline lattice and further aggregate into micron-scale bundles con-

taining thousands of ordered fibers. This crystallization into a hexagonal lattice is highly dependent

on the ionicity of the peptide amphiphile nanofibers and the strength of electrostatic interactions

and charge screening between fibers. Using molecular dynamics simulations, we conclude that this

crystallization behavior and bundling is entropically driven by the changing strength of water-PA

hydrogen bonding interactions at elevated temperatures, similar to the LCST behavior that is seen in

thermoresponsive polymers. This is the first observation of LCST behavior in a fully supramolecular

assembly, and is shown to be generalizable to peptide amphiphile molecules with different peptide

sequences. This work reported suggests strategies to control superstructure formation and align-

ment within a liquid crystalline peptide amphiphile solution, which could be used for development

of optical properties or macroscopic pattern generation.
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4.2 background

Over the millenia, nature has developed extraordinarily complex responsive materials that are

able to take chemical input signals and turn them into physical output, such as the motion of mus-

cles,11 the color-changing abilities of melanocytes,156 or the drooping defense response of Mimosa

pudica plants.157 Natural systems are able to devise these responsive materials through structural

hierarchy, where smaller building blocks are precisely ordered into larger and larger structures. Key

to this behavior is anisotropy within these building blocks, where having one axis that is different

(typically longer) than the others can direct the responsive properties of the material along a certain

direction.

This structural hierarchy often lends itself to increased mechanical strength, such as the collagen

fibrils that guide bone growth,9 or help turn small nanoscale motions into large macroscopic ones,

such as the actin and myosin proteins that make up muscles.14,15 While nanoscale building blocks

such as peptides, oligonucleotides, and saccharides are abundant, extending their structures to a

larger length scale in an ordered manner is much more challenging than nature would make it seem.

Researchers have put significant efforts into designing synthetic macromolecules that display

some of this responsive behavior. Typically, in synthetic macromolecular systems, responsive be-

havior occurs through a change in the interaction energy of the molecules with the surrounding

environment when certain stimuli, such as change in temperature, electric field, or light are ap-

plied. One such class of polymers are lower critical solution temperature (LCST) polymers. These

polymers are soluble at low temperatures due to a high degree of hydrogen bonding interactions

with the solvent. If the temperature is increased above a critical temperature, more of the hydropho-

bic portion of the polymers becomes exposed, and it becomes entropically unfavorable for the sur-

rounding water molecules to hydrogen bond with the polymer molecules. This causes a collapse of

the polymer chains and precipitation from the solution, leading to increased turbidity and volumet-

ric contraction of the sample. However, the molecular requirements for these responsive behaviors

mean that the chemistries are limited to certain monomers that have hydrophilic-hydrophobic com-
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ponents such as NIPAM,158 DMAEMA,159 OEGMA,111,160 and elastin-like peptides,34,161 which are

all highly studied systems within this field. However, the difficulty with macromolecular systems

is that it is difficult to achieve the structural control needed for building hierarchical order. Most

polymers intrinsically have low persistence length and often form globular structures in solution,

meaning anisotropic structures that would be able to direct properties along one axis are difficult

to achieve. In order to achieve anisotropy and subsequent ordering, very specific structural consid-

erations, such as the formation and phase separation of block copolymers, or application of strong

forces such as high shear, must be devised, which is very limiting.

Liquid crystalline assemblies are promising for the development of hierarchically structured

materials. Lyotropic liquid crystals consist of a suspension of mesogen molecules in a solvent, the

morphology of which can be tuned by their concentration.162 Molecules that form liquid crystalline

solutions are often structurally anisotropic, causing them to align along their long axis in order to

maximize translational entropy.74 This typically results in microdomains of structural anisotropy,

however, due to the nucleation of many aligned domains simultaneously, it is difficult to achieve

global alignment within a sample or bulk material. Lyotropic liquid crystals can be aligned by plac-

ing the sample within external fields such as an electric field, magnetic field, or by applying mechan-

ical forces.163 Similarly, these external fields can also be used to induce a specific response within

a liquid crystalline material. However, these fields typically need to be fairly strong in order to in-

duce alignment or change in alignment. In addition, the chemistry of the mesogen molecules must

be fairly specific in order to exhibit the desired response; changing the chemistry of a mesogen

molecule without changing the responsive properties is not trivial.

Peptide amphiphiles are a class of molecules that contain an oligopeptide sequence covalently

conjugated to a lipid tail.58 This creates a molecule with distinctly hydrophobic and hydrophilic

ends that can subsequently pack into very high-aspect ratio anisotropic nanostructures, where the

length of the structure is on the micron length scale while the height and width remain on the

nanometers length scale. The oligopeptide sequence, created through solid-phase peptide synthesis,
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is easily modifiable to contain not only groups for assembly, but can also have additional active

sequences attached, such as bioactive epitopes for cell signaling. Our group has studied this class

of materials extensively for applications in tissue regeneration, where the peptide amphiphiles can

act as structural scaffolds for cells to grow on.164–166 More recently, our group has also investigated

these nanostructures as a scaffold that directs the reversible thermally driven anisotropic actuation

of a macroscopic thermoresponsive material.68

These peptide amphiphiles have been shown to form lyotropic liquid crystals in aqueous solu-

tions at high concentration. These liquid crystalline solutions can be easily aligned into macroscopic

domains using shear force, which can be applied easily in a variety of processing conditions.69 It is

known that in order to form these liquid crystalline solutions, thermal annealing is necessary. This

annealing changes the nanoscale features, such as fiber length, driving them to their thermodynam-

ically favored state.45 However, the effects of annealing on micro- or macro-scale features, such

as the molecular ordering that causes the formation of the lyotropic liquid crystal, have not been

studied.

Here, we investigate the behavior of peptide amphiphile assemblies during annealing processes.

We show the formation of the lyotropic liquid crystalline phase and the formation of µm-scale

superstructures upon heating, attributing this behavior to a reversible lower critical solution tem-

perature (LCST) behavior. We employ variable temperature confocal laser-scanning microscopy

(VT-CLSM) and variable temperature X-ray scattering experiments to observe the LCST behavior,

as well as additional calorimetric and spectroscopic techniques. These experiments, along with

full atomistic molecular dynamics simulations, suggest that the molecular mechanisms is similar

to the entropically driven LCST behavior seen in thermoresponsive macromolecular systems. This

LCST behavior is observed for multiple PA molecules with varying peptide sequence, and is the first

demonstration of such behavior in a fully supramolecular assembly.
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4.3 results & discussion

4.3.1 Observation of LCST behavior in PA assemblies

We used an amide terminated palmitoyl-Val-Val-Val-Ala-Ala-Ala-Glu-Glu-Glu (C16V3A3E3)

as the model peptide amphiphile sequence for our studies due to its strong propensity to form beta-

sheet hydrogen bonds and assemble into robust, long nanostructures. We use this structure as the

basis for our studies. We prepare the fresh PA solutions at 2 w/v% in milliQ water, with 1.5 equiva-

lents of base (NaOH or CsOH) to solubilize the PA molecules. No additional salt was added to the

solution, and solutions were well-sonicated to ensure full dissolution and removal of any micron-

sized anisotropic features, as confirmed by polarized optical microscopy (full preparation details in

the Methods Section 4.5).

Variable-temperature small-angle X-ray scattering (VT-SAXS) profiles of sample solutions

within sealed quartz capillaries reveal an interesting temperature-dependent change in translational

order of these assemblies (Fig. 4.1a). At room temperature, we observe the scattering form factor

that is typical of PA nanofiber assemblies, with no sharp Bragg peaks that would be indicative of any

crystallinity in the system. As the assemblies are heated between 65-75 °C, we see the appearance

of sharp Bragg peaks attributed to the formation of a hexagonal lyotropic liquid crystalline phase.

As the heating continues to 95 °C, these Bragg peaks shift outward to higher q-values, representing

smaller interfiber spacings. Upon cooling, the interfiber spacings shift back to lower q-values and

the intensity of the Bragg peaks diminish, but the hexagonal packing pattern remains, even at 35

°C.

Seeing this nanoscale order, we investigated the presence of higher order structures at the mi-

cron scale using variable-temperature confocal laser-scanning microscopy (VT-CLSM) and polar-

ized optical microscopy (VT-POM). Most typical commercial VT stages for confocal microscopy

are not designed for the high temperatures needed in the annealing process (80-95 °C) with short

working distances required for CLSM, and thus we designed and machined a custom aluminum
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Figure 4.1: (a) Chemical structure of C16V3A3E3 PA. (b) Variable-temperature X-ray scattering
experiments showing growth of hexagonal liquid crystalline peaks upon heating. (c) Variable-
temperature confocal laser-scanning microscopy. (d) Variable temperature polarized optical mi-
croscopy. (e) Differential scanning calorimetry.
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Figure 4.2:VT-polarized optical microscopy showing growth of tactoids over time at 25 °C. Tactoids
grow and coalesce over time, but do not bundle until heated. Scale bar = 200 µm.

heating stage that could easily and evenly heat sealed glass capillaries for these experiments (Meth-

ods Section 4.5).

PA samples immediately showed aggregation into spindle-like structures within 5-10 minutes

of sample preparation at room temperature in both CLSM and POM (Fig. 4.1). These highly bire-
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fringent spindle-like structures are known in the liquid crystal literature as tactoids, which can form

within a solution of liquid crystalline mesogens.83,167 Due to local microphase separation, the tac-

toids are nematic domains within isotropic matrix of the mesogens. These domains are metastable

in nature, and can grow or coalesce to approach a single domain of nematic liquid crystal.168,169

These tactoids also have some degree of rotational freedom, which allows them to align over time.

Once two proximal tactoids are at the same angle of orientation, they can coalesce into one larger tac-

toid domain (Fig. 4.2). This tactoid growth and coalescence corresponds with PA nanofiber growth

over time, which can be observed using transmission electron microscopy (TEM). Qualitatively, the

PA nanofibers are shown to significantly elongate over the course of 60 minutes as well as increase

in contour length (Fig. 4.3)

These PA tactoids grow and elongate as the samples are heated. At high temperatures (∼80-

95 °C), the tactoids abruptly transition into extremely long bundles (Fig. 4.1). These bundles are

fairly regular, between 4-5 µm in diameter, and do not occur upon aging, only upon heating of the

sample (Fig. 4.2). In some samples, precipitation can be seen at this high temperature, implying

a high degree of crystallinity within the sample. Upon cooling, these bundled features become

less regular, and the entire lattice redissolves and re-swells (Fig. 4.1). This bundling/unbundling

Figure 4.3: Conventional TEM of PA samples when (a) freshly dissolved at 2 wt/v% and (b) after 60
minutes of aging at room temperature. Samples stained with 1 w/v% uranyl acetate solution. Scale
bar = 500 nm.
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Figure 4.4: (a) VT-SAXS showing three heating-cooling cycles. Once formed, the primary peak
position of the hexagonal lattice shifts reversibly between low and high q range. (b) VT-CLSM
showing PA microstructures during three heating and cooling cycles. Scale bar = 50 µm.

behavior must be indicative of a significant reversible volume change within the PA-rich regions of

the superstructure. This bundling-unbundling behavior, with corresponding shifts of the hexagonal

packing peaks, can be observed upon multiple heating-cooling cycles; though tactoid structures do

not reform-upon cooling. (Fig. 4.4)

Taken together with the X-ray scattering data, we propose that the bundles are highly ordered

domains of hexagonally packed PA nanofibers, with each bundle comprised of hundreds of indi-

vidual nanofibers. Upon cooling, the interfiber spacing increases, causing re-swelling of the super-

structure and some loss of superstructure order. This behavior is similar to the LCST behavior

observed in thermoresponsive polymers. In LCST polymers, this contraction-expansion behavior
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is an entropically driven aggregation process due to the entropic penalty of having water bound to

the surface of a hydrophobic polymer at elevated temperatures.

We investigated the thermodynamic nature of the observed phase transitions using differential

scanning calorimetry (DSC, Fig 4.1e). Upon initial heating, we see several sharp exothermic transi-

tions between 40-60 °C that are likely related to the formation and growth of the tactoids. At higher

temperatures, around 65 °C and 75 °C, we also see small inflection points that seem to match up

with the onset of the hexagonal crystalline packing peaks in VT-SAXS. Upon cooling, these tran-

sitions are more prominent, meaning these are reversible, entropically driven transitions. In addi-

tion, upon second heating, the sharp exothermic transitions attributed to the tactoids are no longer

present, consistent with the observations from microscopy. The reversible entropically driven tran-

sitions seen at 65 °C and 75 °C are consistent with the LCST behavior seen in thermoresponsive

polymers, and correspond to the release of bound water molecules,170,171 and further corroborate

the observed LCST behavior in this fully supramolecular system.

Figure 4.5: VT-X-ray scattering experiments at different PA concentrations. (a) 1 wt% PA, showing
primary peak at q = 0.023808 Å at 95 °C. (b) 2 wt% PA, showing primary peak at q = 0.02659 Å at
95 °C. (c) 5 wt% PA, showing primary peak at q = 0.039 Å at 95 °C.
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Typical of a lyotropic liquid crystalline solution, the interfiber distance is concentration depen-

dent, ranging from 16.1-26.4 nm center-to-center distance between 1-5 wt% PA (Fig. 4.5). The

maintenance of hexagonal packing at low temperatures is also concentration dependent (Fig. 4.5);

at lower concentrations, the Bragg peaks disappear upon cooling, with only the fiber form factor re-

maining. This is likely due to the ability for larger volumetric expansion and more disorder at lower

concentrations. Looking at the wide-angle X-ray scattering (WAXS) patterns, we observe that the

peak at q≃1.5 Å-1, attributed to the beta-sheet hydrogen-bonding, is maintained throughout the

heating-cooling cycle. This implies that there is a reversible change in interfiber spacing at 65 – 95

°C; however, the overall hexagonal translational order is fixed once it is formed.

4.3.2 Effect of ionicity on LCST behavior

With this observation of LCST behavior in a supramolecular system for the first time, we fur-

ther investigated the factors that control the LCST behavior. Previous work in the Stupp group has

shown that fibrillar supramolecular systems in water can pack into hexagonal liquid crystal phases;

however, the interfiber packing distances in these systems were static once the hexagonal phase was

formed.116,172 The formation of these hexagonal assemblies were shown to be strongly dependent on

buildup of repulsive charges between molecular assemblies. As such, we then varied environment

conditions such as amount of base, added salt, and concentration within our system.

The formation of the hexagonally packed phase shows a strong dependence on PA ionicity

within the sample (Fig. 4.6). We see that with a lower amount of base (Fig. 4.6a), and therefore

lower net charge per PA molecule, the onset of Bragg peaks is suppressed, with only broad peaks

that suggest a loose, less regular interfiber correlation occuring. Conversely, with higher amounts

of base (2 equivalents CsOH/PA molecule, Fig. 4.6b) we see even an immediate onset of crystal-

lization to the hexagonal phase, with sharp Bragg peaks observed as low as 35 °C. The hexagonal

packing is maintained throughout the entire heating and cooling profile. By VT-CLSM and VT-
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Figure 4.6: (a) VT-SAXS showing annealing behavior of Cଵ଺VଷAଷEଷ with 1 equivalent CsOH/PA.
(b) VT-SAXS showing annealing behavior of Cଵ଺VଷAଷEଷ with 2 equivalents CsOH/PA. (c) VT-
SAXS showing annealing behavior of Cଵ଺VଷAଷEଷ with 1.5 equivalents CsOH/PA + 0.5 equivalents
CsCl/PA. (d-f) Corresponding CLSM images of samples at 95 °C. Scale bars are 25 µm.

POM, both samples show bundling behavior at high temperatures with the presence of hexagonal

packing peaks.

Since the formation of the hexagonal lyotropic liquid crystal phase is so highly dependent on

charge, adding additional salt to charge screen the system should suppress this peak formation. This

is indeed what we see when an additional 0.5 equivalents of CsCl was added to a sample with 1.5

equivalents CsOH per PA molecule (Fig. 4.6c). While the total ionic strength of the solution is

identical to the sample in Figure 4.6b, the peaks corresponding to the lyotropic liquid crystal are

completely lost at all temperatures. However, in VT-CLSM, we still see the formation of bundles at
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high temperatures. This implies that the PA molecules are able to form higher ordered superstruc-

tures even without crystalline translational order. These results indicate that while the formation of

the lyotropic hexagonal lattice formation is highly affected by the ionic environment, such as the de-

gree of deprotonation of the PA molecules and the existence of screening salt species, the bundling

behavior is a more robust phenomenon. While the latter result is somewhat surprising given the

well-known “salting-in/salting-out” effect of the macromolecular LCST transition,173–175 we believe

the addition of salt affects the translational order more severely than the LCST behavior itself.

4.3.3 Molecular dynamics simulations of the PA LCST behavior

In order to further probe the interactions that lead to the observed LCST behavior, we used

full atomistic molecular dynamics (MD) simulations to look more closely at the changes of attrac-

tive and repulsive forces at elevated temperatures. In previous reports, MD simulations have been

implemented on PA nanofibers to understand assembly states, energy profiles, solvent and ion in-

teractions, and more.176,177 Here, we carry out MD simulations looking at PA assembly behavior at

different temperatures. We compare the final structures at 298K and 353K to see differences in ion

condensation, ion distribution, and water distribution to understand the nature of the experimen-

tally observed LCST behavior.

As described in section 4.5, a 18 × 18 × 9 nm3 simulation box was constructed with 18 PA

molecules per cross-section, with 144 PA molecules in total. 72 PA molecules had a single glutamic

acid deprotonated and 72 PAs had two glutamic acids deprotonated. These PA molecules were

placed in an alternating fashion around the cross-section; each cross-section was rotated 20 °with

respect to the one below. Water and sodium counterions are placed surrounding the fiber and after

a short equilibration, 8 cycles of periodic annealing are done 50 ns/temp, alternating 298K and

353K. Production simulations are done after 740 ns for the 353K simulation and 790ns for the 298K

simulation. Figure 4.7a shows the final conformation of the nanostructure cross-section at 298K

after the simulation procedure.
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Figure 4.7: (a) Top view of simulation snapshot (outlined in black) at 298K, after 800 ns of peri-
odic annealing. Sodium counterions are shown in blue and the peptides in light green. 𝛽-sheets
are shown in yellow. (b) Secondary structures of amino acids at each residue position, where 0
represents the lipid tail. Solid lines show probabilities at 298K, while dashed lines are at 353K.

The overall PA nanofiber secondary structure remains very similar at low and high tempera-

tures, with a high degree of beta-sheet hydrogen bonds within the valines and alanines residues

(Fig. 4.7b). This is consistent with the WAXS data, which showed minimal change in the beta-sheet

hydrogen bonding peak over the course of heating and cooling (Fig. 4.1a). In addition, the nanofiber

cross-section changes only slightly (3.17 ± 0.02 nm at 298K vs 3.22 ± 0.02 nm at 353K). This implies

that the changes in aggregation we see at the nano- and micro-scale are not due to overall changes

in the nanostructure morphology when heated, but due to changes in other interactions.

Looking at the electrostatic interactions, it is evident that there is a much higher degree of charge

screening due to increased ion condensation at higher temperatures (Fig. 4.8). Figure 4.8a shows

the radial distribution function (RDF) of the carboxylate groups of the glutamic acid residues with

the sodium counterions. At 353K, the sodium-nanofiber interactions are significantly stronger than

at room temperature. This corresponds with a higher degree of carboxylate neutralization (defined

as sodium atoms present within 4 Åof the carboxylate groups) at elevated temperatures Fig. 4.8b),
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Figure 4.8: (a) Radial distribution function of glutamic acid carboxylate-sodium ion interactions at
298 and 353K (b) Percentage of carboxylates neutralized at 298K (black) and 353K (red). Carboxy-
late neutralization is defined as sodium within 4 Åof the carboxylate group.

where roughly twice as many carboxylate groups are neutralized at 353K than at room temperature

(17 ± 2% vs 9 ± 1%).

This increase in condensed ions around the PA nanofibers implies a higher degree of charge

screening and therefore a decrease in repulsive interactions between carboxylate groups. These

changing interactions should also be reflected in the PA-water interactions. Figure 4.9 shows the

RDF between the carboxylates and water. In contrast to the PA-sodium interactions, PA-water

shows the opposite trend, where the interactions are decreased at high temperature. This is in agree-

ment with the LCST mechanism, as it becomes entropically unfavorable for PA-water hydrogen

bonding interactions to occur as the PA molecules become more charge-screened.

The MD simulations can also give us insight into the long-range ordering of the nanofibers.

The larger interfiber spacings (∼25-30 nm) are unusually large compared to the typical short range

of repulsive electrostatic interactions (∝ 1/𝑟ଶ). Therefore, changes in the repulsive forces due to

the carboxylate neutralization cannot be the only factor contributing to the LCST and bundling

behavior. Figure 4.10 examines long-range water orientation as a function of temperature. In this

simulation, water displays a long-range correlation up to the simulation box boundary of 10 nm; in
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a typical protein system, it would not be expected to see significant water correlation past 1-2 nm

of the protein surface. More extensive simulations using larger box sizes will be done in the future.

Figure 4.9:Radial distribution function of glutamic acid carboxylate-water interactions at 298K and
353K.

Figure 4.10: (a) Second order water orientation of waters at different temperatures. (b) Distribution
of water orientation in different distance ranges from the nanofiber central axis.
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Figure 4.11: (a) PAs initially dissolved in solution as monomeric species or short nanofiber aggre-
gates. (b) Within minutes, PA nanofibers begin to elongate and aggregate in solution. (c) PA ag-
gregates form tactoids in solution due to microphase separation between the elongated nanofibers
and the free molecules in solution. (d) tactoids begin to rotate in solution in order to merge with
tactoids with a similar direction of alignment. (e) Tactoids coalesce and align in solution. (f) At high
temperatures, tactoids elongate and form regular, micron-sized bundles consisting of hundreds of
hexagonally packed nanofibers (inset).

With information from experiments and simulations, we propose the following mechanism

for PA LCST behavior (Fig. 4.11). When freshly dissolved, the PA molecules form small aggre-

gates or short nanofibers that are dispersed isotropically in solution (Fig. 4.11a). Very quickly, the

nanofibers elongate and start to align with each other to maximize the translational degrees of free-

dom (Fig. 4.11b). As the PAs align, tactoids form due to the local density differences and microphase

separation (Fig. 4.11c). These tactoids still have rotational freedom, which allows them to align and

coalesce with nearby tactoids that have the same alignment (Fig. 4.11d, e). As the temperature is

elevated, these tactoids elongate and eventually transition into long, highly ordered bundles each

containing hundreds of hexagonally ordered PA nanofibers (Fig. 4.11f). This hexagonal packing

and bundling is attributed to the higher degree of charge screening at high temperatures, and the

concurrent decrease in PA-water interactions leading to long-range ordering across tens of nanome-
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ters. Upon cooling, the PA-water interactions re-form, and the bundles re-swell and lose some of

the crystalline order, though some ordered fiber-fiber interactions remain (Fig. 4.11g). These heated

and cooled states are can be repeatedly attained upon subsequent heating and cooling samples.
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4.3.4 Behavior of other PA sequences

Given the proposed mechanism for the behavior of C16V3A3E3, we wanted to explore if this

LCST behavior is universal to other peptide amphiphile sequences. To this end, we investigated the

annealing behavior for PAs with different beta-sheet sequences (C16V2A4E3 and C16A6E3), charge

(C16V3A3K3), and nanostructure morphologies (C16VEVE) (Fig. 4.12, Fig. 4.13).

Changing the sequence of beta-sheet forming residues within the PA molecule has been shown

to drastically change the properties of the resulting nanostructures and materials.46,178 Recent un-

published studies in our group have shown that varying the valine:alanine ratio can change the

supramolecular chirality, transitioning from left-handed to flat to right-handed assemblies with in-

creasing valine content (Fig. 4.14).

Figure 4.12: Other peptide sequences explored in this work: Cଵ଺A଺Eଷ, Cଵ଺VଶAସEଷ, Cଵ଺VଷAଷKଷ,
and Cଵ଺VEVE.
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Figure 4.13: (a) VT-SAXS of Cଵ଺VଶAସEଷ. (b) VT-SAXS of Cଵ଺A଺Eଷ. (c) VT-SAXS of Cଵ଺VଷAଷKଷ.
(d) VT-SAXS of Cଵ଺VEVE.(e-h) Corresponding POM images of PA sequences at 95 °C. Scale bars
are 200 µm.

Figure 4.14: (a) Cryo-TEM and (b) AFM images of nanostructures with different supramolecular
chiralities created by (left) Cଵ଺A଺Eଷ, (center) Cଵ଺VଶAସEଷ, and (right) Cଵ଺VଷAଷEଷ. Cryo-TEM
scale bars are 100 nm, AFM scale bars are 200 nm.
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Looking at C16A6E3, which forms left-handed nanostructures, we see significant suppression

in the suppression of the hexagonal packing peaks, with small peaks appearing only at 95 °C

(Fig. 4.13a). Nevertheless, in VT-POM, bundling is still apparent upon heating (Fig. 4.13b). Ala-

nine is known to have less beta-sheet forming ability than valine, so it is possible that the reduction

in cohesive forces in the nanofiber assembly make it more difficult to form the hexagonally ordered

structure than in the C16V3A3E3case.

Looking at C16V2A4E3, which forms predominantly flat ribbons in solution, no hexagonal pack-

ing peaks can be seen at any temperature; only the nanostructure form factor can be identified

(Fig. 4.13c). However, in VT-POM, tactoid and subsequent superstructure formation still occurs

(Fig. 4.13d). This indicates that these flat ribbons are unable to pack into the same hexagonal phase

as the other two sequences, whose twisting affords a more cylindrical cross-section. However, there

are still enough associative forces to form bundled structures on the micro-scale.

Carboxylate-terminated C16VEVE is also known to form wide nanoribbon or nanobelt-like

structures.60 These assemblies, which approach 2D assemblies instead of 1D, are also unable to

pack in a hexagonal manner. Due to the large surface area of the ribbon face, these PA molecules

exhibit a Bragg peak that is attributed to lamellar packing (Fig. 4.13c). However, in VT-POM, these

samples show no significant birefringence over time, suggesting that higher order superstructures

with alignment are absent in C16VEVE.

Looking at the nature of the ionic component is also important. All work described above has

used carboxylate-containing glutamic acid residues, resulting in a negatively charged PA species. By

replacing the glutamic acid residues with amine-containing lysine residues, we can investigate the

generality of the PA LCST behavior to other ionic systems (Fig. 4.13). When heated, C16V3A3K3

shows similar LCST behavior, with Bragg peaks due to hexagonal packing appearing around 75

°C and reversibly shifting to higher q upon heating. Notably, at 2 wt% the Bragg peaks become

significantly wider upon cooling, indicating a significant loss of translational order upon cooling,

unlike the glutamic acid-based molecules. In addition, the WAXS region of the lysine-based system
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displays a disappearance of the beta-sheet peak at higher temperatures, suggesting a loss of some

internal interactions at high temperature even as nanoscale order is gained. We hypothesize that

the degree of dehydration at elevated temperatures becomes too large for the charges to keep the

translational order between fibers, which leads to ion condensation onto the fibers and loss of Bragg

peaks. VT-CLSM shows similar bundling behavior as the C16V3A3E3 molecules.

4.3.5 PA superstructures at high ionicity

Similar to what was seen in the C16V3A3E3case (Fig. 4.6), it is possible to induce crystalline

order through the introduction of additional charge in the system (Fig. 4.15). With the addition of 2

equivalents CsOH/PA instead of 1.5, both systems show strong crystalline hexagonal packing peaks

at all temperatures, with the same shift of interfiber spacings that is indicative of LCST behavior. This

indicates that the fine balance of attractive and repulsive behaviors that causes the LCST behavior is

Figure 4.15: VT-SAXS patterns of (a) Cଵ଺VଶAସEଷ, and (b) Cଵ଺A଺Eଷ with 2 equivalents CsOH/PA.
Corresponding CLSM images of (c) Cଵ଺VଶAସEଷ, and (d) Cଵ଺A଺Eଷ at room temperature. Scale bars
are 25 µm.
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Figure 4.16: (a) VT-USAXS profile of Cଵ଺A଺Eଷ with 2 equivalents CsOH/PA. (b) Thresholded
CLSM image of initial Cଵ଺A଺Eଷ structures at glass surface. (c) Corresponding Fourier transform of
image shown in (b), indicating highly regular spacings.

slightly shifted with different beta sheet sequences. Interestingly, looking at the VT-CLSM of these

highly ionized samples shows a suprising initial state of assembly. Instead of nucleating into tactoid

formations, these s tructures appear to assemble into micron-size corkscrew-like superstructures. In

the C16A6E3 case, these structures seem extremely regular, showing a consistent 2.17 µm diameter

by Fourier analysis of the CLSM images as well as ultrasmall X-ray scattering (Fig. 4.3.5).

Further investigation using CLSM shows that these corkscrew superstructures require some

addition of thermal energy to nucleate (Fig. 4.17). Observing the growth of these isothermally at 25

°C, only tactoid structures form, even after several hours. At 40 °C, however, these spiral structures

form very quickly, within minutes. These spirals seem to be nucleated on the glass surface, where

they form very regular stripes that appear to delaminate from the glass surface to form the spirals

in solution. Isothermally at 40 °C, these spirals seem to stay fairly static after about 30 minutes.

When heated, these spirals still elongate and form bundles at higher temperatures (Fig. 4.18).

These bundles seem finer than bundles for other PA sequences, with each bundle of fibers only

XX µm in diameter. This spiraled superstructure and subsequent bundling seems to inhibit the

alignment within the sample, resulting in an overall less uniformly oriented sample.
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Figure 4.17: CLSM images of Cଵ6A଺Eଷ dissolved with 2 equivalents CsOH/PA over 4 hours at 25
°C. Scale bars are 50 µm.
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Figure 4.18:CLSM images over 3 hours at 40 °C of Cଵ଺A଺Eଷ dissolved with 2 equivalents CsOH/PA
at (a) the capillary surface and (b) 30 µm into solution. Scale bars are 50 µm.
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4.4 conclusions

We have investigated the alignment and liquid crystalline phase behavior during annealing

within a confined environment using microscopy, spectroscopic, and calorimetric techniques. We

demonstrate the entropically driven LCST behavior within a peptide-based completely supramolec-

ular system during an annealing process. All-atom molecular dynamics simulations indicate that

this behavior is due to increased charged screening and related increase in effective hydrophobicity

at elevated temperatures, resulting in decreased PA-water interactions. This is also associated with

an increase in water correlation distance, which could result in the large experimentally observed

interfiber spacings. We anticipate that this LCST effect can be used to direct the alignment and

assembly of functional hierarchical soft materials.

4.5 materials & methods

Materials

All Fmoc-protected amino acids were purchased from P3 Biosystems, as well as coupling

agents 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and

benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP). Palmitic acid

was purchased from Chem-Impex Int’l Inc. Carboxytetramethylrhodamine (TAMRA) acid was

obtained from Click Chemistry Tools. 4-methylpiperidine was purchased from Acros Organics.

Acetonitrile, ammonium hydroxide (NH4OH), dimethylformamide (DMF), dichloromethane

(DCM), diisopropylethylamine (DIEA), diethyl ether, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP),

sodium chloride (NaCl), sodium hydroxide (NaOH), cesium chloride (CsCl), and cesium hydrox-

ide (CsOH) were purchased from Fisher Scientific. All chemicals were used as received unless

stated otherwise.
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Peptide amphiphile synthesis and purification

PA molecules were synthesized using standard Fmoc-solid-phase peptide chemistry. All pep-

tides were synthesized on Rink amide MBHA resin (aappTEC) at 1-2 mmol scale. Fmoc depro-

tection was performed using 20 v/v% 4-methylpiperidine in DMF for 20 minutes. The resin was

then washed with DMF and swollen with DCM. Amino acid couplings were performed with 4

equivalents of protected amino acid, 4 equivalents of HBTU, and 6 equivalents of DIEA in 50%

DMF/50% DCM for 2 hours. Palmitic acid was coupled to the peptide N-terminus with 8 equiva-

lents of palmitic acid, 8 equivalents of HBTU, 12 equivalents of DIEA in 50% DMF/50% DCM for

4 hours. Deprotection and couplings were verified through ninhydrin colorimetric assays (Kaiser

test).

TAMRA-labeled PAs were synthesized by the addition of a Fmoc-Lys(Mtt)-OH residue. While

on resin as the final step before cleavage, the Mtt group of the lysine e-amine was performed by

swelling the resin in DCM and adding solution of 4% TFA, 5% TIPS and 91% DCM for multiple 5

minute washes until yellow color was no longer seen in solution. TAMRA acid was them coupled to

the free amine with 1.1 equivalents. TAMRA acid, 1.1 equivalents PyBOP, and 6 equivalents DIEA

in DCM for 4 hours.

PAs were cleaved from resin by shaking in a solution of 95% TFA, 4% TIPS, 1% water. After

cleavage, the solvent was concentrated under reduced pressure and the remaining 1 mL of solution

was precipitated into an excess of cold diethyl ether. The crude product was redissolved at 10 mg

mL-1 in water with 0.1% NH4OH. This solution was purified using standard preparatory reverse-

phase high-performance liquid chromatography (HPLC) techniques on a Shimadzu Prominence

instrument equipped with a Phenomenex Gemini NX-C18, 30 x 150 mm column. A mixture of

water/acetonitrile containing 0.1% NH4OH was used as eluent. Pure fractions were selected based

on the corresponding product signals in electrospray ionization mass spectrometry using direct

injection on an Agilent 6520 Q-TOF LC-MS. Organic solvent was removed from selected fractions

under reduced pressure before being frozen, lyophilized, and stored at -20 °C until further use.
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Preparation of PA solutions

PA solutions were prepared by dissolving lyophilized PA material in HFIP and sonicating for 3-5

minutes, until fully dissolved. The HFIP was removed under vacuum for at least 3 hours until a dry

film remained. The films was re-dissolved in milliQ water with specific equivalents of base added

from a stock solution (either 0.5M CsOH or 1M NaOH) to a final concentration of 20 mg/mL (2

w/v%). The solutions were probe sonicated in a water bath to prevent sample heating for 30 seconds

using a Fisher Scientific Model 120 sonic dismembrator (25% amplitude, 2 sec on/5 sec off pulse).

Samples were then immediately used for experiments described below.

Variable temperature stage for high-resolution optical imaging

The variable temperature stage consists of commercial thermoelectric modules mounted be-

tween a 0.25 inch thick aluminum heat distribution plate and aluminum water blocks with room

temperature circulated water (Fig. refCh4Fig19). An aluminum sample holder plate with a channel

machined to accommodate square cross-section sealed glass capillaries is screwed to the bottom of

the heat distribution plate. Due to the short working distance typically employed for high-resolution

optical imaging, we designed the holder plate such that the aluminum on the bottom of the sample

channel possesses a thickness of 100 micrometers. A 2 mm diameter viewport is machined through

the center of both the heat distribution plate as well as the sample holder to allow for bright-field

imaging in addition to fluorescence imaging on an inverted microscope. Full description, as well as

testing for the thermal and temporal stability of the stage is described in Sai et al.179
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Figure 4.19: (a) CAD-rendered schematic. (b) Photograph of stage assembly mounted on an inter-
ved confocal laser scanning microscope.

Confocal laser-scanning microscopy.

A stock solution of TAMRA-labeled PA in HFIP (0.5 mg/mL) was used to add TAMRA-PA

at 0.5% of the unlabelled PA mass to the PA solution during the initial HFIP mixing stage. Sam-

ples were then dried and re-dissolved as described above. Freshly-dissolved samples were placed

into borosilicate glass capillaries (1mm x 1mm or 1mm x 0.1mm, VitroCom) and sealed using UV-

curable epoxy (UV Clear Fly Finish, Loon Outdoors) under long-wave UV light (365 nm). Samples

were placed within a variable-temperature stage and visualized using a 20x air objective on a Nikon

A1R confocal laser-scanning microscope equipped with GaAsP detectors. Samples were heated at

5 °C/min from 25 °C to 95 °C, held at 95 °C for 30 minutes, and cooled at 2 °C/min until 25 °C.

Samples were imaged every 30 seconds at multiple 𝑧-positions.
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Figure 4.20: Representative heating trace for VT-CLSM and VT-POM experiments. Black dashed
trace: Temperature set point. Red trace: Actual temperature.

Polarized optical microscopy

Freshly-dissolved samples were placed into borosilicate glass capillaries (1mm × 1mm or 1mm

× 0.1mm, VitroCom) and sealed using UV-curable epoxy (UV Clear Fly Finish, Loon Outdoors)

under long-wave UV light (365 nm). Samples were placed within a variable-temperature within a

Nikon A1R confocal laser-scanning microscope between two perpendicular light polarizers, with

the capillary oriented 45 °with respect to the axis of cross-polarization. Samples were heated at 5

°C/min from 25 °C to 95 °C, held at 95 °C for 30 minutes, and cooled at 2 °C/min until 25 °C (as

shown in Fig 4.20). Samples were visualized every 30 seconds using an AmScope MU1000 Digital

Microscope Camera.

Small-angle X-ray scattering

SAXS measurements were performed at beamline 5-ID-D of the DuPont-Northwestern-Dow

Collaborative Access Team (DND-CAT) Synchrotron Research Center at the Advanced Photon

Source, Argonne National Laboratory. PA solutions were placed in 1.5 mm quartz capillaries

(Charles Supper) and sealed using UV-curable epoxy under UV light for 2 min. Samples were
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placed in an aluminum multicapillary heating stage and measured every 10 °C from 35 °C to 95

°C, held at 95 °C for 30 minutes while measuring, and every 10 °C upon cooling from 95 °C to 35

°C. Data was collected using an energy of 17 keV using a CCD detector positioned 245 cm behind

the sample. Scattering intensities were recorded within a q range of 0.0024 < q < 0.40 Å-1, where

the wave vector 𝑞 is defined as 𝑞 = (4𝜋/𝜆)𝑠𝑖𝑛(𝜃/2) where 𝜃 is the scattering angle.

Aging studies using transmission electron microscopy

Samples of C16V3A3E3 were dissolved in 2 w/v% as described above, and 5 uL of the samples

were aliquoted for TEM sample preparation at 0 min, 10 min, 20 min, 30 min and 60 min after horn

sonication. The samples were applied on glow-discharged carbon coated copper grids (CF300-Cu,

Electron Microscopy Sciences) for 30 seconds and blotted from the side of the grids using filter

paper. The grids were then subjected to two cycles of addition of 10 µL DI water droplets, 10 sec-

ond wait and blotting, followed by one cycle of addition of 1 w/v % uranyl acetate solution (22400,

Electron Microscopy Sciences), 30 second wait and blotting. The transmission electron microscopy

images of the negatively stained samples were obtained using a JEOL ARM300F microscopy oper-

ated at 300 keV, equipped with a Gatan OneView CCD camera.

Ultrasmall-angle X-ray scattering

USAXS measurements were performed at beamline 9-ID-C at the Advanced Photon Source,

Argonne National Laboratory with a Bonse-Hart camera setup at the beam energy of 21 keV, along

with pinhole cameras for SAXS and WAXS detection. The details of the beamline configuration is

described in Ilavsky et al.180 PA solutions were placed in 4 mm inner diameter glass NMR tubes

(Wilmad-LabGlass) and sealed using UV-curable epoxy under UV light for 2 min. The NMR tubes

were loaded on a sample heater at the beamline and the temperature was changed in a stepwise

manner every 10 degrees, followed by data acquisition. Data was analyzed using Igor Pro software

with Indra and Nika packages for data reduction.181
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Data was analyzed using Igor Pro software with Indra and Nika packages for data reduction.181

Differential scanning calorimetry

Differential scanning calorimetry of PA solution samples, prepared as described above, were

obtained using a Microcal VP-DSC instrument. Two cycles of heating to 95 °C and cooling to 35

°C were performed at 1 °C/min scan rate.

Molecular dynamics simulations

Classical molecular dynamics (MD) simulations were performed at the all-atom resolution. The

GROMOS 54a7 force field was employed for the PA molecules and counterions. The simple point

charge (SPC) 3-point water model was employed with the structure constrained using the SETTLE

algorithm.

The initial configuration of the PA system was created in Packmol. The simulation box was

set at 18 × 18 × 9 nm3, containing 144 PA molecules, 216 Na+, and 90,000 water molecules. Each

cross‐section, containing 9 PA molecules processes a thickness of 0.5 nm along the nanofiber normal

axis, congruent with intermolecular hydrogen bond distance. PAs are radially distributed in layers

stacked along the z-axis. Each cross-section is equivalent but rotated 360°/2n, where n is the number

of PA molecules per cross‐section.

In the MD simulations, periodic boundary conditions were imposed on each dimension. At

the beginning of each simulation, energy minimization was employed using the steepest descent

algorithm. The system then underwent periodic annealing for 800 ns (8 cycles). Each cycle con-

sisted of 50 ns at 353K followed by 50 ns at 298K. In the annealing simulations and the following

productions, the isothermal-isobaric ensemble (constant temperature, temperature and pressure,

NTP) was employed, where the box lengths in all dimensions were allowed to fluctuate over the

course of the simulation.
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Production simulations began at 740 ns for 353K simulations and at 790 ns for the 298K simu-

lations. The simulation parameters in the annealing simulations were the same as those employed

in the production simulations.

Cryogenic transmission electron microscopy

Cryo-TEM was performed using a JEOL 1230 TEM working at 100 kV accelerating voltage.

Samples were plunge frozen using a Vitrobot Mark IV (FEI) vitrification robot at room temperature

at 95-100% humidity. 7.5 µL of sample solution (0.1 w/v%, diluted from 1 w/v% immediately before

grid preparation) were placed on 300-mesh copper grids with lacey carbon support, blotted, and

plunge frozen into liquid ethane. Samples were transferred into a liquid nitrogen bath, and placed

into a Gatan 626 cryo-holder through a cryo-transfer stage. Images were acquired using a Gatan

831 CCD camera.

Atomic force microscopy

10 mM solutions of annealed PA nanofibers were diluted by 10-20× in 150 mM NaCl, and

dropcast on to freshly cleaved mica surfaces. After 1 min the excess solution was removed and the

substrate was rinsed three times. The substrate was then immersed in a bath of 150 mM NaCl and

20 mM CaCl2 to immobilize the nanofibers on the mica surface, and rinsed once to remove large

aggregates. Samples were imaged in the CaCl2 bath in PeakForce tapping mode on a Dimension

Icon Atomic Force Microscope (Bruker) with SNL10-A (Bruker) cantilevers.
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5 Summary and Future Outlook

The work presented in this thesis uses a combination of bottom-up molecular design and self-

assembly with top-down patterning and directed alignment in order to develop structural and func-

tional hierarchy across multiple length scales, from the nanoscopic to the macroscopic. Inspired

by the functional, responsive materials found in nature, these studies used supramolecular peptide

amphiphiles as a basis for generating anisotropic structures that were further arranged into higher-

order, thermally responsive assemblies that can be used as artificial actuators. These studies give

insight into the mechanisms behind anisotropic actuation and templation of alignment, and lay the

foundation for future work on the rational design of soft materials that display complex responsive

behavior based on their hierarchical structure.

5.1 covalent-supramolecular hybrid polymers as artificial actuators

The covalent-supramolecular hybrid polymers developed in Chapter 2 integrated the structural

anisotropy of peptide amphiphiles with the thermoresponsive behavior of LCST macromolecules.

When fabricated as an aligned, tubular hydrogel, these hybrid materials were able to reversibly actu-

ate in an anisotropic fashion, more strongly perpendicular to the direction of nanofiber alignment.

Finite element analysis simulations and molecular modeling attributed this anisotropy to a combina-

tion of microscale fiber reinforcement and nanoscale steric repulsion due to the tethered polymer

chains. We can use this knowledge of the mechanisms of anisotropic motion to design more ad-

vanced behaviors than just shrinking or contracting. The 3D printed materials in Chapter 3.3.1

were the first step in that direction, showing a more complex bending behavior due to differences in

alignment between layers, similar to materials such as bigels. Work done by those in the 3D print-

ing field, such as the group of Jennifer Lewis,94 has put significant efforts into the computer-aided

design of motion that could be utilized in the PA systems as well.



153

From a chemical standpoint, the ATRP initiator that is used to grow the polymeric component

gives significant versatility to the stimuli-responsive system. ATRP methods have been developed

for a large number of monomers, including other thermoresponsive and pH responsive polymers

(NIPAM, DMAEMA). By compatibilizing these established ATRP methods with the PA chemistry

and solvents, the stimuli for the system could be altered or added to create a multi-responsive system.

From a device standpoint, there is more that can be done with the tube hydrogel geometry. As

demonstrated in Fig. 2.8, they are able to perform significant work, lifting many times their own

mass. By reconfiguring the load-bearing design, the work performance of the hybrids could be sig-

nificantly enhanced, and could potentially be used for tensile contraction, similar to the skeletal

muscles these materials are inspired by. The tubular geometry also lends itself for pump-type appli-

cations, to restrict or promote flow through the channel depending on the state of contraction or

expansion.

To improve the function of these devices, improvements upon the actuation speed are neces-

sary. By its nature, LCST behavior is dependent on the expulsion and re-swelling of water into a

hydrophobic material. These slow kinetics limit the possible material thickness and thus the over-

all size of the actuators. This could be overcome by programming vasculature into the material

design. By having water-filled channels throughout the structure, the diffusion path length is short-

ened, which should increase the contraction speed and allow for the creation of larger structures. In

order to do this, void space could be integrated during the printing process, or templation of the vas-

culature through a degradable component could be done. In order to print the vasculature directly,

the rheological properties of the PA ink would need to be improved to prevent collapse of the chan-

nels. This could be done using some of the CNC or host-guest chemistry described in Chapter 3.

The vasculature could also be done through templation, such as through ice crystal nucleation or

UV-degradable PA components that have been previously developed in our group.182
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5.2 3d printing with cnc-containing pa materials

As described in Chapter 3.3.2, the incorporation of nanocrystalline cellulose into the covalent-

supramolecular hybrid materials significantly improved the mechanical properties of the hybrids.

The materials were able to be printed continuously, without the need for calcium chloride addition

between layers, and were able to be easily handled both pre- and post-polymerization. These mate-

rials were also able to be stably printed spanning gaps of up to 1 mm without significant sagging or

compromise of the print structure. Despite, or potentially due to, their robust mechanical proper-

ties, these CNC-PA hybrids showed only modest thermoresponsive behavior. Improving dispersion

of the CNCs within the PA matrix and reducing the phase-segregated domains of CNC could im-

prove the actuation behavior by reducing the amount of noncontractile volume and providing more

ability for PA entanglement and crosslinking to increase contraction. Solving these problems would

allow these materials to be used for the vascularization of the supramolecular-covalent hybrid ma-

terials.

The excellent mechanical properties could prove to be useful in other applications as well.

Highly crystalline cellulose is biocompatible and not immunogenic towards human tissues,183 thus

the mechanical stability would be useful in tissue regeneration and implantation applications. It

is known that certain cell types prefer stiffer matrices for development and differentiation, such as

fibroblasts.184 These CNC-PA materials could also include bioactive epitope sequences to further

promote desired biological activity.

5.3 supramolecularly cross-linked host-guest materials

In chapter 3.3.3, we developed PA molecules containing 𝛽-cyclodextrin or adamantane moi-

eties that are able to form host-guest interactions to cross-link PA nanofibers through supramolec-

ular chemistry. These materials, through simple mixing of the two components, showed superior

rheological properties to PA alone, and were able to print structures of high fidelity without divalent
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counterions as additional cross-links. This all-PA ink will be especially attractive for the printing of

biologically relevant scaffolds, where large biomolecules or inorganic rheological additives may not

be desirable due to the sensitivity of cellular interactions.

Future studies will investigate the incorporation of bioactive epitope-containing PAs into this

system, such as those containing a mimetic of brain-derived neurotrophic factor (BDNF), which is

essential for neuronal cell survival. Using this host-guest system in combination with the BDNF-

mimetic PA could give a more robust scaffold to promote tissue regeneration in the central nervous

system. The supramolecular nature of the host-guest interaction also gives the possibility of self-

healing within the hydrogel scaffold. Furthermore, due to the versatility and wide base of knowledge

in the field of host-guest chemistry, this system could, in addition to the 3D printing applications,

also be extended for the delivery of hydrophobic drugs or other moieties from a PA scaffold.

5.4 lcst behavior of pa assemblies

In chapter 4, the formation of hierarchical structures and LCST behavior of an entirely

supramolecular PA system was demonstrated due to annealing under a spatially confined envi-

ronment. Within the model system of C16V3A3E3 peptide, we determined the LCST behavior

results from changes in ion condensation and therefore hydrophobicity on the PA fiber surface.

Since water interactions with the PA nanofiber are key to this process, future studies should more

directly probe the water behavior. Initial MD simulations indicated there was long-range water

orientation, up to the simulation box boundary of 10 nm. Simulations with larger box sizes could

be done to determine the extent of the water orientation. Overhauser dynamic nuclear polarization

relaxometry has also been previously used to measure water dynamics within a supramolecular

structure.185 With careful design and placement of TEMPO or other spin-labels, this technique

could give insight to the water correlation at different sites within the PA structure with varying

temperature.
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We demonstrated that the LCST behavior and superstructure formation is not unique to the

model PA system, and is observed among multiple PA sequences. This gives a rich phase space for

further exploration, including other parameters such as concentration, ionicity, salt, annealing tem-

perature, and ramp rate for each PA sequence. From these studies, we hope to develop a general set

of rules for the control of PA hierarchical structures from the nanoscale to the microscale. One espe-

cially interesting behavior to explore further is the PA behavior at high ionicity, where 2/3 or more

of the PA charged species are ionized. In C16 A6E3, this condition nucleated the growth of highly

regular spiral structures, which have previously never been observed in PA materials. Experiments

investigating the internal order of these spiral structures, including X-ray diffraction experiments

and microscopy, would give insight to not only the translational order, but also any off-axis effects

that must be occurring to give rise to the spiral pitch.

Varying the size of the PA bundles could also lead to interesting optical effects, such as structural

color. This would require tight control and near monodispersity of bundle size; which could possibly

be achieve through the spatial confinement or other patterning. Bundle size should also be affected

by the heating rate during the annealing process, depending on the size of the tactoids within the

solution. A more extensive study of heating and cooling rates would be informative for additional

structural control.
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Appendix I: Original Research Proposal: Cascade Reactions

Within Catalytic Block Copolymer Mesophases

abstract

Cells are able to physically separate incompatible reactions and promote cascades of desired

reactions through compartmentalization of reagents and processes within organelles. This spatial

organization of reactants and catalysts is key to creating complex chemical products in an efficient

manner. Replicating this behavior in synthetic processes by combining multiple reaction steps into

a single reactor can significantly reduce costs by saving on reagents, solvents, and time. However,

not all synthetic processes can be combined easily due to interfering interactions between catalysts

or reaction conditions. The field has attempted to combine such incompatible reactions through

the physical separation of catalysts onto different particles or through the site isolation of catalysts

onto different parts of the same particle.

The objective of this proposal is to develop a new system of phase-segregated block copolymers

that are able to facilitate multiple chemical reactions that would otherwise not be able to be per-

formed in bulk solution. Using a model acidic and basic catalysts independently integrated to a

poly(styrene-b-4-vinylpyridine) block copolymer, we will explore the cascade reaction behavior in

different polymer self-assemblies, such as the bicontinuous gyroid phase. These phases should have

significant higher interfacial surface area than the typically core-shell micellar systems, allowing for

better diffusion of reagents between catalytic phases and therefore overall reactivity. The depth of

research into polymer self-assembly gives rich opportunities for modifications to the system in or-

der to tune the domain size, diffusion kinetics within the system, and catalyst chemistries, which

allow us to address potential pitfalls as well as create variations of the system in order to look at

other cascade reactions.
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introduction

Cells achieve remarkable feats of chemistry, facilitating hundreds of thousands of unique chem-

ical reactions within only a few cubic microns of volume. Key to these processes is the spatial sepa-

ration and compartmentalization of different types of reactions into organelles by lipid membranes.

This allows for the segregation of processes that would interfere with others, such as the hydrolytic

enzymes and acidic, oxidative environment found in the lysozyme that would quickly degrade other

proteins if they were free in the cellular environment. The proximal spatial positioning of related

reaction processes also allows for the fast diffusion and ability to create complex chemical structures

through enzymatic cascades.

Replicating this behavior in traditional chemical synthesis has been more difficult. Typically,

in order to undergo multiple chemical transformations, individual reaction setups are needed, as

well as isolation and purification of intermediates in between each step. Not only is this time con-

suming, but it is more costly and uses additional reagents and solvents, which may be harmful to

the environment. As such, researchers have developed a number of one-pot reactions,187–189 where

a substrate can undergo multiple transformations either sequentially or simultaneously, without a

need for isolation or purification in between steps (Fig. 5.1). However, developing these reactions

is not trivial.186 Successful one-pot reactions require all components to be compatible and active in

the same solvent, thermal, and atmospheric conditions, as well as being unaffected by other reagents

Figure 5.1: Schematic representation of a one-pot reaction and examples of the reductions in econ-
omy they can bring. Reproduced from Hayashi.186
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in solution. Substrate selectivity may also have to be taken into consideration, if there are multiple

possible sites or a specific order of transformation is desired.

Inherently, not all reactions are compatible with the one-pot process. Many compounds can

catalyze complex transformations when used in sequence, such as Lewis acids and bases or oxidizing

species and amines; however, they would be quenched and inactivated by the other reagents in

solution. These types of incompatible reactions were dubbed “Wolf and Lamb” reactions by Cohen

et al. in 1981, when they begun research on segregated polymer particle systems.190 This allows

for two incompatible catalysts to be placed in the same reaction vessel, but remain active because

they are physically unable to interact. The wolf-lamb reaction system has led to the development

of systems that spatially separate molecular or enzymatic catalysts in order to promote complex

transformations in sequence, or “cascade reactions.”191–193

Figure 5.2: (a) Typical phase diagram of a coil-coil diblock copolymer. 𝑓: Volume fraction of one
block. 𝜒: Flory-Huggins interaction parameter. 𝑁: degree of polymerization. 𝐿: lamellae,𝐻: hexag-
onally packed cylinders, 𝑄ଶଷ଴: double-gyroid phase, 𝑄ଶଶଽ: body-centered spheres, 𝐶𝑃𝑆: closed-
packed spheres, 𝐷𝐼𝑆: disordered. (b) Structures of the different phases described in (a). 𝑓஺ is the
volume fraction of block A. Reproduced from Tseng et al.194
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Phase separation of block copolymer systems has emerged as a promising technique for mak-

ing complex, segregated systems. In 1996, Matsen and Bates described the principles of “complex

self-assembly” of diblock copolymers and showed the relationship between block volume structure

and the resulting structures (Fig. 5.2).194,195 Since then, these principles have been extended to the

assembly of triblock terpolymer systems.196 Due to the advances in the synthesis and characteriza-

tion of well-defined block copolymers and the wide number of monomer chemistries available, this

has proved to be a very versatile for making spatially separated systems such as core-shell micelles

and polymerosomes.197–199

As it progresses, the field ultimately works towards the development of “artificial organelles”

and in the distant future “artificial cells,” where complex molecules can be derived from simple

precursors through multiple chemical transformations in the same reaction vessel due to the spatial

positioning of catalysts.200–203

specific aims

This work aims to develop block copolymer mesophase systems that covalently incorporate

typically incompatible catalysts into separate blocks of the polymer chain. Due to the intimate con-

tact and high interfacial surface area of the phase segregated polymer blocks, there will be fast and

easy diffusion of the reagents between the different catalytic species. Careful design of the polymer

blocks and catalytic substrate will promote the diffusion of intermediates into the other polymer

phase, promoting the full reaction cascade. In order to achieve this, we will need to (1) synthesize

diblock or triblock copolymers that can have organic catalysts incorporated either during the poly-

merization process or in a post-functionalization step. Then, it will be necessary to (2) investigate

and characterize the phase space of assembly into different mesophases that can facilitate the desired

cascade reactions. Finally, we will (3) investigate the reaction rates of the catalytic phases, both in-

dependently and within the cascade, and the effect the polymer mesophase has on the catalytic

reactions.
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previous work

Initial studies on site-isolation focused on the spatial separation of incompatible reagents, such

as strong acid and strong base. Cohen, Kraus, and Patchornik described a system of two insoluble

polymeric reagents to undergo “wolf and lamb” reactions.190 One polymer particle was modified

with a strong base (trityllithium), and the other with an acylation reaction (benzoic acid), and to-

gether, this system was able to promote the benzoylation of phenylacetonitrile whereas the soluble

analogues of these catalysts were not.

Since the description of the initial “wolf and lamb” system, scientists have investigated a num-

ber of other systems based on the spatial separation of catalysts on different particles. Similar to

the wolf-and-lamb system, these works are based on the premise that the physically bound cata-

lysts are unable to interact and therefore be quenched by each other. As supports a wide variety

of materials have been used, such as modified MCM-41 zeolite,204 layered montmorillonite and hy-

drotalcite clays (Fig. 5.3),205 or core-confined catalysts within star polymers.206 These systems rely

on the reacting species to diffuse between the two different types of particle in order for the full

cascade to occur, and particle size has been shown to have a strong effect on the rates of reaction.

The diffusion requirements could also be problematic for certain cascade reactions with short-lived

or reactive intermediates.207

In order to place the reactive sites more specifically, researchers have used patterning tech-

niques, such as lithography or photomasking, in order to promote more intimate contact between

desired reactive species. These approaches have been shown on self-assembled monolayers

(SAMs),208–210 as well as in microfluidic devices.211,212 Through precise position of the catalytic

species, reagents are able to efficiently undergo the entire cascade with minimally necessary

diffusion. However, both SAMs and microfluidic systems are limited in their scalability, since

these systems have limited surface area with which they can undergo reactions.

In order to bring the catalysts closer together in solution, researchers have turned to the con-

finement of catalysts on different parts of the same particle. Yolk-shell particles with a unique
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Figure 5.3: Epoxynitrile was successfully obtained using methanol, cyanoacetic acid, compound 1,
and hydrogen peroxide in four sequential acid and base reactions, namely, esterification (i), deac-
etalization (ii), aldol reaction (ii), and epoxidation (iii), in a single reactor. A one-pot synthesis
of glutaronitrile was also performed using the Tiସା-mont and Pd/HT catalysts. Reproduced from
Motokura et al.205

core@void@shell nanostructure were made by sol-gel processes and selective etching, and were

able to catalyze a deacetalization-Henry cascade reaction.213 Core-shell nanoparticles from struc-

tured mesoporous silica or nanoparticle@MOFs have similarly been used to perform cascade reac-

tions.214,215

In addition to inorganic structures, researchers have also used the principles of polymer phase

separation to create segregated catalytic systems. Using a block of hydrophilic polymer and hy-

drophobic polymer, Weck and coworkers were able to separate molecular inorganic catalysts in

the core and shell of a polymeric micelle to promote a Co-catalyzed hydration followed by a Rh-

catalyzed asymmetric transfer hydrogenation (Fig. 5.4).198 Similarly, Jones et al. used a crosslinked

core-shell micelle for a tandem deacetalization-nitroaldol reaction.199 Importantly, results from

Weck et al. noted that while the tandem reaction occurs when two catalysts are immobilized on

different micellar particles, particles that contain both catalysts give significantly better results.198

More recently, using polymer assembly as a method for compartmentalization has been demon-

strating using polymerosomes.193,197 Assembled with hydrophilic and hydrophobic di- or tri-block

copolymers, polymersomes form membranes with a hydrophobic wall, and often aqueous solution
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Figure 5.4: Schematic of cross-linked core-shell micelle for cascade reaction. The micelle core and
shell provide different microenvironments for the transformations: Co-catalyzed hydration of an
alkyne proceeds in the hydrophobic core, while the Rh-catalyzed asymmetric transfer hydrogena-
tion of the intermediate ketone into a chiral alcohol occurs in the hydrophilic shell. Reproduced
from Lu et al.198

at the core.216,217 Polymersomes are attractive assembles due to their similarity to natural lipid vesi-

cles and ability to encapsulate biologically relevant materials, such as enzymes. In a particularly

elegant example, van Dongen et al. demonstrated a three-enzyme cascade reaction by spatially seg-

regating enzymes to three different areas of a polymersome: the lumen, in the bilayer membrane,

and coupled to the surface (Fig. 5.5).197

Despite the promise of these spatially separated systems, there are some drawbacks as well.

In the polymersomes and core-shell micellar systems, diffusion of the substrate or the products

through the membrane can limit the activity and overall turnover of the system. The necessary

diffusivity between the two compartments also limits the lifetime of highly active intermediates. By

increasing the interfacial surface area between the two catalytic functions, it would be easier for

reactants to transfer between phases for reactions and therefore increase the percent yield of the

cascade product.



174

Figure 5.5: Schematic of porous polymersomes based on block copolymers of isocyanopeptides
and styrene used to anchor enzymes at three different locations, namely, in their lumen (glucose
oxidase, GOx), in their bilayer membrane (Candida Antarctica lipase B, CalB) and on their surface
(horseradish peroxidase, HRP). Reproduced from van Dongen et al.197

proposed research

Synthesis

Of utmost importance is the choice of catalyst and block copolymer system. For the sake of ease

in materials synthesis and reaction characterization, we use the prototypical acid and base “wolf and

lamb” system. Together in solution, acidic and basic catalysts will neutralize each other, destroying

the catalytic activity. Acid-catalyzed deacetalization of benzaldehyde dimethyl acetal is common

as a first cascade step,204,213,218 as the resulting aldehyde is susceptible to a number of nucleophilic

attacks. Sulfonic acid catalysts such as p-toluenesulfonic acid are typically used, although free car-

boxylic acids have also been shown to perform the catalytic transformation.199 From the reactive

aldehyde species, a number of other transformations can be done using basic conditions, in particu-

lar, aldol-like reactions including the Henry condensation, Baylis-Hillman reaction, and the Knoeve-

nagel condensation, depending on the other reactants present in solution (Fig. 5.6).204,206,213 These

basic reactions can be catalyzed by primary amine-containing species like tris(2-aminoethyl)amine

(TREN), piperidines, or pyridine species. For ease of characterization, we will use the Knoevenagel
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Figure 5.6: Schematic of possible acid-base cascade reactions starting with benzaldehyde demethyl
acetal precursor.

condensation, as it produces a single product that has the potential for an extended pi conjugation

system, both of which will make characterization of the reaction easier.

Poly(styrene) is one of the most extensively studied polymer systems, and its structural simi-

larity to the acidic poly(styrenesulfonic acid) can be used for the facile incorporation of acidic sul-

fonic acid catalysts into this hydrophobic polymer block. In addition, the phase behavior in block

copolymers with various other polymers have been studied. These include poly(2-vinylpyridine),219

poly(4-vinylpyridine),220 poly(isoprene),221 and poly(ethylene oxide),222,223 among others. Using a

vinylpyridine polymer (either 2-vinylpyridine or 4-vinylpyridine) gives obvious benefits for our de-

sired catalytic cascade, as the pendant pyridine moieties can be directly used as basic sites to facilitate

the Knoevenagel condensation. In addition, the poly(styrene-b-2-vinylpyridine) creates a rational

increase in polarity from the styrene block that will promote the transfer of the more hydrophilic

aldehyde species into the hydrophilic pyridine phase.

Based on work by Schulz and Ishizu, it known that for both monomers, ordered microdomain

structures such as lamellae, hexagonally perforated layers, bicontinuous cubic/gyroid, and

hexagonally packed cylinders can be formed depending on the volume ratio of styrene to

vinylpyridine.219,220

We propose the synthesis of a series of block copolymers using a two-step anionic polymeriza-

tion with varying styrene content between 40-70% in 5-10 mol% increments (Fig. 5.7. These ratios
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Figure 5.7: Scheme of synthetic route to the synthesis of poly(styrene-b-4-vinylpyridine) diblock
copolymer incorporating styrene sulfonic acid as catalyst using anionic polymerization.

are in accordance with those found previously to form interesting mesophase separations.219 In

each case, a portion of the styrene monomer will be substituted for styrenesulfonic acid, which will

statistically incorporate within the styrene block and act as the acidic catalyst for deacetalization

reactions.

The reaction can be monitored by both GPC, NMR, and FTIR during the synthesis of each block.

In GPC, we would expect to see a narrow, monomodal distribution at each step, with significantly

increased molecular weight after addition of the 4-vinylpyridine block (Fig. 5.8a). The extent of

conversion and quantification of the vinylpyridine incorporation can be done using 1H NMR spec-

troscopy. Further quantification of the ratio of styrene to vinylpyridine can be done using FTIR

spectroscopy, as the benzene ring of styrene will have distinct absorptions from the pyridine ring

(1030 cm-1 vs 980 cm-1).220 Using these methods and by modifying the monomer ratios, we can

create a series of well-characterized block copolymers with varying polymer compositions.

While a high catalyst loading is desired for a high activity, the nature of the PVP block means

that the number of basic sites cannot be tuned. This could be changed by changing the second block

of the polymer to a monomer that would not be catalytically active, but could have amine func-

tionality doped in through random copolymerization of vinylpyridine or other amine-containing

monomers. Another approach could be using a block such as poly(isoprene), which has as a pendant

vinyl group. This would allow the attachment of any number of catalysts through facile thiol-ene
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Figure 5.8: (a) Expected GPC traces for the styrene homopolymer and diblock copolymer. (b) Ex-
pected FTIR spectrum of poly(styrene-b-4-vinylpyridine) diblock copolymer. FTIR reproduced
from Eichhorn et al.224

click chemistry.225 However, this approach was not used for the initial design as the isoprene is quite

hydrophobic, and we did not want its hydrophobicity to hinder diffusion within the system. The

pendant vinyl groups may also pose the possibility of unwanted side reactions; those may need to

be modified to be more inert after functionalization.
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Block copolymer self-assembly

The next step is to look at the formation of block copolymer morphlogies. Block copolymer self-

assembly is traditionally done through the slow concentration of polymer from a solvent that can

dissolve both blocks (such as THF, chloroform, or trichloroethane) either through evaporation, or

through the slow addition of a poor solvent (such as methanol). By screening solvent conditions as

well as the library of different polymer compositions, it is likely that we will create multiple polymer

phases to examine. The most interesting of these morphologies would be bicontinuous or gyroidal

phases, as these would have the highest interfacial surface area to promote diffusion of the reactants

to the next catalyst in the cascade. These can be characterized through microscopic techniques such

as TEM and SEM, where one phase can be selectively stained for visualization purposes (Fig. 5.9).

For packings that we expect to have a high degree of translational order, such as cubic or hexag-

onal cylinder phases, small-angle X-ray scattering can also give information about the molecular

packing.

It is also important to confirm that the small molecule substrates do not affect the morphologies.

Therefore, these phase segregation tests should take place with a catalytically relevant amount of

Figure 5.9: Expected TEM micrograph of (a) block copolymer morphology of polymer containing
30 mol% vinylpyridine cast from trichloroethane. (b) Block copolymer morphology of polymer
containing 50 mol% vinylpyridine cast from trichloroethane. Scale bars are 2 µm. Modified from
Ishizu et al.220
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benzaldehyde dimethyl acetal and ethyl cyanoacetate. It is expected that with a small amount of

reagent (as compared to the polymeric scaffold) the overall morphologies would not be affected.

The small molecules may even have a beneficial effect, effectively acting as plasticizer in the system

that could be beneficial for diffusion.

After examining the microphase separation of the block copolymer, it may be beneficial to in-

crease the size of the polymerdomains. This could be done by adding a small amount of homopoly-

mer for each of the desired polymer blocks, which, in small amounts will expand the domain size

while maintaining the high interfacial surface area.226 If this incorporation induces too much local

curvature and therefore changes in phase, there are alternative options. This could also be done by

increasing the overall block copolymer molecular weight while keeping the styrene to vinylpyridine

ratio constant; this should result in larger domain but maintain the same overall morphology.

Monitoring the cascade reaction

After the block copolymer materials have been synthesized and well-characterized, their cat-

alytic activity must be measured. As a comparison, the reactivity of this tandem system can be

compared to control reactions of 1) Free molecular catalyst (p-toluenesulfonic acid and pyridine)

dissolved in solution, 2) physically mixed, cross-linked particles of homopolymers, and 3) core-shell

micelles of diblock copolymer.

The more difficult part of this process will be accurately sampling the reaction. The ideal method

would be a non-destructive in situ sampling method, which can monitor each reaction species as

they are formed. This could be done through the careful selection of reactive components; the Kno-

evenagel product ethyl benzylidenecyanoacetate is known to have an absorption maximum around

300 nm. If the UV-Vis methods do not work, we can also turn to more conventional, although sam-

ple destructive methods. At various reaction timepoints, parallel samples can be quenched by rapid

immersion into a poor solvent for both polymer blocks. Then, one phase can be selectively swelled to

release the reagents from that particular block. Aliquots from this sample can then be characterized
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Figure 5.10: (a) Expected example LC-MS trace for a reaction aliquot. (b) Expected comparison of
reaction yield between phase-separated copolymer system and control reactions of separate particles
and soluble catalysts.

by liquid or gas-phase chromatography coupled with mass spectrometry (LC-MS or GC-MS). This

method will give both identity and quantification of the concentrationw of reagents and products

at any given time (Fig. 5.10a). From this information, we can determine the catalytic performance

of our polymeric reactor as compared to the control reactions described above (Fig. 5.10b).

It is possible that selective swelling of the blocks is not enough to fully release the small molecule

reactants and products, which would prove problematic for accurate sampling. If this is the case,

instead of swelling, the entire system could be dissolved in a solvent such as THF, which would then

require the sampling of the entire mixture at once. This could be more difficult to deconvolute, but

because we are using established and well-known catalytic reactions, could be done with the use of

proper standards.

One potential pitfall is that diffusion of the small molecules through the polymer mesophase

may be too slow, due to the crowded nature of the bulk polymer phase. It is expected that the pres-

ence of the small molecules and solvent needed for the catalytic reaction will somewhat plasticize

the polymers, allowing for better diffusion. However, this may not be enough. In that case, we

could induce mesoscale porosity into the system while still maintaining the order within the poly-
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Figure 5.11: Synthesis of hierarchically porous polymer scaffolds with ordered mesostructure using
removable additive to create pores. Reproduced from Sai et al.223

mer phase through the spinodal decomposition of the polymer blend with an additive that could be

selectively washed out (Fig. 5.11).223 This would maintain the high interfacial surface area for the in-

termediates to transfer between polymer phases, but also have mesoscale porosity for the reactants

to diffuse more freely and thus increase reaction rates.

summary and conclusions

In this work, we propose the development of a catalytic cascade system based on the spatial con-

finement of two incompatible acid-base catalysts (a “wolf and lamb” system) onto to separate por-

tions of a block copolymer system based on the phase separation of poly(styrene-b-4-vinylpyridine).

While these cascade reactions have been demonstrated in dispersed core-shell micelles and polymer-
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somes, no one has explored this behavior in more interesting and complex polymer phase assem-

blies. We believe using these bicontinuous phases will promote more efficient diffusion of reactants

between the different catalysts due to their high interfacial surface area, and therefore an increase

in reaction rate and bias towards the final cascade product. We detail the synthetic plan for the cre-

ation of the catalyst-modified polymers, block copolymer self-assembly, and reaction monitoring,

as well as how to address potential pitfalls at each step.
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