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There has been considerable interest in developing stimuli-responsive soft materials
for applications in drug delivery, biosensing, and tissue engineering. A variety of stimuli
have been studied so far, including temperature, pH, light, and magnetic fields. In this
dissertation, we explore the use of electric fields as a stimulus for either creating new soft
materials or for rupturing existing ones. Our materials are based typically on biocompatible
polymers such as the polysaccharides alginate, chitosan, and agarose. We also discuss the

advantages and disadvantages of electric fields over other stimuli.

First, we describe the use of electric fields to form transparent and robust alginate
gels around an initial mold made of agarose. Moreover, we can melt away the agarose by
heat, leaving us with hollow alginate tubes. In our technique, a tubular agarose mold with
dissolved calcium chloride (CaCly) is placed in a solution of sodium alginate. A voltage of
~ 10 V is then applied, with the mold as the anode and the container as the cathode. As the
Ca?" ions migrate from the mold towards the cathode, they contact the alginate chains at
the mold surface. In turn, the Ca®* crosslinks the alginate chains into a gel, and the gel

grows outward with time. The technique can be used to grow multiple layers of alginate,



each with a different content, and it is also safe for encapsulation of biological species.

Complex tubular structures with multiple branches and specific patterns can be created.

Next, we report that electric fields can be used to rupture particles formed by ionic
complexation. The particles under study are typically in the microscale (~ 200 pm radius)
and are either uniformly crosslinked microbeads (e.g., alginate/Cu?*) or microcapsules
formed by complexation of oppositely charged polymers (alginate and chitosan). When
these particles are placed in aqueous solution and subjected to an electric field of about
10 V/cm (applied remotely, i.e., electrodes not in contact), the particles rupture within
about 5 min. A possible mechanism for the electric-field-induced disruption is discussed.
We also use the above particles to create electrically actuatable valves, where the flow of

a liquid occurs only when the particle blocking the flow is disrupted by the field.

In our final study, we show that polyelectrolyte gels and beads can be rapidly
induced to adhere by an electric field. We typically work with crosslinked acrylate
hydrogels made with cationic co-monomers, and anionic beads made by contacting
alginate with Ca?*. When the cationic gel (connected to an anode) is contacted for just a
few seconds with the anionic bead (connected to a cathode) under a voltage of ~ 10 V, the
two form a strong adhesive bond. When the polarity of the electrodes is reversed, the
phenomenon is reversed, i.e., the gel and bead can be easily detached. We suggest that the
adhesion is due to electrophoretic migration of polyelectrolyte chains, resulting in the
formation of polyion complexes. Applications of this reversible adhesion are discussed for

the pick-up and drop-off of soft cargo, and for the sorting of beads.
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Chapter 1

Introduction and Overview

1.1 Problem Description and Motivation

Processes in nature frequently occur as a response to some external trigger. For
instance, leaves in plants open and close their stomatal pores based on humidity and
sunlight; ectothermic animals regulate their metabolic rate depending on external
temperature; and blood clotting mechanism in our body is initiated in response to the
damaged blood vessel. All these processes involve “sensing” a stimulus, which is then
transduced to a “response”. Inspired by nature, researchers are trying to develop stimuli-
responsive materials that exhibit changes based on their surrounding environment or
external fields. In the field of soft matter, responsive materials based on polymers™? have
been extensively investigated. The typical stimuli to which these materials are exposed to

include temperature, pH, solvent quality, and the presence of solutes such as salts.

In recent years, our lab has been engaged in efforts to explore new kinds of stimuli
for modulating soft materials. For example, we have investigated light® and biomolecules*
to trigger changes in polymeric and colloidal materials. Each of these stimuli has its
shortcomings. For example, pH and temperature, can be applied over a large volume, but
they are difficult to apply at a precise point in a given volume. In comparison, light can be
controlled and directed at a precise point, but it gets rapidly attenuated as it passes through

water or through aqueous gels. Thus, the response-time in the case of light is much higher



than with some of the other stimuli. On the whole, there is a need for a stimulus that is easy

to apply, control, direct, and generate a rapid response.

Electricity as a stimulus seems a particularly interesting option. Electric fields can
be easily turned on and off, can be spatially controlled, usually give faster response, and
can be integrated to work at a remote location. Despite these advantages, the use of electric
fields to modulate soft materials has its own challenges, the chief among which is that most
organic materials such as polymers as well as aqueous gels are not electrically conductive
(some may conduct ions, but not electrons). Thus, electrical response has usually required
rather exotic materials like conducting polymers, or conducting particles like carbon
nanotubes. At the moment, there are a few examples of electrically responsive soft
materials, which are used in actuators,>® drug delivery,” and tissue engineering.®® While
there is a long history of electrically responsive systems,° for this field to truly advance, it
will require new effects to be demonstrated with simple and biocompatible materials that

are readily available. This is the focus of the present study.

1.2 Proposed Approach

In this dissertation, we describe three new electro-responsive systems in which we
have found new phenomena that have not been described so far in the literature. These are

described below.



1.2.1 Electrically Induced Gelation

Electrical stimulus

-
>

and removal of core

Figure 1.1. Electrically induced formation of an alginate gel around an agarose mold filled
with divalent cations. Hollow three-dimensional structures can be developed using the
technique (Chapter 3).

In our first study (Chapter 3), we show that electric fields can induce the formation
of biopolymer gels around an initial mold. We start with a thermoresponsive polymer
(agarose) mold that contains dissolved calcium chloride (CaCl,) and thereby acts as the
source of cations. This mold, shown as a cylinder in Figure 1.1, is placed in an alginate
solution and a bias is applied, with the mold as the anode and the container wall as the
cathode. As the Ca®* ions migrate from the mold towards the cathode, they contact the
alginate chains at the surface of the mold. In turn, the cations crosslink the alginate chains
into a gel, and a layer of the gel grows around the mold. The gel thickness increases with
time over which the electric field is applied. When the field is switched off, the gel stops
growing. Once a gel of desired thickness has formed, we can melt away the agarose by
heat, leaving us with a hollow alginate tube, as shown in Figure 1.1. The technique can be

used to grow multiple layers of alginate, each with different payloads of interest. It is also



safe for encapsulation of biological species, such as bacteria. Complex tubular structures

with multiple branches and specific patterns can also be created.

1.2.2 Electrically Induced Particle Rupture
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Figure 1.2. Electrically induced rupturing of particles formed by ionic complexation (such
as alginate/Cu?* microbeads) (Chapter 4). Scale bars: 100 um.

In Chapter 4, we report that electric fields can be used to rupture particles formed
by ionic complexation. The particles studied are typically in the microscale and are
synthesized using a microfluidic setup by adding solutions of alginate (an anionic
biopolymer) dropwise into a solution of a divalent cation (e.g., Cu?*). These particles are
placed in an aqueous solution containing a low concentration of salt and subjected to a
remote electric field (i.e., the electrodes are placed far from the particles). As shown in
Figure 1.2, the particles rupture within a few minutes. Such rupture is not observed if the
particles are crosslinked by covalent rather than ionic bonds. A possible mechanism for the
phenomenon is discussed. We also use the above particles to create electrically actuatable
valves, where the flow of a liquid occurs only when the particle blocking the flow is

disrupted by the field.



1.2.3 Electrically Induced Adhesion of Beads to Gels
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Figure 1.3. Adhesion of an anionic bead to a cationic gel when the two are contacted under
an electric field with specific directional bias (Chapter 5).

Finally, in Chapter 5, we show that polyelectrolyte gels and beads can be rapidly
induced to adhere by an electric field. When a cationic gel (connected to an anode) is
contacted for just a few seconds with an anionic bead (connected to a cathode) under a
voltage, the two form a strong adhesive bond (Figure 1.3). This adhesion is reversible:
when the polarity of the electrodes is reversed, the gel and bead can be easily detached.
The above effects are seen for both physically and chemically crosslinked gels and beads,
as well as for gel-gel and bead-bead pairs. The adhesion is probably due to electrophoretic
migration of polyelectrolyte chains, resulting in the formation of polyion complexes.
Applications of this reversible adhesion are discussed for the pick-up and drop-off of soft

cargo, and for the sorting of the beads.

1.3 Significance of This Work
We believe the significance of this work is two-fold. First, there are direct
applications of the abilities demonstrated in this study, i.e., the electrically induced

gelation, disruption and adhesion of soft materials. Second, our study substantially



advances the use of electric fields as a stimulus in soft materials research. Specific
applications are worth mentioning. In the context of tissue engineering using hydrogels,
cell growth, differentiation, and morphology depend heavily on the hydrogel geometry and
stiffness.*'? The technique described in Chapter 3 allows us to develop gels of alginate (a
well-known biopolymer) in specific geometries (such as branched tubes) and with desired
stiffness. In Chapter 4, we demonstrate rupturing of biopolymer capsules and beads using
electric field, and we also showed how such effects could be used to construct valves. These
results could pave the way for devices where encapsulated drug can be released into the
environment by activating an electrical trigger.*® Finally, the reversible adhesion illustrated
in Chapter 5 could potentially be utilized for biological sealant applications or in new types
of adhesive patches. Overall, we anticipate that our work will generate considerable interest

in the use of electric fields as a viable stimulus to modulate soft matter.



Chapter 2

Background

This dissertation focuses on electro-responsive biopolymer materials whose
interactions with electric fields can give rise to interesting behavior. In this chapter, we
provide a brief introduction to the main biopolymers used in this work (alginate, chitosan,
and agarose). We will also discuss the relevant effects expected when soft materials are

exposed to electric fields.

2.1 Biopolymers

Alginate. Sodium alginate is an anionic polysaccharide obtained from brown seaweed. It
is widely used for biomedical applications!* due to its low cost, biocompatibility, low
toxicity, and its ease of crosslinking. It is a linear unbranched polymer consisting of blocks
of 1,4-linked B-D mannuronic acid (M) and a-L guluronic (G) residues (Figure 2.1a).%
The G-blocks of alginate can interact with specific multivalent ions such as Ca%*, Sr#*,
Cu?*, or Fe®*. These cations form “egg-box” junctions, which results in the conversion of
an alginate solution into a crosslinked alginate gel (Figure 2.1b). The strength of these
alginate gels depends on the ratio of M/G content, the molecular weight and concentration
of alginate, and the type of multivalent cation.'® Alginate gels are known to slowly
disintegrate in NaCl solution due to ion exchange between the Na* ions and the multivalent

cations in the gel.}” The kinetics of this exchange depends on the affinity of the multivalent



cations towards alginate.'® Cu?* forms a relatively stable gel of alginate, which does not

easily disintegrate in NaCl solution,*” and is therefore used in Chapter 4.
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Figure 2.1. (a) Structure of alginate with p-D-mannuronate (M) and a-L-guluronate (G)
residues (adapted from Pawar®®). (b) Schematic demonstrating gelation of alginate upon
addition of calcium ions. The zones where crosslinking occurs are called “egg-box”
junctions.

Chitosan. Chitosan is a cationic polysaccharide derived from the deacetylation of chitin
that is present in the hard shells of insects and crustaceans.® While chitin is insoluble in
water, its deacetylated form, i.e., chitosan is water-soluble. Chitosan is composed of
random B-(1,4) linked D-glucosamine and N-acetyl-D-glucosamine sugars (Figure 2.2a).
The free amines generated by deacetylation become ionized in acidic media, making
chitosan water soluble.?® The cationic nature of chitosan also gives it antimicrobial
properties. Chitosan is used in a variety of biomedical applications ranging from tissue
engineering and wound dressings to drug delivery.'*-?! Chitosan can be crosslinked into a
gel either by chemical crosslinkers (like dialdehydes??) or physical crosslinkers (like
negatively charged surfactants?® or multivalent anions?*). Figure 2.2b shows the chemical
crosslinking of chitosan by glutaraldehyde and Figure 2.2c shows the physical crosslinking

of chitosan by anionic surfactants such as sodium dodecylbenzenesulfonate (SDBS). Due



to the latter type of interaction, capsules can be formed by introducing an aqueous droplet

containing chitosan into a solution of SDBS.
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Figure 2.2. (a) Structures of the monomer sugars in chitin and chitosan. The N-acetyl-D-
glucosamine sugar in chitin is deacetylated to generate the D-glucosamine sugar in
chitosan. (b) Chemical crosslinking of chitosan chains by glutaraldehyde (adapted from
Macquarrie??). (c) Physical crosslinking of the amines on chitosan by anionic surfactants
like SDBS.



Agarose. Agarose is a neutral polysaccharide extracted from seaweed. It consists of
alternating 1,3 linked pB-D-galactose and 1,4 linked 3,6-anhydro-a-L-galactose residues
(Figure 2.3a).% It is one of the two main components of agar, the other being agaropectin.
Agarose is insoluble in water at room temperature. It dissolves in near-boiling (80-90°C)
water and forms a gel upon cooling to 30-45°C. The gelation mechanism involves a shift
from random coils in the sol state to a double helix in the initial gel state, and then to
bundles of double helices in the final gel state (Figure 2.3b), which are connected into a
network.?® Agarose forms strong gels at very low concentrations. The strength of the gel
can be adjusted by changing agarose concentration. Agarose gels melt upon heating, i.e.,
the gels are thermoreversible. Agarose gels are used in a variety of applications including

electrophoresis,?’ cell culture,?® and therapeutics.?®
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Figure 2.3. (a) Structures of the monomers in agarose. (b) Agarose gelation mechanism
(adapted from Armisen®?).
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2.2 Electric-Field Induced Effects

2.2.1 lons in Electrolyte Solutions

lons in a salt (electrolyte) solution move randomly in all directions. When a voltage
(and thereby an electric field) is applied across the solution, the ions experience electrical
forces. Cations move towards the cathode (negative electrode) and anions move towards
the anode (positive electrode), and this motion is called electrophoresis. The ions soon
attain a constant drift velocity due to the balance between electrical and drag forces. The
ions may or may not participate in electrochemical reactions at the electrodes. Non-reacting
cations accumulate near the cathode and the corresponding anions near the anode. In
addition, electrolytic reactions occur at the electrodes, provided the voltage exceeds the
standard electrochemical potential of water (1.23 V). As shown below, H* ions are
produced at the anode and OH™ ions are produced at the cathode. This, in turn, leads to pH

gradients in the solution.3!

2H,0 (aq) -» 0,(g) + 4H*(aq) + 4e~  (at anode)

2H,0 (aq) + 2e~ = H,(g) + 20H (aq) (at cathode)

2.2.2 Polyelectrolytes in Solution

Polyelectrolytes, i.e., charged polymer chains, dissolved in solution act similar to
smaller ions under an electric field. That is, they electrophoretically migrate towards the
oppositely charged electrode. However, due to their larger size, polyelectrolytes take much
longer to migrate. Moreover, the polyelectrolytes can undergo a phase change to form gels

or precipitates near or at the electrodes. This is due to neutralization of the charged groups
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on the backbone of the polyelectrolyte chains, which in turn occurs due to the pH gradient
near the electrode.®22 When the gel/precipitate is formed at the electrode, it results in the
deposition of a film, and the process is called electrodeposition. Figure 2.4a shows that
chitosan (a cationic polyelectrolyte) is deposited at the cathode due to the higher pH there
(deposition occurs when the pH exceeds the pKa of chitosan).®? Similarly, Figure 2.4b
shows that alginate (an anionic polyelectrolyte) can be deposited at the anode due to the

low pH there.3233
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pH Gradient
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Electrodeposited
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“Ninsoluble chitosan wafer
film (high pH)
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Figure 2.4. (a) Electrodeposition of chitosan at cathode (adapted from Liu*?) (b)
Electrodeposition of alginate at anode (adapted from Wang>*)
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2.2.3 Polyelectrolyte Gels

Polyelectrolyte gels are three-dimensional networks of charged polymer chains that
have the consistency of a solid but allow the transport of small molecules within the
network. The chains may be connected by physical or chemical bonds. Figure 2.5 shows

the schematic of an anionic polyelectrolyte hydrogel.

Chemical / Physical
crosslinker

Counterion Polymer chain

Figure 2.5. Components of an anionic polyelectrolyte hydrogel. Charged polymer chains
are physically or chemically crosslinked into a three-dimensional network that is swollen
in water (inspired from Morales®4).

Due to the ionizable groups along the backbones of the polyelectrolyte chains as
well as the mobile counterions in the network, polyelectrolyte gels can show a response
under an electric field. Figure 2.6 shows different effects that can be induced in such gels

by a field.3* Each effect is briefly described below.
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Figure 2.6. Different effects induced in polyelectrolyte gels under an electric field (adapted
from Morales®*).
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Anisotropic Swelling Due to Osmotic Pressure Differences (Figure 2.6a). When an
anionic gel is in an electrolyte, the electric field causes redistribution of ions both inside
and outside the gel. The redistribution of ions is a result of permselectivity, i.e. preferential
migration of cations through anionic gels (and vice versa for cationic gels). As a result, the
osmotic pressure difference between the gel and the solution on the anode side is much
larger than that on the cathode side. This causes the anionic gel to swell on the anode side

and shrink on the cathode side.

Anisotropic Swelling Due to Electrolysis of Water (Figure 2.6b). As discussed in the
previous section, electrolysis results in pH gradients from the electrodes. When an anionic
gel is placed in an electrolyte, the high pH regions on the cathode side causes more
ionization of the fixed charge groups on the polyelectrolyte backbone, thereby causing
swelling on the cathode side. The acidic region on the anode side causes de-ionization of

fixed charges and leads to shrinking on that side.

lonic Crosslinking Due to Oxidation of Anodic Material (Figure 2.6¢). When an
anionic gel is placed in an electrolyte, and the electrode material can participate in an
electrochemical reaction, the gel can be modified. For example, consider the case when the
gel is based on alginate and the anode is made of copper. Under the electric field, copper
gets oxidized to Cu?* ions, which can crosslink alginate chains and therefore increase the
crosslink density on the anode side. The anode side of the gel would therefore become

stiffer and swell less.
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lonic Conductivity Due to Polyelectrolyte Interfaces (Figure 2.6d, €). When an anionic
gel is kept in contact with a cationic gel, the system can behave as an organic diode
(rectifier). That is, connecting the anode to the anionic gel and the cathode to the cationic
gel would allow counterions to migrate to their respective electrodes, i.e. counterions of
the anionic gel would cross the interface and move towards the cathode and counterions of
the cationic gel would cross the interface and move towards the anode. The counterions
thus allow a current to flow. If the polarity is reversed, the counterions cannot cross the
interface and there is no current. Thus, the sandwich of an anionic and a cationic gel can

act as a current rectifier.

Adhesion Between Polyelectrolyte Interfaces (Figure 2.6d, f). When a cationic gel
connected to the anode and an anionic gel connected to the cathode are brought together, a
strong adhesion can arise between the interfaces. The migration of anionic chains towards
the anode and cationic chains towards the cathode causes their interpenetration and
formation of polyion complexes. This leads to adhesion. The gels can be detached upon

reversing the polarity.
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Chapter 3

Electro-Formation of Alginate Gels

3.1 Introduction

In this chapter, we will describe a new technique to form alginate gels upon
applying an electric field. Our technique is rapid, biocompatible and can be used to form
gels in desired geometries. As we will show, the mechanism for gelation relies on
electrophoretic migration of charged species instead of electrolysis of water. The
geometrical flexibility of our technique arises due to the fact that instead of using a rigid
electrode as the surface for the alginate gel to form, we use a gel of another biopolymer
called agarose. Agarose is a thermo-responsive polysachharide, extracted from seaweed,
which shows a sol-gel transition based on temperature. We start by mixing CaCl with
agarose and making a template in the desired geometry. When we put this template in an
alginate solution and apply electrical bias with a specific polarity, an alginate gel is formed
around the agarose template within minutes. This gelation is a result of migration of Ca?*
ions and alginate chains towards their respective electrode under electrical force and
undergoing gelation through “egg-box” junctions upon contact. The shape of the alginate
gel is an inverse replica of the original mold. The resultant alginate gel is transparent,
robust, and the process is mild and compatible with biological species. Gels in several 3-D
architectures including multilayer tubes and patterned structures can be formed by our
technique, and many of these cannot be achieved through conventional methods. The

simplicity and versatility of the technique should make it attractive to researchers.
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3.2 Experimental Section

Materials and Chemicals. Alginate (medium molecular weight, viscosity >= 2000 cP,
2%), calcium chloride dihydrate, and agarose (Type 1-A, low EEO, melting temperature
~88°C, gel point ~35°C) were obtained from Sigma-Aldrich. Graphite pencil electrode
(pentel super hipolymer lead, 9mm) was purchased from Staples and super hydrophobic
Rust-oleum “NeverWet” spray coating was purchased from The Home Depot. Methylene
blue dye was purchased from Sigma-Aldrich and acid red 52 dye was obtained from TCI
America. Red (diameter ~ 500 nm) and green (diameter ~ 100 nm) fluorescent latex

nanospheres were purchased from Polysciences Inc. All chemicals were used as received.

Agarose Gel Preparation. Agarose gels were prepared by first dissolving weighed
amounts of CaClz into DI water and heating the solution to above 80°C. Subsequently, 2.5
wt% of agarose was added to the solution and mixture was continuously heated until the
agarose was completely dissolved. The hot solution was then poured into test-tubes (1.2
cm diameter, 7.5 cm) containing graphite pencil lead electrode and allowed to cool to room

temperature.

Experimental Set-up. Figure 3.1a shows the schematics of the experimental setup used to
synthesize alginate gels. The setup was comprised of a DC power source (Agilent
E3612A), a graphite pencil lead electrode, and a beaker (diameter 5 cm) wrapped inside
with aluminium foil. Cylindrical agarose gel (1 cm diameter, 5.5 cm long) containing
graphite pencil lead electrode along its axis was placed along the centre of the beaker with

aluminium foil, and filled with 90 gm of 1 wt% alginate. The positive terminal of the power
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supply was connected to the graphite pencil lead electrode and the negative terminal was

connected to the aluminium foil.

Kinetic study. For kinetic study, disk shaped agarose gel (5.5 mm diameter, 4 mm thick)
with graphite pencil lead electrode at its centre was placed in a petridish (diameter 50 mm)
filled with 10 gm of 1 wt% alginate. The setup was placed under an inverted microscope
(Zeiss Axiovert 135 TV) for optical monitoring. A bias of 10V was applied and bright field

images were taken at regular intervals. The images were analysed using ImageJ software.

Rheological Measurements. Cylindrical alginate gels with agarose core were developed
by the technique mentioned above. The alginate gels were cut and peeled off from the
agarose mold to get rectangular sheets for running the rheological tests. Rheological studies
were performed on a Rheometrics AR2000 stress controlled rheometer (TA instruments).
All experiments were conducted using 20 mm flat plate geometry at 20°C. Dynamic stress
sweep experiments were performed at a frequency of 10 rad/s. Dynamic frequency sweep

experiment was then performed in the linear viscoelastic (LVE) region.

Fluorescent Microscopy. Green fluorescent images (NPs and E-coli) were taken using a
band pass excitation filter (450-490 nm) and a band pass emission filter (515 - 565 nm).
Red fluorescent images were taken using a band pass excitation filter (530-585 nm) and a
long pass emission filter (615 nm). The images were overlaid using ImageJ software to

visualize both colours simultaneously.
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Multilayer Structure Design. Three different alginate solutions were prepared (all with
1% alginate by weight). Solution-1 had alginate mixed with green fluorescent NPs.
Solution-2 had just the alginate without any NPs, and solution-3 had alginate mixed with
red fluorescent NPs. 0.1 wt% CaCl, containing agarose disk (6 mm diameter, 6 mm long)
was first put in solution-1, followed by solution-2 and then in solution-3. Each step was
carried out for 1 min at 10V. The gel was washed with DI water in between each step. The

images were taken under fluorescent microscope and superimposed using ImageJ software.
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Figure 3.1. Schematics of alginate electro-gelation. (a) The agarose mold contains Ca?"*
and has a graphite electrode in it, which acts as the anode. The aluminum foil on the inside
of the beaker acts as the cathode. When electrical bias is applied, Ca?" ions migrate out of
the mold, and crosslink alginate chains into a gel at the mold surface. The alginate gel is
formed around the agarose mold. After cutting the ends, the agarose-alginate assembly can
be heated to melt away the agarose and obtain a hollow alginate gel. (b, ¢) Agarose mold
and the set-up (the alginate solution is dyed pink-red). (d, e) Alginate gel grown around the
mold. (f, g, h) Hollow alginate gel after removing the agarose mold, and this is shown to
be strong, yet flexible (i, j).
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3.3 Results and Discussion

3.3.1 Electro-Gelation Setup and Formation of Alginate Gel Tubes

Agarose is a thermo-responsive polymer that is insoluble in water at room
temperature, but dissolves readily at elevated temperatures. Once dissolved, it remains in
a sol state at high temperatures and turns into a gel upon cooling. The sol to gel transition
is reversible, i.e., the gel can be liquefied upon heating. We first made a cylindrical agarose
gel containing calcium salt. For this, 2.5 wt% of agarose and 0.1 wt% of CaCl, were added
to DI water and dissolved by heating to 80°C. The hot solution was poured into a glass test-
tube around a graphite electrode (pencil lead) and allowed to cool to room temperature,
whereupon the agarose sets into a gel. Figure 3.1b shows one such agarose gel mold after
removing from the test tube (5.5 cm long, 1 cm diameter). The graphite is connected to a
DC power supply and it serves as the anode (positive electrode). This mold is placed in a
beaker that is wrapped on its inside with aluminum (Al) foil, which serves as the cathode
(negative electrode). Sodium alginate at a concentration of 1 wt% is poured in the beaker
and it is dyed pink-red (using 0.5 mM of acid red 52 dye) for visualization. A photo of the

setup is shown in Figure 3.1c.

We then apply a voltage (typically ~ 10 V), whereupon the Ca?* ions in the agarose
mold begin migrating towards the cathode (i.e., away from the mold and into the solution).
Correspondingly, alginate chains in the solution migrate towards the anode (i.e., towards
the agarose mold). This electrophoresis causes the Ca?* to contact the alginate at the surface
of the mold, resulting in an alginate gel layer. Figure 3.1a shows a schematic of the entire

process. Note that the divalent Ca?* cations bind to the anionic alginate chains along zones

22



between adjacent chains, referred to as “egg-box” junctions. The net result is that the
alginate chains are crosslinked into a gel network. The thickness of the gel layer around
the mold grows over time, but when the voltage is switched off, no further growth occurs.
Figure 3.1d and 3.1e show a pink-red alginate gel around the agarose mold, which is formed
in 5 min of applying the voltage. From the cross-section view (Figure 3.1e), we infer that
the gel is 3 mm thick at this point. Next, we place the agarose-alginate assembly in a hot
water bath at 80°C, which causes the central agarose mold to be dissolved away, leaving
behind a hollow tubular gel of alginate (with the tube wall being 3 mm thick). Figures 3.1f
to 3.1i are different images of this tubular gel. The tube is flexible and bendable, yet strong
and robust. To our knowledge, such robust alginate tubes have not been reported in the

literature.

The above technique is general and can be modified in many ways. First, it is not
limited to Ca* ions. Any multivalent cation that can crosslink alginate (such as Sr?*, Cu?*,
Fe3* and Ho®*") could be incorporated into the mold and used to gel alginate. Instead of
alginate, other polymers that can be gelled by such cations could also be used (such as
pectin or polyacrylic acid). Also, we are not limited to using agarose as the mold. If the
mold does not have be to be removed, any gel, including chemically crosslinked hydrogels
(e.g., acrylamides) could be used as the calcium containing mold. If the mold needs to be
removed at a more moderate temperature, we can replace agarose with gelatin, since gelatin
gels can be melted around 40°C. Additionally, molds of any shape and geometry can be
used. Examples with disc-like molds and flat-sheet molds are shown below and in all cases,

the alginate gel forms around the mold.
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3.3.2 Kinetics of Gel Growth
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Figure 3.2. Kinetics of gel growth. (a) Att =0, 10 V is applied across the set-up. The
sequence of images shows the growth of the alginate gel around a disk-shaped agarose
mold containing 0.01 wt% Ca?*. Scale bar: 2 mm. (b) Plot of thickness of the alginate gel

with time for three Ca?* concentrations: 0.01, 0.1 and 1 wt%. (c) Photo of the alginate gel
for the case of 1 wt% Ca?* after 5 min at 10 V.

We studied the growth of the alginate gel with time around an agarose mold for
different Ca?* concentrations in the mold. For this, the agarose mold was made in the shape
of a disk (5.5 mm in diameter, 4 mm in thickness) and placed in a petridish (refer

experimental section for details) while being observed under an inverted microscope.
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Figure 3.2a shows images of the growing alginate gel over 5 min at a voltage of 10 V.
These images are for the case of 0.01 wt% Ca?" in the agarose mold. The alginate gel can
be easily resolved because it is transparent while the agarose mold is cloudy. The thickness
of the alginate gel steadily increases over time, with the increase being approximately
linear, as shown by the plot in Figure 3.2b. However, as the Ca®* concentration is increased,
a different shape of the plot is seen: after an initial linear increase, the gel thickness
saturates within the 5 min period. Figure 3.1c shows that, after 5 min, the alginate gel for
the case of 1 wt% Ca?" is ~ 2 mm thick whereas it is ~ 4 mm thick for the case of 0.01 wt%

Ca?*

The above result might seem counterintuitive at first. One would expect the
thickness to increase with higher availability of Ca?* ions. However, the opposite is
observed in our experiments. We hypothesize that there is a difference in the mode for gel
formation at low and high Ca?* concentrations, as depicted in Figure 3.3. At high Ca®
concentrations, we expect the ions to crosslink the alginate into a dense network, which
could hinder further migration of Ca?* ions from the interior of the mold, and thereby
restrict the thickness of the gel. In contrast, the network at lower concentrations of Ca?* is
expected to be less dense, allowing Ca?* ions to migrate through, and thereby leading to
much thicker gels. Our results thereby suggest that there are advantages to using relatively
low Ca?* (0.01 to 0.1 wt%) in the mold. That is, the gels can grow to larger dimensions, as
discussed above. A second advantage at these lower Ca?* concentrations is that there is no
significant growth of the gel in the absence of electrical signals; thus, we have a true “on-

off” switch for gel growth. The gel grows only when the electrical signal is on and the
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growth stops when the signal is turned off. In contrast, when the Ca?* is higher than 1 wt%,
a thin gel layer forms slowly around the mold even in the absence of the field because
sufficient Ca?* can simply diffuse out of the mold. (A comparison of gels formed with and

without the electrical stimulus is provided below.)
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Figure 3.3. Schematics illustrating differences between the alginate gels formed at
different Ca?* concentrations. At high Ca?* concentrations, the alginate is crosslinked into
a dense network, which hinders migration of Ca?* ions and thereby producing thinner gel.

On the other hand, at lower Ca?* concentrations, the alginate is crosslinked loosely,
allowing for farther migration of Ca?* and producing a thicker gel.

We also observed that when the concentration of Ca?* is low (< 0.5 wt%), the
agarose gel mold shrinks during the electro-gelation process. For example, the disk-shaped

agarose in Figure 3.2a (containing 0.01 wt% Ca?*) shrunk from 5.5 to ~ 3 mm in 5 min.
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Such shrinkage is not seen at 1 wt% Ca?* as can be noted from Figure 3.2c. We believe
that the shrinking is due to the stresses exerted by the charged alginate gel on the agarose.
That is, alginate chains in a low-Ca?* gel would still retain sufficient anionic character and
therefore attempt to move electrophoretically toward the anode, and this would exert a
compressive stress on the central agarose. At higher Ca?*, the alginate chains in the gel
would have negligible residual charge, and therefore would not have the same

electrophoretic tendency.

3.3.3 Effect of Ca** Concentration on Gel Properties

Next, we studied the effects of Ca?* concentration in the agarose mold on the
alginate gel properties (specifically, the rheological properties). In all cases, alginate gels
were allowed to form for 5 min at 10 V around a cylindrical agarose mold, and thereafter,
the gels were peeled off from the mold, cut into discs of diameter 20 mm, and tested on a
rheometer. Figure 3.4a shows a plot of G’ (elastic modulus) of the alginate gel vs. Ca?*
concentration. The red curve corresponds to the 10 V bias and the black curve to no voltage.
Note that there are no black data points below 1 wt% Ca?* because no gel is formed without
an electrical signal under these conditions, as mentioned earlier. For the 10 V case, G’
increases sharply as the concentration of Ca?* increases. No significant change in G’ is
observed for the gels formed by simple diffusion (no voltage), regardless of the Ca?
concentration. This is a significant finding as it means that the electrical signal offers better
control over the gel properties. The frequency sweep (Figure 3.4b) and stress sweep (Figure
3.4¢) are shown for alginate gels formed at 10 wt% Ca?* by electrical signals and by simple

diffusion. Both gels show elastic rheology (G'> G”, moduli nearly independent of
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frequency), but the magnitude of G’, which reflects the gel stiffness, is about 10-fold higher
for the electro-formed gel. Both gels are shear-sensitive to approximately the same extent,

i.e., in both cases the moduli sharply drop at moderate strains (~ 1-10%).
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Figure 3.4. (a) Elastic modulus G’ of alginate gels formed at various Ca?* concentrations
in the agarose mold. Red curve corresponds to the case with 10V bias and black curve
corresponds to the case with no bias. Bottom plots show frequency sweep (b) and stress
sweep (c) for 10 wt% CaCls.

28



3.3.4 Effect of Applied Voltage

Next, we varied the applied voltage to see its effect on gel formation. These tests
were performed with agarose molds containing 0.1 wt% Ca?*. All other parameters were
kept constant. Figure 3.5 shows the thickness of the alginate gel after 5 min at specific
voltages. We see that the thickness is zero at < 1 V, then increases with increasing voltage,
and finally saturates around 20 V. The increase in gel thickness with voltage is expected
because a higher voltage increases the electrophoretic mobility of Ca?* ions, allowing the

ions to migrate farther from the mold and hence gel a larger volume of alginate chains.
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Figure 3.5. Thickness of the alginate gel vs. applied voltage. The data correspond to a
concentration of 0.1 wt% Ca?* in the agarose mold and the thickness was measured after
applying the voltage for 5 min.
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3.3.5 Branched Alginate Gel Tubes

Starting Alginate gel Hollow region
Agarose mold (light blue color) (dark blue color) Liquid flowing
through the
(b) hollow region

N .
Figure 3.6. Branched alginate gel tubes. Images on the left show the solid agarose mold
filled with Ca>*. Images in the center show the corresponding hollow alginate gel tube. The
image on the right in (a) depicts water flowing through the tube. The dark blue colour in
(b) is obtained after flowing water with methylene blue dye through the tube.

Our use of a thermo-responsive mold as a source of multivalent cations allows us

to realize alginate gels in complex geometries that are difficult to form through traditional

methods. One possibility is branched tubes, as shown in Figure 3.6. We first made agarose
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molds having solid, but branched structures, and loaded with 1 wt% Ca?*. These were
placed in 1 wt% alginate solutions and left to stand for 2 h without applying a voltage (i.e.,
in this case, we relied on diffusion of Ca?* out of the mold to form the interfacial alginate
gel). Thereafter, the ends were cut and the structures were placed in a hot water bath to
remove the agarose. The resulting hollow, branched alginate tubes are shown in Figure 3.6,
with each branch having an inner diameter of ~ 10 mm and a tube wall of ~ 4 mm. These

tubes are robust enough to allow the flow of liquid through them.

3.3.6 Multiple Alginate Gel Layers with Distinct Payloads

Deposit Alginate +
Agarose + CaCl, Green Fluorescent NPs -

Alginate (non-
Fluorescent) x
e Alginate with R
| Green NPs 7 ;
A

Alginate with
Red NPs <

Agarose

Figure 3.7. Synthesis of multiple concentric layers of distinct alginate gels around an
agarose mold. Electrical stimuli are used to coat a Ca*>*-containing cylindrical agarose mold
with successive layers of alginate gels containing (1) green-fluorescent NPs; (2) no NPs;
and (3) red-fluorescent NPs. A fluorescence micrograph of the tube cross-section (overlay
of green and red fluorescence) shows the multiple layers of the structure. Scale bar: 1 mm.
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Our inside-out technique, i.e. gelation starting from the core and extending outward,
can be used to grow sequential alginate gels. This can be used to form concentric multilayer
structures, as shown in Figure 3.7. We have incorporated fluorescent nanoparticles (NPs)
in each layer to distinguish them. First, a cylindrical agarose mold with 0.1 wt% Ca?* was
created. This was placed in an alginate solution (1 wt%) that contained dispersed green-
fluorescent NPs (0.5 wt%). A voltage of 10 V was applied for 30 s to form the first alginate
gel layer (we expect the NPs to be immobilized in the gel). This procedure was then
repeated with a second alginate solution with no NPs, and finally with a third alginate
solution containing red-fluorescent NPs (0.5 wt%). The fluorescence micrograph of the
final cross-section shows the green-colorless-red sequence of alginate layers (from the
center proceeding outward), as expected. Note that this process can be extended even
further. As long as there are Ca* ions left in the agarose core, we can grow a fresh alginate

gel layer on the periphery.

The above technique is versatile and rapid. Each layer was formed in just 30 s, and
thus it is possible to rapidly build multiple, distinct layers. Any payload, such as colloidal
particles or enzymes that are present in the alginate solution will also get incorporated into
the corresponding alginate gel. Also, the entire process can be done under mild and
biologically benign conditions, i.e., the alginate can be dissolved in a physiological buffer
and the temperature can be maintained at 25 or 37°C. To illustrate the biocompatibility of
our technique, we show the encapsulation of bacteria (E. coli) in an alginate gel layer. The
E. coli used here were genetically engineered to express green-fluorescent protein (GFP)

as they metabolized. Pellets of these E. coli (0.5 wt%) were combined with the alginate (1
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wt%) in phosphate buffered saline (PBS). A cylindrical agarose mold with 0.1 wt% Ca?*
was placed in the above sample and a voltage of 10 V was applied for 3 min (Figure 3.8).
The structure was then removed and placed in media for the bacteria to grow. The
fluorescence micrograph of the cross-section shows the green fluorescence from the GFPs

in the alginate gel layer, indicating that the bacteria are able to grow in the gel.

~e Electrical stimulus ! i Remove ends 4@
- > ; 9 B ) =
o " 4
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GFP containing GFP containing
E.Coli bacteria E.Coli bacteria

Figure 3.8. Encapsulation of E. coli in an alginate gel layer. GFP-expressing E. coli are
mixed with an alginate solution, and an electrical stimulus is used to form a gel from this
solution around an agarose mold. The fluorescence micrograph shows the green colour of
the alginate gel layer, confirming the presence of E. coli in this layer.

3.3.7 Growth of Alginate Gels in Specific Patterns on Flat Surfaces

In the above experiments, the alginate gel is electro-formed everywhere around the
original agarose mold. We now show that, by using a hydrophobic coating on the mold, we
can dictate the gel growth to occur only in specific regions. For this proof of concept, we
have used a commercially available coating (“Rust-Oleum Never-Wet spray), which has

to be applied in a two-step process. We start with a flat sheet of agarose containing 0.1
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wt% Ca?* with dimensions of 6 cm x 1 cm and a thickness of 8 mm. The hydrophobic
coating was applied selectively over a central portion of the sheet (1.2 cm wide, extending
across the width), as well as to the edges of the sheet, as shown in Figure 3.9, top. When
the voltage is applied, the alginate gel (pink color in the figure due to acid red 52 dye)
grows vertically over the regions not covered by the hydrophobic coating. Over the rest of
the mold, the coating prevents the Ca®* ions and the alginate chains from contacting each

other to form a gel.

Direction of Hydrophobic coating -
gel growth I l = *a_-g

| e

NN

Direction of T _

gel growth Hydrophobic coating ——

Figure 3.9. Selective electro-deposition of alginate gels. A commercial hydrophobic
coating on the agarose mold restricts the growth of alginate gel to the uncoated regions.
This aspect can be seen from both the images. In the top case, the gel (pink) grows
vertically on the two side strips but not on the coated central strip. In the bottom case, the
coating is applied everywhere on the flat mold except on the region corresponding to the
letter “M”. This leads to the alginate gel being in an “M” pattern.
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Next, we demonstrate the patterned growth of alginate gels using the same
hydrophobic coating. We cut aluminium foil in the shape of the letter “M” and placed this
on the agarose mold (Figure 3.9, bottom). The hydrophobic coating was then sprayed onto
the mold. When the foil was removed, the mold was covered with the coating everywhere
except for the “M” region. The presence of the coating can be verified from the fact that
water does not wet the coated region, i.e., the contact angle of water drops placed on this
region exceeds 90°. Next, the voltage was applied for 5-7 min and we see that the alginate
gel selectively grows only on the uncoated region, i.e., in the pattern of the “M”. The
feature sizes in the pattern here are ~ few mm, but finer feature sizes can be obtained by

using lithographic masks and also with a more sophisticated coating.

3.4 Conclusions

We have described a new technique to develop hollow alginate gel structures that
are generally not possible through traditional methods. Calcium containing agarose gel
mold is placed in an alginate solution and electrical bias is applied. The oppositely charged
species move towards their respective electrode and gets crosslinked upon contact to form
flexible, robust, and transparent gel. We have shown that lower concentration of calcium
inside the agarose gel gives rise to a thicker gel and since no significant gelation occurs at
this low concentration without the electrical stimulus, it provides us a control over the
gelation process. We have also demonstrated the utility of our system in developing
multilayered structures and encapsulation of biological species. Finally, we have illustrated
the development of patterned gels is also possible with the aid of commercially available

hydrophobic coating.
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Chapter 4

Electrically Induced Rupture of Microparticles

4.1 Introduction

Delivery systems that require payload release at a specific site, specific time, and
at a controlled rate have tremendous applications in drug delivery and directed catalysis
applications.® To overcome the limitations of traditional delivery systems, researchers are
trying to develop new materials that can ‘“sense” their environment and respond
accordingly. Different stimuli, such as pH, light, temperature, ultrasound etc. have been
investigated in this regard.*® A new and intriguing stimulus is the electric field.5374
Electric fields can be directed to a very specific site, and electrical responses are usually
quite fast. However, typical materials that are sensitive to electrical stimuli tend to be based
on intrinsically conducting polymers (ICPs) like polypyrroles and polythiophenes, which
have their limitations.”3%4? These include the facts that ICPs are rather expensive, require
synthesis by complicated procedures, and are generally not biodegradable. Also, the ICPs
need to be in direct contact with electrodes to respond, which may not always be practical.
Additionally, only payloads with appropriate oxidation or reduction potential can be
released from ICPs. In addition to ICPs, electrical responses have also been studied for
polyelectrolyte hydrogels, as described in Chapter 2.>43 Most of these hydrogels are formed
by the chemical crosslinking of synthetic monomers. In these cases, the gels are not
conductive to electrons, but to ions. Responses can occur even when the electrodes are
placed far away from the gels, but generally, the response is limited to changes in gel

volume (swelling or shrinking), or the bending of gel filaments.
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In this chapter, we describe the response of polymer microparticles under electric
fields. Specifically, we show that these microparticles deform and break under an electrical
stimulus. To the best of our knowledge, this is the first time such observations have been
reported. These microparticles are synthesized through a simple one-step process involving
electrostatic complexation of a charged polymer with multivalent ions (or a surfactant or a
second polymer) of the opposite charge. The typical polymers we use are well-known
biopolymers like alginate and chitosan, which are biocompatible, biodegradable, and
extensively used in biomedical applications. Moreover, the microparticles made from these
polymers can easily encapsulate any type of payload. These payloads will be released when
the microparticles are ruptured; thus, our system could be useful for drug delivery. Another
aspect is that the particle rupture can be triggered remotely by the electric field, i.e.,
electrodes do not have to be in direct contact with the particles during this process. The
mechanism for particle rupture is non-trivial, and we discuss the various possibilities that

can explain it.

4.2 Experimental Section

Materials and Chemicals. Alginate (medium molecular weight, viscosity >= 2000 cP,
2%), Chitosan (medium molecular weight, 190-310K; degree of deacetylation ~ 80%),
Copper (I1) chloride dihydrate, glutaraldehyde solution (grade | - 50% in water), and
Rhodamine B were obtained from Sigma-Aldrich. Sodium dodecylbenzenesulfonate
(SDBS) was purchased from TCI America. Thin graphite sheets were purchased from

Saturn Industries. Green fluorescent latex nanospheres (diameter ~ 100 nm) were
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purchased from Polysciences Inc. Carbon black particles (N110) were purchased from Sid

Richardson Carbon Company. All chemicals were used as received.

Solution Preparation. Alginate solution was prepared by dissolving 2 wt% alginate in
deionized water (DI). Chitosan solution was prepared by dissolving 2 wt% chitosan in 0.2
M acetic acid solution. For beads containing carbon black, 0.25-0.5 wt% carbon black was
mixed with alginate and the solution was sonicated for one minute to better disperse the
carbon black. For fluorescent capsules, green fluorescent latex nanospheres were

suspended in the biopolymer solution.

0)
(@)
Cazg ions “egg-box”
Chitosan Alginate junctions
chains chains

Figure 4.1. Two kinds of microparticles formed by physical crosslinking of biopolymers
by oppositely charged molecules. (a) Chitosan microcapsules. Here, the shell is formed by
crosslinking of the cationic chitosan by the anionic surfactant SDBS. (b) Alginate
microbeads. Here, the anionic alginate is crosslinked by divalent Ca®" cations.

Capsules / Beads Fabrication. Droplets of 2 wt% alginate solution was dropped slowly
into a stirring solution of 8 wt% CuCl». The size of the beads is dictated by the size of the
drop they are formed from. The size of the drops was varied by using either plastic transfer

pipettes or needles of different gauges. Cu?* ions crosslinks Guluronic (G) parts of alginate
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through egg-box junctions to form these beads (Figure 4.1b). The incubation time in CuCl»
was around 2 min. The beads were then washed and stored in 10 mM NacCl solution.
Chitosan-SDBS capsules were formed in an analogous way. 2 wt% chitosan solution was
added dropwise into a stirring SDBS solution (5 wt%). Figure 4.1a depicts the crosslinking
of positively charged chitosan with negatively charged SDBS. The capsules were incubated

for 3-5 min and washed with DI water. The capsules were stored in 10 mM NaCl solution.

Microparticles: Figure 4.2b shows the microfluidic setup used in this study for forming
microcapsules and microbeads. This setup was developed in our lab previously and has
been described in more detail elsewhere.** It allows for the generation of microscale
aqueous droplets at the tip of a capillary. A key distinguishing feature of this method over
other microfluidic methods is that we do not use an immiscible oil phase to form the
aqueous droplets. Instead, pulses of compressed air or nitrogen gas is used to shear off the
droplets from the capillary tip. To generate these pulses, we connect a gas-flow controller
to a function generator. The gas flows as a sheath around the tip of an inner glass capillary
of diameter of about 100 — 200 um in which an aqueous solution is flowed (the liquid flow
is controlled by a syringe pump). For every pulse of gas, an aqueous droplet is dislodged
from the tip of the inner capillary. The flow rate of the liquid as well as the frequency of
the pulsing gas dictate the volume of the liquid droplet. Droplets generated by this

technique are very uniform, with polydispersities of <3% in their diameter.**

For alginate beads, 2 wt% alginate solution was flown through the inner capillary and the

droplets were sheared off into 8 wt% CuCl; solution and allowed to incubate for 2 min.
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The beads were then washed and stored in 10 mM NacCl solution. (Consistent with the
literature, we refer to these alginate particles as beads rather than capsules because they are
expected to be uniformly cross-linked rather than having a core—shell structure).***® For
chitosan capsules, we used the device to shear off 2 wt% chitosan micro-droplets into 5
wt% SDBS solution. After incubating for 3 min, the capsules were washed and stored in

10 mM NacCl solution.

(a) (b)
Negative terminal Positive terminal Fed in by
syringe pump
Gas pulses
v I—ur 3
< L—"fl
Feed Solution:
Case1: Alginate ‘ *
Case2: Chitosan
O// Capsule/
Bead

Reservoir Solution:
Case1: CuCl,
Case2: SDBS

Microparticles are
placed here

Figure 4.2. (a) Experimental set-up to test electro-response of microparticles. Graphite
electrodes are positioned 1.7 cm apart inside a transparent cubical box and are connected
to the power source. 3 mL of the electrolyte is placed in between the two electrodes. Inset
image shows the set-up placed on an inverted microscope for optical monitoring. (b)
Preparation of microparticles using a pulsed-gas flow device. The feed solution is pumped
through a microcapillary, at the end of which they are sheared off into microdroplets by
pulsed N, gas. The droplets are collected in a reservoir solution where they are physically

crosslinked into microparticles.

Experimental Set-up. Figure 4.2a shows the photo of the test cell. It comprises of a
transparent cubical box (~ 2 cm x 2 cm x 2cm) and two planar graphite electrodes. The
graphite electrodes were separated by 1.7 cm. The test cell was filled with 3 ml of
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electrolyte. The assembly was placed under an inverted microscope (Zeiss Axiovert 135
TV) for optical monitoring (inset in Figure 4.2a). A DC power source (Agilent E3612A)
was connected to the two electrodes and a bias of 15V was applied across the test cell. Gel
bending experiments and experiments with macro-beads were performed in a petridish
instead of the test cell. 40 ml of the electrolyte was used. The electrodes were separated by

9 cm and a bias of 80V was applied.

Fluorescent Microscopy. Images of capsules containing green fluorescent particles were
taken on Zeiss Axiovert 135 TV microscope using a band pass excitation filter (450-490
nm) and a band pass emission filter (515 - 565 nm). Images were analysed using ImageJ

software.

Cu?* - Alginate Hydrogel Preparation. 1 ml syringes were filled with 2 wt% alginate and
stored at -18°C until frozen. These solidified solutions were dropped in CuCl; solution for

different incubation times. After washing with DI water, the gels were stored in 10 mM

NacCl solution.
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4.3 Results and Discussion

4.3.1 Electrical Rupture of Beads and Capsules

We studied the behavior of Cu?*-crosslinked alginate microbeads (200 um radius)
under an electric field using the setup shown in Figure 4.2 (this is schematically shown in
Figure 4.3). A specific bead is placed in a 10 mM NacCl solution as shown in Figure 4.2a
and observed under an optical microscope. Figure 4.3 shows the behavior of the beads
when a voltage of 15 V is applied across the test cell. The anode (positive electrode) is on
the left of the bead and the cathode (negative electrode) is on the right. The two sets of
images are for the cases when the beads are made without carbon black (CB) particles (top)
and with 0.5 wt% of dispersed CB (bottom). The CB particles can be considered a model
payload and their presence aids in visualization. Within 100 s of the voltage being applied,
we observe that the bead swells on its left side, which is the side near the anode. The
swelling can be clearly seen in Figure 4.3b because of the dilution of CB in the left side of
the bead (i.e., this side looks much more transparent). Thereafter, we observe that the left
side of the bead ruptures, and this process is complete within 120 s. The final collapsed
structure looks like a deflated balloon in Figure 4.3a. In Figure 4.3b, the rupture of the bead
causes the inner payload, i.e., the CB particles, to spill out and spread all over the
microscopic field of view. This observation shows that bead rupture can serve to release

internal payloads.

Regarding the presence of salt in our experiments, we also studied the breaking of
alginate-Cu?* beads in the absence of salt, i.e., in DI water. In that case also, the beads

ruptured when subjected to a voltage of 15 V, but it took much longer (> 15 min) compared
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to the results in Figure 4.3. We then tested the breaking at 1 mM, 10 mM and 100 mM
NaCl, but there was no systematic trend for breaking time with changing NaCl
concentration. (Higher NaCl was not studied because the beads slowly disintegrate due to
exchange of Cu?" with sodium ions.*”) Based on these findings, we chose to perform all

further tests in a 10 mM NacCl solution.

(@)

Alg-Cu2*

Figure 4.3. Electrical rupture of alginate-Cu*" microbeads over time. The schematic of the
setup is shown on the top. A microbead is placed in 10 mM NaCl and subjected to a voltage
of 15 V. (a) Bare microbead; (b) Microbead with CB particles inside. In both cases, the
bead undergoes swelling on the anode side and ultimately breaks at this side. Scale bars
are 100 pm.

Figure 4.4 shows the response of a chitosan-SDBS microcapsule to the same 15 V
voltage. The capsule contained 0.5 wt% of dispersed green-fluorescent microparticles, and
the images were taken under a fluorescence microscope. Note that the capsule differs from
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the beads in that there is a shell covers a liquid core, whereas the beads are more uniformly
gelled throughout. In this case, around the 60 s mark, the left (anode) side of the capsule
appears to bend and fold inward. Thereafter, at ~ 135 s, this side ruptures and the contents

again spill out into the solution.

Figure 4.4. Electrical rupture of a chitosan-SDBS microcapsule over time. The setup is
identical to that in Figure 4.3. The capsule contains green-fluorescent particles. Here, the
capsule undergoes bending and shrinking (Images 2 and 3) at the anode side before
breaking at this side (Images 4 and 5). Scale bars are 100 pum.

We conclude that electrical rupture is seen with both microbeads and
microcapsules, which span two different particle morphologies and also two different
chemistries (alginate is an anionic biopolymer while chitosan is a cationic one). Thus, such
a response to electric fields seems to be a general phenomenon with microparticles formed
by ionic (physical) interactions. We can also repeat the above experiment with multiple
particles at one time, and this is shown in Figure 4.5 for the case of alginate-Cu?* beads.
When subjected to a voltage of 15 V, all the beads swell at their anode side and eventually

break at this side within 5 min.
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|

Figure 4.5. Electrical rupture of multiple alginate-Cu®*" microbeads over time. The beads
are placed in 10 mM NaCl and subjected to a voltage of 15 V. All the beads swell on the
anode side and then break at this side. Scale bars are 100 pm.

4.3.2 Effects of Different VVariables on Bead Breaking Time

From the above data, it is possible to roughly estimate the breaking time of a given
type of microparticle, i.e., the time at which we can detect the rupture by optical
microscopy. We now present data on the breaking time of alginate-Cu®** microbeads as a
function of different variables. First, we varied the applied voltage. Figure 4.6 shows a
monotonic decrease in breaking time with increasing voltage. No breaking is observed
when the applied voltage is below 2 V, i.e., close to the electrochemical stability window
of water. Similar results were reported in the literature for the response of hydrogels to
electric fields, i.e., a threshold potential of 2-3 V was required for actuation of gels. 4850
Also, we studied the beads under a sinusoidal (AC) field (amplitude of 15 V and frequency

of 50 Hz). No swelling or breaking of the beads was observed in this case.
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Figure 4.6. Breaking time for alginate-Cu?" microbeads plotted against the applied voltage.
Tests were done in 10 mM NaCl solution.

Next, we varied the parameters influencing the structure of alginate-Cu?* beads.
These beads are prepared by dropwise addition of 2 wt% alginate into a solution of Cu?*
(typically 8 wt%). As the drop stays in the Cu?* solution, it gets crosslinked into a bead.
The incubation time is the time the drop is allowed to sit in the Cu?* solution before being
washed. The higher this time, the higher the density of crosslinks between alginate chains
and Cu?* ions and therefore the stronger the resultant bead. Figure 4.7a shows the electrical
breaking time as a function of the incubation time for beads that were otherwise identical
(bead radius = 200 um). It is clear that increasing the incubation time increases the breaking
time. This result seems intuitive since stronger beads should take longer to break. We also
varied the Cu?* concentration used to form the beads from 1 to 16 wt%, with the incubation
time fixed at 2 min. Figure 4.7b shows that the breaking time increases with increasing
Cu?* concentration. Again, a higher concentration of Cu?* ions would be expected to make
the beads more crosslinked and hence stronger, which is consistent with their taking longer
to break.
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Figure 4.7. Breaking time for alginate-Cu®" microbeads plotted against (a) The incubation
time in 8 wt% Cu?®". (b) The concentration of Cu?" for 2 min incubation time. Tests were
done at 15 V and in 10 mM NaCl solution.

4.3.3 Mechanism for Electrical Rupture

The crucial question from this study is why the beads and capsules break under an
electrical stimulus? Analyzing electrical effects in our system is very complex and requires
knowledge of concepts in polymer physics, electrochemistry, colloid science, and
thermodynamics.>®% To begin our discussion, it is useful to mention one relevant
behavior observed with polyelectrolyte gels, which is that the gels bend under an electric
field.>1>+%® These experiments have typically been performed with ionic gels in which the
chains are chemically crosslinked. Will gel-bending be observed with physical gels such
as those based on alginate? To test this, we created a cylindrical alginate-Cu®* gel (see
Experimental Section for details on its preparation) with a length of 4.5 cm and a diameter
of 3 mm. We placed this gel in a 10 mM NaCl solution, and tested it under electric field
(see Experimental section for details of the set-up). As seen in Figure 4.8a, the gel does

bend under the field. The bending direction is not constant, i.e. the gel tends to change its
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orientation during the experiment. Importantly, the alginate-Cu®* gel does not seem to
break even after prolonged exposure to the electric field. For comparison, we also prepared
a macro-bead (diameter ~ 5 mm) of alginate-Cu?* and tested this also under the same
conditions. Figure 4.8b shows that the macro-bead breaks in a similar manner to the

microbead, i.e., it swells at the anode side and then breaks at this side.

(a)

No Field Anode (+) Anode (+) Anode (+)
_J Cathode (-) — Cathode (-) — Cathode (-) _-
(b)
No Field Anode (+) Anode (+) Anode (+) ‘ﬂ

Cathode (-) Cathode( W F Cathode (-) — Cathode (-) ~

Figure 4.8. Images under an electric field of (a) an alginate-Cu?* gel (with CB) and (b) an
alginate-Cu?* macro-bead (with CB). The gel undergoes significant bending, but does not
break. The macro-bead swells on its anode side and then breaks. All experiments were
conducted in 10 mM NaCl solution. Scale bar: 1 cm (gels), 2 mm (beads).

Are there spherical beads that do not break under an electric field? We have made
macro-beads of the nonionic polysaccharide agarose, which are gel networks held by
physical crosslinks between agarose chains. These agarose beads show no response to
electric fields. Thus, the presence of residual charge seems to be a requirement for electric
responses. Another observation is that microbeads formed by crosslinking chitosan with

glutaraldehyde (GA) are also insensitive to electric fields. In this case, the chitosan-GA

48



beads are known to have a residual cationic charge, but the bonds between chitosan and
GA are covalent bonds, which are much stronger than the ionic interactions in alginate-
Cu2+ beads. We conclude that electrical rupture of particles only occurs when the particles

are formed by weak, physical bonds of an ionic or electrostatic nature.

Now we return to the electrically induced bending of gels, which is also observed
for alginate-Cu?*. There are two plausible mechanisms for this.>* The first is an
electrochemical mechanism. When water is subjected to a voltage above 1.23 V, it gets
electrolyzed (see Section 2.1.1).%%°" As a result, H* ions are formed at the anode and OH-
ions at the cathode. In turn, this generates a pH wave in the solution (i.e., lower pH near
the anode and higher pH near the cathode). When the pH wave reaches the gel, ionic groups
in the gel can gain or lose their charge, which can lead to selective swelling and shrinking
of the gel and thereby to gel bending. Can this explain the breaking of alginate-Cu?* beads?
On the anode side, we expect a lower pH, which could protonate the the carboxylates (—
COO)on alginate chains. The lower charge should then cause the anode side of the bead
to shrink. However, we observe the opposite behaviour, i.e. swelling at the anode side.
Also, we studied alginate-Cu?* beads in solutions of different pH. We observed no change
at high pH while there was some shrinking of the beads at low pH. In no case was the
breaking of the bead observed. All in all, an electrochemical mechanism (i.e., the attendant

changes in pH) cannot explain the breaking of our beads.

Next, we consider a second mechanism for gel bending that deals with the

redistribution of ions and the corresponding changes in osmotic pressure. When a charged
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gel is placed in an electrolyte solution (NaCl in our case), the ions redistribute themselves
according to Donnan equilibrium and in order to maintain charge neutrality. The

corresponding equations are as follows:

€I +.Co- = Cng+C4~  Donnan Equilibrium (1)
Co v =Clo-+ C&- Electroneutrality )
Ifla+ = Cer-

where the superscript g refers to the gel and the superscript s to the solution. The above
equations assume that the concentration of H* and OH™ are very low compared to the
concentration of NaCl. From the two equations, it is clear that Cﬁa+ will be much higher
than Cy,+ at the outset. When the voltage is applied, the mobile Na* and CI- ions will carry
the current by moving towards the oppositely charged electrodes. Inside the gel, most of
the current will be carried by Na* because of the permselectivity of anionic gels like
alginate. Permselectivity is defined as the preferential permeation of one type of ion
through a charged network. According to theories, the resulting movement of Na* ions will

create differences in osmotic pressure that leads to gel bending.>2-%

A similar argument may explain why our alginate-Cu?* beads break under a field.
The idea is that as the Na* ions move towards the cathode, there will be a “depletion” of
Na* ions near the bead on the anode side and an excess of the same near the bead on the
cathode side. As a result, an osmotic gradient will be created on the anode side that will
cause the bead to swell (i.e., the bead will swell because there will be fewer ions outside

than in the bead). This tallies with our findings. We have observed, both at the macro and
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the micro scale, that alginate-Cu?* beads swell at their anode side before they break. This
is further shown by the schematics in Figure 4.9. We believe that, as the bead swells on
one side, this side will become weaker, i.e., the chain segments will get stretched more,

until the bead will eventually break on this side.

Broken
Swelling on the anode side

N N

+ - + - + -

Un-deformed bead Deformed/ Swollen bead Broken bead

Figure 4.9. Schematics showing the breaking of an alginate-Cu?* bead. When placed in an
electric field, the bead swells on its anode side, making this side weaker and ultimately
causing the bead to break.

4.3.4 Electro-Actuated VValves Based on Beads

Next, we illustrate an application of electrical bead rupture. We squeezed a macro-
sized (4 - 5 mm) alginate-Cu?* bead into the end of a plastic transfer pipette and filled the
pipette with water containing a pink dye (Rhodamine B), as shown in Figure 4.10. This
bead-pipette assembly is then placed in between electrodes. The setup is filled with 10 mM
NaCl solution. No mixing of the fluids is observed at the outset, prior to applying a voltage
because the bead is blocking the flow. When a bias of 15 V is applied, the bead deforms
and breaks within about 3 min. This removes the block and allows the pink solution to flow

and mix with the colorless NaCl solution. Essentially, we have created an electro-actuated
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valve in this way. Interestingly, if the bead is not fit very snugly in the pipette, it can still
block the flow), but even a slight deformation caused by the field can dislodge the entire

bead from the pipette end and thereby allow the pink solution to rapidly flow down.

Pipette
Water with
Rhodamine B
Alg-Cu?* bead
10 mM NaCl == blocking the flow

Figure 4.10. Electro-actuated valve. Alg-CuZJr bead is placed at the end of a transfer pipette
to block the flow of rhodamine water. The assembly is placed in between two electrodes.

Schematic of the set-up is shown on the top. When electric field is applied, the Alg-Cu2+
bead gets deformed and broken, thereby allowing the rhodamine water to flow.
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Figure 4.11. Sequential flow from multiple valves. Electro-actuated valve from Figure
4.10 is extended to include multiple valves. (a) and (b) shows the schematic and photo of
the actual setup. (c) Three valves are opened sequentially in the desired order, valve3
followed by valvel and then valve2. This experiment demonstrates the efficiency of

electrical stimulus in providing spatial control.

We further extended our valve design to incorporate three valves. The schematics
in Figure 4.11 show the positions of the valves and the electrodes in the setup. Again, no
flow is observed initially. We then apply a voltage of 15 V across Valve 3, which ruptures
the bead blocking the flow, thus “opening” the valve and allowing the red (Rhodamine 6G
in water) fluid above this valve to mix with the reservoir. The other two valves are still
intact at this stage. Next, we applied 15 V across Valve 1. This causes the flow to start
through this valve. Valve 2 is still closed at this point. Finally, we apply 15 V across Valve
2 and induce this valve to also open. The above sequential opening of valves demonstrates
several concepts that could make such a system useful for drug delivery applications. The
valves here correspond to doses of drug. We can administer one dose at a time at regular

intervals, or if a higher dose is desired, we can open multiple valves at the same time. Also,
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our setup shows how an electrical stimulus can be directed at a precise location, i.e., we
can actuate one valve without affecting the others. Other stimuli like temperature, and pH

are more challenging to direct towards a precise location.

4.4 Conclusions

We have designed and demonstrated an electro-responsive release system on micro
and macro scale. We believe that ours is the first system that is based on electrical
responsiveness of physically crosslinked biopolymers. Our synthesis method involves
dropwise addition of biopolymers to oppositely charged solution to form beads and
capsules through simple physical crosslinking. The single step fabrication process would
be a great advantage for mass production. Once these beads are fabricated and equilibrated
in an electrolyte solution, they can be remotely triggered by applying electrical stimulus.
We have studied their response by changing physical parameters like applied voltage,
crosslinking ion concentration and crosslinking time. We have also discussed plausible
mechanism that might be responsible for the breaking response of the beads under electric
field. We have utilized the electro-actuation to demonstrate valving application by
triggering a flow using electrical signal. By regulating the flow through multiple valves,

we have illustrated the superior spatial control that electrical stimulus offer.
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Chapter 5

Electrically Induced Adhesion of Beads to Gels

5.1 Introduction

Hydrogels are cross-linked network of polymer chains swollen in water.»>® They
are routinely investigated by researchers because of their unique properties.>*®° Being
made of up to 90% water, they still have solid like consistencies and can withstand
considerable stress.5-%? These properties have paved a way for hydrogels to be considered

for applications like tissue engineering,®>%* bio-mimicry,®® and cell culture studies.®®

Although the presence of large amount of water makes hydrogel attractive for many
biological applications, it presents some disadvantages as well. For example, the increase
in water content generally makes the hydrogel weak, floppy, and slippery. Adhesive
properties of hydrogels are also greatly affected by the presence of water.®” Adhesion of
hydrogels are particularly important because of their applications as sealants and glues,
adhesive drug delivery patches, tissue scaffolds, and hemostasis and surgical sealants.
Moreover, biomimicking gel-like bodies of aquatic creatures (such as squids and jellyfish)
or land creatures (such as worms) require combining gels of different geometries,
properties, and chemistries into one structure. There have been many successful attempts
to make sticky and adhesive hydrogels.t3%° Self-healing hydrogels have been designed that
can repair themselves upon damage.” Several hydrogels have been realized that have

excellent sticking properties to different substrates.® "

55



There are three prevalent issues with these adhesions of hydrogels. 1) They require
specific chemistries to be adhesive, which might not be practical for hydrogels with
different applications;®? 2) they require large area of contact for good adhesion, which pose
problems when adhesion involving spherical geometries is required; and 3) the time scale
for these adhesions is quite long.”>"® There are some studies where one or two of these
problems are addressed.”* However, research on hydrogel adhesion techniques that

addresses all of these issues is quite rare.

One particular technique that is important in this regard involves adhesion induced
by electric field.”>" Authors have shown that two oppositely charged chemically
crosslinked polyelectrolyte hydrogels can be adhered by the application of a directional
electric field. They have also designed hydrogel constructs that can be remolded into
different flat shapes or can be used to repair damaged hydrogels.””:”® This technique is
particularly impressive because the time scale required for adhesion is quite small, i.e. of
the order of a few seconds. The system, involving contact interface of oppositely charged
polyelectrolytes, itself is important due to applications in electronics’® and multilayer
assemblies.®® One question regarding polyelectrolyte adhesion that still remains
unanswered is regarding adhesion involving spherical geometries. In this chapter, we have
extended the electro-adhesion technique to beads and capsules. Our work shows that strong
adhesion is possible between gels and beads, as well as between beads and beads. This
would be advantageous for applications that require fabrication of complex geometries,
sorting of different soft cargos, and their pick-up and drop-off. We have also demonstrated

adhesion in completely electrostatically crosslinked beads. Our technique to adhere gels
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and beads is specific to charge-polarity pair, i.e. the adhesion is possible only between
oppositely charged species and that too in a very specific configuration of electric field.
The process is completely reversible and is very rapid. Moreover, the technique works
under water as well. We hope that the adhesion and detachment of gels and beads would
be quite useful in the applications involving structurally complex tissue engineering, bio-

mimicking, and adhesive drug delivery patches.

5.2 Experimental Section

Materials and Chemicals. The monomer acrylamide (Aam), the crosslinker N,N’-
methylene bis(acrylamide) (BIS), the initiator ammonium persulfate (APS), the accelerant
N,N,N’,N’-tetramethylethylenediamine (TEMED), the biopolymers alginate (medium
molecular weight, viscosity >= 2000 cP, 2%) and chitosan (medium molecular weight,
190-310K; degree of deacetylation ~ 80%), and the reagents calcium chloride dihydrate,
sodium tripolyphosphate (TPP) and glutaraldehyde solution (grade I - 50% in water) were
obtained from Sigma-Aldrich. The monomer quaternized dimethylaminoethyl
methacrylate (QDMAEMA) was purchased from MPD Chemicals. Magnetic y-Fe2Os
nanoparticles (average surface area ~ 42 m?/g) were purchased from Alfa Aesar. Sodium
dodecylbenzenesulfonate (SDBS) was purchased from TCl America. Graphite pencil
electrode (pentel super hipolymer lead, 9mm) was purchased from Staples. The malchite
green dye was from Pfaltz and Bauer, the rhodamine B dye and the methylene blue dye
were purchased from Sigma-Aldrich and acid red 52 dye was obtained from TCI America.

All chemicals were used as received.
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Gel Preparation. All gels were made using DI water through which nitrogen gas was
bubbled for 30 min to remove dissolved oxygen. 1 M Aam along with 0.24 M QDMAEMA
was dissolved in DI water. Crosslinker BIS was then dissolved in the solution at the molar
ratio of 1:50 w.r.t Aam. Initiator (APS) and accelerant (TEMED) were then added to the
solution at concentrations of 2 mg/ml and 1.5 pL/ml, respectively. The solution was kept
undisturbed in a glass petridish at room temperature in a nitrogen environment for 4 h to
convert into a gel. Any unreacted monomer was washed away and gels were cut into

squares of size 12 mm x 12 mm (thickness: 4 mm).

Bead / Capsule Synthesis. Beads and capsules were synthesized in a similar manner as
described in chapter 4. Note that, we refer a spherical structure as a bead when it is cross-
linked all the way through to the core, and refer it as a capsule when it has core-shell
structure with liquid core. Droplets of 2 wt% alginate solution (containing malachite green
dye) were slowly dropped into a stirring solution of 3 wt% CaCl, solution using transfer
pipette and incubated for 15 min. Ca?*-alginate beads were then washed and stored in DI
water. The diameter of these beads was approximately 4 mm. For magnetic beads, 2 wt%
v-Fe2O3 was mixed with alginate before it was added dropwise into CaCl> solution.
Similarly, for the chitosan-SDBS capsules, 2 wt% chitosan (in 0.2 M acetic acid) was added
dropwise in 5 wt% SDBS solution. After incubating for 15 min, the capsules (diameter ~
3 mm) were washed and stored in DI water. Chitosan-glutaraldehyde beads were formed
by dropwise addition of 2 wt% chitosan into a solution of 1 wt% TPP and 2 wt%
glutaraldenyde. TPP stabilizes the chitosan chains into spherical beads through

electrostatic interactions followed by chemical crosslinking with glutaraldehyde.
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Adhesion Strength Test. Samples for adhesion test were prepared by sandwiching 12 mm
x 12 mm x 4 mm square gel and 4 mm diameter bead in between flat graphite sheets and
applying the desired bias. Adhesion strength between the gel and the bead was tested using
Rheometrics AR2000 stress controlled rheometer (TA instruments). The adhered gel-bead
assembly was placed on the base plate with bead facing the moving plate. Constant shear
rate of 0.01 s was applied and corresponding shear stress was measured. The value of
shear stress at which the bead is detached from the gel is a measure of the adhesion strength.

Tests were performed using 20 mm steel plate at 25°C.

5.3 Results and Discussion

5.3.1 Adhesion and De-adhesion under Electric Field

Figure 5.1 shows adhesion of positively charged gel with a negatively charged bead.
The gel is made by co-polymerization of Aam and QDMAEMA in the presence of
chemical crosslinker BIS. QDMAEMA is the quaternized dimethylaminoethyl
methacrylate where the nitrogen atom has a permanent positive charge. The chains of
polymerized Aam and QDMAEMA are crosslinked and polymerized together to give the
gel a net positive charge (schematics in Figure 5.1). The pink color of the gel is due to the
presence of rhodamine B dye. When the gel is attached to a positive terminal of a power
source, whose negative terminal is attached to a negatively charged calcium-alginate bead
(dyed with malachite green), there is an adhesion between the two soft structures. No
adhesion is observed when the polarity is reversed, i.e. positive charged gel is connected
to the negative terminal and negatively charged bead is connected to the positive terminal

of the power source.
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Figure 5.1. Adhesion of positively charged gel and negatively charged bead. (a)
Initially gel and bead (diameter: 4 mm) were unadhered. The gel is a copolymer of
uncharged monomer Aam and charged monomer QDMAEMA. The bead is a physically
crosslinked network of calcium alginate where calcium ions link alginate chains through
“egg-box” like junctions. (b, c) When the negatively charged bead on anode is brought in
contact with positively charged gel touching cathode, no adhesion is observed. (d, €) When
the polarity is reversed i.e. negatively charged bead on cathode in contact with positively
charged gel on anode, there is adhesion. (f) The adhesion is attributed to electrophoretic
migration of positively charged polyelectrolyte towards cathode and negatively charged
polyelectrolyte towards anode. The oppositely charged chains come in contact,
interpenetrate and form polyion complexes that leads to adhesion. Bias applied :10 V.

Note that the adhesion is very rapid. The images in Figure 5.1 corresponds to the
case when the bias of 10 V is applied for only 5 s. The reason for the quick adhesion is

believed to be the migration and interpenetration of oppositely charged chains to form
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polyion complexes.”"® The positively charged chains in the gel feel an attraction towards
the cathode and the residual negative charge on alginate chains (after crosslinking with
Ca?") feel an attraction towards anode. The electrophoretic migration of chains under
electric field causes the two charges to come together and form polyion complexes as
shown in the last panel in Figure 5.1. No adhesion is observed upon reverse polarity
because the chains would be moving in the opposite direction and would not come in

contact.

Once the gel and the bead are adhered, applying a reverse polarity to the assembly
i.e. positively charged gel in contact with cathode and negatively charged bead in contact
with anode, causes them to detach. This is illustrated in Figure 5.2 where a bias of 10 V is
applied for 10 s. It should be noted that it takes a little longer for the gel and the bead to
detach in comparison to the time it took for them to attach. Again, the electrophoretic
migration theory explains this behavior. The residual charges on the chains feel the electric
force in the opposite direction and migrate towards the respective electrode, thereby
breaking the weak polyion complexes and resulting in the detachment. The disruption of
these weak bonds explains the longer detachment time (in comparison to attachment).
Moreover, as shown in the top photos in Figure 5.2, no detachment of adhered assembly is
observed when the polarity is such that the anode touches the positive charged gel and

cathode touches the negatively charged bead.
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Figure 5.2. De-adhesion of positively charged gel and negatively charged bead. (a)
Initially the gel and the bead (diameter: 4 mm) are adhered. (b, ¢) When a power source is
attached to the gel-bead assembly such that the negative terminal is in contact with
negatively charged bead and positive terminal to the positively charged gel, there is no
detachment. (d, €) When the polarity is reversed i.e. positive terminal in contact with bead
and negative terminal in contact with gel, the gel and bead detach. Bias applied: 10 V.

Several additional points regarding the adhesion and de-adhesion are worth
discussing. First, the phenomenon is not restricted to a positively charged gel and a
negatively charged bead. The reverse configuration works as well. We have successfully
tested this behavior with a negatively charged gel (copolymer of Aam and sodium acrylate)
and a positively charged capsule (chitosan-SDBS). However, the adhesion was not as
strong in this case. The most likely reason for the weak adhesion is that the capsule surface
is covered with SDBS, which may inhibit chitosan migration. Next, the adhesion and
deadhesion is observed with different types of gels (Figure 5.3). Type 1: charged groups
chemically crosslinked within the gel (Figure 5.3 - left), and type 2: charged polymer

entangled within the network without any crosslinks (Figure 5.3 - right). An example of
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type 1 gel is QDMAEMA gel that is chemically crosslinked with Aam. For type 2 gel, the
biopolymers alginate or chitosan are mixed with the Aam monomer before gelation and
therefore, their chains are entangled inside the network without any crosslinks. Both types
of gels show adhesion and detachment in the presence of electric field. This has been
observed in the literature as well with gel-gel adhesion.®! It should also be noted that the
adhesion and detachment occurs under water as well (discussed later) and the electrodes
do not need to be in contact with the gel or the capsule. However, the non-contact adhesion
is weak and takes a longer time. Therefore, all the further experiments were conducted with

electrodes touching the materials.
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Figure 5.3. Schematics showing two types of gels. (a) Charged monomer is chemically
crosslinked with uncharged monomer into a network to form the gel. Red coloured chain
segments represent charged monomer. (b) Charged polymer chains are entangled into the
network of uncharged gel. There are no crosslinks between the charged and uncharged
groups.
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5.3.2 Bead - Capsule Adhesion

Electric field induced adhesion discussed in the previous section is not restricted to
gel and bead geometry only. In this section, we demonstrate that such adhesion and
detachment can be achieved with two spherical geometries as well. As long as there is
contact between the oppositely charged groups and there is migration under electric field,
there will be adhesion. Figure 5.4 illustrates the adhesion between Ca?*-alginate bead
(dyed pink with acid red 52) and chitosan-SDBS capsule (dyed blue with methylene blue).
A bias of 10 V is applied for 10 s with cathode in contact with alginate bead and anode in

contact with chitosan capsule. On reversing the polarity, they detach.

-+

Adhesion

e “
<—
. . De-adhesion

Alginate-Ca?* Chitosan-SDBS

Figure 5.4. Bead - Capsule Adhesion. Electrically induced adhesion between negatively
charged calcium-alginate bead (red) and positively charged chitosan-SDBS capsule (blue).
For adhesion, negative terminal is connected to calcium-alginate bead and positive terminal
is connected to chitosan-SDBS capsule. Schematics show the interpenetration and
electrostatic bonding of oppositely charged chains after electrophoretic migration.
Reversing the polarity causes detachment. Bias applied: 10 V, scale bar: 2 mm.
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5.3.3 Adhesion Strength

The adhesion between the gel and the capsule discussed in Section 5.5.1 is quite
robust. It is not attained by simple pressure bonding without electrical signal. To
demonstrate extent of the adhesive strength, we synthesized Ca?'- alginate beads with
Fe>O3 magnetic nanoparticles. These magnetic alginate beads can be easily manipulated

and propelled using a neodymium magnet.

@)

Ca?*-alg with No adhesion
Magnetic NPs QA/

e e

Capsule pulled by
Aam-QDMAEMA magnet and gel stays
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Adhesion through .

Electric field \

Capsule pulls the
gel with it

Figure 5.5. Adhesion between magnetic alginate bead and QDMAEMA gel. (a) No
adhesion between gel and bead without electric field. When a neodymium magnet is
brought close to the assembly, the bead gets attached to the magnet whereas the gel stays
put. (b) When an electrical bias of 10 V is applied for 10 s, a strong adhesion develops
between the gel and the bead. Now, upon bringing a magnet, the whole assembly gets
attached to the magnet, indicating a strong adhesion between the gel and the bead.
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We compared the adhesion between the magnetic alginate bead and QDMAEMA
gel attained with and without electrical bias by bringing a magnet near the adhered
structure. Top panels in Figure 5.5 shows that when the gel and the bead is simply pressure
bonded (pressed against each other for 10 s) no significant adhesion is achieved. When a
neodymium magnet is brought next to the assembly, the bead moves and attaches to the
magnet. However, when the bead and the gel are adhered using electric field (10 V, 10 s),
the adhesion is strong. Now, upon bringing the magnet near the adhered structure, the
magnetic bead pulls the gel along with it as it attaches to the magnet, indicating a strong

adhesion between the bead and the gel (bottom panels in Figure 5.5).

Next, we quantified the strength of adhesion between the Ca?*-alginate bead and
the Aam-QDMAEMA gel. Figure 5.6a shows the image of the setup to adhere the gel and
the bead. As described in the experimental section, we placed the adhered gel-bead
assembly on a rheometer and applied a constant shear rate of 0.01 s (Figure 5.6b). The
shear stress required to maintain the shear rate is recorded over time. The value of shear
stress goes up until the bead gets detached off the gel and then the value drops. The highest
value of shear stress just before the bead is snapped off is used as the measure of adhesion

strength.

Figure 5.7 depicts the strength of adhesion as a function of adhesion time. A bias
of 10 V is applied for different times and shear stress on the adhered structure is measured.
The longer time the electric field is applied, the stronger the adhesion is. This can be
explained by the fact that the longer adhesion time allows larger electrophoretic migration
of chains and thus form stronger electrostatic complexes resulting in increased strength.
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Figure 5.6. Strength of adhesion. (a) Adhesion between the gel and the bead is achieved
by attaching negative electrode to the bead and positive electrode to the gel. (b) Measuring
strength of adhesion using a rheometer. The gel-bead adhered assembly is put on a
stationary plate of the rheometer. 20 mm steel plate geometry is used to apply constant

-
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shear rate of 0.01 s . The shear stress required to maintain this shear rate is recorded. Once
the bead gets detached from the gel, the shear stress drops. The value of shear stress just
before the bead detaches is conceived as the measure of adhesion strength.

The strength of adhesion w.r.t. applied voltage is quantified in Figure 5.8. The

adhesion time is kept constant at 10 s. Again, the larger voltage would allow larger
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migration of charged polyelectrolytes and better polyion complexes and therefore would
create stronger adhesion. Hence, the adhesion strength goes up with applied voltage. Note
the differences in the way the adhesion strength goes up w.r.t. the adhesion time (Figure
5.7) and w.r.t. the voltage (Figure 5.8). There is monotonous increase in the adhesion
strength with both variables. However, with adhesion time, the strength plateaus unlike
with the voltage. When varying the adhesion time, we kept the applied voltage constant at
10 V. Therefore, the electric force that the charged polyion chains experience is constant.
As they start migration they feel resistance from the other end. Although, the adhesion
strength goes up over time, the resistance these chains feel against migration also goes up.
At some point during the process, the forces balance, ceasing any further migration and
therefore the adhesion strength plateaus. On the contrary, when the applied voltage is
increased, the force experienced by the chains increases proportionally, and therefore the

strength of adhesion increases without any plateauing.

Next, we studied the effect of the amount of charged groups on the adhesion
strength. Since the charge on the gel is due to the presence of charged monomer
QDMAEMA, by changing the moles of QDMAEMA, we changed the effective charge on
the gel. Figure 5.9 shows the effect of QDMAEMA concentration on the adhesion strength.
As the charge on the gel goes up, the effective number of polyion complexes formed after
migration under electric field, would go up as well. The increase in interaction between

oppositely charged groups increases the adhesive strength as shown in Figure 5.9.
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Figure 5.7. Strength of adhesion w.r.t. adhesion time. As the adhesion time goes up, the
polyelectrolyte chains in the gel and the bead can migrate for longer time and form more
polyion complexes. This is expressed as increase in adhesion strength. Finite value of shear
stress at 0 s corresponds to the stress required to roll of the unadhered bead on the gel
surface. All tests were performed at 10 V bias.
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Figure 5.8. Strength of adhesion w.r.t. applied voltage. Higher voltage between the
terminals would exert stronger force on the polyelectrolyte chains in the gel and the bead,
forcing them to migrate more and form more polyion complexes. As a result, the shear
stress increases with increasing voltage. All tests were performed for 10 s adhesion time.

69



200
180
160
& 140
120
100
80
60
40
20

a)

Shear Stress

II||I\|I|H\ II||\H H‘\III
00 05 10 15 20 25 3.0

QDMAEMA Concentration (M)

o
FHTTTTTTTITITITTT

Figure 5.9. Strength of adhesion w.r.t. charged monomer content (QDMAEMA). The
electro-adhesion is attributed to the electrophoretic migration of chains and formation of
weak electrostatic bonds between the charged groups. Larger amount of charge would
result in more bonds and therefore increase in adhesion strength. More shear stress would
be required to disrupt these bonds as reflected the plot by the increase in shear stress with
increasing charged content. All tests were performed for at 10 V bias for 10 s.

5.3.4 Pick-up and Transfer Controlled by Electric Field Polarity

The instantaneous adhesion and detachment between the oppositely charged gel
and bead has many applications. One such application is shown in Figure 5.10. Three beads
are transferred one by one from surface 1 to surface 2 using oppositely charged gel. In this
case, surface 1 is connected to the negative terminal of a power source. The positively
charged QDMAEMA gel is connected to the positive terminal through a graphite electrode.
When a bias of 10 V is applied and the gel is brought in contact with Ca?*-alginate bead on
surface 1, they are instantaneously adhered as shown in Figure 5.10. Thereafter, we
changed the polarity of the electrode connected to the gel from positive to negative. Surface

2 is connected to the positive terminal. When the gel-bead adhered assembly is brought in
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contact with surface 2, there is an instantaneous detachment and the bead is placed on
surface 2. This way by adjusting electrical polarity, the bead is picked up from surface 1
and transferred to surface 2. Note that the pick-up and drop-off does not occur with the
reverse polarities, i.e. if the negative terminal connected to the gel is contacted with the
bead on the positive terminal connected surface 1, no adhesion is observed. Similarly, when
the positive terminal connected to the gel-bead assembly is contacted to the negative
terminal connected surface 2, no detachment is observed. Moreover, same charged gel and
bead do not adhere irrespective of the polarity. This demonstrates that the technique to
adhere and detach is very specific to charge-polarity pair and can be utilized for soft cargo

transport.
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Figure 5.10. Pick-up and transfer controlled by electric-field Polarity. Pick-up and

drop-off of negatively charged Ca2+-alg bead from one surface to another using
QDMAEMA gel. Beads can be picked up when the polarity is such that negatively charged
bead is at negative terminal and positively charged gel is at positive terminal. Drop off is
achieved when polarity is reversed. Three beads are transferred one by one from surface 1
to surface 2.
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5.3.5 Under Water Sorting of Beads

®
Calcium
alginate bead

Chitosan
glutaraldehyde bead

QDMAEMA gel on
graphite sheet

/ i

Reversing the polarity
detach alginate beads

only alginate beads

stick to the gel Chitosan beads

remain in petridish

Figure 5.11. Sorting of beads under water. Two types of beads are mixed and sorted
using the adhesion-detachment technique. Mixture of calcium-alginate beads (red) and
chitosan-glutaraldehyde beads (yellow) is placed under water on the conducting graphite
plate. When the positively charged gel is brought next to the mixture and a bias of 10V is
applied, only the pink beads get adhered to the gel. Yellow beads remain inert in the
petridish. The adhered pink beads are transferred to another petridish by reversing the
polarity that leads to detachment. Initial mixture of beads is sorted and separated into two
groups of similar beads.

As mentioned earlier, the adhesion and de-adhesion of soft gel and bead is not
limited to open air environment. The behavior is observed under water as well. This is
illustrated in Figure 5.11 where we demonstrate sorting of beads under water. Two kinds
of beads (a) Ca?*-alginate (pink) and (b) chitosan-glutaraldehyde (yellow) are mixed and
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placed in a petridish, which is modified to have a flat graphite base as shown in the top
image in Figure 5.11. The graphite base is connected to the negative terminal of a power
source, whose positive terminal is connected to another graphite sheet that is attached to a
large square piece of QDMAEMA gel. When a bias of 10 V is applied and the gel is brought
in contact with the beads, only the negatively charged Ca?*-alginate beads are attached to
the gel. Chitosan-glutaraldehyde beads remain in the petridish. The Ca?*-alginate beads are
then transferred to another petridish by reversing the polarity. Images in Figure 5.11

demonstrate the sorting of two kinds of beads from their mixture.

5.4 Conclusions

We have described an electro-adhesion technique where oppositely charged gels
and beads (or capsules) can be reversibly attached/detached instantaneously. The adhesion
and detachment is dependent on charge-polarity pair, i.e. only oppositely charged gel-bead
system would adhere and that too in a certain polarity configuration. Anionic polymer in
contact with cathode and cationic polymer in contact with anode leads to adhesion and
reverse polarity leads to detachment. The technique works for purely physically
crosslinked polymers, purely chemically crosslinked polymers, as well as their
combinations. Adhesion and detachment also works under water and without the direct
contact with the electrodes. We have illustrated two applications of the technique: (1) pick-
up and drop-off of the beads from one surface to another; (2) sorting of two types of beads
from their mixture. One remarkable feature of the process is that it is very rapid and occurs
within a few seconds. This would be advantageous for applications that require fast

response times.
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Chapter 6

Conclusions and Recommendations

6.1 Project Summary and Principal Contributions

In this dissertation, we have shown three different ways an electrical stimulus can
interact with soft matter. All of the three studies were conducted at relatively low voltage
and current values, achieving significant effects at biologically safe conditions.
Manipulating the ways electric field can interact with charged species in solution and in
air, we have achieved (1) gelation of biopolymers, (2) disruption of charged beads and

capsules, and (3) reversible adhesion between oppositely charged gels and beads.

In Chapter 3, we have described a gelation technique to form hollow biopolymer
gel structures that are difficult to make using traditional methods. This was achieved by
entrapping crosslinking cations in a thermo-responsive polymer gel. Use of the thermo-
responsive polymer provides dual advantages: (1) mold in the suitable shape can be
designed to get the final gel in desired geometry; (2) thermo-responsiveness allows the
mold to be melted away to get the final gel. When a potential bias is applied across the
mold and the bio-polymer solution, the cross-linking ions migrate out of the mold and gel
the biopolymer. No significant diffusion of ions in the absence of electrical stimulus,
provides an excellent “on-off” switch to trigger gelation on demand. Multilayer structures
with capabilities to immobilize biological species make this technique exciting. Moreover,
with the use of commercially available hydrophobic coating, patterned gel can be

developed.
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In Chapter 4, we reported a unique behavior of biopolymer beads and capsules
under DC electric field. Negatively charged Cu?*-alginate beads undergo swelling and
breaking from the side closer to the anode. The anisotropy in the response might be the
result of anisotropic distribution of mobile ions that take place when a polyelectrolyte gel
is placed under electric field. The beads were synthesized through simple dropwise addition
of biopolymer solution into oppositely charged medium. These beads can be triggered by
electrical stimulus remotely, i.e. the beads do not have to be in direct contact with the
electrodes. The swelling and breaking behavior of the beads have been observed at both
macro and micro scale. We have demonstrated an electro-actuated valving application

utilizing the response of the beads.

In Chapter 5, we demonstrated electrically induced reversible adhesion between
oppositely charged gel and bead. The adhesion is specific to charge-polarity pair, i.e.
adhesion occurs only when positively charged species is next to anode and negatively
charged species is next to the cathode. Reversing the polarity causes de-adhesion in already
adhered system. The adhesion and detachment is a result of electrophoretic migration of
oppositely charged polyelectrolytes under electric field. During adhesion, the
polyelectrolyte chains interpenetrate and form polyion complexes. On reversing the
polarity, the complexes dissociate and charged polymeric chains move in opposite
directions that leads to detachment. We have quantified the strength of adhesion by
measuring the shear stress required to split the gel and the bead. Additionally, we have
applied the technique to pick-up and drop-off soft cargo and to demonstrate under water

sorting of different beads from their mixture.
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6.2 Recommendations for Future Work

6.2.1 Multicompartment Capsules

Containers with separated inner compartments that can perform simultaneous or
cascade reactions, while keeping encapsulated reactants separated (from the products that
is freely diffusing in the same environment), are extremely attractive for applications of
catalysis,®2% drug delivery,®8® and tissue engineering.8”# Such multicompartment
containers on the micron scale are considered artificial cells, due to the overall structure
being similar to organelles enclosed in discrete, functional membranes within the cell. Our
lab has recently shown bacterial signaling using multicompartment capsules.** We propose
to combine the electro-induced breaking of capsules discussed in Chapter 4 with the multi-
compartment capsule for release applications. We can incorporate multiple functionalities
in the multicompartment capsule by selectively making certain capsules electro responsive.
For example, we can make the outer container rupture under electric field and release the
inner containers that are inert. In contrast, we can also make the outer compartment inert
and make some of the inner compartment electro responsive and some inert. Upon applying
the electrical stimulus, we can break some of the inner compartment and release
encapsulated chemical species that can trigger cascade reactions with electrically inert

inner compartment, all the while safely encapsulated in the inert outer compartment.

Figure 6.1 shows the preliminary result of electro-responsive capsules in
multicompartment setting at macro scale. The schematics show the procedure used to make
the multicompartment capsules. The outer compartment is chitosan-SDBS, which is shown

to be electro responsive (as discussed in Chapter 4). The inner compartments are made by
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chemically crosslinking chitosan with glutaraldehyde. The chemically crosslinked beads
are too rigid to undergo any volume transformation and thus are electrically inert. When
the electrical stimulus is applied, the outer chitosan-SDBS compartment breaks while the

inner compartment remains inert as shown in Figure 6.1.

(a)

J / o0 .\.
2 th% 2 wt%
Chitosan L 1) Chitosan

¢ ® > k :i @
2 wt% GA, 2 wt% 5 wt%
1 wt% TPP Chitosan SDBS SDBS capsule
GA with GA
crosslinked crosslinked beads
beads in Chitosan

(b)
-

Figure 6.1. Multicompartment electro-responsive capsules. (a) Schematics describing
the procedure to make multicompartment capsule. Chitosan is dropped in glutaraldehyde
(GA) and sodium tripolyphosphate (TPP) solution to form inert beads. These beads are
suspended in fresh chitosan, which was then dropped into SDBS solution to form
multicompartment capsule. (b) Electro-response of multicompartment capsule where the
outer chitosan-SDBS capsule breaks under electrical stimulus releasing inner unaffected
chitosan-GA beads.




6.2.2 Electro-induced Adhesion at Microscale

Micromanipulation is a technique where delicate manipulations of a specimen are
performed under a microscope. This is particularly important in the fields of single cell
adhesion studies,® in vitro fertilization (IVF), and electrophysiology.®® An exciting future
research would be to study our electro-induced reversible adhesion at small scales. If we
could selectively pick and drop microparticles through adhesion and detachment, it would
be beneficial for micromanipulation community. Moreover, since the technique works
under water as well, reversible micro-adhesion would be important for manipulation of

biological samples that are inherently aqueous based.

Microscale adhesion can be significantly different from the macro adhesion
presented in Chapter 5.%2°2 Due to large surface area to volume ratio at small scales, many
microparticles can be inherently adhesive. This may be a problem if we want to achieve
selective adhesion through directional electric field. Therefore, additional studies are
warranted regarding adhesive forces at micro-scale before our electro-induced adhesion
can be extended at such scale. Further study in this regard would make for an exciting

future work.
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