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Abstract

This work covers the general scope of stimuli-responsive polymers, with the special
focus on the thermoresponsive poly (N-isopropylacrylamide) (pNIPAm)-based hydrogels
and particles (microgels) and their composites, humidity responsive polyelectrolyte-based
bilayer devices, and their applications as artificial muscles, sensors and actuators.

In Chapters 3-5, a novel humidity responsive bilayer device was generated by
combining  poly  (N-isopropylacrylamide)-co-acrylic  acid  (pNIPAm-co-AAc)
microgel-based and polyelectrolytes. The two layers were used together as a glue to
adhere them to a plastic substrate, which allowed them to lift weights (Chapter 3). The
self-folding behavior of the bilayer devices was studied and mathematical models were
built up to explain the behavior. The results showed that the model can describe the
experimental data well. Accordingly, multiple 3D structures were obtained from the
precisely designed 2D planar bilayer sheets (Chapter 4). Subsequently, the shape memory
effect (SME) of the bilayer system was studied (in Chapter 5). The semi-crystallization of
the polymer in the polyelectrolyte layer enables the SME of the device. Furthermore, the
‘templated device’ was obtained in order to assemble it with a strain sensor, which could
serve as humidity sensors.

In the second part of the thesis, we describe the development of a
semi-interpenetrated (semi-IPN) hydrogel-based bilayer actuator (Chapter 6). The

polyelectrolyte is physically trapped in the chemically crosslinked pNIPAm-based
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hydrogel network, which endows the bilayer with bi-directional deformations in response
to pH and temperature in aqueous solution. Furthermore, they are specially designed to
function as manipulators (or grippers) and small molecule release devices.

In the last part, Chapter 7 describes the synthesis of the N, N’-
bis(acryloyl)cystamine (BAC) crosslinked pNIPAm microgels, where the crosslinking
density can be altered by exposure to reducing reagents. 1D photonic crystals (etalons)
are fabricated from these microgels, which show an approximately linear response to one

reducing reagent dithiothreitol (DTT).
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Chapter 1:  Introduction to Stimuli-Responsive Polymer Based

Materials

Stimuli-responsive polymers are able to change their chemical and/or physical
properties in response to small changes in their environment. They can exist as linear
polymer chains in solution and surfaces, or can be crosslinked to generate polymer
networks such as gels. In each case the polymers have different degrees of mobility,
which directly impacts their properties, and ultimately their applications. This Chapter is
intended as a general introduction to stimuli-responsive polymers and stimuli-responsive
polymer-based materials. This Chapter is divided into three parts: 1) stimuli-responsive
polymers; 2) stimuli-responsive polymer-based hydrogels; 3) stimuli-responsive
polymer-based solids. As a majority of this thesis is focused on poly
(N-1sopropylacrylamide) (pNIPAm)-based materials, considerable time is focused on

their discussion.

1.1 Stimuli-responsive polymers

Stimuli-responsive ~ polymers are high molecular weight molecules

(macromolecules), which undergo physical and/or chemical changes in response to



external stimuli.! For example, they can be made to respond to various stimuli, which
could be classified as physical stimuli (temperature, light, and electricity),>® chemical
stimuli (pH, ionic strength, chemicals, and redox reagents),*> or biochemical stimuli

(antigen, glucose, ligands, and enzymes).%’

1.1.1 Temperature responsive polymers

Of all the stimuli-responsive polymers, temperature responsive polymers are the
most extensively studied. Of the various temperature-responsive polymers, those that
exhibit a lower critical solution temperature (LCST) are the most prominent. Polymers
that have a LCST are completely soluble in a particular solvent at temperatures below the
LCST, while they are insoluble at temperatures above the LCST. This is known as a
phase transition, where the polymer transitions from a random coil ("soluble") to a
globular state ("insoluble"). The most extensively studied LCST polymers are water
soluble, and include poly  (N-isopropylacrylamide)  (pNIPAm),®®  poly
(N-vinylcaprolactone) (PVCL),!“!! poly (N,N’-diethylacrylamide) (pDEAAm),'? and
poly (N-(DL)-(1-hydroxymethyl) propylmethacrylamide) (p(DL)-HMPAMA)."* For most
of the investigations in this thesis, pNIPAm was used. It has been reported in many
publications that pNIPAm possesses a LCST of ~ 32 °C where it undergoes a
coil-to-globule transition in water. 418 A schematic depiction of pNIPAm can be seen in

Figure 1-1. When pNIPAm is mixed with water, the free energy of dissolution (AG) can



be expressed as follows:
AG =AH - TAS (1)

where AH is the dissolution enthalpy of pNIPAm and AS is the entropy change (mainly a
result of water association with the polymer). AH favors dissolution due to hydrogen
bonding of water with pNIPAm (AH < 0),> as shown in Figure 1-1. Although, AS for
dissolution of pNIPAm is unfavorable due to structuring of water around pNIPAm's
isopropyl groups, and subsequently losing their ability to freely move in solution. This is
shown schematically in Figure 1-1. '° Therefore, at low temperature, pNIPAm is solvated
with water and dissolves due to the favorable AH, which makes AG for dissolution
negative. As the solution temperature gradually increases, AG becomes less negative.
When the solution temperature surpasses the LCST, AG for dissolution of pNIPAm
becomes positive, which makes dissolution unfavorable and pNIPAm undergoes the coil

(“soluble”)-to-globule (“insoluble”) transition at the LCST.



O~

H H

H H [o)

Ho o

H H/ \H
WO
o H .. H Ok
H” SH------ N (0
g )\ " HN™ SO
\ o
M g H T>LCST
\0—H H—O/ e
D
u O~ H—Q
/! H, T <LCST o NH
o Y \
” o
(o} H/
HT SHeees O\ HN..
‘H\O/H O
HOOH 0N,
H Ok v O

Figure 1-1 Structure of pNIPAm and illustration of pNIPAm's temperature induced phase

transition in water.

1.1.2 PH- responsive polymer

The LCST of pNIPAm can be tuned as desired by copolymerizing hydrophobic,
hydrophilic, and/or charged/ionizable monomers with N-isopropylacrylamide (NIPAm).?
For example, pH responsive monomers that possess ionisable moieties can be
copolymerized with pNIPAm to alter its responsivity. The comonomers can be either
weak acids (such as acrylic acid (AAc) and methacrylic acid (MAAc)*""*? or weak bases
(such as N, N’-dimethyl aminoethyl methacrylate (DMAEMA) and vinyl pyridine
(VP)).2>2* In this dissertation, AAc, possessing a pKa of ~ 4.25, was selected to render

pNIPAm-based materials sensitive to pH and ionic strength. Specifically, at pH > 4.25 the

AAc groups are deprotonated making polymers negatively charged and leading to the



extension of polymer chains due to the charge-charge (Coulombic) repulsion along the
polymer chain, while the polymer collapses at pH < 4.25 due to the protonation of AAc.
Another advantage of AAc is that it allows the polymer to be modified with other small
functional molecules due to their reactivity in the presence  of
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). This approach is particularly
appealing when delicate molecules (e.g., biomolecules) are to be covalently attached to

polymers.?>%

1.1.3 Light responsive polymers

Light responsive polymers are typically equipped with photochromic functional
groups, which undergo light induced reactions/responses that affect the polymer
physical/chemical state. As shown in Figure 1-2, the most common photo-sensitive
molecules are classified into three categories: 1) azobenzene derivatives which undergo
reversible cis-trans photoisomerization;?*° 2) triphenylmethane leuco derivatives that
undergo ionic dissociation under ultraviolet irradiation;*! and 3) reversible
photodimerization of the cinnamic acid (CA) group.*? In this dissertation, we utilized the
ability of azobenzene to undergo reversible cis-trans isomerization in response to light of
specific wavelengths.’® The isomerization gives rise to the changes in molecular size (the
distance between the 4 and 4’ carbons decreases from 0.9 nm to 0.55 nm), shape (rodlike

to bent) and polarity.>* The responsive nature of azobenzene has been applied in



photoinduced deformation of liquid crystalline polymers.*>*¢ It has been incorporated
into a variety of other polymer systems as well, including pNIPAm,*” pPDMAEMA,*® and

poly (acrylic acid) (PAA).?

b)

Figure 1-2 Schematic illustration of light-induced isomerization and photochemical
reactions. a) Trans—cis photoisomerization of azobenzene groups; b) Photoinduced ionic
dissociation of triphenylmethane leuco derivatives; c) Photodimerization of the cinnamic

acid.

1.1.4 Electricity responsive polymers

Electricity responsive polymers (or electroactive polymers (EAP)),* can be

(o)}



subdivided into two groups: ionic EAPs and electronic EAPs.*° Ionic EAPs include ionic
polymer-metal composites (IPMCs)*! and conjugated polymers,*? and their response
depends on ion and solvent transport in fluids to effect volume changes of polymers.
Electronic EAPs include piezoelectric polymers, electrostrictives, and dielectric
elastomers,** which require high voltages and must therefore be shielded from the fluid

t4% A common example of an ionic EAP is the conjugated polymer

environmen
polypyrrole (PPy), which was utilized in this dissertation.** PPy is characterized by
alternating single and double bonds along the polymer backbone, as shown in Figure 1-3.
PPy can be either p- or n- doped by chemical and/or electrochemical processes during
which the number of electrons associated with the polymer backbone changes.®
Specifically, positive charges are delocalized along the polymer chains after removal of
electrons (oxidation) by the application of a positive potential or reacting with oxidants.
To maintain charge neutrality of the polymer chains, negatively charged anions are
incorporated into the polymer to compensate for the delocalized positive charges, which
is called p-doping. The positively charged polymer backbones can be rendered neutral
when a potential is applied to reduce the polymer. Therefore, the small, mobile anions
will be expelled from the polymer resulting in the collapse of the polymer. However,
when large, immobile anions are incorporated in the polymer, the reduction results in
swelling of the polymer chains due to the higher osmotic pressure of the more highly

charged species.**® PPy possesses many advantageous properties that allows them to be

used in myriad applications, e.g., artificial muscles and actuators,*’ biomimetic devices,*
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and biomedical applications.’! Specifically, they are light weight, exhibit a large strain,
can be operated in liquid electrolytes at room temperature, and can be activated by

applying low voltages.
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Iz

p-doped

P"(A)+M" (aq) + ¢ <«— P’(A"M") (large anion doped)

P"(A)+e¢ «—» PO+ A (aq) (small anion doped)
Figure 1-3 Structures of undoped and p-doped PPy and the reduction of PPy doped with

large anion and small anion respectively.

1.1.5 Biomolecule responsive polymers

Smart polymers are becoming very important for biomedical applications, such as
biosensing, controlled drug delivery, and tissue engineering.’*>® Therefore, it is often
advantageous to develop polymers to detect biological stimuli (biomolecules), such as
glucose, DNA, antigen, and redox/thiols (e.g. Glutathione), which offers the possibility of
early disease diagnosis and hence the chance to improve public health.”’

Due to their potential applications for both glucose sensing and controlled insulin



delivery, polymers that respond to glucose have been widely studied. This is also a topic
studied in this dissertation. A majority of studies related to glucose responsive polymers
are based on glucose oxidase (GOx)-catalyzed reaction of glucose with oxygen. In this
case, instead of directly responding to the concentration of glucose, the response comes
from the interaction of the by-products (e.g. gluconic acid and H»>O») with the
polymer.>¥%° Therefore, a pH responsive polymer loaded with GOx can be used to detect
pH drop of the solution upon gluconic acid generation.’®>° Another type of glucose
responsive  polymer system utilizes competitive binding of glucose with
glycopolymer-lectin complexes.®! The lectin most commonly employed to sense glucose
is concanavalin A (ConA). Glycopolymers tend to crosslink in the presence of ConA due
to their multivalency. However, these crosslinks can be disrupted in the presence of
glucose. %63

The very specific interaction of antibodies and antigens can also be used to
introduce bioresponsivity into polymers. For example, chemical conjugated
antibody-antigen pairs can serve as reversible crosslinkers within polymer networks.
Upon the addition of a free antigen, the competitive binding of antibody results in the loss
of antibody-antigen crosslinks and concomitant swelling of the polymer network. %4

Finally, polymers which are responsive to both reductants and/or oxidants (redox
responsive polymers) could also be used to yield bioresponsive polymers. In one example,
the interconversion of thiols and disulfides plays an important role in many biological

process, and can be exploited for bioresponsivity.® Therefore, redox/thiol responsive
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polymers have been widely studied, especially in fields of biosensors and controlled drug
delivery.®®’° Disulfide bonds can be reversibly converted to thiols by exposure to various
reducing agents and/or undergo disulfide exchange in the presence of other thiols,
polymers containing disulfide linkages can be considered both redox and thiol

responsive.’!’?

1.2 Stimuli-responsive hydrogels

Hydrogels are defined as chemically and/or physically crosslinked hydrophilic
polymer networks, which are able to swell with water many times their dry mass.”>”
Physical hydrogels are formed by dynamic crosslinking of polymer chains, which are
held together by non-covalent interactions such as hydrogen bonding, hydrophobic
interaction and electrostatic interactions.”®”® Chemical hydrogels are formed by covalent
crosslinks between the polymer blocks, which is achieved by reacting monomers in the
presence of a monomer containing two or more polymerizable groups (crosslinker).
Compared with physical crosslinked hydrogels, chemical hydrogels are inherently more
stable in a variety of environmental conditions, such as pH and ionic strength changes
which may weaken the physical interactions. Therefore, chemically crosslinked hydrogels
have a permanent structure, which has allowed them to be used for numerous applications
such as sensors, actuators, and drug delivery devices.

A stimuli-responsive hydrogel is a polymer network that is completely (or partially)

10



composed of units (monomers, or polymers), e.g., see section 1.1. They can also be made
to respond to multiple physical, chemical and biochemical stimuli.®*** That is, hydrogels
capable of responding to many different stimuli can be generated. The responsivity of
hydrogels arises from the reversible changes in solvation of the polymer chains
constituting the hydrogel network when exposing them to the respective stimuli. The
most widely used theory to explain the swelling of neutral hydrogels is the theory of
Flory and Rehner.®* Specifically, the swelling degree of a hydrogel network is determined
by the free energy for the network expansion in solvent, which depends on the free
energy of mixing between solvent and polymer chains, and the crosslinking density of the
hydrogel networks. Whereas the crosslinking density of the hydrogel network remains
unchanged, the free energy for the network expansion depends mainly on the hydrogel
components. Thus, the response of a hydrogel to external stimuli is determined by the
hydrogel composition, and the degree of crosslinking. They can undergo reversible
volume phase transitions, such as swelling, collapse, and solution-to-gel transitions, upon
exposure to stimuli due to the molecular interactions.

The most commonly studied hydrogel systems are composed of thermoresponsive
pNIPAm. As mentioned in section 1.1.1, linear pNIPAm possesses the ability to respond
to temperature changes in aqueous media by undergoing a coil-to-globule transition.
Likewise, pNIPAm hydrogels show temperature dependent deswelling when the
temperature is higher than the LCST. The transition temperature for hydrogel is usually

called volume phase transition temperature (VPTT). The deswelling behavior can be
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explained by competing solvation mechanisms, where at high temperature above VPTT
the favorable polymer-water interactions are disrupted and polymer-polymer interactions
begin to dominate, causing the polymer network to deswell therefore expelling its
retained water.®>%” Generally, pNIPAm-based hydrogels are crosslinked with N,
N'-methylene-bis-acrylamide (BIS) or dihydroxyethylene-bis-acrylamide by redox
polymerization at room temperature using ammonium persulfate (APS) and N, N, N’,
N’-tetramethylethylenediamine (TEMED) as a pair of redox initiators.’®%’ These
structures can be seen in Figure 1-4. They have also been prepared by a radiation-induced
polymerization technique, which allows the degree of crosslinking to be easily controlled
by irradiation conditions.”® A variety of hydrophilic or hydrophobic monomers with other
functional groups can be added to the pNIPAm-based hydrogel structure and render them
responsive to many other stimuli, such as pH, light, electricity, and biomolecules.5>%!%

The mechanisms corresponding to their responsivity to these stimuli have been detailed

in section 1.1.

Figure 1-4 Chemical structures of NIPAm, BIS, TEMED, and APS.
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Colloidally stable hydrogels (microgels or nanogels depending on their diameter)
could also be generated, and have found numerous applications.”**> PNIPAm-based
microgels have the same temperature dependent swelling/deswelling behavior as the
corresponding hydrogels,”® yet they respond with faster kinetics due to their smaller
dimensions.”” Over the past few decades, pNIPAm-based microgels have gained
considerable attention as “intelligent” materials for many applications. These include

100,101 and  cell

their uses in fabrication of photonic crystals,”®*® drug delivery,
culture.!>!% PNIPAm-based microgels can be synthesized using a variety of approaches,
although our group wuses temperature induced free-radical precipitation
polymerization.’®1%+-1% Typically, as shown in Figure 1-5a the main monomer NIPAm
and crosslinker BIS are dissolved in water, and Oz is removed from the mixture by
purging with N> gas. This solution is allowed to stir and heat to 70 °C. Then comonomers
(e.g. AAc) can be added to the reaction mixture, followed up by addition of the
free-radical initiator APS, which produces free radicals due to its cleavage in solution at
high temperature. The free radicals cause pNIPAm chains to grow in a homogeneous
fashion until they reach a critical chain length, after which the growing chain collapses to
become a colloidally unstable "precursor particle". Then, the precursor particles serve as

nuclei for particle growth into a colloidally stable microgels.’® This growing process of

microgels is demonstrated in Figure 1-5b.
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Figure 1-5 a) Schematic of the synthesis of microgels, b) Growth of microgels during the

free radical precipitation polymerization.

PNIPAm-based microgels are able to decrease/increase size respectively in response
to increase/decrease in temperature. This process is highly reversible. Visibly, a dilute
aqueous solution of microgels appears to be clear at low temperature due to the high
water retention in the microgel network. When the temperature of the system is increased
to above the LCST of pNIPAm, the microgel network deswells by expelling most of the
water from their network structure and the resultant microgel solution appears cloudy.
The swelling and deswelling of microgel particles can be characterized by dynamic light
scattering (DLS). DLS is able to give particle size, in a dilute solution, by monitoring
fluctuations in the scattered light intensity as a function of time. In addition, microgels

can also be characterized by rheology, atomic force microscope (AFM) and electron
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microscopy.'?7-1%8

1.3 Stimuli-responsive solids

The stimuli-responsive materials introduced above have focused on materials
interactions in solvent rich environment. In this section, stimuli-responsive solids, such as
shape memory polymers and shape memory polymer-based devices, will be introduced.

Shape memory polymers (SMPs) are defined as polymers, which are able to
“memorize” a permanent shape. Under appropriate conditions of temperature and stress
they can be manipulated in such a way that a specific temporary shape can be “fixed” by
shape programming (such as by twisting, spinning, stretching, and/or pressing).
Subsequently, triggered by stress-free external stimuli (heat or light) they will transform
from their temporary to permanent shape. This is called the shape memory effect
(SME).!” These types of SMPs are considered as classical SMPs (“one way SME”),
which requires a new programming step to reestablish the temporary shape once the
permanent shape is recovered from the last deformation. In contrast, some SMPs or
SMPs-based devices, which don’t require repeated programming but show reversible
shape changes in response to external stimuli, are emerging as an interesting class of
SMPs. They exhibit so-called "two way or reversible SME". A schematic illustration of
one way SME and two way SME is shown in Figure 1-6. In one way SME, the blue
represents the permanent state of SMPs. Upon exposure to stimuli, the temporary state is
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formed by programming. The yellow represents the temporary state of SMPs after
exposure to stimuli. Likewise, in two way SME, the blue is the permanent state of SMPs,

and the yellow represents the temporary state of SMPs.

One way SME
%
Stimuli Programming Stimuli
Two way SME

< D

Stimuli

Figure 1-6 Schematics of one way and two way SME.

1.3.1 Shape memory polymers with one way SME

Generally, SMPs contain at least two different phases, a “hard” phase (provides the
stable polymer network) and a “soft” phase (provides the reversible switching transition).
The hard phase dictates the original shape and serves as the driving force for the shape

recovery. The hard phase can be achieved via chemical crosslinks (e.g. covalent bond),
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physical crosslinks (e.g. molecule entanglement), crystalline phases, and/or
interpenetrating networks.!'%!3 The “soft” phase is responsive to the external stimuli and
responsible for fixing the temporary phase, which can undergo crystallization-melting
transition, vitrification-glass transition, liquid crystal anisotropic-isotropic transition,
and/or reversible molecule crosslinking (such as photodimerization and Diels-Alder
reaction).

For example, thermally induced one way SMPs contain both a hard phase and a soft
phase. At room temperature, the SMPs are rigid plastics. Upon heating above the
transition temperature (Twan) (a melting temperature Tr, or a glass transition temperature
Tg), of the soft phase, the material becomes an elastomer. This heating allows the easy
macroscopic deformation when the external force is applied. When it is cooled to a
temperature below the Tian, the deformation will be maintained even after the removal of
the external force. When heating the material again above Tuan, SMP will recover its
original shape in the absence of external force.!'* Most investigated thermal
transition-based SMPs are based on polyethers, polyester and polyolefins.!!3115-120 The
soft phases of all these SMPs reveal a low T or relatively high Tg, which could be tuned
in a wide range depending on the degree of branching as well as the crosslinking density
of the polymer.'?!!?? In most cases the hard phase of the Tm based SMPs is achieved by
crosslinks or crystalline phases, therefore these SMPs possess a higher stiffness than
other SMPs as well as faster shape recovery from the temporary shape.'? Compared with

the T based SMPs, T based SMPs show a slower shape recovery due to the broad glass
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transition of the soft phase.'!'® The soft phases are amorphous domains in the polymer,
while the hard phases could be achieved by crosslinks and crystalline domains. '23-126

Although the transition temperature can be tuned by chemical modification of SMPs,
direct heating is required in most cases. In contrast, physically doped Tiwans -based SMPs
with specific fillers enable the shape memory effect without direct utilization of heat.!?’
Electric field responsivity can be achieved if SMPs are doped with enough electrical
conductive fillers, such as carbon nanotubes (CNTs), polypyrrole, Ni powders and
nanorods.'?1*2 When applying voltage to these conductive filler doped SMPs, the
internal resistance-induced Joule heating will increase the temperature of the polymer and
trigger the SME. Various strategies have been developed to improve the electricity
conductivity of the fillers inside SMPs, such as new filler content and shape, adjusting
voltage applied, and SMPs’ modification.!33-13

On the other hand, for T based SMPs, although the transition temperature of SMPs
can be tailored by chemical modification, it’s not easy to produce SMPs with functionally
gradient recovery temperatures below the room temperature. However, it may be realized
by penetrating solvent molecules into the amorphous phase area of SMPs.!*¢13 The
solvent molecules serve as plasticizers in the polymer and increase the flexibility of the
polymer chains in this phase. Therefore, the T, of the SMPs may gradually drop to
temperatures below room temperature with different amounts of solvent molecules

trapped inside. This will lead to the shape recovery of the deformed SMPs without

external heat. For example, to make SMPs water responsive, hydrophilic materials, such
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as polyethylene glycol (PEG) and chitosan, were introduced in the SMP networks. 37140

To make SMPs light responsive, one simple method is to incorporate light
responsive fillers in SMPs, which is a similar concept to electricity responsive SMPs. The
fillers may be gold nanoparticles, CNTs, et al.'*""!*?> They are able to absorb a specific
wavelength of light (e.g. near-infrared light) and convert it to heat (so called
photothermal effect), which increases the temperature of SMPs to trigger shape recovery.
Secondly, SMPs can be equipped with functional groups undergoing reversible
photodimerization or metal-ligand coordination, which effects the shape recovery, in
response to light irradiation. This method, which is not the investigation in this

dissertation, will not be discussed in deep detail.

1.3.2 Shape memory polymer with two way SME

Two way SMEs (or reversible SMEs) are able to switch between two shapes
(memorized shape and temporary shapes) many times upon exposure to external stimuli
without the requirement of external mechanical work (shape programming). However, in
order to achieve the reversible SME, an internal “driving force” for the shape recovery
(back transformation) is required.

Reversible SMPs can be split into two categories: free-standing reversible SMPs
(fabricated from two-way SMPs) and engineered (e.g. laminated) SMPs based devices
(fabricated from one-way or two-way SMPs). The first category is based on the
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molecular designs of the polymers, which contains liquid crystal elastomers (LCE), liquid
crystal monomer included polymer network, or bidirectional SMPs. LCE undergoes
transition between the anisotropic and isotropic phase depending on the change of the
order of mesogens in LCE in response to temperature.!**!** The most important fact is
that mesogens in LCE are uniformly aligned. Macroscopically, the LCE will be effected
to expand/contract reversibly when the temperature becomes higher/lower than the
transition temperature. Instead of depending on temperature regulated phase changes, the
azobenzene included LCE are capable of reversible shape changes in response to light of
specific wavelength.!* Polymer networks incorporating liquid crystal monomers have

146 Moreover, bidirectional SMPs are

been utilized to fabricate reversible SMPs as well.
designed by generating two transition switches (e.g. two crystalline domains) in the
polymer. The domain with high T determined the original state, while the domain with
low T is responsible for the reversible shape changes of the polymer.!'4

Reversible SMPs based devices are engineered from the classic SMPs or reversible
SMPs by e.g. laminating or patterning. Typically, bilayer devices are formed after
laminating a layer of SMPs with a passive elastic polymer. The imbalance of the internal
stresses in the two layers as a result of external stimuli can produce a driving force for
reversible SMEs.!*#14 The introduction of the bilayer systems allows for many possible
reversible shape transformations of SMPs without the need of external forces. The bilayer

system featured with the reversible SME is extensively investigated in the dissertation.

This Chapter described the general behavior of “smart” polymers exposed to
20



different stimuli. This dissertation is focused mainly on pNIPAm-based hydrogels and
microgels, and shape memory polymers. They are fabricated into one dimensional (1D)
photonic crystals by thin film deposition, and bilayer systems fabricated from the shape
memory polymer are used for artificial muscles, generating three dimensional (3D)
structures, sensors and actuators. The next Chapter will give an introduction to photonic
crystals fabricated from microgels, shape memory polymer-based bilayer actuators, and

their potential applications.
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Chapter 2:  Stimuli-Responsive Polymer Based Photonic Crystals and

Actuators

Much of this thesis is focused on stimuli-responsive polymer-based layered
structures, spanning from one-dimensional (1D) photonic crystals to laminated polymer

actuators. Therefore, this Chapter will serve as an introduction to these topics.

2.1 Photonic crystals

Photonic crystals (PCs) are materials composed of building blocks of various
refractive indexes organized in some fashion in space. The building blocks can be planar
layers, pillars, or spherical colloids. These building blocks can interact with impinging
electromagnetic radiation to yield interference between specific wavelengths of the
impinging radiation, which can yield color if the periodicity in the PC is on the same
length scale as visible light wavelengths. There are many examples of natural PCs,
including butterfly wings, peacock feathers, and the opal gemstone.'**!! Various
materials, such as metals, semiconductors, ceramics and polymers have been used to
fabricate PCs with periodicity in one-, two-, and three-dimensions (1D, 2D, 3D). As
shown in Figure 2-1a, the periodicity exists in one dimension for 1D PCs, which are
typically produced by layer-by-layer deposition, and spin-coating.'**!>3 2D PCs display
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periodicity in two spatial directions. Top-down methods, such as photolithography and
etching, are primarily used to produce 2D PCs, and the schematic representation of 2D
PCs is shown in Figure 2-1b. The Asher group is well known for generating and
exploiting 2D PCs for various applications.'**!>> 3D PCs exhibit periodicity in three
dimensions, as shown in Figure 2-1c. The primary method to fabricate 3D PCs is the
self-assembly of monodispersed nano-spheres in a host.!%6-158

By interacting with the incident light (via reflection, refraction, and diffraction), the
ordered material will produce interesting optical properties, e.g. color. The wavelength of
light (color of light) that is reflected from a PC depends primarily on the distance
between the ordered features/building blocks, thus PCs can exhibit specific color. If the
distance between the PCs building blocks is changed, for example, by a chemical or

physical stimulus, the wavelength of reflection (and color) will also change. Therefore,

this effect enables photonic crystals a wide range of applications, such as sensing,

56,159-167

displays, and telecommunications.

Figure 2-1 The schematic representation of three kinds of photonic crystals.
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Many investigations have focused on assembling 2D or 3D photonic crystals, while
1D photonic crystals are far less studied. 1D PCs offer many advantages compared to
their 2D/3D counterparts, including ease of fabrication, reduced direction-dependent
optical properties, and a less dimensional change of PCs. In this section, 1D PCs are
introduced in detail with a particular focus on microgel-based 1D devices (etalons)

developed by our group.

2.1.1 1D photonic crystals

Generally, 1D PCs are composed of alternating layers of high-and low-refractive
index materials. A common example of a 1D photonic crystal is a Bragg stack that has
been used extensively for light filtration. Light impinging on these materials interacts
with each of the layers, where light is reflected and transmitted. At each interface, this
same process occurs, and as long as the distance between the two layers is on the order of
the wavelength(s) of light being used, there will be some constructive and destructive
interference of specific wavelengths of light. For example, if the layer thicknesses are in
the range of visible light, then color will be observed.

The wavelength position of the Bragg-diffraction maximum can be predicted using
the Bragg-Snell law (equation 1) which holds for normal incidence and non-absorbing
168

materials:
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MAmax = 2(nih; + nphp) (1)
where m is the diffraction order, h; and hy are the thickness of the low- and
high-refractive-index materials, respectively, while n; and nj are the respective refractive
index. Therefore, a change in either the layer thicknesses and/or refractive indexes will
lead to a shift in the wavelength of light reflected from the Bragg stack. Specifically, if
the layer thickness and/or the refractive index of the layers increases, a red shift in the
position of Bragg diffraction peak will be observed. There are two other characteristic
parameters for the Bragg diffraction peak: the bandwidth (full width at half maximum),
and the reflectivity of the photonic crystals, which will not be discussed in detail
here.!%%1¢ By modifying the composition of the deposited materials and their porosity,
the refractive index can be tuned; while by the control of fabrication methods (e.g. by
spin coating at various rates), the physical thickness of films can be modulated. More
importantly, the thickness can also be tuned by the use of materials which exhibit
expansion/contraction in response to certain external stimuli. One of the most important
classes of materials that exhibit this behavior are stimuli responsive materials/hydrogels,
which were introduced in the Chapter 1. Hydrogel based PCs are usually constructed
from a combination of inorganic materials (e. g. SiO2 or polystyrene colloids) and
hydrophilic or hydrophobic polymers. A significant amount of research has been

conducted on 2D or 3D PCs composed of hydrogels and microgels for sensing,’®!70-177

while a few polymer films based 1D PC sensors have been established.!”818!
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2.1.2 Etalon

The Serpe Group developed a novel, yet simple, 1D PC, which is similar to a Bragg
stack. However, instead of consisting of multiple alternating layers of two materials, our
device is formed by creating a cavity of one material (microgels) between two reflective

surfaces (Au), as shown in Figure 2-2a.!% This structure is similar a Fabry-Pérot etalon or
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Figure 2-2 a) The structure of the etalon (two Au layers and microgel layer); b) Schematic
of a traditional Fabry-Pérot etalon (n, refractive index of the dielectric; d, distance between

two mirrors); c¢) representative reflectance spectra.

interferometer, which consists of a dielectric layer between two reflective surfaces or
mirrors. Consequently, we refer to our devices simply as etalons. Like Bragg stacks,

when light impinges on an etalon, the refractive index contrast/reflectivity at the
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mirror/dielectric interface yields light interference (Figure 2-2b), which results in a
characteristic multipeak reflectance spectrum (Figure 2-2c). The spectrum that results can
be described by the equation for the interference of light in an optical cavity, and the
maxima of reflected light intensity is described by the following equation:
mA = 2ndcosO (2)

where A is the wavelength maximum of the peak(s), m is the peak order, n is the
refractive index of the dielectric, d is the spacing between the mirrors, 0 is the incident
angle.!%

To construct these devices, we deposited 2 nm of Cr (as an adhesion layer) followed
by 15 nm of Au onto 25 mm? precleaned glass coverslips via thermal evaporation. The
Au-coated substrates were annealed at 250 °C for 3 h followed by cooling to room
temperature before use, and the substrates were rinsed with ethanol, and dried with N».
Then a 40 pL aliquot of concentrated microgels was added onto the Au-coated glass and
spread toward each edge using the side of a micropipette tip. The film was rotated 90°,
and the microgel solution was spread again. The spreading and rotation continued until
the microgels covered the entire substrate and became too viscous to spread further, 182183
The microgels were allowed to dry completely on the substrate for 2h, on a hot plate with
its temperature set to 35 °C. Then the dry film was rinsed with DI water to remove excess
microgels not bound directly to the Au and soaked in DI water overnight on a hot plate

set to 30 °C. Then the films were then dried with N2 gas, and an additional 2 nm Cr and

15 nm Au deposited onto the microgel thin film. After soaking these assemblies in DI
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water, they exhibit the color and multipeak reflectance spectra mentioned above. As
mentioned in Chapter 1, pNIPAm-based microgels can be made responsive to a variety of
stimuli (such as pH, ionic strength, humidity, and biomolecules) in addition to
temperature, by simply incorporating the desired functionality into the microgels at the
time of synthesis by adding the appropriate comonomers. For our etalons, the thickness
of the microgel film sandwiched between two Au layers can be changed, leading to a shift
in the peaks of the reflectance spectra and a change in the device color. Consequently, the
device can serve as an excellent platform for sensors.'$>134+1% For example, we reported a
proof of concept experiment showing that the etalon structure could be used for sensing
glucose. Aminophenylboronic acid (APBA)-functionalized pNIPAm-co-AAc microgels
were synthesized, followed by the fabrication etalons from the microgels. The reaction
mechanism between APBA and glucose is shown in Figure 2-3a. In a basic buffer the
boronic acid moieties on the APBA (pKa = 8.2) are hydroxylated such that the boron
possesses a negative charge. The binding of diols, like glucose, is favored for boronic
acid in the charged state. As glucose binds, more boronic acid groups must convert to the
charged state in order to maintain the equilibrium, which effectively lowers the pKa. As
more boron atoms become charged, more glucose can bind until equilibrium is reached,
which leads to an increase in the Coulombic repulsion inside the microgel, which results
in a swelling response, as shown in Figure 2-3b. In the etalons, this will be observed as a
red shift, according to the equation (2). Furthermore, we have shown that this technology

is capable of detecting
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Figure 2-3 Reaction scheme for (a) the functionalization of the acrylic acid moieties on the
microgel with APBA followed by the activation of the boronic acid with base and (b) a
cartoon depiction of the glucose responsivity of an APBA-functionalized microgel etalon

at pH 9. Reprinted with permission.'®> Copyright 2012, Springer-Verlag.

micromolar concentrations of target DNA in solutions containing two and four base pair
mismatch sequences without the use of labels.!®® Positively charged microgel-based
etalons were fabricated, and we showed that when negatively charged DNA is added to
the etalon, the microgels are crosslinked and collapse due to electrostatics, and the device
exhibits a spectral blue shift. Briefly, in this work the residual “probe” DNA was
combined with different concentrations of "target" and the excess probe DNA was

isolated and detected by the etalons, as shown in Figure 2-4. It was shown that the excess
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of probe DNA that was detected was inversely related to the concentration of target DNA.
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Figure 2-4 The protocol used for indirect sensing of target DNA, by sensing probe DNA by
etalon. Reprinted with permission.!'®* Copyright 2014 Springer-Verlag Berlin Heidelberg.

2.2 Polymer actuators

Polymer actuators are materials capable of converting energy from external stimuli
(e. g. heat, light, and electricity) to mechanical forces, thus exhibiting shape changes.
There are many kinds of polymer-based actuators composed of a variety of materials. For

example, actuators can be generated from hydrogels that rely on their reversible volume
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changes,'*"! liquid crystal polymers, where actuation is a result of cooperative

192,193

reorganization of mesogen groups; and shape memory polymers, where the

actuation relies on temperature induced relaxation,!®*!%

Polymers can be soft
(viscoelastic) and hard (glassy) depending on their physical and chemical structures,
which allows them to be used for many applications spanning from the microscale to
macroscale. The most common and useful actuation behavior is the reversible
transformation between two dimensional (2D) polymer sheets and three-dimensional (3D)
structures. 2D polymer sheets, which can transform into 3D structures, can be divided
into two categories. The first generates microscopic surface topography (e.g. wrinkles) in
response to external stimuli. 1°1°® This category of material will not be discussed here as
it is outside of the scope of the work presented here. The second category exhibits
dramatic macroscopic 3D shape changes by bending, twisting, or folding upon exposure
to external stimuli. In order to create a 3D structure from a 2D planar sheet, it’s necessary
to engineer the planar sheet such that it is able to generate differential stress either along
its thickness or lateral dimensions so that bending or folding occurs. For instance, stimuli
responsive polymer-based bilayers (Figure 2-5a), or polymers with differential
crosslinking density along its thickness, (Figure 2-5b), bend or fold due to the relaxation

of internal stresses originated from dissimilar properties of the two layers, such as

swelling and thermal expansion.
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a) Polymer bilayers
—— e N’

b} Polymers with differential crosslink density along its thickness
T — A

Figure 2-5 Schematic illustration of the design of the polymer layers enabling the stimuli

responsive deformation.

Many methods, such as photolithography, molding, and imprinting, have been used
to fabricate 2D planar bilayers, which can fold into various 3D structures, such as tubes,
cubes, and capsules'®” Bending or folding occurs when one of the polymer layers swells
or contracts more than the other, in response to a specific stimulus. The general theory of
bilayer bending originates from the model of a bi-metallic strips developed by
Timoshenko,?** which is a structure featuring two layers of metal with different thermal
expansion coefficients. The bilayer bends in response to high temperature since one layer
expands more than the other. The curvature of the deflected bilayer is dependent on the
composition, modulus, and thickness of the bilayers. It was also demonstrated that the
resulting shape of the bent or folded 3D object can be controlled by the shape of the
original 2D bilayer.2!?? In addition, bending or folding can also be achieved by two

other means: fabrication of locally responsive hinges using materials which are different
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from the rest of the polymer sheet (Figure 2-6a); application of stimuli to only required

regions on a polymer sheet (Figure 2-6b).

o

Figure 2-6 Schematic depiction of two additional folding strategies.

Smart hydrogels are often used for the fabrication of planar 2D sheets because: 1)
they undergo dramatic expansion and contraction in response to external stimuli (such as
temperature, pH, and the type of solvent); and 2) they can generate strong internal
stresses necessary to effect the bending of 2D planar polymer sheet.?®> As illustrated in
Figure 2-5, to make 3D structures from hydrogel based 2D planar sheet, there are two
fabrication strategies. One approach is making hydrogel-based bilayers (one layer or both
layers are hydrogels), which respond to the same stimuli differently. The
bending/unbending of the hydrogel-based bilayer system is the result of inhomogeneous
swelling/deswelling of the two layers. For example, a laminate structure consisting of two
layers of photo-crosslinked hydrogels, the active layer being a thermoresponsive
copolymer poly (N-isopropylacrylamide)-co-acrylic acid (pNIPAm-co-AAc) and the
passive layer being poly (methyl methacrylate) (PMMA), can direct folding in a
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sophisticated manner leading to the generation of complex 3D shapes in response to
temperature changes in the environment.?** They elucidated empirical rules by analyzing
the folding patterns and performing finite-element simulations, which allowed the
pre-determination of folding conformation of the pNIPAm-co-AAc-based hydrogel
bilayers in response to changes in pH and ionic strength.?%> In addition, the bending of
hydrogels can also be achieved by patterning crosslinks in a hydrogel, which generates
hydrogels with inhomogeneous structure.?¢21% For example, “halftone” photolithography
was utilized to photo-crosslink pNIPAm based copolymers containing pendent
benzophenone moieties, which serve as photoactive crosslinkers. The density of
crosslinks in the gel matrix can be tuned by using different irradiation doses, which leads
to highly cross-linked regions distributed in a lightly cross-linked matrix. The stress
generated in the system leads to the deformation with nearly constant Gaussian
curvature.’!' Moreover, actuator hinges made from single-wall carbon nanotubes
(SWNTs)-pNIPAm hydrogels were generated on the polyethylene (PE) substrates.?!? Up
to 5 times enhancement to the thermal response time of the SWNTs-pNIPAm hydrogels
was achieved due to the enhanced mass transport of water molecules. Complex shapes,
such as cubes and flowers, can be fabricated by programming the SWNTs-pNIPAm
hydrogels.

The main advantage of hydrogel-based actuators are their simplicity and their ability
to be operated in aqueous solutions in which they exhibit considerable volume changes in

response to changes in solution conditions.?!**'* Hydrogel actuators with different shapes
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and manner of actuation can easily be fabricated using photolithography and other
molding methods. Furthermore, many hydrogels are biocompatible and biodegradable,
which allows their applications in biomedicine.?!>*'® Compared with shape memory
polymer-based actuators, the main drawback of hydrogel actuators is that they require
solvation, and do not actuate in a dry state.

Generally, shape memory polymer (SMPs) actuators are of two types: one-way
SMPs and two-way SMPs, as detailed in Chapter 1. Typical thermoresponsive SMPs
yield a one-way shape change material, yet certain types of SMPs exhibit two-way shape
changes, as discussed in Chapter 1. Unlike working with one-way SMPs,
thermoresponsive two-way SMPs are considerably more challenging, although Lendlein
and coworkers reported the synthesis of polymers with two different melting points,
which leads to the two way shape memory actuation.'#”?!” In contrast, the laminated two
way SMPs-based actuators are easy to be fabricated from either one way or two way
SMPs. Furthermore, large shape changing strain can be easily achieved and controlled by
selecting suitable materials for the bilayers, tuning the thickness and the aspect ratio of
the bilayer system. For example, a two-way SMP was prepared by laminating a
thermoresponsive one-way SMP with an elastic polymer or a shape memory alloy.?!%>!
149 The imbalance of the internal stress in the composite as a result of heating or cooling
produce the driving force for the two-way reversible shape memory effect (SME)
(reversible conversion between 2D and 3D structures).

Some of the thermoresponsive SMPs possessing a glass transition temperature (Tg)
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have been observed to have water or solvent driven shape memory effect.!*6??° Instead of
triggering shape recovery at high temperature, the solvent, which may penetrate into the
SMPs and reduce the Ty of SMPs, may lead to the shape recovery of SMPs without heat.
Solvent-responsive two-way shape memory polymer-based actuators have been recently
reported.!4%221:222 In addition, more and more solvent responsive laminates, which are
fabricated from novel polymer composites (either one-way or two-way SMPs) exhibit
two way SME, which serves as reversible polymer actuators.??**? For example,'* a
mixture of solution of cationic poly (ionic liquid), poly
(3-cyanomethyl-1-vinylimidazolium bis (trifuoromethanesulfonyl) imide) (PILTfoN, THN
donates the counter anion) and a carboxylic acid-substituted pillar[5]arene
(C-pillar[5]arene) that bears 10 acid groups in DMSO was cast on a glass substrate and
dried. Then, the membrane was soaked in ammonia solution, which diffuses into the
membrane from top to bottom. The deprotonation of COOH into COO'NHj4" triggers the
electrostatic complexion between the negatively charged C-pillar[S]arene and the
imidazolium cation from PILTf;N forming a gradient in the degree of electrostatic
complexation (DEC) along the membrane cross-section, as shown in Figure 2-7a. The
electrostatic complexion maintains the membrane to be intact and stable in organic
solvents. When the membrane is placed in acetone vapour, the solvent molecules diffuse
rather rapidly into the porous membrane from both the top and bottom surfaces and

interacts with the Tf2N, which has a higher concentration on the top surface compared to

the bottom. This will induce the fast bending (actuation) of the membrane in response to
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acetone vapour, as shown in Figure 2-7. Furthermore, the membrane returns to its initial

position once the device is placed in air.

b.

e O ®—~

Figure 2-7 a) A scheme of the porous membrane actuator; b) Adaptive movement of a
PILTf2N/C-pillar[5]arene membrane placed in acetone vapour and then back in air.

Reprinted with permission.!* Copyright 2014 Nature Publishing Group.

Liquid crystal elastomers (LCEs) are another popular shape memory polymer, which
combine oriented liquid crystals and polymeric elastomers. In a liquid crystal polymer
network-based actuator, the oriented liquid crystals stretches or contracts anisotropically
as the order parameter changes, for instance, as a result of a change in temperature or
light stimulation with specific wavelengths, thus inducing shape change of the
actuators. 8227228 Recently, humidity responsive LCEs-based actuators were fabricated.
The uniaxially aligned liquid crystal polymer network is formed based on the hydrogel
bonding between the aligned mesogens. The polymer swells anisotropically when water
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penetrates into the LCEs network. The one-layer actuators can be tailored to either bend,

fold, or curl when bringing only one side of the actuator to contact aqueous solution.??’

Figure 2-8 a) Transformation of snowman-shaped microparticles to a microcapsule. b)
Optical microscope images of arrays of bilayer microparticles on a photomask and
transformed microcapsules at pH 9. ¢) Confocal microscope image of microcapsules, inner
layer consisting of R6G-tagged p(HEMA) and outer layer consisting of FITC-tagged
p(HEMA-co-AA). d) Magnified optical microscope images of microcapsules in top view
at two different focal planes and e) side view. f—j) A set of a scheme and optical and
confocal microscope images of flower-shaped microparticles. Scale bars indicate 500 mm
for b, ¢, g, and h, and 200 mm for d, e, i, and j, respectively. Reprinted with permission.?*

Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

There are many application possibilities of polymer-based actuators. Firstly,
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hydrogel-based actuators can be utilized as biomedical devices and containers for drug
delivery applications.?*!?3> For example, pholithographically fabricated planar bilayer
microparticles, composed of polyhydroxyethylmethacrylate (pHEMA) and poly
(hydroxyethylmethacrylate-co-acrylic acid) (PHEMA-co-AAc), showed a structural
transformation to microcapsules with a closed compartment in response to a pH
change.?° The transformation was highly reversible, and this bilayer structure was
therefore used for in situ encapsulation and the triggered release of active ingredients, as
shown in Figure 2-8. The soft hydrogel materials enabled the formation of curved
surfaces and tight contact between patches, facilitating the complete closure of
compartments in the resultant microcapsules. Secondly, polymer-based actuators can be
used as biomimetic actuators, sensors, grippers and soft robotics.?2¢?*! Lee et al. used the

inhomogeneous deformation of hydrogels and fabricated pH-sensitive hydrogel actuators

mimicking the shape and swimming motion of an octopus,*** as shown in Figure 2-8.

A
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Figure 2-9 Locomotion of octopus aquabot under an electric field. Initial angles of

eas 4.55 e

tentacles 1 and 2 are each in the clockwise direction relative to the “Ref Line,” while
tentacles 3 and 4 are bent in the counter-clockwise direction. During the receding phase, all
four tentacles were slowly bent upward, ready to propel; during the propelling phase, the

aquabot rapidly moved upward by the propulsion of all four tentacles (scale bar’al mm).
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Reprinted with permission.?** Copyright 2008 Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim.

Furthermore, hydrogel actuators, exhibiting changes in macroscopic shapes in response to
stimuli, can readily be used for the design of sensors. One possible approach is to use
AFM cantilevers, which are coated on one side with a stimuli responsive polymer and are
able to bend in response to external stimuli. The bending is detected by the change in the
reflection of the laser beam from the surface of the cantilever.?+

Furthermore, another group of polymers called conjugated polymers, which were
introduced in Chapter 1, have been developed into artificial muscles (soft and wet
actuators).36244-24¢ Natural muscles are biological tissues to transform from chemical or
electrical energy into mechanical energy and heat. It involves the aqueous media, electric
pulse from the brain, liberation of ions inside the sarcomere, chemical reactions (ATP
hydrolysis), and conformational changes along the natural polymer chains. Similarly, the
chemical nature of the artificial muscle based on conducting polymers, e.g. PPy, provides
motors with the unique sensing of electrical pulses. For example, a triple layer is
fabricated from PPy/non-conducting and adhesive film/PPy). The PPy layer is doped with
small ions ClO4™ As the current flows, the left PPy film acts as the anode and swells, and
the right PPy acts as the cathode and shrinks in aqueous solution. The triple layer muscle

was immersed in an aqueous solution of 1 M LiClO4 and initiates its movement under a

constant current of 5 mA as a consequence of the electrochemical reactions and changes
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of volume. The angular movement allows the muscle to overcome the border of the
obstacle and the free movement continues until the current stops. Moreover, conjugated
polymer based actuators have reached the early stage to be used in biomedical
devices 40247248

The projects presented in this were conducted to understand the properties of
stimuli-responsive polymers, mainly focusing on temperature responsive pNIPAm and
humidity responsive poly (diallyldimethylammonium chloride) (pDADMAC) and how
they can be used for actuators that respond to humidity levels in the atmosphere. The
devices were specifically able to bend in response to environmental humidity and used as
humidity responsive artificial muscles and sensors. The other objective of this thesis was

to design and develop pNIPAm based soft actuators, which can be used in the future for

grippers and drug delivery devices.
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Chapter 3:  Polymer-Based Muscle Expansion and Contraction'

3.1 Introduction

This Chapter describes the assembly of novel humidity responsive polymer
bilayer-based muscle-like actuators. Of specific interest to the investigations in this
Chapter are responsive polymer-based systems that are able to do work, i.e., lift
masses.’*?°° These systems, often referred to as artificial muscles, have been the subject
of intense research owing to their potential to control movements in mechanical
motors.>>!*>? In this Chapter we show that the devices are lightweight and exhibit large
strain, which allows them to lift weights many times their own mass.

Polymer-based stimuli-responsive polymers and materials have been of considerable
interest for many years owing to their ability to convert a chemical or physical stimulus
into an observable change in a system, as detailed in Chapter 2. Polymer gel-based thin
films, assemblies, and particles (microgels and nanogels) have been designed to respond
to a variety of stimuli for a number of potential applications in tissue engineering,
artificial muscles, valves, and actuators.?!%?2425325 Hydrogels are of particular interest
owing to their mechanical properties, chemical diversity, and hydration properties, which

allow them to interface well with biological systems. Recently, responsive hydrogels and

t This Chapter has been adapted from a previously published article; Islam, M.R., Li, X.,
Smyth, K., Serpe, M. J., Angew. Chem. Int. Edit., 2013, 52, 10330.
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polymer- based thin films have been developed as programmable soft matter or motors by
exploiting conformational changes of the polymer that affects the system.?!%-2242%
Thermoresponsive pNIPAm shows a random coil to globule transition at
temperature above 32 °C (LCST). Charged pNIPAm-based microgels have been
synthesized and used for various applications.?®*2%2 In this Chapter, we describe the
synthesis of pNIPAm-co-AAc microgels. AAc is a weak acid, having a pKa. of

approximately 4.25. Therefore, at pH > 4.25 the AAc groups are deprotonated, thus

making microgels negatively charged (polyanionic), as mentioned in Chapter 1.

3.2 Experimental section

Materials: N-Isopropylacrylamide (NIPAm) was purchased from TCI (Portland, Oregon)
and purified by recrystallization from hexanes (ACS reagent grade, EMD, Gibbstown, NJ)
prior to use. N, N-methylenebisacrylamide (BIS) (99%), acrylic acid (AAc) (99%), and
ammonium persulfate (APS) (98+ %) were obtained from Sigma-Aldrich (Oakville,
Ontario) and were used as received. N-(3-Aminopropyl) methacrylamide hydrochloride
(APMAH) were purchased from Polysciences, Inc. (Warrington, PA). Poly
(diallyldimethylammonium chloride) solution (pDADMAC) of MW (10,0000 ~ 20,0000)
(20% in water); as well as poly (sodium 4- styrene-sulfonate), (PSS, MW 70,000) were
purchased from Sigma-Aldrich (St. Louis, MO). Deionized (DI) water with a resistivity
of 18.2 MQecm was used. Cr/Au annealing was done in a Thermolyne muffle furnace
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from Thermo Fisher Scientific (Ottawa, Ontario). Anhydrous ethanol was obtained from
Commercial Alcohols (Brampton, Ontario). Fisher’s finest glass coverslips were 2525
mm? and obtained from Fisher Scientific (Ottawa, Ontario). Cr was 99.999% and
obtained from ESPI (Ashland, OR), while Au was 99.99% and obtained from MRCS

Canada (Edmonton, AB).

Microgel Synthesis: microgels composed of poly (N-isopropylacrylamide)-co-acrylic
acid (pNIPAm-co-AAc) were synthesized via temperature-ramp, surfactant free, free
radical precipitation polymerization as described previously. The monomer mixture, with
a total concentration of 154 mM, was comprised of 85% (mole/mole) NIPAm, 10% AAc,
and 5% BIS as the crosslinker. NIPAm (17.0 mmol), and BIS (1.0 mmol) were dissolved
in deionized water (100 mL) with stirring in a beaker. The mixture was filtered through a
0.2 um filter affixed to a 20 mL syringe into a 200 mL 3-neck round-bottom flask. The
beaker was rinsed with 25 mL of deionized water and then filtered into the NIPAm/BIS
solution. The flask was then equipped with a temperature probe, a condenser and a N> gas
inlet. The solution was bubbled with N> gas for ~1.5 h, while stirring at a rate of 450 rpm,
allowing the temperature to reach 45 °C. AAc (2.0 mmol) was then added to the heated
mixture with a micropipette in one aliquot. A 0.078 M aqueous solution of APS (5 mL)
was delivered to the reaction flask with a transfer pipet to initiate the reaction.
Immediately following initiation, a temperature ramp of 45 to 65 °C was applied to the

solution at a rate of 30 °C/h. The reaction was allowed to proceed overnight at 65 °C.
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After polymerization, the reaction mixture was allowed to cool down to room
temperature and filtered through glass wool to remove any large aggregates. The
coagulum was rinsed with deionized water and filtered. Aliquots of these microgels (12
mL) were centrifuged at a speed of ~8500 relative centrifugal force (rcf) at 23 °C for ~
40 minutes to produce a pellet at the bottom of the centrifuge tube. The supernatant was
removed from the pellet of microgels, which was then re-suspended to the original
volume (12 mL) using deionized water. This process was repeated until the microgels
were cleaned a total of six times to remove any unreacted monomer and/or linear polymer

from the microgel solution.

Fabrication of Au coated substrate: Briefly, 25 %X 25 mm pre-cleaned glass coverslips or
transparent flexible plastic sheet were rinsed with DI water and ethanol and dried with N
gas, and 2 nm of Cr followed by 15 nm or 50 nm of Au were thermally evaporated onto
them at a rate of ~0.2 A s! and ~0.1 A s!, respectively, using a Torr International Inc.
model THEUPG thermal evaporation system (New Windsor, NY). The Cr acts as
adhesion layer to hold the Au layer on the glass/plastic. The Au coated glass substrates
were annealed at 250 °C for 3 h and then cooled to room temperature prior to use. An
aliquot of about 12 mL of previously purified microgel solution was centrifuged for 30
min at 23 °C at ~8500 rcf to pack the microgels into a pellet at the bottom of the tube.
After removal of the supernatant solution, the microgel pellet was vortexed and placed

onto a hot plate at 30 °C. A previously coated Cr/Au substrate was rinsed with ethanol,
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dried with N2, and then placed onto hot plate (Corning, NY) set to 30 °C. An aliquot (40
puL for each 25 x 25 mm area) of the concentrated microgels was put onto the substrate
and then spread toward each edge using the side of a micropipette tip. The substrate was
rotated 90 °, and the microgel solution was spread again. The spreading and rotation
continued until the microgel solution became too viscous to spread due to drying. The
microgel solution was allowed to dry completely on the substrate for 2 h with the hot
plate temperature set to 35 °C. After 2 h, the dry film was rinsed copiously with DI water
to remove any excess microgels not bound directly to the Au. Microgel painted substrate
was then placed into a DI water bath and allowed to incubate overnight on a hot plate set
to ~30 °C. Following this step, the substrate was again rinsed with DI water to further
remove any microgels not bound directly to the Au substrate surface. The microgel

painted Au coated substrate was dried with N> gas and used for the experiment.

Bending Experiment: Au coated microgel painted substrates were placed on to a Petri
dish. A specific amount of pPDADMAC solution (20% in water) was spread onto the
microgel layer. The whole set up was undisturbed and dried at ambient temperature. After
the complete drying of the film, the humidity response was tested either in a humidity
chamber or in air. Load and release test was done in a humidity chamber and the paper
clips experiment was done in air. In both cases Air-O-Swiss AOS 7145 Cool Mist

Ultrasonic humidifier (manufactured by Swiss Pure Air) was used.
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3.3 Results and discussion

The device is constructed by depositing a monolayer of poly
(N-isopropylacrylamide)-co-acrylic acid, pNIPAm-co-AAc microgels on an Au-coated
substrate. Once deposited, the microgels form a homogenous layer with the thickness
defined by their diameter in solution. The pNIPAm-co-AAc microgels used herein had a
solution diameter of (1.55 £ 0.07) um (measured using differential interference contrast
microscopy); the films typically have a thickness of approximately 0.5 of the solution

diameter.'®

Subsequently, a solution containing oppositely charged poly
(diallyldimethylammonium chloride) (pDADMAC), the structure of which is shown in
Figure 3-la, is added to the microgel-coated substrate and allowed to dry. The
pDADMAC solution had a pH of 6.55, which rendered the microgel layer polyanionic.
The pDADMAC layer contracts when it dries, owing to water evaporation enhancing
hydrophobic interactions between the pDADMAC chains. Since the electrostatic
interactions between pDADMAC and the microgels, and the interaction between

microgels and the Au layer, are strong, the substrate bends when the polymer dries

(Figure 3-1b).
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Figure 3-1 a) Structure of pPDADMAC, b) A flexible plastic substrate (transparency film)
was coated with an Au/Cr layer. Cr acts as an adhesion layer such that the Au adheres to the
plastic. PNIPAm-co-A Ac microgels were deposited on this substrate, to yield a monolithic
monolayer of microgels on the Au. Addition of a pPDADMAC solution renders the
pNIPAm-co-AAc microgel negatively charged owing to the deprotonation of AAc
moieties in the microgel initiating the electrostatic interaction between the microgels and
polyelectrolyte. Upon drying, the pPDADMAC layer contracts bending the substrate owing
to the strong interactions between the microgels and pPDADMAC and the microgels and

Au.

When this process is conducted using a standard microscope glass coverslip as the
substrate, the bending forces are so strong that the coverslip is shattered. This is shown in

Figure 3-2a along with the results for control experiments conducted by drying the
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pDADMAC solution on bare glass and unmodified Au-coated glass substrates. When the
pDADMAC solution is dried on an Au-coated glass substrate, with microgels painted on
the Au, the glass substrate bends so much that the glass shatters (Figure 3-2a). This was
repeated many times, which showed that 80% of the Au-coated microgel-painted
substrates shattered after drying. When the same experiment is conducted on a bare glass
substrate, no bending is observed, while slight bending, and even occasional substrate
cracking (ca. 20% of the samples) takes place on Au-coated glass substrates without
microgels present. When a microgel-modified, Au-coated plastic substrate (simple
transparency slide) is exposed to pPDADMAC, and the pPDADMAC solution is allowed to
dry, the plastic substrate can curl up significantly into a tight scroll structure (Figure

3-2b).

(a) Glass Cover Slip Au Coated Glass Glass—Au-Microgel

b
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Figure 3-2 Electrostatic interaction and substrate bending mediated by pPDADMAC drying.
In each case, a fixed amount of pPDADMAC solution was added and dried at ambient
condition. a) (left column) bare glass cover slip, (middle column) Au-coated glass and
(right column) microgel painted on Au-coated glass. b) Flexible Au-coated substrate with

microgels deposited bends and eventually curls upon drying over 8 h.

In all the cases above, we hypothesize that the microgels serve as glue that allows
the contraction of the pPDADMAC layer to be translated to the substrate below. Our
previous studies have shown that the microgel-Au interaction is strong. Furthermore, we
have shown that there are multiple, electrostatic interactions between pDADMAC and the
charged microgels.?®® Therefore, the contraction of the pPDADMAC layer upon drying can
be translated to the solid substrate through its interaction with the microgels, and the
microgels transfer the contraction to the Au-coated surface, thereby pulling the sides of
the substrate up. Depositing Cr as an adhesion layer between the Au and the substrate
strengthens the Au-substrate bond. Drying pDADMAC on an Au-coated substrate
without the microgels present does not yield a strong enough bond to the surface to allow
for consistent substrate bending/breaking. Similarly, simply drying microgels on a surface
does not bend the substrate, because when the microgels dry, there are no long range
interactions between them, hence they dry “locally” without long-range deformations that
are translated to the substrate.

To further prove our hypothesis that the electrostatic interactions between the
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microgels and the pDADMAC lead to the observed bending, we designed a flexible
substrate with numerous arms. The arms were coated with Au and painted with
pNIPAm-co-AAc microgels and alternate arms were exposed to the same pDADMAC
solution used above while keeping the other arms empty (Figure 3-3). The arms exposed
to the pPDADMAC solution curled up (Figure 3-3). When the empty arms were exposed
to polyanionic poly (sodium 4-styrenesulfonate) (PSS) solution (20 wt%) and dried at
ambient condition, they did not bend at all. This proves that the polyanionic PSS
deposited on the polyanionic microgels cannot yield the necessary interactions with the
microgels bound to the Au-coated substrate to bend the plastic substrate. Furthermore,
this experiment shows that by controlling the shape of the flexible substrate, we are able

to devise complex constructs, in this case a “hand” capable of grasping an object.

Figure 3-3 A specially cut Au-coated plastic substrate, with the Au containing
pNIPAm-based microgels. Arms i—iv were exposed to the pPDADMAC solution while

Arms 1-4 were exposed to the PSS solution. The arms that were exposed to pPDADMAC
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clearly bend upon solution drying, while the PSS arms are unresponsive to drying. Drying
of the pPDADMAC solution took place over 6 h. After this time, (¢) the PSS solution was

added to the arms and allowed to dry overnight.

If our above hypothesis is correct, and the bending of the substrates is a result of the
dehydration-mediated contraction of the pDADMAC layer, the process should be
reversible upon rehydration of the devices, as shown in Figure 3-4. To illustrate this, we
introduced our device to a humidity chamber (Figure 3-5), which allowed for

atmospheric temperature and humidity to be controlled and maintained.

) +H,0
W o Sess=n

_Hzo

Figure 3-4 Schematic demonstration of bending and flattening of flexible substrate
supported microgel assembly. When the bent substrate is exposed to humidity, the
pDADMAC layer rehydrates, causing it to become less contracted due to pPDADMAC
rehydration, and the plastic substrate flattens out. Reducing the humidity causes the
pDADMAC layer to recontract, bending the substrate again, which can be repeated over

many cycles.
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Loaded

A Height

Figure 3-5 The curled substrate was hung from a string into a humidity chamber (0 min).
The humidity of the environment was then increased to 80%, and the device uncurled,
which was then lowered close to a box (30 min). The humidity was reduced to 10% and the
substrate recurled, grasping the box. While maintaining this humidity, the box was lifted
off the chamber surface (150 min). A subsequent increase in the humidity allowed the
device to reopen, and drop the box (180 min). Here, the masses of the device and the box

were 0.2 g and 4.8 g, respectively.

The device was connected to a string, which was extended out of the chamber top.
Initially, under low humidity, the device was fully closed (Figure 3-5) but opened up after
the humidity of the environment was increased to 80%. The open arm was then lowered
to a box that was in the chamber, and the humidity was subsequently decreased to 10%.
After this decrease, and waiting (ca. 2.0 h), the device curled back up, but in this case it
clamped onto the box. To illustrate the strength of the clamping, the box was lifted off the
chamber*s bottom surface. Finally, the humidity was increased to 70%, which caused the
device to open again, thus dropping the box. The mass of the box was 4.8 g, while that of
the polymer-based device was only 0.2 g. That is, the mass of the box was 24 times the

mass of the device.
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We further studied whether the device can be used as an artificial muscle to lift
weight and release it in response to humidity. To do this we loaded paper clips onto a
curled substrate and exposed the setup to a humid environment (Figure 3-6). Paperclips
(used as weights) were hung off the end of the device, and the device opened up upon
increasing the humidity and curled back up when the humidity was decreased. This is
similar to an arm curling a mass, but in this case, the mass that is being lifted is 14 times
the mass of the device. Given that a human arm is approximately 6.5% of the total mass
of the human body, this is equivalent to a 75 kg human with a single arm that is capable

of lifting 68.3 kgs.

Figure 3-6 Use of the polymer-based devices as artificial muscles. Here, a small curled

substrate was hanged from an arm and cycled between low and high humidity. In each case,
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the device was able to recontract, and curl up even though the mass was increased to 2.8 g.

Finally, we showed that dried substrates can resist opening when a force is applied
to them. This is illustrated in Figure 3-7, where weights were hung from the end of a
suspended device showing that even with 52.50 g hanging from the end of the dried
device it is not significantly unwound. Using the same numbers as above for the mass of
a human arm, this is equivalent to a 75 kg human that has an arm capable of resisting a

force of 1280 kgs pulling on the arm.

Figure 3-7 A dry polymer-based device resisting uncurling as masses are hung from the

end of the device.

3.4 Conclusion

In summary, we found that polyelectrolyte-mediated crosslinking of microgels
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painted on Au-coated substrates are able to actuate, and act as muscles or arms in
response to humidity. These arms are able to lift relatively large masses, and resist forces
many times its own mass. Given this, we strongly believe that this device can be further
developed to optimize its capability as artificial arm. This study is very promising to
realize responsive-polymer-based materials for applications in soft robotics and artificial

muscles.
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Chapter 4:  Self-Folding Polymer-Based Materials’

4. 1 Introduction

This Chapter describes the study of the self-folding behavior of bilayer materials
mentioned in Chapter 3. The materials are composed of a semi-rigid polymer substrate
coated with a thin layer of Au; the Au layer is subsequently coated with a pNIPAm-based
microgel layer and finally covered with a solution of pPDADMAC. By varying the size
and aspect ratio of the polymer substrate, a set of empirical rules were developed and
applied to predict the material's self-folding behavior. From these rules, materials, which
self-fold from two-dimensional, flat objects into discrete three-dimensional structures,
can be designed. They are fully capable of unfolding and folding multiple times in
response to humidity.

Materials that spontaneously undergo a change in structure, e.g., from a two
dimensional (2D) to three dimensional (3D) structure in response to external stimuli have
been of great interest as artificial muscles, and for fabricating novel actuators, switches,
valves and in robotics.20%27:261:264-266 yarigus stimuli responsive polymers have been
identified, which exhibit responses to electric fields, temperature, light, pH, ionic strength,

humidity and/or solvent composition.!”>?727% Recently, responsive hydrogels and

2 This Chapter has been adapted from a previously published article. Li, X., Serpe, M. J.,
Adv. Funct. Mater, 2014, 24, 4119.
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polymer-based films have been used as materials capable of converting chemical or
physical energy into mechanical forces, which can lead to macroscopic changes to a
material's conformation.?!! Specifically, temperature responsive pNIPAm based hydrogel
sheets capable of transforming from a planar state to a 3D structure have been developed
by tuning the concentration of monomers and crosslinking density in the hydrogel
sheets.?’! Regions with different polymer content went through differential deformation
upon heating allowing the formation of unique 3D structures. Wang et al. recently
fabricated near-infrared light-driven hydrogel actuators by interfacing reduced-graphene
oxide sheets with protein-based polymers. These hydrogels showed rapid, reversible
bending motion at specific positions where near-infrared laser was applied.?° Another
system composed of a soft poly (butadiene) phase and a hard metal — ligand phase was
developed, which exhibited shape-memory properties in response to external stimuli.?’?
In this case, the key component in fulfilling the shape change is the metal — ligand phase
which can become soft when exposed to a variety of stimuli (e.g., light, heat, chemicals).
Of recent, several types of humidity responsive polymers have also been used to
fabricate actuators. For example, Langer and coworkers®** recently developed a polymer
composite of rigid polypyrrole (PPy) embedded with a flexible polyol-borate network.
PPy can absorb water and change its shape, while the soft polyol-borate network is also
sensitive to water, undergoing hydrolysis and reformation of the borate ester crosslinker
upon water absorption and desorption, respectively. By breaking and reforming

intermolecular hydrogen bonding between PPy and the polyol-borate network and the
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borate ester within the polyol-borate network upon water sorption and desorption, the
film shows expansion and contraction, resulting in the film’s rapid and continuous
locomotion. In another example, Sun and coworkers developed one bilayer film
consisting of a polyeletrolyte multilayer (PEM) film and a layer of UV-cured
prepolymer.?”® The PEM is a film of thermally crosslinked poly (acrylic acid) (PAA) /
poly (allylamine hydrochloride) (PAH). The PAA/PAH is able to absorb/desorb water
with increasing/decreasing environmental humidity, which resulted in swelling/shrinking
of the layer. They fabricated an energetic walking device driven by the powerful
humidity responsive PEM.

Layer-by-layer assembled films of alternating polyanions and polycations is an
important soft materials which showed repeated deformation in response to different
stimuli.?®>** PDADMAC is a homopolymer of diallyldimethylammonium chloride
(DADMAC) and a high charge density cationic polymer (polycation), which has been

applied to fabricate various advanced materials by layer-by-layer self-assembly.?®!

4.2 Experimental section

Materials: N-isopropylacrylamide (NIPAm) was purchased from TCI (Portland, Oregon)
and purified by recrystallization from hexanes (ACS reagent grade, EMD, Gibbstown, NJ)
prior to use. N, N-methylenebisacrylamide (BIS) (99%), acrylic acid (AAc) (99%), and
ammonium persulfate (APS) (98+ %) were obtained from Sigma-Aldrich (Oakville,
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Ontario) and were used as received. Poly (diallyldimethylammonium chloride) solution,
pDADMAC of MW (100,000 ~ 200,000) (20% in water) were purchased from
Sigma-Aldrich (St. Louis, MO). Deionized (DI) water with a resistivity of 18.2 MQecm
was used. Cr/Au annealing was done in a Thermolyne muffle furnace from Thermo
Fisher Scientific (Ottawa, Ontario). Anhydrous ethanol was obtained from Commercial
Alcohols (Brampton, Ontario). Fisher’s finest glass coverslips were 25%25 mm and
obtained from Fisher Scientific (Ottawa, Ontario). Cr was 99.999% and obtained from
ESPI (Ashland, OR), while Au was 99.99% and obtained from MRCS Canada
(Edmonton, AB).

Microgel Synthesis: Microgels composed of poly (N-isopropylacrylamide)-co-acrylic
acid (pNIPAm-co-AAc) were synthesized via radical precipitation polymerization as
described previously.!® The monomer mixture, with a total concentration of 154 mM,
was comprised of 85% (mole/mole) NIPAm, 10% AAc, and 5% BIS as the crosslinker.
NIPAm (17.0 mmol), and BIS (1.0 mmol) were dissolved in deionized water (100 mL)
with stirring in a beaker. The mixture was filtered through a 0.2 pm filter affixed to a 20
mL syringe into a 200 mL 3-neck round-bottom flask. The beaker was rinsed with 25 mL
of deionized water and then filtered into the NIPAm/BIS solution. The flask was then
equipped with a temperature probe, a condenser and a N> gas inlet. The solution was
bubbled with N> gas for ~1.5 h, while stirring at a rate of 450 rpm, allowing the
temperature to reach 45 °C. AAc (2.0 mmol) was then added to the heated mixture with a

micropipette in one aliquot. A 0.078 M aqueous solution of APS (5 mL) was delivered to
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the reaction flask with a transfer pipet to initiate the reaction. Immediately following
initiation, a temperature ramp of 45 to 65 °C was applied to the solution at a rate of
30 °C/h. The reaction was allowed to proceed overnight at 65 °C. After polymerization,
the reaction mixture was allowed to cool down to room temperature and filtered through
glass wool to remove any large aggregates. The coagulum was rinsed with deionized
water and filtered. Aliquots of these microgels (12 mL) were centrifuged at a speed of
~8500 relative centrifugal force (rcf) at 23 °C for ~ 40 minutes to produce a pellet at the
bottom of the centrifuge tube. The supernatant was removed from the pellet of microgels,
which was then re-suspended to the original volume (12 mL) using deionized water. This
process was repeated until the microgels were cleaned.

Fabrication of plastic substrates: Transparent flexible plastic sheets (transparency films
for high temperature laser copiers from 3M company, Canada) were rinsed with DI water
and ethanol and dried with N> gas, and 2 nm of Cr followed by 50 nm of Au were
thermally evaporated onto them at a rate of ~0.2 A s™! and ~0.1 A s7!, respectively, using
a Torr International Inc. model THEUPG thermal evaporation system (New Windsor,
NY). The Cr acts as adhesion layer to hold the Au layer on the plastic. An aliquot of
about 12 mL of previously purified microgel solution was centrifuged for 30 min at 23 °C
at ~8500 rcf to pack the microgels into a pellet at the bottom of the tube. After removal
of the supernatant solution, the microgel pellet was vortexed and placed onto a hot plate
at 30 °C. A previously coated Cr/Au substrate was rinsed with ethanol, dried with N», and

then placed onto hot plate (Corning, NY) set to 30 °C. Aliquots (40 uL for each 25 x 25
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mm area) of the concentrated microgels were put onto the substrate and then spread
toward each edges using the side of a micropipette tip, as previously described.?’> The
microgel solution was allowed to dry completely on the substrate for 2 h with the hot
plate temperature set to 35 °C. After 2 h, the dry film was rinsed copiously to remove any
unreacted monomer and/or linear polymer from the microgel solution. Then the
substrates were washed copiously with DI water to remove any excess microgels not
bound directly to the Au. Microgel painted substrate was then placed into a DI water bath
and allowed to incubate overnight on a hot plate set to ~30 °C. Following this step, the
substrate was again rinsed with DI water to further remove any microgels not bound
directly to the Au substrate surface. The microgel painted Au coated substrate was dried
with N2 gas and used for the experiment.

Self-folding devices: A specific amount of pPDADMAC solution (pH 6.5, 20 wt% in
water) was spread onto the microgel layer. The whole set up was undisturbed and dried at
ambient temperature/humidity. After the complete drying of the film, the devices were
moved into the chamber, which can control the environmental humidity. Air-O-Swiss
AOS 7145 Cool Mist Ultrasonic humidifier (manufactured by Swiss Pure Air) was used
to control the humidity in the chamber with an electronic feedback mechanism to

maintain a steady humidity.
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4.3 Results and discussion

4.3.1 Mechanism

To explain how the device bends/deforms, the device can be thought of as two
separate layers (Figure 4-1a). The pDADMAC-microgel composite (upper layer) serves
as the device's active layer, while the Au-plastic substrate (lower layer) is the passive
layer. Two assumptions were made in this investigation: (1) the pDADMAC-microgel
composite is homogeneous and stress along the layer either linearly increases or
decreases; (2) the Au-plastic substrate is not contractible and stress along the layer either
linearly increases or decreases. The interface between the two layers can be thought of as
being made of an infinite number of points, which do not change location because of
assumption (2). Each point is defined as a fulcrum, one of which is shown in Fig. 1a; the
two layers are connected at that/those small region(s). In the active layer, we have shown
that dehydration leads to contraction, presumably due to enhanced hydrophobic
interactions between the pPDADMAC. This contraction leads to contracting forces (Fc),
which are shown as black vectors in Figure 4-1a. The strong forces pull all parts of the
Au-plastic lower layer in the direction of force. Meanwhile the lower layer connected to
the upper layer by the fulcrum will be pulled in the opposite direction by the torque

(1) generated from the contraction of the upper layer.
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Figure 4-1 Mechanical model used to describe the devices. a) A detailed view of the device
showing the stress generated in the upper layer (Fc), which leads to device bending. The
device is considered to be two separate layers, the top layer defined by the
pDADMAC-microgel layer and the bottom layer defined by the Au/Cr-coated plastic
substrate. b) A single portion of the device in a). The dashed line represents the initial state
of the two layers, while the solid line represents the final state after bending is complete. F;'
are the stresses at different points on the Au-plastic substrate, while F2 are the stresses at
different points on the microgel-pDADMAC layer. di is the thickness of Au-plastic
substrate, while dz is the thickness of the microgel-pDADMAC layer. 0 is microscopic
bending angle. The blue vectors (force vectors in upper layer) represent the contraction
forces in the microgel-pDADMAC layer, while the red vectors (force vectors in lower

layer) represent the restoring forces in the Au-substrate layer after the bending is complete.

To further explain the bending/folding process and to identify the governing
parameters, we developed a mathematical model. To make the model less complex, we
concentrated on only a "microscopic" portion of the assembly. As shown in Figure 4-1b,

the two layers are represented by two lines connected by one fulcrum. The dashed line
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represents the initial state of the portion of the assembly considered, while the solid line
represents the final state after bending is complete. After bending is complete, the force at
the fulcrum (at the interface between the pPDADMAC and the microgel-Au-plastic layers)
is a maximum, which gradually decreases as the distance from this point increases
through the upper layer. The forces are noted as F»' indicated by the blue vectors in
Figure 4-1b. This is the case because we assume that the plastic layer is not contractible
(assumption 2), therefore we assume that the interface is likewise not contractible.
Therefore, the polymer at the interface has more of a restoring force than the fully
contracted polymer layer far away from the interface -- much like a spring. F' in the
upper layer depends on three factors: the microscopic bending angle 0, a material related
force parameter ko and the thickness d» of the upper layer. The fulcrum point shown is
common to both layers. Based on the fact that the contraction force in the upper layer is
relatively large and that the lower Au — plastic layer isn't contractible (F' at the interface
is 0), we assume that the stress at the fulcrum at the interface is only from the contraction
of the upper layer. Then the stress on this point is equal to the remaining contracting
force at the bottom of the upper layer and we note it as F.°. And the remaining
contracting force on the top of the upper layer can be expressed as (F2° — k» 0 d»). Based
on assumption 1, the average stress along the upper layer after bending is complete can

be expressed as equation (1):

F average — (FZO - kz 9 dz) + FZO
2 - 2 (1)

65



Likewise, the forces on the plastic-Au layer increase as the distance from the interface
increases. Again, this can be related to a spring; at the interface where bending is most
complete there is little restoring force, while there is still significant forces at the bottom
where bending is less complete. These forces are noted as Fi' (red vectors), which are in
the same direction of the remaining contraction forces in the upper layer, which oppose
bending due to the fulcrum. The bending angle 0 together with material related force
parameter k; and thickness d; of the lower layer determines the restoring forces along the
lower layer. As shown in Fig. 2b, the stress at the bottom of the lower layer was noted as
F1°, which can be expressed as (ki 0 di). Because the Au-plastic layer is not contractible,
the stress on the fulcrum from the bottom layer is 0. Thus, the average stress in this layer

can be expressed as equation (2).

ky6d,+0
2

Fl average —

2
Due to stresses on both layers two torques are formed on both layers separately, which

are expressed mathematically below:

k,8d+0 d
T, = Flavemge X = % X ?1 (3)

F,%k,0d)+F,° d
TZ — anverage sz = ( 2 22 2) 2 X ;2 (4)

r represents the distance from the point where the torque is measured to the point where
the force is applied in the respective layers, while d is the thickness of the respective
layers. In each equation, r is equal to half of the thickness of each layer. At the final state

of bending ("equilibrium"), the two torques are equal to maintain a steady bent state,
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otherwise, the assembly will continue to bend until this is the case. As such, after
complete bending equations (3) and (4) are equal leading to equation (5):

k,6d,+0 % a, _F, '—k,8d,+F,° % d, (5)
2 2 2 2

Then the microscopic bending angle 0 can be expressed as equation (6):

g _ 2GFS
T kyd? +ky dy?

(6)

Again, this is the "microscopic" bending angle, which leads to macroscopic device
bending. Macroscopically the device will show specific curvature after bending is
complete. Theoretically, we can represent the curvature by the radius (R) of rolls or
incomplete rolls after bending. In this case, microscopically F2° in equation (6) can be
expressed as one force (between the upper layer and the lower layer), which is
determined by another force parameter, the interfacial force parameter (k) multiplied by a
length (L), which represents the length of the interfacial layer exerting forces on the
fulcrum on the microscopic level. Furthermore, L can be expressed as the bending angle
0 multiplied by (R — d). Therefore, F2° can be represented by equation (7):
FoP=kOR—-d) ()

Subsequently, equation (6) can be rewritten as equation (8):

2d, k6 (R-d,) ®)
k, d*+k, d,?

6 =

Finally, the macroscopically observed R can be expressed as equation (9):

_ k1d12/k+kzdzz/k 9
R= T +d, )
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As k, ki, ko are force parameters (constants) determined by the materials themselves,
from equation (9) we conclude that the radius after bending is only related to the
thickness of each layer d; and do.

To test our mathematical model, we fabricated rectangular devices of different
dimension, but containing the same upper and lower layer thicknesses. As predicted from
equation (9), these devices should self-fold to yield similar values for R. There is a
precedent for this result; in a previous study, Li and coworkers?’® observed that the
curvature of rolls after bending of rectangular bilayers depended on the thickness of the
layers and strain, but not the bilayer dimensions. While this is the case, our investigation
is the first to develop and test a mathematical model that is capable of predicting the
self-folding behavior of such materials. Furthermore, we investigated how the bending of
a single device, with given dimensions, depended on the upper layer thickness (d2) to

determine if equation (9) could indeed be used to predict R.

4.3.2 Self - folding behavior of rectangular devices

Self-folding is a term used to describe materials that transform autonomously from
two-dimensional materials into three dimensional structures such as spirals, tubes,
corrugated sheets or polyhedron.?”” Self-folding can take place on many length scales --
from meters to nanometers.?’?’® Here, we show that the self-folding behavior of
materials with centimeter-scale dimensions can be predicted using equation (9). To
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accomplish this, we fabricated rectangular devices with four different aspect ratios.

Aspectratiol : 1 | Aspectratio2:1| Aspectratio3:1 | Aspectratio4:1

Figure 4-2 Images of devices before and after bending. a) A photograph of a device with
dimensions of 3 cm X 9 cm before bending. b) Devices of different aspect ratio and
dimensions after bending. As can be seen, the devices form different 3D structures after
bending dependent on the aspect ratio and size of the devices. L represents the length of the

device, while W is the width.

Furthermore, for each aspect ratio, we fabricated devices of different overall dimensions.
In each case, the amount of pDADMAC added to each device was scaled for their

individual dimensions such that the amount of pPDADMAC on a given device area was
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the same from device to device. Therefore, the thickness of the upper layer (d2) was
constant. Furthermore, the devices were constructed from the same lower layer material,
maintaining the same lower layer thickness (di) from device to device. Figure 4-2a is a
photograph of a representative device (3 cm x 9 cm) with pPDADMAC deposited in its
unfolded state (high humidity), while Figure 4-2b shows the final state of the devices
dried under the same conditions. It is interesting to note that the devices tend to self-fold
into unique three-dimensional structures after drying, which will be the subject of a future
investigation. Here, we were interested in the radius of curvature (R in equation (9)) and
how that depended on the device's aspect ratio and size. To measure the radius of
curvature, we used the approach shown schematically in Figure 4-3. The circle in Figure
4-3 represents a device in its final state. If two lines are drawn (AB and A’B),
perpendicular to the radii (OA and OA’) they intersect at point B. As a result, two
triangles are formed. In A OAB, the length AB can be measured using two rulers placed
on the tangents to the curvature of the device -- the "length" at the intersection point is
AB. Furthermore, the angle between the two rulers at that condition is also measured.
With this information, the radius OA could be determined using equation (10) and
equation (11):
fang = oo (10) 0A=4B x tans (11
2 AB 2

For each device, we measured the radius at 5 different locations at a humidity of 19.7%
and temperature of 23 °C and plotted the average radius as a function of the area (length

x width) for each aspect ratio. The data is shown in Figure 4-5. As can be seen, while the
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individual devices may self-fold into different structures (tubes/spirals), the radius of
curvature for all the devices, regardless of overall size or aspect ratio, is in the range of
0.75 ~ 0.85 cm. From these results, we conclude that the final radius of the devices only
depends on the thickness of the two layers. Again, investigations into the self-folding into

different structures will be the subject of a future publication.

Figure 4-3 Protocol used for measuring the radius of the devices after bending. AB and A’B
are two tangents perpendicular to the radius of a device OA and OA’, respectively. B is the
intersection of the two tangents. a is the angle between the two tangents. Two rulers were
used to measure AB and A’B, while a protractor was used to measure the angle between the

rulers to determine a.

In addition, using devices with dimensions of 9 cm x 3 cm, the thickness of the

upper layer d> was systematically varied by depositing different amounts of pPDADMAC
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solution on the surface of the microgel-Au-plastic substrate. In this case, the thickness of
Au-plastic substrate was kept constant. The volumes of pPDADMAC used were 1 - 10 mL,
which yielded a range of d», and two devices of each thickness were prepared for each

volume, as shown in Table 4-1.

Table 4-1 The thickness of the pPDADMAC layer after deposition and drying of different

volumes on a substrate. These are the actual measured thicknesses that were used in Figure

4-6 in the main text.

Following drying of the pPDADMAC layer, its thickness was measured using a digital
caliper and the radius of curvature was measured for each device using the same protocol
as above. The data is plotted in Figure 4-4. As can be seen, the radius of curvature
depends dramatically on the thickness of the upper layer. Subsequently, by knowing the
thicknesses of both layers, we could fit equation (12) to the data in Figure 4-5, and the
best fit values for A and B determined. It should be pointed out here that equation (12) is
the same as equation (9) with the constants A and B representing the individual
k-containing terms in equation (9). As a result of the fit, the best fit values for A and B in
equation (12) were found to be 3.6 +£ 0.4 and 15.1 + 2.4, respectively.
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Figure 4-4 The measured radius of the devices as a function of their size and aspect ratio.
As can be seen, the measured radius of the devices didn't depend strongly on their size and
aspect ratio. Three devices were made at each size and aspect ratio and the radius
determined at 5 different locations for each device. Each point is therefore the average of

15 radius values measured from 3 devices at 5 different locations. The error bars indicate

the standard deviation.

_A+Bd}

101 12
74, +0.1016 (12)

Further, we tested the model by fabricating device with given d> and comparing the

predicted and measured R values. For d of 0.45 mm, and 0.72 mm, the model predicts an

73



R of 7.40 mm and 8.02 mm. This is in comparison to the measured values of 6.63 mm

and 8.43 mm, as can be seen the model closely predicts the experimental R.

Radius (mm)

Figure 4-5 Dependence of device radius on pDADMAC layer thickness. The data points
are real data obtained by measuring the radius of two separate devices with a given dz. Each
point is the average of 10 radii determined at 5 different locations of the two separate
devices. The error bars are the standard deviations of the measured d, and radius. The blue
curve is the best fit of equation (12) to the data yielding values for A and B of 3.6 + 0.4 and

15.1 £ 2.4, respectively. The equation was fit to the data using Matlab software.

4.3.3 Controlling the self-folding process

Using our mechanical and mathematical models above to predict important design
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parameters, we created materials that are capable of self-folding into desired 3D
structures. To accomplish this, an empirical rule was developed to calculate the amount
of pPDADMAC-microgel composite needed to be added to the Au — plastic substrate to
make the whole device self-fold by a specific angle a. Equation (13) was developed to

predict this behavior:

~ 180°—a
AN = g0 X 2m x 0A (13)

Wherein, @ is the length of the arc AA’ in Figure 4-3, while OA is the radius of the
self-folded structure at a specific humidity and temperature. 2m x OA is the
circumference of the self-folded device. For example, at humidity of 19.7% (dry) and
temperature of 23°C, if we want a structure with a curling angle o of 90°, we need the
length of @ to be ~ 1.25 cm according to the equation (13). That means, if we want
the device to bend to yield a right angle, we need to deposit a layer of pPDADMAC onto
the device with a width of ~ 1.25 c¢cm along the direction of bending. The volume of
pDADMAC added to the device should yield the same dz as used above. Following this
rule, we designed devices capable of self-folding into discrete and predetermined 3D
structures. As can be seen in Figure 4-6, the width and direction of the deposited
pDADMAC layer depends on how we want the device to self-fold, and through this, we

have great control over the device's reversible self-folding behavior.
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Figure 4-6 Rationally designed devices capable of self-folding into three-dimensional
structures. Column 1) Specially designed microgel coated Au/plastic substrates with a
given width of pPDADMAC deposited at specific locations (red outlined areas) to yield the
desired 3D structure Column 2) after drying. For devices a, b, ¢, and d the width of the
pDADMAC solution deposited in each red frame was around ~1.25 cm. For device e, the
width of the pPDADMAC solution was ~2 cm. For devices f and g both sides of the plastic
substrates were coated with Au and microgels, and pPDADMAC subsequently deposited on

specific locations with a width of ~1.25 cm.
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4.4 Conclusion

In summary, we investigated in detail the self-folding behavior of rectangular
humidity-responsive microgel-based polymer composites deposited on a substrate of
varying dimensions and aspect ratios. We detailed a mechanical and mathematical model
that is capable of describing the self-folding characteristics of these bilayer devices.
Furthermore, using this information, we were able to devise an approach for fabricating
devices that self-fold into predetermined 3D structures with varying complexities. We
hypothesize that the material parameters defined in the presented model is one that can be
generalized to essentially any bilayer material, and similar studies can be completed. This
work paves the way for producing stimuli responsive adaptive polymer materials, which

have potential applications in actuation, sensing, artificial muscles and robotics.
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Chapter 5: Understanding the Shape Memory Behavior of

Self-Bending Materials and Their Use as Sensors®

5.1 Introduction

In this Chapter, we show that the bending conformation/direction of the bilayer
systems presented in Chapter 3 and 4 could be templated, and they are capable of
exhibiting shape memory. Our bilayer system is examined in detail, which led to an
understanding of the phenomena leading to shape memory. By close examination of
microscopy images and diffraction patterns, it is concluded that the dried polymer-based
layer was composed of both amorphous and crystalline phases — the amorphous phase
can readily absorb water, which results in actuation, while the crystalline phases template
the bending characteristics of the device. With an understanding of the bending behavior
of the devices, humidity sensors are generated by interfacing them with stretchable strain
sensors, which were also developed here specifically for the bendable materials here.

Actuators composed of responsive (i.e., smart or stimuli responsive)
polymers/materials are capable of reversibly changing their shape, size, and/or

mechanical properties in response to external stimuli. Actuators have found applications

280-282 283,284

as/in sensors, artificial muscles, controlled encapsulation/delivery vehicles,'!

3 This Chapter has been adapted from a previously published article. Li, X., Serpe, M. J.,
Adv. Funct. Mater. 2016, 26, 3282.
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8 and soft robotics.”*’ A variety of stimuli responsive

biomimetic actuating systems,?
polymers and materials, such as liquid crystalline polymers, hydrogels, shape memory
polymers (SMPs), and elastomers have been fabricated to make sensors and
actuators, |12-143.286,287

So called "shape memory polymers" (SMPs) are another interesting class of stimuli
responsive materials that have been used for actuation.'?” As mentioned in Chapter 1, a
conventional SMPs exists in some initial (or permanent) shape, which can be changed
when exposed to specific environmental conditions (typically high temperature). With the
material trapped (typically physically) in the temporary state, the environmental
conditions can be returned back to their initial state, which traps the material in its
temporary state. The SMPs can return to its permanent shape once the environmental
conditions return to the state where the temporary state was formed.?®2" Recent results
have shown that shape memory materials can be achieved without the use of standard
SMPs. For example, Ionov and coworkers reported on a polymer-based actuator
composed of biodegradable polycaprolactone (PCL)-gelatin bilayers, which are unfolded
at room temperature and folded at temperature above PCL's Trm.?°! This is because PCL is
crystalline and stiff at low temperature, which prevents any shape change of the material.
Heating the PCL above its T allows the material to deform due to the melting of the
polymer. Cooling down leads to the recrystallization of the PCL and induces the polymer

film to recover its unfolded shape.

Strain sensors, with high flexibilities and stretchability, have the ability to transduce
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physical forces (including bending and twisting) and chemical stimuli into electrical
signals.?’>?* These devices play a key role in many emerging technologies, such as:

297,298 and

intelligent robotic sensing systems,?”® human motion and health monitoring,
electronic skin.?**3% One typical approach to fabricating strain sensors is to impregnate
flexible/stretchable polymer materials with conductive species. Nanoscale fillers (e.g.,
carbon nanotubes, graphene, metal nanowires, and metal nanoparticles) incorporated into
flexible polymers have been shown to be effective for producing these devices. Several
reviews have been published that illustrate how conductive nanostructures can be used
for strain sensing applications.?**3°13% However, in many cases they exhibit high
electrical resistivity that may change significantly under strain and the conductivity is
typically too low to be useful, leading to poor performance and reliability.’** One
alternative is to deposit thin films of highly conductive metal or alloy onto elastomeric
substrates and those metal films on elastomeric substrates are sensitive to strain by

fracturing or buckling, while retaining relatively high conductivity.*%

5.2 Experimental section

Materials: N-isopropylacrylamide (NIPAm) was purchased from TCI (Portland, Oregon)
and purified by recrystallization from hexanes (ACS reagent grade, EMD, Gibbstown, NJ)
prior to use. N, N-methylenebisacrylamide (BIS) (99%), acrylic acid (AAc) (99%), and
ammonium persulfate (APS) (98+%) were obtained from Sigma-Aldrich (Oakville,
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Ontario) and were used as received. Poly (diallyldimethylammonium chloride) solution
(pDADMAC) with a MW 100,000 ~ 200,000 (20 wt% in water) was purchased from
Sigma-Aldrich (St. Louis, MO). Sylgard 184 silicone elastomer base and Sylgard 184
silicone elastomer curing agent were purchased from Dow Corning Corporation, Midland,
MI, USA. Deionized (DI) water with a resistivity of 18.2 MQecm was used. Cr/Au
annealing was done in a Thermolyne muffle furnace from Thermo Fisher Scientific
(Ottawa, Ontario). Anhydrous ethanol was obtained from Commercial Alcohols
(Brampton, Ontario). Cr was 99.999% and obtained from ESPI (Ashland, OR), while Au
was 99.99% and obtained from MRCS Canada (Edmonton, AB).

Microgel Synthesis: Microgels composed of poly (N-isopropylacrylamide)-co-acrylic
acid (pNIPAm-co-AAc) were synthesized via free-radical precipitation polymerization as
described previously.'® The monomer mixture, with a total concentration of 154 mM,
was comprised of 85% (mole/mole) NIPAm, 10% AAc, and 5% BIS as the crosslinker.
NIPAm (17.0 mmol), and BIS (1.0 mmol) were dissolved in deionized water (100 mL)
with stirring in a beaker. The mixture was filtered through a 0.2 um filter affixed to a 20
mL syringe into a 200 mL 3-necked round-bottom flask. The beaker was rinsed with 25
mL of deionized water and then filtered into the NIPAm/BIS solution. The flask was then
equipped with a temperature probe, a condenser and a N> gas inlet. The solution was
bubbled with N> gas for ~1.5 h, while stirring at a rate of 450 rpm, allowing the
temperature to reach 45 °C. AAc (2.0 mmol) was then added to the heated mixture with a

micropipette in one aliquot. An aqueous solution of APS (0.078 M, 5 mL) was delivered
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to the reaction flask with a transfer pipet to initiate the reaction. Immediately following
initiation, a temperature ramp of 45 to 65 °C was applied to the solution at a rate of
30 °C/h. The reaction was allowed to proceed overnight at 65 °C. After polymerization,
the reaction mixture was allowed to cool down to room temperature and filtered through
glass wool to remove any large aggregates. The coagulum was rinsed with deionized
water and filtered. Aliquots of these microgels (12 mL) were centrifuged at a speed of
~8500 relative rcf at 23 °C for ~ 40 minutes to produce a pellet at the bottom of the
centrifuge tube. The supernatant was removed from the pellet of microgels, which was
then resuspended to the original volume (12 mL) using deionized water. This process was
repeated until the microgels were cleaned.

Fabrication of Self-Bending Bilayers: Transparent flexible plastic sheets (transparency
films for high temperature laser copiers from 3M company, Canada) were rinsed with DI
water and ethanol and dried with N2 gas, and 2 nm of Cr followed by 50 nm of Au were
thermally evaporated onto them at a rate of ~0.2 A s and ~0.1 A s°!, respectively, using
a Torr International Inc. model THEUPG thermal evaporation system (New Windsor,
NY). The Cr acts as adhesion layer to hold the Au layer on the plastic. An aliquot of
about 12 mL of previously purified microgel solution was centrifuged for 30 min at 23 °C
at ~8500 rcf to pack the microgels into a pellet at the bottom of the tube. After removal
of the supernatant solution, the microgel pellet was vortexed and placed onto a hot plate
at 30 °C. A previously coated Cr/Au substrate was rinsed with ethanol, dried with N, and

then placed onto a hot plate (Corning, NY) set to 30 °C. Aliquots (40 uL for each 25 x 25
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mm area) of the concentrated microgels were put onto the substrate and then spread
toward each edge using the side of a micropipette tip, as previously described. The
microgel solution was allowed to dry completely on the substrate for 2 h with the hot
plate temperature set to 35 °C. Then the substrates were washed copiously with DI water
to remove any excess microgels not bound directly to the Au. The microgel painted
substrates were then soaked in DI water bath and allowed to incubate overnight on a hot
plate set to ~30 °C. Following this step, the substrate was again rinsed with DI water to
further remove any microgels not bound directly to the Au coated substrate surface. The
microgel painted Au coated substrate was dried with N> gas and a specific amount of
pDADMAC solution (pH 6.5, 20 wt% in water) was deposited onto the microgel layer.
The whole set up was undisturbed and dried at ambient temperature/humidity. After
complete drying of the pDADMAC layer, the devices were placed into a humidity
controlled chamber. The humidity was controlled with an electronic feedback mechanism
to maintain a steady humidity -- humidity was modulated using an Air-O-Swiss AOS
7145 Cool Mist Ultrasonic humidifier (manufactured by Swiss Pure Air).

Fabrication of Au-PDMS Hybrid Strain Sensors: A PDMS film with a thickness of 0.5
mm was made by mixing silicone elastomer base and curing agent (from Dow Corning)
in volume ratio of 10:1. Then the resulting film was rinsed with DI water and ethanol and
dried with N> gas, and 2 nm of Cr followed by 50 nm of Au were thermally evaporated
onto the PDMS at a rate of ~0.2 A s' and ~0.1 A s, respectively, using a Torr

International Inc. model THEUPG thermal evaporation system. The sensor devices were
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evaluated by measuring their resistance using a multimeter. To evaluate the sensor
resistance as a function of stretching, the electrodes of a multimeter were continuously in
contact with the two ends of the device. To evaluate the sensor resistance as a function of
bending (when coupled to the self-bending devices), one end of the sensor was clamped,
and attached to the multimeter electrode, while the other electrode was only attached to
the sensor device after it completed bending at a given humidity. Additionally, the sensor
devices were incorporated in a circuit composed of a battery and a green LED (~532 nm
emission center) — the resistance of the sensor device could control the intensity of the
LED. Similar to the above approach, the LED was continuously connected to the sensor
device for the stretching experiments, while the LED was only connected to the sensor
devices after complete bending. We quantified the intensity of the LED using a fiber optic
probe to collect the light, which was coupled to a USB2000+ spectrophotometer all from
Ocean Optics (Dunedin, FL).

X-ray Diffraction: A polymer film sample was prepared by dropping 0.5 mL pDADMAC
solution on a silicon (100) substrate. Then we placed it in a humidity chamber held at 5%
humidity until the layer dried. A Rigaku XRD Ultima IV using CuKa X-ray source (40
kV, 44 mA) and continuous scan mode was used to collect data, which was examined
using JADE software.

Transmission Electron Microscopy and Electron Diffraction: The dried pPDADMAC layer
was first microtomed into thin films with a thickness of 100 nm by a LEICA EM UC6

and the thin films were floated onto acetone. Then the thin films were placed on
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carbon-coated, copper grids. Within a short time, the acetone evaporated and the thin
films were well attached onto the grids. Then TEM images and electron diffraction on

specific areas were obtained by CM20FEG/STEM, operated at 200 kV.

5.3 Results and discussion

5.3.1 Shape memory effect study of bilayer systems

A schematic of the devices used in this investigation is shown in Figure 5-1.
Specifically, onto circular plastic substrates (5.5 cm diameter) 2 nm Cr and 50 nm Au
were deposited via thermal evaporation followed by painting pNIPAm-co-AAc microgels
onto the resulting substrate, and finally a solution containing positively charged
pDADMAC (20 wt% in water) was added onto the microgels and allowed to dry.?3
Importantly, the pPDADMAC solution has a pH of ~ 6.5, which renders the pPDADMAC
positively charged, while the AAc in the microgels is deprotonated and hence negatively

charged. The many electrostatic interactions between these species allows the
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Figure 5-1 Bilayer fabrication process showing the bending behavior, and the bending axis
(black arrow). Rectangular pieces can be cut from this bilayer at various orientations

relative to the bending axis.

pDADMAC layer to strongly adhere to the microgel layer. Furthermore, since the
microgel layer is strongly adhered to the Au-coated flexible substrate, the contraction of
the pPDADMAC layer upon drying is translated into bending of the flexible substrate. We
consider the resulting devices as bilayers — the top layer being composed of pPDADMAC
and microgels and the bottom layer is the Au and plastic. Upon drying the pPDADMAC
layer at 5% relative humidity, the device bends along one central axis and the resultant
shape and degree of bending depends on the size/shape of the flexible substrate, and the
amount of pPDADMAC deposited on the microgel coated flexible substrates. It is also
important to note that pPDADMAC itself doesn't bend significantly upon drying, and the

fact that it is strongly bound to the flexible substrate allows the contraction upon drying
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to be translated into device bending. The device subsequently opens (unbends) when it is
exposed to an environment with a relative humidity of 55%; this is due to the
pDADMAC layer absorbing water from the environment, hydrating, and expanding. The
bending and unbending process can be repeated many times and each time the device
bends along the central axis that was formed during the initial bending. Thus the devices
exhibit shape changing behavior and shape memory since the bent and unbent
conformations are reproducible over many cycles.

Figure 5-2a shows a photograph of a typical bent circular device that was fabricated
as part of this investigation. For this investigation, three devices were fabricated in the
same way, with the same dimensions and each showed the same bending behavior as the
device shown in Figure 5-2a. When each of the three devices was opened, rectangular
portions (0.8 cm x 3 cm) were cut out of each device, with different orientations relative
to the bending axis; this is shown in Figure 5-2 (b-d) — these are referred to as templated
devices. As can be seen in Figure 5-2e, each of the rectangular portions bend into a
specific conformation defined by where they were cut from the circular device, and the
cutting orientation/direction relative to the bending axis. In other words, they bend into a
conformation that exactly matches how they would have bent if they were still part of the
circular device they were cut from. For comparison, three separate rectangular devices
(untemplated devices) with the same dimensions of those in Figure 5-2¢ (0.8 cm x 3cm)
were fabricated in the same way as the circular devices, although the devices were not

prebent prior to their generation. The rectangular devices were allowed to bend under the
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same conditions as the devices in Fig 5-2¢, and as can be seen in Figure 5-2f, the devices

bend in a completely different manner relative to those devices cut from the circular

Figure 5-2 (a) A bent circular device; (b, ¢, d) Rectangular pieces cut from three different
opened circular devices — the arrows indicate the bending axis on each device; (¢) Bent
rectangular devices cut from prebent circular bilayers — el is from b, €2 is from c, e3 are
from d; (f) Bent rectangular devices with the same dimensions of the devices in (e), but

these devices were cut from pieces that were not prebent.

"parent" devices. In fact, the bending behavior of the devices in Figure 5-2f can be
predicted from our previously developed models, while our current models could not
explain the bending behavior of the devices in Figure 5-2e. We also point out that all the
respective devices bend in the same way over many bending/unbending cycles,
suggesting that the bending direction is permanently templated into the devices.

To explain the bending of the untemplated devices in Figure 5-2f, we consider some

recently published examples of self-bending bilayers.?%>3%-3% Many bilayers constructed
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from inorganic and polymer-based materials exhibit self-bending behavior due to the
relaxation of internal stresses that originate from dissimilar properties of the two layers,
e.g., lattice mismatches, thermal expansion coefficients, and swelling abilities. The size
and shape of the bilayers also have a significant effect on the bending behavior that can
yield "long-side", "short-side" and "diagonal" bending.?’6%-31% In other words, the way
devices bend depends on the dimensions of the devices, and their specific aspect ratios.
Thus, the bending behavior of the untemplated devices is directly related to their shape,
size, and aspect ratio; the devices will bend in the direction (and into a shape) that
minimizes resistance to bending. In the case of the untemplated devices here, long-side
bending is the preferred bending direction, as can be seen in Figure 5-2f. On the other
hand, the templated devices show completely different bending behavior, allowing them
to bend in ways that are not preferred (Figure 5-2¢), and into configurations that require
bending in directions/conformations of high resistance. In order to explain this behavior,
we defined the shape of the circular device after bending in low humidity as the
"permanent shape" (also called "memorized shape"). Since the circular device is
symmetric, it always bends into a tube configuration, which yields the minimum
resistance to bending. By exposing the devices to high humidity, they can be fixed into
unbent "temporary states". They have the ability to bend back to the permanent shape
when the humidity is again decreased. Therefore, any portion of the circular device will
be templated to bend in the direction that was originally dictated by the "parent" circular

device, thus allowing the materials to reproducibly change shape with changes in
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humidity. This reproducible bending behavior can be considered to impart shape memory
to our materials, although it is for different reasons than what is seen in typical shape
memory polymers.

To explain the shape memory function of our devices (and the templating effect), we
investigated the properties of the pPDADMAC layer via X-ray diffraction (XRD) analysis.
XRD was performed on a pPDADMAC film deposited on (100) silicon substrate, and the
obtained XRD pattern is shown in Figure 5-3a. We have assigned the broad and strong
peaks at 20 = 16.19°, 21.80°, and 34.05° to the polymer itself, showing both crystalline
and amorphous phases. The rest of the diffraction peaks could be attributed to sodium

chloride (NaCl), which exist in the polymer solution. Furthermore, we

(b)
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Figure 5-3 (a) X-ray diffraction pattern of pDADMAC layer; (b) TEM image of
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pDADAMAC layer — dark "web-like" features are from the TEM grid; (c) Electron
diffraction pattern of cluster of the microtomed thin pDADMAC film; (d) Electron

diffraction pattern of polymer portion of the film; (¢) TEM image of the polymer portion of
the film.

investigated whether crystalline phases can be observed throughout the thickness of the
polyelectrolyte layer. To investigate this, we microtomed the pPDADMAC layer into thin
polymer slices, each with a thickness of 100 nm and analyzed the film structure by
transmission electron microscopy (TEM). From the TEM images in Figure 5-3b, it can be
seen that there are two distinct regions — a grey bulk region and small dark clusters
dispersed in the film. Electron diffraction analysis was performed on these two regions,
and as can be seen in Figure 5-3c, the diffraction pattern for the dark clusters was proven
to be NaCl while the diffraction pattern for the grey bulk region shows weaker (although
present) features, as can be seen in Figure 5-3d. These further prove the
semicrystallization of the polyelectrolyte layer. The TEM image (Figure 5-3¢) of the grey
bulk film in large magnification reveals that there are density differences on the polymer
film, which is indicative of two distinct regions in the layer. This could be a proof that the
film contains both crystalline and amorphous phases.

Based on above results, we propose the observed shape memory bending/unbending
behavior of our templated devices is a result of the formation of both crystallized and
amorphous phases in the pDADMAC layer. Specifically, upon deposition of the

pDADMAC solution onto the microgel layer, the chains are in a fully extended state, as a
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result of the highly charged monomer units in the polymer backbone repelling each other
via electrostatic repulsion, and resultant electrostatic double layer-like effects. At low
humidity, the pPDADMAC solution dries, and the concentration of both the pPDADMAC
and the counterions in solution increases. The increase in counterion concentration
increases the screening effect of pPDADMAC's charged units — this allows the polymer
chains to contract, and get closer to one another. Under these conditions, strong
intermolecular interactions and entanglements between polymer chains can result in the
formation of both crystalline and amorphous phases in the pPDADMAC layer. We point
out that NaCl crystals can serve as nucleation sites for pPDADMAC crystallization, but
this is not required for crystalline phase formation. In fact, Lu and coworkers have shown

that crystallization could be observed in pure pPDADMAC thin films.*!!
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Figure 5-4 (Left) Schematic of the bent and unbent circular devices and (right) the

corresponding proposed pPDADMAC phases. Top views are the x-y of each circled region.
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While the discussion above details how crystalline phases are formed, it still does
not account for the observed shape memory. To explain this, we show a schematic of a
bent device in Figure 5-4a. As can be seen, the device bends along one central axis into a
tubular structure. As a result of drying, the device bends and crystalline phases are
formed throughout the pDADMAC layer (described above), separated by amorphous
phases; the crystalline phases are hypothesized to align perpendicular to the bending axis.
We propose that it is the alignment of the crystalline phases with the bending axis that
locks the bending direction of the devices in place. When exposing the bent device to
high humidity, the amorphous phases swell more readily than the crystalline phases,
leading to unbending of the device. This is shown schematically in Figure 5-4b. It is
important to note that the crystalline phases retain their structure at high humidity, while
the amorphous phases become soft and swollen — it is the retention of the crystalline
phases that templates the shape memory. This concept is supported by previous studies
that show that water may serve as a plasticizer of pPDADMAC, which decreases its glass
transition temperature (Tg), which is 70 ‘C for pPDADMAC.?'? Therefore, as water is
sorbed, the amorphous phases become soft and swollen, allowing the device to unbend.
At the humidity required for unbending, the crystalline phases remain intact, which is
also supported by literature precedent.*!*3!* Finally, any portion cut from the prebent
circular device will likewise retain these crystalline structures and orientations, which
allows them bend/unbend in the same manner each time. Therefore, the individual

portions cut from the prebent circular device will bend as it would if it were never cut
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from the circular "parent" device, exhibiting a shape memory-like effect. We point out
again that pPDADMAC itself is not a shape memory polymer, although our bilayer devices
allow it to bend flexible substrates into specific shapes, and these devices exhibit shape
memory. This concept is illustrated schematically in Figure 5-5. As can be seen
schematically in Figure 5-5a, when the rectangle is cut perpendicular to the bending axis,
the device bends along the long axis, while it bends on the short axis if the rectangle is
cut parallel to the original bending axis, as shown schematically in Figure 5-5b. Similar
arguments can be made for any other devices (rectangular or otherwise) cut from
different parts of the original circular device, and with any orientation relative to the

bending axis.

Bent

Bent

Figure 5-5 Schematic of the bent rectangular portions cut from the shaded regions of the
(left) circular devices. (a) Rectangular device's long axis cut perpendicular to the bending

axis; (b) Rectangular device's long axis cut parallel to the bending axis.
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It is worth noting that the mechanism of shape memory that we describe here is
much different than for common temperature triggered shape memory polymers, which
relies on increasing and decreasing their temperature above and below the material's
melting or glass transition temperature to yield material deformation. To the best of our
knowledge, this is the first time that the crystallization of polyelectrolytes has been used

to explain the shape memory behavior and deformation of devices.

5.3.2 Applications

With the shape memory behavior of our systems described, we used these devices to
construct novel humidity sensors. Specifically, we cut rectangular pieces from a circular
device (as above) and coupled them to strain sensors that are capable of changing their
electrical properties (resistance/conductivity changes) upon stretching and/or bending.
We also used these sensors as an electrical component in a circuit that was coupled to a
light emitting diode (LED). This allowed the resistance changes of the strain sensors to

modulate the intensity of the light emitted from the LED.
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Figure 5-6 (a) Schematic depiction of the strain sensor; (b) FESEM images of the surface
of the strain sensor after fabrication; (c) XPS of the gold coated PDMS substrate; (d, e)

bent and stretched strain sensors.

First, we fabricated the strain sensor as shown schematically in Figure 5-6a. A 0.5
mm thick polydimethylsiloxane (PDMS) film was generated by mixing commercially
available silicone elastomer base gel and curing agent in a 10:1 volume ratio and curing
overnight at 70 °C on a plastic substrate. A thermal evaporator was then used to deposit 2
nm of Cr followed by 50 nm Au onto the PDMS. The resultant material was then cut into
10 mm wide x 25 mm long pieces. Figure 5-6b shows the field emission scanning
electron microscope (FESEM) image of the surface of the hybrid material, which
revealed connected Au "islands" with an average grain size of ~13 nm. Figure 5-6¢ shows
the X-ray photoelectron spectroscopy (XPS) analysis of the surface, which reveals

characteristic signals for Au, O and Si. Finally, we show that the devices are bendable and
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stretchable, as shown in Figure 5-6d and 5-6e.
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Figure 5-7 (a) Schematic depiction of the setup used to monitor resistance (and LED
intensity) as a function of strain. (b) LED light intensity (left axis) resistance (right axis)
and as a function of strain. In all cases, each data point is the average signal obtained from

a single device measured three times, while the error bars is the standard deviation.

Figure 5-7a shows schematically how the resultant device was used as a strain
sensor. Both ends of the device were clipped to electrical connectors, and a multimeter
was used to determine the resistance of the devices as a function of applied strain, i.e.,
length increase compared to original length. Specifically, we determined the resistance as
a function of stretching degree for strains of 0, 5, 10, 15, 20, 25, and 30% — the
resistance was recorded for both stretching and unstretching. The stretching/unstretching
was repeated three times and the results are shown in Figure 5-7b. Furthermore, we
introduced this device as a component of an electrical circuit composed of a LED and a

battery and showed that the light intensity could be modulated by stretching/unstretching
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the hybrid material in the same manner as above. The intensity of the LED light at the
different strains is shown in Figure 5-7b. We quantified the intensity of the LED using a
fiber optic probe to collect the light, which was coupled to a USB2000+
spectrophotometer. As can be seen, there is some hysteresis between multiple stretching
and unstretching cycles, although the distinct strains can be measured.

We point out that the mechanical properties and conductive behavior of PDMS
coated with Au was reported previously, although no systematically study exists on the
reversibility and precision of the response over many stretching cycles.?*>313316 Here we
further examined the morphology of the gold surface of the Au-coated PDMS using
atomic force microscopy (AFM) and FESEM to understand why the electrical properties
of the hybrid depended on the strain. Figure 5-8a shows schematically how the Au
structure changes with strain, while Figures 5-8b and c are the corresponding AFM and
FESEM images of the strained device. Before stretching the "as-deposited" Au layers
appeared to be flat, consisting of islands with nanoscale dimensions. When the device
was imaged while being held in a stretched state (15% strain), small lateral and
transversal microcracks appear in the Au layer, which explained the increase in electrical
resistance upon stretching the device. When the strain was increased near 30%, the crack
number increased, with a concomitant increase in crack width. The combination of the
increase in lateral and transversal cracks directly leads to the increased electrical
resistance. When the strain is reduced, the Au film nearly flattens out, and the cracks

disappear, leading to the decrease in resistance. This behavior explains the reversibility of
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the electrical properties of the hybrid during the strain cycles.

(a) (b) (c)

0% _stretched

Figure 5-8 (a) Schematic depiction of the Au morphology as a function of strain and the
corresponding; (b) AFM; and (c) FESEM images at the indicated strains.

Finally, we attached the bendable bilayer devices to the strain sensors to yield a
humidity sensor. Specifically, strong van der Waals forces were used to adhere the
uncoated side of a templated bilayer device to the uncoated side of the Au-coated PDMS.
Therefore, the bending/unbending behavior of the bilayer piece will likewise cause the

strain sensor to bend resulting in stretching/unstretching (Au film cracking/uncracking),
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and electrical resistance changes. The templated devices were chosen for these
experiments as they exhibited more reproducible and predictable bending behavior
relative to the untemplated devices. To investigate the humidity response, we connected
the assembly to a multimeter (attached onto the gold surface of the strain sensor) and put
the setup in a humidity-controlled chamber. As can be seen in the data in Figure 5-9b, at a
humidity of 45%, the assembly was flat. In this condition, the resistance of the strain
sensor was relatively small. When the humidity was decreased to 35%, the device bent,
resulting in an increased resistance. We subsequently lowered the humidity to 5% in 10%
increments and measured the resistance. As can be seen in Figure 5-9b, the resistance
decreased in a linear fashion with decreasing humidity. When the humidity was increased
from 5% to 45% (in 10% increments), the resistance increased in a linear fashion, and
closely followed the resistance for the decrease cycle with little hysteresis. Also, we
connected the assembly to a circuit composed of a LED and battery and collected the
LED light intensity as a function of humidity — this is shown schematically in Figure
5-9a. As can be seen in Figure 5-9b, the light intensity likewise depended on humidity.
That is, as the humidity decreased the LED light intensity increased (due to the decreased
resistance), while the LED light intensity decreased as the humidity increased (due to the
increase in resistance). There was nearly no hysteresis between multiple humidity
increase and decrease cycles. This proves that our bilayer self-bending devices can be

used as humidity sensors, and could be further developed into sensors for other vapors.
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Figure 5-9 (a) Schematic depiction of the experimental setup used to measure resistance
and LED light intensity as a function of device bending; (b) Light intensity (left axis) and
resistance (right axis) changes induced by the bending of the bilayers coupled to the strain
sensors. In all cases, each data point is the average signal obtained from a single device

measured three times, while the error bars is the standard deviation.

5.4 Conclusions

In this work we fully characterized the self-bending behavior of humidity responsive
polymer-based bilayer devices. We showed that the bending behavior was greatly
influenced by the bending history of the materials they were taken from. Specifically, if
rectangular bilayer devices were cut from prebent circular devices, they bent in a manner
that directly matched the bending behavior of the region they were taken from. From this
behavior we proposed that the pPDADMAC layer forms both amorphous and crystalline
phases — the crystalline phases template in the bending behavior, which is supported by

experimental data. Finally, we fabricated strain sensors that could be coupled to the
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self-bending materials to yield humidity sensors. While these devices can be used as

vapor sensors, they could find utility as soft robotics, and as biomedical devices.
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Chapter 6: Reversible Bi-Directional Folding of Hydrogel Actuators

6.1 Introduction

Smart hydrogels are crosslinked networks composed of stimuli responsive
hydrophilic polymers, which are highly swellable with water.*!” They can undergo abrupt
volume changes in response to changes in their environment, including temperature, pH,
ionic strength, chemical, and electricity.”?!3?13318 Consequently, they play a very
important role in practical applications such as sensing,>'’3? drug delivery,**!*?? soft

actuators and robotics,?'**>

and artificial muscles.?***?* Interpenetrating polymer
network (IPN) hydrogels are formed by combining two polymers (at least one should be
responsive) that have some physical interactions that hold the network together (instead

of covalent bonds),***

as shown in Figure 6-1a. One type of IPN is called a semi-IPN,
which is conventionally defined as a combination of two polymers, one of which is
chemically crosslinked in the presence of the other linear polymer, which is physically
entangled on the network,** as shown in Figure 6-1b. Compared with the single network
hydrogels, it is possible for components of the IPNs to work together to yield materials
with new behavior that is not expected by consideration of the responses of the individual

components alone.*? Most research on IPNs is focused on gaining a better understanding

of their fundamental properties (e.g. swelling/deswelling of the system),?’32% and on
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their practical

Figure 6-1 Schematic of (a) IPN hydrogel, (b) semi-IPN hydrogel

329 and novel sorbents for separations.®** Here, for the first

applications for biomaterials
time, we describe a novel semi-IPN hydrogel-based actuator composed of two layers.
One layer is a poly (N-isopropylacrylamide) (pNIPAm)-based hydrogel interpenetrated
by a linear poly (diallyldimethylammonium chloride) (pDADMAC), and the other layer
is polydimethylsiloxane (PDMS).

PNIPAm is one of the most well-known temperature responsive polymers, which
undergoes a coil to globule transition at temperatures above its lower critical solution
temperature (LCST) of ~32 °C." Like linear pNIPAm, pNIPAm-based hydrogels undergo

a transition from a swollen to a collapsed state upon heating above pNIPAm's LCST. Due

to their thermoresponsivity, they have been applied for cell culturing,>® drug delivery,?°
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and soft actuators.!”® Introducing ionic groups into neutral pNIPAm networks adds an
additional osmotic pressure contribution to the swelling of the network due to the higher
concentration of mobile ions within the network as a consequence of the Donnan
equilibrium.**! This renders ionic hydrogel networks responsive to dual stimuli, i.e.,
responsive to temperature and pH/ionization. For example, by copolymerizing a weak
acid with N-isopropylacrylamide (NIPAm), a pH and temperature responsive network can
be formed.!** Acrylic acid (AAc) is one of the most commonly studied comonomers used
for this purpose, which has a pKa of ~ 4.25. Therefore, AAc becomes deprotonated when
pH of the solution is higher than 4.25, which leads to high osmotic pressure and swelling
of the pNIPAm-co-AAc hydrogel network. Likewise, the network collapses when the
AAc groups are protonated at low pH.

PDADMAC is a strong polycation, which contains permanent positive charges on its
backbone. PDADMAC-based gels are able to absorb several hundred times their own
volume of water,*> which makes it a good candidate to induce higher water retention in
hydrogels. For example, it has been reported that a series of IPN hydrogels with
pDADMAC and other components, such as chitosan®? and poly (vinyl alcohol),*** were
synthesized and the fundamental swelling dynamics were investigated. This category of
hydrogels swell/deswell rapidly and show large-scale volume change in response to
external stimuli.

Single-network pNIPAm-based hydrogel bilayer actuators, which rely on volume

changes of the stimuli responsive hydrogel layer, have been reported
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previously.203234333336  However, these actuators are limited to one directional
deformation, and exhibit low stiffness which makes them too soft for many practical
applications. In order to address these limitations, we fabricated semi-IPN
hydrogel-based bilayers. In these devices, one layer is composed of pNIPAm-based
hydrogel networks semi-interpenetrated with linear pPDADMAC. Due to the significantly
high water retention of pPDADMAC, this semi-IPN hydrogel layer swells to a large extent
at a low temperature. Compared with the hydrogel without pPDADMAC, it undergoes
larger-scale volume change as a result of heating above the LCST of pNIPAm. Secondly,
we combine the system with a rigid polymer layer composed of PDMS, which increases
the overall stiffness of semi-IPN hydrogel layer. The PDMS layer also serves as a
non-water swellable layer, which is dissimilar to the pNIPAm-based hydrogel layer. We
chose to construct the bilayer system into a cross-shape, which exhibits bi-directional
folding behavior in response to temperature changes. This could be considered as a
mimic of some natural actuators, such as jellyfish. Furthermore, we copolymerized AAc
with NIPAm in the presence of pPDADMAC, and the formed semi IPN hydrogel layer
exhibits multi-stimuli responsivity, which enables the cross-shape bilayer devices to
deform bi-directionally in response to pH changes. Moreover, we show that the existence
of pPDADMAC in the hydrogel layer enables our device to deform in a manner that is
completely different from devices without pPDADMAC. In this work, we show that the
bilayers exhibit excellent temperature and pH-responsivity that can be used for

temperature and pH controlled biomimetic actuators, manipulators and molecule release
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devices.

6.2 Experimental section

Materials: N-isopropylacrylamide (NIPAm) was purchased from TCI (Portland, Oregon)
and purified by recrystallization from hexanes (ACS reagent grade, EMD, Gibbstown, NJ)
prior to use. N, N'-methylenebisacrylamide (BIS) (99%), acrylic acid (AAc) (99%),
2-propene-1-thiol (60% GC) and 2,2-diethoxyacetophenone (DEAP) were obtained from
Sigma-Aldrich ~ (Oakville, Ontario) and were wused as received. Poly
(diallyldimethylammonium chloride) solution (pDADMAC) with molecular weights of
100,000 ~ 200,000 (low Mw), 200,000 ~ 350,000 (medium Mw), and 400,000-500,000
(high Mw) (20 wt% in water) were purchased from Sigma-Aldrich (St. Louis, MO).
Sylgard 184 silicone elastomer base and Sylgard 184 silicone elastomer curing agent
were purchased from Dow Corning Corporation, Midland, MI, USA. Deionized (DI)
water with a resistivity of 18.2 MQecm was used. Cr/Au annealing was done in a
Thermolyne muffle furnace from Thermo Fisher Scientific (Ottawa, Ontario). Anhydrous
ethanol was obtained from Commercial Alcohols (Brampton, Ontario). Cr was 99.999%
and obtained from ESPI (Ashland, OR), while Au was 99.99% and obtained from MRCS
Canada (Edmonton, AB).

Preparation of pre-gel solution: Three kinds of solutions were made for the fabrication of
thermoresponsive bi-directional self-folding bilayers. In solution 1, we firstly mix 12 mL
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DI water and 3 mL pDADMAC solution (20 wt%, low My ), which is used as a solvent.
Then monomers mixtures were dissolved in this solvent, with a total monomer
concentration of 7.89 mol/L. The monomer mixtures contain 95% (mol%) of NIPAm, and
5% BIS. Then 40 uL. DEAP (as a photoinitiator) was added in the solution, followed by
covering the container of the solution by aluminum foil and shaking the solution for 1 h.
Likewise, in solution 2 and 3, we used pPDADMAC solution (20 wt%) with medium My,
and high My, respectively. For each solution, we made a control solution with no
pDADMAC added.

Additionally, we made three solutions for the fabrication of pH responsive
bi-directional self-folding bilayers. In solution 1, we firstly mix 12 mL DI water and 3
mL pDADMAC solution (20 wt%, low Mw), which is used as a solvent. Then monomer
mixtures were dissolved in the solvent, with a total monomer concentration of 7.89 mol/L.
The monomer mixtures contain 80% (mol%) of NIPAm, 15% AAc, and 5% BIS. Then 40
uL DEAP (photoinitiator) was added in the solution, followed by covering the container
of the solution by aluminum foil and shaking the solution for 1 h. Likewise, in solution 2
and 3, we used pDADMAC solution (20 wt%) with medium Mw and high Mw,

respectively. For each solution, we made a control solution with no pPDADMAC added.

Fabrication of self-folding IPN hydrogel based bilayers: This process is shown
schematically in Figure 6-2. Specifically, a PDMS film with a thickness of 0.5 mm was

generated by mixing silicone elastomer base and curing agent (from Dow Corning) in a
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volume ratio of 10:1. Then the resulting film was rinsed with DI water and ethanol and
dried with N> gas, and 2 nm of Cr followed by 50 nm of Au were thermally evaporated
onto the PDMS at a rate of ~0.2 A s and ~0.1 A s, respectively, using a Torr
International Inc. model THEUPG thermal evaporation system. Then the Au-coated
PDMS layer was soaked in an ethanol solution of 1-propene-2-thiol overnight at 4 °C,
followed by soaking in ethanol for more than 5 h to rinse away the excess
1-propene-2-thiol. Then cross-shaped substrates were cut out of the modified PDMS
sheet. The distance between two neighbouring vertexes is 1.25 cm. Then the cross-shaped
substrates were put on the surface of a Petri-dish. After deposition of the pre-gel solution
on the substrate, the Petri-dish was placed onto a cooling plate (Stir-Kool Model SK-12,
Thermoelectrics Unlimited, Inc.), which was supported by recycling cool water through
the instrument. The temperature of the cooling plate was set to be ~ 10 °C. Afterwards,
the pre-gel solution was covered by a piece of thin Teflon sheet. Then after UV
irradiation for 15 mins, photo-initiated polymerization leads to the formation of hydrogels
and IPN hydrogels. The formed hydrogel-based bilayers were released, followed by
washing away the unreacted monomers by adding and changing DI water in the
Petri-dish for several days.

Field emission scanning electron microscopy: The folded bilayer systems were first
frozen by immersing them in liquid nitrogen for 10 mins. Then the bilayers were
freeze-dried overnight by lyophilization. (FreeZone. 4.5, LABCONCO). Then the dried

bilayers were placed on a conductive copper tape coated holder and SEM images
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acquired on specific areas using a Zeiss Sigma FESEM, operated at 5 kV.

Crystal Violet (CV) loading and releasing from the bilayer with a polymeric particle
encapsulated: Firstly, a bilayer film was generated by mixed 12 mL of DI water and 3 mL
of pPDADMAC solution (20 wt%, low My), which was used as a solvent. Then monomer
mixtures were dissolved in the solvent, with a total monomer concentration of 7.89 mol/L.
The monomer mixtures contain 80% (mol%) of NIPAm, 25% AAc, and 5% BIS. Then 40
pL DEAP (as a photoinitiator) was added in the solution, followed by covering the
container of the solution by aluminum foil and shaking the solution for 1 h. The control
solution contained the same components as above except no pPDADMAC was present.
The fabricated bilayers, which were generated using the same procedure as above, were
firstly soaked in a solution of pH 3, which causes the bilayers to be almost flat. Then we
placed the bilayer in a bottle containing 15 mL of CV solution (1 mg/mL, pH 6.5) and a
polymeric target particle at the bottom. After overnight soaking, the bilayer was
completely folded up towards the side of PDMS, and at the same time, the polymeric
particle was encapsulated by the bilayer. For CV releasing, a glass vial containing 20 mL
pH 6.5 solution was placed on a plate with the temperature set as ~ 25 °C. The solution
was stirred continuously at 60 rpm using a magnetic stir bar and flowed through a cuvette
in an Agilent 8453 UV-vis spectrophotometer, equipped with an 89090A temperature
controller and Peltier heating device, via a peristaltic pump. The pumping speed was kept
constant for the whole experiment. Then the CV loaded bilayer with the encapsulated

polymeric particle was placed into the solution, and a timer as started. After 30 mins, the
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pH of the solution was changed to 3. The absorbance spectrum from the solution was

collected every 2 mins.

6.3 Results and discussion

6.3.1 Strategies for design and fabrication of bilayers

It is well known that pNIPAm-based hydrogels have relatively low stiffness.?*’
Furthermore, in this work, the semi-IPN hydrogel has a significantly larger water content,
which makes it even weaker.>*® In order to make pNIPAm-based hydrogel actuators with
high stiffness, we combine a rigid and nonswellable polymer (PDMS) layer with the
hydrogel layers.

Our approach depends on differential volume changes in semi-IPN hydrogel layer
and the PDMS layer. The active hydrogel layer exhibits significant volume
expansion/contraction after exposure to certain stimuli by swelling/deswelling in aqueous
solution, whereas the volume of passive PDMS layer remains constant. Consequently, the
internal stress generated drives the reversible bi-directional folding of the cross-shaped
bilayers. The fabrication process of the hydrogel/PDMS bilayer is shown schematically in
Figure 6-2. Specifically, a thin PDMS sheet was coated with Au by thermal evaporation,
followed by surface modification with 1-propene-2-thiol, which reacts with Au on the
surface of PDMS. Then cross-shaped PDMS layers were cut out of the flat sheet and

placed on the surface of the Petri dish. The pre-gel aqueous solution, which contains
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NIPAm, or/and AAc, pDADMAC (of three different molecular weights), N,
N’-methylene-bis-acrylamide (BIS) as crosslinker, and 2, 2-diethoxyacetophenone
(DEAP) as photoinitiator, was deposited on the PDMS substrate. To make a thin and

homogeneous

\30|d coated PDMS

Figure 6-2 a) Schematic illustration of the fabrication process of cross-shaped PDMS
substrates; b) the representative cross-section of cross-shaped devices in the process of the

adding the hydrogel layer on top of PDMS layers.

hydrogel layer, a thin Teflon sheet (allows light to penetrate through to the monomer
solution) was placed on top of the pre-gel solution, as shown in Figure 6-2b. UV
irradiation was carried out for 15 mins to initiate the polymerization on a cooling plate,
which is set as 10 °C and used to allow polymerization to occur at low temperature to
make sure that the formed pNIPAm based hydrogel networks are in a swollen state. As a
consequence, the modified molecules (1-propene-2-thiol) on the surface of PDMS are

copolymerized with monomers in the pre-gel solution, which serves as a “glue” between

112



the two layers. Therefore, after removing the Teflon sheet, the thin hydrogel film is left
intact on the PDMS layer and the thickness of the hydrogel layer depends on the amount
of pre-gel solution deposited. A bilayer product can be obtained after releasing it from the
Petri dish. Then they are washed thoroughly with DI water for several days to remove the
unreacted monomers and the left pPDADMAC, which was not successfully trapped in the

hydrogel network.

6.3.2 Thermoresponsive bi-directional self-folding cross-shaped bilayers

To investigate the thermoresponsivity of the bilayer system, we prepared pNIPAm
hydrogel/PDMS and pNIPAm-pDADMAC semi-IPN hydrogel/PDMS cross-shaped
bilayers. We used pPDADMAC with three different molecular weights (100-200 kDa (low
Mw), 200-350 kDa (medium Mw), and 400-500 kDa (high Mw)). In order to investigate
the combination of the hydrogel layer and PDMS layer, the microstructures of the
interface between two layers are observed by scanning electron microscopy (SEM). The
bilayer device was freeze-dried before SEM imaging. As shown in Figure 6-3 the
hydrogel layer exhibits a microporous network, which results from the sublimation of the
frozen water that was formed in the swollen hydrogels before lyophilizing.**° It clearly
shows that crosslinked hydrogel networks are propagated from the surface of PDMS and
these two layers are adhered together strongly. Furthermore, the two layers do not
separate even after many rounds of folding and unfolding actuation.
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Figure 6 3 The SEM image of the interface of the two layers: the porous side is the

hydrogel layer, while the the other side is the PDMS layer.

Effects of pDADMAC in the hydrogel on the temperature stimulated folding
behavior of the bilayer system were studied. Figure 6-4a shows that the bilayer, with

pDADMALC trapped in pNIPAm hydrogel layer, which is transparent, self-folds towards

Figure 6-3 a) actuation of the NIPAm-pDADMAC hydrogel/PDMS bilayer system; b)

actuation of the NIPAm hydrogel/PDMS bilayer system. In the schematic drawings of the
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bilayer systems, the yellow side is the PDMS layer, while the grey side is the
pNIPAm-based hydrogel layer.

the side of PDMS into a capsule at low temperature (25 °C) in DI water. When the
temperature is increased to 40 °C, the hydrogel layer becomes white as a result of the
transition of the pNIPAm-based network from a swollen to deswollen state. This leads to
the opening of the capsule and subsequently self-folding of the bilayer in the opposite
direction. The bilayers were able to completely fold back to the original conformation
when the temperature was decreased to 25 °C within ~ 10 mins. It is worth mentioning
that hydrogels containing pPDADMAC of three different molecular weights show very
similar folding behavior in response to temperature changes. In contrast, as shown in
Figure 6-4b, the bilayer system without pPDADMAC trapped in the hydrogel layer fail to
exhibit bi-directional folding behavior. At low temperature, in the absence of pPDADMAC,
the mechanical force generated from the volume expansion of the pNIPAm hydrogel
layer by swelling is not strong enough to cause the bilayer to bend. Although at high
temperature, the strength generated from the shrinking of the hydrogel network could still
induce one directional folding of the bilayer system. The thermoresponsive folding
behaviour of both bilayer systems in DI water with switching temperature between 25 °C
and 40 °C are reversible and repeatable. SEM images were collected to study the changes
in the microporous structures of the hydrogel layer in response to temperature. The

images in Figure 6-5 (al, a2, a3) show the pNIPAm-pDADMAC hydrogel layer after the

115



1t, 27 and 3" cycle of folding at 25 °C, while al’, a2’, and a3’ show the images of the
same hydrogel network after the 1%, 2", 3 cycle of folding at 40 °C. Figure 6-5 (b1, b2,
b3) show the SEM images of the microstructures of pNIPAm hydrogel networks after the

1%, 2" and 3™ cycle of folding at 25 °C, while

Figure 6-4 al, a2, a3 are SEM images for the pNIPAm-pDADMAC hydrogel layer after the

Ist, 2nd, and 3rd cycle of folding at 25 °C; al’, a2’, and a3’ are images of the same
hydrogel network after the 1st, 2nd, 3rd cycle of folding at 40 °C; bl, b2, b3 are the SEM

images of of pNIPAm hydrogel layer after the 1st, 2nd, and 3rd cycle of folding at 25 °C;
b1’, b2’, and b3’ are images of the same hydrogel network after the 1st, 2nd, 3rd cycle of
folding at 40 °C.

bl’, b2’, and b3’ show the images of the same hydrogel network after the 1%, 2nd, 3
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cycle of folding at 40 °C. We point out that for all samples were instantaneously frozen in
liquid nitrogen and freeze-dried via lyophilization before SEM imaging. In general, we
can conclude that the pore sizes of the hydrogel layer (with/without pPDADMAC) at
25 °C are much larger than their counterparts at 40 °C, which corresponds with the
folding of both types of bilayer systems towards the hydrogel layer at high temperature.
Secondly, the structures of the hydrogel layer with pDADMAC at 25 °C are markedly
more porous compared with the more compact structures of the hydrogel layers without
pDADMAC, which further proves the existence of ionized pendent quaternary
ammonium groups in pPDADMAC generated high osmotic pressure and the resultant
strong repulsion force in the semi-IPN hydrogel network. This explains why the
pNIPAm-pDADMAC hydrogel-based bilayers were able to fold towards the PDMS layer
at low temperature, while pNIPAm hydrogel based bilayers failed in folding in the same
fashion. At last, the changes in pore size of the both hydrogel layers are repeatable and
reversible after three cycles of folding and unfolding, which corresponds with the
reversible and repeatable folding behaviors of both bilayer actuators.

Figure 6-6 shows the demonstration of pNIPAm-pDADMAC hydrogel/PDMS
bilayer as temperature controlled manipulators. When the temperature is decreased from
50 °C to 10 °C the cross-shaped bilayer system folds towards the PDMS side, thus the
plastic bead is encapsulated and transferred. When the manipulator with the plastic beads
is transferred to a water bath at 50 °C, the capsule opened and the plastic bead is released

in the water. The temperature-induced volume swelling and shrinking of the hydrogels is
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the driving force for the application of the bilayer system as the manipulator. The
encapsulation of the object by the bilayer system, which folds towards the PDMS layer in
the water at 10 °C, avoids the hydrogel layer directly contacting the stiff object with the
soft hydrogels preventing damage. This is not the case with the bilayer without

pDADMAC in the hydrogel layer.

Figure 6-5 The target loading and releasing process in water with different temperatures.

(The solution at 10 °C appears cloudy because the beaker was taken out from ice bath)

6.3.3 pH-responsive bi-directional self-folding cross-shaped bilayers

To investigate the pH-responsive behavior of the bilayer system, we prepared

pNIPAm-based bilayers composed of 15% AAc (mol%) with and without pDADMAC
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(medium Mw). We were interested in understanding the effects of pPDADMAC in the
hydrogel on the pH responsive folding behavior of the bilayer systems. All the studies in
this section were conducted at 25 °C. Figure 6-7a shows that the bilayer system, with
pDADMAC trapped in pNIPAm-15% AAc hydrogel layer self-folds toward the hydrogel
side of the actuator into a capsule at pH 6.5. Figure 6-7 (al) shows a photograph of the
folded bilayer, and Figure 6-7 (a2) shows the corresponding schematic diagram. When
the pH is changed to 3, the bilayer dramatically folds in the opposite direction, as shown
in Figures 6-7al’ and 6-7a2’. This bi-directional folding can be repeated many times as
the solution pH is switched between 6.5 and 3. In contrast, the bilayer system with only
NIPAm and AAc in the hydrogel layer, folds toward the side of the PDMS instead into
the capsule at pH 6.5, as shown in Figure 6-7b1 and Figure 6-7b2. When the pH is
changed to 3, the capsule opens up to be approximately flat without folding in the other

direction.

Figure 6-6 Al, a2, a3 are the optical graph, schematic diagram, and SEM image of the
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NIPAm-AAc (15%)-pDADMAC hydrogel layer at pH 6.5 respectively; al’, a2’, a3’ are
images for the same hydrogel layer at pH 3.0; b1, b2, b3 are images for the NIPAm-AAc
(15%) hydrogel layer at pH 6.5; b1°, b2’, b3’ are images for the same hydrogel layer at pH
3.0.

From the SEM images of the microstructures of NIPAm-15% AAc-PDADMAC
hydrogels shown in Figure 6-7a3 (pH 6.5) and Figure 6-7a3’ (pH = 3), we propose that
the compact pores with small size in Figure 6-7a3 are a result of the strong electrostatic
complexes formed between the negatively charged AAc (belongs to the chemically
crosslinked hydrogel networks) and the positively charged pPDADMAC (belongs to the
physically trapped long polyelectrolyte chain) in the hydrogel network, which promotes
the shrinking of the hydrogel at pH 6.5 and leads to the folding of the bilayer towards the
semi-IPN hydrogel layer. On the other hand, AAc becomes neutral at pH 3. In the
absence of the strong electrostatic interactions, the hydrogel network becomes “loose”
and pDADMAC recovers its function as a positively charged polyelectrolyte, which
allows the hydrogel to absorb a large amount of water. Consequently, the pore sizes of the
hydrogel network become much larger at pH 3, as shown in Figure 6-7a3’. The resulting
high osmotic pressure promotes the folding of the bilayer towards the PDMS layer. In
contrast, the pore size of the NIPAm-15% AAc hydrogel at pH is 6.5 is relatively large
due to the osmotic pressure generated by the existence of deprotonated AAc (shown in
Figure 6-7b3), which leads to the folding of the bilayer towards the PDMS layer. On the

other hand, at pH 3, the protonation of AAc leads to a decreased pore size and shrinking
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of the hydrogel network (shown by Figure 6-7b3’), which allows the capsule to open up
to be almost flat. In addition, we further proved our hypothesis by trapping pDADMAC
with the low Mw and high Mw instead in the pNIPAm-15%AAc hydrogel layer. It was
observed that the bilayer with high MW pDADMAC trapped in the hydrogel layer
exhibits a similar folding behavior as the one with the medium Mw trapped in response to
pH switching between 6.5 and 3.0. However, the bilayer with low Mw pDADMAC
trapped shows a small degree of folding towards the PDMS layer at pH 6.5 (the
photographs are not shown here), which is different from the other two instances. We
hypothesize that this is a result of the low MW pDADMAC being unable to span as much
of the network compared to the high Mw pDADMAC, thus the electrostatic interactions
formed are not strong enough to induce the shrinking of the hydrogel network at pH 6.5.
However, the folding behavior of these three types of bilayer systems is similar at the
solution of pH 3. Likewise, at pH 3 the protonation of AAc frees pPDADMAC from
electrostatic interaction with the negative AAc charges, leading to a larger osmotic
pressure in the hydrogel layer and its swelling. Thus the bilayers fold towards the PDMS

layer.

6.3.4 Dual stimuli responsive self-folding cross-shaped bilayers

We also investigated the effect of dual-stimuli on the folding behavior of the bilayers,
with the NIPAm — 15% AAc - pPDADMAC (medium Mw) hydrogel layer as an example.
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Figure 6-8al and Figure 6-8a2 show photographs and schematic representations of the
bilayer structures at pH of 6.5 and temperature of 25 °C. As we expected, the bilayer

systems folds toward the hydrogel layer.

pH=6.5, 25 °C pH=6.5, 40 °C pH=3, 40 °C pH=3, 25 °C
a b c d
1 1 1 1
= =
| ' |
2
{1

Figure 6-7 Self folded bilayer structures, 1: optical graph, 2: schematic diagram, 3:

arrangement of polymer chains, at four combination of temperature and pH.

When the pH is maintained at pH 6.5 and temperature is increased to 40 °C, the bilayer
folds toward the hydrogel layer due to the thermoresponsivity of pNIPAm in the hydrogel,
which is shown in Figure 6-8b1 and Figure 6-8b2. Furthermore, when the temperature is
maintained at 40 °C and the pH is changed to 3.0, we found that the completely folded
structure opens up to become almost flat. We proposed that the protonation of AAc
allows the positively charged PDADMAC to absorb water and swell, even at elevated
temperatures. However, the copolymerization of AAc with NIPAm in the hydrogel

increases the LCST of pNIPAm, which maintains the pNIPAm hydrogel network at a
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relatively deswollen state compared with the hydrogel network without copolymerized
AAc. When the temperature was lowered to 25 °C, while maintaining pH at 3.0, it fold
towards the PDMS instead, due to the swelling of the double complexed hydrogel
network. The corresponding schematic diagrams of the arrangement of polymer chains in
the hydrogel networks at four different combinations of pH and temperatures are shown
in Figure 6-8a3, Figure 6-8b3, Figure 6-8c3 and Figure 6-8d3. The folding states of the
bilayer systems can be manipulated in many ways simply by varying pH and temperature
in a way that yields the desired structure. On the other hand, the folding states of the
bilayer can also be considered as an indicator of the environmental conditions (pH and

temperature).

6.3.5 Application: Small molecule release from pH-responsive foldable bilayers

We further studied the ability of the IPN hydrogel-based bilayers to release small
molecules in a triggered and controlled fashion. Here, we describe polymeric actuators
that actively grab objects and absorb small molecules under a specific environmental
condition, and subsequently release both species in a pH triggered fashion. We selected to
release the small molecule tris(4-(dimethylamino)phenyl)methylium chloride (Crystal
Violet, CV), which is positively charged. The hydrogel layers we investigated were
composed of NIPAm-25% AAc (mol%) with and without low Mw pDADMAC. The
reason for choosing 25% AAc and low Mw pDADMAC is shown below. Compared with
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hydrogels that contain 15% AAc, hydrogel possessing 25% AAc shows higher molecule
loading efficiency, as the loading mechanism is based on the strong electrostatic
interaction between the deprotonated AAc in the hydrogel network and CV molecules at
pH 6.5. Secondly, as mentioned above, pPDADMAC (low Mw) in the hydrogel network is
not able to form long-range strong electrostatic interaction with deprotonated AAc
throughout the hydrogel network. The more free ends of trapped polymer chains renders
the interaction between pDADMAC (low Mw) and AAc less stable and more dynamic.
Thus when CV molecules are introduced into the hydrogel networks, they are more
competitive in binding with AAc in the hydrogel in the presence of low Mw pDADMAC
compared with medium Mw species. This leads to enhanced CV loading efficiency of the
bilayer (83% for pPDADMAC (low Mw) versus 70% for pPDADMAC (medium Mw)).

We point out that when loading CV in the bilayer system, the bilayer system with
pDADMAC self-folds towards the PDMS layer and gripped the objects (for instance,
polymeric beads), as shown in Figure 6-9b1 (the loading process is illustrated in detail in
the experimental section). This serves as a proof-of-concept that bilayer has the potential
to grab abnormal tissues or cells, transfer them to a location, and release drugs locally.
The competitive binding of loaded CV with AAc in the hydrogel renders pPDADMAC
free in the hydrogel, which leads to the self-folding of the bilayer at pH 6.5. The average
loading efficiency of the bilayer with/without pPDADMAC (low Mw) trapped in the
hydrogel layer is 83% and 97% respectively. The release of CV molecules from both CV-

loaded bilayers were evaluated by monitoring the absorbance at 590 nm over time when
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exposed them to pH 6.5 and then pH 3.0 solution. As indicated in Figure 6-9a, at pH 6.5
the release of the molecules from both bilayers is very slow because of the favorable

electrostatic interactions between CV and hydrogel, as discussed above.

W 25% aac - pDADMAC -1

& 25%aac-2

Figure 6-8 a) The releasing profiles of bilayers triggered by pH; bl, b2, b3, b4 represents

the releasing of small molecules and as well as opening up of the folded bilayer device.

When the pH is adjusted to 3.0 the bilayers with pPDADMAC clearly shows faster
releasing rate of CV than the one without pPDADMAC. At pH 3.0, the AAc groups are
neutralized and the electrostatic interactions holding the CV into hydrogels are destroyed.
In the meantime, due to the existence of positively charged pPDADMAC (low Mw) with
relatively high dynamics of moving inside the hydrogel network facilitates the expelling
of CV molecules out of the hydrogel network. As shown in Figure 6-9b2, Figure 6-9b3,

and Figure 6-9b4 the folded capsule gradually opens up as more and more CV molecules
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are released. In addition, we show that CV molecules can be released from the bilayer
system on demand by switching pH of the solution. To accomplish this, we first
immersed the CV-loaded bilayers in pH 6.5 solution and monitored the release for a
specific period of time. Then we lower the pH of the solution to 3.0 by adding
hydrochloric acid (HCl) to induce the fast release of CV molecules, followed by soaking
the hydrogel in pH 6.5 solution. This process was repeated and as shown in Figure 6-10,
the on-off switching process for releasing can be repeated many times. In the meantime,

the bilayers show reversible shape changes as well in responsive to pH changes.

Figure 6-9 Controlled releasing of CV by switching pH.

6.4 Conclusion

In summary, pNIPAm-pDADMAC semi-IPN hydrogels/PDMS bilayers with both
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excellent responsive folding property and great elasticity are prepared. For the first time,
we show that the existence of pDADMAC enables the bilayer system to fold
bi-directionally in response to pH and temperature. The folding property of the bilayer is
resulted from the swelling and shrinking of the hydrogel layer with the PDMS layer
unswellable. They exhibit reversible and repeatable thermoresponsive and pH-responsive
folding/unfolding characteristics. The bilayers are designed as soft grippers and molecule
release devices. In addition, the triggered and controlled molecule release from the
bilayer system together with the actuation of the bilayer, are highly attractive and

promising in biomedical applications.
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Chapter 7: Reducing Reagent Responsive Poly
(N-isopropylacrylamide) Microgels and Microgel-Based Optical

Materials*

7.1 Introduction

As outlined in Chapter 1 and Chapter 2, thermoresponsive
poly(N-isopropylacrylamide) (pNIPAm) based polymers or hydrogels can be endowed
with many functional groups for various applications. This Chapter describes pNIPAm
based hydrogel particles (microgels), crosslinked with N, N’-bis(acryloyl)cystamine
(BAC), are prepared using free-radical precipitation polymerization. By coating a single
layer of microgels on an Au-coated glass substrate followed by the addition of another Au
layer, an optical device (etalon) was fabricated. As mentioned in Chapter 2, the devices
were shown to exhibit optical properties that are typical of microgel-based etalons, i.e.,
they exhibit visual color and unique multipeak reflectance spectra.

Stimuli responsive materials are capable of changing their chemical and/or physical
properties in response to specific changes in their environment.>** As mentioned in

Chapter 1, a number of responsivities have been reported previously, including responses

* This Chapter has been adapted from a previously published article. Li, X., Gao, Y.,
Serpe, M. J., Can. J. Chem., 2015, 93, 685.

128



to: pH,**! temperature,”®*** light,**® and electric field.>** Ideally, these responses are
reversible, i.e., once the stimulus is removed, the responsive material returns to its initial

state. These materials have found a number of applications for controlled/triggered drug

345-347 348,349

delivery, as antibacterial coatings, and for tissue engineering.*>® While all of
these responsivities have been previously reported, thermoresponsive materials composed
of poly (N-isopropylacrylamide) (pNIPAm) are the most widely studied and best
understood. Specifically, pNIPAm-based hydrogel particles (microgels) are fully water
soluble/swollen (and hydrophilic) in water with a temperature below pNIPAm’s lower
critical solution temperature (LCST) of ~32 °C, while it transitions to an
"insoluble"/deswollen (and relatively hydrophobic) state when the water temperature is
increased to above 32 °C. This behavior has been exploited for many
applications,351-357:94358.359

Previous work in the group has shown that an optical device (etalon) could be fabricated
by sandwiching a single layer of pNIPAm-based microgels between two thin metal layers.
Using this construct, we have developed optical sensors that change their optical
properties in response to glucose,**® polyelectrolytes,*s! proteins,®? light,** and pH.3¢*
This is a direct result of the microgel diameter modulating the distance between the two
metal layers. Unique to the devices here are their ability to change their optical properties
in the presence of thiols. Figure 7-1a is the schematic diagram of the thiol-responsive

microgel based etalon. Specifically, in the presence of dithiothreitol (DTT), the microgel

crosslinks were reduced, leading to microgel swelling, which ultimately changes the
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optical properties of the etalon, as shown in Figure 7-1b. We observed a linear
relationship between the shift in the position of the reflectance peaks and the

concentration of DTT, which suggests that they can be used to quantify thiols in solution.

a DTT
AR aR R aaneen ————— (ARG
pH=7.4
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Figure 7-1 (a) Schematic depiction of a microgel based etalon. A layer of pNIPAm-BAC
microgels is sandwiched between two Au layers. The microgels swell upon exposure to
DTT, which increases the distance between two Au layers. (b) A representative reflectance
spectrum from a pNIPAm-BAC microgel-based etalon both before and after DTT

exposure.

7.2 Experimental section

Materials. The monomer N-isopropylacrylamide (NIPAm) was recrystallized from
hexanes and dried in vacuum prior to use. Reagents N, N’-bis(acryloyl)cystamine (BAC),
N, N’-methylene bis(acrylamide) (BIS), ammonium persulfate (APS), dithiothreitol

(DTT), methanol, monosodium phosphate were all used as received. All deionized water
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was 18.2 MQecm and obtained from a Milli-Q Plus system from Millipore (Billerica,
MA). Glass cover slips were 25 mm x 25 mm and obtained from Fisher Scientific. Cr
was 99.999% and obtained from ESPI (Ashland OR), while Au was 99.99% and obtained
from MRCS Canada (Edmonton, AB). Au annealing was performed in an Isotemp muffle

furnace from Fisher Scientific (Ontario, Canada).

Microgel synthesis. A 3-necked round bottom flask was fitted with a reflux condenser, a
nitrogen inlet (needle) and temperature probe, and charged with a solution of NIPAm
(1.767 mmol) in 20 mL DI water, previously filtered through a 0.2 um filter. The solution
was purged with N> gas and allowed to heat to ~70 °C for ~1 hour. The reaction was
initiated with a solution of 0.1 M APS (total concentration 0.4 mM), immediately after
addition of 4.63 mM BAC dissolved in 5 mL methanol. The solution was allowed to stir
at ~70 °C for 6 h, then cooled to room temperature and filtered to remove large
aggregates. There microgels were then centrifuged at a speed of ~8000 relative
centrifugal force (rcf) at room temperature for 35 mins to form a pellet at the bottom of
centrifuge tubes. The supernatant was removed and the pellets of microgels were
resuspended using deionized water. This process was repeated for six times to remove
any remaining monomers and linear polymers. NIPAm-co-BIS was synthesized as

previously described.?6

Etalon fabrication. Etalons were fabricated according to the procedures reported
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elsewhere.®® Briefly, 25 x 25 mm glass coverslips were rinsed with DI water and ethanol
and dried with N> gas. 2 nm of Cr followed by 15 nm of Au were thermally evaporated
onto the glass at a rate of ~0.1 and ~0.25 A s7!, respectively, using a Torr International
Inc. model THEUPG thermal evaporation system (New Windsor, NY). The Cr acts as an
adhesion layer to hold the Au layer on the glass. The Au coated substrates were annealed
at 250 °C for 3 h and then cooled to room temperature prior to use. Then a previously
coated Cr/Au substrate was rinsed with ethanol, dried with N, and then placed onto hot
plate (Corning, NY) at ~30 °C. A 40 pL aliquot of the concentrated microgels was spread
to cover the whole substrate using a micropipette tip. Then the microgel solution was
allowed to completely dry on the substrate at ~35 °C for 2 h. After that, the dry film was
rinsed copiously with DI water and soaked in water overnight at ~30 °C. Following this
step, the substrate was again rinsed with DI water and dried with N> gas, and an

additional 2 nm Cr and 15 nm Au overlayer were deposited onto the microgel layer.

Reflectance spectroscopy. Reflectance spectra were collected by a USB 2000+
spectrophotometer, connecting with light source and a reflectance probe from Ocean
Optics (Dunedin FL). A Corning PC-420d hot plate (Fisher, Ottawa, Ontario) was used to
control the solution temperature and the temperature was also monitored with a
thermocouple platinum sensor. The spectra were collected over a wavelength range of

400-1000 nm and analyzed by Ocean Optics Spectra Suite Spectroscopy software.
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Particle characterization. The morphology of microgel particles were investigated by
Differential Interference Contrast (DIC) images via IX71 inverted microscope (Olympus,
Japan). Dynamic light scattering (DLS) was carried out to determine the hydrodynamic
diameter of the microgels using a Zetasizer Nano ZS equipped with a 633 nm laser
(Malvern, Westborough, MA, USA) and measured in 173° backscatter mode. All

measurements of hydrodynamic diameter was repeated three times.

Atomic force microscopy (AFM) tapping imaging. In-liquid height analysis for a BAC
crosslinked pNIPAm microgel-based etalons was done in pH 7.4 phosphate buffer
solution before and after DTT exposure. The images were obtained using an Asylum
Research MFP 3D AFM (Santa Barbara, CA). Images were acquired over a 30 x30 um
area using a scan rate of 0.50 Hz. For this analysis, a line was scratched into the etalon
using a razor blade and the scratch was imaged. Images were first taken in pH 7.4
phosphate buffer solution at 25 °C. Then the sample was treated in 1 mg/mL DTT
phosphate buffer solution for at least 2 h. After that, the sample was imaged using the

same method at 25 °C. The height was determined using Asylum software.

7.3 Results and Discussion

Free-radical precipitation polymerization was used to synthesize BAC crosslinked
pNIPAm-based microgels. As can be seen in the differential interference contrast (DIC)
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microscopy image in Figure 7-2a, the microgels are monodispersed with an average
diameter of ~900 nm (determined from the microscopy images). In order to examine the
BAC crosslinked microgels response to the presence of the reducing agent DTT, we
dispersed the microgels in 10 mM phosphate buffer solution (PBS) (pH = 7.4) containing
I mg/mL DTT and determined their hydrodynamic diameter (Du) via dynamic light
scattering (DLS). As shown in Figure 7-2b, the Du of microgels in DTT solution is about
100 nm larger than in PBS alone. We attributed this to the DTT reducing the BAC, which
reduces the crosslink density, and therefore allows the microgels to swell to a greater
degree than before they were reduced. The reduction mechanism is shown in Figure 7-3a.
At pH 7.4, the DTT is negatively charged, and the negatively charged thiolate is reactive,
which can attack the disulfide bond in the microgel to generate thiols in the microgel and
ring oxidized DTT. As a result, the microgels will increase in diameter when the

crosslinks are broken, as shown schematically in Figure 7-3b.
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Figure 7-2 (a) DIC microscope image for BAC crosslinked pNIPAm-based microgel
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particles; (b) Du of BAC crosslinked pNIPAm-based microgel particles in the absence and

presence of DTT.

o
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Figure 7-3 (a) The reduction mechanism of disulfide bond by DTT; (b) The proposed

microgel swelling behavior after reduction of the microgel's BAC crosslinks.

Following the characterization of the microgels, we went on to show that
microgel-based etalons could be fabricated from the BAC crosslinked microgels. Again, a
schematic representation of the microgel-based etalon structure can be seen in Figure
7-1a. As we observed in solution above, the microgels increase in diameter when DTT is
introduced to the microgels; therefore, we expect similar behavior for the microgels in the
etalon. This swelling should result in an increase in the thickness of the dielectric layer,
yielding a red shift in the peaks of the reflectance spectrum, as can be predicted from
Equation 1. To study these materials, the DTT sensitive etalons were immersed in a 10

mM pH 7.4 phosphate buffer solution at 25 °C. We exposed our etalons to different
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concentrations of DTT, and waited for the etalon response to stabilize, which was ~ 1.5 h.
Figure 7-1b shows a representative multipeak reflectance spectrum, and the peaks clearly
red shift as the concentration of DTT is increased. Figure 7-4 shows how the position of
the pNIPAm-BAC microgel-based etalons reflectance peak depends on the concentration
of DTT. In this figure AA represents the reflectance peak wavelength shift of etalons in
response to DTT. As can be seen, the etalons show an average cumulative red shift of ~6
nm with 0.19 mg/mL solution. Successive additions gave further red shifts and we
observed ~70 nm shift over the range of concentration from 0.00 mg/mL to 1.50 mg/mL.
Visibly, we are able to observe the color change of etalons before and after exposing
etalons to DTT. A control was also performed using pNIPAm-BIS microgels without
disulfide bonds inside in the same manner. As shown in Figure 7-4, they didn’t exhibit
red shifts after DTT exposure. From the data we can conclude that the cleavage of
disulfide bond by DTT can trigger the volume change of the microgel by decreasing the
crosslinking density, which results in a red shift of the etalon’s spectral peaks.
Conclusively, the etalon device can be used as a powerful tool to detect the reducing
reagent DTT. In the discussion above, we propose that the DTT is able to reduce the
crosslink density of the BAC containing pNIPAm-based microgels, leading to their
swelling. We propose that this swelling is capable of changing the optical properties of
the microgel-based etalons, which can be used for sensing reducing agents (specifically
DTT). To further prove this mechanism, we collected atomic force microscopy (AFM)

images of BAC crosslinked pNIPAm microgel-based etalons in buffer without and with
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DTT present. From these images, we were able to determine the etalons thickness.

[]
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Figure 7-4 The squares represent the position of the etalons reflectance peak after exposure
to the indicated amount of DTT; and the triangles represent the response of pNIPAm-BIS
(no BAC) microgel-based etalons to DTT. Each point represents the average of three
independent measurements from three etalons, and the error bars are the standard deviation

for those values.

To accomplish this, an etalon was formed on a substrate, as previously described,
and was scratched with a razor blade to remove the etalon from a specific area. The
substrate was then imaged in the scratched region to determine the etalons thickness
before and after exposure to DTT. Figure 7-5a shows the AFM image for the etalon in the
scratched region after soaking in PBS with pH 7.4, and reveals a thickness of ~430 nm,
which is expected since previous studies have shown that the thickness of a microgel

layer on a Au surface is significantly thinner than expected solely from the solution
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diameter. Then the etalon was exposed to 1 mg/mL DTT in the same PBS for 2 h,
followed by AFM imaging. Figure 7-5b shows the image for the etalon in the same region
as Figure 7-5a, which reveals a thickness of ~520 nm. These data correlate well with the

solution data, as well as the red shifts observed in the reflectance spectra.
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Figure 7-5 AFM images of etalons in (a) pH 7.4 phosphate buffer solution; and (b) the
same solution containing 1 mg/mL DTT. The images were taken in a scratched region to
allow easy determination of the etalon thickness. The thickness was determined from
average thicknesses determined in the step area in the area bounded by the dashed lines.
The analysis was carried out at 25 °C and revealed that the thicknesses were (a) 423 nm + 9

nm, and (b) 522 nm + 15 nm.
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7.4 Conclusion

In this work, we have shown that BAC crosslinked pNIPAm-based microgels could
be synthesized, and etalons made from them. We found that the microgel diameter
depended on the presence of DTT, due to the DTT reducing the BAC crosslinks, thereby
decreasing the microgels crosslink density, which allows them to swell. Color tunable
device (etalons) were subsequently fabricated from these microgels by sandwiching them
between two Au layers. These devices exhibit optical properties, specifically multipeak
reflectance spectra, which were shown to depend on the presence and concentration of
DTT they are exposed to. Specifically, in response to DTT, the BAC crosslinked microgel
etalons exhibit a reflectance peak that shifts ~70 nm over the DTT concentration range of
0.19-1.5 mg/mL. Using AFM, we were able to prove that this response was a result of the
etalon's cavity thickness increasing, which leads to the observed red shifts. From these
results, we believe that thiol/DTT sensors can be fabricated from simple components, and

can also have applications for controlled and triggered drug delivery application.
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Chapter 8: Conclusion and Future Outlook

8.1 Conclusion and outlook on polymer solids based actuators

The first project in this dissertation demonstrated the study of a novel
pNIPAm-co-AAc microgel ‘glued’ polyelectrolyte-plastic substrate based bilayer actuator.
The humidity responsive actuator shows a ‘muscle like’, being able to lift a mass many
times of its own in the air, as described in Chapter 3. Mathematical models are developed
to understand the self-folding behavior of the bilayer device. The result of simulation
shows that the experimental data fits the built-up model quite well. Accordingly, multiple
3D structures are obtained from the precisely designed 2D planar bilayer sheet, as
elaborated in Chapter 4. Subsequently, the shape memory effect (SME) of the bilayer
system is studied, as shown in Chapter 5. By a series of characterization of the
polyelectrolyte layer, we concluded that the semi-crystallization of the polymer in this
layer enables the SME of the device. The ‘templated device’ is obtained to be assembled
with a strain sensor, which could be used as humidity sensors.

We concluded that the humidity-responsive SME of the bilayer system originates
from the semicrystallization of the polyelectrolyte layer (pDADMAC). Conventional
shape memory polymers (SMPs) includes cross-linked polyethylene, styrene-based
polymers, acrylate-based polymers, exopy-based polymers and thioene-based
polymers.**® PDADMAC has not been verified as conventional SMP, and further study

on this will be conducted. However, by laminating it with an inelastic polymeric substrate,
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its reversible expansion and contraction leads to the reversible (two-way) SEM of the
device entirely. In the environment of the relatively low humidity, the drying of the
pDADMAC solution on the top layer leads to the self-folding of 2D laminated polymer
sheet into 3D structures, which can be considered as the permanent shape.
Drying-induced semicrystallization of pDADMAC generates amorphous phase and
crystalline phase in this layer, respectively. The crystalline phase, possessing a melting
transition temperature T, plays the role of ‘hard phase’, while the amorphous phase,
with a glass transition temperature Tg, serves as the ‘soft phase’. In a relatively higher
humidity environment, water permeates through this layer which leads to the decrease of
T, of the amorphous phase and thus the softening and moving of polymer chains in this
phase. It is equivalent to heating the polymer above T, for the traditional SMP. The
internal force generated in the process of forming the permanent shape is released while
driving the 3D structure to deform into temporary 2D shape. When the humidity level is
reduced to the low level, the crystalline phase directs the temporary 2D shape to self-fold
into the permanent shape.

The two-way SME of the device is dependent on the elastic modulus and
mechanical strength of the two layers. The crystalline phase in the pPDADMAC endowed
the bilayer device with strength high enough to handle the mass many times of its own.
The two-way SME property of the device enables its application as versatile 3D structure
fabrication and sensors.

Polymer based actuators generally requires various properties, such as large strain,
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stress, fast response time, and precisely controlled reversible shape changes. These can be
tailored by selecting suitable laminating materials, adjusting the thickness, and changing
the deformation ratio of the coupling materials. For instance, our device performs large
deformation strain, high mechanical stress, and reversible shape changes, but responds to
the stimuli (humidity change) in a relatively slow fashion. This can be improved by
doping electrothermal or photothermal fillers in the pDADMAC layer, which will
accelerates the evaporation speed of water by generating local upon exposure to the
stimuli. Furthermore, the study in this part opens the gate for us to design other polymer
based actuators. We are on the way to make an electricity responsive conductive polymer

based actuators, and some of the work will be illustrated in Appendix C.

8.2 Conclusion and outlook on hydrogel based actuators

The second project is the development of semi-interpenetrated hydrogel based
bilayer actuators. The existence of physically trapped polyelectrolyte in the chemically
crosslinked pNIPAm based hydrogels enables a significantly large deformation of the
device. They show the bi-directional self-folding behavior in response to both
temperature and pH in aqueous solution. They are specially designed to be used as
grippers and small molecule release devices. The deformation of the device depends on
the transport of ions and water across the hydrogel, therefore the actuation speed of
macroscopic device is slow. Fabricating the device in small dimensions will significantly
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reduce the amount of actuation time. Therefore, miniaturizing the device from mm to um
is the future direction of this project. The mechanical modulus of the device will also be
evaluated in order to design structures which are suitable for and bio-mimicking and
biomedical applications. For example, we are planning to design pH responsive
microgrippers and use them to grasp diseased tissues or cancer cells, and drugs will be

released from the device upon triggers.

8.3 Conclusion and outlook on the 1D photonic crystal sensor-etalon

In Chapter 7, reductive reagent responsive microgel based etalons (one type of 1D
photonic crystals) are fabricated. The presence of reductive reagents (e.g. Dithiothreitol
(DTT)) leads to the breakage of crosslinkers in the microgel network. The resulted
decreasing of the crosslink density allows the microgels swell to a larger extent, which
leads to the changes of the optical properties (peak shift) of the etalon. The peak shift of
the etalon was shown to depend on the concentration of DTT it is exposed to. AFM
analysis was carried out to further prove the swelling of the microgels between two Au
layers in the presence of DTT. This sensor exhibits easy read-out signals, signal stability,
and sensitivity, yet the major issue is lack of selectivity. However, it does give us the
general idea that whether the reducing reagents and how much of it exist. This concept of
changing crosslinking density of microgels in the etalon can also be used for detecting
other analytes. For instance, some of the work related to detecting glucose has been done,
which is illustrated in Appendix A. Other than being used as sensors for molecules, the
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pNIPAm based etalons can also be applied in environmental chemistry, and some of work
has been done for pH and moisture monitoring in soil, which is illustrated in Appendix B.
In the future, the properties of the etalon need to be further explored in order to develop
new fabrication and modification methods of the device, find diverse applications of this

device in sensing and biosensing, and realize their potential in point-of-care diagnostics.
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Appendix A: Glucose Responsive Concanavalin A-Pendant Glucose

Crosslinked Microgel Based Etalon

A.1 Introduction

A glucose-sensitive microgel was prepared by the application of the glucose
sensitive complex formation between a pendent glucose and concavanalin A (ConA) to
the crosslinking in the microgel. Glucosyloxyethyl methacrylate (GEMA), being the
pendent glucose, and N-isopropylacrylamide (NIPAm) were copolymerized in the
presence of the crosslinker N, N-methylenebisacrylamide (BIS). Subsequently, the
penetration of ConA in the microgel network, by soaking microgels in the ConA buffer
solution, enables formation of the double crosslinked microgels. The generation of
complex between GEMA and ConA has been confirmed.*2%” The glucose-sensitive
etalon was fabricated from the synthesized microgels. The glucose sensitivity is attributed
to the increased swelling of the microgel resulted from dissociation of the complex
between the ConA and GEMA moieties of the microgel network in the presence of

glucose.
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A.2 Experimental section

Materials: N-isopropylacrylamide was purchased from TCI (Portland, Oregon) and
purified by recrystallization from hexanes (ACS reagent grade, EMD, Gibbstown, NJ)
prior to use. N,N-methylenebisacrylamide (BIS) (99%), and ammonium persulfate (APS)
(98+%) were obtained from Sigma-Aldrich (Oakville, Ontario) and were used as received.
Glucosyloxyethyl methacrylate (GEMA) solution (5% (w/v) in ethanol was purchased
from Sigma-Aldrich and solution (ethanol) was removed prior to use. Deionized (DI)
water with a resistivity of 18.2 MQecm was used. Cr/Au annealing was done in a
Thermolyne muffle furnace from Thermo Fisher Scientific (Ottawa, Ontario). Deionized
(DI) water with a resistivity of 18.2 MQecm was used. Cr/Au annealing was done in a
Thermolyne muffle furnace from Thermo Fisher Scientific (Ottawa, Ontario). Methanol
(ACS reagent, 99.8% +) was obtained from Sigma Aldrich. Fisher’s finest glass
coverslips were 25 x 25 mm and obtained from Fisher Scientific (Ottawa, Ontario). Cr
was 99.999% and obtained from ESPI (Ashland, OR), while Au was 99.99% and

obtained from MRCS Canada (Edmonton, AB).

Microgel synthesis: microgels composed of poly (NIPAm-co-AAc) were synthesized via
a temperature-ramp, free radical precipitation as described previously. The monomer
mixture, with a total concentration of 112.2 mM, was comprised of 78% (mol%) NIPAm,

21% GEMA, and 1% BIS as the crosslinker. NIPAm (0.88 mmol), BIS (0.11 mmol) were
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dissolved in 10 mL deionized water with stirring in a beaker. The mixture was filtered
through a 0.2 pum filter affixed to a 10 mL syringe into a 50 mL 3-neck round-bottom
flask. The flask was then equipped with a temperature probe, a condenser and a N> gas
inlet. The solution was bubbled with N> gas for ~1.5 h, while stirring at a rate of 450 rpm,
allowing the temperature to reach 70 °C. GEMA (0.23 mmol) was first dissolved in 250
uL methonal, and then added to the heated mixture with a micropipette in one aliquot. A
0.078 M aqueous solution of APS (500 pL) was delivered to the reaction flask with a
transfer pipet to initiate the reaction The reaction was allowed to proceed for 4h at 70 °C.
After polymerization, the reaction mixture was allowed to cool down to room
temperature and filtered through a filter paper to remove any large aggregates. The
coagulum was rinsed with deionized water and filtered. These microgels (10 mL) were
centrifuged at a speed of ~8500 relative centrifugal force (rcf) at 23 °C for ~ 40 minutes
to produce a pellet at the bottom of the centrifuge tube. The supernatant was removed
from the pellet of microgels, which was then re-suspended to the original volume (10 mL)
using deionized water. This process was repeated until the microgels were cleaned a total
of six times to remove any unreacted monomer and/or linear polymer from the microgel

solution.

Fabrication of ConA included microgel based etalon: Briefly, 25 X 25 mm pre-cleaned
glass coverslips were rinsed with DI water and ethanol and dried with N2 gas, and 2 nm

of Cr followed by 15 nm or 15 nm of Au were thermally evaporated onto them at a rate of
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~0.2 A st and ~0.1 A s!, respectively, using a Torr International Inc. model THEUPG
thermal evaporation system (New Windsor, NY). The Au coated glass substrates were
annealed at 250 °C for 3 h and then cooled to room temperature prior to use.The coated
substrate was rinsed with ethanol, dried with N, and then placed onto hot plate (Corning,
NY) set to 30 °C. An aliquot (40 uL for each 25 x 25 mm area) of the concentrated
microgels was put onto the substrate and then spread toward each edges using the side of
a micropipette tip. The microgel solution was allowed to dry completely on the substrate
for 2 h with the hot plate temperature set to 35 °C. After 2 h, the dry film was rinsed
copiously with DI water to remove any excess microgels not bound directly to the Au.
Microgel painted substrate was then placed into a DI water bath and allowed to incubate
overnight on a hot plate set to ~30 °C. Following this step, the substrate was again rinsed
with DI water to further remove any microgels not bound directly to the Au substrate
surface. The microgel painted Au coated substrate was dried with N> gas and immersed in
0.1 M tris-HCI buffer solution (pH 7.5) containing Img/mL ConA, 1mM MnCl> and
ImM CaCly at 4 °C overnight. Then the substrate was immersed in the buffer solution
without ConA to wash off the absorbed ConA on the surface. Then the substrate was

dired with N> and coated with the top layer of 2 nm Cr and 5 nm Au.

Reflectance spectroscopy: The etalon was kept immersed in 0.1 M tris-HCI buffer (pH
7.5), containing | mM MnCl> and 1 mM CaCl: until equilibrium was reached at 25 °C.

Reflectance spectra from the etalon were collected by a USB 2000+ spectrophotometer,
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connecting with a light source and a reflectance probe from Ocean Optics (Dunedin FL).
After that, the etalon was exposed to the buffer solution with different concentrations of
glucose. The spectra were collected for etalon socked in each solution over a wavelength
range of 400 ~ 1000 nm and analyzed by Ocean Optics Spectra Suite Spectroscopy

software.

Atomic force microscopy (AFM) tapping imaging. In-liquid height analysis for
ConA-pendent glucose crosslinked pNIPAm microgel-based etalons was done in pH 7.5
tris-HC1 buffer solution before and after glucose exposure. The images were obtained
using an Asylum Research MFP 3D AFM (Santa Barbara, CA). Images were acquired
over a 30 x30 um area using a scan rate of 0.50 Hz. For this analysis, a line was
scratched into the etalon using a razor blade and the scratch was imaged. Images were
first taken in pH 7.4 phosphate buffer solution at 25 °C. Then the sample was treated in 5
mg/mL glucose phosphate buffer solution for at least 2 h. After that, the sample was
imaged using the same method at 25 °C. The height was determined using Asylum

software.

A.3 Results and discussion

The crosslinking structure of the poly (NIPAm-co-GEMA)-ConA microgel are
explained by the schematic diagram shown in Figure A-1. ConA is trapped in the
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chemically crosslinked p(NIPAm-co-GEMA) microgel network (Figure 1a), and the
physical complex was formed between ConA and GEMA moieties, leading to the

crosslinking density to a greater extent.

: Concavanalin A

Figure A-1 Schematic diagram of p(NIPAm-co-GEMA)-ConA complexation in the

microgel network.

Figure A-2a shows the peak shift of the spectra from the etalon in the presence of glucose
solution with different concentrations. In contrast, Figure A-2b is the peak shift of the
etalon fabricate microgels which don’t contain ConA. There is no response from the

control etalon in the presence of glucose.
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Figure A-2 a) the positions of the etalons’ reflectance peak after exposure to the indicated
amount of glucose, b) the response of p(NIPAm-co-GEMA) microgel based etalons to

glucose.

Furthermore, we collected atomic force microscopy (AFM) images of ConA included
microgel-based etalons in buffer without and with glucose present. From these images,
we were able to determine the etalons thickness. To accomplish this, an etalon was
formed on a substrate, as previously described, and was scratched with a razor blade to
remove the etalon from a specific area. The substrate was then imaged in the scratched
region to determine the etalons thickness before and after exposure to glucose. Figure
A-3a shows the AFM image for the etalon in the scratched region after soaking in
tris-HCI buffer solution with pH 7.5, and reveals a thickness of 1.3 um. Then the etalon
was exposed to 5 mg/mL glucose in the same tris-HCI buffer for 2 h, followed by AFM
imaging. Figure A-3b shows the image for the etalon in the same region as Figure A-3a,

which reveals a thickness of ~1.9 um.
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Figure A-3 a) AFM images of etalons in (a) pH tris-HCI buffer solution; b) the same buffer

solution containing 5 mg/mL glucose.

A.4 Conclusion and outlook

Part of the work has been done about this project. The etalon fabricated from the
ConA entrapped microgels shows the response to the solutions with different
concentrations. The experiment needs to be repeated at least two more times.
Furthermore, a series of experiment needs to be done to evaluate the loading efficiency of
the ConA in the microgels, and select the modified microgels which show the low

detection of limit and high sensitivity.
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Appendix B: PH and Moisture Monitoring of Soil Using Microgel

Based Etalons

In this part, poly(N-isopropylacrylamide) (pNIPAm) microgel based etalon is
fabricated to monitor the moisture in the soil, and
poly(N-isopropylacrylamide)-co-acrylic  acid  (pNIPAm-co-AAc)based etalon is
developed to monitor the pH in the soil. The fabrication process was illustrated in other
Chapters, which will not be discussed here in detail. Figure B-1 shows the setup of all the
instrument used in the experiment. Figure B-1a is the image of the holder for the etalon.
The etalon is fixed at the bottom of the holder, and the probe is inserted into the holder
until the end of the probe reaches to the place right above the etalon, as shown in Figure
B-1b. Then the holder is placed in the soil, and the signals indicating the moisture level or
pH of the soil are collected, as shown in Figure B-1c.

Figure B-2 shows the how the position of pNIPAm microgel based etalons’
reflectance peak depends on the water mass percentage in the soil. Figure B-3 shows the
reflectance peak shift of the pNIPAm-co-AAc microgel based etalon in response to pH in

the soil.
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Figure B-1 Images of the setup for the pH and moisture sensing in soil.

Figure B-2 The reflectance peak shift of the etalon in response to moisture percentage in

the soil.
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Figure B-3 The reflectance peak shift of etalon in response to pH.
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Appendix C: Water Soluble Polypyrrole-based Actuators and Their

Applications

Materials and polymer synthesis: poly (sodium 4-styrene sulfonate) (SPS) (Mw 70,000)
and pyrrole (assay 98%), Horseradish peroxidase (HRP) were purchased from
Sigma-Aldrich. Hydrogen peroxide (35 wt%) was obtained from CALEDON
LABORATORY CHEMICALS. The synthesis of water soluble polypyrrole was
described by Entezami and coworkers.*® Specifically, a total of 185.5 mg of SPS was
dissolved in 50 mL of water (pH 2, adjusted with HCI). This was followed by the addition
of 63.5 uL (0.9 mmol) pyrrole and 5.0 mg of HRP to this solution. To initiate the
polymerization, 45 mL of 0.02 M hydrogen peroxide was added gradually. The solution
was stirred for 12 h to complete the polymerization. The solution becomes darker
gradually until to be dark black. This solution was transferred to regenerated cellulose
tubes for dialysis for at least 48 h against acidic water solution to remove any unreacted
monomers. Figure C-1 shows the structure of the synthesized water-soluble polypyrrole.

Figure C-2 is the FT-IR spectra of the SPS-polypyrrole complex.
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Figure C-1 The structure of the water soluble SPS-polypyrrole complex.
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Figure C-2 FT-IR spectra of SPS-polypyrrole complex by casting a film on an AgBr crystal

window.

We successfully synthesized the water soluble SPS doped polypyrrole. The future
work is to fabricate a novel bilayer system by the layer-by-layer assembly (LBL)
technique. For the first layer, we plan to assemble multiple layers of SPS-polypyrrole and

poly(diallyldimethylammonium chloride) (pDADMAC), while for the second layer,
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multilayers of SPS and pPDADMAC will be fabricated.
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