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In nature, various soft materials have a water-rich core covered by a hydrophobic layer,
i.e., a membrane or skin. These ‘smart’ or ‘adaptive’ membranes regulate the molecules that can
enter or leave the core. Membranes enclose cells (microscale structures) as well as vesicles in the
cells (nanoscale structures). At the macroscale, fruits and vegetables, as well as the human body
are covered with skins. Currently, researchers are developing many soft, aqueous materials
across length scales, including hydrogels, capsules, and vesicles, which are being used in areas
such as drug delivery, pharmaceutics, and cosmetics. In this study, we will explore the synthesis

of ‘smart’ skins or membranes around these structures with a goal of regulating solute release.

In our first study, we put forward a simple technique for synthesizing a hydrophobic skin
to cover any hydrogel. An analogy is made to the peelable skin around fruits and vegetables. To
make the skin, we employ an inside-out polymerization, where one component of the
polymerization (the initiator) is present only in the gel core while other components (the
monomers) are present only in the external medium. The thin polymeric skin (~ 10 to 100 pm in
thickness) grows outward from the core in a few minutes. We show that the skin prevents the gel
from swelling in water and also from drying in air. Hydrophilic solutes are completely prevented
from leaking out into the external solution, while harmful microbes are prevented by the skin

from attacking the gels. The properties of the skin are tunable, including its thickness and its



mechanical properties. A polyurethane skin is elastomeric, transparent, and peelable from the

core hydrogel. Conversely, other skins can be hard and brittle (glass-like).

Next, we alter the recipe for the skin around hydrogels by incorporating redox-
responsive monomers. In the presence of an oxidizing agent, the initially hydrophobic skin
becomes hydrophilic, thereby ‘turning on’ the release of solutes out of the gel. The release rate of
various solutes can be easily controlled by changing the parameters such as solute loading, skin
thickness as well as the concentration of oxidative species in the external medium. Conversely,
solute release can also be ‘turned off” at a later time by adding a reducing agent that reverts the
skin to its hydrophobic state. Thus, our smart skin enables the on-off release of solutes out of a

gel, and this concept is likely to be useful in many applications.

Lastly, we turn our attention to smaller nanocontainers, i.e., vesicles. We have come up
with a way to make the membranes of vesicles responsive to multiple stimuli such as reactive
oxygen species (ROS), temperature and ultraviolet (UV) light. The vesicle membrane is formed
by a combination of cationic and anionic surfactant molecules, and the stimuli alter the geometry
of these molecules. In turn, the vesicles are converted into micelles, resulting in the burst release
of solutes out of the vesicle core. High-energy radiation used in cancer treatment is known to
generate ROS — so, one application of these ‘smart’ vesicles could be in the radiation-induced
burst-release of chemotherapeutic drugs, which could increase the effectiveness of cancer

treatment.
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Chapter 1

Introduction and Overview

1.1 Problem Description and Motivation

Aqueous structures made from polymers, colloids, and amphiphilic molecules are
routinely used in various industrial formulations for encapsulating small-molecule solutes such
as drugs, agrochemicals, flavor-ingredients, or cosmetic agents.!”” Two examples of these are
polymer hydrogels and lipid or surfactant vesicles. Hydrogels can be made at the macroscale (~ 1
cm) or at the microscale (10 to 100 pm) while vesicles are typically at the nanoscale (~ 100 nm).
The problem with all these structures is that the moment they are placed in contact with water,
the solutes will rapidly leak of by diffusion. Ideally, there should be a way to regulate the release
of solutes — i.e., to ensure zero release until the desired time, and thereafter, for the release to be
‘switched on’. This release should either occur at a controlled rate over some time, or as a burst.
Moreover, it would be even better if this was a repeatable switch, i.e., if the release could be
cycled many times between the on and off states. Such a perfect, cyclical on-off release of

contents from hydrogels or vesicles has never been achieved to our knowledge.

There have been many reports demonstrating the pulsatile on-off release of solutes from
some gels, e.g., in the case of thermosensitive poly(N-isopropylacrylamide) (NIPA) hydrogels by
cycling temperature.®!® However, in all these studies, solute release in the ‘off> state (where
there is supposed to be no release) is not zero. Thus, given time (say a few hours or a day) most
of the solute would still leak out of the gel in the ‘off” state. Thus, none of these gels can ensure a

‘hermetic’ seal for solutes. Recently, our lab demonstrated a hermetic seal of small-molecule



solutes in a gel for the first time, and this was done by creating a wax shell around the gel.!! For
this, the gel was dropped into molten paraffin (or other) wax for a few seconds, which resulted in
an opaque wax shell around the gel. The wax shell, being hydrophobic, served as a perfect
barrier to solutes in the gel, and thus zero release out of the gel could be ensured for months.
Furthermore, the release could be “switched on” by melting the wax by heat. However, the
downsides to wax shells are that they are opaque and relatively thick. Moreover, the release
cannot be “switched off” i.e., once the wax melts, the release cannot be stopped. Hence, there is
still an unmet need to achieve perfect cyclical on-off release of small molecule solutes from

aqueous structures.

1.2 Proposed Approach

The overall goals of this work are to create ‘smart’ skins or membranes around aqueous
structures, i.e., hydrogels and vesicles. Thereby, the release of solutes from the aqueous core can
be regulated by external stimuli. We are aimed to achieve some of the idealized release profiles,
including a hermetic seal followed by burst release, or a cyclical on-off release. Three examples

of smart skins/membranes are described in this dissertation:

1.2.1 Hydrogels with Protective Skins

In Chapter 3, we describe a simple technique for synthesizing a protective polymer skin
around any hydrogel (macro or micro scale) (Figure 1.1A). We employ an inside-out
polymerization, where the hydrogel cores are loaded with one component of the polymerization
(the initiator) and then placed in a solution containing the other components (the monomers).
The key to our technique is that the initiator is chosen in such a way that it is soluble both in
water and in the organic monomer. Conversely, the organic monomer is chosen to be a viscous
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liquid that is completely insoluble in water. Upon polymerization, a thin polymeric skin
encompasses the gel core. Figure 1.1A shows that the skin formed is thin and hydrophobic, and it
completely prevents solute release (i.e., provides a hermetic seal). It is also peelable, and when
peeled off, the contents are released in a burst due to diffusion of solutes. Figure 1.1B shows the
idealized release profile (hermetic seal followed by burst release) for this skin-covered hydrogel

system.

(A) Schematic of release from protective skin-covered hydrogels
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(no release)
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Figure 1.1. Solute release from hydrogels with protective skins. (A) Schematics of release
from protective skin-covered hydrogels before and after peeling the skin. (B) Idealized release
profile using the skin-covered hydrogel: hermetic seal with intact skin, followed by burst release
once the skin is peeled off.

1.2.2 On-Off Release from Smart Skin-Covered Hydrogels

In Chapter 4, we describe a ‘second-generation’ smart skin around hydrogels (macro or
micro scale) that is similar to the one above but enables idealized cyclical on-off release (Figure
1.2B). This skin is made with redox-responsive monomers. Initially, the skin is hydrophobic, and

it hermetically seals the solute from releasing out of the gels. Oxidizing agents make the skin
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hydrophilic and thereby switch on the release of contents, as shown in Figure 1.2A. The skin is
then reverted to its hydrophobic form by using reducing agents. We also extend our technique of
forming skin-covered hydrogels to create free-standing flat smart polymer membranes that
exhibit redox-responsive on-off flux of small molecule solutes across the membranes.

(A) Schematic of release from smart skin-covered hydrogels

Hydrophobic skin Hydrophilic skin

—

(B) Idealized release profile: Cyclical On-Off Release of Solutes
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Figure 1.2. Solute release from smart-skin covered hydrogels. (A) A schematic of on-off
release of solutes by reversibly converting the chemistry of the skin from a hydrophobic to a
hydrophilic form. (B) Idealized release profile for smart-skin covered hydrogels: cyclical on-off
release of solutes upon applying stimuli.

1.2.3 Smart Membranes Around Vesicles

Finally, in Chapter 5, we demonstrate the synthesis of smart membranes around vesicles
(nano scale) that can be disrupted by UV light or by reactive oxygen species (ROS) or by
temperature, thereby enabling a burst-release of solutes (Figure 1.3A). The vesicles are made
from low-cost, commercially available amphiphilic molecules. Initially, the solutes encapsulated

in these vesicles are released very slowly via diffusion with almost negligible release rates



(Figure 1.3B). However, upon applying stimuli such as temperature, ROS, or UV, burst-release
is achieved because the molecules in the vesicle membrane are induced to change their
geometry, and in turn they reassemble into micelles, which are smaller and have a hydrophobic

core€.

(A) Schematic of release from vesicles with smart membranes
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Figure 1.3. Solute release from vesicles with smart membranes. (A) A schematic of burst-
release from vesicles with smart membranes due to their transformation to smaller micelles upon
applying a trigger. (B) Idealized release profile of hermetic seal followed by burst release is
achieved by the self-assembly transformation from vesicles to micelles.

1.3 Significance of This Work

The significance of this work is that it seeks to overcome the limitations associated with
solute release from aqueous structures such as hydrogels and vesicles. By having smart
skins/membranes around these structures, idealized solute release profiles that are generally
considered impossible to achieve with small-molecule solutes can now be realized. Our

approaches can be applied to a wide of range of solutes, and can thereby impact a wide array of



practical applications. These include delivery of drugs or other therapeutics (pharmaceutical

industries), delivery of cosmetic or hydration agents (skin-care and cosmetics industries),

delivery of agrochemicals or pesticides (agricultural industries), and delivery of flavor or

nutritional ingredients (food industries). Importantly, our approaches to make skins/membranes

use low-cost, commercially available precursors, and should therefore be scalable. Other broader

impacts from the studies in Chapters 3-5 include:

In Chapter 3, the hydrophobic skin around hydrogels serves as a protective barrier. While this
protection prevents hydrogels from drying out and from swelling in water, it also protects the
gels from harmful chemical and biological attack (e.g., from strong acids and mold). Overall,
the presence of the skin improves the shelf life of the hydrogels and their long-term stability
in aqueous fluids or when exposed to air. Stable hydrogels could be valuable in fields such as

soft robotics, soft electronics, and as biomedical implants.

The smart skin in Chapter 4 enables on-off release of hydrophilic small-molecule solutes
from hydrogels. Moreover, extension of our technique to synthesize flat free-standing smart
membranes is demonstrated. Such smart polymer membranes could be employed in

applications such as separations, water purification and coatings for agriculture.

Lastly, the vesicles with ‘smart’ membranes from Chapter 5, with their ability to transform to
smaller micelles in the presence of ROS could be useful in the context of cancer treatment. It
is well known that high-energy radiation such as X-rays and gamma rays that are used for
radiation therapy generate ROS at the tumor site, and in fact, it is these ROS that are

supposed to kill the tumor cells.!?> Loading chemotherapeutic drugs into these ROS-



responsive vesicles, and then radiating the tumor site would also simultaneously induce
vesicles to release their payload into the tumor. Because radiation is already localized, there
will be no systemic release of the payload to other healthy tissues. Thus, we could
synergistically combine radiation and chemotherapy in a single step and thereby make cancer

treatment more effective.



Chapter 2

Background

2.1 Smart Membranes or Skins in Nature

A variety of soft aqueous materials found in nature have water-rich cores covered by
membranes or skins, as shown in Figure 2.1. These include structures across different length
scales, ranging from the nanoscale (e.g., organelles in cells) to the microscale (e.g., cells) to the
macroscale (e.g., fruits and vegetables, animals). The membranes and skins are ‘smart’ or
‘adaptive’: i.e., they tightly regulate the transport of materials into or out of the cores.'*>!* By

doing so, they protect the interiors from toxic substances and other physical attacks.

(A) Structures with smart membranes at nano and microscales (B) Structures with smart skins at macroscale

Cells and organelles Fruits and vegetables Human skin

A Tomato

A
v

Microscale (10 to 100 um) Skin (~2 mm)

Figure 2.1. Soft natural aqueous structures with smart skins or membranes. (A) A
eukaryotic cell (microscale) with organelles (nanoscale compartments). Image adapted from Lu
et al.'> (B) A tomato (example for fruits and vegetables) with the skin partially peeled off, and a
schematic of human skin. The latter is adapted from Igarashi et al.!®



Cell membranes are made of lipids and membrane proteins and they perform complex
and sophisticated functions. For example, they control the precise movement of ions into or out
of cells.!” Many processes such as immune responses and muscle contraction are mediated by the
flow of ions across cell membranes. Proteins that are involved in the transport of ions across
membranes fall into two categories: ion channels and ion pumps (Figure 2.2). Ion channels allow
passive transport of ions through the membrane down the concentration gradient, while ion
pumps actively push the ions against their concentration gradients.!® Both ion pumps and ion
channels can contain gates that regulate the flow of ions when needed upon receiving activation

signals.!

(A) lon Channels: On-demand passive diffusion of ions
Gate closed Gate open
o /O
o
° =
O\
© °

(B) lon Pumps: On-demand active diffusion of ions

One gate open Other gate open

/3

Figure 2.2. Ion channels and ion pumps in cell membranes for the transport of ions. (A)
Schematic of an ion channel through which ions (red spheres) move passively. (B) Schematic of
an ion pump through which ions can move actively against their gradient. Adapted from Gadsby
etal.!®



At the macroscale, the skin around humans (as well as other mammals) is the largest
organ in the body. It has three main layers: epidermis, dermis and the subcutaneous (fat) layer as
shown in Figure 2.1B. In addition to its protective functions,?® another important function of the
skin is in thermoregulation (ability to maintain body temperature within certain boundaries).
Perspiration or the process of sweating from the skin surface plays a vital role in
thermoregulation.?! The release of water and sodium chloride in the form of sweat is an adaptive

response to environmental conditions.??

2.2 Soft Aqueous Materials

Soft materials are those that are easily deformable by thermal or mechanical forces.?
They are present everywhere, from foods we eat to consumer and industrial products such as
toothpaste, paints, gels, and adhesives. Moreover, living creatures, including humans, are made
of soft materials. Primarily, soft materials are made from building blocks such as amphiphiles,
polymers and colloidal nanoparticles (Figure 2.3). These building blocks share a common
characteristic of having the propensity to self-assemble into mesoscopic structures that are much
larger than individual atoms and yet smaller than macroscopic sizes.?* Self-assembly refers to the
spontaneous organization of precursors into well-defined ordered structures, driven by the
thermodynamics of the overall system.?>?6 A few notable examples of soft materials formed by

the self-assembly of building blocks include gels, vesicles, micelles, and liquid crystals.?’
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(A) Amphiphilic molecules (B) Polymers (C) Colloidal particles

Molecules with one part that Long coiled chains with Solid spherical structures
likes water and the other coil sizes ~ 5 nm of sizes”1nm-1pum

that hates water -
Nanoparticles

Head Coiled t
(Hydrophilic) - ® polymer @A/
chains @
Wil ® ®

(Hydrophobic) @

Figure 2.3. Building blocks of soft materials. (A) Amphiphilic molecules with hydrophilic
head groups (blue) and hydrophobic tails (red). (B) Polymers, shown as long coiled chains. (C)
Colloidal or nanoparticles shown by blue spheres.

Soft materials exhibit some unique properties such as viscoelasticity. As an example, silly
putty behaves like a solid at short timescales (it can be bounced on a hard surface), but like a
liquid at long timescales (it flows slowly in a container). Another example is toothpaste, which
behaves like a solid at rest when placed on a toothbrush, whereas it flows like a liquid when
squeezed out from the tube. This property of the same material to behave as either a solid or a
liquid is termed as viscoelasticity. Another characteristic property of soft materials due to their
having nanoscale or microscale structure (i.e., in the size range of 1 nm — 1 pum) is their ability to
scatter radiation such as light. Light scattering is what makes milk turbid and why the path of a
laser pointer appears bright and distinct in a micellar solution (Tyndall effect). Examples of soft
aqueous materials that are of interest in this study include polymer hydrogels and surfactant
vesicles. These have become very popular due to their simplicity and utility in the biomedical,

agricultural, food, cosmetics, and textile industries. '’
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2.3 Polymer Hydrogels

Gels are three-dimensional networks of polymer chains connected by crosslinks.?2°
They show elastic (solid-like) behavior with an infinite viscosity and a finite shear modulus. Gels
containing water are termed hydrogels whereas those containing oil are called organogels.*®*! In
hydrogels, the presence of hydrophilic functional groups attached to the polymer chains give
them the ability to absorb water, while the crosslinks prevent them from dissolving in water.
Figure 2.4A shows an example of the widely used gelatin hydrogel (Jell-O) that is commonly
consumed as a dessert. Figure 2.4B shows the schematic of a hydrogel at the nanoscale showing
a crosslinked polymer network having a characteristic pore or mesh size.*? Typically, this mesh

size ranges from 5-100 nm.*

(A) Gelatin Hydrogel (Jell-O) (B) Hydrogel: at the nanoscale

A

Crosslinks
|

Water —

/
Polymer
chains

o

Stiff, free-stainding hydrogel

€ - Average mesh size (5-100 nm)

Figure 2.4. Common hydrogel and its nanoscale structure. (A) A gelatin hydrogel (Jell-O)
(https://www.cookingchanneltv.com/recipes/watermelon-limeade-jello-2120124) (B) Schematic
of a hydrogel at the nanoscale showing the crosslinked polymer network, which is characterized
by its mesh size.

The extent to which gels swell in a solvent is determined by the equilibrium between the

osmotic pressure inside the gel and the elastic pressure of the polymer chains.** For gels with
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non-ionic polymer chains, the swelling extent is predicted by the Flory-Rehner equation, which

is given by:
~[In(1-4,)+4,]= 24 + Vs-v~(¢§ —%] @

Here, ¢, is the volume fraction of the polymer in the swollen gel, y is the polymer-solvent
interaction parameter, Vs is the molar volume of the solvent, and v is the density of crosslinks in
the gel. If the polymer likes the solvent, y < 0.5 and if the polymer hates the solvent, y > 0.5.
One trend from the above equation is that if y < 0.5, then ¢, will be low, implying that the gel
will swell appreciably in water. Secondly, if the density of crosslinks v is low, then again ¢, will
be low and the gel will swell significantly. Another point to note is that ionic gels swell much

more than non-ionic gels due to the higher osmotic pressure arising from the presence of

counterions and also from the electrostatic repulsions between the polymer backbones.?*

Hydrogels can be made from a variety of common biopolymers such as alginate,
chitosan, hyaluronic acid, agarose, and collagen, which are obtained from natural sources such as
algae, animals, plants, and micro-organisms.’®*> Biopolymer-based hydrogels have several
advantages over the synthetic polymer-based hydrogels in terms of their inherent
biocompatibility, abundance, safety, and low cost.>> Among these, alginate hydrogels are of
particular interest in this study.’® Sodium alginate is an anionic polysaccharide that is isolated
from brown algae.’” It is a linear unbranched copolymer that is composed of (1,4)-linked B-D-
mannuronic acid (M) and oa-L-guluronic acid (G) residues. These M and G residues are
covalently bonded together in blocks or sequences. Alginates have different ratios of M to G

blocks depending on their sources.’®* Alginate hydrogels are formed when the carboxylate
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groups on G blocks are complexed with multivalent cations such as calcium (Ca*"), copper
(Cu*") or iron (Fe*") through electrostatic interactions®’*’ to form egg-box junctions (Figure
2.5A). By simply dropping a solution of sodium alginate into a solution containing cations like

Ca?*, alginate hydrogels can be made (Figure 2.5B).

(A) Alginate gelation by ionic crosslinking and formation of egg-box junctions (B) Alginate hydrogels formation
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ﬁ
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Figure 2.5. Alginate and its gelation process. (A) Alginate in water is initially a sol, but once
Ca®" ions are added, it becomes a gel due to electrostatic complexation of negatively charged
alginate chains with the Ca®" (at “egg-box” junctions). Alginate chains have G and M blocks and
only the G blocks take part in forming these junctions. (B) Alginate gels are created by simply
dropping an alginate solution into a Ca?* containing reservoir.

As an alternative to biopolymer-based hydrogels, synthetic hydrogels can be formed
through free radical polymerization.?®? This process involves the reaction of hydrophilic
monomers with multi-functional covalent crosslinkers in the presence of thermal or UV
initiators. Typical monomers include those with acrylate, vinyl, or methacrylate groups such as

acrylamide (AAm), N-isopropyl acrylamide (NIPA). Common difunctional crosslinkers include
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polyethylene glycol diacrylate (PEGDA) and N,N'-methylenebisacrylamide (BIS). Their

structures are shown in the Figure 2.6.

(A) Commonly used monomers

Acrylamide (AAm) N-isopropyl acrylamide (NIPA)
O O

NH, N

H

(B) Commonly used crosslinkers (difunctional monomers)

Polyethylene glycol diacrylate (PEGDA) N,N’ methylenebisacrylamide (BIS)
o) O O
AT[ O Lz x NN N
o) H H

Figure 2.6. Examples of monomers and crosslinkers used for synthesizing synthetic
hydrogels. (A) Acrylamide (AAm), (B) N-isopropyl acrylamide (NIPA), (C) Polyethylene
glycol diacrylate (PEGDA), and (D) N,N’-methylenebisacrylamide (BIS).

Hydrogel synthesis involves preparing a prepolymer solution (sol) containing the
monomer, crosslinker, and the initiator in water (Figure 2.7). Next, the prepolymer solution is
subjected to heat or UV light, which causes the initiator to dissociate into free radicals. The free
radicals interact with the carbon-carbon double bonds on the monomers and crosslinkers to begin
the process of chain growth. A monomer such as AAm, with just one carbon-carbon double bond
forms only linear chains. However, crosslinkers such as BIS and PEGDA with two carbon-

carbon double bonds act as crosslinkers to connect one growing chain to another, creating a
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three-dimensional (3-D) network of polymers. This polymer network entraps the water to form

the gel: note that the gel holds its weight on inversion of the vial in Figure 2.7.

Holds weight on Polymer
inversion chains  Crosslinker

7

Polymerize
¥} (UV/Heat)

Pre-polymer solution

Hydrogel  3-D polymer network

Figure 2.7. Synthetic hydrogel synthesis. A prepolymer solution of monomer, crosslinker and
initiator is subjected to UV light or heat to form the hydrogel by free-radical polymerization. A
schematic of the gel (right) shows the polymer chains being crosslinked into a 3-D network.

Hydrogels can encapsulate a wide range of hydrophilic solutes in their 3-D network.
Release of solutes from the gel is primarily dictated by the mesh size of the network (Figure
2.4B), which is typically in the range of 5-100 nm.* For solutes that are smaller than the mesh
size (Fsolute/Fmesh < 1), the solute is easily released from the gel into the external medium by
passive diffusion. If the solute and the polymer backbone experience attractive interactions, the
solute release can be slightly slowed down. Conversely, for solutes that are closer to the mesh
size (7solute/Fmesh ~ 1), slow and controlled release can be achieved due to steric hindrance. Solutes
that are much larger than the mesh size (7solte/Fmesh >> 1) can be permanently entrapped in the

gel. ¥
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Figure 2.8. Volume change of NIPA gels on heating. When heated to a temperature above its
LCST (32°C), NIPA gels shrink drastically. Adapted from Hirokawa et al.*!

Hydrogels can be designed to respond to external stimuli such as temperature, pH, and
light.?8-2%4243 Ag an example, gels of NIPA respond to temperature.** Below 32°C, the isopropyl
groups on NIPA chains are hydrated, and the gel is in a swollen state. On the contrary, when
heated above 32°C, which is the lower critical solution temperature (LCST) of NIPA, the
isopropyl groups become more hydrophobic and the NIPA chains undergo a coil-to-globule
transition.*!*** This results in water being released out of the gel, with a sharp reduction in the
overall gel volume (Figure 2.8). The drastic shrinkage of NIPA gels in response to temperature is

widely utilized in several applications.
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2.4 Vesicles and Their Self-Assembly

Vesicles are another important class of soft materials, made from two-tailed lipids or
from a combination of oppositely-charged single-tailed surfactants.*> They are containers with an
aqueous core surrounded by a bilayer (Figure 2.9). Hydrophilic solutes can be encapsulated in

the aqueous core, as shown in the figure.

Aqueous interior

%& with solutes

Head
(Hydrophilic) ™

bilayer structure
mimics that of

Tail P4 R
(Hydrophobic) T 40 nm-1 m ~  cell membranes

Vesicles

Surfactants or lipids

Figure 2.9. Structure of vesicles formed by amphiphilic molecules. The vesicles have an
aqueous core surrounded by a lipid bilayer. They are formed by amphiphilic molecules such as
surfactants or lipids, which have hydrophilic heads and hydrophobic tails.

Amphiphilic molecules have distinct hydrophilic head groups covalently bonded to
hydrophobic tail(s), as shown in Figure 2.9. Due to their amphiphilic nature, when such
molecules are added to water, their headgroups will prefer to associate with water, whereas their
hydrophobic tails will tend to shield themselves from water. This results in self-assembly, i.e.,

spontaneous aggregation into structures such as micelles and vesicles.*> The main driving force
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for this self-assembly comes from the hydrophobic effect. When hydrophobes are in water, the
hydrogen-bonding between water molecules is disrupted, resulting in a cage-like structure
(clathrate) around the hydrophobes. In this cage, the water molecules are highly ordered, which
is an unfavorable low-entropy state.* In turn, the hydrophobes associate and minimize their
contact with water, which is the hydrohobic effect. Water molecules will then become

disordered, thereby increasing the entropy of the system.

The shape and size of self-assemblies depends on the amphiphile’s geometry. This

correlation is expressed by the critical packing parameter (CPP), defined as:

CPP = % (2.2)
h,

g
where i is the cross-sectional area of the tail and ang is the effective headgroup area.***’ The
higher the CPP, the greater the curvature of the self-assembled structure, as shown in Figure
2.10. If the CPP is less than 1/3, it implies that the amphiphile is shaped like a cone, and if so,
spherical micelles will be formed. If the CPP is increased to a range between 1/3 and 1/2, the
amphiphile assumes a truncated-cone geometry and it will then form cylindrical micelles. A

further increase in CPP to a range between 1/2 and 1 makes the amphiphile assume a cylindrical

geometry and in that case bilayer structures such as vesicles will be formed.*>
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Figure 2.10. Schematics showing how the geometry of amphiphiles dictates the structures
formed by self-assembly in water. The hydrophilic heads of the amphiphiles are shown in blue
and the hydrophobic tails in red.

Vesicles are formed by lipids, which are biological constituents of cell membranes, and
naturally have a cylindrical geometry due to their head and two tails (Figure 2.9). Lipid vesicles
(also called liposomes) are biocompatible and biodegradable, but are relatively unstable.
Moreover, to make unilamellar vesicles from lipids, high energy in the form of sonication or
extrusion is required.*® An alternative to liposomes is to combine single-tailed cationic and
anionic surfactants. Such catanionic vesicles can be formed spontaneously by simple mixing of
the surfactant solutions. They are unilamellar, with diameters around 100 nm and they remain

stable for years. In our lab, we have had a long-standing interest in catanionic vesicles and have
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been interested in creating vesicles that respond to various stimuli, with temperature, light, and
pH being the most common ones.*’ A relatively new stimulus, reactive oxygen species (ROS), is

gaining importance due to its crucial role in cell signaling pathways.>°

2.5 ROS as a Stimulus and Thioether Chemistry

Reactive oxygen species (ROS) such as hydrogen peroxide (H20>), hydroxyl radicals
(*OH), superoxide (O,"), and singlet oxygen ('O>) are routinely generated in living organisms.>!
6 They are endogenously produced in the mitochondria and play a key role as signaling
molecules in physiological processes such as apoptosis and cell proliferation.’'>* High levels of
ROS induce oxidative stresses and cause lethal damage to biomolecules such as proteins, DNA,
and lipids. This in turn causes a series of diseases such as cardiovascular diseases,
atherosclerosis, autoimmune diseases, and cancers. ROS levels are often unusually high in the
tumor microenvironment when compared to normal tissues.’> This makes ROS an important
stimulus for targeted cancer therapy. It is well known that high-energy radiation such as X-rays
and gamma rays that are used for radiation therapy generate ROS at the tumor site, and in fact, it

is the ROS that is supposed to kill the tumor cells.!?

Currently, ROS-responsive materials loaded with chemotherapeutics are being examined
to combine radiation and chemotherapy in a single step to make cancer treatment more effective.
Because radiation is already localized, there will be no systemic release of the payloads to other
healthy tissues. ROS-responsive polymers, vesicles, and inorganic nanoparticles have been

studied.>'-7
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Figure 2.11. Steps in thioether oxidation by reactive oxygen species (ROS). The hydrophobic

thioether groups (red) are converted to hydrophilic sulfoxide and sulfone groups (blue) in the
presence of ROS such as hydrogen peroxide.

ROS-responsive chemistries include thioether, selenium, tellurium, thioketal, and
arylboronic ester moieties. Thioether chemistry remains the simplest yet most-powerful among
the above. A thioether-based polymer, polypropylene sulfide, was the first ROS responsive
polymer reported in 2004 by Napoli ef al’® In the presence of hydrogen peroxide, the
hydrophobic thioether or sulfide groups on the polymer get oxidized to hydrophilic sulfoxides
and ultimately to sulfones (Figure 2.11). Moreover, the reverse process of sulfoxide reduction to
sulfide or thioether groups can be done using common reducing agents such as vitamin C,
hydrazine, and lithium borohydride.’*° Thus, thioether chemistries have the potential to

demonstrate reversible (redox) behavior.

2.6 Characterization technique: UV-Visible spectroscopy

UV-Vis spectroscopy is a common analytical technique in chemistry that is routinely
used for quantitative determination of various ions or molecules that absorb energy in the visible
(400 to 800 nm) and ultraviolet (200 to 400 nm) ranges.® Conjugated organic molecules,

transition metal ions, and macromolecules are analyzed using this technique.

22



Electromagnetic waves (light) have a certain amount of energy based on their wavelength
or frequency. When light in the UV-Vis range is incident on a sample, analyte molecules absorb
the radiation of the incident photons and use this energy to promote electrons into higher energy
states. Each molecule only absorbs energy at specific wavelengths and hence has a unique UV-
Vis absorption spectrum. The absorbance peak in the spectrum is used to characterize the
molecule. This absorbance 4 can be used to determine its concentration in solution using the

Beer Lambert Law:°!

A=log,, (%)z&-c-l (2.3)

Here, Io is the intensity of the incident light, / is the transmitted intensity, & is the molar
absorptivity or extinction coefficient, ¢ is the concentration of the molecule in mol/L, and / is the
path length through the sample. Most of the commonly used dyes, drugs, and cosmetic agents
have absorbances in the UV-Vis region and thus UV-Vis spectroscopy plays a vital role in

studying their release from carriers.

Typically, a UV-Vis experiment involves adding a solution to a cuvette, which is then
placed in the sample holder of a UV-Vis spectrometer. Light at a specified wavelength is passed
through the sample and then a detector is used for converting the transmitted light into a readable
electronic signal. The absorbance is then measured for different wavelengths of the light and the
information is presented in the form of an absorbance spectrum with absorbance on the y-axis vs.
the wavelength on the x-axis. These absorbances are then converted into concentrations using a

standard curve for a given solute.
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Chapter 3
Hydrogels with Protective Skins

The results presented in this chapter have been published in the following journal article: S. N.
Subraveti and S. R. Raghavan, “A simple way to synthesize a protective “skin” around any
hydrogel.” ACS Applied Materials & Interfaces, 13 (31), 37645-37654 (2021)

3.1 Introduction

Hydrogels are water-swollen polymer networks that exhibit solid-like properties.!22%62

They are encountered in diverse fields including biomedicine (e.g., as scaffolds for tissue
engineering),%? pharmaceutics (e.g., as matrices for drug delivery),! and in the food industry
where various edible materials are in the hydrogel state.? More recently, new applications for
hydrogels are emerging in soft robotics and as biomedical devices that can be interfaced with the
body.®7 In many of the above scenarios, the utility of hydrogels is limited by their tendency to
dry out (dehydrate) when their surface is exposed to ambient air. For instance, consider a cube of
gelatin gel (Jell-O) that is commonly made in homes as a dessert. If this gel is left on a
countertop, it will appreciably dry out in less than a day and will lose its texture and taste.
Similarly, Figure 3.1 shows that a gel of acrylamide (AAm) prepared in the lab as a 2 cm cube

shrinks by more than half its original volume within 17 h.

As a counterpoint, consider various fruits or vegetables, examples of which (a mango, an
orange, and a tomato) are shown in Figure 3.1. These are all soft materials that contain
considerable water in them. We specifically focus on the tomato (Figure 3.1A), more than 60%
of which is water (similar to many gels prepared in the lab). Despite its high water content, the

tomato does not lose much water when left for a day on a countertop under ambient conditions.
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Even after a week, the tomato is not significantly reduced in size, indicating that most of its
water is intact. This remarkable ability of the tomato (and likewise, other fruits) to resist drying
is due to the presence of an outer skin that covers its water-rich core.®®% This skin or cuticle is
formed from wax-like polymers called cutin and cutan. Such polymers are synthesized by the
epidermal cells of the fruit and together form a hydrophobic outer layer, which prevents the
leakage of water and other small molecules from the core.®® Figure 3.1A shows a cross-section
of the tomato, highlighting its skin. Note that this skin can be peeled off and separated from the
core. Generally, the skin is quite thin compared to the core, i.e., the skin thickness is typically
about 1-10% of the fruit size. For example, around the tomato in Figure 3.1A (size ~ 1 to 5 cm),
the skin is 1 to 2 mm thick. However, in some fruits like navel oranges, the skin can be thicker (3

to 5 mm) and it can be more robust compared to the softer core.

(A) Protective skins cover various fruit (B) This study: protective skins created around hydrogels
méngo Apple — :
=
o sn l . B Gel dries;
= 80% water
lostin 17 h
S
Skin i - .
pe:\;sble - Skin is thin,
Skin (cuticle) { transparent,
A/‘" protects fruit, "y

T y > %2 peelable

? prevents drying

Figure 3.1. Natural inspiration for the approach outlined in this study. (A) Examples of
fruits with a hydrophobic skin (cuticle), which include the mango, apple and tomato. A cut-
section of the tomato is shown, highlighting the skin, which is also shown to be peelable. (B) A
hydrogel in the shape of a cube dries appreciably when left exposed to ambient air for 17 h.
However, if the same gel is enveloped in a thin, hydrophobic skin, the water loss is substantially
reduced. The skin is thin, flexible and transparent, and it can be peeled off from the gel using
tweezers.
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The focus of this chapter is on creating a hydrophobic skin around a hydrogel. Could
such a skin be formed, and if so would it be sufficient to inhibit drying? Recently, this problem
has attracted the attention of several researchers who have attempted to attach thin hydrophobic
layers to hydrogels.”®-#? This is challenging because of the chemical incompatibility (and thereby,

a lack of interfacial adhesion) between hydrophobic materials and the water-filled gel. To solve

74,77 71,76

the problem, some researchers have used coupling or grafting agents, which are
chemicals that can form bonds between hydrophobic and hydrophilic materials. Others have
treated hydrophobic polymers with oxygen plasma so as to introduce reactive groups into the
chains before reacting with the gel.”>”° Recently, Zhou et al.*° reported a way to coat a specific
type of hydrogel with an organogel via a co-polymerization technique. However, all these
approaches are limited to specific chemistries of the gel, i.e., they cannot be applied widely to all
gels. Most methods are complex, and some require access to sophisticated equipment such as an
oxygen plasma generator. Moreover, in all these cases, once the hydrophobic layer is formed it
cannot be separated from the underlying gel because of the strong bonding between the two. The

ability to peel off and remove the skin as desired (much like in a fruit) could be important for

many applications.

Here, we present a simple technique that allows any hydrogel regardless of composition,
geometry, or mechanical properties to be encompassed in a peelable hydrophobic skin. The skin
is synthesized in just a few minutes by an inside-out polymerization, which involves placing the
hydrogel in a monomer liquid and irradiating with ultraviolet (UV) light. The key to our
approach is that one component required for the polymerization (the initiator) is present only in

the hydrogel at the start. This initiator is soluble in both the hydrogel and the external monomer,
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but the monomer is insoluble in water and therefore cannot enter the hydrogel. When irradiated
with UV light, the skin, i.e., a thin polymeric layer, grows outward from the hydrogel core. We
will show that the thickness as well as the mechanical properties of the skin can be precisely
controlled. A typical skin around the cube of AAm gel is shown in Figure 3.1B: note that the
skin is transparent and peelable from the core. Such a skin inhibits transport from or into the gel:
specifically, the gel stops swelling when placed in water and a gel left open to air loses very little
water. Similarly, solutes (e.g., model drugs or proteins) can be stored in the gel core for long
times, while harsh chemicals (e.g., acids) or contaminants (e.g., microbes) in the external
solution are prevented from entering the gel. Likewise, the solutes can be released into the
external solution upon peeling off the skin. On the whole, we believe the approach described in
this chapter will prove useful to researchers and will help to further advance novel applications

for hydrogels.

3.2 Experimental Section

Materials. The following were obtained from Sigma-Aldrich: the anionic biopolymer alginate
(alginic acid sodium salt from brown algae, medium viscosity); the monomers acrylamide
(AAm), sodium acrylate (SA), N,N'-methylene-bis(acrylamide) (BIS), polyethylene glycol
diacrylate (PEGDA) (molecular weight of 550 Da), polyethylene glycol dimethacrylate
(PEGDMA) (330 Da), methyl methacrylate, divinyl benzene, lauryl methacrylate and ethylene
glycol dimethacrylate (EGDMA); the photoinitiators 2-hydroxy-2-methyl-propiophenone
(HMPP) and lithium phenyl-2,4,6-trimethyl-benzoylphosphinate (LPTBP); the dyes calcein,
methylene blue, and methyl red; the solvents ethanol and acetone, and the salts sodium chloride

and calcium chloride dihydrate (CaCl). Sodium citrate was obtained from Fisher Scientific.
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Several urethane-based monomers were gifts from Allnex: the urethane diacrylate (UDA;
tradename Ebecryl 230) has an aliphatic urethane segment of 4858 Da and two acrylates at its
ends, while the urethane hexa-acrylate (UHA; tradename Ebecryl 2221) has six acrylates
connected to an aromatic urethane segment of 774 Da. The photoinitiator Irgacure 2959 (IRG)
was obtained from BASF. The accelerant N,N,N’,N'-tetramethyl-ethylenediamine (TEMED) and
the acid red 52 dye were purchased from TCI America. Aerosil R974, a hydrophobic fumed

silica, was a gift from Degussa Corp. Deionized (DI) water was used in all experiments.

Preparation of Hydrogels. Alginate, AAm, and PEGDA gels were prepared in this study. To
make alginate gels, 2 wt% of sodium alginate dissolved in DI water was added dropwise using a
syringe into a 0.5 M CaCl, solution. The Ca?" ions crosslinked the alginate chains, and thereby
the liquid droplets were converted to spherical gels over an incubation time of 1 h. Gels with a
diameter of 2—5 mm were created, depending on the diameter of the needle in the syringe. To
make the AAm gel, a pre-gel solution containing 1 M AAm, 2.2 mol% BIS with respect to the
monomer, and 3.4 mM of the LPTBP photoinitiator was first prepared in DI water (in terms of
weights, these corresponded to 0.71 g AAm, 0.034 g BIS, and 0.01 g LPTBP in 10 mL of
solution). This pre-gel mixture was then loaded into a mold (cuboidal or cylindrical) and
irradiated with UV light for 1 min to make the gel. A variation of this recipe was used to make
the AAm/SA gel: in this case, the total monomer in the pre-gel was again 1 M, but with a 9:1
molar ratio of AAm/SA (i.e., 0.64 g AAm and 0.094 g SA). In the case of the PEGDA gel, the

pre-gel was composed of 10 wt% PEGDA and 0.1 wt% LPTBP in DI water.
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Preparation of Skin-Covered Hydrogels. The procedure for growing a skin around the above
hydrogels has been described above under Figure 3.2. First, a given gel was immersed for 5 min
in a solution containing photoinitiator (0.5 wt% of IRG or 1 wt% of HMPP), 1 wt% of TEMED
(accelerant), and solutes such as 1 mM of a dye (either acid red 52 or methyl red). Then, the gel
was transferred to a liquid bath of an organic monomer such as UDA and UHA. Due to the high
viscosity of the UDA and UHA liquids, the gel remained suspended in the monomer. The gel
was then irradiated with UV light for a given period of time (typically 10 min) to form the skin,
as shown in Figure 3.2. The UV Lamp used for polymerization was a 36 W nail-polish dryer
from Melody Susie, which generated UV light at 365 nm. In the case of some monomers like
PEGDMA, the liquid was not viscous enough to suspend the gel and therefore, 9 wt% of Aerosil

R974 was added to increase the viscosity of the monomer prior to introduction of the gel.

Rheological Studies. An AR 2000 rheometer (TA Instruments) was utilized for performing the
compression tests using a parallel plate geometry (20 mm diameter) at 25°C. Samples (4-mm
diameter alginate gels with different skins) were placed at the center of the plates and studied
under the squeeze/pull off test mode. Compression was done at a rate of 15% strain per minute.
The normal force measured during compression was converted to stress by dividing the force by
the initial cross-sectional area of the gel, and thus, plots of stress vs strain were obtained for each

sample.

Optical Microscopy. Bright-field images of peeled skins of different thickness placed in ethanol

were captured with a Zeiss Axiovert 135 TV optical microscope using a 2.5% objective. Ethanol
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was used instead of water to match the refractive index of the skin. In water, the skin appeared

opaque and its thickness could not be measured.

Scanning Electron Microscopy (SEM). The skin around a hydrogel was cut in half using a
razor blade and then affixed to a viewing platform. Next, a drop of an ionic liquid (HILEM IL
1000) was added over the skin and was left for an hour before transferring to the SEM stage. The
excess ionic liquid was removed by a piece of filter paper and the sample was analyzed using a

Hitachi SU-70 field-emission SEM with an accelerating voltage of 5 kV.

Contact-Angle Measurements. Advancing contact angles for water droplets on polymer
surfaces were estimated at room temperature using procedures reported elsewhere.®* Droplets of
deionized water (~ 100 pL) were injected out of a syringe onto the test surfaces, and images were
captured using a Nikon D3400 camera. The images were analyzed subsequently using Imagel.

Five measurements were done on each sample.

Dye Release Experiments. Gels loaded with 1 mM acid red 52 dye (with and without the UDA
skin) were placed in vials containing 5 mL of DI water at ambient conditions. To monitor the dye
concentration in the external water, 1 mL samples were taken and analyzed using a Cary 50 UV-
Vis spectrophotometer. Absorbance was measured at the absorption peak of the dye, which was
565 nm. The samples were then returned to the vials after the measurement. Cumulative dye
release (%) was calculated by normalizing the dye concentration with that in the solution after

two days. In the case of dye release in ethanol (Figure 3.7), since much of the dye remained in
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the gel, the gel was transferred to DI water for two days to calculate the total dye corresponding

to 100% release.

Electrical Tests. Gels of AAm were synthesized in the form of cylinders with a diameter of 0.5
cm and a length of 3 cm. They were incubated overnight in a 1 M NaCl solution to make them
ionically conductive. One of the gels was then covered with a UDA skin as above. Graphite
pencil leads were inserted into the AAm gels to establish connections with the electrical circuit
components. The gels with pencil leads were then connected to red LED bulbs and to a DC
power supply (Agilent E3612A) set at 10 V with the help of copper wires. The current flowing
through the circuit was recorded at various times (every 2 h over a period of a day), with the
power supply being turned off between measurements. As long as the current was non-zero, the

LEDs would glow (see Figure 3.9).
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3.3 Results and Discussion

3.3.1 Skin Synthesis

(A) Initiator-loaded gel placed in a (B) UV-irradiated to form the
liquid monomer (hydrophobic) polymer skin around the gel
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Figure 3.2. Procedure for synthesizing a skin around a hydrogel. (A) Initiator-loaded
hydrogel (Photo Al) is placed in a monomer (UDA) solution. The initiator is chosen to be
soluble in the monomer, whereas the monomer is insoluble in water. Thus, the initiator can
diffuse out of the gel whereas the monomer cannot enter into the gel. (B) Upon irradiation with
UV light at 365 nm, a skin (polymer of UDA) grows outward. Photos B1 and B2 show that the
skin is thin and transparent. To show it clearly, the skin is partially peeled off using tweezers.
Scale bars: 1 mm.

The procedure for covering a hydrogel with a hydrophobic skin is shown schematically in
Figure 3.2. A spherical gel of alginate (4 mm in diameter) is the starting point. This gel is made
by dropping a 2% sodium-alginate solution into 0.5 M calcium chloride using a syringe. The
alginate chains in a given drop are crosslinked into a network by divalent Ca** ions, thereby
forming a transparent spherical gel with a diameter of ~ 4 mm.!® We included 0.05% of acid-red
dye to provide visual clarity to the gel. To form a skin around this gel, we first incubate it in an
aqueous solution containing 0.5% of a water-soluble photoinitiator (Irgacure 2959, a

benzophenone derivative with an aqueous solubility of about 1 wt%). After 5 min, the initiator-
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loaded gel (Photo Al) is placed in a liquid monomer, in this case an oligomeric urethane

diacrylate (UDA).

There are a few key considerations in selecting the initiator and monomer. The initiator
should be soluble both in water and in the organic monomer, which is the case for the Irgacure
2959 mentioned above. Conversely, the monomer should be a liquid that is insoluble in water,
and the viscosity of this liquid should be high enough so that the gel remains suspended in it.!°
The UDA monomer is indeed a hydrophobic one and it also has sufficient viscosity because of
its long urethane segment that has a molecular weight (MW) of 4858 Da.®> The monomer also
has two acrylate groups at its ends that allow the molecules to be crosslinked into a network.
When the gel is placed in this monomer, the initiator diffuses out of the gel where it encounters
the monomers (Figure 3.2A). We then expose the sample to UV light at a wavelength of 365 nm
to trigger the free-radical polymerization (crosslinking) of the urethane. Note that polymer chains
cannot form inside the gel because the monomer is insoluble in water. Thus, the polymer grows

outward as a layer from the surface of the gel (Figure 3.2B). Ultimately, a thin, transparent

polymer skin encases the gel core.

3.3.2 Skin Appearance, Thickness, and Microstructure

The polyurethane (UDA) skin in Figure 3.2B is a soft, peelable layer that can be easily
separated from the gel using a tweezer (Photos B1 and B2). The skin thickness can be varied
from ~ 10 to 200 um depending on the duration of UV exposure. Figure 3.3A shows the skins
formed under two different UV exposure times. These experiments were done with 4-mm

alginate gels bearing 0.5% initiator. After 10 min of UV irradiation, a skin of 60 pm is detected
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around the gel (Image Al). Increasing the UV irradiation time to 90 min leads to a thicker skin
of 140 pm (Image A2). In both cases, note that the skin is very uniform in thickness. The
uniformity is further confirmed by images from Scanning Electron Microscopy (SEM), which
are shown in Figure 3.3B. Here, a skin is formed around an alginate gel (3 mm diameter) over 30
min of UV irradiation. The gel is then cut in half and the skin is detached from one half prior to
SEM-imaging. We again find the skin to be uniform with a thickness of 100 um. In addition to
UV exposure time, the skin thickness can also be altered by chemical variables such as the

initiator content.!?

(A) Optical micrographs of the skin

Figure 3.3. Visualizing the skin by microscopy techniques. (A) Optical micrographs of the
UDA skin around a 4-mm alginate gel after 10 min (A1) and 90 min (A2) of UV irradiation. The
images reveal the outward growth of the skin layer with time. (B) SEM images of the skin
separated from a 3-mm alginate gel core after 30 min of UV irradiation. The higher
magnification image (B2) shows the thickness of the skin to be 100 um.
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3.3.3 Skins Around Various Gels

Our technique for forming a skin around a hydrogel is simple and convenient. It can
be used to encase any hydrogel of arbitrary composition, shape or mechanical properties. To
demonstrate this, we prepared gels of alginate, acrylamide (AAm), and polyethylene glycol-
diacrylate (PEGDA) and encased them all in polyurethane skins (Figure 3.4). The alginate
gel in the shape of a sphere has been mentioned above. In the case of the AAm gel, it was
made in the shape of a cube by adding an aqueous mixture of AAm, crosslinker, and
photoinitiator into a cubic mold and inducing the mixture to polymerize by UV light.
Similarly, the PEGDA gel was made in the shape of a cylinder by adding a mixture of
PEGDA monomer (molecular weight 550 Da) and photoinitiator into a cylindrical mold and
inducing UV-polymerization. At the PEGDA monomer content (10%) used, this gel was hard
and brittle whereas the AAm and alginate gels were soft. The three gels (with acid-red dye
for visual contrast) were then loaded with the Irgacure photoinitiator and placed in the UDA
liquid monomer, followed by UV polymerization as discussed above (see Figure 3.2). All
gels thus become uniformly encased in a thin polyurethane skin (Figure 3.4); in all cases, we
have partially peeled the skins from the gels to indicate their presence. The examples above
have been chosen to illustrate the diversity of gels that can be encased in skins by our
technique, which include physical gels (alginate, crosslinked by ionic bonds) as well as
chemical gels crosslinked by covalent bonds (AAm and PEGDA), and soft gels (alginate,

AAm) as well as hard/brittle gels (PEGDA).
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Figure 3.4. Skins around different hydrogels of various chemistries and shapes. A spherical
alginate gel, a cylindrical PEGDA gel, and a cube-shaped AAm gel are all shown to be covered
with thin UDA skins. The skins are partially peeled off using a tweezer to indicate their presence.
Scale bars from (A) to (C): 2 mm, 8 mm, and 1 cm.

3.3.4 Soft and Hard Skins

In addition to thickness, we can change other physical properties of the skins around the
gels. As noted above, any liquid monomer that is insoluble in water could be used to form a skin,
and we have experimented with various UV-cross-linkable urethanes, acrylates, and
methacrylates. An example is a skin formed from polyethylene glycol dimethacrylate
(PEGDMA) of molecular weight 330 Da. When this monomer is polymerized, it forms a hard
and brittle gel, so we examined if a hard PEGDMA skin could be formed around a soft gel such
as an alginate sphere. To synthesize a PEGDMA skin, one modification had to be done to the
procedure shown in Figure 3.2: the viscosity of the PEGDMA liquid is quite low and so it had to
be increased to ensure that the alginate gel remains suspended in it. For this purpose, we added
9% of a fumed silica (Aerosil R974), which are a class of nanoparticles known to increase the
viscosity of organic liquids.®® The alginate gel could be suspended in this thickened PEGDMA

and we were able to form a PEGDMA skin around it. As expected, this skin was hard and brittle.
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Figure 3.5. Contrasting the mechanical properties of hard and soft skins. Compressive stress
vs. strain for alginate gels covered with UDA and PEGDMA skins. The gel with UDA skin has a
compressive modulus £ ~ 50 kPa and is intact even at 50% strain, i.e., the skin is soft and elastic.
The gel with PEGDMA skin has £ ~ 6000 kPa and ruptures at 14% strain, i.e., the skin is hard
and brittle. The inset photo shows the latter after impact with a hammer: the brittle skin is broken
while the gel is intact. Scale bar in photo: 4 mm.

Experiments demonstrate the differences in mechanical properties between the PEGDMA
and the UDA skins. If the PEGDMA-covered alginate gel is placed on a benchtop and hit with a
hammer, the skin cracks into pieces while the core gel remains intact (Figure 3.5 inset). In
contrast, the polyurethane (UDA) skin is soft and elastomeric. When a UDA-covered gel is
squeezed between one’s fingers, it transforms from a sphere to a pancake shape. When the
squeezing is stopped, the gel recovers quickly to its initial spherical shape. To quantify these
differences, we tested the skin-covered gels under compression. Figure 3.5 plots the compressive
stress vs. strain for the two cases. The gel with a UDA skin can be compressed by more than

50% without breaking. The compressive modulus E from the linear part of this curve is 50 kPa.
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On the other hand, the gel with a PEGDMA skin has a modulus E of 6 MPa (120x higher) and
this skin breaks when compressed by just 14%. This shows the hard and brittle nature of the
PEGDMA skin compared to the soft and resilient UDA skin. Note from the above results that the
mechanical properties of the skin can be varied independently from those of the underlying gel.
Even if there is a mismatch in properties (e.g., if a soft gel is encased in a hard skin), the gel core

and skin remain well-adhered to each other.

3.3.5 Skin Prevents Gel from Drying in Air and Swelling in Water

Next, we show that the presence of a skin allows hydrogels to resist dehydration as
well as swelling in water (Figure 3.6). Dehydration studies were done with AAm gels having
two types of skins, one of UDA (discussed above) and the other of a urethane hexa-acrylate
(UHA), which provides a greater degree of crosslinking. Both skins were 150 pum in
thickness. Figure 3.6A compares the drying under ambient air of the skin-covered and bare
gels, which are all cubes with a length of 2 cm. These gels are otherwise identical and
contain 15% polymer and 85% water. The gel-weight over time is plotted in Figure 3.6A as a
ratio relative to the initial weight at # = 0. The bare gel (control) loses 80% of its weight
within 17 h. Photo A4 in Figure 3.6A shows the shrivelled and irregular shape of this
dehydrated gel relative to its initial state (Photo A3), with the mass that remains mostly
containing the polymer. In contrast, the UHA skin-covered gel only loses about 2% of its
weight in the same 17 h period. Photo A2 in Figure 3.6A of this gel after 17 h reveals a near-
identical size and shape relative to its initial state (Photo Al). Similar results were also
obtained with the UDA skin, but the weight loss over 17 h was slightly higher: at around

10% (photos shown earlier in Figure 3.1). The results confirm that a thin, hydrophobic skin
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that is a fraction of the gel size is able to significantly inhibit water-loss (dehydration) from
the gel. The better water-retention with a UHA vs. UDA skin is due to two reasons: the UHA
is more crosslinked due to its six acrylates vs. two in UDA, and also the UHA is more
hydrophobic. To test the latter point, we measured the contact angles of water droplets on
pure films of UDA and UHA and found these to be 102° and 108°, respectively. Because
both these values are above 90°, it confirms that the polymers are hydrophobic,®> and

moreover that UHA is more hydrophobic than UDA.

We then study the counterpart of the above phenomenon, which is whether the skin
can inhibit swelling (entry of water) when a gel is placed in a water bath (Figure 3.6B). For
better visualization of gel swelling, we made ionic gels by copolymerizing AAm (a nonionic
monomer) with an anionic monomer, sodium acrylate (SA) in a 90:10 ratio of Aam/SA. It is
well-known that ionic gels swell much more than nonionic ones due to the electrostatic
repulsions between ionic groups along the polymer chains.’” The gels were created as
cylinders with a diameter of 0.5 cm and a length of 2 cm and were dyed red as before for
clarity. Photo B1 shows a bare gel (control) on the left, and on the right is an identical gel
with a UDA skin of 150 pm thickness. The gels were placed in water at ambient pH and
temperature and their volumes over time were recorded. Figure 3.6B plots the gel volume as
a ratio relative to its initial volume at # = 0. In a period of 12 h, the bare gel swells to 3x (i.e.,
300%) of its original volume. However, the skin-covered gel does not swell at all over this
time (and indeed, there is no swelling even over a period of days). The difference in sizes is
shown by Photo B2, where the gels are removed from water and placed side-by-side for

comparison. Another interesting point from this photo is that the red dye in the bare gel has
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completely leaked out over 12 h and thus the gel appears nearly colorless. Conversely, none

of the dye has leaked out of the skin-covered gel, which thus retains its vivid red color.
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Figure 3.6. Testing the ability of the skin to prevent exit/entry of water from/into a gel. (A)
AAm gels with UHA and UDA skins and an AAm gel without a skin are compared for their
weight loss vs. time while drying under ambient conditions. The gel with the UHA skin retains
98% of its weight (compare Photos Al vs. A2), the one with the UDA skin retains 90% of its
weight, while the gel without a skin retains only 20% of its weight (compare Photos A3 vs. A4)
over a 17 h period. (B) Gels of AAm-SA are made in the shape of cylinders, one with a UDA
skin and the other with no skin. The gels are placed in DI water and the degree of swelling (ratio
of swollen vs. original volume) is plotted vs. time. The bare gel (no skin) swells by 300% while
the skin-covered gel does not swell at all (compare Photos B1 vs. B2). Scale bars in B1 and B2:
4 mm.

3.3.6 Skin Regulates Solute Transport Out of Gel

The ability of the skin to inhibit transport out of a gel is then studied further. We
consider the case of small, hydrophilic solutes in the gel, such as the acid red 52 dye. | mM
of this dye was loaded into spherical alginate gels (4 mm diameter). A bare alginate gel
(without skin) served as the control while a second gel was encased in a UDA skin of 150
um thickness. Both gels were separately placed in water baths at = 0, and the dye in the
solutions was monitored over time. Figure 3.7A plots the cumulative dye release (as a % of

the total) vs. time. In less than 1 h, 80% of the dye is released out of the bare gel into the
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external solution, and in 4 h, virtually all of the dye gets released. This is to be expected
because the dye molecules are less than a nanometer in size, which is much smaller than the
mesh size of the alginate gel (~ 20 nm).®® Thus, dyes can easily diffuse out, and the rapid
release of small solutes from gels is well-documented in the literature. However, in complete
contrast, Figure 3.7A shows that there is absolutely no release of the dye from the skin-

covered alginate gel even after a day.

The above finding is substantiated by the photos in Figure 3.7A. In the case of the
bare gel (Photo A1), the solution after 4 h has a deep pink color, reflecting the release of dye
from the gel to the solution. The bare gel, picked out of this solution by tweezers, has the
same color as the solution, i.e., the dye has equilibrated between the gel and the solution
(Photo A2). On the other hand, the skin-covered alginate gel (Photo A3) continues to have a
bright-red color even after a day whereas the external solution remains colorless. This result
is similar to that in Figure 3.6B where the dye did not leak out of a skin-covered AAm gel.
Thus, the skin entirely prevents the release of solutes from all kinds of gels - even for solutes
that are much smaller than the mesh size of the gel and are highly water-soluble
(hydrophilic). We have confirmed the above finding for a variety of model solutes. The
ability of the skin to provide a ‘hermetic seal’,'' i.e., to keep solutes encapsulated
(preserved) for long times in water could be a significant benefit for pharmaceutical
applications. Note also that the skin is much more stable to heat compared to the hydrogel.
Thus, even if the skin-covered gel is heated to 90°C and held at that temperature for a day,
the structure remains stable and there is no leakage of solute over this period. Additionally,

this skin can be easily peeled off, as shown in Figures 3.2 and 3.4, to “switch on” the burst-
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release of small molecule solutes. Once the skin is removed, the bare gel will release the

small molecules rapidly as shown in Figure 3.7A (Photo A1).

The reason why the UDA skin is impermeable to solutes is likely because of its
hydrophobic nature, as discussed above. In turn, solutes dissolved in the aqueous gel core
will also not be able to pass through the UDA skin. However, we found that the UDA
monomer is soluble in polar organic solvents such as ethanol and acetone. We therefore
proceeded to examine if solute transport out of skin-covered gels could be mediated by
ethanol (Figure 3.7B). The alginate gel with UDA skin releases none of its encapsulated dye
in water (Photo B1), but when the same gel is placed in ethanol, some of the dye leaks out
(Photo B2; note the pink color of the solution). The plot shows an initial burst-release,
followed by the dye concentration saturating in the external solution by about 36 h. The
cumulative amount of dye released corresponds to 60% of the dye in the gel. This
equilibrium is established because ethanol is a poor solvent for alginate® and therefore the
dye partitions between the water-rich alginate gel and the ethanol-rich external solution. A
close examination of the skin-covered gel shows the UDA skin to have detached from the
core (Photo B3). This occurs because the skin is swollen with the solvent whereas the
alginate core shrinks (the core then drops to the bottom due to its weight, leaving a gap
between the skin and the core at the top). Similar results have also been found in acetone. A
key point from Figure 3.7B is that it is possible to regulate solute-release out of the gel by

carefully choosing the skin-chemistry as well as the appropriate solvent.
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Figure 3.7. Testing solute release out of skin-covered gels in water and ethanol. (A)
Cumulative solute release (% of total) vs. time from alginate gels (4 mm dia) with and without a
UDA skin. The gels contain identical amounts of acid red 52 dye. All the dye is released from
the bare gel in 8 h (Photos Al and A2), and the solution thus exhibits a pink color. None of the
dye is released from the skin-covered gel (Photo A3), with the solution remaining colorless even
after a day. (Scale bars in photos: 2 mm) (B) The skin-covered gel that was initially in water is
transferred to ethanol after 24 h. While no dye is released in water due to the hydrophobicity of
the UDA skin (Photo B1), release does occur in ethanol (Photo B2) because the UDA is more
compatible with ethanol and swells in this solvent (Photo B3). (Scale bars: 4 mm)

3.3.7 Skin Prevents Transport Into Gel

The skin also prevents transport of molecules or species from the external aqueous
solution into the gel. For example, we have tested acids, bases, and chelators added to the water
around a skin-covered alginate gel and in all cases, the skin protected the core gel from contact
with the above species. An example is shown in Figure 3.8A, where gels loaded with a pH-
indicating dye (methyl red), are placed in strong acid (1 M HCI). Initially, the gels show a yellow
color from the dye because the water in them is at pH 7. Within a minute, the bare gel with no
skin turns from yellow to red as the acid permeates into the gel. In contrast, the gel with a thin
(150 um) UDA skin retains its yellow color, indicating no contact with the acid whatsoever.
Similarly, when a bare alginate gel is placed in a solution of chelators like sodium citrate, the
Ca®* crosslinks are removed by the chelator, causing the gel to dissolve away. Conversely, an
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alginate gel with a UDA skin is completely resistant to chelation and remains intact in the
presence of sodium citrate or other chelators. Lastly, microbes (specifically, mold) are known to
attack and digest gels formed by polysaccharides like alginate.”® Indeed, Figure 3.8B shows that
a bare alginate gel stored in water at room temperature develops mold over a period of three
months (Photo B2). For comparison, an alginate gel covered by a thin UDA skin and placed
alongside in the same vial does not develop any mold over the same period. Thus, the skin is able

to protect the alginate gel from microbes.

Collectively, the findings in Figures 3.6, 3.7 and 3.8 show that the hydrophobic skin can
tightly regulate transport into and out of a gel placed in water. Solutes dissolved in an aqueous
gel are prevented from leaking out. Harsh chemicals or microbes from an external aqueous
solution are prevented from entering the gel. Also, water itself cannot enter or leave the gel, i.e.,
the gel will not swell and increase its volume. The lack of swelling also means that the
mechanical properties of the gel will remain preserved when there is a skin. Conversely, when a
bare gel swells, its mechanical properties such as the elastic modulus decrease with time, which

might be undesirable in many applications.
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Figure 3.8. Testing the ability of the skin to protect a gel from harsh chemicals and
microbes. (A) An alginate gel with no skin (Photo Al) and an identical one with a UDA skin
(A3) are placed in strong acid (1 M HCI) at # = 0. The gels both contain the pH indicating dye,
methyl-red, which has a yellow color at normal pH and a red color at acidic pH. Within a minute,
the alginate gel turns red (A2) and the red color is also seen in the solution due to leakage of dye.
Conversely, the skin-covered gel retains its yellow color even after 24 h (A4). (B) An alginate
gel with no skin and an identical one with a UDA skin are left in water at # = 0 (Photo B1). Over
time (90 days), the former gets attacked by mold (micro-organisms) because alginate is a
polysaccharide and hence a source of nutrients for the mold (B2). Conversely, the skin-covered
gel is protected from the mold. Scale bars in all photos: 4 mm.

3.3.8 Skin-Covered Gel as an Electric Conductor

Nowadays, gels are being evaluated in electronic sensors where they would be interfaced
with skin (the gels would thus sense analytes present in the body). Gels are also being used as
electrolytes in flexible batteries or as actuators in soft robots. In such futuristic applications, gels
that can resist dehydration (when covered by a skin) can be advantageous. To explore this aspect,
we have conducted a simple experiment where a cylindrical gel is used as the conduit or ‘wire’

in an electrical circuit (Figure 3.9). Here, the gel is used to connect a DC power source (10 V) to
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a red light-emitting diode (LED). The control is an AAm gel loaded with 1 M NaCl (to ensure
ionic conductivity), and this is compared with an identical gel covered by a thin (150 pm) UDA
skin. At ¢ = 0, both gels conduct electricity to the same extent and thus both LEDs light up
(Figure 3.9A, Photos Al and A3). The current / is recorded as a function of time ¢ for the two
cases (Figure 3.9B). As time progresses, the bare gel dries out and hence the resistance in the
circuit increases. In turn, / drops sharply with ¢, until it reaches zero at t = 8 h, whereupon the
LED stops glowing (Photo A2; note that the dried gel is appreciably shrunk compared to the
initial gel in Photo Al). On the other hand, in the case of the skin-covered gel, the LED
continues to glow even after 24 h (Photo A4). There is a drop in current in this case too, but it is
comparatively small, with 7 at 24 h being 70% of its initial value (/). (Note that the drop in
current is due to an increase in resistance R = pL/A, where p is the resistivity of the gel-wire, L its
length, and 4 its cross-sectional area.”! The loss of water from the gel impacts both its resistivity
as well as its geometry.) In sum, the skin-covered gel retains its electrical functionality over a
much longer time because of its ability to retain water. In a similar vein, we believe the ability to

grow a skin around a gel will prove useful in many other scenarios.
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Figure 3.9. Testing a skin-covered gel as a conduit in an electric circuit. A DC power supply
is connected to an LED with a cylindrical gel (3 cm long, 0.5 cm diameter) serving as an ionic
conductor over a part of the circuit. (A) Photos of the experiment. For the control experiment, the
bare gel with no skin is used (A1, A2) while in the second experiment, the gel with UDA skin is
used (A3, A4). (B) Plots vs time ¢ of the current / (normalized by /o at ¢t = 0) for the two
experiments. The current goes to zero for the bare gel by 8 h, whereas the current only drops by
30% over one day for the skin-covered gel. Correspondingly, the LED stops glowing in the case
of the bare gel by the 8 h mark (A2) while it continues to glow even after 24 h (A4). The
differences arise because the skin inhibits the drying of the gel.
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3.4 Conclusions

We have devised a simple technique that permits any hydrogel to be enclosed in a
hydrophobic skin. The technique is an ‘inside-out’ polymerization that requires an initiator-
loaded gel to be placed in an organic (liquid) monomer. We choose the initiator to be soluble in
both the aqueous gel as well as in the monomer, whereas the monomer is hydrophobic and
thereby insoluble in the gel. Upon irradiation with UV light, a polymer skin grows around the
gel. The entire process is convenient, quick, and performed under mild conditions. Skins can be
formed around gels in various geometries, and the procedure works equally well for gels formed
by physical or covalent bonds. Skin thickness can be easily controlled by the UV irradiation
time; typically, we form a ~ 100 pm-thick skin around a gel of 3—5 mm size (i.e., the skin is 2—
3% of the gel size) in 10 min of irradiation. The choice of organic monomer dictates the
mechanical properties of the skin. With UDA as the monomer, the resulting polyurethane skin is
transparent, elastomeric (soft and flexible), and can be peeled from the core gel using forceps.
When PEGDMA is used as the monomer, a hard and brittle skin is formed around the gel core,

which can be cracked open by impact with a hammer.

Due to its hydrophobic nature, the skin acts as a protective barrier around the core
hydrogel. This protection allows the gel to resist dehydration when exposed to air and resist
swelling when placed in water. Also, the skin allows hydrophilic cargo to be hermetically sealed
in the gel and thus prevented from leaking out into water. The cargo can also be released in a
burst-release fashion when the skin is peeled off or when the external fluid is an organic solvent
like ethanol. The skin also protects the gel from chemical or biological attack (e.g., from strong

acids and mold). Because the skin grows uniformly from the gel core, there is sufficient adhesion
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between the gel and the skin, even though the former is hydrophilic and the latter hydrophobic;
thus, the skin does not delaminate and expose the gel during any of the testing. When compared
to alternative techniques, the advantage of the present technique lies in its simplicity (no need for
plasma or other treatments to ensure adhesion between the gel and the skin); wide applicability
(it can be used to protect any gel); and tunability (skin properties can be varied from soft to hard,
etc. by simply varying the monomer used). Indeed, the variety of skins possible with our
approach can be likened to the diverse skins seen around fruit or vegetables, which range from
very soft and thin (mango, plum) to soft and thick (navel oranges) to hard and thick (avocadoes).
Skin-encasing of gels could be useful in any application where the gel is exposed - either to air or
aqueous fluids. Examples of the former include gels designed for soft-robotics or soft
electronics; as an example, we have shown that a skin-covered gel maintains its electrical
functionality in a circuit for long periods. Examples of the latter include gels intended for use as

biomedical implants or drug-delivery depots.
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Chapter 4
On-Off Release from Smart Skin-Covered Hydrogels

4.1 Introduction

Hydrogels are crosslinked polymer networks that retain high amounts of water due to the
presence of hydrophilic functional groups on their polymeric backbones.?®3° Owing to their
high-water content (typically more than 70%), they have the capability to encapsulate a wide
range of hydrophilic solutes. As a result, hydrogels are widely employed in the encapsulation of
various substances such as small-molecule and macromolecular drugs in biomedical
applications,***? moisturizers and fragrances in cosmetic applications,” and fertilizers and
pesticides in agricultural applications.®** The release of these solutes from hydrogels is
primarily dictated by two features: (1) the mesh sizes of the networks and (2) the interactions
between the polymer chains and the solutes.’* By carefully modulating these two features,
hydrophilic solutes can be released in a controlled manner.

33.96 If the solute size is

Mesh sizes of hydrogels are generally in the range of 5 to 100 nm.
smaller than this mesh size (7solute/Fmesh < 1), the solute gets easily released into the external
medium by diffusion. Most of the small molecule solutes including chemotherapeutic drugs,
agrochemicals, and cosmetic agents fall under this category. In such cases of diffusion-limited
release of small molecule solutes, it is worthy to note that the release cannot be extended beyond
a few hours. Conversely, if the solutes are chosen in such a way that their sizes are closer to the

mesh sizes (Fsolute/7mesh ~ 1), extended and controlled release of solutes can be achieved by

slowing down the diffusion rate due to steric hindrance. This is the case for protein therapeutics
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and many studies have shown extended release up to a period of a few weeks or a month.”” On
the other hand, if the solute size is much larger than the mesh size of the hydrogels (7sotute/7mesh >
1), the solutes are permanently entrapped inside the network. Mammalian and bacterial cells
(sizes ~ 1-10 um) can be easily entrapped inside the hydrogel matrices in this way.”® In addition
to the mesh sizes, if the chemistry of the solute and polymer backbone are carefully tuned to
exhibit attractive interactions such as covalent bonding, electrostatics, and van der Waals’
interactions, the small-molecule or macromolecular solute release can be slowed down even
further.> However, incorporating such attractive interactions involves a choice of specific
chemistries of polymers corresponding to the solute of interest as well as complex chemical

modifications, deeming them very difficult for scaling-up to commercial applications.

Recently, the controlled release of solutes from hydrogels has been faced with a major
challenge of achieving an on-demand release of solutes. In particular, the release should be zero
until a desired time, followed by the release to be ‘switched on’. Likewise, the release should
also be cyclable multiple times between the on and off states as and when needed. Figure 4.1A
shows a schematic of such an ideal release rate profile with an initial no release region (indicated
by a zero rate), followed by a partial release occurring at a certain rate when an “on” stimulus is
applied. Later, the release should be stopped when an “off” stimulus is applied, and these on-off
steps should be repeatable multiple times. A cumulative release profile (Figure 4.1B) of this
idealized scenario is shown to exhibit a step-release pattern and it clearly illustrates each of the
individual steps corresponding to the ideal release rate profile. Many pharmaceutical drugs
including insulin and hormones require such on-demand pulsatile release profiles for achieving

maximum therapeutic effects. In this regard, stimuli-responsive hydrogel systems that exhibit
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physical changes in their water-swollen polymer networks in response to external stimuli such as

temperature, pH, light, redox species, and ultrasound are being extensively studied.!%4+9°-101
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Figure 4.1. Schematics of idealized on-off release profiles. (A) Schematic of a solute release
rate vs. time showing no release region (hermetic seal), followed by an on-off release by
applying an “on” or “off” stimuli. (B) Schematic of cumulative solute release vs. time showing
the step-like release profile with the initial no release region, followed by the on-off regions.

The ability of stimuli-responsive hydrogel systems to show dramatic changes in their
mesh sizes due to their abrupt changes in the swelling behavior upon applying external stimuli is
the most explored phenomenon for achieving the on-demand release of solutes. There have been
few reports demonstrating the pulsatile on-off release of macromolecular solutes from some

gelsj‘),lOZ-lOS

e.g., in the case of thermosensitive poly(N-isopropylacrylamide) hydrogels by
cycling temperature.'%-1% However, in all these studies, solute release at the outset where there
is supposed to be no release is still a finite value and not zero. Thus, given time (say a few hours

or a day) most of the solute would still leak out of the gel in the initial ‘off” state. This situation

would be exacerbated if the small-molecule solutes are used due to their sizes being much
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smaller than the mesh sizes of the gels. Thus, none of these gels can ensure a truly on-

demand and on-off release of solutes, especially the small-molecule solutes.

Recently, our lab demonstrated two simple ways to provide hermetic seal of small-
molecule solutes in a gel, and this was done by either creating a wax shell around the gel!'! or by
creating a hydrophobic protective polymer skin around the gel.'®® The wax shell and the
protective skin, both being hydrophobic, served as perfect barriers to solutes in the gel, and thus
zero release out of the gel could be ensured for months. Furthermore, the release could be
“switched on” by either melting the wax by heat or by using a good solvent that swells the
polymer skin. However, the drawbacks of these designs are that the release cannot be “switched
off” i.e., once the wax melts or once the polymer skin is swollen in the solvent, the release
cannot be stopped. Hence, there is still an unmet need to achieve on-demand and cyclical on-off

release of small molecule solutes from hydrogels.

In this study, we have used a simple technique that we developed previously for covering
hydrogels with protective hydrophobic polymer skins and altered the recipe to create hydrogels
covered with smart skins. Specifically, we have incorporated a redox-responsive monomer, 2-
(methylthio)ethyl methacrylate (MTEMA), that contains a thioether functional group.'®”
Thioether-containing polymers are well studied in the field of redox responsive materials due to
their ability to reversibly transition from a hydrophobic thioether form to a hydrophilic sulfoxide
form in the presence of oxidizing and reducing agents.>!5%%19-11 Therefore, the initially
hydrophobic skin will become hydrophilic in the presence of oxidizing agents, thereby ‘turning

on’ the release of solutes out of the gel. Furthermore, we show that the rate of release can be
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easily controlled by changing the thickness of the smart skin as well as the solute and the
oxidizing agent concentrations. Conversely, solute release can also be ‘turned off” at a later time
by adding a reducing agent that reverts the skin to its hydrophobic state. Thus, our smart skin
will enable the regulated (on-off) release of solutes out of a gel, and this concept is likely to be
useful in many industrial applications. We further extend our technique to synthesize flat free
standing smart polymer membranes that exhibit on-demand tunable permeability to small
molecule solutes. These membranes again enable regulated redox responsive on-off flux of small
molecule solutes. Such smart membranes can be employed for various applications such as

chemical separations, controlled release, and water treatment.!%-!12-114
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4.2 Experimental Section

Materials. The biopolymer alginate (alginic acid sodium salt from brown algae, medium
viscosity); the monomer 2-(methylthio)ethyl methacrylate (MTEMA); the photoinitiator 2-
hydroxy-2-methyl-propiophenone (HMPP); the accelerant ~ N,N,N’,N’-tetramethyl-
ethylenediamine (TEMED); the dyes methylene blue, brilliant yellow, and rhodamine 6G; the
salt calcium chloride dihydrate (CaCl); the oxidant hydrogen peroxide solution (H202, 30 wt%
in water); the reducing agent L-ascorbic acid or vitamin C (VitC); and the catalyst N-
bromosuccinimide (NBS) were all obtained from Sigma-Aldrich. Urethane-based monomer was
a gift from Allnex: the urethane diacrylate (UDA; tradename Ebecryl 230) consists of an
aliphatic urethane segment of 4858 Da with two acrylates covalently bonded at its ends. The
biopolymer agar (termed agar-agar) was also a gift from TIC Gums. The anionic acid red 52 dye
was obtained from TCI America. The photoinitiator Irgacure 2959 (IRG) was purchased from

BASF. Deionized (DI) water was used in all experiments.

Preparation of Hydrogels. To prepare spherical alginate hydrogels, 2 wt% of alginate solution
in DI water was dropped into a 0.5 M CaCl, solution using a transfer pipette. The anionic
alginate chains are electrostatically crosslinked with Ca?* ions, and thus convert the liquid
alginate droplets into spherical hydrogels after an incubation period of 30 minutes. The resulting

gels had diameters of 2—5 mm, depending on the orifice dimensions of the pipette used.

To prepare cylindrical agar hydrogels, agar (5 wt%) was suspended in DI water and then

heated to above 85 °C under constant stirring until the agar is completely dissolved. The viscous
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agar solution was then poured into a cylindrical plastic container. Upon subsequent cooling to

room temperature, cylindrical agarose gels were obtained.

Preparation of Smart-Skin Covered Hydrogels. The procedure for covering alginate
hydrogels with smart-skins using an inside-out strategy has been outlined above in Figure 4.2A.
First, a spherical alginate hydrogel was placed for a period of 10 min in an aqueous mixture
consisting of 0.5 wt% photoinitiator (IRG or HMPP), 1 wt% accelerant (TEMED), along with
solutes to be encapsulated such as 1mM of acid red 52 or 10 mM of methylene blue dyes. After
which, the alginate gel was placed in a vial containing the organic monomer mixture: UDA and
20 wt% MTEMA (thioether-containing monomer) with respect to UDA. Note that the high
viscosity of the mixture helps the gel to be suspended in the monomer mixture without setting at
the bottom.!% The vial containing the gel was then subjected to UV exposure (at 365 nm) for a
specified time (typically 10 minutes) to form the smart-skins. A low-intensity 36 W UV lamp

from Melody Susie was used for forming the smart skins.

Preparation of Smart-Membranes. The procedure for forming smart membranes is illustrated
above in Figure 4.2B. First, a cylindrical agar hydrogel was placed in a solution containing 0.5%
photoinitiator (IRG or HMPP) and 1 wt% accelerant (TEMED) for 10 min. Then, the agar
hydrogel was placed in a plastic container and an organic monomer mixture (UDA and 20 wt%
MTEMA with respect to UDA) was poured on top of the hydrogel. The gel with the organic
mixture on top was then irradiated with UV light (at 365 nm) for 10 minutes to form the smart
membranes. The excess monomer was pipetted out and the membrane was peeled off from the

gel using the tweezers. The membrane was carefully wiped with kimwipes before usage.
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Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Analysis (EDX). The
smart skins were separated from the gels using tweezers and then pieces of the skins were cut out
using razor blades. The skin pieces were then sputter-coated with gold and palladium to increase
the conductivity of the material. Next, the SEM images of the skins were taken with a Tescan
XEIA3 SEM machine operated at an accelerating voltage of 10 kV. The machine is also
equipped with energy dispersive X-ray spectrometry (EDX) capability to probe the elemental

compositions of the smart-skins.

Optical Microscopy. Smart skins of different thicknesses were first prepared by irradiating with
UV light for 10 minutes and 30 minutes respectively. The skins were cut into two semi-hollow
spherical halves using razor blades and were separated from the gels using tweezers. Optical
images of the skins were then taken using a handheld Dino-Lite USB digital microscope
purchased from Amazon at a magnification of 230x. The microscope came with a DinoCapture

2.0 software, which was used for measuring the thickness of the skins.

FTIR Spectroscopy. Fourier transform infrared spectroscopy (FTIR) studies were performed for
the UDA, MTEMA, and MSEMA polymer samples. First, the monomers (UDA or MTEMA)
were mixed with a 0.5% photoinitiator (HMPP) and 2 mL of the solutions were then poured into
multiple Petri dishes. Each of the samples in Petri dishes was then polymerized by irradiating
with UV light for 30 minutes. The resulting films of poly(UDA) and poly(MTEMA) were
obtained. Some of the Poly(MTEMA) films were then placed in a 30% H>O: solution for 10

minutes to form poly(MSEMA) films. Subsequently, a few of the poly(MSEMA) films were
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placed in a solution containing 10% VitC and 0.5% NBS and were analyzed for the reduction of
sulfoxide groups. FTIR spectra were obtained for all the polymer films using a Thermo Nicolet

NEXUS 670 FTIR instrument with a spectral range of 4000—-1000 cm™'.

Dye Release Experiments. Skin-covered gels loaded with known amounts of the dyes (acid red
52 or methylene blue) were placed in vials containing 2 mL of DI water, or 2 mL of 30% H>0»
solution, or 2 mL of 10% VitC and 0.5% NBS solution for a given period of time, depending on
the experiment. The dye concentration in the external solutions was monitored using a Cary 50
UV-Vis spectrometer by taking 1 mL samples at a time. The absorbance measurements were
made at the absorption peaks of the dyes (565 nm for acid red 52 and 665 nm for methylene
blue) using the Advanced Reads software. Immediately after the measurements were recorded,
the samples were put back into their respective vials. Cumulative dye release (as a percentage of

the initial loading) was calculated and plotted as a function of time.

For the smart-membrane dye release experiments, osmosis chambers were purchased
from the Carolina company. The smart membranes were secured using binder clips in between
the two sides of the chamber. On one side of the chamber (side 1), 2 mL of 1 mM acid red 52
solution was injected using a transfer pipette. On the other side (side 2), 2 mL solutions of DI
water, or 30% H202, or 10% VitC, and 0.5% NBS were injected using pipettes, depending on the
experiment. The dye concentration in the solutions loaded on side 2 was monitored using the

UV-Vis spectrometer by following the same procedure as above.
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4.3 Results and Discussion

4.3.1 Synthesis of Smart-Skins and Smart-Membranes
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Figure 4.2. Procedure for forming smart-skins/membranes around hydrogels. (A) Initiator-
loaded spherical alginate gel (Photo A1) is placed in a mixture of UDA and MTEMA monomers.
The skin (copolymer of UDA and MTEMA) grows around the gel core upon UV irradiation and
is transparent (Photo A2). (B) Monomer mixture (UDA and MTEMA) is poured on top of the
initiator-loaded agar gel disc. Upon UV irradiation, a thin free-standing membrane is formed and

it is easily detached from the gel (Photo B1).

Our procedure for synthesizing smart-skins around hydrogels is a modification of our

earlier approach.!”® We begin with a spherical gel of alginate (3-4 mm in diameter) formed by

dropping 2% sodium alginate into a 0.5 M calcium chloride solution using a pipette or a syringe

(Photo Al). The gel is formed by complexation of anionic alginate chains with Ca®* ions at egg-

59



box junctions.*® This spherical gel is then loaded with 0.5% Irgacure 2959 (photoinitiator) and
then placed in a mixture of liquid monomers (Figure 4.2A).1% The monomer is an 80/20 mixture
of a urethane diacrylate (UDA) and the redox-responsive 2-(methylthio)ethyl methacrylate
(MTEMA). The initiator is soluble in water and in the monomers, while the monomers are
insoluble in water. This ensures that a thin skin is formed concentrically around the spherical gel

upon irradiation with UV light (Photo A2).

We also form free-standing membranes of UDA/MTEMA by using a gel of a different
geometry (Figure 4.2B). For this, a gel of agar, a biopolymer extracted from red seaweeds,” is
formed in a disc shape. A hot agar solution (~90°C) is added to a Petri dish. Upon cooling, agar
chains form a network in which the crosslinks correspond to double-helical junctions of the
chains. The agar gel is then loaded with 0.5% Irgacure 2959. We then pour the monomer mixture
on the agar disc. Because the monomer is a viscous liquid, it spreads uniformly on the gel. We
then irradiate the system with UV light to form a thin transparent membrane, which can be

peeled off from the agar gel (Photo B1).

4.3.2 Smart-Skin Characterization

Scanning electron microscopy (SEM) images of a smart skin that was peeled off from a
3-mm alginate core are shown in Figure 4.3A. The skin, obtained after 10 min of UV irradiation,
shows a smooth texture and is very uniform, with a thickness of 75 um (Photo A2). Energy-
dispersive x-ray (EDX) measurements on a region (red box in A2) of the skin confirms the
presence of sulfur in the skin (by the Ky peak at 2.3 eV in the EDX spectrum in Figure 4.3B).

Note that the elements C, O, N, and S are the only ones found in the EDX, which is as expected
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from the structures of UDA and MTEMA. Moreover, from EDX, the sulfur content is calculated

to be 11.5% by weight and 4.9% on an atomic basis (Table in Figure 4.3), which agrees with the

sulfur percentages calculated from the monomer composition (80/20 UDA/MTEMA).

(A) SEM images of the skin
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(B) EDX spectrum of the skin: confirming the presence of sulfur
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Figure 4.3. Smart-skin characterization using electron microscopy. The skin was formed
around a 3-mm alginate gel with 10 min of UV-irradiation. (A) SEM images showing the smooth
texture of the skin (Photo A1l). The magnified image (Photo A2) shows the thickness to be 75
um. (B) EDX spectra of the skin confirm the presence of sulfur (peak at 2.3 eV) in the skin at a

weight% of 11.4% and atomic% of 4.9% (inset table).

We can control the thickness of the skin around alginate hydrogels from ~ 20 to 200 pm

by simply varying the UV exposure time. As an example, Figure 4.4 shows the skins around

alginate gels (4 mm diameter) loaded with 0.5% photoinitiator, followed by 10 and 30 min of

UV irradiation. The skin thickness is 50 um with a 10-min UV exposure whereas it increases to
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120 um when the UV exposure time is increased to 30 min. Such control over the thickness will

be helpful in controlling the release of solutes from the skin-covered hydrogels.

UV, A =365 nm

Figure 4.4. Smart-skin characterization by optical microscopy. Optical images of the skins
around 4-mm alginate gels with 10 min (Photo A1) and 30 min (Photo A2) of UV exposure.

4.3.3 Thioether Redox Chemistry

The redox-responsive properties of our smart skin are due to the thioether groups on
MTEMA units (Figure 4.5A). Thioethers are known to get oxidized to sulfoxides when exposed
to oxidizing agents such as hydrogen peroxide (H,0,).!” Note that poly(MTEMA) has a purely
hydrocarbon backbone and is therefore hydrophobic and insoluble in water. When
poly(MTEMA) is oxidized, its sulfoxide form, denoted as poly(MSEMA) in Figure 4.5A, is
hydrophilic. The sulfoxides can also be reduced back to thioethers using reducing agents such as

vitamin C (VitC).
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(A) Schematic: poly(MTEMA) redox properties | (B) FTIR spectrum: oxidation of poly(MTEMA) (C) FTIR spectrum: reduction of poly(MSEMA)
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Figure 4.5. Thioether redox chemistry and its spectroscopic quantification. (A) In the
presence of oxidizing agents such as H>O», the thioether-bearing polymer, poly(MTEMA) is
oxidized to its sulfoxide form, poly(MSEMA). The reaction can be reversed upon contact with
reducing agents such as VitC. (B) FTIR spectra for a poly(MTEMA) film before and after
placing in 30% H,O,. A strong sulfoxide stretching peak at 1046 cm™ confirms the oxidation.
(C) FTIR spectra for a poly(MSEMA) film before and after reduction with 10% Vit C. The peak
at 1046 cm™! is decreased, indicating that poly(MSEMA) is partially reduced to poly(MTEMA)).

To confirm the oxidation reaction, we prepared a poly(MTEMA) film and exposed it to
30% H20,. We studied the film by FTIR spectroscopy before and after oxidation. After
oxidation, a characteristic peak for sulfoxide stretching is observable at 1046 cm™ (Figure 4.5B),
indicating the conversion of thioethers to sulfoxides, i.e., of the polymer to its hydrophilic form,
poly(MSEMA). Next, we exposed the poly(MSEMA) to reducing conditions (10% VitC) and re-
ran the FTIR. Previous studies had indicate that the yields of the reverse reaction are not very
high.>® Therefore, both the thioether and sulfoxide forms are expected to be present after
reduction with VitC. Indeed, Figure 4.5C shows that the peak at 1046 cm™ is decreased,
indicating that some of the sulfoxides are converted back to thioethers, making the polymer less
hydrophilic. Note that these experiments could not be done on the copolymer skin made from
UDA and MTEMA because UDA has a strong peak at 1100 ¢cm™ that interferes with the

sulfoxide peak (Figure 4.6).
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Figure 4.6. FTIR spectroscopy of UDA and the reduced MSEMA film. FTIR spectrum of a
poly(UDA) film. The strong peak at 1100 cm™ precludes analysis of a sulfoxide peak in the
1070-1030 cm™! range.

4.3.4 Smart-Skin for ‘Switching On’ the Release of Solutes

We now discuss the release of hydrophilic solutes from skin-covered hydrogels.
Specifically, we study a model hydrophilic solute, viz. acid red 52 (MW = 559 Da), which is an
anionic dye with a molecular size ~ 0.5 nm. We loaded 1 mM of this dye into an alginate gel (4-
mm diameter) and then covered it with a UDA/MTEMA skin (50 pum thickness) using the
technique shown in Figure 4.2. This skin-covered gel was initially placed in a vial containing 2
mL of deionized (DI) water for 24 h. Figure 4.7 shows the cumulative dye concentration (as a
percentage of the total dye) in the external solution as a function of time. Over the 24 h in DI
water, we observe no dye release from the gel. This is consistent with the skin being hydrophobic
with thioether moieties (MTEMA form), which completely block the release of the dye, even
though its molecular size (0.5 nm) is much smaller than the mesh size of the alginate gel

(expected to be ~ 20 nm).
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Figure 4.7. Release of an anionic solute from a smart-skin-covered hydrogel. Cumulative
release (% of the loaded solute) vs. time for acid red 52 dye from an alginate gel covered with a
smart skin. No dye gets released in water for a day, while the dye starts releasing upon
transferring the gel to a 30% H>O: solution. Schematics demonstrating that the release is “turned
on” because the skin is converted from its hydrophobic (thioether) form to its hydrophilic
(sulfoxide) form.

Next, the gel is transferred to a vial containing 2 mL of 30% H2O- solution. We observe
the release of dye to be “turned on” and it occurs in a steady fashion with 90% of the dye
released over a period of a day. The release of dye can be attributed to the transformation of
hydrophobic thioethers to hydrophilic sulfoxides in the skin. Note that there is no change in the
core gel; all the action is in the thin surface layer — the smart skin — whose thickness is just 1% of
the gel diameter.
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Figure 4.8. Release of a cationic solute from a smart-skin-covered hydrogel. Cumulative
release (% of the loaded solute) vs. time for methylene blue dye from an alginate gel covered
with a smart skin. No dye gets released in water for a day, whereas a steady release is seen upon
transferring the gel to a 30% H20- solution.

To validate that the findings are universal and regardless of the charge of the hydrophilic
solute, we further tested the release of cationic methylene blue dye (MW = 320 Da) from a skin-
covered gel. This time, we loaded 10 mM of this dye into an alginate gel (4-mm diameter) and
then covered it, as before, with a UDA/MTEMA skin (50 um thickness). Figure 4.8 shows the
plot of cumulative dye concentration vs. time. Once again, the release into DI water is zero,
while 20% of the dye was released in 40 h of incubation in a 30% H>O; solution. Note that the
methylene blue dye release is much slower than that of the acid red 52, even though 10 times
more dye was loaded in the gel. This delayed release may be due to the binding of anionic

alginate chains to the cationic methylene blue molecules.
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We then reverted to the acid red 52 (anionic dye) and studied the effects of parameters
such as skin thickness, oxidant (H20:) concentration, and dye concentration on the release.
Keeping other variables constant, two 4-mm diameter alginate gels with different skin
thicknesses (50 and 120 um) were obtained by varying the UV exposure time from 10 to 30 min
(Figure 4.4). Both these gels were loaded with 1 mM dye and placed in a 30% H>O, solution.
The release (Figure 4.9A) occurred from both the gels; however, the rate of release was much
slower from the gel covered with the thicker skin (120 um). The thicker skin provided more
resistance to the release of hydrophilic solutes due to the increased residence time of solutes in

the skin.

Next, we varied the concentration of H»>O» in the external solution, with all other
parameters the same (1 mM dye, 4-mm gels, 50 pum skin). Figure 4.9B shows that ~100% of the
dye was released in 1 day when the H>O2 was at 30%, whereas, when the H,O> was dropped by
half (15%), only 50% of the dye was released a day. In this case, it took more than 3 days to
release ~100% of the dye. A further decrease in H,O> to 10% resulted in less than 20% of the
dye released in a day. This reduction in dye release is due to the slower conversion of thioether
to sulfoxide groups, as noted in the literature.!!® Lastly, we did the release experiments for 1 mM
and 10 mM dye concentrations with other parameters (4-mm gels, 50 um skin, 30% H»0») all
fixed. A faster release is observed with the higher concentration, evidently due to a higher

concentration gradient (Figure 4.9C).
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Figure 4.9. Tuning the Kinetics of solute release. In all cases, release of the anionic dye (acid
red 52) out of skin-covered alginate gels is studied. (A) Effect of skin thickness (this is tuned by
the UV irradiation time). (B) Effect of H>O» concentration in the external aqueous solution. (C)
Effect of the encapsulated dye concentration.

Altogether, from findings in Figures 4.7, 4.8, and 4.9, we have demonstrated that release
of solutes from smart-skin-covered gels can be switched on as needed. To our knowledge, such
on-demand release has never been demonstrated with small, hydrophilic molecules. Next, we

examine if the release can be switched both on and off.
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4.3.5 Cyclical On-Off Release of Solutes from Smart-Skin Covered Gels
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Figure 4.10. Cyclical release of solute from a smart-skin-covered hydrogel by toggling the
redox state of MTEMA. Cumulative release of acid red 52 dye vs. time is shown from an
alginate gel covered with a smart skin. Dye is released in the “ON” state (when the gel is
exposed to the oxidant, H>O2) whereas release is negligible in the “OFF” state, when the gel is
exposed to the reductant, VitC. The schematics indicate that the skin is in its hydrophilic
(sulfoxide, MSEMA) form in the ON state and in its thioether (hydrophobic) form in the OFF
state.
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The smart-skin system, thus far, showed a one-way release, but we can do more. By
simply changing the oxidation-reduction states of the sulfides on MTEMA units, we can go back
and forth between a hydrophobic and a hydrophilic skin. Figure 4.10 shows a cyclical on-off
release profile of the acid red 52 dye. For this experiment, a 4-mm alginate gel with a 50 pm skin
was loaded with 1 mM dye. At ¢ = 0, the hydrophobic skin (MTEMA form) was “switched ON”
by placing it in a vial containing 30% H20>. The oxidizing agent converts MTEMA into the
hydrophilic (MSEMA) form. Over the next 6 h, some of the dye (10%) leaks out. Next, we
placed the skin-covered gel in 10% VitC for 10 min, which is our way to “switch OFF” the
release because VitC reduces some of the MSEMA back to MTEMA. The gel was then
transferred to DI water. As expected, in this OFF state, there is negligible release of dye (only

4% in 6 h), indicating that the skin is sufficiently hydrophobic again.

Next, we repeated this process by returning the gel to the ON state (H20:), and this again
results in 30% of dye release over 6 h. Then, the gel was again switched OFF (VitC for 10 min,
then put in DI water), and in this case, there was only 3% of release over 6 h. As a final step, we
placed the gel back in H>O> to switch it ON again, and in the last 6 h in Figure 4.10, 25% of the
dye is released. Thus, our “smart skin” allows the release of solute from the gel to be switched on

as needed and also switched off as needed.
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4.3.6 On-Off Release of Solutes from Smart Membranes
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Figure 4.11. Smart-membranes and their ability to achieve on-off solute transport.
Cumulative dye release (% of the loaded dye) vs. time (h) from a smart membrane. Fast transport
occurs through the skin when injected with a 30% H>O: solution due to the membrane being in
the hydrophilic form, whereas slow transport or negligible release occurs after placing in a
solution containing 10% vitamin C due to the skin being in the more hydrophobic form.

Finally, we show that the flat membranes made from UDA/MTEMA copolymers also
demonstrate on-off release of solutes. For the experiment, we worked with a membrane of
dimensions 12 cm x 5 cm x 50 pum, made as shown in Figure 4.2B. The membrane was then
placed in an osmosis setup that has two chambers on either side. The permeate (P) side is filled

with 1 mM dye and the retentate (R) side is filled with water (no dye). At this stage, the
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hydrophobic membrane (M) does not let any of the dye through, despite the existence of a strong
concentration gradient for the dye. Then, the water is replaced with 30% H>O; solution. Figure
4.11 shows the dye concentration in the R chamber as a function of time. The oxidizer (which is
only on one side of the membrane) slowly converts the membrane into a hydrophilic form. In 12

h, some dye is seen to permeate through to the R chamber.

At this point, the H20O» solution was pipetted out from the R chamber, and it was filled
with 10% VitC solution for 10 min and after which it was replaced with DI water. In the next 12
hours, very little dye is released into the R chamber, suggesting that the VitC has reduced some
of the hydrophilic MSEMA groups back to MTEMA form. Thus, our approach can also be
extended to on-off release from membranes, which could be useful in applications including

separations, controlled release, and water treatment.!!2-114
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4.4 Conclusions

In conclusion, we have designed smart-skin covered hydrogels with redox-responsive
properties that allow on-demand and cyclical on-off release of small molecule hydrophilic
solutes from the gel cores. At the outset, the solutes are completely sealed in the gel cores and
are prevented by the skins from leaking out into the external aqueous solutions until desired
periods of time. Moreover, the gels with smart skins have the ability to release their encapsulated
solutes on-demand by applying an “on” switch via placing them in a solution containing oxidants
such as hydrogen peroxide. Additionally, the rate of release can also be easily controlled by
varying the parameters such as skin thickness, oxidant concentration as well as solute loading.
Conversely, the solute release can also be stopped on-demand by applying an “off” switch via
placing them in a solution containing reducing agents such as vitamin C. This process of
switching on/off the release of solutes is repeatable and can be cycled multiple times between the

on and the off states.

To achieve this, we have utilized an inside-out technique that we developed for enclosing
hydrogels with hydrophobic polymer skins. This time, we have modified the chemistry of the
skin to include functional polymers containing thioether moieties. Initially, the skin is
hydrophobic, but in the presence of H2O», the thioether groups are oxidized into hydrophilic
sulfoxide groups, thus making the skin become hydrophilic and thereby allowing the solutes to
be released. Moreover, in the presence of vitamin C, the sulfoxide groups are partially converted
back to the thioether forms and thus allowing the solutes to be prevented from leaking out of the
gels. By reversibly toggling the skin state from hydrophobic thioether form to hydrophilic

sulfoxide form, on-demand and cyclical on-off release of various small molecule hydrophilic
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solutes can be achieved. Such, a perfect hydrogel-based system with on-demand and on-off

release capabilities is envisioned to be useful in many industrial applications.

We also extend the inside-out technique to form thin, freestanding, smart-polymer
membranes with controlled thicknesses of ~10-200 um. These membranes, like the skins, also
allow on-demand and on-off transport of solutes from one-side to the other. This is achieved by
selectively tuning their chemistry and with that their hydrophilicity using oxidizing and reducing
agents. We envisage that these smart polymer membranes can be employed in several
applications including chemical separations, controlled release drug delivery as well as water

purification.
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Chapter 5

Smart Membranes around Vesicles

5.1 Introduction

Molecular self-assembly is ubiquitous in nature and is centrally important to life itself.!!®
It refers to a thermodynamically driven process of spontaneous organization of molecules into
ordered aggregates, usually through non-covalent interactions. Many complex structures
contained in a cell including folded proteins, functional nucleic acids, and lipid membranes are
formed by this self-assembly process.!!” Likewise, amphiphilic molecules such as surfactants,
lipids, or block-copolymers self-assemble in aqueous solutions to form diverse architectures,
including spherical micelles, cylindrical micelles, and vesicles.* It turns out that the key to the
formation of a particular self-assembled structure relies on the geometry of the amphiphilic
molecule and can be quantified by a parameter known as the critical packing parameter
(CPP).#>!18.119 Thig parameter is expressed as the ratio of the average cross-sectional area of the
tail to the average cross-sectional area of the head group. For instance, if the CPP is less than
0.33, the amphiphile assumes a cone geometry and favors the formation of spherical micelles.
On the other hand, if the CPP is higher and is in the range of 0.5 - 1, the amphiphile assumes a

cylindrical geometry and bilayer structures, or vesicles are formed.

Vesicles are nanoscale hollow containers that consist of an aqueous interior core

4,120

surrounded by a bilayer and are often made from lipids or a combination of oppositely

charged surfactants,!!®-121:122

which have cylindrical geometries. The vesicles formed from lipids
are generally biocompatible and biodegradable but often exhibit low stability as they are not

equilibrium structures.*® On the contrary, catanionic vesicles formed from oppositely charged
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surfactants exhibit long-term stability.!!*!2! Moreover, unilamellar catanionic vesicles form
spontaneously when unequal ratios of cationic and anionic amphiphiles are simply mixed. In
contrast, unilamellar vesicles made from lipids require high energy in the form of sonication or
extrusion.'?® These are the key reasons why catanionic vesicles, with their long-term stability,

low cost, and relative ease of preparation attract the attention of several researchers including our

group.

Catanionic vesicles are of special interest for applications in a wide range of industries
including pharmaceuticals, food, and cosmetics due to their ability to encapsulate a variety of

substances such as drugs, perfumes, and organic chemicals.!?!-12?

More importantly, these self-
assembled vesicle structures can be designed using stimuli-responsive amphiphiles, which can
tune their geometry in response to external stimuli. This change in geometry in turn causes a
transformation in the self-assembled structure to spherical or cylindrical micelles.*-12*
Furthermore, this transformation can result in the burst active release of the encapsulated

substances upon activation of the trigger. In this regard, various stimuli such as temperature,

light, and pH have been extensively studied.*-124-127

An additional relatively new stimulus, reactive oxygen species (ROS) is also gaining
importance as it is commonly produced from various endogenous sources and it can also be
produced exogenously through irradiation of photosensitizers.!?%13! ROS are highly reactive
oxygen species including hydrogen peroxide (H>O:), hydroxyl radical (OH), superoxide (O2’),
and singlet oxygen (102). In living organisms, ROS are routinely generated at low levels in all

cells and play a vital role in mediating several physiological processes including cell signaling,
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protein function, and pathogen control.>>>” However, increased levels of ROS are often observed
locally in tumor microenvironments when compared to normal tissues. Therefore, it is not
surprising that several ROS-responsive materials have been considered for cancer treatment.
Various ROS responsive chemistries have been reported, such as thioether, selenium, tellurium,
thioketal, and arylboronic ester.’!>23%132-134  Among these chemistries, the thioether group,
beginning with the development of polypropylene sulfide in 2004,°® remains the simplest yet
powerful chemistry that is sensitive to ROS moieties. Thioether groups are known to undergo a
transition from hydrophobic sulfide to hydrophilic sulfone or sulfoxide groups in the presence of

ROS such as hydrogen peroxide and hydroxyl radicals due to oxidation,>!:32--38:132.133

Several research groups have been successful in achieving the transformation of vesicles
to micelles upon applying stimuli such as temperature, light, and pH.**'?*127 However, to our
knowledge, only a handful of articles are reported thus far demonstrating such a transformation
using ROS as a trigger. One such study is a recent one by Guo ef al.,’” where they show ROS-
induced vesicle to micelle transition with custom-synthesized selenium incorporated amphiphilic
surfactants. All these systems relied on complicated synthesis procedures requiring adept
knowledge of organic chemistry techniques. Hence, there is still a need to create simple ROS

responsive vesicles made from commercially available organic molecules.

Moreover, in many pharmaceutical and biomedical applications, it is often desirable to
have vesicles that are responsive to multiple stimuli instead of a single stimulus.!3%!*! Having
such multi-stimuli responsive systems could provide unique opportunities to tune the release

profiles of active ingredients simply by adjusting the suitable combination of stimulus
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conditions.!*® Previously studied multi-stimuli responsive vesicles thus far have involved
complex modifications and organic synthesis of certain amphiphilic molecules to incorporate
specific functional groups.!¥>-14! This makes it very difficult to reproduce these systems and to

scale them up for commercial applications.

In this study, we have used two commercially available amphiphilic molecules for
obtaining multi-stimuli responsive vesicles: the cationic PDST and the anionic SDBS. PDST is a
commonly used photoinitiator and a photoacid generator for cationic polymerization of epoxy or
vinyl ether functional groups.!#? On the other hand, SDBS is a commonly used anionic surfactant
used in detergents and cleaning products. The concept we have explored is that molecules with
sulfur-containing groups will be responsive to oxidative and reductive conditions. Here, a sulfide
group is present in the hydrophobic tail of the cationic photoinitiator. Initially, PDST and SDBS
assemble into vesicles when mixed in a certain ratio. In the presence of ROS (via the addition of
H>0»), the vesicles are transformed into micelles. The reason for this transformation is believed
to be due to the sulfide in the PDST tail being converted into a sulfone or sulfoxide; thus, the tail
is no longer hydrophobic and PDST loses its amphiphilicity. The system will transition from

PDST/SDBS vesicles to much smaller micelles (Figure 5.1).
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Figure 5.1. Multi-stimuli responsive catanionic vesicles. The vesicles are made by combining
the cationic amphiphile PDST and the anionic surfactant SDBS. The mixture acts like a two-
tailed lipid and self-assembles into “catanionic” vesicles with sizes ~ 100 nm. In the presence of
UV, ROS, and temperature (heat), these vesicles are transformed into spherical micelles through
different mechanisms. In the latter two cases, the micelles can be reverted to vesicles: by adding
a reducing agent and by cooling, respectively.

Another interesting aspect about PDST is that it is also responsive to light and
temperature, in addition to ROS. When UV light is irradiated, PDST loses its positive charge and

is photolyzed into hydrophobic molecules.!*

Thus, UV will again induce a transition from
PDST/SDBS vesicles to SDBS micelles, with the photolyzed PDST incorporated into the core of
the micelles. Moreover, increasing the temperature of the system solubilizes the PDST in an
aqueous buffer and therefore triggers the transformation of vesicles to micelles. Subsequently,

we also show that the transformation from vesicles to micelles is both redox reversible and

thermo-reversible (Figure 5.1). We also show the release of a model solute from these catanionic
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vesicles before and after they are converted to micelles upon increasing the temperature.
Moreover, as expected, the burst release of a payload is achieved from micelles, whereas slow
release is observed from vesicles. Such stable, multi-responsive vesicles are desirable in many

applications including drug delivery, and personal care.
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5.2 Experimental Section

Materials. (4-Phenylthiophenyl)diphenylsulfonium triflate (PDST), hexadecyl
trimethylammonium p-toluenesulfonate (CTAT), hydrogen peroxide (30 wt% in water), and
hydrazine hydrate (50-60%) were purchased from Sigma-Aldrich. p-octyloxydiphenyliodonium
hexafluoroantimonate (ODPI) was purchased from Gelest. Sodium dodecylbenzenesulfonate
(SDBS) was obtained from TCI and glacial acetic acid was purchased from fisher chemical.
Sodium phosphate, dibasic, anhydrous was used to prepare phosphate buffer solutions and was
purchased from J.T. Baker. Ultrapure DI water was used in all experiments. Spectra-Por Float-A-
Lyzer G2 dialysis inserts (MWCO = 100 kDa), and Sephadex G-50 (fine) were purchased from

Sigma-Aldrich.

Sample Preparation. Stock solutions of SDBS were prepared first by mixing and dissolving
known quantities in 50 mM NaHPOs buffer. For experiments involving the dye, ImM
Rhodamine 6G was added and mixed to this stock buffer solution containing SDBS. Next, PDST
and SDBS catanionic vesicles/mixtures were prepared by adding known amounts of PDST
powder to the above-prepared stock solution of SDBS at appropriate weight ratios with a total
amphiphile concentration of 1wt%. These mixtures were stirred for 24 h using magnetic stirrers
to ensure complete mixing and equilibration. Sample containing vials were stored in the dark at

room temperature until further use.

Sample response to UV irradiation and turbidity measurements. The samples containing 1:9
and 2:8 weight ratio PDST-SDBS catanionic vesicles at 1% total concentration were subjected to

UV light to study their transformation to micelles. 1.5 mL of samples were transferred into
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polystyrene cuvettes and were then irradiated with an Oriel 200 W mercury arc UV lamp for a
specific period under mild stirring. At any given time, the cuvettes containing the samples were
taken and analyzed using a Cary 50 UV-Vis spectrometer. Absorbance or optical density was
measured at a wavelength of 500 nm. The samples were then immediately placed back under the
UV lamp until the samples completely became yellowish and clear. The measured optical density
was then plotted as a function of UV irradiation time. Finally, they were returned to vials after

the measurements for taking photos.

Sample response to HO: and Hydrazine hydrate. For studying the redox-response of 1:9 and
2:8 mixtures, known amounts of 30wt% H2O> solution were first added to the previously
prepared 1wt% 1:9 and 2:8 PDST-SDBS samples and mixed thoroughly using a vortex mixer.
Glacial acetic acid at 1% concentration was then added to the samples for enhancing the rate of
conversion of sulfide to sulfoxide groups.!'> After given amounts of H,O, and 1% acetic acid
was added, the samples were analyzed for turbidity or optical density using the Cary 50 UV-Vis
spectrometer at a wavelength of 500 nm. For time-dependent ROS-response, known amounts of
H>O, were first added to the samples containing vesicles, followed by taking absorbance
measurements as a function of time. Next, the reversibility of micelles to vesicles using
hydrazine hydrate was analyzed. Briefly, 1:9 and 2:8 mixtures were diluted with 30% H20O- to
reach a final H2O» concentration of 15 wt%. Then, glacial acetic acid was added at 1% and the
samples were incubated for 2 days at room temperature to completely convert the vesicles to
micelles. Subsequently, known amounts of hydrazine hydrate were added to the converted

micelles and the solutions were mixed using a vortex mixer. The samples were then allowed to
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equilibrate for 2 mins before taking absorbance measurements. The optical density was measured

at 500 nm after given amounts of hydrazine were added.

Sample response to temperature. The temperature response of the 1:9 and 2:8 samples was
recorded by heating the samples by placing them in a water bath, where the temperature was set
using a Julabo water heater. Optical density measurements of the solutions were done using Cary
50 spectrometer equipped with a Peltier-controlled cell holder. Samples were placed in cuvettes
and the optical density was measured at a wavelength of 500 nm as a function of temperature.
After measurements were done, the samples were left at room temperature to study their thermo-

reversible behavior.

Dynamic Light Scattering (DLS) and zeta potential measurements. The particle size
distribution and zeta potential of PDST-SDBS vesicles were determined using a Malvern
Zetasizer Nano ZS90 instrument. 1 mL of the samples were loaded into a polystyrene cuvette
and a disposable folded capillary cell (DTS1070, Malvern) for size and zeta potential
measurements respectively. The zeta cell and the cuvette containing the samples were then
placed into the sample holder of the instrument and the sample was allowed to equilibrate for
120 seconds at 25 °C. Next, the sample properties were measured by the software three times. In
the case of zeta potential, the average zeta potential value of the three measurements was

reported.

Cryo-TEM. The sample was pipetted onto the surface of an ultra-flat holey carbon-film coated

copper grid (400 mesh, Protochips). After removing the excess solution, the sample was frozen
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quickly by plunging into liquid ethane using a Gatan Cryoplunge 3 system to form a vitrified
specimen. The frozen specimen was then transferred to a cryo-TEM holder using a cryo-
workstation (Gatan) filled with liquid nitrogen. Subsequently, the cryo-TEM holder with the
specimen was inserted into the TEM column and the morphology of the specimen was examined

with the JEM 2100 LaB6 TEM (JEOL) instrument at an accelerating voltage of 100 kV.

Dye release experiments. The 2:8 catanionic vesicles samples that were loaded with 1mM
Rhodamine 6G cationic dye were the starting point for the dye release experiments. To remove
free solute, the solution was purified using a size-exclusion chromatography column (SEC)
packed with fine Sephadex G50 resin. However, there was negligible separation observed using
the SEC column because most of the dye was strongly bound to the 2:8 anionic vesicles using
electrostatic attractions. Therefore, this separation step is unnecessary and could be omitted. To
monitor the release of the Rhodamine 6G dye from the vesicles at room temperature and at 60
°C, 1.5 mL samples were first injected into the Float-A-Lyzer G2 dialysis inserts (MWCO: 100
kDa), which were placed into a 200 mL beaker containing 150 mL of 50 mM phosphate buffer
equilibrated to 25 °C and 60 °C respectively. Note that 100 kDa MWCO dialysis inserts were
used to allow the dye bound to 2:8 micelles to easily leak out (due to their large size) into the
external buffer solution. 1 mL samples were collected periodically from the external buffer
solution and the absorbance was measured at the peak wavelength of 530 nm. After
measurement, the samples were returned to the vials. These absorption measurements were then
converted into concentrations using a standard curve for the Rhodamine 6G dye. Cumulative dye
release (%) was then calculated by normalizing the dye concentration with that in the solution

after equilibration for 2 days at 60 °C.
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5.3 Results and Discussion

5.3.1 Phase Behavior of Catanionic Vesicles

The multi-stimuli responsive vesicles are made by simple mixing of the cationic
amphiphile PDST and the anionic surfactant SDBS in a phosphate buffer. Note that PDST
(Figure 5.1) has a hydrophobic tail with a thioether group. PDST is found to be insoluble in
water, but when mixed with SDBS in a 50 mM phosphate buffer (pH 7.4), we obtain vesicles at
certain weight ratios, as shown by Figure 5.2A. Here, we fix the total concentration at 1 wt% and
vary the weight ratio of PDST:SDBS. A buffer solution is used instead of DI water to maintain a
stable pH.* Between PDST:SDBS ratios of 1:9 to 5:5 respectively, the samples appear bluish,
turbid, and homogeneous, indicating the presence of vesicles. This bluish appearance is due to a
well-studied light scattering phenomenon called the Tyndall effect.!?* Dynamic light scattering
(DLS) measurements (Figure 5.2B) reveal that the average hydrodynamic diameters Dy of the
vesicles are 145, 120, and 145 nm for the 1:9, 2:8, and 3:7 samples. As the SDBS weight fraction

increases, the polydispersity increases.

The zeta potentials for these mixtures are plotted in Figure 5.2C and are found to be
strongly negative (|¢] > 50 mV). The net anionic charge is to be expected because the samples
have far more SDBS than PDST molecules (e.g., in the 4:6 PDST:SDBS sample, the molar ratio
is 1:2.2, i.e., there are twice as many SDBS molecules for every PDST). Also, as expected, as the
PDST fraction increases, the zeta potential becomes less negative. However, samples at PDST-
SDBS ratios of 6:4 and higher exhibit phase separation (a solid precipitate) or coacervation
(Figure 5.2A). The phase separation indicates that too high a fraction of PDST (a relatively

hydrophobic amphiphile) cannot be accommodated in the self-assemblies.
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Figure 5.2. Phase-behavior of PDST-SDBS mixtures and characterization of their vesicles.
(A) Phase behavior of 1% PDST-SDBS in phosphate buffer. Between 1:9 and 5:5, vesicles are
formed (bluish samples). At higher PDST, phase separation occurs. (B) Size distributions from
DLS of the 1:9, 2:8, and 3:7 PDST-SDBS vesicles. (C) Zeta potentials of PDST-SDBS mixtures
with increasing weight fraction of PDST.

The PDST:SDBS vesicles were further analyzed for their stability. The 1:9 and 2:8
vesicle samples remain stable for over six months at room temperature (Figure 5.3). Both the
average size and optical density (OD) are almost unchanged. Such long-term stability is
commonly reported for catanionic vesicles. Images from cryo-transmission electron microscopy

(cryo-TEM)!4+145 also confirm the presence of unilamellar vesicles in the samples and will be
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shown later in Figure 5.7. The rest of our studies in this Chapter are mostly done with the 1:9 and

2:8 samples.
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Figure 5.3. Long-term stability of PDST:SDBS vesicles. Photos are shown of a 1% mixture of
1:9 PDST:SDBS vesicles. The sample as prepared (¢ = 0) is turbid and bluish, with DLS
revealing an average diameter of 145 nm and UV-Vis giving an optical density (OD) of 0.47
(Photo 1). After six months of storage at 25°C, the sample still appears the same, with virtually
the same size and OD (Photo 2). This shows the long-term stability of these catanionic vesicles.

5.3.2 Light-Induced Vesicle to Micelle Transition

We now discuss the effects of different stimuli such as light, ROS, and temperature on
these vesicles. First, we study UV light-irradiation (Figure 5.4). As shown in Photos Al and BI,
the 1:9 and 2:8 samples are initially bluish. The OD (measure of turbidity) at a wavelength of
500 nm is plotted as a function of UV irradiation time. Within 20 min, the OD of the 1:9 sample

reaches a minimum and the sample becomes clear (Photo A2). The 2:8 sample also gradually
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decreases in OD (over 2 h) and becomes clear. This loss in turbidity points to a structural
transition from vesicles to much smaller structures, most likely micelles.**-"-124 DLS experiments
on these clear samples did not provide a clear estimate of micellar size, likely due to the low
intensity of scattered light. Generally, spherical micelles are expected to be around 5 nm in

diameter.

Turbid,
vesicles

Optical Density

0 50 100 150 200 250

UV Irradiation Time (min)

Figure 5.4. Light-induced transformation of vesicles to micelles detected by turbidity
measurements. Optical density (OD) at 500 nm is plotted for 1% mixtures of 1:9 and 2:8
PDST:SDBS vesicles as a function of the UV-irradiation time. Initially, both samples are bluish,
indicating vesicles (Photos Al and B1). After 250 min, the samples are both clear, indicating
conversion to small micelles (Photos A2 and B2).

The mechanism behind the above UV-induced vesicle-to-micelle transition can be
explained based on the photochemistry of PDST, which is a triaryl sulfonium salt. Figure 5.5A
shows that UV induces photolysis of PDST into hydrophobic byproducts and an acid.!#*-!#¢ This
chemical change drastically alters the geometry of PDST. It goes from being a cationic

amphiphile (blue head, red hydrophobic tail) to uncharged hydrophobic byproducts (pink tails).
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In turn, vesicles can no longer exist and the system transitions to micelles.*->”!2* Note that the
generation of acid does not alter the pH of the samples because they were prepared in phosphate

buffer; thus, the pH remains constant at 7.4 before and after the UV irradiation.
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Figure 5.5. Effects of UV, ROS, and temperature on the PDST molecule and the resulting
change in molecular geometry. (A) UV irradiation photolyzes PDST to acid and hydrophobic
byproducts (pink tails). (B) ROS (H202) convert PDST from insoluble (Photo B1) to soluble
(Photo B2) in buffer at room temperature. This is because the hydrophobic thioethers in PDST
are oxidized to hydrophilic sulfoxides (tail shown to change from red to blue). (C) Temperature
(heating) induces PDST to convert from insoluble (Photo C1) in buffer at room temperature to
soluble (Photo C2) at 60°C. This is again because the tail of PDST changes from hydrophobic to
hydrophilic (red to blue).

The concept of critical packing parameter (CPP) is useful in understanding the self-
assembly transformation. CPP is the ratio of the average area of the tail region (awil) to the
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effective area of the head group (ang).*>!'®!!"® Note that ane includes contributions from
electrostatic and/or steric repulsions. A CPP ~ 1/3 implies the formation of spherical micelles; a
CPP between 1/3 and ' implies cylindrical micelles; and a CPP between 2 and 1 results in
vesicles or bilayers. For instance, SDBS alone forms spherical micelles because it is negatively
charged and therefore has a large an; which makes SDBS cone-shaped and thus a CPP ~ 1/3.
When PDST is added to SDBS, ang decreases due to the formation of ion pairs, while awil also
increases due to the PDST-SDBS pair acting like a two-tailed lipid (Figure 5.1). Consequently,
the CPP increases to ~ 1, favoring vesicles. When PDST is photolyzed, the loss of charge will
eliminate the ion-pairing. Thus, the CPP will simply become that of SDBS, i.e., ~ 1/3, and this
will favor spherical micelles (Figure 5.1). The uncharged hydrophobic by-products of PDST

photolysis are likely to be embedded in the core of the SDBS micelles.

5.3.3 ROS-Induced Vesicle to Micelle Transition

Next, we proceeded to study the effect of reactive oxygen species (ROS) on the vesicles.
PDST has a thioether group which is known to be oxidized to hydrophilic sulfone or sulfoxide by

), 192.3558,132.133 a9 shown by Figure 5.5B. Figure 5.6A

ROS such as hydrogen peroxide (H20-
shows photos of 1:9 PDST:SDBS vesicles with increasing concentration of H>O; at room
temperature (the images were taken immediately after H>O» addition). The turbidity decreases as

H>O:> is increased, and above 6% H>O: the sample is completely transparent, indicating the

transformation of vesicles to smaller micelles.
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Figure 5.6. ROS-induced transformation of vesicles to micelles detected by turbidity
measurements. (A) Photos showing the turbidity of 1% mixtures of 1:9 PDST-SDBS vesicles
with increasing H>O; concentration. The sample turns from turbid to clear, indicating the
transformation of vesicles to micelles. (B) Optical density at a wavelength of 500 nm as a
function of H>O» concentration for 1:9 and 2:8 PDST:SDBS mixtures. As the H,O; increases, the
turbidity decreases to zero for both samples. Photos Al and B1 show the turbid vesicle samples,
while Photos A2 and B2 show the clear micellar solutions (with 8 and 14% added H»O.,

respectively).

Figure 5.6B plots the OD of the 1:9 and 2:8 samples as a function of H>O, added. The
OD decreases with H>O: for both samples in a sigmoidal decay. The 1:9 sample becomes

transparent (OD ~ 0) at 6% H>O> and above (see Photos Al vs. A2) while the 2:8 sample turns
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transparent at 14% H>O; and above (see Photos Bl vs. B2). The optical changes signify a
vesicle-to-micelle transition induced by ROS. It is worth mentioning that the decrease in
turbidity is instantaneous at high H»O., indicating that when there are numerous ROS, the
transformation from large vesicles to small micelles occurs very fast. In the literature, most
studies that have reported an ROS-response from thioether groups require incubation with H,O»

for long periods (typically hours).>!:32:3,38,132,133

2:8 PDST:SDBS vesicles, before addition of H,0, After addition of H,0,

Vesicles

o L G A

Figure 5.7. Cryo-TEM images showing the vesicle to micelle transition induced by ROS.
The images are of 1% 2:8 PDST:SDBS before and after the addition of 15% H>O.. Photos Al
and A2 show unilamellar vesicles with sizes of 100-200 nm. Photo B1 shows the absence of
structures in the 100-200 nm range. Photo B2 is a magnified image of Photo B1 with dark spots
possibly indicating small (~ 5 nm) micelles.

We used cryo-TEM to conclusively prove the transformation of vesicles to micelles.

Figure 5.7 shows cryo-TEM micrographs of the 2:8 PDST:SDBS sample, before and after
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addition of 15% H20.. In the initial bluish sample, numerous unilamellar vesicles are seen.
Together with the DLS and turbidity data, this confirms that vesicles exist in these catanionic
mixtures. After the vesicles are exposed to H>O, the sample becomes clear and photos B1 and
B2 show no structures in the size range of 100 nm and above. When this image is magnified
further, black spots seem to be present, which may indicate spherical micelles (~ 5 nm in size). It
should be noted that spherical micelles are very hard to image by cryo-TEM.* Overall, cryo-
TEM provides clear support for the presence of vesicles, and it is also clear that these vesicles

are transformed into much smaller structures, which have to be micelles.

(A) 2:8 PDST-SDBS mixture (B) 1:9 PDST-SDBS mixture
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2:8 PDST:SDBS, 0% H,0, - 1:9 PDST:SDBS, 0% H,0,
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Figure 5.8. Kinetics of vesicle to micelle transitions. (A) OD of a 2:8 PDST:SDBS mixture vs.
time after addition of 0, 2, 5, and 7.5% H>0,. (B) OD of a 1:9 PDST:SDBS mixture vs. time
after addition of 0, and 2% H>0-.

We then studied the kinetics of the H>O> induced vesicle to micelle transitions at various
H>O> concentrations. In all cases, the initial ( = 0) OD reading is much lower after the addition
of H20O2 and the higher the H>O, the lower the initial OD. Thereafter, in the case of the 2:8

sample (Figure 5.8A), there is hardly any change in turbidity with time at 2% H>O3, but the OD
93



drops to zero for 5% H»0O, over 70 h and at 7.5% H>O> over 20 h. A similar trend is also
observed for the 1:9 sample (Figure 5.8B). In this case, in the presence of 2% H>O», the OD
drops to zero over 240 h. These results indicate that the transformation from vesicles to micelles
can be achieved at low H>O» concentrations and can be tuned to occur over a long period of time.

This feature of the vesicles may be useful in time-dependent drug-release applications.
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Figure 5.9. Reverse transition from micelles to vesicles by adding a reducing agent. OD of
1:9 and 2:8 PDST:SDBS micelles (prepared by adding 15% H>O» and incubating for 2 days)
after adding different concentrations of hydrazine, a reducing agent. The increase in OD at high
hydrazine reflects the re-formation of vesicles.

Considering the above results, the following mechanism seems to be at play for the ROS-
responsive behavior of the vesicles. As reported in the literature, and as shown in Figure 5.5B,
ROS will transform the hydrophobic thioether in the tail to hydrophilic sulfoxide or sulfone
groups. This will make the PDST molecule more soluble in water and also less amphiphilic.
Initially, the PDST molecule is insoluble by itself in the aqueous buffer at room temperature
(Photo B1, Figure 5.5B). However, after exposure to ROS, the PDST completely dissolves in the

buffer (Photo B2). In terms of CPP and self-assembly, the oxidized PDST cannot stay in the
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bilayer any more as it is hydrophilic and therefore it will exit the bilayer. Thus, the only
amphiphile left is SDBS, with a CPP ~ 1/3 and it will thus form spherical micelles. This can

explain the vesicle to micelle transition.

Next, we tested whether the transformation of vesicles to micelles could be reversed by a
reducing agent such as hydrazine. Hydrazine has been studied previously for its ability to reduce
sulfoxide or selenoxide groups into sulfide or selenide groups.'*’ For this experiment, 1:9 and 2:8
PDST:SDBS micelles are first made by adding 15% H2O: to the vesicle samples and allowing
the system to equilibrate for a couple of days. This ensures complete conversion of thioether to
sulfoxide groups. Figure 5.9 shows that the initial OD is almost zero indicating clear micellar
solutions. Upon adding hydrazine, the OD increases along a sigmoidal curve until it reaches a
plateau. This plateau indicates that all the micelles have been converted to vesicles again, and the
samples appear bluish. DLS also confirms the presence of vesicles with average diameters of 180
nm and 120 nm for the 1:9 and 2:8 samples, respectively. These data show that the micelles can

indeed be reverted to vesicles by adding reducing agents.

5.3.4 Temperature-Induced Vesicle to Micelle Transition

Next, we report the effect of temperature on the 1:9 and 2:8 PDST:SDBS samples, both
of which contain vesicles at room temperature (Figure 5.2). Upon heating, the initially bluish
samples (Photos al and bl, Figure 5.10A) transform into clear solutions at 40°C and 60°C
(Photos a2 and b2). Moreover, when cooled back to room temperature, the samples again
become bluish (Photos a3 and b3). This indicates that the vesicle to micelle transition is a

thermo-reversible process. Systematic OD studies as a function of temperature are reported in
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Figure 5.10B. The OD drops gradually and falls to zero by about 40°C and 60 °C respectively for

the 1:9 and 2:8 samples.

(A) Turbidity as a function of temperature (B) Optical density as a function of temperature
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Figure 5.10. Thermo-reversible transformation of vesicles and micelles detected by
turbidity measurements. (A) Photos showing the turbidity of 1:9 and 2:8 PDST:SDBS samples
at various temperatures. (B) OD vs. temperature for these samples.

The mechanism for these changes likely involves the solubility of PDST as a function of
temperature. Figure 5.5C shows that PDST is insoluble in buffer at room temperature, but
dissolves upon heating to 60°C. This suggests that PDST becomes hydrophilic at high
temperatures and if it is not amphiphilic anymore, it cannot remain in the bilayer. Thus, the only
amphiphile left will be SDBS, with a CPP ~ 1/3, and it will hence form spherical micelles, just as
in the case of ROS as a stimulus. This can explain the vesicle to micelle transition upon heating

and its reverse upon cooling.
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5.3.5 Dye Release Studies
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Figure 5.11. Solute release from PDST-SDBS mixtures at different temperatures.
Cumulative dye release (% of the total) as a function of time from dialysis bags containing 1% of
2:8 PDST-SDBS mixtures at 25°C and 60°C. Only 5% of the dye gets released over a period of
18 h at 25°C. In contrast, 95% of the dye gets released over the same period at 60 °C.

Finally, the utility of vesicle-to-micelle transitions is shown by release studies. A well-
studied cationic dye, Rhodamine 6G, is used as a model solute.!*® 1 mM of this dye was added to
an SDBS-containing buffer solution, followed by the addition of PDST to form 2:8 PDST:SDBS
vesicles. The dye will be mainly sequestered on the anionic surfaces of the vesicles.!*>13° The
vesicles are placed in dialysis bags with a 100 kDa cutoff. We then exploit the fact that the
vesicles will be responsive to temperature — thus we place one bag at 25°C (when the vesicles
will remain as vesicles) and the other at 60°C (when the vesicles will be converted to micelles).
Figure 5.11 plots the cumulative dye release (as a percentage of the total) as a function of time at
the two temperatures. At 25°C, only 5% of the dye is released from the dialysis bag over 18 h.

This slow release is likely because the dye remains bound to the vesicles, which are too large (~
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100 nm) to pass through the dialysis membrane. At 60°C, 95% of the dye is released from the
dialysis bag over the same 18 h period. This is because the vesicles are converted to micelles at
60°C. The micelles being only about 5 nm (~ 24 kDa) leak out of the dialysis membrane. This
result shows that vesicles can keep solutes encapsulated for long periods at room temperature,
followed by rapid release of solutes by increasing the temperature. Such a finding could be of
importance in pharmaceutical applications, and it is one way to exploit a vesicle-to-micelle

transition.
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5.4 Conclusions

In this chapter, we have successfully demonstrated a multi-stimuli responsive catanionic
vesicles system, prepared by simply mixing two commercially available and low-cost oppositely
charged amphiphilic molecules, PDST and SDBS. The obtained vesicles exhibited UV light,
ROS, and temperature responsiveness. PDST is the responsive cationic amphiphilic molecule
here and is a commonly used photoinitiator and a photoacid generator. In the presence of UV
light, PDST loses its positive charge and becomes hydrophobic. Another striking feature is that
PDST contains a thioether group in its hydrophobic tail. Notably, the presence of ROS such as
H>0O:> induces the conversion of the thioether group to sulfoxide or sulfone group in the PDST
molecule and thereby makes it hydrophilic. Likewise, the presence of the thioether group also
increases its solubility at high temperatures. Overall, the chemistry changes or increase in
solubility of PDST in the presence of external triggers such as light, ROS, and temperature,
results in a decrease in the critical packing parameter and complete disruption of vesicles into
smaller micelles. These transformations were observed using cryo-TEM and turbidity
measurements. Furthermore, we also show that the transformation from catanionic vesicles to
micelles is both redox reversible and thermo-reversible. Most importantly, the dye release
experiments have demonstrated that cationic solutes can be easily encapsulated and sequestered
by these negatively charged SDBS rich vesicles, and the resulting solute-loaded vesicles
exhibited superior femperature-responsive burst release of payloads by disrupting the vesicle
membranes into smaller micelles. Such multi-stimuli responsive vesicles provide unique

opportunities in the field of targeted drug delivery.
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Chapter 6

Recommendations and Future Work

6.1 Project Summary

In this dissertation, we have created ‘smart’ skins or membranes around soft
aqueous structures such as hydrogels and vesicles. These novel designs are inspired by soft
aqueous structures with ‘smart’ membranes or skins found in nature, including cells, organelles,
fruits and vegetables, and human skin. All the structures synthesized in this work are synthesized
by simple synthesis techniques using inexpensive, commercially available materials, making
them easy to scale-up for industrial applications. We are successful in achieving some of the
idealized release profiles from these structures, including a hermetic seal followed by burst
release, and a perfect cyclical on-off release of various hydrophilic small molecule solutes. Our
studies contribute towards pushing the frontiers in the fields of hydrogels and vesicles to achieve
idealized release profiles that could not be realized thus far. Such materials have the potential to
be used in various industrial formulations for encapsulating small-molecule solutes such as

drugs, agrochemicals, flavor-ingredients, or cosmetic agents.

In Chapter 3, we presented a simple technique which allows any hydrogel of arbitrary
composition and geometry to be encased by a thin, transparent ‘skin’. Using our technique, we
showed that a thin polymeric layer (~ 10 to 200 um in thickness) grows outward from the core,
and the entire process can be completed in a few minutes. We also demonstrated that the
presence of the skin completely prevented the solutes in the gel core from leaking out into the

external solution. Moreover, the solutes can be released in a burst-release fashion upon peeling
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off the skin or by placing in a polar organic solvent such as ethanol. Thus, the idealized release
profile of hermetic seal followed by burst release was achieved using the protective skin-covered
hydrogel system. Furthermore, we showed that the properties of the skin including its thickness
and its mechanical properties are all tunable. This ability to grow a skin readily around any given
hydrogel is likely to prove useful in numerous applications, such as in controlled release of

various hydrophilic small molecule solutes.

In Chapter 4, we employed the inside-out technique to form ‘smart’ skins equipped with
redox-responsive properties around hydrogels. Like the protective skins created in chapter 3, the
initial skin achieved hermetic seal of solutes. Additionally, we showed that in the presence of
oxidants, the skin became hydrophilic, and thereby ‘turned on’ the release of solutes out of the
gel. We also showed that the release rate of various solutes can be easily controlled by changing
the parameters such as skin thickness, solute, and oxidant concentrations. We then demonstrated
that the solute release can be ‘turned off” at any time by adding a reducing agent by reversing the
chemistry of the skin to its hydrophobic state. Thus, using our smart skin, the idealized release
profile of “on-off” release of solutes out of a gel was achieved. We also showed that the
technique used for synthesizing smart skins around hydrogels can be extended to create thin flat
smart membranes. These membranes can be employed as rate controlling barriers for achieving
controlled release of small molecule solutes. Moreover, such stimuli-responsive membranes are
envisaged to play paramount roles in several applications such as separations, water treatment,

and drug delivery.
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In Chapter 5, we synthesized catanionic vesicles that are formed by the self-assembly of
two oppositely charged single-tail amphiphilic molecules. Especially, we developed low-cost,
simple, multi-stimuli responsive catanionic vesicle containers made from commercially available
amphiphilic molecules: the cationic (4-phenylthiophenyl)diphenylsulfonium triflate (PDST), and
the anionic sodium dodecylbenzene sulfonate (SDBS). The PDST molecule is a light,
temperature, and ROS responsive amphiphilic molecule, that is a commonly used photoinitiator
and a photo-acid generator. We showed that in the presence of these stimuli (light, temperature,
and ROS), these vesicles were successfully transformed into smaller micelles due to the changes
in the critical packing parameter (CPP). Utilizing this transformation, we demonstrated that
negligible release of positively charged solutes was obtained at ambient conditions due to strong
electrostatic interactions with the negatively charged vesicles, whereas, when heated to high
temperatures, burst release of the solutes was achieved due to the conversion to micelles. Thus,
the idealized release profile of zero release (negligible) followed by burst release was achieved

using these catanionic vesicles.
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6.2 Recommendations for Future Work

6.2.1 Zero-order release from skin-covered hydrogels

In Chapters 3 and 4, we demonstrate that skin-covered hydrogels can be used to achieve
idealized release profiles such as hermetic seal followed by burst release and cyclical on-off
release of solutes. For majority of the controlled drug delivery applications, in addition to the
cyclical on-off release of solutes, zero order release of encapsulated therapeutics over extended
periods is the overarching goal. However, hydrogel-mediated zero-order release has not been

151

achieved so far.””' Therefore, we propose to further study the utility of skin-covered hydrogels

for achieving zero-order release of various hydrophilic solutes.

In most drug delivery systems, the drugs are released in a first-order manner leading to a
rapid increase in systemic drug concentrations. As a result, undesirable side effects are often
observed and moreover, increased dosing frequencies are needed to achieve the necessary
therapeutic effect. Zero-order drug delivery systems have the potential to overcome these issues
by releasing the drugs at a constant rate; thereby maintaining drug concentrations within the
therapeutic window for an extended period. Figure 6.1 shows the ideal zero-order cumulative
release profile as well as the ideal release rate profile. Till date, researchers have explored
several ways to accomplish zero-order release,!>! however, majority of them are complex, time-
consuming, and difficult to manufacture. Here, we propose to design a simple skin-covered
hydrogel system that provides zero-order release of various water-soluble solutes. Our synthesis
technique involves inside-out strategy to synthesize skin-covered hydrogels. For a zero-order
release to occur, the skin is made mostly from a hydrophobic monomer mixed with small
amounts of a hydrophilic monomer. We believe that addition of hydrophilic monomer will
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generates hydrophilic domains in the skin that will improve the skin's permeability to solutes
slightly so as to achieve a zero-order response. Additionally, we also think that it is possible to
adjust the zero-order release rate by tuning the thickness of the skin and the concentration of the
hydrophilic monomer. We believe that the ability to predictively tune the zero-order release rate
of various hydrophilic solutes from skin-covered hydrogels could be of great importance in

controlled release drug delivery applications.

Idealized release profiles: Zero-order release of drugs

A A

Rate is constant: Independent of
the drug concentration Cumulative

amount of
drug released

Rate of Increases linearly
drug

release

v

A4

Time Time

Figure 6.1. Zero-order release from skin-covered hydrogels. Idealized zero-order release
profiles showing the release rate and cumulative amount of drug released as functions of time.

6.2.2 Skin-covered hydrogels at microscale

For fully unleashing the potential of skin-covered hydrogels, especially for drug delivery
applications, it is worthy to extend the technique to form skins around micrometer-sized
hydrogels.*® In this regard, a simple, high throughput microfluidic technique such as the stop-
flow lithography (SFL) could be potentially used.!>> SFL technique involves forming stationary
layers of monomer inside a PDMS microfluidic channel for brief periods of time before being
flushed out. Figure 6.2 shows the typical setup of a SFL consisting of a computer-controlled flow

setup with a 3-way valve that allows for stop and flow modes and a UV source that provides
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specified exposure times. The flow is first briefly stopped and then the UV source is irradiated to
achieve polymerization of the monomer droplets. Next, the UV irradiation is turned off (by
closing the shutter), while the flow is resumed, and the polymerized particles are flushed out.

These steps are repeated in a cyclic manner to continuously produce polymer particles.

valve microfluidic
channel

pressure /
source W e i s o | microscope
objective

transparency

-\ uv

Figure 6.2. Stop-flow lithography setup. Schematic showing the stop-flow lithography setup
with computer-controlled stop and flow modes achieved using a 3-way value along with a
computer-controlled UV irradiation mechanism. Adapted from Dendukuri et al.!>?

We propose that by combining stop-flow lithography technique for forming polymeric
particles with co-axial microfluidic flow of water and monomer phases, hydrogels with uniform
polymer skins can be formed in a high-throughput fashion. Briefly, pre-polymer hydrogel
solution loaded with initiator molecules will be flowed through the inner capillary while the
monomer solution will flow through the outer capillary in the same direction. When both the
solutions are contacted at low rates, individual monodisperse droplets of water in oil are
produced at the tip of the inner capillary orifice.!>® These upstream droplets in monomer solution

will then be stopped briefly using the SFL technique and will be subjected to UV irradiation to
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form hydrogels with uniform polymer skins. Next, the flow will be resumed to push out to
microscale skin-covered hydrogels into a reservoir solution. In this way, unform micrometer-
sized skin-covered hydrogels can be produced in a high-throughput fashion. By using
biocompatible and biodegradable chemistries of the hydrogels and the skins, these capsules can

have wide range of applications in controlled drug delivery applications.

6.2.3 Smart-skins with different chemistries

In chapter 4, we can observe that slightly high concentrations of H>O; and Vitamin C are
needed to alter the chemistry of the smart skins covering hydrogels. So, we propose to further
examine different oxidizing and reducing agents in addition to the above two. Additionally, we
also plan to try different chemistries of monomers that can give rise to such responsive skins,
including those containing disulfide groups or groups with selenium (Se) or tellurium (Te).>!
Many such monomers are known to have a faster response to oxidizing agents. Incidentally,
selenium is an element with biological relevance as it plays an important role in maintaining the
body’s response to several diseases.’’” These studies will be useful in achieving smart skins with
the ability to tightly control the rates of release of encapsulated solutes. Moreover, these
chemistries can be even extended to synthesize flat thin polymer membranes and may prove

useful in several applications dealing with smart polymer membranes.

6.2.4. Radiation-responsive smart vesicle membranes

Using the multi-stimuli responsive vesicles fabricated in the chapter 5, we propose to
further investigate their ability as radiation-responsive materials. Radiation therapy (RT) and

chemotherapy are currently the main modes of treating cancer. In RT, high-energy radiation
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(such as X-rays) is delivered locally to the tumor, sparing the surrounding healthy tissue.
Chemotherapy, in contrast, refers to the systemic administration of tumor-killing chemicals in a
non-specific manner. RT is often the first line of treatment against a variety of cancers. Despite
many advances in RT and chemotherapy, however, current cancer treatment remains rather
ineffective. For example, Non-Small Cell Lung Cancer (NSCLC) is the most commonly
diagnosed cancer in the United States with more than 220,000 new diagnoses expected over the
coming year. The overall survival rate of patients from NSCLC, five years past diagnosis, is only
15% (lung cancer fact sheet, American lung association). Using the ROS-responsive vesicles, we
propose a route to dramatically improve the efficacy of RT. Our idea is to use the same high-
energy radiation to locally deliver therapeutic agents to the tumor cells. In effect, we propose to
supplement RT with local chemotherapy in one step. If this concept is successful, it has the

potential to make cancer treatment simpler and more effective.

In conventional RT, the damage to cancer cells is caused by generation of reactive
oxygen species (ROS) such as singlet oxygens ('0,), which arise when X-rays hit the fluid
(water) in tumor cells.!3"!>* These ROS are believed to damage DNA, ultimately leading to cell
death. We propose to exploit our ROS-responsive cationic vesicles to demonstrate radiation
induced transformation to micelles. These vesicles will infiltrate the tumor, and under RT, they
will be disrupted, thus releasing their payload into the tumor due to their conversion into

micelles.

We will first subject the PDST-SDBS catanionic vesicles at various concentrations to X-

rays at dose rates ranging from 100 to 1000 MU/min, with the total dose ranging from 0 to 10
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Gy. The effects of radiation on vesicle size and permeability will be studied. The kinetics of
solute release from the vesicles core will be assayed with a model dye (calcein) as well as with
carboplatin. We will work with A549 adenocarcinoma cells, and these will be infiltrated with
carboplatin-bearing vesicles, then irradiated with X-rays. The working hypothesis here is that the
ROS will disrupt the vesicles, thereby releasing carboplatin into the cells. Control experiments
will be done with radiation alone or free carboplatin alone. Over a range of radiation doses, we
expect the fraction of cells killed by radiation alone to be low, whereas a much greater fraction of
cells will be killed by the carboplatin released into the cells from the disrupted liposomes.
Overall, any future studies on release of drugs from the catanionic vesicles using high energy

radiation would be a very interesting work.
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