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Abstract

This thesis covers the general scope of stimuli-responsive polymers and the concept of
controlled drug delivery, with special focus on controlled/triggered release applications of
temperature-responsive poly (N-isopropylacrylamide) (pNIPAm)-based hydrogels,
microgels, their assemblies, and composites.

Chapter 2 focuses on investigating the methodology and mechanism of a controlled
release system, i.e., a pNIPAm-based microgel-based assembly. Surface modification was
utilized to build a chemical barrier to control the molecular interchange between the inside
and the outside of the device. The small-molecule diffusion behaviors of the device were
studied, and mathematical models were used to describe the behaviors.

Chapter 3 focuses on the development of a small-molecule controlled release system,
based on the stimuli-responsive hydrogel-microgel composite (HMC). In this work, the
small hydrophilic molecule release kinetics were tuned by changing the chemical
composition of the material, and the mechanism of the controlled release was investigated
based on the interactions between the small molecules and the polymer materials. As a
further study of the HMC in controlled drug delivery applications, Chapter 4 discusses the
idea of applying the HMC to a multi-drug controlled release system.

In addition, four appendices, A, B, C, and D have been added to the end of this
dissertation. They contain supporting information for the main chapters, previous related
work done before my PhD program, and preliminary experimental results on related

research projects.
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Chapter 1

Introduction

1.1Stimuli-responsive Polymers

In nature, stimuli-responsive materials and systems that endow organisms with
competitiveness and survival skills can be found widely. Some examples are: chameleons
can tune the color of their skin depending on the surrounding environment to camouflage
themselves; Mimosa pudica contracts its leaflets in response to mechanical stimulus, which
protects itself from potential damage from raindrops; many mammals have sudoriparous
glands that secrete sweat under thermal stimuli to help organisms to maintain a constant
body temperature in a hot environment. To mimic those responsive systems found in nature
and take advantage of the stimuli-responsive functions, scientists have developed materials
whose physical/chemical properties can respond to external stimuli; these are referred to
as stimuli-responsive materials or “smart” materials.' Stimuli-responsive polymers,
including synthetic polymers and natural polymers, are macromolecules that can undergo
dramatic changes, such as conformation, structure, color, solubility, charge density, and
refractive index, etc., in response to environmental variations.

There are many stimuli, such as temperature,*® pH,” ionic strength,® 1! light, >3

14-16 17-20

electric and magnetic fields, redox reagents, and biomolecules (e.g. enzymes,

) 21-24
2

antibodies that yield a response stimuli-responsive polymers as a consequence of the

interaction between the stimuli and certain functional groups/structures in the polymer



materials. In other words, stimuli-responsive polymers can be designed and tailored by
introducing specific stimuli-responsive functional groups into the polymers. In this chapter,
polymers that respond to different stimuli will be introduced, focusing on temperature-

responsive polymers and pH-responsive polymers.

1.1.1 Temperature-responsive Polymers

Among different types of temperature-responsive polymers,”® the most widely studied are
the polymers exhibiting a volume phase transition at a certain temperature. This
temperature is known as the volume phase transition temperature (VPTT). Around the
VPTT, the polymer can transform from a soluble state in the solvent to an insoluble state,
accompanied by a transition in solution appearance from clear to cloudy. However, there
are two main groups of temperature-responsive polymers that have a VPTT with an
opposite phase transition behavior in their response to the temperature variation. If the
phase transition occurs as the temperature is elevated, such polymers are called lower
critical solution temperature (LCST) polymers, while if the polymers undergo the phase
transition as the temperature is decreased are called upper critical solution temperature
(UCST) polymers.

Here, we will focus mainly on poly (N-isopropyl acrylamide) (pNIPAm),* which has
been the most extensively studied LCST polymer during the past few decades, as its LCST,
~32 °C, is close to the physiological temperature range and endows it with more advantages
in biomedical applications. There are some other LCST polymers that also are investigated
widely, including poly (N-vinyl caprolactam) (pVCL),%® poly (ethylene glycol

methacrylate) (pEGMA),>” poly (N,N'-diethylacrylamide) (pDEA),?® and poly (2-



(dimethylamino)ethyl methacrylate) (p)DMAEMA).?’ Their chemical structures are shown

m N
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Poly(V-isopropylacrylamide) Poly(N-vinyl caprolactam) Poly(N,N'-diethylacrylamide)
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CHs

CHj
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in Figure 1-1.

OH /N\
Poly(ethylene glyco methacrylate) Poly(2-(dimethylamino)ethyl methacrylate)
PEGMA PDMAEMA

Figure 1-1. Structures of some other common temperature-responsive polymers that exhibit an
LCST.

Generally, the LCST of polymers in aqueous solutions is determined by the
temperature at which the mixing of two phases turns from spontaneous to non-spontaneous
due to the unfavorable entropy of mixing.** In the following paragraphs, the detailed
mechanism in terms of inter/intra-molecular interactions and thermodynamics of the phase
transition of LCST polymers will be explained in the context of pNIPAm.

In 1968, Heskins and Guillet firstly explained this process as an entropically driven
transition, which can be described using the Gibbs free energy equation, Equation 1-1

AG = AH —TAS (1-1)
where AG is free energy change of the polymer dissolution, AH is the enthalpy change of

the dissolution, T is the temperature in Kelvin, and AS is the entropy change of the system
3



due to the interaction between the water molecules and the polymer.?! In a polymer-water
mixture, AG < 0 means that the polymer dissolution in water is spontaneous and the
polymer is soluble in water, while AG > 0 means that the polymer dissolution is
nonspontaneous and the mixture undergoes a phase separation.

In the case of pNIPAm, when the pNIPAm dissolves in the water, AH makes a
negative contribution due to the hydrogen bonding formation between the water molecules
and the amide groups in pNIPAm chains. However, the water molecules interacting with
the pNIPAm chains based on hydrogen bonding yield a decreased system entropy (AS <
0) and a positive entropic contribution (—TAS > 0). Therefore, AG grows, as the elevated
temperature leads to an increased positive entropic contribution. When the T > LCST of
pNIPAm, the positive entropic contribution dominates over the negative enthalpic
contribution, and AG becomes positive. Then, a phase separation takes place in the
polymer-water mixture, and the conformation of the pNIPAm chains undergoes a transition
from random coil to globule.

A schematic depiction of the of pNIPAm phase transition at an elevated temperature
is shown in Figure 1-2(A). At a temperature lower than the LCST, the hydrogen bonding
between the amide group on the polymer chain and water molecules makes the pNIPAm
polymer solvated. Meanwhile, the isopropyl group is surrounded by a “cage-like”
conformational arrangement of water molecules.*** Thus, at low temperature, the sum of
these two types of polymer-water interactions is stronger than the intramolecular
interaction within a polymer chain, resulting in an extended random coil state of pNIPAm.
However, at a temperature higher than the LCST, the elevated temperature breaks the
hydrogen bonding, yielding an entropically favored expulsion of water molecules from the

4



polymer network. Consequently, the weakened the polymer-water interactions can no
longer maintain the extended conformation of the pNIPAm chain, causing it to collapse

into a globule conformation (Figure 1-2(B)).

(A)

H N H "50 g N HQ
b-H R M0 T>LCST | »

“Cage-like” water — ]
H O _0, T<LCST H H H >

T>LCST

A—
T<LCST

Random Coil Globule

Figure 1-2. (A) Schematic depiction of the phase separation process of the pNIPAm polymer in
water. (B) Schematic representation of the temperature-induced conformational change of a

pNIPAm polymer chain.

For a particular temperature-responsive polymer, its LCST in pure water can be
tuned by changing the hydrophobicity of the polymer. That is, co-polymerizing a
hydrophilic co-monomer makes the polymer more hydrophilic and endows it with a higher
LCST, while hydrophobic co-monomers will cause its LCST to decrease.*** In addition
to the polymers’ hydrophilicity, LCST is related to the nature of the co-solvent, ionic
strength of the solution, crosslinking density of the polymer network, and molecular

weight 3638



1.1.2 pH-Responsive Polymers

pH-Responsive polymers are a group of polymers that can undergo structural/property
changes in response to solution pH, such as the conformation of the polymer chains, cross-
linking density, solubility, and swellability. pH-responsive polymers can be weak
acid/bases that bear ionic moieties at specific solution pH or non-ionic polymers with pH-
sensitive covalent bonds that ioniza at specific solution conditions.***® For example,
carboxylic acid groups (like those found in acrylic acid (AAc)), with pKa ~ 4.25,
deprotonate in water to generate a negatively charged carboxylate group when pH > pKa,
while the negative charge can be neutralized when the environmental pH is low (e.g., pH
3). Similarly, phosphoric acid and sulfonic acid groups in polymers also show this kind of
protonation—deprotonation behaviour around their pKa, which are 2.15 and 1.92,
respectively.*! A special pH-responsive weak acid functional group is phenylboronic acid,
which can accept and release hydroxide ions in response to the solution pH. That is, when
the solution pH is greater than its pKa (~8.5), the boron atom would bind to a hydroxide
ion and form a negatively charged group.*’ In contrast, amine groups, including primary,
secondary, and tertiary amines, as the representatives of weak bases, show the ability of
binding protons to form cationic groups as a response to the decrease in the solution pH. A
summary of different kinds of pH-responsive ionic moieties is listed in Figure 1-3. The
charge status switching behavior of the polymers based on these ionic moieties is also

reversible, depending on the solution pH.
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Figure 1-3. (A) List of common ionic pH-responsive groups in pH-responsive polymers. (B) List
of some acid-ultrasensitive linkages and groups. [Reproduced with permission from ref. 40,

Copyright 2013, RSC Publications]

In an aqueous solution, ionized pH-responsive moieties bind readily to opposite
charged agents electrostatically, as such therapeutic agents, making the pH-responsive
polymers interesting for biomedical applications, as the pH varies over a large range
between different biological environments. For example, gastric juice has a pH < 2,
intestinal juice has a pH > 8, the pH range of blood plasma is maintained within the range
of 7.35 to 7.45, and the extracellular pH of many tumors is mildly acidic (pH 5.8-7.2).
Therefore, pH-responsive nano-carriers could be designed for anti-cancer drug loading and
delivery via triggering of pH manipulation.

Although polyelectrolyte-based pH-responsive polymers have been studied
extensively and applied in various pH-responsive systems, one of the most obvious
drawbacks is their pH-responsivity at relative low pH (<4) or high pH (>9), which limits

their more practical biomedical applications. In the past decade, several pH-responsive
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polymers have been prepared based on acid-ultrasensitive (or acid-labile) bonds or linkages.
These acid-ultrasensitive linkages are degradable in mildly acidic conditions (pH > 5) due
to the fast hydrolysis of the chemical bonding in acidic solutions. Among the different
kinds of linkages shown in Figure 1-4, the most widely used acid-ultrasensitive linkage is
the acetal/ketal, as the acid-sensitivity of this structure is tunable by incorporating different
substituents.*-* Therefore, an acetal with a different substituent can be hydrolyzed over a
large acidic pH range (pH 2—6).* This type of linkage is particularly useful in designing
implantable polymeric materials for drug delivery applications that do not require the
removal of the implanted material by surgery when the drug release is completed.

In this dissertation, we utilized the transition between the charged and the neutral
state of pH-responsive polymers at defined pH values to control the release of small ionic

molecules under different conditions.

1.1.3 Light-responsive Polymers

Light-responsive polymers can undergo a macroscopic change, like conformation, charge,
polarity, and color, upon exposurate the light irradiation on the light-responsive functional
groups or moieties on the polymers. Compared to other stimuli-responsive materials, light-
responsive polymers possess the advantage of precise “stimulus dosage” for controlled
response. That is, light stimuli can be applied accurately, with temporal and spatial control,
to achieve the most ideal response, and the strength of the response also is tunable with a
variable light intensity. To make polymers light-responsive, specific functional groups or
chemical bonds, also known as ‘“chromophores”, which can undergo light-induced
structural or conformational change, should be incorporated into the polymers, either in the

polymer backbones or on the side chains.



In general, the light-responsive behaviour of the light-responsive polymers can be
either reversible or irreversible, depending on the incorporated chromophore. The
reversible response usually is accompanied with isomerisation, polarity change, and/or
color change of the chromophore units. There are several chemical compounds, such as
azobenzene, spiropyran, salicylideneaniline, etc.,*® that can undergo these transitions under
the irradiation of light. The chemical structures of these compounds and their
transformations as a response to light are shown in Figure 1-4. Azobenzene shows its
special property to undergo trans to cis photo-isomerization and vice versa upon exposure
to a specific irradiation wavelength.*’ Consequently, this isomerisation process is
accompanied by a polarity change of the azobenzene, which induces the change in the

dipole moment.*®

Figure 1-4. Structures and the light-induced reactions of common light-responsive molecules.

On the other hand, an irreversible light-responsive behaviour generally can be

observed in photocleavable units. With irradiation, the photocleavable moieties would

9



decompose into other species via an irreversible process. For example, the o-nitrobenzyl
ester is one of the most commonly used chromophores featuring an irreversible light-
responsive behaviour. A very polar side group can be photocleaved from the o-nitrobenzyl
ester moiety by UV-light irradiation, which induces a neutral to charged state transition of

1,49

the material,™ as shown in Figure 1-4.

Light-responsive groups and/or chemical structures have been utilized to control the

50-51

formation and dissociation of nanoparticles, surface wettability,”®> and molecular

recognition.>

1.2 Stimuli-responsive Hydrogels and Microgels

Hydrogels are the 3-D networks of hydrophilic polymer chains that are chemically and/or
physically crosslinked. With hydrophilic groups and moieties, such as hydroxyl, amide,
carboxyl, phosphate, and sulfonate groups, etc., and the crosslinked structure, hydrogels
can absorb and retain a large amount of water (80-99% of their weight). Due to the high-
water content, hydrogels with similar properties to some biological tissues have
outstanding biocompatibility, which are essential for their biomedical applications. By now,

research on the biomedical applications of hydrogels is diverse; it includes drug delivery,>*

56-57 58-59

>3 tissue engineering,’®>’ and cell culture.
Stimuli-responsive hydrogels can be made by functionalizing normal hydrogels with
stimuli-responsive functional groups or moieties or by polymerization of the functional

monomers that have responsive properties. For example, functionalizing the hydroxyl

groups of the poly vinyl alcohol (PVA) with a photo-responsive molecule, coumarin,
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endows PVA-based hydrogel beads with UV-responsivity,®® and a classic temperature-
responsive hydrogel, pNIPAm-based hydrogel, can be made by polymerizing NIPAm
monomer.!

Hydrogels that are responsive to external stimuli usually undergo a significant
change in their swelling ratio, which is defined as the fractional increase in the weight of
the hydrogel due to water absorption.®? The swelling process of hydrogels in water can be
described by the Flory and Rehner theory.> When a dry hydrogel is soaked in water, the
hydration process of the hydrogel material caused by the osmotic pressure would make the
polymer network expand. However, the expansion of the flexible polymer network is also
restricted by the elastic restoring force due to the crosslinking. Thus, the amount of water
that the hydrogel can absorbed, which is defined as the equilibrium swelling ratio, is
determined by the balance of these two forces. Therefore, any external stimulus leading to
a change in the properties of hydrogel would interrupt the previous balance between the
network expansion and the elastic restoring force and induce a change in the water
absorption equilibrium of hydrogel. A hydrogel absorbing less water has a smaller size (de-
swollen) than when it is absorbing more water (swollen); this is defined as the stimuli-
responsivity of the hydrogel. As shown in Figure 1-5, upon exposure to different physical
and/or chemical stimuli, the physical properties of hydrogels, such as swellability, mesh
size, and refractive index, can undergo a reversible change, which allows them to be used
widely in sensors,%* actuators,%® and smart surfaces.®® Many different stimuli-responsive
hydrogels have been developed, however, in this dissertation, we will focus mainly on the
pNIPAm-based temperature-responsive hydrogels and their applications in controlled drug

delivery.
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Figure 1-5. The solvation state change of a hydrogel in response to different external stimuli.

1.2.1 Temperature-responsive pNIPAm-based Hydrogels

Temperature-responsive hydrogels are composed of temperature-responsive polymers,
such as pNIPAm. Similar to the volume phase transition behavior of the polymers at their
LCST, temperature-responsive hydrogels exhibit a swollen—de-swollen volumetric change
in a solvent when the solution temperature goes beyond their LCST. The pNIPAm-based
hydrogel is the most extensively investigated temperature-responsive hydrogel. A typical
pNIPAm hydrogel can be synthesized with free radical polymerization in an aqueous
solution containing NIPAm monomers, crosslinkers, and reaction initiators. The most
commonly used non-degradable crosslinker is N,N'-methylenebis(acrylamide) (BIS).’
Using the degradable crosslinkers can make the hydrogels partially or fully degradable.®®
Persulfate salts, such as ammonium persulfate (APS) and potassium persulfate (KPS) are
typical initiators used in the reaction, as one persulfate ion can decompose into two radical
ions at an elevated temperature (>43 °C) to initiate the polymerization reactions. In many
cases, APS also is used with an initiation catalyst, N, N, N’ N'-tetramethylethylenediamine
(TEMED), which reduces the initiation temperature to room temperature or even lower
(<0 °C) by the radicals formed by the redox reaction between the APS and TEMED.
Furthermore, the chemical/physical properties and/or multi-responsivity of the pNIPAm

hydrogel can be tailored by copolymerizing different functional comonomers. For example,
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AAc can make the pNIPAm-based hydrogels pH-responsive, and 3-hydroxyethyl

methacrylate (HEMA) can make hydrogels more hydrophilic.

1.2.2 Temperature-responsive pNIPAm-based Microgels and Assemblies

1.2.2.1 pNIPAm-based Microgels
pNIPAm-based microgels/nanogels are pNIPAm-based hydrogel micro/nano particles. For

example, microgels with a diameter in the range of 100 nm—1000 nm, have similar internal
structures as the hydrogels, even though they are physically different. Due to the sub-
micron sizes, microgel particles have several orders of magnitude larger surface
area-to-volume ratios than hydrogels. In addition, microgels demonstrate a much faster
response to the external stimuli. A theory on deswelling kinetics, based on the concept of
cooperative diffusion, was proposed by Tanaka and Fillmore®® and yields the expression
shown in Equation 1-2
T = R?/m?D (1-2)
where T is the time that the gel needs to complete the volumetric change, R is the radius of
the gel, and D is the cooperative diffusion coefficient. This theory concludes that the
response time of the gel is proportional to its size. Therefore, because of the significantly
decreased size of the microgels, the temperature-responsive microgels de-swell much faster
than the bulk hydrogels, and their response times are typically in the millisecond
timescale.”
pNIPAm-based microgels can be prepared by free radical precipitation
polymerization, defined as a polymerization that starts from a homogeneous monomer

solution and ends in a polymer dispersion; this is one of the most convenient methods for
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the microgel synthesis.’”!””> The following components, NIPAm, crosslinkers, and initiators,
are essential to synthesize uniform and stable microgel particles, although Gao and Frisken
reported the self-crosslinking of pNIPAm microgels without crosslinkers during the
synthesis. The selection of the initiators is important to synthesize the microgels with good
monodispersity. Usually, ionic initiators (usually 0.1 mol% to 0.2 mol% of total amount of
monomer), such as persulfate salts and 2,2'-azobis N, N'-dimethylene iso butyramidine
(AIBI), are good options because the ionic initiators impart the surface of the microgel
particles with charges and stabilize the particles. Moreover, the charge property of the
initiators also should be compatible with the comonomers to achieve a good microgel yield.
This means that the selected initiator should have the same type of charge as the
comonomers’> because opposite charges between the initiator and comonomer would result
in a reduced zeta-potential of the microgel particles and induce particle aggregation. In this
dissertation, free radical precipitation polymerization was used to synthesize all microgels,
and APS or AIBI was used for different microgel synthesis. Figure 1-6 shows the
mechanism of pNIPAm-based microgel formation in the free radical precipitation

polymerization.

Figure 1-6. Mechanism of microgel formation in free radical precipitation polymerization.
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In this reaction, the temperature should be higher than the initiator activation
temperature and LCST of the polymers. There are two main reasons for this. First, the
polymerization reaction needs to be triggered by the free radicals formed from the initiator
decomposition at high temperature. Second, the elevated temperature allows the oligomers
to collapse into primary nuclei, which work as seeds for the following particle growth.
There are several factors that can affect the size of the resultant microgels, including
reaction temperature, ionic strength, and surfactant concentration. At a lower temperature,
a smaller fraction of the initiator would be activated at the beginning of the reaction,
converting fewer amounts of the monomers into the nuclei. Therefore, more of the
remaining monomers are distributed onto fewer nuclei in the particle growth step, and as a
result, the final microgels will have an increased size.”® Inorganic salts and ionic surfactants
are a pair of agents that are used to control the size of synthesized microgels. Typically, a
higher concentration of salt can increase the particle sizes, while a higher concentration of
surfactant would decrease the particle sizes.” According to the surface electrical double
layer theory,”” the increased ionic strength decreases the double layer thickness around the
microgel particles and can induce the aggregation of small particles to larger particles. In
contrast, the surfactants stabilize the small particles and prevent aggregation, thus, resulting
in smaller microgels.”®

Microgels prepared with only the NIPAm monomer are only temperature-responsive,
while the multi-responsive microgels, microgels that are responsive to multiple stimuli, can
be prepared by incorporating another responsive functional moiety into the microgels. The
functional moiety can be either copolymerized with NIPAm as a functional monomer or

be modified on the previously prepared pNIPAm microgels to form the multi-responsive
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microgels. For example, a temperature and pH-responsive microgel can be prepared by
copolymerizing a pH-responsive monomer, AAc, with NIPAm.”” In another example, a
temperature and triglyceride-responsive pNIPAm microgel was prepared by modifying the
pNIPAm-based microgels with lipase by an EDC/NHS coupling reaction.”® With these
methods, the temperature-responsive pNIPAm-based microgels could be designed to

respond to a variety of stimuli, such as UV-light,” electric field,*® and redox agents.?!

1.2.2.2 pNIPAm-based Microgel Assemblies

Previous research has shown that secondary structures could be established with the self-
assembly of microgels as building blocks.®*** The secondary structures can be a one
dimensional (1D) monolayer,3** two dimensional (2D) films, or three dimensional (3D)
bulk hydrogels.?* 8 Different applications have been found for these structures, like
functional coating, sensing, and biosensing. For example, a microgel monolayer was
developed as a nonfouling coating to enhance the biocompatibility of biomedical devices,?’
microgel-based 2D colloidal crystal hydrogels were prepared as a sensing system for

different stimuli,?-

and a large-scale colloidal photonic crystal demonstrated tunable
bandgaps when it was prepared with pNIPAm-based microgels.”® The Serpe group
originally developed a microgel-based device, called an etalon, that has outstanding optical
properties.®? This device, with its excellent stimuli-responsivity, shows great potential in
applications of sensing, biosensing, and drug delivery.”® 91-2

To prepare the etalon device, a solution of pNIPAm-based microgel was painted on
a Cr/Au coated glass substrate. The microgel monolayer was formed by rinsing away

excess microgels from the substrate. Then, another layer of Cr/Au was deposited on top of

the microgel layer to make a sandwich structure of the etalon device. An illustration of an
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etalon device is shown in Figure 1-12(A). It is obvious that the distance between the two
metal layers is determined by the thickness of the microgel monolayer. When a light is
irradiated on the etalon surface, the transmitted light and the reflected light interfere with
each other and generate a visible color due to the thin-film interference (Figure 1-12(B)

and Figure A-1).
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Figure 1-7. (A) Schematic of a pNIPAm microgel-based etalon: (a) 15 nm of Au layer with 2 nm
of Cr adhesion layer, (b) Microgel monolayer, (c) 15 nm of Au layer with 2 nm of Cr adhesion
layer, and (d) glass substrate.” [Reproduced by permission of The Royal Society of Chemistry.]

(B) Schematic of the light resonance and interference in an etalon.

A setup of a spectrophotometer probe, shown in Figure 1-13(A), is commonly used
for quantitive analysis of the color of the etalon devices. The etalon exhibiting visible
colors shows a unique multi-peak reflectance spectra (Figure 1-13(B)) due to the
interference of light resonating in the microgel layer between the two Au layers.®? The
position and order of the peaks can be predicted using Equation 1-3

mA = 2nd(cosB) (1-3)
where 7 is the refractive index of the dielectric layer (the microgel layer in our case), d is
the mirror—mirror distance (distance between the two Au layers), 0 is the angle of incident

light relative to the normal, and m (an integer) is the order of the reflected peak. The
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equation indicates that a shift in reflected light wavelength, A, is expected as the microgel
layer thickness, d, changes. If 0 is fixed, A is dependent only on d. Due to the response of
the pNIPAm microgels to the stimuli, etalons have been shown to exhibit responses to

many organic/inorganic compounds, ionic strength, and biomolecules.
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Figure 1-8. (A) An instrumental setup for reflectance spectrum collection. (B) A sample reflectance

spectrum of an etalon.

1.2.3 Applications of the Responsive Microgels and Their Assemblies

Due to their high porosity and stimuli-responsive nature, many new applications of the
responsive microgels have arisen over the past few decades. These applications can be
classified into three main categories: sensing/biosensing, controlled drug delivery, and
water remediation. In this section, we will introduce some typical examples for each of the

applications briefly.

1.2.3.1 Sensing/Biosensing

Swelling—deswelling is the key mechanism for the responsive microgels in sensing and
biosensing applications. An example of this was presented by Hoare et al.,”* where they

used the swelling behaviors of the APBA-modified pNIPAm-based microgels in solution
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to illustrate the presence of glucose. Specifically, the phenylboronic acid groups in the
microgels can bind to the diol structure of the glucose molecules and form the negatively
charged complex,” which increases the anionic charge density in the microgels and leads
to a swelling response of the microgels due to the stronger charge—charge repulsion. When
the etalon-based sensing systems are developed with microgels, the swelling/deswelling of
the microgels in response to the analyte is converted to the peak shifts of the reflectance
spectrum of the etalons. Our group reported an etalon-based pH sensor based on the partial
protonation of the carboxylic acid. Specifically, as a weak organic acid, the carboxylic acid
group has a wide pH range that allows it to be protonated/deprotonated partially, and the
fraction of the deprotonated carboxylate groups increases as the solution pH increases. This
results in a swelling response of the microgel layer in the etalon and a red shift of the
reflectance spectrum.”® Recently, our group synthesized reductant-responsive microgels by
using a disulfide bond crosslinker.”” The disulfide bond can be reduced and dissociated by
dithiothreitol (DTT). Thus, the microgels, either suspended in solutions or assembled in
etalon devices, show a swelling response to the DTT due to the decreased crosslinking

density.

1.2.3.2 Controlled Drug Delivery

Another area of the responsive microgels that is intensively studied is the application of
controlled drug delivery. The porous structure of microgels allows the drug molecules to
be incorporated onto the microgel interiors, and their significant volumetric transition may
be employed to promote the drug release processes.”® In addition to the pH and temperature

changes as the stimuli to trigger the drug release by microgels, some biomolecules, like
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glucose and enzymes, also can activate the release of the drugs. Liu and co-workers
reported a self-regulated insulin delivery system based on dual-responsive microgels.”® In
this research, the phenylboronic acid group and the disulfide bond were incorporated to
make the microgels responsive to both glucose and an intracellular reductant, glutathione
tripeptide (GSH), which can release pre-loaded insulin in response to either of these two
stimuli. In some cases, using microgels alone does not show the desired target selectivity
for the precise drug release. To address this problem, Zhang et al. prepared anti-cancer
drug-loaded microgel entrapped microparticles for a targeting drug delivery.” Specifically,
the anti-cancer drug-loaded microgels are coated with a layer of glycogen that has
transferrin receptors grafted on the surface. As the cancer cells have overexpressed
transferrin on the cytomembrane, these microparticles demonstrate great selectivity and
cytotoxicity to the cancer cells. On the other hand, using the microgel assemblies is also a

promising method to control the release of drugs from microgels.

1.2.3.3 Water Remediation

In the process of wastewater treatment, coagulation and flocculation are critical for
removing the contaminants. Microgels with porous structures are capable of absorbing a
variety of materials, like fine particles, colloids, organic compounds, and heavy metal
ions.!” For example, microgels made with polyelectrolytes can absorb organic dye
molecules or heavy metal ions electrostatically from the wastewater samples, and the used

microgels could be regenerated simply by changing the solution pH.!"!
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1.3 Applications of Stimuli-responsive Polymer Materials in
Controlled Drug Delivery

1.3.1 Background of Controlled Drug Delivery

Conventional drug administration, such as oral drug dose, usually requires high and/or
repetitive dosage to maintain a sufficient blood drug concentration and stimulate a
therapeutic effect. This is because only a small fraction of the dosage can reach the relevant
sites, and most of the dosed drug is either degraded or metabolized before arrival at the
required site in the gastrointestinal tract and/or the liver. However, a high dosage may cause
side effects, and an insufficient blood drug concentration between two dosages lowers the
drug efficacy. To maximize the drug efficacy and minimize the potential side effects,
scientists continue to develop more advanced controlled drug delivery systems that can
release a drug to the required site and maintain a constant local drug concentration.
Starting in the 1950s, controlled drug delivery technology has progressed
tremendously from primitive sustained release systems to sophisticated self-regulated
release systems. The development of controlled drug delivery was described by Kinam
Park as occurring in three generations.!”> The first generation controlled drug delivery
technology (1950-1980) focused on the development of sustained release systems by oral
and transdermal delivery routes. The second generation (1980-2010) technology was
developed based on the self-regulated release systems, long-term release systems, and
nanotechnology-based delivery systems. After 2010, the development of the third
generation technology started, which includes on-off switching on-demand drug delivery,
targeted delivery of an anticancer drug, and extreme long-term drug delivery over six

months to one year.
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To achieve the desired curative effect for the diseases, an appropriate route of
therapeutic drug administration is critical. Scientists have been working on designing new
drug delivery systems that can be applied with the alternative drug administration routes in
order to increase the patient’s compliance, lower the invasiveness to the body, decrease the
side effects, and achieve precise medicine delivery to the relevant sites. There are several
typical routes of drug administrations, including oral, hypodermic injection, transdermal,
and implantable. In the following paragraphs, we will introduce and discuss advantages,
drawbacks, and recent development of drug delivery technologies for each drug
administration route.

Oral, as a traditional delivery method, is the most popular and desirable
administration route due to the convenience of ingestion, pain avoidance, and patient
compliance. However, there are some challenges for the oral delivery. The gastrointestinal
tract (GIT) of a human has various digestive enzymes with an extremely low-pH
environment, thus the oral-intake of drugs may involve their decomposition and/or enzyme
degradation in the stomach before they are absorbed by the intestine. This problem is
extremely challenging for protein/peptide-based drugs, such as insulin and enfuvirtide; the
latter is a peptide-based drug that can be injected only as a salvage therapy in patients with

multi-drug resistant HIV.1%

However, there are some strategies that attempt to realize the
oral delivery of proteins and peptides. For example, (1) co-admit the protease inhibitors
and absorption enhancers to minimize the enzymatic degradation and improve the drug

permeability in the GIT;!* (2) utilize the micro/nano particles and liposomes-based drug

delivery systems to protect the drug from the harsh environment and enzymatic degradation
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in the GIT;!%-1% and (3) improve the membrane permeability and proteolytic stability of
the drugs with modifications on their physicochemical nature.!’-1%

Injection, as an alternative method to deliver drugs that are not compatible with oral
delivery, introduces drugs directly into the bloodstream or hypodermic tissues with needles,
providing an enhanced therapeutic effect and increased dosage effectiveness. Although the
injection method has some disadvantages, such as invasiveness and chances of infection,
when it is applied to the novel drug delivery systems, it acquires more advantages,
including ease of application, reduced total body drug dosage by localizing the delivery on
relevant sites, and decreased patient discomfort by extending drug release periods.!%-!1

A biodegradable polymeric hydrogel that can undergo a sol-gel transition in situ is
becoming a competitive candidate in injectable drug delivery systems, as the polymer
precursor solutions dissolving the drug molecules can be injected at the target site and
convert instantly into a solid hydrogel in situ to form a long term drug delivery material,
which prevents significant tissue irritation and damage.!!!"!!? Recently, most research on
injectable hydrogels has focused on hydrogels that are responsive to physiological
conditions or are formed under particular physiological conditions in order to reduce the
risks involved in the conventional hydrogel implantation surgeries, such as pain, scarring,
and infections.!"® On the other hand, polysaccharides such as alginate, chitosan, hyaluronic
acid, cellulose, pullulan, etc., are the most commonly used materials in the preparation of
injectable hydrogels due to their non-toxicity and excellent biocompatibility. For example,
Anderson and co-workers prepared a polysaccharide-based nanoparticle that can be

injected into tissues and aggregate to form a hydrogel in situ.!'* Specifically, insulin,

glucose oxidase (GOx), and acid-sensitive acetal-modified dextran (m-dextran) are
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entrapped in both chitosan nanoparticles and alginate nanoparticles. When the hydrogel
precursor solutions containing the nanoparticles are injected into the tissues, the
nanoparticles aggregate electrostatically to form the hydrogel. With the presence of glucose
in the tissue, the GOx converts the glucose into gluconic acid, which then degrades the m-
dextran and releases the insulin. The hydrogel formed by a single injection can release
insulin slowly in response to the glucose and maintain the blood glucose level of mice up
to 10 days. Beside the design of the materials for injectable hydrogels, the needle for the
injection also was studied by Kang and Lee.!'"> The needles prepared with partially
crosslinked catechol-functionalized chitosan can undergo a solid-to-gel phase transition in
situ, which seals the punctured tissues, preventing uncontrollable bleeding and
intramuscular infections.

With the transdermal route, therapeutic drugs can be self-administered by patients
non-invasively. The most common transdermal drug delivery structure is patch-based,
which usually is composed of a drug reservoir and a release control membrane. The drug
reservoir works as a holder to load the drug and determine the total amount of dosage, and
the release control membrane, made with biocompatible porous materials, works as a
barrier to tune the dosage period. However, the patch-based transdermal delivery systems
are not compatible with drugs that have a high molecular weight, such as proteins and
peptides, due to their low permeability to the stratum corneum barrier above the skin. To
overcome this hurdle, a small needle-aid vaccination system was developed, which
breaches the stratum corneum barrier and delivers the vaccine to the potent epidermal
Langerhans and dermal dendritic cells to generate a stronger immune response with a much

lower dosage.!'¢ Recently, microneedle-based patches have drawn more and more attention,
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as these types of devices can deliver a variety of drugs efficiently with the transdermal
route. Specifically, drugs can be loaded into microneedles that are made with
biocompatible polymers. As soon as the microneedles puncture the skin, the drug is
released directly from the needles into the hypodermic tissues. For example, Gu et al.
reported a close-loop glucose-responsive microneedle array patch for in vivo insulin
delivery.!!” By integrating the H,O,-responsive polymeric vesicles containing insulin and
GOx with the hyaluronic acid-based microneedle array, the pre-loaded insulin can be
released rapidly from the disassembled vesicles due to the enzymatic reaction involved by
glucose, GOx, and H>0,.

The concept of implantable drug delivery systems (IDDS) was proposed in 1938 by
Deansby and Parkes, who investigated the release of the implanted compressed pellets of
crystalline estrone in the subcutaneous tissue of castrated male chickens.!!® Since the 1960s,
when the silicones were used to prolong the administration period of therapeutic agents by
Folkman and Long,'" research on IDDS focused mainly on improving the systems’

! compatibility between drugs and carriers,'?? and patient

stability,'?® biocompatibility,'?
acceptance. The IDDS have been classified historically into two major types, drug implants
and implantable pumps containing drugs. In addition, the drug implants can be classified
further into non-degradable and degradable systems.'?* The drug implant systems release
the drugs at a controlled rate with the assistance of polymer coating and membranes, while
the implantable drug pump systems control the rate and amount of the drug release by
utilizing different types of “pumping force” applied to the implanted devices, such as

osmotic pressure,'?* peristaltic movement of certain components in the device,'”> and

infusion of external solutions.'?* No matter which type, the polymeric materials with good
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biocompatibility to the human physiological environments provide a significant
contribution for the IDDS and can be used for the preparation of the matrix, scaffold,
membrane, coating, and filling.'?” The non-degradable polymers commonly used in IDDS
include polyurethane (PU), poly (methyl methacrylate) (PMMA), polyethylene (PE), and
poly(ethylene terephthalate) (PET). The degradable polymers include poly(lactide),
polyanhydride, and collagen. Compared to the drug delivery systems based on other drug
administration routes, IDDS demonstrate their outstanding ability to release therapeutic
agents with high efficiency and great controllability in on-demand drug delivery.!?8-13
Many of the implantable devices, especially the sustainable release devices, require
external power sources, such as lithium-ion batteries, for a sustainable operation. However,
the limited energy stored in batteries limits the device lifetime and leads to unwanted
surgeries for the device replacement. Recently, more and more research has focused on the
development of self-powered IDDS. The IDDS can be powered by the enzymatic biofuel
cells,'3! triboelectric nanogenerators,'** or piezoelectric nanogenerators.'** For example,
Wang and co-workers developed a biofuel cell powered self-regulated acetaminophen
release system that can sense the abdominal trauma (ABT) and release acetaminophen on-
demand.!3! Specifically, this system contains a lactate dehydrogenase-coated anode and an
acetaminophen-loaded, conductive polymer-modified cathode. When the ABT-induced
lactic acid is oxidized by the lactate dehydrogenase, the electrons generated by this reaction

would trigger the release of the acetaminophen from the cathode to relieve the ABT.
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1.3.2 Polymeric Material-based Controlled Drug Delivery Systems and
Mathematical Models of the Drug Release Processes

Although there are a number of different types of materials that have diverse applications
in controlled drug delivery systems, polymeric materials are by far the most most widely
investigated over the past several decades, and it plays a key role in the development of the
second generation drug delivery systems. Polymeric materials endow the drug delivery
systems with increased efficacy, reduced adverse effects, lower toxicity, and
convenience.!” 134135 For example, some small-molecule anti-cancer drugs have short
half-lives in blood plasma and cytotoxicity to both healthy cells and cancer cells. However,
by utilizing polymeric materials, such as surface functionalized block copolymer micelles,
the anti-cancer drug can be well-protected from the enzymatic degradations and has
significantly enhanced cancer cell selectivity.!3¢-137

Polymeric drug delivery systems with a variety of different formations, from
macroscale to nanoscale, have been developed over the past 50 years.!3® Most of the
systems developed in the early stages were on the macroscale, e.g., silicone rubber-based
mucosal inserts, polysaccharide-based oral capsules, and synthetic polymer-based skin
patches.!* Between 1980 and 2000, biodegradable polymers were used widely to prepare
the devices and structures on the microscale, e.g., poly (lactic acid) (PLA)-based sutures,'*
polycaprolactone (PCL)-based microparticles,'"*! and poly (lactic-co-glycolic acid)
(PLGA)-based microspheres.'? Over the last three decades, relying on the development of
nanotechnology, nanoscale drug delivery systems have made great progress. The newest

formations of nanodrugs include synthetic polymer-based micelles,'** PEGylated

liposomes,'* and protein-drug conjugate nanoparticles.!'*
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Polymeric materials play a critical role in controlled drug release systems by
controlling the release of the therapeutic agents at a constant rate over a long period and
making the release rate of drugs tunable for various therapeutic treatments. The drug
release from a modified release system is controllable with various methods, such as
diffusion, dissolution, swelling, osmosis, and erosion.'*® Therefore, analyzing the drug
release processes with mathematical models is becoming valuable in the design of the
polymeric material-based drug delivery systems. With a proper mathematical model, the
drug release behavior of a specific controlled release system can be predicted. In addition,
the mathematical models also can help researchers to optimize the drug release systems by
comparing the theoretical release profiles with the experimental release profiles. In the
following sections, we will discuss the mathematical models of different drug release

systems, including classical drug diffusion, polymer degradation, and erosion.

1.3.2.1 Zero-order Model

Some drug release systems are designed to release the active agent at a constant rate over
a certain period of time to achieve an equalized administration and elimination of the active
agent, resulting in a uniform drug concentration in plasma and/or tissue. In these systems,
the polymers act as a uniform membrane surrounding the drug molecules, and the drugs
release at a constant rate. Therefore, a drug release process with a constant rate can be
described by the zero-order model, whose mathematical expression is given by Equation
1-4

Q: = Qo + Kot (1-4)
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where Q; is the amount of drug dissolved at time t, Qg is the initial amount of drug in
solution, and Kk, is the zero-order release rate constant. This relation can be used to describe
the dissolution of the drugs from the release systems that do not disaggregate, such as some
transdermal release systems and matrix tablets with low-solubility drugs, coated forms, and
osmotic systems, and it is ideal to describe the membrane controlled dosage forms.'*” For
example, an oral intake core tablet with a water-permeable coating is a zero-order release
system. After swallowing, the active agent dissolves in the hydrated core until the
concentration reaches the saturation. Then the active agent diffuses from the saturated
reservoir through the membrane and reaches the gastrointestinal fluid. The constant release
rate is due to a stationary concentration gradient across the membrane provided by the

saturated reservoir in the core.'®

1.3.2.2 First-order Model

The formation of the controlled release systems that release a drug in the first-order model
could be similar to the zero-order model systems. However, the active agents in the first-
order model systems usually have a higher solubility in the medium, which provides a
concentrated reservoir with fully dissolved active agents. Therefore, when the systems start
to release the active agent, the concentration of the reservoir would decrease gradually as
a function of time, causing an equivalent concentration gradient across the membrane. In
this case, the change in concentration with respect to the change in time is dependent on
the concentration, which can be expressed by Equation 1-5

dc/dt = —k,C (1-5)
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where C is the percentage of the drug remaining in the reservoir at time t, and k; is the
first-order release rate constant in units of time™'. Assuming that the volume of the medium
is constant, therefore, C can be written as (Q/Qg), where Q; is the amount of the drug
remaining in the reservoir at time t, and Q, is the initial amount of active agent in the
reservoir. By integrating both sides of Equation 1-5, the mathematical expression of the
first-order model will be obtained, as shown in Equation 1-6

log Q¢ = log Q, — k4t/2.303 (1-6)

where k; is the first-order release rate constant,'#3-14

1.3.2.3 Higuchi Model

In 1961, Higuchi developed a mathematical model, also known as the Higuchi model, to
describe the drug release from ointment bases (planar systems).'* Since then, the Higuchi
model has been used widely to describe the drug dissolution from matrix systems.
Generally, this model is related to the particles of drug dispersed in a homogeneous matrix
exposed into a diffusing medium, which was proposed initially by Higuchi formation by

Equation 1-7

Q = /D(2C — C,)Cst (1-7)
where Q is the amount of released drug at time t per area, C is the initial total amount of
drug in dosage form, Cg is the solubility of the drug in the matrix medium, and D is the
diffusion coefficient of the drug in the matrix medium.

This relationship is valid for most of the cases, except when the liquid medium
contained in the matrix is saturated with the dissolved drug. Therefore, Higuchi proposed

Equation 1-8 in 1962 for the case of a matrix saturated with a drug
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Q = /2CoeDt/Tn (1-8)
where Cg is the concentration of diffusing liquid contained in a porous matrix, € is the
porosity of the matrix, and T is the capillary tortuosity factor.'’! It is obvious that the
amount of released drug is proportional to the square root of time. Therefore, this Higuchi
model expression can be simplified as Equation 1-9

Q = kyvt (1-9)
where ky is the Higuchi model release rate constant.

Based on the works of Higuchi,'?!?

many theoretical models, including the
Korsmeyer—Peppas model and the Baker-Lonsdale model, were developed for various

drug release systems that are different in active agent solubility, material of matrices, and

formation of matrices.'>>

1.3.2.4 Hixson—Crowell Model

For dosage forms such as tablets, whose surface is dissolving as long as the drug is released,
the total surface area of the dosage form decreases proportionally over time, and the
geometry remains constant, Hixson and Crowell proposed a theoretical model to describe
the drug release behavior of this type of surface erodible drug delivery system.!>* As the
surface area of a group of particles is proportional to the cube root of its volume, the
mathematical expression of the model is shown in Equation 1-10

YWo = YW + kyct (1-10)
where W, is the initial amount of the drug in the system, W; is the amount of drug
remaining in the system at time t, and ky is the Hixson—Crowell model constant, which

relates the surface and volume of the dosage forms. When taking other factors into account,
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such as concentration, drug density, drug diffusion, and the number of spherical particles,
Equation 1-10 can be written as

YWy = W, + (K'YNDC,/8)t (1-11)
where K’ is a constant relating surface, dosage form, and particle density, N is the number
of particles, D is the diffusion coefficient, Cg is the solubility of the drug in the medium at
the temperature of the process, and & is the thickness of the diffusion layer.

This model describes the drug release from systems where there are changes in the
surface area and size of particles and tablets. Note, in this model, the drug release kinetics
is determined by the dissolution speed of the dosage form instead of the speed of the drug
diffusion. Therefore, the Hixson—Crowell equation can be applied to erodible
pharmaceutical dosage forms, such as orally taken tablets, where there is even dissociation
that occurs in planes parallel to the surface, while the geometrical characteristics of the

tablets remain constant.

1.3.3 Stimuli-responsive Polymeric Materials for Controlled Drug

Delivery

As discussed in previous sections, polymer-based materials play an integral role in the
advancement of control drug delivery technology because they are highly porous,
biocompatible, soft, and functionalizable. Even though the drug delivery devices and
systems made by polymeric materials are therapeutically advantageous over the
conventional drug delivery systems, they are not yet sensitive enough for us to control the
drug release rate in response to change of metabolic states of the body and/or external

stimuli manipulation.
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To overcome this limitation, the applications of stimuli-responsive polymers in
controlled drug delivery systems have been studied widely, as the responsive systems allow
us to define precisely when and how much of the therapeutic agents should be released to
obtain best efficacy. The concept of stimuli-responsive drug delivery systems was reported
first by Yatvin et al. in 1978 with the use of temperature-sensitive liposomes for the
enhanced local drugs release by hyperthermia.'>®> To design the new systems for drug
delivery purposes, the challenges associated with the administration in the body need to be
addressed; these include a simple administration route, an effective delivery, adapted
responsive behaviors to the pathological conditions, biocompatibility, biodegradability,
and low toxicity. Therefore, to apply stimuli-responsive polymers to drug delivery systems
and cause detectable behavioral changes of systems in response to the stimuli, the
responsive polymer materials usually are conjugated with other materials or structures to
obtain better functionality. For example, the temperature-responsive controlled release
system can be either applied directly to the drug release sites on the body to utilize the body
temperature to trigger the release of the drugs or combined with other heat generation
structures to control the release. T. Hoare et al. presented a magnetite-microgel composite
membrane to control the ON and OFF of the drug release from the reservoir.!*° Specifically,
temperature-responsive microgels mixed with the magnetite nanoparticles act as a
magnetic field-responsive gate to block the release of the drug. When the magnetic
triggering is applied, the magnetite nanoparticles generate heat and induce the shrinking of
the temperature-responsive microgels, which results in the gate to open and a high flux

drug to be released.

33



1.4 Conclusions

In this chapter, we introduced stimuli-responsive polymers, some concepts and
applications of the temperature-responsive hydrogels and microgels, some concepts of the
controlled drug release systems, some mathmetical models that are commonly used to
describe controlled release kinetics, and typical controlled release systems based on
stimuli-responsive polymers. There are different formations and mechanisms that utilize
stimuli-responsive polymers in diverse controlled drug delivery systems, and some of them
draw much attention, e.g., microgels/nanogels, core-shell particles, self-assembled
nanoparticles, polymer-biomolecular conjugates, and polymer-inorganic hybrid systems.
However, for a specific controlled release system, tuning the drug release rate precisely
and conveniently and controlling the release processes of multiple drugs individually is
still a challenge. In addition to this, there are numerous limitations exist in current drug
delivery technologies, such as being invasive, and high-cost.!*’ In many cases, the
limitations come from the properties of the therapeutic drugs that need limited
administration routes. By far, most of peptide-based and protein-based drugs requires
repetitive clinical injection due to the unstability of the drug in common environment,
potential enzymatic degradation in human body, and low permeability of intestinal
epithelium, which reduces comfort and compliance of patients and increases the cost of the
drug dosage.!”® Therefore, to address these problems, newly developed drug delivery
technologies should be able to increase the stability of the drug, prolong the drug delivery
period, protect the drug against the extreme conditions during the administration, and

reduce the body invasion.
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In this dissertation, we will discuss some approaches that can control small-molecule
release rates in precise and simple ways, based on the microgel-based etalon device and a
pNIPAm-based hydrogel-microgel composite (HMC) material. Specifically, pNIPAm was
used to prepare the etalon and HMC, and we used them as controlled drug delivery systems
and investigated their controlled release mechanisms.

Although our group has previously developed a controlled release system based on
the etalon, in this dissertation, we will discuss a surface modification approach to control
the small-molecule release in a simple and precise way, and we will use the zero-order and
first-order release models to analyze the controlled release behaviors of this system and
investigate the mechanisms of the controlled release.

On the other hand, some previous researches reported the HMC-based materials as
drug delivery systems by utilizing the hydrogel as an extra diffusive barrier to prolong the
drug release period. In this dissertation, we will discuss the preparation of a stimuli-
responsive polymer-based HMC material as a small-molecule controlled release system,
and discuss some approaches of tuning the chemistry of HMC’s hydrogel matrix to control
the release kinetics of small molecules. Moreover, the controlled release mechanisms of
the HMC-based materials will also be discussed based on the investigation of the
interactions between the small molecules and the polymer materials. In addition to this, the
HMC material also demonstrates its ability to be used as a multi-drug controlled release
system as a proof-of-concept.

This dissertation will mainly focus on the methodologies of small-molecule
controlled release by stimuli-responsive materials and devices, which will provide some

new ideas for controlling the release of therapeutic drugs in long-term and low-invasive
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drug delivery systems, such as implantable devices, transdermal delivery devices,
hydrogel-based injectable delivery systems, and orally administrative drug delivery

formats.
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Chapter 2

Alkanethiol Surface Modification of a pH-Responsive
Reservoir Device for Small Hydrophilic Molecules

Controlled Release

2.1 Introduction

Materials composed of natural and synthetic polymers are ubiquitous in our daily lives. For
example, gelatin, a water-soluble polypeptide, is used to make jelly in the food industry;
synthetic rubber, an artificial highly elastic polymeric material, has been used widely in the

automotive industry; and poly (lactic acid), a biocompatible polymer, has a variety of

159

medical applications, e.g., stents,'> sutures,'® and patches.!é! In the past few decades,

162-164 31s0 known as “smart” materials, have attracted much

stimuli-responsive polymers,
scientific interest due to their ability to respond to external stimuli, e.g., changes in

environmental conditions. Stimuli-responsive polymers have found numerous applications

165-166 164, 167-169

as self-healing materials, stimuli-responsive actuators, and drug delivery
reservoirs.” 193170 The breadth of the application of stimuli-responsive polymers is a result
of the diversity of their chemistry that allows them to respond to specific chemical and/or
physical stimuli, such as pH,”* organic/inorganic molecules,’"> !”! biomolecules,?! '7>173
temperature,> !’* light,'> !> and electric field.'*!3

One of the most extensively studied stimuli-responsive polymers is poly (N-

isopropylacrylamide) (pNIPAm), which undergoes a transition from a water-soluble state
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to a relatively insoluble state when the temperature is increased above its lower critical
solution temperature (LCST).* 3! The LCST for pNIPAm in pure water is around 32.5 °C,
above which the linear polymer chain shrinks from an extended (random coil) to a
collapsed (globule) state.!”® PNIPAm also can be crosslinked into network structures to
yield hydrogels or hydrogel particles (microgel or nanogel, depending on the diameter);
these crosslinked structures also exhibit an LCST where they undergo a transition from
water swollen to deswollen.”! In addition, by copolymerizing functional monomers into the
hydrogel structures, they can be made to respond to a variety of stimuli. For example,
addition of acrylic acid (A Ac) renders the resultant material pH responsive. This is a result
of AAc being deprotonated (and becoming negatively charged) at pH > 4.25, which leads
to polymer swelling as a result of charge repulsion and osmotic swelling; the polymer
returns to its native solvation state when the AAc is protonated (and neutralized) at pH <
4.25. Importantly, the negative charge generation as a result of AAc deprotonation allows
positively charged small molecules to adhere electrostatically to the polymer structure and
to be released when the charge is neutralized.!””"!”®

In 2011, the Serpe Group reported on pNIPAm-microgel-based optical devices,
called etalons,®> which can be fabricated by sandwiching a layer of pNIPAm-based
microgels between two semi-transparent 15-nm Au layers on a glass substrate. The
structure of a microgel-based etalon is shown in Figure 2-1(A). The etalons exhibit visible
color and unique multi-peak reflectance spectra due to interference of light resonating in
the microgel layer between the two Au layers.!” The position and order of the peaks can
be predicted using Equation (1-3). Etalons have been shown to exhibit responses to

DNA, '3 glucose,'®! organic compounds,’® and small inorganic compounds.®!-1: 182
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Etalons are also useful for controlled/triggered drug delivery.!”” This is due to the
ability of the microgels to absorb and bind small molecules (via electrostatics and other
interactions), which then can be triggered to release via changes in environmental
conditions.>> As reported previously, the ultrathin layer of Au deposited on the etalon

82,179 and the porosity can be tuned

devices via thermal evaporation deposition is porous,
easily by changing the Au layer thickness, or via surface modification.”® !’ Regardless of

how the Au layer porosity is varied, it can be used to control the release rate of small

molecules out of the microgel layer of the etalons.
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Figure 2-1. (A) Schematic of a pNIPAm-co-AAc microgel based etalon: (a) 20 nm of Au layer
with 2 nm of Cr adhesion layer, (b) pNIPAm-co-AAc microgel monolayer, (¢) 15 nm of Au layer
with 2 nm of Cr adhesion layer, and (d) glass substrate. (B) Optical reflection spectrum (black
dashed curve) of a representative, unmodified etalon. A Gaussian curve was fit (red solid curve) to
a portion of the spectrum to identify the wavelength of the trough. (Reprinted with permission from

ACS)

In this research, we show that the kinetics of small molecule release from microgels
in etalons can be controlled in a more precise and simpler way than has been reported
previously by exploiting the ability of alkanethiols to bind to Au surfaces, as a molecular

barrier formed with the alkanethiols on the Au blocks the diffusion of the model drug
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molecules.!33-13% Specifically, alkanethiol molecules with different functional groups and
alkane chain lengths were used to modify the upper Au layer of the model drug loaded
etalon device, in order to change the surface hydrophobicity/hydrophilicity. We show that
the release rate of the model drug molecule, crystal violet (CV), from the surface modified
etalon was slowed by the presence of more hydrophobic alkanethiols and enhanced in the
presence of hydrophilic alkanethiols. We went on to investigate the mechanism of release
rate control and found that the behavior is a result of the surface-bound thiol blocking the
triggering agent from entering the etalon and blocking the release of CV out of the layer.
With this surface modification approach, we can envision developing etalon array delivery
systems that can release CV (or a drug) quickly and in a sustained fashion, which is always

a tradeoff for other triggered delivery systems.

2.2 Experimental Section

2.2.1 Materials
N-isopropylacrylamide (NIPAm) was purchased from TCI (Portland, Oregon) and purified

by recrystallization in hexane (Sigma-Aldrich, reagent grade) before use. N,N'-
methylenebisacrylamide (BIS, 99%), acrylic acid (99%), ammonium persulfate (APS,
>98%), sodium chloride (>99.5%), sodium hydroxide (98%), and crystal violet (CV) were
purchased from Sigma-Aldrich and used as obtained. Deionized (DI) water with resistivity
of 18.2 MQecm was obtained from a Milli-Q system. Hydrochloric acid was purchased
from Caledon Chemicals (Georgetown, Ontario). Alkanethiol reagents, including 2-
mercapto-1-ethanol (2-OH), 6-mercapto-1-hexanol (6-OH), 11-mercapto-1-undecanol
(11-OH), 1-heptanethiol (6-CH3), 1-dodecanethiol (11-CH3), and 1-hexadecanethiol (15-

CH3) were purchased from Sigma-Aldrich. The structures and names of each alkanethiol
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molecule are shown in Figure 2-2. Cr (flakes, 99.999%) was obtained from ESPI (Ashland,

OR) and Au 99.99% purity was purchased from MRCS Canada (Edmonton, Alberta).

Figure 2-2. Structures, full names, and abbreviations of alkanethiol molecules used in surface

modification. (Reprinted with permission from ACS)

2.2.2 Microgel Synthesis
Poly(N-isopropylacrylamide)-co-acrylic acid (pNIPAm-co-AAc) microgels were

synthesized via surfactant-free free radical precipitation polymerization, as described
previously.!” Briefly, 10.5 mmol of NIPAm and 0.703 mmol of BIS were dissolved in 99
mL of DI water, and the solution was filtered through a 0.2-um filter into a 3-neck round-
bottom flask fitted with a reflux condenser. The solution was bubbled with N> gas for 1 h
while heating to 70 °C. Then, 198 pL (2.86 mmol) of AAc were added into the reaction
mixture in one aliquot, followed by initiating the polymerization by injection of a solution
of APS (0.2 mmol) in 1 mL of DI water. The reaction then proceeded for 4 h at 70 °C under
a blanket of nitrogen gas flow. The resultant white microgel suspension was filtered
through glass wool after being cooled to room temperature to remove any large aggregates.
Next, the microgel solution was purified via a centrifugation-resuspension process with DI
water six times. Finally, the microgel pellets formed in the last run of centrifugation were

collected, combined, and stored in a glass vial as a concentrated microgel solution.
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2.2.3 CV Loaded Etalon Device Fabrication

To prepare etalons, 2 nm of Cr and 15 nm of Au were sequentially thermally deposited
using a Torr International Inc. system (Model THEUPG, New Windsor, NY) onto a 25 mm
x 25 mm ethanol-rinsed and N> gas dried glass microscope coverslip (Fisher’s Finest,
Ottawa, ON). (Figure 2-3(A)) The Cr/Au substrates were annealed in an oven for 3 h at
250 °C (Thermolyne muftle furnace, Ottawa, ON) and cooled down to room temperature
for the microgel layer deposition. To deposit the pNIPAm-based microgel monolayer on
the substrate, a previously described painting protocol was used.!®¢ To accomplish this, a
40-uL aliquot of concentrated microgel solution (from centrifugation) was pipetted onto
an ethanol-rinsed, N> gas dried substrate and spread out to cover the whole surface. Then,
the microgel solution was allowed to dry completely on a hot plate set to 35 °C. The
substrates were rinsed copiously with DI water, soaked in DI water overnight at room
temperature, and rinsed again, to remove excess microgels not bound to the Au surface.
Figure 2-3(B) shows the appearance of the metal-coated glass substrate with a pNIPAm-
co-AAc microgel layer on it, and the microgel layer is transparent.

To pre-load the CV into the etalon device, microgel-coated substrates were soaked
in a 1-mg/mL CV solution for 5 h. The CV solution was prepared by dissolving 200 mg of
CV in 200 mL DI water and adjusting the solution pH to 6.5. Excess unbound CV was
rinsed off the microgel layer with a solution of pH 6.5 (2 mM NaCl) and incubated in a
solution of pH 6.5 (2 mM NaCl) for 1 h. This process was carried out two times to
completely remove the unbound CV from the surface without breaking the microgel-CV

interaction. The pH of the solutions was maintained at 6.5 to ensure that the AAc groups
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were negatively charged so that they could bind the positively charged CV. Then, the CV-
loaded microgel layer was dried with N> gas, and 2 nm of Cr and 20 nm of Au were
deposited on the microgel layer. The CV molecules give the substrate a purple color, as
shown in Figure 2-3(C), and another metal layer deposition forms a shiny surface on the
substrate, as shown in Figure 2-3(D). The non-CV loaded etalon devices were prepared

using the same procedure but without the CV loading and rinsing steps.

(A) (B)
| —
L —
(C) (D)

Figure 2-3. (A) 15 nm of Au with 2 nm of Cr adhesion layer deposited on a microscope glass cover
slice; (B) metal-coated substrate with a pNIPAm-co-AAc microgel layer; (C) A CV-loaded
pNIPAm-co-AAc microgel monolayer on substrate; (D) a fabricated CV-loaded etalon device with
20 nm of Au and 2 nm of Cr adhesion layer deposited on top of the microgel layer. (Reprinted with

permission from ACS)

2.2.4 Etalon Surface Alkanethiol Modification

To accomplish this, the pNIPAm-co-AAc microgel-based etalon was fabricated and
modified via the protocol shown in Figure 2-4. Specifically, the prepared etalon device was
placed in a small beaker, then 3 mL of alkanethiol/diethyl ether solution (20-mM
alkanethiol) were added into the beaker to immerse the etalon. The beaker needed to be

sealed with two layers of parafilm and one layer of aluminium foil to minimize the solvent
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evaporation and peroxide formation due to the environmental light. In this experiment,
diethyl ether was used as it can dissolve all the alkanethiols used here without disrupting
the CV-microgel interaction. After soaking in the alkanethiol solution for 2 h, the etalons
were removed from the beaker and rinsed with diethyl ether. Finally, the surface modified
etalons were allowed to dry in air. In our experiments, CV-loaded etalon samples were
modified with certain hydrophilic and hydrophobic alkanethiol molecules alone, as

described above, or with a mixture of two different alkanethiols.

20 mM
Alkanethiol/ {4 o
/ Diethyl ether ¢ + * -+ <,
JIIIIIIE Souion Ji555555
Au Coated Glass Substrate Fabricated CV-loaded Etalon Surface Modified Ftalon
Microgel Deposition Upper Au Layer CV Releases at
Deposition pH3
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Figure 2-4. Schematic diagram of a CV-loaded surface modified etalon preparation. Note: The
orientation of the thiols on the Au layer, and their packing, is drawn in this manner for simplicity,
and doesn’t represent the real orientation or packing density on the Au. (Reprinted with permission

from ACS)

2.2.5 Static Water Contact Angle Measurements

Static water contact angle measurements (rame-hart Model 590 (p/n 590-Ul)) were
completed by adding 2 pL of DI water on top of the surface of each alkanethiol-modified
etalon device and alkanethiol-modified Au surfaces (2 nm of Cr with 20 nm of Au on a

glass coverslip).
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2.2.6 X-ray Photoelectron Spectroscopy (XPS) Analysis

Alkanethiol modified samples were analyzed with XPS spectrometer (Kratos AXIS Ultra,
Al source, source energy: 1486.69 eV). For each sample, survey spectra (pass energy:
160eV, number of scans: 2 , dwell time: 100ms), and high resolution spectrum for elements
C (pass energy: 20 eV, number of scans: 12, dwell time: 200 ms), O (pass energy: 20 eV,
number of scans: 20, dwell time: 200 ms), and S (pass energy: 20 eV, number of scans: 60,

dwell time: 200 ms) were obtained.

2.2.7 CV Release Experiment

A sample etalon device (edges sealed by nail polish) was placed into a glass Petri Dish
containing either 20 mL acidic aqueous solution (pH 3, 2 mM NaCl) or a more neutral
aqueous solution (pH 6.5, 2 mM NaCl). At the time of addition to the Petri dish, a UV-vis
spectrometer (Hewlett-Packard Agilent 8453) coupled with an 89090A temperature
controller was used to collect the absorbance spectrum of the solution every 5 min.
Sampling the solution from the Petri dish was achieved using a recirculating peristaltic
pump with tubing to maintain a continuous solution flow between the quartz cuvette and

the Petri dish. The experimental setup is shown in Figure A-3.

2.2.8 Reflectance Spectra

This was done according to previously described protocols.”® " 187 Briefly, a reflectance
probe was set perpendicular to the surface modified non-CV-loaded etalon soaked in 10
mL of the pH 6.5 solution in a Petri dish. Samples were pre-stabilized in this solution

overnight prior to the experiment. As soon as a small amount of concentrated hydrochloric
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acid was added into the Petri dish in one aliquot to decrease the solution pH from 6.5 to 3,
the reflectance spectrum of the etalon was collected with a spectrophotometer probe
(USB2000+ spectrophotometer equipped with HL-2000-FHSA tungsten light source and
an R400-7-VISNIR optical fiber reflectance probe, all from Ocean Optics (Dunedin, FL))

every 1 min to monitor the kinetics of the reflectance peak (or trough) shift.

2.3 Results and Discussion

2.3.1 CV Release Study

For these experiments, the positively charged small molecule dye crystal violet (CV) was
used as a model drug molecule due to its high absorption coefficient and stability at the
experimental conditions used here. The positive charge of CV allows it to bind
electrostatically to deprotonated (negatively charged) AAc groups at pH > pKa for AAc
(~4.25).177-178 That is, when microgels are in solution with a pH > 4.25 (e.g., 6.5), their
negative charges allow them to bind the positively charged CV electrostatically. Likewise,
CV can be triggered to release from the microgels by decreasing the solution pH to 3.0,
where the AAc groups in the microgels are neutralized and the electrostatic interactions
holding the CV in the microgels are removed. When CV-loaded pNIPAm-co-AAc
microgels are in an etalon, they can also be triggered to release as a function of solution
pH, although the release kinetics are dictated by the porosity of the etalon’s upper Au
layer.”> "7 A typical UV-vis absorbance spectrum of CV in aqueous solution is shown in
Figure 2-5(A). As can be seen, a significant absorbance peak can be observed at 590 nm,

which is the wavelength we monitored to track CV release. Figure 2-5(B) shows that
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etalons composed of microgels loaded with CV can release their CV payload when the

microgel charge is neutralized at pH < 4.25, while they do not release significant amounts

of CV at pH > 4.25.
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Figure 2-5. (A) UV-vis absorbance spectrum of CV and CV release kinetics of an unmodified
etalon sample in a pH 3 solution. (B) Absorbance values at 590 nm as a function of time for an

unmodified etalon sample in () a pH 3 and (A) a pH 6.5 solution. (Reprinted with permission

from ACS)

In this investigation, we fabricated etalons composed of microgels loaded with CV,
followed by the modification of the etalon’s top Au layer with three different “hydrophilic”
alkanethiols (2-mercaptoethanol (2-OH), 6-mercapto-1-hexanol (6-OH), 11-mercapto-1-
undecanol (11-OH)), and three different “hydrophobic” alkanethiols (1-heptanethiol (6-
CH3), 1-dodecanethiol (11-CH3), 1-hexadecanethiol (15-CH3)). As mentioned above, the
Au porosity can be used to tailor the release kinetics, while here we are probing the ability
of the thiol molecule hydrophobicity to control the release rate. We argue that since CV is
hydrophilic, its release from the etalon will be hindered by the presence of a hydrophobic
thiol, while we expect it to be less hindered by a hydrophilic thiol. We also argue that the
release rates are tunable as a result of the different diffusion rates of the acid solution

through the various thiol layers that are needed to neutralize the deprotonated AAc in the
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microgels. We also investigated the release rates for etalons modified with combinations
of the above hydrophobic/hydrophilic alkanethiols.

Initially, we used water contact angle measurements to characterize the modification
of the etalon’s Au layer with the respective alkanethiols. Figure 2-6 compares the water
contact angles of the Au surface of the etalons with and without alkanethiol modification.
As can be seen, the water contact angle for the Au layers modified with OH-terminated
alkanethiols was ~45°, compared to ~60° for the unmodified Au layers. In contrast, when
the Au layers were modified with CHs-terminated alkanethiols, the water contact angle
increases to ~90°. We also showed that a Au layer exposed to a 1:1 mixture of 6-OH and
6-CHs (6-0/6-C) yielded a contact angle between that of individual 6-OH and 6-CHs.
These two alkanethiols have the same alkane chain lengths, although 6-OH is terminated
with an OH, while 6-CH3 is terminated with a CH3 (for a total of 7 C). Therefore, the
surface molecular layer thicknesses should be similar for both (although not measured
here). In addition, contact angles were measured for alkanethiol-modified Au layers that
were deposited directly on glass. As can be seen in Figure 2-6, the alkanethiol modified
Au layers on glass consistently show slightly higher water contact angles than those of the
Au layers of the etalon. We attribute this to the presence of the microgels underneath the
etalon’s upper Au layer because the water droplet shows a smaller contact angle when it is

absorbed partially by the surface.
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Figure 2-6. Static water contact angles on () alkanethiol modified Au layers on glass and the (@)

modified top Au layers of etalons. (Reprinted with permission from ACS)

X-ray photoelectron spectroscopy (XPS) also was used to assess the atomic
composition of the thiol-modified surfaces to confirm the presence of the expected
elements. As can be seen in the O 1s high resolution XPS spectra shown in Figure 2-7(A)-
(D), the S 2p high resolution XPS spectra shown in Figure 2-7(E)-(H), and the atomic
percentage bar chart in Figure 2-8, the atomic percentage of C, O, and S calculated from
the XPS survey spectrum shows that all samples, including the unmodified etalon, show
significant amounts of C and O; this is likely due to C and O in the atmosphere and possibly
residual diethyl ether. However, the O atomic percentage is higher for the 6-OH sample,
compared to 6-CHs, which we attribute to the presence of the terminal OH group. On the
other hand, S is seen on all thiol-modified surfaces, which further supports the hypothesis
that the surfaces indeed are modified with the thiols (Figure 2-8(E)-(H)). However, Figure
2-7 shows that a lower percentage of S is detected on the 6-O/6-C sample, relative to the

others, which could mean that the surface modification was less effective in this case. This
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may come from the deficient surface coverage of the alkanethiol molecules with the

nonuniform thiol molecules in the modification process. '8!
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Figure 2-7. High resolution XPS O 1s spectrum of (A) unmodified, (B) 6-OH, (C) 6-CHj3, (D) 6-
0/6-C etalon samples and high resolution XPS S 2p spectrum of (E) unmodified, (F) 6-OH, (G) 6-
CH3, (H) 6-0O/6-C etalon samples. (Reprinted with permission from ACS)
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Figure 2-8. Atomic mole percentage of elements C, O, and S on different surface modified etalon

samples, calculated from XPS survey scan spectra. (Reprinted with permission from ACS)

PNIPAm microgel-based etalon devices have exhibited the ability to release small
molecules (or drugs) with a rate that is dependent on the porosity of the etalon’s upper Au
layer. Here, we investigate how the presence of thiols immobilized on the etalon’s upper
Au layer can impact the release kinetics of small molecules loaded in the microgel layer.
To study this, we monitored the CV release kinetics from the etalons with their upper Au
layer modified with alkanethiols of varying polarities (as indicated above). For these
experiments, etalons composed of microgels preloaded with CV were added to glass Petri
dishes containing a solution of pH 3 (2 mM NaCl), and the solution’s absorbance spectra
were collected with a UV-vis spectrometer every 5 min. Since the pNIPAm-co-AAc
microgels are pH-responsive, the loaded cationic CV molecules could be released from the
microgel layer to the external solution in a pH-triggered fashion. Meanwhile, since the CV
molecule has the strongest UV-vis absorbance peak at 590 nm, the absorbance at 590 nm
was used to quantify the CV concentration in solution. Figure 2-9(A) and (B) show the CV
release as a function of time for the etalons modified with the indicated alkanethiols. As

can be seen, in each case, the average release rate reaches a maximum at the beginning of
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the release, while some, e.g., 2-OH and 6-OH, gradually approach a plateau. The observed
release profile is a result of CV diffusing out of the etalon’s microgel layer, through the top
Au layer, into the solution in a pH triggered fashion. Fick’s first law can be used to explain
the observed data, which relates the diffusion flux, /, to a concentration gradient, as in
Equation 2-2
J = D(de/dx) (2-2)
where D is the diffusion coefficient, ¢ is the concentration, and x is the position. In our
case, at the beginning of the CV release process, the concentration difference between the
inside and outside of the etalon device, d¢/dx, is the highest, and it gradually decreases
as CV diffuses out of the etalon and into the solution, causing J to decrease gradually. As
the release approaches completion, the inside and outside environments have a very similar
concentration, and the CV release kinetics approach a plateau, as shown in the CV release
kinetics curve of 2-OH and 6-OH samples in Figure 2-9(A). Therefore, a controlled release
process with a gradually decreasing release rate can be described with a first-order release
model, which has been used to describe drug release from a reservoir with a release
constant that depends on the drug concentration in the reservoir.'® The generic equation
(Equation 2-3) for the first-order release model is
log Q; =log Qy — k4t/2.303 (2-3)
where Q; is the total number of moles of drugs remaining in the reservoir (the CV-loaded
etalon device in our case) at time t, Q, is the total number of moles of drugs in the reservoir
initially, and k, is the first order rate constant (time™'). Then, the derivative of Equation 2-
3 can be written as Equation 2-4
Qo — Q¢ = Qo(1 — e™fat) (2-4)
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where the term (Q, — Q;) can be regarded as the amount of released CV from the sample
etalon device at time t, which is directly related to the UV-vis absorbance value, and Q,
can be regarded as the total amount of released CV, which also is represented by the
maximum absorbance value of the release kinetics curves. Beer’s law states that the
solution absorbance and concentration are proportional, thus the amount of CV released
into solution is related directly to the solution absorbance if the solution volume is constant.
Therefore, the CV release kinetics curve for each release profile could be fitted with
Equation 2-5

Ay = A(1 — e7Fab) (2-5)
where A, is the solution absorbance at time t, A is the theoretical maximum absorbance
value, and k; is the first-order release rate constant. Fitting the data in Figure 2-9 to
Equation 2-5 allows values for k; and A for the CV release kinetics to be obtained for each

sample, as tabulated in Table 2-1.
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Figure 2-9. (A) Absorbance at 590 nm as a function of time for etalons that are (Ill) unmodified or
modified with (@) 2-OH, (A) 6-OH, and (¥)11-OH. (B) Absorbance at 590 nm as a function of
time for etalons that are () unmodified, or modified with (4) 6-CHs, ( x )11-CH3, and (% )15-
CH3. (C) Absorbance at 590 nm as a function of time for etalons that are modified with (A ) 6-OH,
(®) 6-CH3, and ([]) 6-O/6-C. Data points are average values for four replicate experiments, error

bars are the standard deviation of the four measurements, and solid curves are fit lines to the data

using Equation 2-5. (Reprinted with permission from ACS)
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Table 2-1. CV Release Rate Constant, k;, and Theoretical Maximum Absorbance, A, Including
their Standard Errors, Obtained from Fitting Equation 2-5 to the Respective Data

Sample CV Release Rate Constant, k" Theoretical Max.

in min! Absorbance™, A
Unmodified 0.0189 (£0.0003) 0.229 (+0.001)
2-OH 0.1357 (£0.0007) 0.211 (+0.001)
6-OH 0.0462 (+£0.0009) 0.208 (+0.001)
11-OH 0.0128 (£0.0007) 0.197 (+0.006)
6-CHs 0.0085 (+£0.0003) 0.208 (+£0.006)
11-CH3 0.0051 (£0.0007) 0.196 (+£0.004)
15-CH3 0.0020 (£0.0003) 0.205 (+£0.005)
6-0/6-C 0.0124 (£0.0002) 0.224 (+£0.002)

*, ** Values, including standard errors, predicted by fitting the data with Equation 2-5.

From Figure 2-9(A) and the values in Table 2-1, it can be seen that when the etalon
samples were modified with short-chain hydrophilic alkanethiols, such as 2-OH and 6-OH,
their CV release rate constants are high relative to the unmodified control samples. We
believe that this is due to the hydroxyl group of the alkanethiol molecules making the
surface more hydrophilic, which allows the acid to enter the etalon’s microgel layer more
easily, and also improves the ability of the hydrophilic CV to exit the Au. However, when
the long-chain alkanethiol, 11-OH, was used to modify the etalons, the CV release was
inhibited partially by the modification, which is likely due to the highly hydrophobic alkane
being next to the Au layer, slowing down the CV release. Also, the longer alkane chain
length can increase the diffusion path length that the CV needs to traverse in order to enter
the solution.

In contrast, when the samples were modified with hydrophobic alkanethiols, such as
6-CHs, 11-CH3, and 15-CH3, they all exhibit significantly slower CV release kinetics,
compared to the control sample and the hydrophilic alkanethiol modified samples, and the
release rate tends to decrease as the alkyl chain length increases. We believe that this is due

to the Au surface becoming increasingly hydrophobic, making the acid entrance into the
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microgel layer more difficult. Furthermore, as described above, the long alkane chain next
to the Au layer will render the Au hydrophobic and increase the diffusion path length that
the CV must traverse to enter the solution. From the rate constants presented in Table 2-1,
we can conclude that alkanethiol surface modification can be used to control the CV release
rate from etalon devices, and the release rate is related to the chain length of alkanethiol
molecules and their functionality (ultimately the whole molecule’s polarity). In addition,
what needs to be pointed out is that the theoretical maximum absorbance values predicted
by the curve fitting are all within a close range, from ~0.19 to ~0.22, which illustrates that
our surface modification approach only impacts the CV release rate and has a negligible
impact on how much CV actually can be released. Finally, we show that mixtures of
alkanethiols on the etalons can be used to tune the release kinetics further. As can be seen
in Figure 2-9(C), the etalons modified with a 1:1 mixture of 6-OH with 6-CHj3 (6-O/6-C)
had release kinetics that were between the etalons modified with just 6-OH and just 6-CHs.

As mentioned previously, we aim to make arrays composed of multiple etalons that
each are capable of releasing CV (or a drug) with a predefined rate. If this can be achieved,
we will have finer control of the release profiles than can be accomplished with individual
etalons alone. Hence, we show here that release rates can be tuned further by simply adding
etalons modified with different thiols to the same release solution. In this case, we
hypothesize that we will see a release profile that is a combination of the release profiles
of the individual etalons that we used. To accomplish this, an unmodified etalon sample
was split into two equal halves, and each part was treated with the desired thiols (or could
be left unmodified). After that, the two halves were recombined with scotch tape, and the

CV release performed. Figure 2-10(A) shows the composite CV release profile for an
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etalon modified with 15-CHj3 alkanethiol releasing with an unmodified etalon. As can be
seen, the resultant CV release profile exhibits a release behavior similar to both the
unmodified and the 15-CH3z modified etalons individually. Specifically, it shows a phase
of rapid initial release (0—100 min) like the unmodified etalon, followed by a slower and
sustainable release region (100 min—1200 min) like the 15-CH3z modified etalon. From this,
it was not clear if the release rate of one etalon could impact the release rate of another
etalon in the same solution. That is, if an etalon releases fast in the presence of a slow
releasing etalon, does the release rate of the slow etalon decrease because of the decrease
in concentration gradient that drives the CV out of the etalon? Figure 2-10(B) shows the
CV release profiles for the recombined etalons and the sum of the release profiles for each
of the halves individually. As can be seen, the actual release profile from the recombined
etalons is slightly slower than what is observed by simply summing up the release profiles

of the individually releasing etalons.
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Figure 2-10. CV release profiles from recombined etalons that have different surface modification.

(A) Comparison of CV release profile of a (A) recombined unmodified and 15-CH; modified
etalon sample, and individual () unmodified, and (@) 15-CH;s modified etalons. (B) Comparison
of a (A) CV release profile of recombined unmodified and 15-CH; modified etalons, and the (V)
sum of absorbance values of the individually releasing etalons. (Reprinted with permission from

ACS)
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In addition, when we split an etalon into four equal quarters, modified three of the
quarters with 2-OH, 6-OH, and 15-OH alkanethiols, respectively, and left one of them
unmodified, the recombined composite etalon also showed a slightly slower CV release
profile than the summed up release profiles of the individual quarters. (Figure 2-11) We
believe that this phenomenon is attributed by the decreased CV concentration gradient
when some CV is released by fast release etalons before the CV release process of the slow
release etalons. Therefore, we conclude that if etalons with drastically different release
rates are combined, the release from the fastest one can alter the release profile of the

slower one by decreasing the Fickian diffusion.
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Figure 2-11. CV release profiles from recombined etalons that have different surface modification.

(A) CV release profile of () unmodified, (@) 2-OH, (A) 6-OH, and (V) 15-CH3 modified
etalons. (B) Comparison of () CV release profile of recombined unmodified and 15-CH;
modified etalons, and the (@) sum of absorbance values of the individually releasing etalons.

(Reprinted with permission from ACS)

In summary, we found that alkanethiol surface modification allows us to tune the
CV release rate from etalons. We found that the release rates depended on the length of the
alkane chain of the thiol and its functionality, with shorter, more hydrophilic thiols

releasing faster than longer, more hydrophobic thiols. The observed rate is necessarily a
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result of the ability of the acid solution to get into the microgel layer of the etalon to trigger
release and the ability of the CV to exit through the Au layer, which are both dependent on
the hydrophobicity of the alkanethiol layer. In the next section, we exploit the pH
responsivity of the microgels and the tunable optical properties of the etalons, in an attempt
to decouple the acid diffusion kinetics into the microgel layer from the CV release kinetics

from the microgel layer.

2.3.2 Acid Response Kinetics of Alkanethiol-Modified Etalons

In order for CV to be released from the microgels in an etalon, the acid solution needs to
enter the microgel layer through the etalon’s Au layer and neutralize the microgel’s AAc
groups. Therefore, the rate of CV release also will depend on the ability of the acid to enter
the etalon. A more hydrophilic surface coating should result in the acid solution
neutralizing the microgels faster, compared to a hydrophobic surface coating, therefore, it
yields faster CV release rates.

To investigate the kinetics of an acid solution entering the etalon, we utilized their
optical properties and their ability to change color in response to changes in solution
conditions. Specifically, we have shown that etalons exhibit multipeak reflectance spectra,
and the position of the peaks in the spectra depends on the solvation state of the microgels,
which can be impacted by solution conditions. For these investigations, we exploited the
ability of pNIPAm-co-AAc microgels to change the diameter in response to the pH of the
solution; they are more swollen in solutions with pH > pKa (compared to solutions with
pH < pKa) due to the charged groups in the microgels repelling one another and osmotic

swelling effects. As can be inferred from Equation 2-1, swollen (large diameter) microgels
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in etalons will lead to red-shifted reflectance peaks, while deswollen (small diameter)
microgels will exhibit blue-shifted reflectance peaks. To investigate the response kinetics
of our etalons to pH, we quickly switched the pH of the solution exposed to the etalons
from 6.5 to 3 while monitoring the reflectance spectra over time. An example of this
behavior can be seen Figure 2-12. Here we assume that the deswelling of pNIPAm-co-AAc
microgels is a fast and non-rate-determining step. Thus, how much faster the microgel

responds to the acid can represent how much faster the acid enters the Au layer.

100+
804
60 4

40

Reflection %

204

Blue Shift

-l
-

550 600 650 700 750 800 850 900
Wavelength (nm)

Figure 2-12. Collection of a partial reflectance spectrum of an unmodified etalon sample at

different times after the solution pH changed from 6.5 to 3. (Reprinted with permission from ACS)

In our experiments, non-CV-loaded etalons were modified with different types or
combinations of alkanethiols, and the reflectance spectra were collected every minute after
the solution pH was switched from 6.5 to 3. As can be seen Figure 2-13, in each case, the
reflectance peaks blue shift upon decreasing the solution pH from 6.5 to 3.0. This is a result
of the AAc groups being protonated and allowing the microgels to decrease in diameter.'*"-
1 Of note is the shape of the response curves, which have substantial linear pH response
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ranges, compared to the CV release curves (Figure 2-9). This can be explained using a
zero-order diffusion model.'®® Specifically, different from the diffusion of CV from the
microgel reservoir to the external environment, the permeation of an acid solution into the
microgel layer does not have a significant effect on its concentration inside and outside the
etalon device. We assume this because AAc protonation reduces the acid concentration by
a negligible amount and the concentration inside the microgels is likewise low at the early
stage of etalon’s response to the pH change. Therefore, a constant concentration difference
of acid between the two sides of the etalon’s upper Au layer would result in a nearly
constant diffusive flux, based on the Fick’s first law, Equation 2-1. Since the zero-order
release model is usually used to describe the drug release through a membrane with a

192-193 and as

constant concentration gradient between the two sides of the membrane,
mentioned above, there is a constant acid concentration gradient between the two sides of
the etalon’s Au layer at the beginning of the response, the diffusion kinetics of acid solution
in this case could be described with the zero-order release equation shown below

Cy = Cy + kot (2-6)
where C; is the cumulative amount of drug released at time t; C is the initial drug
concentration in solution; k, is the zero-order release rate constant; and t is time. However,
as we are using the zero-order release model to describe the diffusion of acid through the
etalon surface, the C; is defined as the cumulative acid concentration in the microgel layer
at time t; and Cj is the initial acid concentration in the microgel layer. On the other hand,
since the response kinetics of pNIPAm-co-AAc microgels to solution pH changes relates

to how quickly the acid solution can reach the microgels, the resulting etalon response

kinetics can be related to the permeation rate of the acid solution into the etalon’s microgel
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layer through its Au layer. Thus, Equation 2-7, having the same format as Equation 2-6,
can be used to fit the data and obtain the zero-order rate constant

ANy = A + kgt (2-7)
where the AA; is the total blue shift value at time t, AA, is the initial blue shift of the
reflectance peak, which is zero in our case, and k, in nm/min is the response of the etalon,

which is related to the permeation of hydronium ions.
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Figure 2-13. Optical reflectance trough shifts versus time of (A) hydrophilic alkanethiol, (B)
hydrophobic alkanethiol and (C) mixed alkanethiol modified CV-loaded etalon samples in pH 3.
In this figure, () for unmodified, (@) for 2-OH, (A) for 6-OH, (V) for 11-OH, () for 6-CH3,

(%) for 11-CH3, (%) for 15-CH3, and ([]) for 6-O/6-C. In all three graphs, data points are average

values of three replicate experiments, error bars are the standard deviation of the three
measurements, and solid curves are just connections of data points. (Reprinted with permission
from ACS)

To compare the ability of the acid solution to enter the microgel layer, we fit the first

three minutes’ data with Equation 2-7 to obtain k,. The data fitting graphs are listed in

Figure 2-14.
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Figure 2-14. Defining initial slope of blue shift kinetics curves of (A) unmodified, (B) 2-OH, (C)
6-OH, (D) 6-CH3, (E) 11-CHs, (F) 15-CHs3, and (G) 6-O/6-C etalon samples with linear fitting on
the initial four data points. The subfigure is the full blue shift kinetics curve of each modified

sample. (Reprinted with permission from ACS)
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Higher values of k, translate into faster penetration of the acid into the etalon’s
microgel layer. The data in Table 2-2 shows the kyvalues obtained from Equation 2-7 for
the various etalons investigated. By comparing these values, we see that the thiols with
longer alkane chain lengths result in slower response kinetics (and hence slower acid
penetration into the microgel layer), regardless of the thiol functionality (i.e.,
hydrophobic/hydrophilic). Furthermore, we note that 2-OH has the highest k, which likely
is due to it having both a hydrophilic head group and the shortest alkyl chain length. On
the other hand, by comparing the blue shift kinetics of the etalon samples modified with 6-
OH, 6-CH3, and 6-O/6-C mixed alkanethiol, we find that the diffusion rate of acid into the
microgel layer also is related to the hydrophobicity of the modified surface (Figure 2-9(C)
and Table 2-2). When we maintain a constant alkyl chain length to eliminate the different
blocking effects from the different lengths of alkyl chains, a hydrophilic surface
demonstrates a greater value of calculated zero-order diffusion rate constant than a

hydrophobic surface.

Table 2-2. Hydronium Ion Diffusion Rate Constants Approximated with the Initial Slope of the
Optical Reflectance Spectrum Trough Blue Shift Kinetics of Each Kind of Surface Modified Etalon

Samples
Sample Name Diffusion Rate Constant, ko *, in
nmemin’’

Unmodified 14.13
2-OH 74.38

6-OH 11.02
11-OH 4.456
6-CH; 5.773
11-CH; 3.625
15-CH; 2.102
6-0/6-C 7.017

* Values are the slope of the fitted curves based on the Equation 2-7.
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Overall, from the optical reflectance shift kinetics data as well as the calculated zero-
order diffusion rate constants of the surface modified etalon samples, we find that the
diffusion of hydronium ions through the etalons’ upper Au layer is related to the selected
alkanethiol for surface modification, and both the chain length and the functional group of

the alkanethiol molecules have an effect on the permeation of hydronium ions.

2.3.3 Release Mechanism

It is known that the protonation of AAc in the pNIPAm-co-AAc microgels is required for
CV release from the etalon to be triggered. The above results demonstrate that the ability
of the acid to enter the microgel layer and for CV to exit the microgel layer is controlled
by the chemical modification of the etalon’s Au layer. Therefore, we propose that the
observed CV release kinetics are a result of the combined ability of the acid solution to
enter the microgel layer and the ability of CV to exit the microgel layer, both being
controlled by the nature of the thiol coating on the etalon’s Au layer. Specifically, when
the acid solution permeation process is fast due to presence of a hydrophilic, short chain
alkanethiol on the etalon’s Au layer, more CV can detach electrostatically from the
microgel’s neutralized AAc groups in a shorter period of time (compared to a more
hydrophobic, long chain alkanethiol), resulting in a higher concentration of free CV in the
microgel layer and a large concentration gradient that promotes CV exiting the microgel
layer. Furthermore, the ability of CV to get out of the microgel layer is impacted in the
same manner by the chemical nature of the thiol. In order to differentiate the combined
effects from these two factors, Figure 2-15 shows both the pH response kinetics and the

release kinetics for etalons modified with 2-OH and 6-OH. Similar plots can be seen in
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Figure 2-16 for the remaining thiols. From Figure 2-15(A) and (B), we can see that the
time period required by the blue shift to reach its maximum value, t,, is shorter than the
time it takes for the UV-vis absorbance to reach its maximum, tcy,.This means that from
t =0tot =t,, the CV release rate is controlled by the ability of the acid to enter the
microgel layer, and the ability of CV to exit the microgel layer, all controlled by the thiol
chemistry. Moreover, after tcy, the acid permeation (and microgel neutralization) is
presumably complete, and the observed CV release is related only to its ability to exit the
microgel layer, as dictated by the thiol chemistry. Therefore, we can claim that the time
difference, At = tcy — ta, illustrates the actual effect of surface grafted alkanethiol

molecules on the CV release process.
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Figure 2-15. (A) Kinetics comparison between the CV release and the reflectance spectrum blue
shift of (A) 2-OH and (B) 6-OH modified etalon samples. Black squares: blue shift kinetics (left y-
axis, re-drawn from the data in Figure 2-13; blue dots: CV release kinetics (right y-axis, re-drawn
from the data in Figure 2-9). The dashed lines are used to determine the time at which each curve

reaches its maximum value. (Reprinted with permission from ACS)
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Figure 2-16. Comparison between CV release kinetics and optical reflectance spectrum trough

shift kinetics of each kind of modified etalon samples. (Reprinted with permission from ACS)

It can be seen from Figure 2-15 that the 2-OH and 6-OH alkanethiol have different
effects on the CV release. Moreover, the effects coming from other alkanethiols also are
different from each other. To quantify and compare the effect of different alkanethiols to
the CV release process, we need to calculate the At values of each alkanethiol, according
to their graphs in Figure 2-16. However, there might be some bias in picking the time points

where the curves reach the maximum values, as these curves are asymptotic curves.
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Therefore, we consider calculating the time difference of the CV release curve and the
reflectance spectrum blue shift curves to reach their half maximum value, which is denoted
by Aty/; = ti/acv — tij2a- To determine ty/5cy, the CV release rate constants and the
theoretical maximum absorbance values in Table 2-1 were used. To determine the t;/;4,
we use the maximum blue shift of the unmodified sample, which is 224 nm, as a reference
maximum blue shift for the various samples, although the 2-OH and 6-OH samples have
different maximum blue shifts due to random errors in experiments. This is because the
maximum blue shift depends only on the microgel layer thickness and we assume that the
surface modification does not affect the swellability of the pNIPAm-based microgel. The
determination is made on the basis of the following: if the blue shift kinetics of modified
samples go beyond the half of this value (112 nm) within the 30 min of experimental time,
we would pick the time point that corresponds to the blue shift around 112 nm; if not, the
fitted equations in Figure 2-14 would be used to predict the time point. Therefore, the At /,

was calculated with t; /54 and t;/,cy and shown in Table 2-3.

Table 2-3. List of Time Periods for Sample Etalons to Reach Their Half Maximum Blue Shift,

t1/24, Half Maximum Absorbance, t, /,cy; and Time Difference between Them, At /,

Sample Name ty /2A (min) ty /2CV (min) Atl /2 (min)
unmodified 6.5 36.67 30.20
2-OH 1.5 5.11 3.60
6-OH 7.5 15.00 7.50
11-OH 16 54.15 38.15
6-CHj3 16.5 81.55 65.10
11-CH; 30 135.91 106.00
15-CH; 53.5" 346.57 311.10
6-0/6-C 10.5 55.90 45.40

[*] value obtained by calculation with fitted equation in Figure 2-14(F)
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Surely, the greater the value of Aty /,, the more significant is the blocking effect of
the alkanethiol molecules on the CV to get out of the etalons. By comparing the At /,
values of all the alkanethiol modified etalon samples with the unmodified control sample,
we find that the short-chain hydrophilic alkanethiols can accelerate the CV release from
the surface modified etalon devices, as the hydrophilic surface promotes the permeability
of hydrophilic CV molecules. When the alkyl chain length increases to 11-carbon, this
positive effect is counteracted by the blocking from a long alkyl chain, which results in a
slower CV release process of the 11-OH sample. For the same reason, all the hydrophobic
alkanethiol modifications, especially the 15-CHs modification, show a strong blocking
effect on the CV release, as they make the etalon samples have a greater At, /, than the
unmodified etalon.

Table 2-3 also shows the correlation between the CV release and the etalon’s surface
hydrophobicity. Among the etalon samples modified with 6-OH, 6-O/6-C, and 6-CH3
alkanethiols, when the surface hydrophobicity increases as the hydrophobic alkanethiol
content increases, the preloaded CV molecules are released by the etalon samples over a
longer time period. This can be explained by the reduced permeability of ionic molecules

through a hydrophobic layer.

2.4 Conclusions

In this research, the upper Au surface of the etalon device was modified with alkanethiol
molecules in different alkyl chain lengths and different hydrophobicity, and this surface

modification can change the small cationic molecules release rate from the modified
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sample etalon devices. By analyzing the results of CV release kinetics and the reflectance
spectrum shifting kinetics, we found that both the CV’s diffusion and the acid solution’s
permeation through the etalon upper Au layer are affected by the surface modification;
these two processes can be described by a first-order release model and a zero-order release
model, respectively.

In addition, combining two halves of the etalon with different surface modifications
could generate a composite etalon device demonstrating a combination of a rapid release
with a sustainable release of small molecules. This surface modification approach proposes
an efficient and convenient method for precisely tuning the small molecules release process

from a pH-responsive reservoir device.
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Chapter 3

Controlling and Understanding the Small-Molecule
Release Behaviors of Stimuli-responsive Hydrogel-

Microgel Composite Materials

3.1 Introduction

Hydrogels have been identified as a promising candidates for the development of drug
delivery systems because of their good biocompatibility and physicochemical similarity to
the extracellular matrix of cells.”” Meanwhile, the physical/chemical properties of
hydrogels, such as the desired mechanical strength and its affinity to drug molecules, also
can be tailored readily by chemical modifications, which broaden the applications in in-
vivo drug delivery.'”>'7 In the past decade, a number of hydrogel materials have been
applied successfully for the controlled release of therapeutic drugs of clinical interest.'”®-
203

Some properties that impart hydrogels with compatibility in drug delivery systems,
however, limits their performance in practical clinical applications. For example, the use
of hydrogels with highly hydrated microstructures that are designed for excellent
biocompatibility usually results in rapid release of the entrapped drugs from the hydrogel
over a few hours to days. To address this challenge, some approaches, including reduced

5

water content’®, covalent crosslinking,”®> and drug-polymer covalent linkage,?’® were

reported to decrease the drug release rate and prolong the release period up to several weeks.
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Instead of using hydrogels alone, preparing a hydrogel-microgel composite (HMC),
also known as a “plum pudding” hydrogel that has drug-loaded microgel particles
embedded in a hydrogel, drew attention to eliminate rapid release and extend the release
of the drug due to the additional diffusion barrier to drug release.'**2°7-2%° For example, an
injectable HMC prepared by Sivakumaran et al. can release bupivacaine sustainably over
two months.?” Such materials were reported also by I. Lynch and co-workers from a drug
delivery perspective.2?” 219212 However, the diffusion behavior of the pre-loaded drug
molecules, except for some polymeric molecules (e.g., poly(ethylene) glycol) from the
HMC materials, have not been investigated systematically yet under the effect of different
components of the hydrogel matrix.

In this study, we prepared a small-molecule-loaded stimuli-responsive-polymer-
based HMC and investigated the small-molecule release behavior from the HMC under the
effect of different hydrogel matrix compositions. Specifically, poly (N-
isopropylacrylamide) (pNIPAm)-based microgels were first loaded with cationic crystal
violet (CV), and subsequently embedded in a pNIPAm-based hydrogel; we then
investigated the pH triggered release from the microgels in the HMC (see Figure 3-1). We
also determined that by changing the composition and properties of the pNIPAm-based
hydrogel matrix of the HMC, such as crosslinking density, hydrophobicity, and internal
charge density, the CV release rate from the HMC can be tuned readily. This study also
involved the investigation of the possible mechanisms of controlled release of small
cationic molecules in terms of the CV-hydrogel matrix interaction, which provides a
potential controlled release modality for drug delivery systems based on the hydrogel—

microgel composite materials.
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Figure 3-1. Schematic diagram of a pH-responsive CV release process of a CV-loaded pNIPAm-based
hydrogel-microgel composite (HMC).

Among several different types of stimuli-responsive hydrogels, the thermally
responsive pNIPAm-based hydrogel is one of the most extensively studied hydrogels over
the last few decades, as its phase transition temperature, around 32 °C, is close to human
body temperature, which encourages researchers to use this material in many physiological
applications. pNIPAm-based microgels/nanogels, have drawn much attention as well
because they are easily prepared, highly monodispersed, simply functionalized, and non-
toxic. In addition to their temperature responsivity, both pNIPAm-based hydrogels and
microgels can be tailored to respond to other physical/chemical stimuli, e.g., pH,?!? ionic
strength,?'* temperature,'> light,?!® and electric/magnetic field,?!’-*'* by copolymerizing
with different functional co-monomers. For example, the addition of acrylic acid (AAc)
renders the resultant poly (N-isopropylacrylamide-co-acrylic acid) (pNIPAm-co-AAc)
microgels pH-responsive. AAc exhibits a pKa of 4.25; therefore, the extent of protonation
and deprotonation of the carboxylate group depends on solution pH. Moreover, this

protonation—deprotonation process allows the microgel to bind and release cationic
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molecules, which is the basic mechanism of the pH-responsive small-molecule

release in this research.

3.2 Experimental Section

3.2.1 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%), ammonium
persulfate (APS) (98+%), N,N,N',N'-tetramethylethylenediamine (TEMAD) (99%),
sodium chloride, sodium hydroxide, crystal violet (CV), N-hydroxyethyl acrylamide
(HEAm) (97%), 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) (99%), benzyl
bromide (98%), and vinyl imidazole (99+%) were obtained from Sigma Aldrich (St. Louis,
MO) and were used without any treatments. N-octyl methacrylate (OMA) was purchased
from Polysciences, Inc. Hydrochloric acid was purchased from Caledon Chemicals
(Georgetown, Ontario) and was used as received. Water used in the experiments is

deionized (DI) water, with a resistivity of 18.2 MQ cm.

3.2.2 Synthesis of Microgels

pNIPAm-co-AAc microgels were prepared via a surfactant-free free radical precipitation
polymerization process that was described previously.?!® Briefly, a 3-necked round-bottom

flask was fitted with a reflux condenser, nitrogen inlet, and thermometer, and charged with
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the monomer solution, a solution of NIPAm (10.5 mmol, 75%mol), and BIS (0.7 mmol,
5%mol) in 99 mL deionized water, previously filtered through a 0.2-um syringe filter
(Thermo Fisher). The solution was bubbled with N> gas while stirring and heating to 70 °C
over ~1 h. Next, 2.8 mmol of AAc (20%mol) were added to the heated reaction mixture
with a micropipette in one aliquot. Then, the reaction was initiated with a solution of APS
(0.2 mmol) in I mL of DI water. The reaction was allowed to proceed at 70 °C for 4 h under
a blanket of N> and vigorous stirring. The resulting suspension was filtered through glass
wool to remove any large aggregates and distributed into centrifuge tubes for purification.
The synthesized microgels were purified via centrifugation at 8000 rpm for about 45 min
to form a pellet, followed by removal of the supernatant and re-suspension with DI water.
This process was repeated six times to remove any unreacted monomers, and the purified

microgel suspensions were re-combined and lyophilized.

3.2.3 Model Drug Loading

To load the model drug, CV, into the pNIPAm-co-AAc microgels, 0.5 g of the lyophilized
dry pNIPAm-co-AAc microgel were suspended into 200 mL of a 2-mg/mL CV solution
(pH adjusted to 6.5). The microgels were isolated with centrifugation, and the unbounded
CV molecules were washed away by re-suspending the isolated microgels into a solution
of pH 6.5 (2 mM NaCl), followed by centrifugation (8000 rpm, 45 min). This
centrifugation—resuspension process was carried out six times. Finally, the CV-loaded
microgels were collected by removing the supernatant and storing the bottom pellet in a
centrifuge tube. The concentration of the CV-loaded microgels, is 0.056 g/mL, and the

drug-loading content is 0.0505 mmol per g of dry microgels (2.1 wt%).
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3.2.4 Synthesis of 1-Benzyl-3-Vinylimidazolium Bromide

1-Benzyl-3-vinylimidazolium bromide (BVB) was synthesized following a reported
process.??’ The liquid benzyl bromide (8.55 g, 50 mmol) was added dropwise into a
solution of vinyl imidazole (4.71 g, 50 mmol) in 50 mL of diethyl ether in an ice-water
bath, followed by running the reaction for 16 h at room temperature. The crude product
was collected with vacuum filtration, yielding a white solid that was washed with diethyl
ether. After that, the final product was dried under vacuum overnight to evaporate any
remaining solvent. (Yield: 32%) '"H NMR (400 MHz, D0, 298 K, §, ppm): 7.77 (d, 1H, —
N'~CH-N-), 7.42-7.56 (m, 7H, aromatics), 7.10 (dd, 1H, -N-CH=CH>), 5.78 (dd, 1H, —

N-CH=CHirans), 5.43 (s, 2H, Ph-CH,-N*-), 5.41 (dd, 1H, ~N-CH=CH.).

3.2.5 Preparation of the CV-loaded Hydrogel-Microgel Composites
(HMO)

A 1-mL concentrated CV-loaded microgel solution (0.056 g/mL) or pure microgel solution
(0.053 g/mL) was added into a 3-dram vial contaning a monomer mixture solution
composed 0f 0.7352 g of NIPAm, 0.0528 g of BIS, 0.01 g of APS, and 3.25 mL of DI water.
The mole ratio, monomer composition, and solvent may be varied for the preparation of
different HMC samples (Table 3-1). Specifically, 5 mol%, 10 mol%, or 15 mol% of the
covalent crosslinker, BIS, was used to prepare the HMCs with different pore sizes; 5 mol%
or 10 mol% of OMA or HEAm was used to prepare the HMCs with different
hydrophobicity/hydrophilicity; and 1 mol% or 2 mol% of BVB or AMPS was used to

prepare the HMCs with different charge density. After degassing with bubbling N> for 10

75



min, the HMC pre-solution was incubated in an ice-water bath for 30 min to pre-cool the
reaction solution. To initiate the polymerization reaction, 18.8 pL of TEMED were added
into the vial while the solution is stirred vigorously with a magnetic stir bar. The stirring
was stopped 30 s after adding TEMED, and the vial was stored in an ice-water bath
overnight. The formed HMC material was removed from the vial and cut into the default
size, (5, 5, 5) mm, for the following experiments. The cutting of the hydrogels was
completed using a razor blade and a small plastic mould that was designed to yield maximal

material dimension consistency.

To load CV into those HMCs that were synthesized in an ethanol/water mixture
solvent, entrapping the pure microgels, the prepared HMCs should first be soaked in DI
water for three days, changing the water twice a day to rinse off all the ethanol. Then, the
clean HMCs were cut into (5, 5, 5) mm dimensions and soaked in a 0.5-mg/mL CV solution
(pH 6.5) for three days, followed by incubating in a pH 6.5 solution (2 mM NacCl) for
another five days, changing the solution every 12 h to rinse off the unbounded CV in the

hydrogel matrices.

3.2.6 X-ray Photoelectron Spectroscopy (XPS) Analysis

Lyophilized HMC samples were analyzed with XPS spectrometer (Kratos AXIS Ultra, Al
source, source energy: 1486.69 eV). For each sample, survey spectra (pass energy: 160 eV,
number of scans: 3, dwell time: 100 ms) and high resolution spectrum for elements C (pass
energy: 20 eV, number of scans: 12, dwell time: 200 ms, O (pass energy: 20 eV, number of
scans: 12, dwell time: 200 ms), or S (pass energy: 20 eV, number of scans: 80, dwell time:

200 ms )were obtained.
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3.2.7 Model Drug Release Experiment

A 25-mL beaker filled with 20 mL of a pH 3 solution (2 mM NaCl) was placed on a hot
plate, the solution temperature was maintained at a specific value, and it was stirred
continuously at 300 rpm using a magnetic stir bar. The solution was fed through a quartz
cuvette into an Agilent 8453 UV-vis spectrophotometer equipped with an 89090A
temperature controller and a Peltier heating device, via a peristaltic pump. The
experimental setup is shown in Figure A-3. When a HMC sample cube was placed into the

solution, the absorbance spectrum of the solution was collected at 3-min intervals.

Table 3-1. List of the Mole Ratios, Monomer Compositions, and Selected Solvents for Different
HMC Materials

HMC Samples  NIPAm BIS BVB AMPS OMA HEAm Solvent Microgels
HMC-5BIS 95% 5% - - - - DI water CV-loaded
HMC-10BIS 90% 10% - - - - DI water CV-loaded
HMC-15BIS 85% 15% - - - - DI water CV-loaded
HMC-1AMPS 94% 5% - 1% - - DI water CV-loaded
HMC-2AMPS 93% 5% - 2% - - DI water CV-loaded
HMC-1BVB 94% 5% 1% - - - DI water CV-loaded
HMC-2BVB 93% 5% 2% - - - DI water CV-loaded
HMC-5BISa 95% 5% - - 0% - Ethanol : Water Pure
7:3 (VvIv)
HMC-50MA 90% 5% - - 5% - Ethanol : Water Pure
=7:3 (v/v)
HMC-100MA 85% 5% - - 10% - Ethanol : Water Pure
=7:3 (v/v)
HMC-5HEAm 90% 5% - - - 5% Ethanol : Water Pure
=7:3 (v/v)
HMC-10HEAm 85% 5% - - - 10% Ethanol : Water Pure
=173 (VIv)
3.2.8 Gel Swelling

The swelling ratios of the HMC samples were determined by calculating the amount of
water that the HMC sample absorbs per unit mass of the dry HMC material according to
Equation 3-1
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Wtwet_Wtdry

Swelling Ratio =
Wtdry

(3-1)
where Wt,ye 1s the mass of the fully swollen gel and Wtg,y is the mass of the dry gel 215

To determine the swelling ratios of the HMC-5BISa, HMC-50MA, and HMC-100MA,
three samples of each HMC were used for the mass measurements, and their average

swelling ratios with the standard deviations are reported.

3.2.9 CV Diffusion Racing Experiment

Hydrogels (without adding the microgels) with different compositions of co-monomers
were prepared in glass tubes in a cylindrical shape. The preparation procedures are the
same as the HMC preparation steps. When the hydrogels were formed in the glass tubes,
they were immersed in excess DI water for three days to remove the unreacted monomers
or ethanol. To run the diffusion racing experiment, the fully swollen hydrogel cylinders
were placed in parallel in a plastic Petri dish lid that was filled with 8 mL of 0.5-mg/mL
CV solution. Then, CV was allowed to diffuse along the hydrogel cylinders, and the
diffusion speed in different hydrogel samples was determined by comparing the height of
the colored region from the photographs. Photographs were captured at =0, t =24 h, and
¢t =48 h. During the whole experiment, the hydrogel samples and the CV solution container

are covered by a beaker to minimize water evaporation and possible ambient interference.
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3.3 Characterization

In this research, different amounts of crosslinker and different kinds of co-monomers were
used to control the small-molecule release rates of the model drug-loaded HMC materials
and investigate the relationship between the release rate and the properties of the hydrogel
matrix. To characterize the properties and compositions of the resultant HMC materials, a
variety of methods and techniques were used, including swelling ratio calculation,
Scanning Electron Microscope (SEM), Fourier Transform Infrared Spectroscopy (FT-IR),
Differential Scanning Calorimetry (DSC), and X-ray Photoelectron Spectroscopy (XPS).
Figure 3-2 shows the SEM images of the cross sections of the HMCs with different
amounts of BIS. The SEM samples were prepared by lyophilizing the HMC gel strips that
were peeled off from a bulk gel material by a tweezer followed by soaking in DI water at
room temperature until the solvation state equilibrated. The gel strip was ripped off from
the bulk gel without cutting to avoid the any change in morphology that can occur from the
cutting. To prepare the sample for SEM imaging, the fully hydrated gel samples were
frozen with liquid nitrogen to fix their micro structures, and then freeze dried with a
lyophilizer. It is obvious that all the HMC samples demonstrate highly porous internal
structures and that the pore size decreases as more crosslinker was used in the HMC

preparation.
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Figure 3-2. Scanning electron microscope (SEM) images of the HMC with different amount of
crosslinkers. (A) HMC-5BIS, (B) HMC-10BIS, and (C) HMC-15BIS. (Scale bar = 20 um.)

The OMA is a co-monomer with a non-polar alkyl chain, therefore, it was
incorporated into the hydrogel matrix of the HMC to increase the hydrophobicity of the
material. It was reported that the swellability of hydrogel is related to the hydrophobicity
of the material.??! Thus, the swelling ratios of the HMCs with the hydrophobic co-
monomers were calculated to quantify their swellability in DI water. Figure 3-3(A)
compares the average swelling ratios with the standard deviations of a control HMC sample
and OMA-copolymerized HMC samples. The significant difference on their swellability is
believed to be attributed to the different hydrophobicity of the polymer materials. In
contrast, copolymerizing HEAm that has a hydroxyl group attached in the hydrogel matrix
makes the HMCs more hydrophilic. There are studies that show the correlation between
the hydrophilicity and LCST of the temperature-responsive polymers. That is,
incorporating hydrophilic groups can make the materials more hydrophilic and increases
their LCST.>**° Thus, we conducted a thermal analysis on the HEAm-copolymerized HMC
samples with DSC. Figure 3-3(B) is the graph of the thermal analysis results of the HMC-
5BISa, HMC-5HEAm, and HMC-10HEAm samples. It shows that the phase transition

temperature of the samples increases from 38.86 °C to 46.71 °C, revealing that the
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hydrophobicity of the HMCs increases as the mole percentage of the HEAm in the samples

Increases.
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Figure 3-3. (A) A bar chart for the swelling ratios of the OMA-incorporated HMC samples and a
control sample. (B) Thermal analysis results obtained with DSC of the HEAm-incorporated HMC
samples and a control sample. (The phase transition peaks in the thermal analysis graphs were

obtained by Gaussian curve fitting.)

In addition, the presence of OMA and HEAm in the resulting HMCs was illustrated
by the XPS analysis. Due to the fact that a C—O bond exists only in the OMA monomer
and HEAm monomer and not in the NIPAm or BIS, the high resolution XPS spectrum of
the O for the HMC samples were obtained by an XPS imaging spectrometer (Kratos AXIS
Ultra). As shown in Figure 3-4, the interpretation of the O 1s XPS spectrum illustrates that
when higher mole percentages of OMA or HEAm were added into the hydrogel
pre-solutions, the more intensive O 1s peaks corresponding to the C-O bonding

environment could be observed in the XPS spectrum.
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Figure 3-4. O 1s High resolution XPS spectrum and interpretation of (A) HMC-5BISa, (B) HMC-
S50MA, (C) HMC-100MA, (D) HMC-5HEAm, and (E) HMC-10HEAm samples.The O 1s signal
peaks in the XPS sprectra were interpreted into multiple peaks representing the O in different
bonding environments.

The AMPS monomer was used to introduce negative charges into the HMC, as the
sulfonic acid group with pKa ~1.92 can be deprotonated in the solutions with pH > pKa.
Since AMPS has S, it makes the HMC-2AMPS show a strong peak on the S 2p high
resolution XPS spectrum (Figure 3-5(A)). On the other hand, the BVB monomer, a

quaternary ammonium salt, has a permanent positive charge and was used to introduce

positive charges into the HMC. In addition, the aromatic rings in the structure of the BVB
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molecule generate a weak broad peak around 2100 cm™ in the FTIR spectrum (Figure 3-

5(B)), strongly suggesting the presence of BVB in the HMC-2BVB sample.

(A) (B)
] _ —— HMC-2BVB
80] S 2p HMC-5BIS 1004 —— HMC-5BIS
E — HMC-2AMPS
703
] § 90
607 ©
¢ £
O 50 g
3 E 80+
403 E
a =
303 70

T | T T I T T | T T I T T I T T T T T T
168 165 162 159 156 4000 3500 3000 2500 2000 . 1500 1000
Binding Energy (eV) Wavenumber (cm™')

Figure 3-5. (A) S 2p high resolution XPS spectrum of the HMC-5BIS and HMC-2AMPS samples.
(B) FTIR spectrum of the HMC-5BIS and HMC-2BVB samples.

3.4 Results and Discussion

3.4.1 Release Mechanism of the CV-loaded HMC

As mentioned above, pNIPAm-co-AAc microgels entrapped in HMC are pH-responsive
and able to release pre-loaded CV molecules at low pH, and the HMC is believed to release
CV in a similar pH-responsive fashion. As shown in previous publications,”® "7 the UV-
vis absorbance spectrum of CV in aqueous solution has a significant absorbance peak at
590 nm, thus, we monitored the solution absorbance value at the wavelength of 590 nm to
track the CV release of the HMC samples. In addition, all of the HMC samples prepared
for the CV release experiments are cut into (5, 5, 5) mm dimensions to exclude the effect
of the sample volume on the CV release kinetics. Figure 3-6(B) shows that when a cubic
sample of the HMC-5BIS is exposed in a pH 3 solution (2 mM NaCl), the CV was released

much faster than that in a pH 6.5 solution (2 mM NaCl), suggesting that the release of CV
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molecules by HMC-5BIS is strongly pH-dependent. Note that the total amount of loaded
CV cannot be released completely within the experimental period, 1 h, which is the reason

for the continuous absorbance increase at the end of the experiments.
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Figure 3-6. (A) A photograph of a HMC-5BIS sample cube with a (5, 5, 5) mm dimension. (B)
Absorbance values at 590 nm as a function of time for the HMC-5BIS sample cubes in a pH 3 and

pH 6.5 solution. (Error bars are the standard deviations of three replicate experiments, and the solid

curve is a connection of data points.)

We also conducted long-term CV release experiments to investigate the CV release
mechanism of the HMC-5BIS for a period of over one hundred hours. Specifically,a HMC-
5BIS sample cube was exposed in a 20-mL pH 3 solution (2 mM NaCl), and its CV release
profile over 73 h was monitored and recorded by a UV-vis spectrometer every 30 min.
Next, the HMC sample cube was removed manually from the solution, and the data
collection was stopped. Then, the sample cube was re-exposed in a fresh pH 3 solution,
allowing the sample to release CV in the new solution and absorbance values to be
collected. After another 30 h, the same process was repeated. Figure 3-7(A) is the CV
release profiles of the HMC sample cube in the three release experiment periods, and its x-

axis indicates the cumulative CV release time. From this figure, we can find that the sample
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releases CV at a gradually decreasing rate during the first release period (0—73 h, position
a to b), as the slope of the curve is getting smaller as a function of time. Note that the pH
value of the final solution after the first 73-h release experiment (position b) is 3.11, which
suggests that the decreasing of the CV release rate is unlikely to be caused by the
insignificant consumption of the acid in the solution. When the HMC sample cube was re-
exposed in a new pH 3 solution, the initial CV release rate (position c) recovered at a faster
rate than that at the end of previous release period (position b). According to the nature of
the Fickian diffusion, we believe that this release rate recovery is attributed to the increased
CV concentration gradient between the inside of the HMC sample and the solution when
the sample was transferred from the old high-concentrated solution to the new low-
concentrated solution.

In the third release period, # = 114 h to end, the sample was re-exposed in a fresh
20-mL pH 3 solution. As we can see from Figure 3-7(A), at the beginning of this period
(position e), the release rate recovery is no longer obvious, as the CV concentration in the
HMC sample is very low after the long-term release. Meanwhile, by comparing the HMC
sample after the long-term release with a virgin sample, the peripheral section of the used

sample shows a more diluted color (Figure 3-7(B)).
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Figure 3-7. (A) Long-term CV release profile of a HMC-5BIS sample. The sample maintained its
original shape during the release period of 113 h to 143 h. (The solid curve is a connection of data
points.) (B) Comparison between the HMC-5BIS samples before and after a long-term CV release

experiment.

To investigate the CV distribution in a used sample, another long-term release
experiment was conducted. In this experiment, a HMC sample cube was allowed to release
CV in the pH 3 solution (2 mM NaCl) for the first two periods (a’ to b’ and ¢’ to d’) that
are same as the previous experiment, and the CV release profile is plotted in Figure 3-8(A).
However, before the third release period, the sample was removed from the pH 3 solution
and cut into two equal halves to expose the central section of the HMC sample cube. Then,
these two halves were put into a fresh pH 3 solution to complete the third CV release
experiment (position €’ to f”). Figure 3-8(B) shows the magnified CV release profiles over
the third release period of the two experiments mentioned above for a comparison of the
CV release profiles in the third period of the uncut HMC cube and the HMC cube in two
halves. It can be seen that when the HMC sample cube is split in two halves, it can release
CV at a faster rate than the sample maintained in its original dimension due to the exposure

of the central section. Therefore, we infer that the central section of a used HMC sample
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cube has a higher CV concentration than the peripheral section and that the CV release

process can cause an inhomogeneous CV distribution in the HMC sample cube.
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Figure 3-8. (A) Long-term CV release profile of a HMC-5BIS sample. The sample was split into
two halves during the release period of 113 h to 143 h. (The solid curve is connection of data points.)
(B) Magnified CV release profiles over the third release period of the HMC-5BIS samples between
the original cubic shape and the one split in two halves.

Based on this information, we propose that the mechanism of the CV release from
the HMC is a Fickian diffusion from the inside to the outside of the HMC. Specifically,
when the acid triggers the CV release from the peripheral section, the homogeneous
concentration of CV in the material is disrupted, and the positions that are further away
from the surface always have a higher CV concentration than the positions that are closer

to the surface; this generates a continuous concentration gradient that drives the CV’s

diffusion.

3.4.2 CV Release Rate Control via Variation in HMC Composition

In previous sections, we discussed the CV release mechanism of the HMC based on the

long-term release experiments. Interestingly, the CV release rate from the HMC also was
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determined to be related to the composition of the hydrogel matrix of the HMC. In this
section, we will discuss the method that can control the CV release rate of the HMC by co-
polymerizing different functional monomers, including crosslinkers,

hydrophobic/hydrophilic monomers, or ionic monomers, in the hydrogel matrix.

3.4.2.1 CV Release Rate Controlled by Crosslinking Density of the Hydrogel Matrix

CV release was assayed on a series of CV-loaded HMCs with different percentages of
crosslinker, BIS, using a pH 3 solution (2 mM NaCl) as the release medium. To determine
the effect of the hydrogel matrix crosslinker density on the CV release rate, we monitored
the CV release kinetics from the CV-loaded HMC with 5%, 10% and 15% of BIS. Figure
3-9 shows that as the crosslinker density increases, the HMC releases CV at a slower rate,
which likely is attributed to the smaller pores in the internal structure of the hydrogel with
more crosslinker, as shown in Figure 3-2. This is because the porous structure of hydrogels
provides the diffusive pathways to the CV molecules, and a smaller pore size inhibits this

diffusion process.
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Figure 3-9. CV release profiles of the CV-loaded HMC with different crosslinking densities.
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3.4.2.2 CV Release Rate Controlled by the Internal Charge Density of the Hydrogel
Matrix

For this study, the internal charge and charge density of the CV-loaded HMC hydrogel
matrices were tuned by incorporating a cationic monomer, BVB, and/or an anionic
monomer, AMPS. When the HMC samples with different charge properties and densities
are exposed in a pH 3 solution (2 mM NacCl), their CV release kinetics demonstrate a strong
dependency on the charge properties. As shown in Figure 3-10, a positively charged
hydrogel matrix accelerates the CV release, while a negatively charged hydrogel matrix
slows down the release of CV. Meanwhile, the CV release rate is related also to the charge
density. That is, the HMC containing 2 mol% of positive charges releases CV faster than
the one containing 1 mol% of positive charges, and 2 mol% of negative charges in the

hydrogel matrix can inhibit the CV release almost completely.
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Figure 3-10. CV release profiles of the CV-loaded HMC with different internal charge properties
and densities. (Error bars are the standard deviations of three replicate experiments, and the solid

curves are connections of data points.)
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We believe that this correlation between the internal charge and the CV release
behavior of a HMC is attributed to the electrostatic interaction between CV molecules and
the polyelectrolyte in the hydrogel matrix.??? Specifically, when the positively charged CV
molecules are released by microgels and diffuse through a hydrogel matrix, a positively
charged hydrogel matrix, as shown in Figure 3-11(A), applies a electrostatic repulsion to
the CV, which drives CV to move in a faster speed in the matrix. In contrast, when the
hydrogel matrix contains negative charges, the electrostatic attraction retains the CV

molecules and results in a slow diffusion of CV in the hydrogel matrix (Figure 3-11B).

(A)
[ ] Y [ ]
‘ e
e °

Figure 3-11. Schematic diagram of CV released by HMC with positively charged hydrogel matrix
(A) and negatively charged hydrogel matrix.

To compare the CV diffusion speed in the hydrogel matrix with different charge
properties and densities, a CV diffusion racing experiment was carried out. Briefly, three
pNIPAm-based hydrogels, which contain 2 mol% of BVB, 2 mol% of AMPS, and 5 mol%
of BIS, respectively, were prepared in a cylindrical shape. The hydrogel compositions and
preparation steps of these three hydrogels are the same as the HMC materials listed in Table
1. The rod-shape hydrogels were put into a Petri dish containing a CV solution

perpendicularly, and after a certain amount of time, the height of the violet color showing
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on the hydrogels cylinders illustrates the diffusion speed of CV in the materials. As shown
in Figure 3-12, CV diffuses in the positively charged hydrogel faster than in the neutral
hydrogel, which diffuses faster than in the negatively charged hydrogel due to the

electrostatic interaction; this supports our previous explanations.

(A) (B) (C)
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Figure 3-12. Photographs of cylindrical hydrogels in the CV diffusion racing experiment. In each
photograph: left, pNIPAm-2%AMPS hydrogel; middle, pNIPAm-5%BIS hydrogel; and right,
pNIPAmM-5%BVB hydrogel.

3.3.2.3 CV Release Rate Controlled by Hydrophobicity of the Hydrogel Matrix

In this study, HMCs with different hydrogel matrices varying in hydrophobicity were
prepared by copolymerizing different mole percentages of OMA or HEAm monomers in
an ethanol/water mixture solvent, followed by loading CV into the HMC by immersing
HMC sample cubes into a CV solution. Figure 3-13 (A) and (B) show the CV release
kinetics from the HMC samples with different hydrophobicity. From these two graphs, we
can see that the CV release rate is dependent on the hydrophobicity of the material. That

is, more hydrophobic HMCs release CV faster than more hydrophilic HMCs.
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Figure 3-13. CV release profiles of CV-loaded HMCs with different hydrophobicity. The initial
solution pH was 6.5, and the solution pH was changed to 3 at # = 15 min by adding one aliquot of
concentrated hydrochloric acid. (Error bars are the standard deviations of three replicate

experiments, and the solid curves are connections of data points.)

To investigate the effect of the hydrogel matrix on the CV release, another CV
diffusion racing experiment was conducted. Briefly, three pNIPAm-based hydrogels,
which contain 10 mol% of OMA, 10 mol% of HEAm, and 5 mol% of BIS, respectively,
were prepared in a cylindrical shape and put into a Petri dish containing a CV solution
perpendicularly. After a certain amount of time, the height of the violet color showing on
the cylindrical hydrogels illustrates the diffusion speed of CV in the materials. Figure 3-14
shows that CV diffuses fastest in the most hydrophilic hydrogel and slowest in the most
hydrophobic hydrogel, while the diffusion speed is intermediate in the pNIPAm hydrogel
containing none of the other monomers. Interestingly, by comparing the CV diffusion
racing experiment results and the CV release experiment results, we find that the slowest
CV diffusion speed in the most hydrophobic hydrogel cannot explain the fastest release of
CV by the most hydrophobic HMC. A possible mechanism that can explain these two
incompatible phenomena is that the hydrophilic molecule, CV, has a higher affinity for a

more hydrophilic environment than for a more hydrophobic environment. In the CV release
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experiments, CV has a higher affinity for the HMC-HEAm materials; thus, the materials
have a stronger retention to the diffusion of CV and result in slower release rates. On the
other hand, in the CV diffusion racing experiment, due to the lower affinity between the
CV and the pNIPAm-10%0OMA hydrogel, CV molecules would not like to diffuse from a
hydrophilic aqueous environment into a relatively hydrophobic hydrogel material. Thus, it

demonstrates a slower diffusion speed.

(A) (B) (C)
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Figure 3-14. Photographs of the pNIPAm-based hydrogels with different hydrophobicity in the
CV diffusion racing experiment captured at ¢t = 0, t = 24 h, and ¢ = 48 h. In each photograph: left,
pNIPAmM-10%0OMA hydrogel; middle, pNIPAm-5%BIS hydrogel; and right, pNIPAm-10%HEAm
hydrogel.

3.4 Conclusions

In this study, a CV-loaded pNIPAm-based HMC was prepared by entrapping CV-
loaded pNIPAm-co-AAc microgels in a pNIPAm-based hydrogel. The CV release rate of
the HMC material can be controlled by tuning the composition of the hydrogel matrix,
which results in the property change of the material, including crosslinking density, internal
charge density, and hydrophobicity. By investigating the mechanisms of the CV controlled
release in each kind of HMC material, experimental results show that the CV release rate
is dependent on the interactions between CV molecules and the polymeric hydrogel

material.
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Chapter 4

Multi-Drug Controlled Release by Stimuli-responsive
Hydrogel-Microgel Composite Materials

4.1 Introduction

In 1965, Frei et al. reported that the treatment of children’s acute leukemia is
therapeutically more efficient if a combined therapy consisting of two cytotoxic agents was
applied, rather than a monotherapy.??*??* Since then, to improve the clinical efficiency of
oncology treatment, developing of the clinical drug combination therapy has been pursued
widely. For example, one of the most effective treatment strategies for metastatic breast
cancer is a drug combination of doxorubicin, taxane, and platinum-derivatives.??> In
addition, combination therapy for cancer treatment has been reported to reduce the toxicity
of individual drugs and suppress drug resistance.?*® For this reason, developing dual/multi-
drug delivery systems with potential applications in combination therapy for treatment of
diseases has drawn much attention in the past decades.

Although many multi-drug delivery systems based on a variety of materials have

d’227-228

been reported, including micro/nano particle-base vesicle-based,??***° hydrogel-

d, 3233 and micro-needle-based,** the individually controlled release of each drug

base
component is still challenging for many reported multi-drug delivery systems. In this paper,

we report a stimuli-responsive hydrogel-microgel composite (HMC) material that can

control the release of each preloaded model drug component individually. More
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importantly, the combination of released drug molecules can be varied simply by
incorporating different drug-loaded microgels; this demonstrates the outstanding flexibility
of this type of drug delivery system in the design of combined therapy.

Hydrogels refer to a group of hydrophilic polymeric networks containing a large
amount of water (typically 80 to 99%). Over the past decades, they have been investigated
as a versatile material in various applications, such as drug delivery,>*%7 tissue
engineering,’®>’ self-healable material,*3>* water remediation,?**?*! bio-sensing,?**>*3
etc. In particular, due to the high-water content, hydrogels have structures homologous to
biological tissues, outstanding biocompatibility, as well as the capability of entrapping
hydrophilic drug molecules, essentially making it an appealing type of drug delivery
platform.

Stimuli-responsive hydrogels, also named “smart” hydrogels, whose physical and
chemical properties can undergo significant changes in response to the external stimuli,
such as pH,” *? ionic strength,'” temperature,” '™ light,'* 17 and electric/magnetic field'*
15244 draw much attention due to their tremendous applications in on-demand drug release™

137 artificial muscles,>*” and actuators.'®®

245 smart coating,?*® bio-sensing,

Among a number of different types of stimuli-responsive hydrogels, the
temperature- responsive poly N-isopropylacrylamide (pNIPAm) based hydrogel has been
one of the most extensively studied hydrogels during the last few decades. Its phase
transition temperature, also known as the lower critical solution temperature (LCST),
around 32.5 °C, is close to the human physiological temperature, encouraging researchers

to apply this material onto many physiological applications. The pNIPAm-based hydrogel

micro/nano particles, called microgel/nanogels depending on their size, also draw much
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attention because they are easily-prepared, highly-monodispersed, simply-functionalized,
and non-cytotoxic. In addition to its temperature-responsivity, the pNIPAm-based
hydrogel and/or microgel can be tailored to respond to other physical/chemical stimuli, like
those mentioned above, by copolymerizing the co-monomers with different functional
groups. For example, a well-known pH-responsive pNIPAm-based microgel is pNIPAm-
co-acrylic acid (pNIPAm-co-AAc) microgel, which is prepared by copolymerizing acrylic
acid (AAc) with the NIPAm monomer. AAc exhibits a pKa of 4.25, therefore, pNIPAm-
co-AAc microgels have negative charges at pH > 4.25, with deprotonated AAc groups,
while the negative charges can be neutralized at pH < 4.25.

In a similar manner, another two kinds of pNIPAm-based microgels, pNIPAm-co-
(3-aminopropyl methylacryamide hydrochloride) (pNIPAm-co-APMAH) microgels and
pNIPAm-co-(3-(acrylamido) phenylboronic acid) (pNIPAM-co-APBA) microgels,
demonstrate their pH-responsivity over different pH ranges due to the pKa of the primary
amine group and the phenylboronic acid group, 10.6 and 8.5, respectively. Specifically, the
primary amine group is positively charged when the pH < 10.6, while this charge could be
neutralized in more basic conditions, such as pH >10.6. On the other hand, the non-charged
phenylboronic acid group tends to bind with a hydroxide ion and is negatively charged
when the pH > 8.5, but this charge could be diminished when the pH < 8.5 (Scheme 4-1).
Therefore, the ionization-neutralization process of these pH-responsive pNIPAm-based
microgels allow them to bind and release charged molecules with the variation of solution

pH.

96



Scheme 4-1. Schematic demonstration of the releasing process of pre-loaded model drug molecules,

CV, AY, and RhB, from the model drug-loaded microgel and HMC due to the pH responsivity.

In this research, model drug-loaded pH-responsive pNIPAm-based microgels were
entrapped in the pNIPAm-based hydrogel to form the HMC material that can release the
pre-loaded drug molecules in a pH-triggered fashion. Briefly, three different charged model
drug molecules, crystal violet (CV), acid yellow 17 (AY), and rthodamine B (RhB), are
loaded electrostatically into the pNIPAm-co-AAc microgels, pNIPAm-co-APMAH
microgels, and pNIPAm-co-APBA microgels, respectively. Then, one or a combination of
two drug-loaded microgels are suspended in a NIPAm monomer solution before the
initiation of the polymerization reaction, which results in HMC that has drug-loaded
microgels in a pNIPAm-based hydrogel. We investigated the drug release behaviors of the
HMC under different conditions and determined its ability to control the release of multiple
drug molecules individually when different drug-loaded microgels are entrapped in a single

HMC.
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4.2 Experimental Section

4.2.1 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%), 3-aminopropyl
methylacryamide hydrochloride (APMAH), 3-(acrylamido) phenylboronic acid (APBA)
ammonium persulfate (APS) (98+%), N,N,N',N'-tetramethylethylenediamine (TEMED)
(99%), sodium chloride, sodium hydroxide, crystal violet, acid yellow 17 (60%+) and
rhodamine B (95%+) were obtained from Sigma Aldrich (St. Louis, MO) and were used
without any treatments. Hydrochloric acid was purchased from Caledon Chemicals
(Georgetown, Ontario) and was used as received. Water used in the experiments is

deionized (DI) water with a resistivity of 18.2 MQecm.

4.2.2 Synthesis of Microgels

The pNIPAm-co-AAc microgel was prepared with a surfactant-free free radical
precipitation polymerization process that was described previously.”> 2! Briefly, a
3-necked round-bottom flask was fitted with a reflux condenser, nitrogen inlet, and
thermometer, and charged with the monomer solution, a solution of NIPAm (10.5 mmol,
75 %mol), and BIS (0.7 mmol, 5 %mol) in 99 mL of deionized water, previously filtered
through a 0.2-um syringe filter (Thermo Fisher). The solution was bubbled with N> while
stirring and allowed to heat to 70 °C over ~1 h. Next, 2.8 mmol of AAc (20 %mol) were

added to the heated reaction mixture with a micropipette in one aliquot. Then, the reaction
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was initiated with a solution of APS (0.2 mmol) in 1 mL of DI water. The reaction was
allowed to proceed at 70 °C for 4 h under a blanket of N> and vigorous stirring. The
resulting suspension was filtered through glass wool to remove any large aggregates and
distributed into centrifuge tubes for purification. The synthesized microgels were purified
via centrifugation at 8000 rpm for about 45 min to form a pellet, followed by removal of
the supernatant and re-suspension with DI water. This process was repeated six times to
remove any unreacted monomers, and the purified microgel suspensions were re-combined

and lyophilized.

The synthesis and purification procedures of pNIPAm-co-APMAH microgels are basically
similar to the above description, except for the monomer feeding ratio, which is NIPAm

(12.6 mmol, 90 %mol) BIS (0.7 mmol, 5 %mol), and APMAH (0.7 mmol, 5 %mol).

To synthesize the pNIPAm-co-APBA microgel, 12.6 mmol of NIPAm monomer (90 %mol),
0.7 mmol of BIS (5 %mol), and 0.7 mmol of APBA monomer (5 %mol) were dissolved
into 99 mL of 10-mM PBS (pH 8.5). Then, the pH of the PBS monomer solution was
adjusted to 8.5, the solution was filtered with a 0.2-um syringe filter, and transferred into
a 3-neck round-bottom flask fitted with a reflux condenser, thermometer, and nitrogen inlet.
In this step, 10-mM PBS (pH 8.5) is used to ionize the phenylboronic acid group to promote
the dissolution of the APBA monomer. The polymerization reaction ran under a N> blanket
for 4 h at 70°C after its initiation with 0.2 mmol of APS in 1 mL of 10-mM PBS (pH 8.5).
Next, the synthesized pNIPAm-co-APBA microgels were filtered with glass wool and
purified with the centrifugation-resuspension process six times, followed by lyophilization

for the following model drug loading.
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4.2.3 Model Drug Loading

To load the model drug, CV, into the pNIPAm-co-AAc microgels, 0.5 g of the lyophilized
dry pNIPAm-co-AAc microgel were suspended into 200 mL of a 2-mg/mL CV solution
(pH adjusted to 6.5). The microgels were isolated with centrifugation, and the unbounded
CV molecules were washed away by re-suspending the isolated microgels into a solution
of pH 6.5 (2 mM NacCl), followed by centrifugation (8000 rpm, 45 min). This
centrifugation-resuspension process was carried out six times. Finally, the CV-loaded
microgels were collected by removing the supernatant and storing the bottom pellet in a
centrifuge tube. In a similar procedure, the model drug, AY, was loaded into the pNIPAm-

co-APMAH microgels.

To load RhB into the pNIPAm-co-APBA microgels, similar precedures with minor
modifications were carried out. Specifically, the pH of a 2 mg/mL RhB solution was
adjusted to 10.5 to maintain the negative charges on the microgels for drug loading.
Meanwhile, the pH of the 2-mM NaCl solution for the microgel rinsing step also was

adjusted to 10.5 prior to the use.

The concentration of the CV-loaded microgels, AY-loaded microgels, and RhB-
loaded microgels are 0.056 g/mL, 0.082 g/mL, and 0.074 g/mL, respectively. The loaded
drug content in the CV-loaded microgels was 0.021 g (0.0505 mmol) per gram of dry
microgels (2.1 wt%); the AY-loaded microgels was 0.010 g (0.0184 mmol) per gram of dry
microgels (1 wt%); and the RhB-loaded microgels was 0.010 g (0.0211 mmol) per gram of

dry microgels (1 wt%).
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4.2.4 Preparation of a Model Drug-loaded Hydrogel-Microgel Composite
(HMCO)

A 1 mL of concentrated CV-loaded microgel solution was added into a 3-dram vial
contaning a monomer mixture solution composed of 0.7352 g of NIPAm, 0.0528 g of BIS,
0.01 g of APS, and 3.25 mL of DI water. It was followed by degassing with bubbling N»
for 10 min and keeping the beaker in an ice-water bath for 30 min to pre-cool the reaction
solution. To initiate the polymerization reaction, 18.8 uL. of TEMED were added into the
vial while the solution is stirred vigorously with a magnetic stir bar. The stirring was
stopped 30 sec after adding TEMED, and the vial was stored in an ice-water bath overnight.
The formed HMC material was removed from the container and cut into the default size,
(5, 5, 5) mm, for further usage. In some cases, different dimensions of the HMC were
prepared for specific experiments. The cutting of the hydrogels was completed using a
razor blade and a small plastic mould that was designed to yield maximal material

dimension consistency.

4.2.5 Preparation of Multi-drug Loaded HMC

To load multiple model drug molecules into the HMC material, two different drug-loaded
microgels were added into the HMC pre-solution simultaneously. Specifically, CV-loaded
pNIPAm-co-AAc and AY-loaded pNIPAm-co-APMAH microgel solutions were added
into the HMC pre-solution (pH adjusted to 6.5) to form the multi-drug-loaded HMC-AAc-
APMAH. Similarly, the HMC-AAc-APBA, was prepared by adding the CV-loaded

pNIPAm-co-AAc and RhB-loaded pNIPAm-co-APBA microgel solutions into the HMC
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pre-solution (pH adjusted to 10.5). The polymerization reaction steps are the same as the

HMC preparation procedures mentioned above.

4.2.6 Model Drug Release Experiment
A 25-mL beaker filled with 20 mL of a pH 3 solution (2-mM NaCl) was placed on a hot

plate, the solution temperature was maintained at a specific value, and it was stirred
continuously at 400 rpm using a magnetic stir bar. The solution was fed through a quartz
cuvette into an Agilent 8453 UV-Vis spectrophotometer equipped with an 89090A
temperature controller and Peltier heating device, via a peristaltic pump. When a HMC
sample cube was placed into the solution, the absorbance spectrum of the solution was

collected at certain time intervals.

4.3 Results and Discussion

A typical pNIPAm-based hydrogel prepared at low temperature (e.g., in an ice-water bath)
has a colorless clear appearance, while the HMC-AAc that has a CV-loaded microgel
entrapped in the hydrogel has a deep blue color (Figure 4-1A and B).

To investigate the temperature-responsivity of the HMC-AAc, a differential
scanning calorimetry (DSC) study was conducted. On the graph of Figure 4-2A, a broad
peak at 33.2 °C illustrates that the LCST of the HMC-AAc is very close to the LCST of
the pNIPAm material at ~32.5 °C, which means that the doping of the drug-loaded
pNIPAm-based microgel into the pNIPAm-based hydrogel does not change the
temperature-responsivity of the material much. In addition, SEM images of the HMC-AAc

at different temperatures show the shrinking of pores at elevated temperatures (Figure 4-
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1D, E, and F). The SEM samples were prepared by lyophilizing the HMC gel strips that
were peeled off from a bulk gel material by a tweezer followed by soaking in DI water at
room temperature until the solvation state equilibrated. The gel strip was ripped off from
the bulk gel without cutting to avoid the any change in morphology that can occur from the
cutting. To prepare the sample for SEM imaging, the fully hydrated gel samples were
frozen with liquid nitrogen to fix their micro structures, and then freeze dried with a
lyophilizer. It is reported that pNIPAm and/or pNIPAm-based materials undergo a phase
transition from a water-soluble state to a relatively water-insoluble state when the
environmental temperature increases from below to above their LCST.* ! Therefore, the
MHC material is in its swelling state at a temperature below LCST (e.g., 20 °C) and in its

deswelling state at a temperature above LCST (e.g., 40 °C).
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Figure 4-1. (A) A photograph of a pNIPAm-based hydrogel. (B) A photograph of HMC-AAc. (C)
Thermal analysis results of a HMC-AAc sample with DSC. SEM images of HMC-AAc samples
prepared at (D) 20 °C, (E) 30 °C, and (F) 40 °C, respectively (scale bar = 10 pm).
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Based upon the composite structure of the HMC material, we believe that the pH-
responsivity of the pNIPAm-co-AAc microgel endows the HMC with the ability to release
the CV in a pH-responsive fashion. To verify this hypothesis, the HMC-AAc sample cubes
were exposed in a pH 3 and a pH 6.5 solution (2-mM NaCl), and the absorbance value at
a wavelength of 590 nm, chosen because it is the strongest absorbance peak of CV, of each
solution is obtained by the UV-Vis spectrometer (Figure 4-2A). The CV release kinetics of
HMC-AAc at low and neutral pH, shown in Figure 4-2B, illustrate that the release of CV
molecules from the HMC is strongly pH-dependent. Compared to the release at pH 3, the
release of CV at pH 6.5 is inconspicuous, and the small amount of released CV is thought
to be the residual of non-specific-bounded CV molecules in the microgel. On the other
hand, a continuous increasing of the CV release kinetics shown at the end of the experiment
(at 60 min) reveals that the total amount of loaded CV cannot be released completely within

the experimental period of 1 h.
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Figure 4-2. (A) UV-vis absorbance spectrum of CV and CV release kinetics of the HMC-AAc
sample in a pH 3 solution. (B) Absorbance values at 590 nm as a function of time for the HMC-
AAc sample cubes in a (m) pH 3 and (o) pH 6.5 solution. (Error bars are the standard deviations of

three replicate experiments, and the solid curve is a connection of data points.)
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As shown by the temperature-responsivity of the HMC-AAc, the change in CV
release kinetics in response to the environmental temperature change should be
investigated. In this experiment, The HMC-AAc sample cubes were exposed in pH 3
solutions at temperature of 20 °C, 30 °C, and 40 °C. This temperature range was selected
to cover the LCST range of the material fully. Figure 4-3A shows the CV release kinetics
of the HMC-AAc at different solution temperatures; it can be seen that the HMC releases
CV faster at lower temperature and slower at higher temperature. In addition, the CV
release rate of a HMC-AAc sample cube in a pH 3 solution can be tuned periodically by
changing the solution temperature (Figure 4-3(B)). These phenomena can be explained by
the different pore size of the HMC material at different solution temperatures, which affects
the CV diffusion rate from within the material to the solution. As shown above, the pore
size of the HMC material decreases as the temperature increases due to the temperature-
responsive deswelling property of the pNIPAm-based hydrogels. Therefore, when the
HMC-AAc samples are exposed in a higher-temperature solution, the shrunken pores of
the pNIPAm hydrogel block the CV diffusion pathway and result in a slower CV release

rate.
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Figure 4-3. (A) Absorbance values at 590 nm as a function of time for the HMC-A Ac sample cubes
at () 20 °C, (@) 30 °C and (A) 40 °C. (D) CV release profile of the HMC-AAc sample in a pH

3 solution with solution temperature switching between 20 °C and 40 °C. (Error bar is the standard

deviation of three replicate experiments, and the solid curves are connections of data points.)

Interestingly, we found that the change of temperature also has an effect on the pH-
responsivity of the HMC material. To investigate the relation between the pH-responsivity
and the temperature, we tested how fast the HMC-AAc responds to the pH change at
different temperatures. In this experiment, a sample cube of HMC-AAc was exposed in 20
mL of a pH 6.5 solution (2-mM NaCl) whose temperature was preset to 20 °C or 40 °C. At
the time of putting the HMC-AAc sample into the solution, a UV-Vis spectrometer was
used to monitor the solution absorbance every 30 sec. Then, a certain volume of
concentrated hydrochloric acid was added into the solution in one aliquot to switch the pH
of the solution to 3. Figure 4-4 shows the CV release profiles of the HMC-AAc samples at
different temperatures when the solution pH underwent a transition from 6.5 to 3 at time
15 min. We can see that a significant increase in the CV release rate can be observed at

both 20 °C and 40 °C when the concentrated acid has been added into the solution.
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However, there is a delay between the acid added point and the CV release rate change
point in both release profiles, and this delay can be regarded as the time that the material
takes to respond to the environmental pH change. In Figure 4-4, the pH response time of
the HMC-AAc at 20 °C is approximately 1.5 min, which is shorter than that at 40 °C, 3
min. This is likely due to the shrunken pores of HMC-AAc at 40 °C that inhibit the
diffusion of both the hydronium ions and the CV molecules between the inside and the
outside of the HMC material. As mentioned above, the protonation of the carboxylic acid
group causes the release of CV molecules from the pNIPAm-co-AAc microgels. Thus,
when the hydronium ions diffuse slower due to the limited diffusion pathway, smaller pores
in this case, it takes more time for the entrapped microgels to interact with the penetrated

hydronium ions.
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Figure 4-4. CV release profiles of the HMC-AAc sample in a solution with changes in pH from

6.5 to 3 at time 15 min at 20 °C and 40 °C. (Error bars are the standard deviations of three replicate

experiments.)

Together, the features of size, shape, and structure that determine the physical

properties of hydrogels indicate how the hydrogel can be used in various drug delivery
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applications.?*32°* For example, the aspect ratio was reported to correlate with the drug

release rate of the bulky hydrogel®!

, and tuning of the particle size can improve the
biocompatibility of the spherical implanted alginate capsules.>*

To investigate the effect of the HMC dimensions on the CV release kinetics, we
carried out two experiments to compare the CV release rate of the HMC with a different
volume and a different surface area (SA), respectively. In the first experiment, we kept the
HMC sample volume constant, and analyzed the relation between the CV release rate and
surface area of the samples. Briefly, the HMC-AAc was cut into three different dimensions,
(5,5,5)mm, (5,10, 2.5) mm, and (10, 10, 1.25) mm, respectively (Scheme 4-2). Therefore,
these three samples had the same volume, 125 mm?, but different surface areas of 150, 175,
and 250 mm?, respectively. Their CV release profiles were monitored by the CV release
experiment, as mentioned above. In the second experiment, we kept the HMC sample total
surface area constant, and analyzed the relation between the CV release rate and the volume
of the samples. Briefly, the HMC-AAc samples prepared were 1 cube with a (5, 5, 5) mm
dimension, 4 cubes with a (2.5, 2.5, 2.5) mm dimension, and 16 cubes with a (1.25, 1.25,
1.25) mm dimension (Scheme 4-2). Thus, these three series of samples have the same total
surface areas but different volumes, 125, 62.5, and 31.25 mm?, respectively. The samples

were allowed to release CV molecules at pH 3 conditions, and their CV release kinetics

were recorded.
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Scheme 4-2. Schematic demonstrations of HMC-AAc samples with different dimensions

Figure 4-5A shows that samples with a larger surface area release CV at a higher
rate than samples with a smaller surface area, although they all have the same volume.
However, Figure 4-5B shows that samples having the same total surface area release CV
at a similar rate, which is independent of the sample volume. We believe that this is because
the CV release rate of the HMC sample cube relies on the number of release pathways
which depends on the area that the material is in contact with water. Therefore, a greater
surface area provides more diffusion routes to the CV molecules, which results in faster
release kinetics. The larger volume of the material, however, is not the criterion for the
faster release rate if the same surface area of sample is maintained. Overall, from these
results, we can conclude that only the surface area and not the volume would affect the CV

release rate of the HMC materials.
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Figure 4-5. (A) CV release profiles of the HMC-AAc samples that have same volume but different
surface area. (B) CV release profiles of the HMC-AAc samples that have same total surface area
but different volume. (Error bars are the standard deviations of three replicate experiments, and the
solid curves are connections of data points.)

The incorporation of pH-responsive monomers, APMAH and APBA, makes the
synthesized pNIPAm-based microgels pH-responsive, which is demonstrated by the
reversible ionization—neutralization of the microgels. Previous research showed that the
increase in charge density inside microgels leads to microgel size increase due to the
electrostatic repulsion.’® 22 This phenomenon was observed also in the microgel
hydrodynamic size measurement with dynamic light scattering (DLS). As shown in Figure

4-6A, all three different microgels have a larger size when the solution pH endows them

with charges.
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Figure 4-6. (A) Hydrodynamic size of microgels at different pH, (m) pNIPAm-co-AAc microgel,
(®) pNIPAm-co-APMAH microgel, (A) pNIPAm-co-APBA microgel. (Error bars represent the
standard deviations of three measurements.) (B), (C) and (D) are the SEM images of pNIPAm-co-
AAc, pNIPAm-co-APBA, and pNIPAm-co-APMAH microgels, respectively (scale bar = 1 um).

Thus, the negatively charged model drug molecule, AY, can be loaded into the
pNIPAm-co-APMAH microgels at pH 6.5, and the positively charged model drug
molecule, RhB, can be loaded into the pNIPAm-co-APBA microgels at pH 10.5. For the
same reason, when these two microgels were used to prepare the HMC, the AY-loaded
HMC-APMAH can release the AY when the solution pH > 10.6 due to the deprotonation
of the positively charged primary amine group, but the RhB-loaded HMC-APBA can
release the RhB when the solution pH < 8.5 due to the neutralization of negatively charged
phenylboronic acid group (Figure 4-7A and B). The release profiles of the AY and RhB
were recorded by collecting the UV-Vis absorbance values of the solutions at the
wavelength of 400 nm and 550 nm, respectively due to their strongest absorbance peaks at

these wavelengths. (Figure 4-7C and D) The model drug-loaded HMC prepared in the 1-
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dram vials are shown in Figure 4-8, and the colors of the materials come from the color of

the model drug molecules.
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Figure 4-7. (A) Absorbance value at 400 nm as a function of time for the HMC-APMAH sample

cubes in a (@) pH 11 and (O) pH 6.5 solution. (Error bars are the standard deviations of three

replicate experiments.) (B) Absorbance value at 550 nm as a function of time for the HMC-APBA
sample cubes in a (A) pH 6.5 and (A) pH 10.5 solution. (Error bars are the standard deviations of
three replicate experiments.) (C) UV-vis absorbance spectrum of AY and AY release kinetics of
the HMC-APMAH sample in a pH 11 solution. (D) UV-vis absorbance spectrum of RhB and RhB
release kinetics of the HMC-APBA sample in a pH 6.5 solution.
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Figure 4-8. The appearance of three different model drug-loaded HMC materials. Left: HMC-AAc,
middle: HMC-APMAH, and right: HMC-APBA.

Interestingly, if two different model drug-loaded microgels are incorporated into one
HMC material, e.g., the HMC-AAc-APMAH and HMC-AAc-APBA, we can control the
release process of each model drug individually. As we know, CV can be released by the
pNIPAm-co-AAc microgels when pH <4.25, but AY can be released by the pNIPAm-co-
APMAH microgel when pH > 10.6. Therefore, the dual-drug controlled release can be
achieved by changing solution pH between acidic and basic values. Figure 4-9A shows the
CV and AY individual release profile of the HMC-AAc-APMAH when the pH of the
solution was switched periodically between 3 and 11 by adding a concentrated
hydrochloric acid or sodium hydroxide solution. It is clear that the CV was only released
by the HMC at a significant rate at pH 3, but this release is prohibited when the pH was
raised to 11. Interestingly, the CV absorbance value has a slight decrease when the solution
pH is changed to 11. This is because of the decolorization of CV at basic conditions.>* On
the other hand, as shown in Figure 4-9B, when the HMC-AAc-APBA sample cube was
exposed in a pH 10.5 solution, neither the CV nor the RhB were released because both the
carboxylic acid group and the phenylboronic acid group are negatively charged at this pH
and strongly bind to the model drug molecules. However, the HMC-AAc-APBA started to
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release the RhB only when the pH decreased to 6.5 due to the neutralization of the
phenylboronic acid group only. Moreover, when the solution pH changed to 3, all the
microgels in the HMC-AAc-APBA were neutralized and started to release both the CV and

the RhB.
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Figure 4-9. (A) (m) CV and (®) AY release profile in a pH switch solution. (B) (m) CV and (A)

RhB release profile in a pH switch solution. (Solid curves are connections of data points.)

4.4 Conclusions

In conclusion, we have prepared pNIPAm-based HMC by doping pNIPAm-based pH-
responsive microgels in a pNIPAm-based hydrogel. The HMC material demonstrates its
ability to release pre-loaded model drug molecules depending on the pH responsivity of
the entrapped pNIPAm-based microgels, and the model drug release behavior is related to
the solution temperature, the pH, and the dimension of the HMC material. Meanwhile, by
incorporating multiple model drug-loaded microgels, the resultant HMC is capable of
controlling the release of multiple model drug molecules individually by changing the
solution pH. Moreover, the combination of released model drug molecules can be varied
simply by selecting different drug-loaded microgels. This demonstrates the potential of this

type of material in applications of multi-drug controlled release.
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Chapter 5

Conclusions and Future Outlook

5.1 Conclusions and Future Outlook of an Etalon-based

Controlled Release System

In Chapter 2, a stimuli-responsive etalon-based controlled release system was developed
by modifying the model-drug-loaded etalon devices with alkanethiols. A layer of pNIPAm-
co-20%AAc microgel in the etalon device can be loaded with ionic small molecules, such
as crystal violet, CV. The CV can be released also by the microgel layer in a pH-responsive
fashion and diffuse through the Au upper layer of etalons to the external environment. It
was shown that the small-molecule release kinetics is related to both the polarity and length
of the chain of alkanethiols and, by utilizing this surface modification approach, the small-
molecule release rate can be tuned precisely and easily. Moreover, by combining two
etalons that have different surface modification, a composite release profile, such as a rapid
and sustainable release, can be achieved.

In this chapter, we also investigated the mechanism of the CV controlled release by
the surface modified etalons by comparing the CV release kinetics data and the etalon’s
response kinetics to the change in solution pH. It was shown that the alkanethiol molecules
on the etalon’s surface have a blocking effect on the diffusion of both the acidic solution

and the CV molecules.
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Compared to other polymer film-based drug delivery systems, the etalons can
determine the amount of the released drug precisely by taking advantages of the self-
assembled microgel monolayer that controls the amount of drug loaded. On the other hand,
with surface modifications, the upper Au layer of an etalon acts as a diffusion barrier that
allows us to control the release process of the loaded drug.

In future, the etalon-based controlled release system can be utilized to develop
implantable and/or patch-based drug delivery devices, and more biocompatible molecules
can be used to modify the devices to increase biocompatibility and prolong the drug release
period. Furthermore, since it is possible to load different drugs in different parts of an etalon
device and control the drug release of each part independently, a drug delivery system with
a combined release of multiple drugs from an etalon-based device can be realized.
Moreover, self-assembled monolayer (SAM) on Au surface was reported as a promising
means to provide chemically well-defined substrates that can be tailored for specific cell
culture applications.”* Therefore, the surface modified etalon-based device could be
applied in cell culture applications to control the growth and/or differentiation of the cells
by controlling the release of cell growth and/or differentiation factors. By taking
advantages of the stimuli-responsivity of the material, the cell culture process can be

controlled and manipulated with external stimuli.
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5.2 Conclusions and Future Outlooks of HMC-based Controlled

Release System

In Chapter 3, a controlled release system based on a hydrogel-microgel composite (HMC)
material was developed. The HMC was prepared by embedding pNIPAm-based microgels
in a pNIPAm-based hydrogel. When the HMC is loaded with small hydrophilic molecules,
the small hydrophilic molecules can be triggered to release in a pH-responsive fashion, and
the release rate is related to various factors, such as the temperature of solution, dimension
of the material, and composition of the hydrogel matrix. More specifically, the
experimental results shown that the small-molecule release rate is tunable by changing the
crosslinking density, internal charge density, and hydrophobicity of the hydrogel matrix.

In Chapter 4, the HMC demonstrated its potential as a multi-drug controlled release
system. In this study, multiple pNIPAm-based microgels loaded with different model drugs
were embedded in a HMC, and the resultant multi-drug-loaded HMC was able to control
the release of each model drug individually.

From a drug delivery perspective, the HMC-based controlled release system is
particularly interesting, as the limitations of both microgels and hydrogels in drug delivery
can be mitigated by this composite material. For example, any biocompatibility issue of
microgels could be eliminated by hiding the microgels in biocompatible hydrogels; and the
burst drug release can be prolonged by using the hydrogel matrix as a diffusion barrier.
Therefore, for further investigation, degradable crosslinkers could be incorporated into the
HMC to develop injectable drug delivery systems. As mentioned in Chapter 3, since the
209

HMC-based controlled release systems can prolong the release peiord up to 2 months,

and the hydrogel-based materials contains large amount of water, this type of system can
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potentially be used for plant grafting. A successful plant grafting usually takes few weeks
and requires the protection from excessive water loss and tissue corruption caused by
pathogenic bacteria.?>>%7 Therefore, applying a hydrated HMC-based material that are
loaded with some plant cell differentiation factors and antibiotics onto the joint site could

shorten the grafting period and increase the successful rate.
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Appendix A: Supporting Information for Chapters

Figure A-1. Photographs of pNIPAm-co-AAc microgel-based etalon soaking in (A) pH 6.5 and
(B) pH 3 solutions (2-mM NaCl).

Figure A-3. A photograph of an instrumental setup for the CV release experiments. (a) Peristatic
pump, (b) Temperature controller, (c) UV-Vis spectrometer, and (d) Heating/stirring plate.
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Figure A-5. SEM images of (A) HMC-5BISa, (B) HMC-100MA, and (C) HMC-10HEAm.
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Appendix B: Controlled Release Kinetics from a Surface

Modified Microgel-Based Reservoir Device

B.1 Introduction

Stimuli responsive polymer-based materials are often referred as “smart materials” due to
their ability to respond to external stimuli, e.g., temperature,?® pH 8% 259-261 ]jght 262-264

d,265

magnetic fiel and electrical field.?®2%7 In the last few decades, functional stimuli

268-270 271

responsive materials such as porous materials, microgels,?’! and nanogels®’>*” have
been used to encapsulate and release small molecules (or drugs) in a controlled and
triggered fashion. Among stimuli responsive polymers, poly (N-isopropylacrylamide)
(pNIPAm) is by far the most extensively studied to date; a direct result of its
thermoresponsivity.® %% 273-27* Specifically, pNIPAm exhibits a lower critical solution
temperature (LCST) of 32°C in water, which is close to physiological temperature. Above
the LCST, pNIPAm undergoes a transition from a random coil (extended state) to a globule
(collapsed state), expelling its solvating water in the process.

PNIPAm can be crosslinked into a polymer network, and hydrogel particles
(nanogels or microgels, depending on diameter) can be synthesized. These networks also
undergo a swollen-to-collapsed transition in water at elevated temperature. Specifically,
pNIPAm-based microgels transition from a swollen (large diameter) to a collapsed (small

219, 2713276 1 jke all temperature induced

diameter) state at elevated temperature.
conformational state changes of pNIPAm, the transition for pNIPAm-based microgels is

fully reversible over many cycles. PNIPAm-based microgels can also be made responsive

to other stimuli, in addition to temperature. For example, copolymerization of functional
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monomers or crosslinkers into the pNIPAm network can make them responsive to, e.g.,
pH, light and/or electric field.?®!> 26> 267 A well-known pH responsive pNIPAm-based
microgel is pNIPAm-co-acrylic acid (pNIPAm-co-AAc), which is made by simply adding
AAc at the time of synthesis.®> AAc exhibits a pK, of 4.25, therefore pNIPAm-co-AAc
microgels are negatively charged at pH > 4.25, while they are neutralized at pH < 4.25.
The charge switchability of the pNIPAm-co-AAc microgels allows them to bind and
release positively charged molecules at pH > pKa,, and pH < pK,, respectively.!”’

In previous work, we showed that optical devices, known as etalons, could be
generated by "sandwiching" a homogeneous monolayer of pNIPAm-co-AAc microgels
between two thin Au layers 3% 177 179, 181, 186, 219. 277281 The strycture of this device can be
seen in Figure B-1. The optical properties of these devices have been studied in great detail,
and they have been used for sensing a variety of species.?**?%* We also found that the
structure could be used for controlled and triggered drug delivery. Importantly, we
determined that the release rate depended greatly on the thickness of the Au layer covering
the microgel layer (Au overlayer), which systematically varied the pore size. Therefore,

thick Au layers slowed the release properties compared to thin Au layers.!”’

LoTw

Figure B-1. Structure of a pNIPAm microgel-based etalon. (a) 50 nm Au layer (with 2 nm Cr

adhesion layer) sandwiching (b) a microgel layer all on a (c,d) glass substrate coated with 15 nm

Au layers (with 2 nm Cr adhesion layer). (Reprinted with permission from RSC)
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In those studies, we used Au layer thicknesses of up to 700 nm, which increases the
device's cost and fabrication time dramatically. Therefore, new ways to control release
rates are needed. In this submission, we modify the Au overlayer porosity by adding a layer
of silica via the hydrolysis of tetracthyl orthosilicate (TEOS) vapor with water in the
presence of ammonia. Using this approach, we were able to decrease the Au overlayer
thickness to below 50 nm and subsequently modify the Au layer with silica to control the
release rates. By varying the silica layer thickness by varying the modification time, the
release rate could be effectively controlled and tuned, i.e., long modification time leads to
slow release rates. This low-cost and effective method provides an alternative way to

control and trigger drug release by using the microgel-based drug reservoir systems.

B.2 Experimental Section

B.2.1 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 (St. Louis, MO) and were
used as received. Tris (4-(dimethylamino)phenyl)methylium chloride (Crystal Violet, CV)
and tetraethyl orthosilicate (TEOS, 98%) were obtained from Sigma-Aldrich (St. Louis,
MO). Sodium chloride was obtained from EMD (Millipore, Billerica, MA), and deionized
(DI) water with a resistivity of 18.2 MQxcm was used. Cr/Au annealing was done in a

Thermolyne muffle furnace from ThermoFisher Scientific (Ottawa, Ontario). Anhydrous
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ethanol was obtained from Commercial Alcohols (Brampton, Ontario). Sodium hydroxide
(NaOH, 99.8%) and hydrochloric acid were purchased from Caledon Chemicals
(Georgetown, Ontario) and were used as received. 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 as flakes (Ashland, OR), while Au was 99.99% and obtained from

MRCS Canada (Edmonton, AB).

B.2.2 Microgel Synthesis

Temperature-ramp, surfactant-free, free radical precipitation polymerization was used to
synthesize mcirogels, as previously described.?®* Briefly, a 3-necked round- bottom flask
was fitted with a reflux condenser, nitrogen inlet, and temperature probe, and charged with
a solution of monomer mixture, comprised of NIPAm (11.9 mmol) and BIS (0.703 mmol)
in 99 mL of deionized water, previously filtered through a 0.2 pm filter. The solution was
bubbled with N> while stirring and heated to 70 °C over ~1 hour. 99 uL of AAc (1.43 mmol)
was added to the heated reaction mixture with micropipette in one aliquot. The reaction
was then initiated with an ammonium persulfate (APS) solution, prepared by dissolving

0.2 mmol APS in ImL of deionized water. The reaction was then allowed to proceed at 70°C

for 4 hours under a blanket of nitrogen and vigorous stirring. The resulting suspension was
allowed to cool overnight while stirring, and then filtered through glass wool to remove
any large aggregates. About 12 mL of the microgel suspension was then distributed into
centrifuge tubes and washed via centrifugation at ~8500 rcf for 45 min to form a pellet at
the bottom of centrifuge tubes, followed by removal of the supernatant. And then the pellet

of microgel was re-suspended with original volume, 12 mL, of deionized water. This
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process was repeated to a total of six times to remove any unreacted monomers. The

purified microgels were recombined and stored in a brown glass jar.

B.2.3 CV Loaded Etalon Fabrication

CV loaded etalons were fabricated by using a previously reported protocol with slight
modification.!” The process is shown in Figure B-2. To fabricate the Au coated glass
substrates (etalon underlayer), 2 nm Cr and 15 nm of Au was sequentially thermally
evaporated at a rate of 0.2 A s, and 0.1 A 57!, respectively, (Torr International Inc., thermal
evaporation system, Model THEUPG, New Windsor, NY) onto a 25 x 25 mm DI
water/ethanol rinsed and N> gas dried glass substrate (Fisher’s Finest, Ottawa, ON). The
Cr/Au coated substrates were annealed at 250 °C for 3 h (Thermolyne muffle furnace,
Ottawa, ON) and cooled down to room temperature prior to microgel film painting. The
annealed substrate was washed with deionized water and ethanol followed by drying with
N> gas. Then a 40 pL aliquot of the concentrated microgels was dispensed onto the
substrate and then spread toward each edge using the side of a micropipet 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 that, the dry film was rinsed copiously with DI water to
remove any excess microgels not directly bound to the Au. The 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 samples were
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then dried with N», and soaked in CV solution (4 mg/mL, pH of 6.5) for 5 hours. The
substrates were again rinsed with pH 6.5 solution (to maintain the microgel-CV interaction)
to remove excess CV not bound to the microgels, and incubated in pH 6.5 solution for 1
hour followed by drying with N> gas. Finally, another 2 nm Cr and 50 nm of Au metal

layers were deposited on the microgel layer.

Microgel
g Deposﬂ:lon 7 Pamtmg
Gold-Coated
Substrnte Glass L 0h "acd
Loading
Etalon
4 De it
pos1 on
Fabricated
- 0,
TEOS NH;-H,028% Etalon

Figure B-2. Schematic showing the fabrication of the reservoir devices. (Reprinted with permission

from RSC)

B.2.4 Au Overlayer Modification with Silica
Two 0.5 mL glass vessels were placed inside of a glass Petri dish. 0.4 mL of TEOS and

NH;3 (28% in water) were added separately into each vessel. Another Petri dish, with a CV-
loaded device secured inside, was placed on top of the above Petri dish such that the Au
overlayer was facing the TEOS/NHj3 vessels. Parafilm was used to completely seal the
system. The whole apparatus was held at room temperature, for different periods of time,
to yield SiO» (silica) layers with various thicknesses. After silica layer formation, the etalon
edges were sealed with clear nail polish, to ensure CV could only exit the microgel layer

through the Au/silica overlayer.
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B.2.5 CV Release Experiments
A Petri dish filled with 20 mL of water at pH 3 (ionic strength=2 mM) was placed on a hot

plate, and the solution temperature was maintained at 25°C. The solution in the Petri dish

was stirred continuously at 400 rpm using a magnetic stir bar. A peristaltic pump was used
to pump the solution through a quartz cuvette in an Agilent 8453 UV-Vis
spectrophotometer, equipped with an 89090A temperature controller and Peltier heating
device. The absorbance spectrum of the solution was collected every minute. The flow rate

of the solution was set to a constant value, 0.042 mL/s (as measured).

B.3 Results and Discussion

PNIPAm microgel-based etalons loaded with the small molecule tris (4-
(dimethylamino)phenyl)methylium chloride (Crystal Violet, CV) were generated. The
procedure is outlined in Figure B-2 and detailed above. Briefly, microgels attached to a Au
coated glass substrate were loaded with CV, by soaking them in a CV solution with a pH
6.5 that renders the microgels negatively charged, and the CV positively charged. This
layer was subsequently coated with another layer of Cr and Au, and the "sandwich"
structure exposed to TEOS for various times. The reaction of TEOS with water to form
silica is shown below, and has been utilized previously for coating surfaces. 28727
Si(OCH,CHj), + H,0 T, (SiO,), + CH;CH,OH
A schematic depiction of the silica layer generation is shown in Figure B-3. We

hypothesize that the silica layer covers the surface of the Au overlayer and fills in the Au

overlayer pores to block the path of CV exiting the microgel layer to enter the surrounding
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solution. As the modification time is increased, the silica layer thickness should likewise
increase, and more of the Au pores should be filled. The surface morphology of the
resulting devices was investigated using atomic force microscopy (AFM, tapping mode,
Asylum Research, Santa Barbara, CA) at room temperature. The images are shown in
Figure B-4. From the images it can be seen that the microgel curvature is obvious before
silica layer formation, while the curvature is diminished after silica layer formation. From
the image, the apparent microgel diameter (diameter that can be measured, not necessarily
the absolute diameter) before silica layer deposition was ~500 nm, while it appears to
increase to ~700 nm as a result of silica layer deposition. The surface morphology is also
clearly affected by the silica layer deposition. These observations allow us to conclude that

the silica layers are forming on the Au overlayer.
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Figure B-3. Schematic illustrating the pores in Au layers that allow CV to be transferred from the
microgel layer to the system, and how this is changed by the addition of the silica layers. (Reprinted

with permission from RSC)
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Figure B-4. AFM images of surface morphology of the reservoir devices (a) before, and (b) after
9 h silica layer growth. (Reprinted with permission from RSC)

X-ray photoelectron spectroscopy (XPS) was also used to confirm the elemental
composition of the overlayers after silica layer deposition, and how the atomic mole
percent of silicon was affected by deposition time. The signal at 104 eV from the XPS
spectrum (data not shown) was used to determine the atomic mole percent of Si*", which
is evidence of the oxide state.?®® Figure B-5 shows that as the silica layer "growth" time
increased, the amount of Si*" also increased, with a concomitant decrease in the Au signal
due to the silica layer covering it. Also, the Second lonization Mass Spectroscopy (SIMS)
images of unmodified, 3-hour modified, and 9-hour modified samples (Figure B-6)
illustrate the formation of a homogeneous silica layer covering the Au surface. These data
are consistent with thicker silica layers being deposited on the device's Au overlayer as a

function of increasing deposition time.
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Figure B-5. Atomic mole percent of (black) Au and (grey) Si as a function of modification time,
as determined from XPS analysis. (Reprinted with permission from RSC)
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Figure B-6. SIMS images of (a) unmodified sample, (b) 3-hour modified sample, and (c) 9-hour
modified sample. Field of view is 100x100 pm?. (Reprinted with permission from RSC)

144



The electron penetration depth of SIMS and XPS are 5 nm and 10 nm, respectively.
From the SIMS analysis results, very low signal from Au on a 3-hour modified sample can
be observed (Figure B-6(b)). On the other hand, based on the data of XPS (Figure B-5), a
significant amount of signal intensity is from Au, on a 9-hour modified sample. Conclude
from these data, estimation can be made that the thickness of the silica layer is between 5
nm to 10 nm; and it’s possibly greater than 10 nm when the modification time is longer
than 9 hours.

Once silica layers were deposited on the device Au overlayers, the CV release
kinetics were investigated. We determined the release kinetics for devices with no silica
layer, and devices after 3, 6, and 9 h TEOS exposure. These experiments were completed
by adding CV loaded devices to a Petri dish containing 20 mL of pH 3.0 aqueous solutions.
This pH neutralizes the microgel AAc groups allowing the CV to exit the devices. Solution
from the Petri dish was pumped into a cuvette held in a UV-Vis spectrometer, which was
setup acquire a spectrum every 1 min for 240 min (4 h). The flow rate of the liquid was
fixed at a constant value of 0.042 mL/s. CV, a water soluble dye, has a maximum
absorbance at ~590 nm. Therefore, based on Beers’ law, and the constant solution volume,
the magnitude of the absorbance at 590 nm is proportional to the amount of CV released.
Representative UV-Vis absorbance spectra from the 3 h modified sample are shown in
Figure B-7a. Figure B-7b shows the full set of release kinetics. As is clearly seen, the
release kinetics from the unmodified device is much faster than the modified devices. The
device exposed to TEOS for 9 h clearly has the slowest release kinetics, releasing only half

the CV that the unmodified devices do in the given time period.
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Figure B-7. (a) UV-Vis absorbance spectra for the 3h modification device as a function of time --
as time increases, the absorbance likewise increases. (b) Release profiles for the microgel-based

devices in pH 3.0 solution. The modification time periods were () 0 hour, (@) 3 hours, (A) 6
hours, and (V) 9 hours. Each data point is the average of three individual measurements from three

individual devices, while the error bars are the standard deviations. (Reprinted with permission

from RSC)

We went on to determine the long-term release characteristics of the devices. The
release kinetics of samples modified for 6 and 9 h were monitored up to 1200 minutes. The
highest value of absorbance was reached by 6-hour samples at around 650 min and by 9-
hour samples at around 1000 min. The final absorption values of solutions for all samples
(modified and unmodified) are within the range of 0.185-0.205 after full release. Based on

this result, we can conclude that the silica layers do not block CV from being released from
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the devices, it simply reduces the rate at which it can enter the solution from the microgels.
To further quantify this, we determined the time it takes for each device to release 50 % of
total amount of loaded CV; the plot can be seen in Figure B-8. As expected, it takes devices

longer to release 50% of CV when the silica layer thickness increases.

150

Time (min)

50 ¥
/

Modification time (h)

Figure B-8. Time required to release 50% of the loaded CV in pH 3.0 solutions as a function of
silica modification time. Each data point is the average from three individual measurements from
three individual devices, while the error bars are the standard deviations. (Reprinted with

permission from RSC)

B.4 Conclusion

In this investigation, we show that pNIPAm-co-AAc microgel-based devices coated
with silica layers are very effective at controlling the release kinetics of small molecules to
a system. The layers were characterized by atomic force microscopy, which showed the
devices were being modified. We also showed by XPS analysis that the amount of silica
deposited on the devices was directly related to the device modification time. Finally, the
release kinetics were determined, which showed that the devices released CV slower as the
amount of silica on the devices increased. In the future, these silica modified devices could
289-290

be used for controlled and triggered drug delivery.
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Appendix C: Preparation of a Metal-Free Free-Standing
Microgel Monolayer for pH-Triggered Drug Delivery

C.1 Introduction

In this project, we prepared a free-standing microgel monolayer on a polymer film, by
utilizing the self-assembling of pNIPAm-based microgels on a thermal evaporation
deposited Au surface. Specifically, microgels were deposited on the Au surface, followed
by spin coating a layer of polycaprolactone (PCL). When the PCL was peeled off from the
substrate, microgels would be attached on the PCL film to form a free-standing microgel
monolayer. This free-standing microgel monolayer exhibit its potential to be used for drug
delivery applications.

Since there is a strong interaction between microgel layer and the Au surface, the
removal of the microgel layer from the Au surface by the peeling-off of the PCL film is
not always complete. In order to make this process more efficient, alkanethiol
modifications was utilized to weaken the microgel-Au interaction. SEM images and
surface plasma resonance (SPR) data show that this surface modification approach is very
efficient to weaken the interaction, and the easiness of the microgel removal is related to

the polarity and chain length of alkanethiol molecules.
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C.2 Experimental Section

4 nm of Cr and 15 nm of Au were deposited on an ethanol rinsed, N> gas dried glass
substrate. Then, the metal coated substrate needs to be re-rinsed with DI water and 95%
ethanol, followed by incubating in 1-hexadecanethiol solution (10 mM in anhydrous
ethanol). After 8 h of modification, substrates were rinsed copiously with 95% of ethanol
and dried with N, gas.

When the pNIPAm-co-AAc microgel layer has been deposited on the Au-coated glass
substrate with the procedure mentioned in Chapter 2, 150 pL of 8% (w/w) PCL/ethyl
acetate solution was spin-coated on the microgel-coated substrate. Spin coater was set to
2000 rpm. Then the spin-coated PCL film was left in air for 5 h to make the solvent
evaporate completely. Finally, the PCL film attached with the microgel layer can be peeled

off from the substrate.

C.3 Schematic Diagrams

15 nm Au Nécrogel Deposition / phideitegy /
— N N NN —
4 nmCr JIFIIIIY s

lPolymer Fim Peel-off

Scheme C-1. A schematic diagram of preparation steps of the free-standing metal-free microgel

monolayer.
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Figure C-1. Structures and names of selected alkanethiol molecules.

Alkanethiol ¢ EALA D .
Modification ¥ A Y Microgel Deposition
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Scheme C-2. A schematic diagram of the alkanethiol layer in the self-assembled microgel

monolayer on a substrate.
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C.4 Preliminary Experimental Results

Unmodified 2-0OH

Figure C-2. SEM images of the Au rf after PCL film peeling-off. Sub-images are the
photographs of CV-dyed leftover substrates. (Any microgels remained on the surface are dyed to

violet color.)
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Figure C-3. A photograph of compariﬁg ﬁee-staﬁding metal-free microgel monolayers with (left)

and without (right) CV.

Figure C-4. A photograph of a CV-loaded free-standing microgel monolayer floating on water.
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Figure C-5. CV release profiles of the CV-loaded free-standing microgel monolayer from the

microgel side at pH 3 (black square), pH 6.5 (red circle), and from the PCL side (blue triangle).
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Appendix D: Enhanced Hydrogel Toughness from
pNIPAm-Based Microgel Supramolecular Crosslinking

D.1 Introduction

There is a widely investigated supramolecular assembly based on the trimer formed with
cucurbituril [8] (CB [8]), methyl viologen (MV) moiety, and naphthalene (Nap) moiety
(Scheme D-1 and D-2). CB [8] is a macrocyclic molecule that can bind to various of
molecular structures and/or moieties with host-guest interactions. In this research, a
microgel-based supramolecular crosslinker was synthesized to prepare a self-healable
toughness enhanced hydrogel, as the pNIPAm-based microgel has hyperbranched and

porous microstructures.

oS ot s B — &0

Methyl viologen propylacrylate  Naphthalene ethylacryiate Supramolecular
MV-FA Nap-EA trimer

Scheme D-1. Schematic diagram of the supramolecular assembly between CB [8], methyl viologen,

and naphthalene.

Scheme D-2. Structure and cartoon of a CB [8] molecule.
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D.2 Experimental Sections

Specifically, pNIPAm-based microgels were functionalized with methyl viologen groups
with the experimental procedure shown in Scheme D-3. Then the MV-functionalized
microgels were used to prepare the microgel-crosslinked hydrogel (MCH) as a
macromolecular crosslinker, and polyacrylamide was used as the polymer back chain,
shown in Figure D-4. As a comparison, a supramolecular hydrogel (SH) was prepared with
the small-molecule supramolecular crosslinker as a control sample. The orange color
observed from both two hydrogels are from the charge transfer (CT) interaction between
the MV and Nap in the cavity of a CB [8], and the cloudy appearance of the MCH is due

to the presence of microgels.

L, 0, L
N J\ HN
N H.C _N —
NS+ l_IN) + Ho A
0 O
\Y 10% Acryiic acid
85% NIPAm syps  N-hydroxysuccinimide ester

(AAC-NHS) PNIFAm-co-AAc-NHS microgel

- Methylviolgen-functionalized
IPAM-cO-AAC-Ni
PN HS microgel 7 ! (Vi )

Scheme D-3. Schematic diagrams of synthesis and functionalization of MV-microgels.
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Scheme D-4. Schematic diagrams of supramolecular hydrogel preparation.

D.3 Preliminary Experimental Results
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Figure D-1. H' NMR spectrum (400 MHz, D,0) of MV-EA monomer and MV-functionalized

microgels.
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Figure D-2. UV-Vis spectrum of the supramolecular trimer, supramolecular trimer formed with

MV-microgels, and normal pNIPAm-based microgels.
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Figure D-3. Viscosity test on SH and MCH.
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