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This study concerns the topic of electroadhesion (EA), which refers to adhesion induced
by an electric field. Previous research had demonstrated that a DC electric field could be used to
adhere a cationic hydrogel to an anionic hydrogel. Here, we extend this phenomenon to new
systems. First, we adhere cationic gels to animal (bovine) tissues by simply applying a DC field
of ~ 10 V across a gel-tissue pair for 10 to 20 s. This adhesion persists indefinitely after the electric
field is removed. Moreover, if the field is re-applied with reversed polarity, the EA is eliminated,
and the materials can be separated. Because tissues have anionic character, only cationic gels can
be stuck to them by EA. We also show that gels can be stuck over cuts or tears in tissues using EA,

which can enable tissue repair (surgery) to be performed without the need for sutures or staples.

Electroadhesion goes far beyond just bovine tissues. We have found that gels can be
adhered by EA to tissues from various animals, including mammals (e.g., cow, pig, mouse); birds
(e.g., chicken); fish (e.g., salmon); reptiles (e.g., lizards); amphibians (e.g., frogs), as well as
various invertebrates (e.g., shrimp, worms). In addition, gels can also be adhered to plant tissue,
including fruits (e.g., plums) and vegetables (e.g.; carrot), and also to fungi (mushrooms). In

mammals, EA is strong for certain tissue types, such as arteries, intestines, and cornea across a



range of species. Conversely, weak or no adhesion is observed with other mammalian tissues such
as adipose and brain. These differences reveal some common themes in regard to EA: for instance,
the higher the fraction of anionic polymers (proteins and/or polysaccharides) in the biological
material, the higher the EA strength. Interestingly also, because tissues often have anisotropic
structure, adhesion by EA can be strong in one tissue orientation, but weak or non-existent in the

perpendicular one.

Lastly, we delve into the mechanism behind EA. The EA strength between a cationic gel
and an anionic material (gel or tissue) can be systematically enhanced in several ways. These
include increasing the polymer concentration in the cationic gel as well as the cationic charge
density. We also conduct experiments to unravel the contributions to EA from the charged polymer
chains and the counterions. When cationic and anionic gels are contacted in the EA orientation
and a high voltage of ~ 100 V is applied, the gels undergo “zipping”, i.e., they rapidly lock into
adhesion due to electrostatic interactions in a manner that resembles the closing of a zip. Our
findings suggest the following sequence of events for EA between gels. First, the DC field pulls
counterions away from the gel-gel interface, which strongly polarizes the cationic and anionic
chains at the interface. These chains then form a dense electrostatic complex (ESC), leading to
adhesion of the gels. When the field is turned off, the ESC persists because it is thermodynamically
stable. This explains why the adhesion remains strong and can even be permanent. Future work
will investigate the applicability of EA towards surgeries, first in animals, and then potentially in

humans.
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Figure 1.1. Electroadhesion between a cationic gel and animal tissue. (A) The gel (denoted by
QDM) and tissue (bovine aorta) do not adhere upon contact. The two are then exposed to a 10 V
DC field for ~ 20 s. The gel is touching the positive electrode, and the tissue the negative electrode.
(B) The materials develop strong adhesion, which persists after the field is removed. (C) The
adhered pair is placed back in the field, but the polarity is reversed (gel touches the negative
electrode and the tissue the positive electrode). The same 10 V DC is applied for ~ 20 s, whereupon
the adhesion is reversed, and the gel and tissue can be separated. ..........c.ccoovevrieieienenc s 3

Figure 1.2. Diversity of biological materials to which cationic gels can be electroadhered. (A)
A list of selected animals, plants and fungi that allow EA of a cationic (QDM) gel. (B) EA of a
QDM gel can be done both to soft tissues (e.g., pig muscle) as well as hard tissues (e.g., carrot). 4

Figure 1.3. Zipping experiment showing the electrostatic attraction of cationic and anionic
gels. (A) Gels of QDM (cationic, left) and SA (anionic, right) are placed in the EA orientation and
are contacted at their bottom end at t = 0. A high DC field (100 V) is applied. (B-E) The gels
instantly lock together, and the closure of the gel-gel interface resembles the closure of a zip; hence
the term “zipping”. These findings provide evidence for an electrostatic complex (ESC) being
formed at the gel-gel interface, which we postulate is the key to EA. ........ccoooveeiiieiiccccicceee 5

Figure 2.1. Schematic of a hydrogel network. Polymer chains are crosslinked into a network by
physical or chemical bonds, and this network is swollen with water. The network has a
characteristic mesh or pore size & The average length of polymer chain between adjacent
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Figure 2.2. Interpenetrating networks (IPNs) and semi-interpenetrating networks (s-1PNs).
(A) An IPN is a gel with two distinct crosslinked polymer networks unconnected to each other
(shown in green and pink). (B) A s-IPN is a gel in which one polymer (green) is crosslinked into
a network while the other polymer (pink) exists as linear chains entangled with the first polymer.

Figure 2.3. Schematic of a polyelectrolyte (cationic) hydrogel. The chains in the gel have
ionizable groups, and in water at ambient pH, these groups ionize and acquire a positive charge.
Correspondingly, negatively charged counterions, shown in yellow, are released into the water. 9

Figure 2.4. Schematic of the protocol for a lap-shear test (A) and a photo of a test in progress
(B). Samples are anchored to glass slides, which are gripped and pulled axially. The lap area
between the two test materials experiences the Shear. ... 13

Figure 2.5. Schematic of the protocol for a pull-off test (A) and a photo of a test in progress
(B). Samples are anchored to the top and bottom clamp (e.g., using superglue) and then adhered
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to each other. The clamps are then moved apart axially at a specified rate until the samples detach
TrOM BACK OLNEY. ... ettt e st et eareesreeteenee e 14

Figure 2.6. Schematics of peel tests done at 90° (A) and 180° (B). The leading edge of material
A is extended beyond Material B and pulled either at (A) 90° or (B) 180° angles. ..................... 15

Figure 2.7. Schematics of failure modes during adhesion testing. (A) Adhesive failure; (B)
Substrate failure; (C) Cohesive failure. Adapted from Ref. 2.2.........ccooevvieceeeeeeceeee e, 16

Figure 3.1. Gels used in our electroadhesion studies. (A) Anionic gel of alginate (Alg),
crosslinked by divalent Ca?* cations. The gel is made in the form of a hollow tube. (B) Cationic
QDM gel strip, made by polymerization of acrylamide derivatives. The photos show that the gel
is elastic, stretchable, and flexible. Schematics of the gel structure are shown as insets. ............ 25

Figure 3.2. Electroadhesion of QDM gel-strip to Alg tube. (A) The gel and tube are contacted
with graphite electrodes, with the positive electrode touching the cationic QDM gel and the
negative electrode touching the anionic Alg tube. (B) Upon applying 10 V of DC for 10 s, the gel
gets tightly adhered to the tube and conforms to the tube shape. In cases where a puncture is made
in the tube wall, adhesion of the gel over the puncture location serves to patch up the puncture (see
U 3.5 et Rttt bbb r e 27

Figure 3.3. Electroadhesion of QDM gel to patch a cut in the Alg tube wall. (A) Schematic of
test setup. An aqueous solution of 0.1 wt% FeCls is pumped through the lumen of the Alg tube,
which is submerged in an aqueous bath of 0.1 wt% tannic acid. If the FeCls leaks out of the tube,
it reacts with the tannic acid and a black precipitate is formed immediately in the bath. (B) When
the tube is intact, there is no leakage, and the bath is clear. (C) Tube is punctured with a needle to
create a hole of 400 um diameter. (D) Tube is cut to a length of 7 mm with a blade. In (C) and (D),
as the fluid in the tube leaks out, the black precipitate can be seen in the bath. (E) The tube from
(D) is patched by a QDM gel, and when flow is resumed through the tube, no leakage can be seen.
(F) A pressure gauge placed upstream of the tube records the pressure in the tube. The pressure
drops to near-zero in the case of a cut in the tube (similar to D) as the fluid leaks out. When the
tube is patched up (similar to E), the pressure is restored to its original value. ..............ccccen..... 28

Figure 3.4. Pressure changes in tube before and after applying a gel patch by electroadhesion.
(A) Pressure readings before a puncture/cut is made in the wall of an alginate (Alg) tube and after
the cut is sealed by electroadhesion of a QDM gel patch. Data are shown for different cut sizes,
and for each case, the three bars are the readings for flow (i) before cut (baseline); (ii) when cut is
made and not sealed; and (iii) after cut is sealed. In all cases, the pressure drops as fluid leaks out
through the cut but returns to baseline values once the cut is sealed. (B) For different cut sizes,
data are further shown for the burst pressure required to dislodge the QDM gel patch from the tube
wall. For these experiments, the baseline pressures are higher than in (A). Note that the burst
pressure far exceeds the baseline pressure for small CUt SIZES. ........cccocveveiiiiiiieiiiiie e 30



Figure 3.5. Electrical ‘suturing’ of two severed segments of a tube. A long QDM gel-strip is
used as a sleeve around the two pieces of the Alg tube. The electrode orientation is as indicated.
Schematic of the process is shown in (A) and a photo in (B). (C) Following this process, the Alg
tube segments are found to be ‘sutured’ (joined) by the gel sleeve. (D) Stable flow occurs through
the repaired tube to the Waste DEAKEN. ..........ccvciiiieii e 31

Figure 3.6. Preparation of a sample of bovine aorta for electroadhesion experiments. (A) As
received, in the “raw” state, the aorta is encased in fat, and connected to other tissues. (B) The
aorta is removed from the surrounding tissues and the fat encasings. (C) A segment of the aorta is
cut to the desired size, comparable to the size of a gel segment. This is used for the electroadhesion
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Figure 3.7. Electroadhesion of QDM gel to bovine tissue. (A) Strips of bovine aorta and QDM
gel are contacted in a (E'G*'T E") configuration, with the gel touching the positive and the tissue
the negative electrode. (B) 10 V of DC is then applied for 20 s, whereupon the gel becomes strongly
adhered to the tissue. (C) When the gel-tissue pair is stretched on both sides, the gel breaks, but a
portion of the gel remains adhered to the tissue. This indicates that the adhesion is significant.. 33

Figure 3.8. Current density during electroadhesion experiments on gel-gel and gel-tissue
pairs. All pairs were placed in an electric field of 10 V DC that was applied for 20 s. In the gel-
gel cases, a cationic QDM gel (G*) was contacted with an anionic SA gel (G"). In the gel-tissue
cases, the cationic QDM gel (G*) was contacted with various tissues. In all experiments, the current
| starts high and decreases with time. The highest recorded current is used to calculate the current
densities j shown in the plot (note: j = | / area of contact). The area of contact ranged between 1.6
and 2.4 cm? for the various tissues. No obvious correlation is seen between j and the occurrence
of electroadhesion (refer to Table 3.1 in the text). The data for gel-gel pairs in their native state
(i.e., as prepared in deionized water) or after soaking in PBS demonstrate that j mainly depends on
the ionic strength Of the FIUIG. ..o s 39

Figure 3.9. Adhesion strength measurements using the lap-shear protocol. (A) Schematic of
the lap-shear experiment and a photo of an experiment in progress. Samples are first adhered over
a lap region and then affixed to glass slides on their reverse sides using cyanoacrylate glue. Tension
is then applied to the ends of the slides. (B) Stress vs. strain curves from lap-shear experiments for
two sets of samples: gel-gel (QDM-AIg) and gel-tissue (QDM-aorta). Data are shown for the cases
of electroadhesion and contact adhesion (control). The samples delaminate at the end of each
curve, marked by an X. The stress at this point is a measure of the adhesion strength. (C) Adhesion
strengths from the curves in (B) for the QDM-Alg and QDM-Aorta samples and for the two cases
of electro- and CONtaCt a0NESION. .........cvi i 41

Figure 3.10. Gel-tissue adhesion strength as a function of time in the electric field. Adhesion
between QDM gels and aorta strips were measured after different durations of exposure to the field
(10 V DC). The lap-shear technique was used and the stress-at-break was used to quantify the
adhesion strength. The plot shows that electroadhesion develops within ~ 10 s in the field and the
adhesion strength saturates by about 20 s. The data shown are averages (across at least three
samples) and the error bars correspond to standard deviations. The line through the data is a guide
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Figure 3.11. Electroadhesion of QDM gels to patch openings in the aorta. (A) The anatomy
of the aorta, which is a large artery, is depicted on the left. A 15-cm long segment from the
descending thoracic region of the aorta is used in the study. The segment is a hollow tube that has
holes on its surface corresponding to arterioles (side branches), as shown both in the schematic
and the photo. (B) When an aqueous solution of 0.1 wt% FeCls is pumped through the aorta, the
fluid leaks out of the arterioles and falls into the bath containing tannic acid, whereupon a black
precipitate of ferric tannate is formed. (C) Two QDM gel strips are electroadhered to the aorta so
as to cover the arterioles. (D). When the FeCls solution is pumped through the patched aorta, no
leaks are observed (the bath stays clear), and the fluid flows steadily into the beaker on the right.
....................................................................................................................................................... 44

Table 3.1. Results of electroadhesion tests done with QDM gels and various bovine tissues.
Electroadhesion was significant relative to contact adhesion only for the tissues listed in the left
NaIT OF the tDIE. ... e 35

Table 3.2. Collagen, elastin, and water content of tissues that do and do not exhibit
electroadhesion. Notes: (a) Aorta: Collagen and elastin compositions of aorta,®” water content. 1%
(b) Cornea: collagen composition,'® elastin percent values not given,%? water content.*®® (c) Lung:
collagen and elastin composition in rat lung,®" water content.!®* (d) Cartilage: collagen
composition of human cartilage,’®® elastin percent values not given,*® water content.’% (e)
Tendon: collagen and elastin composition of tendon,®” water content.!®” (f) Skeletal muscle:
collagen and elastin compositions of skeletal muscle,® water content.’* (g) Heart: collagen and
elastin compositions of heart,®” water content.2%* (h) Brain: collagen and elastin compositions of
rat brain,” water content.’® (i) Spleen: collagen and elastin compositions of spleen,®” water
content.X® (j) Fat: collagen percent not given,*%® elastin composition of human adipose (fat)
tissues,'%° water content.'% (k) Thymus: collagen percent not given,*'° no data on elstin and water
content available N HEEIATUIE. ..........ooi ettt eeneennas 37

Figure 4.1. Common features in the electroadhesion (EA) of three diverse material pairs. EA
requires a cationic and an anionic material. Here, the cationic material is kept the same and is a
QDM gel (G¥). The anionic material is either an anionic gel (G), an animal tissue (T") (muscle
from salmon), or a plant tissue (P") (slice of strawberry). (A) The material pairs exhibit no adhesion
on contact in the absence of the field. (B) DC field of 10 V is turned on for 30 s in the EA
orientation (E*G*T E"). (C) Upon removal from the field, the materials are found to be strongly
adhered, and this adhesion persists indefinitely. (D) The adhered pair is placed in the same DC
field with the orientation reversed (E*T G'E") and the field is switched on for 30 s. Upon removal
from the field, the materials have lost their adhesion and can be detached..........c..ccccccovveirnne. 55

Figure 4.2. Animal species whose tissues can be adhered to gels by EA. QDM gels (G*) can be

adhered by EA to tissues from all the above animals, with each animal placed in its appropriate
phylum and class. All EA experiments were done using 10 V DC applied for 30 s. ........ccc....... 57
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Figure 4.3. Plant tissues that can be adhered to gels by EA. Photos are shown of QDM gels
(G") adhered by EA to various plant-based materials. All EA experiments were done using 10 V
DC applied FOr 30 10 60 S.....cveiiieiecieiieie sttt e e re e eneenraere s 59

Figure 4.4. Comparison across species of EA to skeletal muscle tissues. (A) Photos of QDM
gels (G™) adhered by EA to skeletal muscle (transverse segments) from various animals. All EA
experiments were done using 10 V DC applied for 30 s. (B) Adhesion strength Eagn from pull-off
tests for the various pairs in (A). For each pair, n > 5 measurements were done, and the error bars
correspond to the standard deVIatioNS. ..........ccccueiieiieii i 60

Figure 4.5. Cross-species similarities in EA across cow, pig, mouse and chicken tissues. For
each tissue from a given animal, the result is classified as adhesion (in green) if the EA is strong
or moderate (as per Table 4.1) and no adhesion (in red) for the other cases. .........ccc.cceeevevereenee. 63

Figure 4.6. Structures of animal and plant tissues to which EA of gels is observed. In all cases,
anionic biopolymers in the tissue are expected to underlie the EA. (A) The aorta has cells
embedded in an ECM, which has anionic GAGs. (B) Muscles are composed of fiber bundles,
made of the anionic protein actin. A transverse cut through the muscle exposes fiber ends, which
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Chapter 1

Introduction and Overview

1.1 Problem Description and Motivation

Adhesives have been used since prehistoric times to stick materials together,! and the
associated property is called adhesion.?® The first adhesives* were made around 200,000 years ago
by Neanderthals from birch-bark tar and used to stick stone tools to wooden handles.® Currently,
numerous kinds of adhesives are available, and these can be derived from natural or synthetic
sources.® > Adhesives can stick dry or wet materials,*"*316 rough and smooth surfaces,'>*’ and be
applied by pressure or drying.81° It is common knowledge that if two solids do not stick when

contacted, an adhesive is required to stick the solids together.

Can two non-sticky materials be adhered without using an adhesive at all? This is exactly
the scenario we will discuss in this dissertation. For example, consider a cationic hydrogel and an
anionic hydrogel. These are not sticky on their own. Rather, the materials develop adhesion to one
another only upon exposure to a DC electric field (~ 10 V applied for just 10 to 20 s).*®° This
property is therefore called electroadhesion (EA).1829-24 Interestingly, the hydrogels stay adhered
indefinitely after the field is removed. Moreover, this adhesion can be reversed by reversing the
polarity of the DC field, implying that EA is a reversible phenomenon. EA was first reported in
2010 by Asoh and Kikuchi.*® However, in the decade since the original publication, it has attracted
little attention because adhesion of oppositely charged hydrogels does not have an obvious purpose
or application. In other words, the research community regarded EA as a scientific oddity, but not

much more.



1.2 Proposed Approach

In this work, we set out to further investigate the phenomenon of electroadhesion. We will
show that EA can be applied to numerous materials apart from hydrogels. Specifically, we have
used EA to adhere cationic hydrogels to various biological tissues, including tissues from animals
and plants. We have also delved into the fundamental mechanism behind EA, which applies both
to gel-gel and gel-tissue adhesion. The utility of gel-tissue EA is shown by in vitro experiments:
hydrogel patches are adhered over cuts tissues using EA, which can enable a new approach to

surgery. The three Chapters of this dissertation deal with the following aspects:

1.2.1 Electroadhesion of Gels to Bovine Tissues: A New Way to Seal Cuts and Tears

In Chapter 3, we extend EA from gel-gel to gel-tissue systems. We report our discovery
that cationic hydrogels can be adhered using EA to various bovine tissues.*® The key results are
shown in Figure 1.1. A piece from a bovine aorta (blood vessel) is examined together with a
cationic hydrogel (QDM). The two do not stick on contact (Figure 1.1A). Next, the two are
connected to a DC power source and a potential of 10 V is applied for ~ 20 s in a specific
orientation. The gel and tissue now develop a strong adhesion (Figure 1.1B), which is permanent
after the pair is removed from the field. If the pair is reinserted into the same DC field, but with
the polarity reversed, the gel and tissue can be detached after ~ 20 s (Figure 1.1C). We show that
cationic gels can be adhered strongly by EA to a variety of tissue types such as aorta, cornea, lung,
and cartilage, but adhesion is weak or non-existent with other tissues such as the liver, spleen,
brain, and fat. We then also studied in vitro models of EA-based repair. Cuts were made in model
tubes, and gel-patches were stuck over the cuts using EA. We then pumped fluid through the

repaired tube and showed that the gel-patches could withstand fluid pressure.
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Figure 1.1. Electroadhesion between a cationic gel and animal tissue. (A) The gel (denoted by
QDM) and tissue (bovine aorta) do not adhere upon contact. The two are then exposed to a 10 V
DC field for ~ 20 s. The gel is touching the positive electrode, and the tissue the negative electrode.
(B) The materials develop strong adhesion, which persists after the field is removed. (C) The
adhered pair is placed back in the field, but the polarity is reversed (gel touches the negative
electrode and the tissue the positive electrode). The same 10 V DC is applied for ~ 20 s, whereupon
the adhesion is reversed, and the gel and tissue can be separated.

1.2.2 Electroadhesion of Gels to Tissues from Various Animals and Plants

In Chapter 4, we further extend our discovery and show that gels can be adhered by EA to
tissues from various kingdoms in nature, including animals, plants, and fungi (Figure 1.2A).
Examples of animal tissues include those of mammals (e.g., cow, pig, mouse); birds (e.g.,
chicken); fish (e.g., salmon, cod); reptiles (e.g., lizards); amphibians (e.g., frogs), as well as various
invertebrates (e.g., shrimp, worms, scallop, cicada). Examples of plant tissue include fruits (e.g.,

plums) and vegetables (e.g.; carrot). Thus, EA occurs both with tissues that are soft and pliable,



such as pig muscle, as well as tissues that are hard and stiff, such as carrot (Figure 1.2B). In
mammals, EA is strong for certain tissue types, such as arteries, intestines, and cornea across a
range of species. Some common themes are identified: for instance, the higher the fraction of
anionic polymers (proteins and/or polysaccharides) in the biological material, the higher the EA
strength. Interestingly also, because tissues often have anisotropic structure, adhesion by EA can

be strong in one tissue orientation, but weak or non-existent in the perpendicular one.

(A) EA observed with the following tissues: (B) EA observed with soft and hard tissues:

Animals Plants Fungi

Vertebrate Invertebrates Flowering Basidiomycetes

Mammals: Crustacean: Fruits: Mushrooms:
Cow Shrimp Plum White bottom
Pig Scallop Strawberry mushroom
s Clitellate: i
Bllrds. Earth-worm Ciistimibes
Chicken ——
o —_— Vegetables:
Fish: Cicada c t
Salmon Oa(ro
Cod nion
Leaves:

Lettuce stalk
Figure 1.2. Diversity of biological materials to which cationic gels can be electroadhered. (A)

A list of selected animals, plants and fungi that allow EA of a cationic (QDM) gel. (B) EA of a
QDM gel can be done both to soft tissues (e.g., pig muscle) as well as hard tissues (e.g., carrot).

1.2.3 Mechanism for Electroadhesion

Finally, in Chapter 5, we delve into the mechanism behind EA. The EA strength between
a cationic gel and an anionic material (gel or tissue) can be systematically enhanced in several
ways. These include increasing the polymer concentration in the cationic gel as well as the cationic

charge density. We also conduct experiments to unravel the contributions to EA from the charged



polymer chains and the counterions. At a high voltage of ~ 100 V, the gels undergo “zipping”, i.e.,
they rapidly lock into adhesion due to electrostatic interactions in a manner that resembles the
closing of a zip (Figure 1.3). This suggests that cationic and anionic chains form an electrostatic
complex (ESC), that underpins the EA. We postulate that the ESC is the key to why the adhesion

remains strong and can even be permanent.

A.t<t, gels B. t, C.t=1s,gels D.t=2s, gels E.t=3s, gels become
are not yet in we bring the “zip” and connect continue to “zip” fully “zipped” or
contact gels to touch at through bottom and connect in connected

bottom end half bottom 3/4

Figure 1.3. Zipping experiment showing the electrostatic attraction of cationic and anionic
gels. (A) Gels of QDM (cationic, left) and SA (anionic, right) are placed in the EA orientation and
are contacted at their bottom end at t = 0. A high DC field (100 V) is applied. (B-E) The gels
instantly lock together, and the closure of the gel-gel interface resembles the closure of a zip; hence
the term “zipping”. These findings provide evidence for an electrostatic complex (ESC) being
formed at the gel-gel interface, which we postulate is the key to EA.

1.3 Significance of This Work

The significance of this work is first and foremost in the application of electroadhesion to
tissue repair. Currently, if a tissue is torn, sutures or staples are needed to rejoin the torn pieces
and thereby allow the tear to repair naturally over time. This suturing is a surgical operation that

requires considerable skill on the part of a surgeon, and this often implies a difficult and expensive



procedure. Surgical adhesives have been explored as alternatives to sutures,®2>-! but have many
limitations.?5?8 In this dissertation, we report a new way to repair tissues, using a cationic gel as a
patch and by applying a modest electric field across the gel and tissue.*® The resulting EA can be
strong enough to eliminate the need for sutures altogether. No separate adhesive is necessary! Our
discovery opens up new possibilities for tissue repair that could be effective, simple, and less
expensive. Future work will investigate the applicability of EA towards surgeries, first in animals,

and then potentially in humans.

The work performed in this dissertation sets the stage for future surgical applications. The

broader impacts from our studies in Chapters 3-5 include:

e In Chapter 3, we present the first example of gel-tissue electroadhesion with different bovine
tissues. We also show that the use of gel-patches to seal leaks from holes or cuts in tissue is

feasible in an in vitro setting.

e In Chapter 4, we show that EA can occur with a variety of animals and plants, suggesting that

it should also work with human tissues for surgical repairs.

e Lastly, in Chapter 5, we present a new mechanism for EA and thereby explain how we can
enhance the strength of adhesion induced by EA. This understanding will help in fine-tuning

EA for surgical applications.



Chapter 2

Background

In this Chapter, we will discuss the properties of hydrogels, the fundamentals of adhesion,
the classes of adhesives, and the methods to characterize the adhesive strength between two soft

materials. All the above will be background for the work done in Chapters 3-5.

2.1 Polymer Hydrogels

Figure 2.1. Schematic of a hydrogel network. Polymer chains are crosslinked into a network by
physical or chemical bonds, and this network is swollen with water. The network has a
characteristic mesh or pore size & The average length of polymer chain between adjacent
crosslinks is denoted by Ro.

Polymer hydrogels are three-dimensional (3-D) networks of polymer chains, crosslinked
by chemical (covalent) or physical bonds (Figure 2.1). 327 The matrix of the hydrogel is swollen
with water, which makes up most the hydrogel’s weight.®>% The polymer network can be
composed of natural polymer chains such as alginate (a polysaccharide) or gelatin (a protein)"=8,

or of synthetic polymers such as acrylamide, acrylate or polyethylene glycols (PEGs).32% Jell-O



is the popular name for gelatin hydrogels, and it is formed by physical bonding between the gelatin
chains.®® Contact lenses, which are usually gels of an acrylate derivative, are an example of a
chemical hydrogel crosslinked by covalent interactions.3*#° A gel network that is swollen in water
will have a pore or mesh size & associated with it. This size can be decreased by increasing the
density of crosslinks in the network.33" The gel will swell in water due to the favorable entropy
of mixing between the polymer and solvent.*! This swelling will be opposed by the decrease in
entropy as chain segments become stretched.®®3"42 The mixing contribution depends on the

polymer’s affinity for the solvent,*® which is enhanced when the polymer chains are charged.**

(A) IPN (B) s-IPN

Figure 2.2. Interpenetrating networks (IPNs) and semi-interpenetrating networks (s-1PNs).
(A) An IPN is a gel with two distinct crosslinked polymer networks unconnected to each other
(shown in green and pink). (B) A s-IPN is a gel in which one polymer (green) is crosslinked into
a network while the other polymer (pink) exists as linear chains entangled with the first polymer.

Chemical gels can be categorized based on their network structure. Interpenetrating
networks (IPNs) are gels in which two or more unconnected networks co-exist (Figure 2.2A). For
example, one network could be formed by physical bonds (e.g., a gel of gelatin), and thereafter, a
monomer could be polymerized in the gel by free-radical polymerization to form a covalently-

linked second network.*>#® Another closely related term to IPN is a “double network”, which has



a similar connotation as IPN, but is used specifically to denote a subclass of tough IPNs.364647 The
term semi-IPN (or s-IPN) is used for a gel in which one polymer forms a network whereas the
second polymer simply exists as linear chains within the first network (Figure 2.2B).184546 That

is, chains of the second polymer will simply be entangled with those of the first.

Figure 2.3. Schematic of a polyelectrolyte (cationic) hydrogel. The chains in the gel have
ionizable groups, and in water at ambient pH, these groups ionize and acquire a positive charge.
Correspondingly, negatively charged counterions, shown in yellow, are released into the water.

Polyelectrolyte (ionic) gels can be made from cationic or anionic monomers.*®-! The
polymer chains in these networks will be positively or negatively charged, i.e., they will be ionized
in water at ambient pH (Figure 2.3).%84° The charges on the chains will be associated with
counterions, which will be released into the water.>2>* For example, in the case of the cationic gel
shown in Figure 2.3, the charges on the chains could come from quaternary ammonium salts (—
N(CHa)s*), and correspondingly, the counterions will be anions such as CI~.>** The backbone
charge and the counterions dictate many of the properties of the gels.>? For example, ionic gels
swell much more in water compared to nonionic gels due to repulsions between the charges and

the higher osmotic pressure due to the counterions.>®



2.3 Adhesion and its Classification

Adhesion is the tendency of two materials to remain joined to each other.?>%® Typically, to
adhere two solid materials (“substrates”), an adhesive is spread or placed at the interface between
the substrates and then these substrates are pressed together.23 Bonds between the substrate and
the adhesive join the two materials, and cohesive forces within the adhesive provide internal
strength to prevent failure.>°® Adhesion can arise as a result of very different interactions (bonds),
ranging from weak physical bonds'>"*" to strong chemical bonds.”>® One example is the adhesion
of animals like lizards or geckos to a vertical wall. The adhesion of gecko feet to the wall does not
require an adhesive — rather it relies on van der Waals (vdW) interactions that set in at close
proximity (~ 1 nm) between the gecko feet tips and the wall.>” Conversely, when an epoxy glue is

used to join two metal objects, the glue forms covalent bonds with both objects.>®

Specific challenges arise when we attempt to adhere two soft materials, such as two tissues.
For example, if the adhesive is much stiffer than the soft materials to be adhered, the adhesion may
not hold up and failure (delamination along with a thin layer of substrate) may occur.5% An
example is the use of cyanoacrylate glues to join soft tissues.®* Another source of complexity in
the context of adhesion is in adhering two wet materials, such as an implant and a tissue in the
body.%? Using adhesives on wet surfaces is not an easy task. This is because water molecules
interfere with hydrogen-bonding, which play a role in the adhesion. Specialized adhesives exist
for wet environments,®® for example by utilizing catechol chemical groups.'264%¢ Underwater
creatures like mussels adhere to rocks in the ocean or to boat surfaces by using catechol-bearing

polymers that are secreted in the form of threads.54%¢
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2.4 Adhesives for Tissue

We will now discuss the adhesives that have been developed specifically for tissues.?>
28.3L87 These adhesives have been optimized for the body’s biological setting, i.e., the presence of
water as well as salt. Typically, when a tissue has a defect (cut or tear), sutures or staples are used
to repair it. However, there are instances where adhesives are used instead. In the clinic, adhesives
without sutures are used only on very small tissue defects (< 1 mm) and adhesives completely fail
to repair defects larger than 3 mm.?%2 In some surgeries, adhesives can be used in conjunction
with sutures.?®%® Adhesives hold tissue together during wound healing until tissue regains

mechanical strength, while sealants prevent leakages and bleeding.?®

Surgical adhesives can be divided into two classes depending on whether the source from
which they are derived is natural or synthetic. Examples of naturally derived adhesives are those
based on fibrin, collagen or gelatin.?®?8 Tisseel and Hemaseel are fibrin-based glues and are used
in the clinic to stop bleeding, i.e., as hemostatic agents.?®?® They have also been shown to adhere
tissues together but are not typically used for this purpose.®® Note that fibrin is a key protein
involved in the blood-clotting cascade.®® FloSeal is a gelatin-based adhesive that is also used in

the clinic as a hemostatic agent.?5?® Note that gelatin is a denatured form of the protein collagen.

Examples of synthetically derived adhesives include those based on cyanoacrylates,
polyethylene glycol (PEG), or polyurethanes (PU).2%%8 Dermabond is a cyanoacrylate glue that is
used in the clinic for closing small lacerations and skin grafting.?” Note that the ‘Super Glue’ that

is commonly used in homes is also a cyanoacrylate glue. Duraseal and Focalseal are PEG derived
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adhesives used to stop spinal fluid and air leaks from punctures in the body.?®?8 Finally, TissuGlu

is a PU-based spray-on adhesive used for cosmetic procedures.?%:?®

All of the adhesives named above are approved by the FDA for use in humans.?628
However, they all have limitations.?®?® Fibrin-based glues tend to be weak cohesively and can be
used only on very small injuries (< 1 mm). Gelatin-based materials are also weak cohesively
(partly because gelatin gels convert into sols when heated to ~ 40°C).”® Additional crosslinking is
needed to strengthen gelatin-based materials.”* Collagen-based materials generally have weak
adhesion. Cyanoacrylates offer strong adhesion and mechanical strength; however, the body reacts
adversely to these materials, and hence they are limited to external use such as on the skin. PEG-
based materials have high adhesion strength; however, they tend to swell appreciably, which can
cause discomfort and pressure build-up on surrounding tissues. PU-based adhesives have long
curing times and generate toxic byproducts, thereby limiting their usefulness. These limitations
provide the motivation behind further research and development into tissue adhesives. For an
adhesive to potentially replace sutures, it will need to have strong cohesive properties, strong

adhesion, favorable immune response, low swelling and a short application time.?6-2
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2.5 Methods for Characterizing Adhesion Strength

Different methods exist for measuring adhesion strength between soft materials.”>" Some
of the common methods are discussed in this section, including: (1) the lap-shear test,” (2) the

pull-off test,” and (3) the peel test.”®"’

2.5.1 Lap-Shear Test
A. Schematic B. Sample

\
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Tissue

or gel _Gel
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Figure 2.4. Schematic of the protocol for a lap-shear test (A) and a photo of a test in progress
(B). Samples are anchored to glass slides, which are gripped and pulled axially. The lap area
between the two test materials experiences the shear.

In lap-shear testing, two samples are adhered over an area called the lap (Figure 2.4) and
are then pulled axially until they detach.” Typically, if the samples are soft and deformable, they
are adhered on their opposite sides to hard non-deformable materials such as glass slides. This
allows all the stresses to go to the lap area (adhesion zone), where the samples experience a shear

deformation. For each type of sample, it is important to follow the protocol for lap-shear testing
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established by the American Society for Testing and Materials (ASTM).”® The protocol includes
recommendations on the sample size (length and width) as well as the lap size. If the samples are
stuck using an adhesive, then the thickness of the adhesive between the samples must also be
carefully controlled.” Also, the rate at which the samples are deformed (i.e., the rate at which the

two samples in Figure 2.4 are pulled) must be chosen depending on the sample type.

2.5.2 Pull-Off Test

A. Schematic B. Sample

fTensiIe

Tensile
force

Figure 2.5. Schematic of the protocol for a pull-off test (A) and a photo of a test in progress
(B). Samples are anchored to the top and bottom clamp (e.g., using superglue) and then adhered
to each other. The clamps are then moved apart axially at a specified rate until the samples detach
from each other.

In pull-off testing, two samples are adhered to each other and then their reverse side is
anchored to clamps using a strong adhesive (e.g., superglue, which is based on cyanoacrylates).
The clamps are then moved apart axially at a fixed rate (Figure 2.5).”® Note that the clamps move
in a direction normal to the adhesive interface. Here too, ASTM protocols should be used for the

sample size as well as the rate of deformation.
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2.5.3 Peel Tests

A. 90° Peel set-up B. 180° Peel set-up
Tensile
force

Tensile
force

[

6=90° Material B ‘ JERI Material B

Material A

Figure 2.6. Schematics of peel tests done at 90° (A) and 180° (B). The leading edge of material
A is extended beyond Material B and pulled either at (A) 90° or (B) 180° angles.

In peel tests (Figure 2.6), two samples are adhered over a zone, but the leading edge of one
sample is left free. A tensile force is applied to that leading edge such that it is peeled off from the
bottom sample. The peeling typically would take place either at 90° or at 180°.7"" Typically,
when two soft materials adhere, fibrils will form at the leading edge, which elongate as the two
materials are detached. Eventually these fibrils break and the leading-edge advances.° Note that,
for peel testing, at least one of the materials has to be flexible enough such that it will not rupture

when deformed to the angles required in the testing protocol.

2.6 Failure Modes During Adhesion Tests

In the above tests, the samples being adhered will eventually fail, i.e., de-bond, under the
applied deformation. When failure occurs (i.e., the materials are no longer stuck together), it can
arise in different zones and these correspond to different “failure modes”. Figure 2.7 shows an
adhesive (in red) being used to adhere two strips of the same material (substrate, in blue). In the
case of adhesive failure (Figure 8A), the adhesive is weakly bonded to the substrate, and so it

detaches from the substrate.?8! In the case of substrate failure (Figure 8B), failure can occur due
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to defects in the substrate material, such as cracks that propagate due to the applied deformation.
Lastly, failure within the adhesive itself is referred to as cohesive failure. Here the internal strength
of the adhesive is weak, so the deformation causes the adhesive to break apart.28! As a result,

patches of adhesive can be seen on both substrates.

B.

C.

Cohesive Failure

Figure 2.7. Schematics of failure modes during adhesion testing. (A) Adhesive failure; (B)
Substrate failure; (C) Cohesive failure. Adapted from Ref. 2.2

Adheswe Failure Substrate Failure
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Chapter 3

Electroadhesion of Gels to Tissues: A New Way to Seal Cuts and Tears

The results presented in this chapter have been published in the following journal article: L. K.
Borden, A. Gargava, and S. R. Raghavan, “Reversible electroadhesion of hydrogels to animal
tissues for sutureless repair of cuts or tears.” Nature Communications (12), 4419 (2021)

3.1 Introduction

The phenomenon of ‘electroadhesion’ involving two oppositely charged polyelectrolyte
hydrogels was first reported about ten years ago.'® The starting point is to take two solid gels (slabs
or strips), each formed by chemical crosslinking of monomers, with one gel having a cationic
backbone and the other an anionic backbone. The two gels are contacted with each other along one
face and electrodes are placed along either side. Thereafter a DC voltage is applied in a specific
orientation. Within seconds, the two gels become strongly adhered. The same gels will not adhere
if contacted in the absence of the field. Thus, the adhesion is induced by the electric field, and
hence the term ‘electroadhesion’ for this phenomenon.'82022-2482-84 |f the polarity of the field is
reversed, the gels lose their adhesion and can be detached. The mechanism for electroadhesion is
still not completely understood, but it is believed to involve molecular rearrangement of both
polymer chains and counterions at the gel-gel interface.!8:2022-2482-84 Thys far, there have been only
a few applications of electroadhesion, such as to assemble gels into 3-D structures.?>238 On the
whole, however, electroadhesion has remained an oddity that has attracted only moderate interest

in the scientific community.

In this study, we hypothesized that electroadhesion could be induced between hydrogels

and other kinds of soft matter. In testing this hypothesis, we have discovered that gels could indeed
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be electroadhered to animal (bovine) tissues. This result is surprising because, while some tissues
can be soft and gel-like, they are structurally very different from conventional polymer gels.8>
We show that gel-tissue electroadhesion only works between certain types of gels and tissues, and

the reasons for the same are discussed. Our work significantly enlarges the landscape of materials

that can be electroadhered, and thereby the utility of this phenomenon.

One obvious application is as an adhesive to reseal damaged tissues. Currently, if a tissue
is torn, sutures or staples are needed to rejoin the torn pieces and thereby allow the tear to repair
naturally over time. This suturing is a surgical operation that requires considerable skill on the part
of a surgeon,®” and this often implies a difficult and expensive procedure. Adhesives have been
explored as alternatives to sutures during surgery.26293067.87-9 Seyeral polymeric adhesives are
available for surgical use, including those based on cyanoacrylates, fibrin, and polyethylene glycol
(PEG) derivatives.?® Most of these materials are intrinsically sticky and cling upon contact with
tissue. Such adhesives have many limitations: in particular, they are usually not strong enough to
hold two cut pieces of tissue together. As a result, adhesives usually cannot replace sutures, but
are sometimes used along with sutures (e.g., instead of ten sutures, a combination of two sutures
and an adhesive may be used).?>% Also, if the adhesive forms a solid film (immediately after
application, or after a period of drying), this could result in a physical barrier that hinders the
supply of nutrients to the underlying tissue.?” In comparison, adhesives in hydrogel form are
preferable due to their soft nature and their permeability to water and nutrients.?56787-8 For a gel-
adhesive to provide a viable alternative to sutures, it should stick strongly to tissues. Even better
would be to have a non-adhesive gel that can develop adhesion on command, and moreover, for

this adhesive to be reversible (removable) in case of error.
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To test the hypothesis that electroadhered gels could potentially enable an alternative mode
of surgery, we describe a series of in vitro studies in this paper. First, we describe model systems
of oppositely charged polymer gels, one in the form of rectangular strips and the other as hollow
tubes. In an initial case, a hole is made in the tube wall and a small gel strip is electroadhered over
the hole. We show that water can be flowed through the patched tube (with no leaks through the
sealed hole) at pressures that exceed normal blood-pressure. Next, in a more extreme case, the tube
is cut into two and we attempt to join the segments by adhering a sleeve of gel around the cut
segments. For this, a long gel strip that is robust and flexible is fabricated, and by electroadhesion,
we are able to effectively ‘suture’ the cut segments of the tube. We then describe similar
experiments on the use of electroadhered gels to seal holes in a tubular animal tissue, i.e., a section
of bovine aorta. By applying a DC field of 10 V for a short time (10-20 s), strong adhesion between
gel and tissue is achieved. This adhesion can be reversed at a later time by reversing the polarity
of the field. Our studies collectively demonstrate the potential utility of electroadhesion in

biomedical applications.
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3.2 Experimental Section

Materials. The following chemicals were from Sigma-Aldrich: the monomers acrylamide (AAm)
and N,N’-methylenebis(acrylamide) (BIS), the initiator ammonium persulfate (APS), calcium
chloride dihydrate (CaCl>) salt, tannic acid, sodium hydroxide, phosphate buffered saline (PBS)
tablets, and the dye rhodamine B. The accelerant N,N,N’,N’-tetramethylethylene-diamine
(TEMED) was from TCl America. The monomer N,N’-dimethylaminoethyl meth-acrylate,
quaternary ammonium salt (QDM) was from MPD Chemicals. Two biopolymers were purchased
from Sigma-Aldrich: alginate (Alg) (from brown algae, medium viscosity) and agarose (Type 1-
A, low EEO, melting temperature ~88°C). Laponite XLG nanoparticles (LAP) were a gift from
Southern Clay Products. Cyanoacrylate-based glues (Gorilla Glue gel and Krazy Glue) and Rust-
Oleum hydrophobic coating were purchased from The Home Depot. Deionized (DI) water was

used in all experiments.

Synthesis of Alginate Tubes. Alginate tubes were prepared by a variation of the method described
by Gargava et al.®! First, a template of cylindrical agarose gel containing Ca®* ions was prepared.
For this, 2.5 wt% of agarose and 5 wt% of CaCl, were added to DI water and heated above 80°C
until the agarose completely dissolved. The hot solution was then poured into a tube that was
capped at one end. Upon cooling to room temperature, a solid (gel) cylinder of agarose was
obtained. This cylinder was then placed in a solution of 2 wt% Alg for 12 min. During this time,
Ca?" ions diffuse out of the agarose, leading to an Alg gel around the cylindrical core. The final
step was to dip this material in a 3 wt% CaCl> solution for 20 min and then cut off the edges. The
tube of Alg could then be slid off the agarose core. Alg tubes can be prepared over a range of

dimensions using this method. For our purposes, we prepared the tubes in two typical dimensions
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by using agarose cores of different diameters and lengths: (a) 1 cm diameter and 10 cm length; and
(b) 2 mm diameter and 60 cm length. Tubes were stored in a 1 wt% CaCl, solution and dyed with

0.1 mM rhodamine B for contrast purposes. Typically, tubes were used within 24 h of preparation.

Synthesis of QDM gels. Cationic QDM gels were prepared using the following protocol. First, DI
water was degassed by bubbling nitrogen gas for 30 min. To assist with easy removal of the gels,
Petri dishes used in gel preparation were coated with a spray of Rust-Oleum hydrophobic coating,
then allowed to sit for 10 min, and thereafter wiped dry. Two variations of QDM gels were
prepared: with and without LAP. For synthesis of QDM gel without LAP the following were
combined: 1 M (1.4 g) AAm, 0.16 M (809 pL) of QDM solution, 0.019 M (0.06 g) BIS, 0.0088 M
(0.04 g) APS and 0.01 M (30 puL) TEMED in 20 mL of degassed DI water. Next, the above
monomer mixture was poured into a pre-coated Petri dish and maintained in a nitrogen
environment for 3 h, whereupon the gel became fully polymerized. For synthesis of QDM gel with
LAP, the first step was to add 1 wt% (0.2 g) of LAP particles to 20 mL degassed water and to stir
until the particles were well-suspended (as ascertained by the sample appearing clear and
homogeneous). Thereafter, the pH of the solution was lowered to 4.5 using 1 M HCI. Next, 0.16
M (809 pL) QDM was added dropwise to the LAP mixture followed by 1 M (1.4 g) AAm, 0.0095
M (0.03 g) BIS, 0.0088 M (0.04 g) APS and 0.01 M (30 uL) TEMED. When the pH was below 5,
QDM was able to dissolve in the LAP suspension (without clumping). TEMED increased the pH
back up to around 8.5. The above solution was placed in a pre-coated Petri dish and polymerized
as before. After polymerization, gels were stored in a fridge and typically used within 24 h of

preparation.
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Synthesis of SA gels. Anionic SA gels were prepared by a similar procedure as described above
for QDM gels. In this case, the monomer solution contained 1.4 M (2 g) AAm, 0.11 M (0.2 g) SA,
0.019 M (0.06 g) BIS, 0.0088M (0.04 g) APS and 0.01 M (30 puL) TEMED in 20 mL of degassed
DI water. The above solution was poured into a pre-coated Petri dish and maintained in a nitrogen
environment for 2 h. After polymerization, gels were stored in a fridge and typically used within

24 h of preparation.

Tissue Preparation Protocol. All tissues were obtained ethically, immediately after slaughter
from a local butcher. All experiments on tissues were conducted within 24 h of tissue harvest.
When the tissues were first received, organs were typically encased in fat and other matrix
material. For example, the aorta was surrounded with fat and connected to parts of the heart and
lungs (see Figure 3.6). Thus, for experiments with the aorta, it had to be harvested and cleaned
from the surrounding parts. The harvested aorta was then further segmented into smaller pieces
for the electroadhesion experiments, as shown in Figure 3.6. For many experiments, segments of
tissue were sliced to a thickness of 0.3 £ 0.1 mm. The exceptions were in the cases of tissues that

were naturally thin, such as the cornea.

Adhesion Experiments. A DC power source (Agilent, model E3612A) with a range of 0-60 V,
0-0.5 A was used for the electroadhesion experiments. The voltage was set to 10 V for most
experiments. For the gel-tissue experiments reported in Table 3.1, the following procedure was
used. From a given batch obtained from the butcher, tissues of interest were harvested, and for a
given tissue type, at least three tissue samples were prepared as described above. Three QDM gel

strips were then prepared. First gel-tissue contact adhesion was measured, and then their
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electroadhesion. Two observers were used to independently rank the adhesion strength in each
experiment on a scale of 0-4, where 0 = negligible, 1 = weak, 2 = moderate, 3 = strong, and 4 =
very strong adhesion (this scale is also indicated at the bottom of Table 3.1). The average of both
observers’ rankings was recorded for that experiment. Whenever in question, the second observer
was blinded to the sample type so that their assessment was not biased. After three such trials with

a tissue, the average of the readings was determined, and this is the one shown in Table 3.1.

Pressure Testing. The test setup is shown schematically in Figure 3.3A. A peristaltic pump
(Pharmacia-LKB-pump P-1) was used to pump a 0.1% FeCls solution through the Alg tube at a
flow rate 5 mL/min. The tube was placed in a basin with a length of 15 cm, width of 5 cm and
height of 5 cm. Openings were made on both sides to allow passage of the tube. The basin was
filled with 0.1% tannic acid solution up to a height of 2 cm and the Alg tube (60 cm in length) was
placed such that its middle portion was submerged in this solution (see Figure 3.3A). Clamps were
fixed at the bottom of the basin to control the path and location of the Alg tube in the basin. A
pressure gauge (PRTemp 1000, from Madge Tech) was placed upstream of the Alg tube and the
pressure was recorded in real-time (every 2 s) on a computer using the Madge Tech software.
Pressure readings were obtained during flow in the tube before puncture, during puncture and
following puncture repair by electroadhesion of a QDM gel patch. Burst pressures (for a patched
tube) were determined by clamping shut the far end of the Alg tube and continuing flow into the
tube, leading to pressure build up within the tube. The highest pressure recorded before the patch

became dislodged was designated as the burst pressure.
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Lap-Shear Testing. Lap-shear tests were conducted using an Instron Model 5565 instrument.
Tests were done according to protocols recommended by the American Society for Testing and
Materials (ASTM) which have been used in previous studies.®*"8% Gels and tissues were cut into
rectangular segments with dimensions of 1.5 x 4 cm. The QDM gel segment was 3 mm thick, the
Alg segment was 1 mm thick and tissue segments were 2.5 £ 1 mm thick. Gel-gel and gel-tissue
samples were electroadhered over a lap height of ~ 1.5 cm (see Figure 3.9A). Following
electroadhesion, the dangling ends of the gel and tissue were stuck securely to glass slides using
cyanoacrylate glue. For securing the QDM and Alg gels to the glass slides, Krazy Glue was found
to be the best and a 1 h cure time was used. For securing tissue to the same slides, Gorilla Glue
was the best and a 2 h cure time was used (during this time, the tissue face exposed to air was
covered by a piece of gauze soaked with PBS solution). The glass slides provided a hard and non-
elastic backbone for the Instron to grip onto, which ensured that shear was applied on the lap area
alone. The Instron was then used to elongate the sample at a rate of 10 mm/min, and the stress was
recorded during this process. At least three samples were tested for each of the categories in Figure

3.9C and the statistics were analyzed using the Student’s T-test.
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3.3 Results and Discussion

3.3.1 Gel-Gel Electroadhesion

A. Alg (anionic) gel tube | B. QDM (cationic) gel strip

Ca?* ions

Figure 3.1. Gels used in our electroadhesion studies. (A) Anionic gel of alginate (Alg),
crosslinked by divalent Ca?* cations. The gel is made in the form of a hollow tube. (B) Cationic
QDM gel strip, made by polymerization of acrylamide derivatives. The photos show that the gel
is elastic, stretchable, and flexible. Schematics of the gel structure are shown as insets.

Our initial studies were conducted with a combination of gels, one cationic and the other
anionic. To mimic tubular tissues, we fabricated the anionic gel in the form of a tube. The gel in
this case is composed of the anionic polysaccharide sodium alginate crosslinked into a network by
divalent Ca?* cations. The procedure for creating tubes with a wall of alginate (Alg) gel was
described in an earlier study from our lab® and is adapted here (see Experimental Section for
details). Through this procedure, we can control all the dimensions of the tube, including the
length, inner diameter, and wall thickness. Figure 3.1A shows a 10-cm long tube with an inner
diameter of 1 cm and a wall thickness ~ 1 mm. The inset illustrates the structure of the gel wall,

which consists of Alg chains connected at zones by Ca?* ions. The tube has a pink color due to a

trace amount of rhodamine B (RB) dye added during the synthesis.

The counterpart to this tube is a cationic gel, made in the form of a rectangular strip. This

gel is synthesized by polymerizing a mixture containing acrylamide (AAm, a nonionic monomer),
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quaternized dimethyl aminoethyl methacrylate (QDM, a cationic monomer), bis(acrylamide) (BIS,
a nonionic crosslinker) and laponite (LAP) nanoparticles. The molar ratio of QDM relative to all
the monomers dictates the level of charge on the gel strands, and this is kept at 16 mol%. The ratio
of BIS to all the monomers dictates the stiffness of the gel, and this is maintained at 1.6 mol%. If
the BIS content is too high, the gel becomes brittle. We found that adding 0.1 wt% of LAP to the
gelling mixture significantly improves the flexibility and stretchability of the final gel, consistent
with previous studies from our lab.%® The overall gel is denoted as QDM to signify its cationic
nature. Figure 3.1B shows that the QDM gel strip is flexible enough to be twisted or rolled up. The

strip can also be stretched up to ~ 1.75 times its original length without rupture.

We first confirmed that the cationic QDM gel-strips could be stuck by electroadhesion
(EA) to the anionic Alg gel-tubes. Our setup for EA involves two graphite electrodes and a DC
power supply. The electrodes have to be placed in contact with the above gels in a particular
orientation, as shown by Figure 3.2A. That is, the strip and tube are brought into contact, and then
the positive electrode (E*) is made to contact the cationic gel strip (G*), while the negative
electrode (E") is contacted with the anionic gel tube (G"). With this orientation (denoted from now
on by E*G'GE"), a DC voltage of 10 V is applied for ~ 10 s. When the voltage is switched off,
the QDM strip is found to be strongly adhered to the alginate tube (Figure 3.2B), and this adhesion
persists thereafter. If the reverse electrode orientation (E*G G*E") is used at the start, the two gels
will not stick. Conversely, if electroadhered gels are reconnected to the field in the above reverse
orientation, and a 10 V field is applied for ~ 10 s, the gels lose their adhesion and can be easily

detached. To our knowledge, this is the first demonstration of EA between a covalently crosslinked
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gel and a physically crosslinked one. In previous reports of EA,'%2 the gels were all covalently

crosslinked.

Electroadhered
QDM gel
conforms to
Alg tube shape

Figure 3.2. Electroadhesion of QDM gel-strip to Alg tube. (A) The gel and tube are contacted
with graphite electrodes, with the positive electrode touching the cationic QDM gel and the
negative electrode touching the anionic Alg tube. (B) Upon applying 10 V of DC for 10 s, the gel
gets tightly adhered to the tube and conforms to the tube shape. In cases where a puncture is made
in the tube wall, adhesion of the gel over the puncture location serves to patch up the puncture (see
Figure 3.5).

3.3.2 Electroadhesion for Repairing Cut or Broken Gel-Tubes
In our first set of experiments, we introduced a cut in the wall of an alginate tube and stuck
a QDM gel over the cut. The cut was made with a needle or razor blade and its size could be varied.

We then made rectangular patches of the QDM gel (15 mm long, 8 mm wide and 2 mm in

27



thickness). Using the EA procedure described above, we affixed the QDM gel patch so as to cover
the cut in the tube wall. Note that the patch adheres tightly to the tube and it conforms to the tube’s

curvature (Figure 3.2B).

A. Test setup
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Figure 3.3. Electroadhesion of QDM gel to patch a cut in the Alg tube wall. (A) Schematic of
test setup. An aqueous solution of 0.1 wt% FeCls is pumped through the lumen of the Alg tube,
which is submerged in an aqueous bath of 0.1 wt% tannic acid. If the FeCls leaks out of the tube,
it reacts with the tannic acid and a black precipitate is formed immediately in the bath. (B) When
the tube is intact, there is no leakage, and the bath is clear. (C) Tube is punctured with a needle to
create a hole of 400 um diameter. (D) Tube is cut to a length of 7 mm with a blade. In (C) and (D),
as the fluid in the tube leaks out, the black precipitate can be seen in the bath. (E) The tube from
(D) is patched by a QDM gel, and when flow is resumed through the tube, no leakage can be seen.
(F) A pressure gauge placed upstream of the tube records the pressure in the tube. The pressure
drops to near-zero in the case of a cut in the tube (similar to D) as the fluid leaks out. When the
tube is patched up (similar to E), the pressure is restored to its original value.
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To test the strength of the patch-tube adhesion, we introduced a flow of fluid through the
patched tube. If the patch was not affixed, fluid would leak out of the cut in the tube. The question
then is whether the patch could completely seal the leak and moreover if it could withstand the
pressure exerted by the fluid. We developed a protocol for leakage tests that involves submerging
the Alg tube in a water bath containing 0.1% of tannic acid (Figure 3.3A, B). A 0.1 wt% solution
of iron chloride (FeCls) in water is then flowed through the lumen of the tube using a peristaltic
pump. When FeCls contacts tannic acid, a black precipitate of ferric tannate is instantly formed.®*
Even if a small puncture (400 um) is made in the tube wall using a needle, the leakage of fluid
from the puncture can be readily detected by the eye due to the formation of the black precipitate
(Figure 3.3C). This leakage is much greater when a large cut (7 mm in length) is made in the tube
wall with a blade (Figure 3.3D). Figure 3.3E shows the alginate tube with the above large cut
patched by a QDM gel using EA. In this case, there is stable flow of fluid through the tube with

no leak whatsoever.

To quantify the above experiment, we installed a pressure gauge to the tube upstream of
the puncture site. This measures the pressure P exerted by the fluid flow on the tube wall. When
some of the fluid leaks out through the cut, P drops relative to its initial value (which corresponds
to stable flow with no leak). If the leak is considerable, then P drops to nearly zero. For example,
the bar graph in Figure 3.3F shows that the initial P is 40.1 mm-Hg as fluid is flowed through the
tube at a flow rate of 5 mL/min. When a cut of 7 mm length is made in the tube wall and flow is
resumed at the above flow rate, P drops to 0.7 mm-Hg. Next, the cut is patched with a QDM gel

using EA and the experiment is repeated — P then increases to 39.8 mm-Hg, which is nearly the
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same as the initial pressure. These data show that the electroadhered patch holds up well to the

above flow conditions.
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Figure 3.4. Pressure changes in tube before and after applying a gel patch by electroadhesion.
(A) Pressure readings before a puncture/cut is made in the wall of an alginate (Alg) tube and after
the cut is sealed by electroadhesion of a QDM gel patch. Data are shown for different cut sizes,
and for each case, the three bars are the readings for flow (i) before cut (baseline); (ii) when cut is
made and not sealed; and (iii) after cut is sealed. In all cases, the pressure drops as fluid leaks out
through the cut but returns to baseline values once the cut is sealed. (B) For different cut sizes,
data are further shown for the burst pressure required to dislodge the QDM gel patch from the tube
wall. For these experiments, the baseline pressures are higher than in (A). Note that the burst
pressure far exceeds the baseline pressure for small cut sizes.
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The pressure readings above depend on both the flow conditions and the size of the cut in
the tube.® If the flow rate is increased above a critical value, the pressure exerted by the fluid is
able to dislodge the electroadhered patch and the fluid then leaks into the surrounding bath. We
define the pressure at this point of failure as the burst pressure Pourst, and it represents a limit for
the conditions studied. Figure 3.4 shows pressure readings for various puncture/cut sizes. Ppurst iS
252 mm-Hg for a small (0.4 mm) puncture, 216 mm-Hg for a medium (1.4 mm) puncture, and 82
mm-Hg for a large (7 mm) cut. These Puurst Values indicate robust sealing capability under typical
blood-flow conditions (normal systolic blood pressure being 120 mm-Hg in healthy humans).%
Note that Pourst can be easily increased by either using a larger gel-patch around the cut or by

introducing a second gel-patch over the first in a cross-geometry.
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Figure 3.5. Electrical ‘suturing’ of two severed segments of a tube. A long QDM gel-strip is
used as a sleeve around the two pieces of the Alg tube. The electrode orientation is as indicated.
Schematic of the process is shown in (A) and a photo in (B). (C) Following this process, the Alg
tube segments are found to be ‘sutured’ (joined) by the gel sleeve. (D) Stable flow occurs through
the repaired tube to the waste beaker.
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Next, we examined if electroadhesion could repair a much more extreme ‘injury’ compared
to a cut in the tube wall. In this case, we severed the alginate tube in half and attempted to join the
two pieces using a QDM gel-strip. First, a long and flexible gel-strip (15 mm long, 8 mm wide and
2.5 mm in thickness) was made. The two pieces of the tube were contacted laterally and the QDM
gel-strip was wrapped around the tube segments (Figure 3.5A). During electro-adhesion, the
negative electrode was kept in contact with the tube at all times, while the positive electrode was
rotated along the exterior of the gel-strip (Figure 3.5B). The net result is that the QDM gel
functions as a sleeve that wraps around the cut pieces (Figure 3.5C). Note that the length of the gel
strip was chosen to match the perimeter of the sleeve so that there is no gap between the ends of
the strip. Thus, the patched tube behaves like a single entity. We can flow fluid through the patched

tube without leaks (Figure 3.5D).

3.3.3 Gel-Tissue Electroadhesion

A. Aorta in ‘as-received’ tissue F v
4 PT-

aned

= [ Y
3 B. Aorta retrieved and cle

Aorta

C. Segment of aorta
ready for testing

Figure 3.6. Preparation of a sample of bovine aorta for electroadhesion experiments. (A) As
received, in the “raw” state, the aorta is encased in fat, and connected to other tissues. (B) The
aorta is removed from the surrounding tissues and the fat encasings. (C) A segment of the aorta is
cut to the desired size, comparable to the size of a gel segment. This is used for the electroadhesion
experiments.
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Figure 3.7. Electroadhesion of QDM gel to bovine tissue. (A) Strips of bovine aorta and QDM
gel are contacted in a (E'G'T E") configuration, with the gel touching the positive and the tissue
the negative electrode. (B) 10 V of DC is then applied for 20 s, whereupon the gel becomes strongly
adhered to the tissue. (C) When the gel-tissue pair is stretched on both sides, the gel breaks, but a
portion of the gel remains adhered to the tissue. This indicates that the adhesion is significant.
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We then set out to determine whether EA could be extended to soft materials other than
gels. Specifically, could gels be electroadhered to animal tissues? For these studies, we worked
with bovine tissues, obtained from a local butcher. Tissues were cleaned and prepared for our
studies, as exemplified in Figure 3.6. Tissue samples were then tested along with the same
QDM gels as above. First, we tested a piece of bovine aorta, which is one of the largest arteries
in an animal.®® A rectangular strip (1.5 x 2.5 cm?) of the aorta was used along with a similar
strip of the QDM gel. As shown in Figure 3.7A, the gel and tissue are contacted with electrodes
in the same orientation as before (E*G*GE"), with the cationic QDM gel (G*) connected to
the positive electrode and the tissue (T) to the negative electrode. A DC voltage of 10 V is then
applied for ~ 20 s, whereupon the gel becomes strongly adhered to the tissue (Figure 3.7B).
This suggests that the tissue behaves like an anionic gel, and hence we notate it as T~. No

adhesion is observed if the reverse orientation (E*T G*E") of the field is used. Also, if the
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electroadhered gel-tissue pair is placed in the reverse orientation and the field is applied, the
gel-tissue adhesion is lost and the two can be easily separated, as in the gel-gel case (Figure

3.7C). We conclude that the QDM gel can be reversibly electroadhered to the aorta.

Regarding the strength of EA between gel and tissue, a few points need to be clarified.
First, when the QDM gel is contacted with the aorta in the absence of the field, we do find a
weak adhesion, which we term ‘contact adhesion’. This adhesion is weak enough that the gel
can be peeled off intact from the tissue by hand without much force. In contrast, when the gel
is electroadhered to the aorta, the gel cannot be peeled off by hand or scraped off from the
aorta by using a scalpel. In Figure 3.7B, the gel-tissue pair is pulled on two sides by applying
a tensile force to the overhanging portions. When the tension exceeds a certain limit, the QDM
gel breaks into two pieces, but the portion of the gel that is adhered to the tissue does not
detach. We thereby conclude that strong adhesion of the gel to the tissue is induced by the field
and that this adhesion is much stronger than the contact adhesion between the two. We will

quantify the strength of EA later in this paper.

Once EA of the QDM gel to the aorta was confirmed, we proceeded to test the same
phenomenon with other classes of bovine tissue. In all cases, we cut a strip of tissue similar to
that in Figure 3.7 and tested it against a similar strip of QDM gel. First, we examined if there
was ‘contact adhesion’ when the strips of gel and tissue were pressed together without a field.
The extent of adhesion (or lack thereof) was assessed using a subjective scale for adhesion
strength (see Table 3.1). For this purpose, we attempted to detach the gel from the tissue and

noted the ease with which this could be done. The results were then classified into: 0 =
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negligible, 1 = weak, 2 = moderate, 3 = strong, and 4 = very strong adhesion. For a given gel -
tissue pair, the results for ‘contact adhesion’ provided the baseline. Next, we attempted to
induce EA of the same gel-tissue pair using the same protocol as in Figure 3.7 (i.e., using 10
V of DC, applied for 20 s). After the field was switched off, we again assessed the adhesion
strength using the above 0-4 scale and compared the results to the baseline. The results for all

types of tissue are presented in Table 3.1.

Adhesion No Adhesion
Adhesion Adhesion Adhesion Adhesion
Tissue (Bovine) Stre"sth Stre"‘?th Tissue (Bovine) 5"‘*"5"‘ Stre"g_th
Following Following Following Following
Electroadhesion Contact Adhesion Electroadhesion Contact Adhesion
Aorta
(descending thoracic) 3 1-2 ki 0-1 0
Cornea 34 0 Brain 0-1 0
(inner layer)
Lung 2 0 Spleen 0-1 0
Cartilage 2 0 [Fat 0 0
(articular)
Thymus 1-2 1
Tendon A 3.4 0 Tenﬁonl ‘ 1-2 0
(transverse section) (longitudinal section)
Skeletal muscle . 2.3 0 Skeletal rr.lusgle . 1 0
(neck, transverse section) (neck, longitudinal section)
Skeletal muscle Skeletal muscle
) 2 0 - ) 1-2 0
(cheek, transverse section) (cheek, longitudinal section)

N = 3 for all samples. All electroadhesion tests done with 10 V DC, applied for 20 s.
Numerical scores represent strength of adhesion assessed on a scale of 0-4: 0 - Negligible; 1 - Weak; 2-Moderate; 3 - Strong; 4 - Very strong.

Table 3.1. Results of electroadhesion tests done with QDM gels and various bovine tissues.
Electroadhesion was significant relative to contact adhesion only for the tissues listed in the left
half of the table.

Table 3.1 (left half) indicates several tissues for which the strength of EA is much
higher than the baseline case of contact adhesion. The largest contrast is in the case of the

cornea from the eye and tendon (transverse section), where the QDM gel shows negligible

contact adhesion (0 on the scale), but very strong EA (~ 4 on the scale). Other tissues for which
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EA is clearly stronger and distinct relative to the baseline include the lung, the cartilage, and
certain types of skeletal muscle. The case of the aorta, which was depicted above in Figure 3.7
is one in which contact adhesion is not zero, but EA is clearly much stronger. Conversely, the
right half of Table 3.1 lists the tissues for which EA is not significant under the conditions
studied. In the case of the heart, the brain, the spleen, and fat tissue, there is no significant
adhesion, either on contact or due to the field. In the case of the thymus, weak adhesion is
observed due to the field, but this is not sufficiently distinguishable from contact adhesion.
Tissues can be structurally complex, and the complexity is especially evident in our studies
with tendon and skeletal muscle (bottom three entries in Table 3.1). If these tissues are cut in
a longitudinal section, the samples do not exhibit significant EA; however, if the same tissues
are cut in a transverse section, EA is appreciable. Thus, there is significant anisotropy in the
tissue structure, which also affects the results here. All in all, we conclude from Table 3.1 that

cationic QDM gels can be electroadhered to some types of animal tissue.

Why does EA work with tissues? And why does it work only with some tissue types
and not others? We made anionic counterparts to the QDM gel by copolymerizing AAm with
an anionic monomer like sodium acrylate (SA). However, this gel could not be electroadhered
to any tissues. Thus, in all the successful cases of EA we have found, the gel was cationic (i.e.,
QDM), which then implies that the tissue must be anionic. Animal tissues are expected to have
a microstructure consisting of cells (either discrete or close-packed into clusters) embedded in
a network of polymer chains, i.e., the extracellular matrix (ECM).88¢ The ECM tends to have
different composition in different tissues. Two key proteins in the ECM are collagen and

elastin. We attempted to find the percentage of each of these proteins in the tissues studied
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here.?”"191 These numbers are shown in Table 3.2, which is divided into two halves similar to
Table 3.1, with the tissues that exhibit EA on the left and those that do not on the right. In

addition to the proteins, the water content in each tissue is also shown.

Adhesion No Adhesion

Ti (Bovine) Percent Percent Percent Ti (Bovine) Percent Percent Percent
Issue {Sovine Collagen Elastin Water Issue {Bovine Collagen Elastin Water

Aorta 23 40 84-87 Heart 3 0 74

Cornea 70 78 Brain 0.2 0 73

Lung 11 5 84 Spleen 3 5 79

Cartilage 58 80 Fat 9 50

Thymus

Tendon 85 5 5570 |rendon 85 5 55-70

(transverse section) (longitudinal section)

Skeletal musc!e 2.7 0 80 Skelrelalrmuscler 2.7 0 80

(transverse section) (longitudinal section)

Values correspond to bovine tissue unless otherwise noted below. Values rounded to nearest integer.

Table 3.2. Collagen, elastin, and water content of tissues that do and do not exhibit
electroadhesion. Notes: (a) Aorta: Collagen and elastin compositions of aorta,®” water content.'%
(b) Cornea: collagen composition,'® elastin percent values not given,%? water content.*®® (c) Lung:
collagen and elastin composition in rat lung,®” water content.!%* (d) Cartilage: collagen
composition of human cartilage,*®® elastin percent values not given,% water content.1% (g)
Tendon: collagen and elastin composition of tendon,®” water content.!%” (f) Skeletal muscle:
collagen and elastin compositions of skeletal muscle,®® water content.® (g) Heart: collagen and
elastin compositions of heart,®” water content.’% (h) Brain: collagen and elastin compositions of
rat brain," water content.’® (i) Spleen: collagen and elastin compositions of spleen,®” water
content.’® (j) Fat: collagen percent not given,*%® elastin composition of human adipose (fat)
tissues,'%° water content.1% (k) Thymus: collagen percent not given,*'° no data on elstin and water
content available in literature.

One observation from Table 3.2 is that many (but not all) the tissues in the left half
ave a high collagen content. Collagen itself is a protein that has a net neutral charge at ambien
h high coll tent. Coll tself tein that h t neutral ch t ambient
pH,1112 and on its own would not impart anionic character to the tissue. However, collagen-

rich tissues often are associated with protein-sugar hybrid polymers called
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glycosaminoglycans (GAGs), which are known to be strongly anionic.°>!'3 The GAGs anchor
cells to the ECM by attaching simultaneously to proteins on the cell surface as well as to the
collagen fibers in the ECM.'® GAGs such as heparan sulfate have high affinity to collagen
type 1 and I11,**3 which are the main types of collagen in the aorta. Another observation from
Table 3.2 is that some types of collagen-rich ECMs also have high concentrations of elastin.
Elastin is reported to be cationic at ambient pH, which allows it to bind to GAGs via
electrostatic interactions. Collectively, in a tissue that contains collagen, GAGs, elastin, and
other polymers, the overall composition of charged polymers will dictate the net charge of the
tissue. It is possible that only tissues with a net anionic character will have a propensity to
undergo EA (to cationic gels like QDM). Another factor could be the water content in the
tissue; if this is too low (such as in the case of fat or brain tissue), the tissue may not exhibit

EA.

An additional factor to consider is the ionic strength of the (fluid in the) tissue.
Interactions between cationic and anionic polymers will be impacted by the ionic strength. In
this regard, we have soaked the QDM gel and a representative tissue (aorta) in different fluids
of biological relevance and then examined their adhesion. All these fluids are expected to have
an ionic strength around 0.15 M. If soaked in whole blood (bovine), the gel and tissue
electroadhere just as in their native state. When soaked in blood plasma (bovine) or in
phosphate-buffered saline (PBS), the gel-tissue adhesion was initially weaker, but built up
thereafter. By increasing the time over which the field was applied from 20 s to 60 s, we were

able to obtain significant adhesion between the gel and tissue in all cases.
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Figure 3.8. Current density during electroadhesion experiments on gel-gel and gel-tissue
pairs. All pairs were placed in an electric field of 10 VV DC that was applied for 20 s. In the gel-
gel cases, a cationic QDM gel (G™) was contacted with an anionic SA gel (G"). In the gel-tissue
cases, the cationic QDM gel (G*) was contacted with various tissues. In all experiments, the current
| starts high and decreases with time. The highest recorded current is used to calculate the current
densities j shown in the plot (note: j = | / area of contact). The area of contact ranged between 1.6
and 2.4 cm? for the various tissues. No obvious correlation is seen between j and the occurrence
of electroadhesion (refer to Table 3.1 in the text). The data for gel-gel pairs in their native state
(i.e., as prepared in deionized water) or after soaking in PBS demonstrate that j mainly depends on
the ionic strength of the fluid.

We have also recorded the current | during EA experiments, which is reported for
various pairs in Figure 3.8. Data in this figure are shown for the current density j (i.e., I/area
of contact). We note that j seems to depend mainly on the ionic strength of the gel and tissue:
for example, j is 52 mA/cm? when two gels (G* and G") are electroadhered in their native state
(i.e., after preparation with deionized water) but increases to 126 mA/cm? when the same gels
are soaked in PBS. Similar currents were observed even if gels of the same charge (e.g., two
G™) were contacted, which would be a case of no adhesion. In the case of gel-tissue

experiments, j for various tissues are shown in Figure 3.8. For tissues that electroadhere, |
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varies from a low of 17 mA/cm? for the lung to around 80 mA/cm? for the aorta and cornea.
For tissues that do not electroadhere, j is nearly zero for fat tissue, whereas it is 42 mA/cm?
for heart tissue. From these numbers, no clear relationship can be discerned between j and
adhesion (or lack thereof). It should be mentioned that the j values we report correspond to the
highest current recorded, which is near the start of the experiment. With time, the current drops

to a steady-state that is 20-30% of the above values.

Next, we attempted to measure the gel-tissue adhesion strength and compare it to that
for the gel-gel case. The measurements were done using the lap-shear test protocol, which is
described in more detail in the Experimental Section.54®%2 In this test, two rectangular
samples are adhered to each other over a portion of their area, which is called the ‘lap’ (Figure
3.9A). The outer surfaces of the two samples are then stuck to glass slides using cyanoacrylate
glue. The setup is then placed in the testing instrument, with each glass slide being gripped on
its end by the jaws of the instrument. A tensile stress is then applied until failure occurs, and
the magnitude of the stress-at-break is a measure of the adhesion strength. Stress vs. strain
curves are presented in Figure 3.9B for two sets of samples: a QDM gel adhered to an Alg gel,
and the same QDM gel adhered to bovine aorta. For both cases, we ran the test first under
‘contact adhesion’, where the samples are pressed together without a field. Next, the two
samples are electroadhered and the test is repeated. In both the gel-gel and the gel-tissue cases,
the stress-strain curves for EA extend up to much higher stresses compared to contact adhesion

(Figure 3.9B), indicating the strong adhesion imparted by the electric field.
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A. Schematic and Photo of Lap-Shear Expt B. Stress-Strain Curves C. Adhesion Strength: Comparison
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Figure 3.9. Adhesion strength measurements using the lap-shear protocol. (A) Schematic of
the lap-shear experiment and a photo of an experiment in progress. Samples are first adhered over
a lap region and then affixed to glass slides on their reverse sides using cyanoacrylate glue. Tension
is then applied to the ends of the slides. (B) Stress vs. strain curves from lap-shear experiments for
two sets of samples: gel-gel (QDM-AIg) and gel-tissue (QDM-aorta). Data are shown for the cases
of electroadhesion and contact adhesion (control). The samples delaminate at the end of each
curve, marked by an X. The stress at this point is a measure of the adhesion strength. (C) Adhesion
strengths from the curves in (B) for the QDM-Alg and QDM-Aorta samples and for the two cases
of electro- and contact adhesion.

The adhesion strengths determined from the above curves are plotted in Figure 3.9C.
The strength of gel-gel (QDM-AIQ) electro-adhesion is found to be ~ 25 kPa. For comparison,
Asoh and Kikuchi measured the adhesion strength (using the same lap-shear technique) for a
pair of cationic and anionic acrylamide-based gels and reported values around 10 kPa.?? For
the electroadhered gel-tissue pair (QDM-aorta), the adhesion strength is about 20 kPa, which
is comparable to that for the gel-gel case. In both cases, the strength of contact adhesion is
much lower (~ 5 kPa). These measurements confirm our findings from earlier in the paper that,
for both the gel-gel and gel-tissue cases, EA is substantially strong. One difference we noted
was regarding the failure mechanism in the lap-shear experiment. In the gel-gel case, when

failure occurred, it was generally a cohesive failure, 47892 j e, pieces of each gel were found
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to remain on the other. In the gel-tissue case, failure was generally an adhesive failure,4 7892
with the gel delaminating from the tissue. This difference could be because the tissue tested

(aorta) was generally much stiffer than the QDM and Alg gels.
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Figure 3.10. Gel-tissue adhesion strength as a function of time in the electric field. Adhesion
between QDM gels and aorta strips were measured after different durations of exposure to the field
(10 V DC). The lap-shear technique was used and the stress-at-break was used to quantify the
adhesion strength. The plot shows that electroadhesion develops within ~ 10 s in the field and the
adhesion strength saturates by about 20 s. The data shown are averages (across at least three
samples) and the error bars correspond to standard deviations. The line through the data is a guide
to the eye.

We also studied the adhesion strength as a function of time under the electric field, and
the corresponding data are shown in Figure 3.10 These data are for QDM gels crosslinked with
BIS (but not containing LAP nanoparticles) in contact with bovine aorta. The same lap-shear
protocol as in Figure 3.9 was used and the stress-at-break was used as a measure of adhesion
strength. Gel-tissue pairs were placed for different times in an electric field generated by 10 V
DC. The data reveal that sufficient electroadhesion (i.e., much higher than contact adhesion)

develops within 10 s in the field. Subsequently, the adhesion strength tapers off to a constant
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value by about 20 s, and similar values are obtained with higher contact times (40 s). Thus, a
time of 20 s in the field seems to be more than adequate to induce appreciable electroadhesion
between gel and tissue. Similar data for adhesion strength as a function of contact time has

been reported previously for gel-gel adhesion.?*

3.3.4 Electroadhesion for Repairing Cut or Damaged Tissue

Finally, we explored whether an electroadhered gel patch could seal cuts on a tissue,
effectively mimicking a surgical procedure. These studies are similar to those we had previously
demonstrated with the anionic gel tube in Figure 3.5, where cuts were sealed by a QDM gel patch.
We again chose the cationic QDM gel, but this time the experiment involved a segment from the
descending thoracic aorta of a cow, which was about 15 cm long and 2 to 2.5 cm in diameter
(Figure 3.11A). For the purposes of our experiment, we exploited the fact that the aorta has pairs
of holes along its length (marked by arrows in Figure 3.11A). These holes correspond to arterioles,
which are small branches from the aorta that transport blood to various organs.®® If the aorta is
used as a tube, fluid will leak out through the arterioles. This is shown by Figure 3.11B, where we
have replicated the test protocol from Figure 3.5. A solution of 0.1% FeCls is pumped through the
lumen of the aorta. The fluid leaks out through the arterioles and drips into the bath containing
0.1% tannic acid, whereupon a black precipitate of ferric tannate is instantly formed. (Note that

the aorta was not submerged in the bath to avoid any reaction of the tissue with the tannic acid.)
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A. Anatomy, Schematic and Photo of Bovine Aorta B. Control Expt: Fluid Leaks out of Aorta
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Figure 3.11. Electroadhesion of QDM gels to patch openings in the aorta. (A) The anatomy
of the aorta, which is a large artery, is depicted on the left. A 15-cm long segment from the
descending thoracic region of the aorta is used in the study. The segment is a hollow tube that has
holes on its surface corresponding to arterioles (side branches), as shown both in the schematic
and the photo. (B) When an agqueous solution of 0.1 wt% FeClz is pumped through the aorta, the
fluid leaks out of the arterioles and falls into the bath containing tannic acid, whereupon a black
precipitate of ferric tannate is formed. (C) Two QDM gel strips are electroadhered to the aorta so
as to cover the arterioles. (D). When the FeCls solution is pumped through the patched aorta, no
leaks are observed (the bath stays clear), and the fluid flows steadily into the beaker on the right.

Next, we made two rectangular patches of the QDM gel for the two pairs of arterioles in
the aorta segment under study. We affixed the gel patches over the arterioles (one patch covers
two adjacent arterioles) using electroadhesion (10 V, 20 s). The gels adhered tightly to the tissue,

as can be seen in Figure 3.11C. Thereafter, the flow of FeCls solution through the aorta was

restarted. Figure 3.11D shows that there are no leaks through the arterioles, i.e., the holes remain
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sealed, allowing fluid to flow right through the aorta. The fluid is collected in a beaker containing
0.1% tannic acid at the end of the aorta. The black precipitate of ferric tannate is seen in the beaker
but not in the water bath, thus confirming that there are no leaks through the tissue during the flow

process.

3.3.5 Prospects for Biomedical Applications

Our results indicate the potential for EA to be useful in biomedical scenarios: it could
enable surgeries in the future to be performed without the need for any sutures. Compared to
current surgical adhesives, 26203067879 gn electroadhered gel patch provides a very robust seal that
persists. Also, the unique feature of EA is that it develops on external command when an stimulus
is applied. In case of a mistake, the adhesion can be reversed, and the gel patch can be readily
detached from the tissue. Subsequently, the patch can be reapplied on command. Many challenges
will have to be addressed for this technique to be translated to the clinic. First and foremost, a
better understanding of the adhesion mechanism is needed. Ideally, we should have the ability to
electroadhere gels to any type of tissue, provided the gel is chosen carefully. The gels should also
be biocompatible and not cause an adverse immune response in the body. Moreover, for many
types of surgeries, it will be important for the gel to be biodegraded into benign products within a
set number of days after surgery. We believe biocompatibility and biodegradability are tractable

problems because, in principle, QDM could be replaced with many other kinds of cationic gels.

Lastly, there is a question about applying electric fields and whether that would be safe in

regard to a live animal. The voltage used here is 10 V DC, which on its own is not especially

high.11411 Moreover, the field has to be turned on only for 20 s, which is a short enough time to
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avoid any adverse reaction. Incidentally, with regard to the voltage, we have found that EA of gels
to tissues can be achieved even with voltages as low as 3 V but applied for a longer duration (~
60-120 s). No adhesion was seen for voltages below 3 V for both gel-tissue and gel-gel systems.
Previous studies of gel-gel adhesion have reported weak adhesion even below a voltage of 3 V.24
Conversely, with some of the tissues in Table 3.1 for which EA was unsuccessful, a longer
application time (> 20 s) and/or a different voltage could change the results. Thus, altering these
parameters as well as the chemistry of the gel could well lead to strong EA with more of the tissue

types listed in the table. These are aspects that will need to be studied carefully in the future.

3.4 Conclusions

In this study, we demonstrated that the phenomenon of EA could be applied to new
materials and geometries. We utilized cationic (QDM) gels and animal (bovine) tissues. Gel and
tissue were brought into contact with each other and with electrodes in a E'G*T E™ orientation
(i.e., with the cationic gel G* touching the positive electrode E* and the tissue T~ the negative
electrode E7). A DC voltage of 10 V was then applied for 20 s, whereupon the gel became strongly
adhered to the tissue, with the adhesion persisting after the field was turned off. The strength of
adhesion between QDM gel and bovine aorta, measured by lap-shear testing, was ~ 20 kPa. In
addition to the aorta, EA also worked with the cornea, the lung, cartilage, and certain types of
skeletal muscle and tendon. Only cationic gels could be electroadhered to tissues, which suggested
that the tissues had anionic character. Also, if the electroadhered gel-tissue pair was placed in a

field with reversed polarity, the adhesion was lost and the two could be separated.
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We then explored the possibility of using electroadhesion to seal cuts or tears in tubes.
Initial experiments in this regard were done with tubes of anionic Alg gel as a model system. As
an extreme case, two severed pieces of an Alg tube were joined using an electroadhered QDM gel
strip that was flexible enough to encircle the tube while spanning the cut segments. In a similar
manner, in the case of bovine aorta, QDM gels were electroadhered over openings in the tissue
(corresponding to arterioles). In both cases, the electroadhered patches provided a robust and
durable seal, allowing fluid to flow right through the lumen of the tubes. These studies raise the
possibility of using electroadhesion to perform surgical repairs in the future. The use of strongly
adhered gel patches could obviate the need for sutures or staples in many surgical procedures. The
ability to achieve adhesion on command with an electric field, and moreover the ability to reverse
the adhesion in case of an error, could enable surgeries to be done in a rapid, durable, and precise
manner. Future work will address the challenges mentioned in the previous section before this
technique could be used in clinical applications (such as gel biocompatibility and immune

tolerance).
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Chapter 4

Electroadhesion of Gels to Various Animal and Plant Tissues

4.1 Introduction

In Chapter 3, we reported the first examples of electroadhesion (EA) between cationic
hydrogels and biological tissues, specifically bovine tissues. Only cationic gels could be adhered
by EA to tissues, not anionic or nonionic gels. The adhesion of cationic gels was strong to some
tissues (such as the cornea and blood vessels), but weak or non-existent to others (such as the brain
and adipose tissues). ** Our studies raise numerous questions regarding the phenomenon of EA.
What causes EA? Why are there differences in EA between various tissues? Prior to our work, EA
had been shown to arise between cationic gels (denoted by G*) and anionic gels (denoted by G~
).1821.23.24 In our studies, we substituted the anionic gels with tissues. Mammalian tissues are
generally known to have anionic character (and hence will be denoted by T). By extension, could
EA arise between a cationic gel and any anionic soft material? There is also the question of
structure at the micro or nano scale. Gels that undergo EA are networks of chains with ionic
backbones. Do biological tissues always have a network structure similar to hydrogels? If not,

what kind of structure is needed for a material to undergo EA?

In this Chapter, we attempt to address many of the above questions by examining a wide
range of biological tissues and testing their adhesion to cationic gels (G*) via EA. Soft tissues from
a variety of animals (mammals, birds, fish, reptiles, insects) are studied. In addition, we also
examine a range of plant-derived materials, including vegetables and fruits. All in all, we have

tried to cover biological species across the domains of life, and many of these species have tissues
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or organs (composed of biological cells) that allow EA of cationic gels. Soft materials, regardless
of their origin, have elastic moduli in the range of 10 to 107 Pa.'-122 |n addition to cell-bearing
soft materials, we have also examined some soft everyday materials such as foods (e.g., cheese

and tofu), which have biologically derived polymers (proteins and polysaccharides) in them.

Our studies allow us to identify several themes or hallmarks of EA across the various
systems. EA is induced in all cases by a low DC field (5 to 10 V; field strength 1 to 4 V/mm),
applied for a short time (10 to 60 s). The adhesion induced by EA persists after the field is switched
off. However, if at a later time, the field is re-applied with a reversed polarity, the adhesion can be
reversed. We have used pull-off tests to characterize the adhesion strength achieved by EA.
Consistent trends are found with regard to tissue type: for example, muscles in many different
animals (cow, chicken, fish) can be adhered to gels by EA with an adhesion strength around 15
kPa. Also, tissues with anisotropic structure adhere strongly to gels in one orientation (transverse)
but not in the perpendicular one (longitudinal). Somewhat surprisingly, we find that gels can be
adhered by EA not only to soft tissues like muscles but also to stiff ones like the carrot. The results
from our study are promising because they suggest that EA has wide applicability to biological

materials, including potentially to human tissues.
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4.2 Experimental Section

Materials. The following chemicals were from Sigma-Aldrich: the monomers acrylamide (AAm)
and N,N’-methylenebis(acrylamide) (BIS), sodium acrylate monomer (SA), phosphate buffered
saline (PBS) tablets and the initiator ammonium persulfate (APS). The accelerant N,N,N’,N'-
tetramethylethylene-diamine (TEMED) was from TCI America. The monomer N,N'-
dimethylaminoethyl meth-acrylate, quaternary ammonium salt (QDM) was from MPD Chemicals.
Cyanoacrylate-based glues (Krazy Glue) and Rust-Oleum hydrophobic coating were purchased

from The Home Depot. Deionized (DI) water was used in all experiments.

Synthesis of QDM gels. Cationic QDM gels were prepared using a modified protocol from our
previous publication.® First, DI water was degassed by bubbling nitrogen gas through it for 20
minutes. For synthesis of QDM gel the following were combined: 1 M (1.4 g) AAm, 0.16 M (809
uL) of QDM solution, 0.019 M (0.06 g) BIS, 0.0088 M (0.04 g) APS and 0.01 M (30 pL) TEMED
were mixed in 20 mL of degassed DI water. Next, the above monomer mixture was poured into a
Petri dish. To assist with easy removal of the gels, Petri dishes used in gel preparation were coated
with a spray of Rust-Oleum hydrophobic coating, then allowed to sit for 1 min, and thereafter
wiped dry. The petri dish with the monomer solution was then placed in a nitrogen environment
for 1.5 h, whereupon the gel became fully polymerized. After polymerization, the gels were stored

in a fridge and typically used within 24 h of preparation.

Synthesis of SA gels. Anionic SA gels were prepared by a similar procedure as described above
for QDM gels.’® In this case, the monomer solution contained 1.4 M (2 g) AAm, 0.11 M (0.2 g)

SA, 0.019 M (0.06 g) BIS, 0.0088M (0.04 g) APS and 0.01 M (30 uL) TEMED in 20 mL of
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degassed DI water. The above solution was poured into a pre-coated Petri dish and maintained in
a nitrogen environment for 2 h. After polymerization, gels were stored in a fridge and typically

used within 24 h of preparation.

Tissue Preparation Protocol. Cow, pig, and chicken tissues were obtained ethically, immediately
after slaughter from a local butcher or farm. C57 black mouse tissue was obtained from an
alternative animal study, IACUC number 30703 at Children’s National Hospital in Washington
DC. Fish (both salmon and cod), shrimp and scallop were purchased fresh (never frozen) from
Whole Foods. Earthworms and cicada were found in nature. All experiments on tissues were
conducted within 24 h of tissue harvest. The tissues were kept refrigerated from harvest point until
the experiment but brought to room temperature before any experiment was performed. When the
tissues were first received, organs were typically encased in fat and other matrix material. For
example, the salmon muscle in Figure 4.1 and the chicken muscle for pull-off tests performed in
Figures 4.3 were covered in scales/skin and an epithelial layer. Thus, for experiments with muscle,
it had to be harvested and cleaned from the surrounding parts. The muscle was either used in the
transverse orientation or in the longitudinal orientation (more on this in the body of text). The
tissues were cut into smaller pieces for experiments with the focus on cutting segment of tissue
muscle without an epithelial layer. For experiments in Figures 4.1 and 4.4 the tissue was segmented
into slices of 1.5 x 3.5 x 0.3 £ 0.1 cm. For pull-off tests in Figures 4.3 and 4.6 the slices of muscle
were segmented into slices of 1.3 x 0.7 x 0.3 £ 0.1 cm. Tissues were always covered in gauze

soaked in PBS solution after sectioning and before use.
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Adhesion Experiments. A DC power source (Agilent, model E3612A) with a range of 0-60 V,
0-0.5 A was used for the electroadhesion experiments. The voltage of 10 V was used for all
experiments, unless indicated otherwise. Depending on the pair of material adhered (gel-gel, gel-
animal tissue, or gel-plant tissue) a different electric field application times were required. For gel-
gel pairs we applied the field for 10 s, for gel-animal tissue pairs - 30 s, for gel-plant tissue pairs-
60 s, unless otherwise specified. EA orientation was always (E*G*M'E”, meaning the cationic gel
(G") was placed in contact with the positive electrode (E*), while the anionic material: gel (G),
animal tissue (T°), plant tissue (P") or fungi tissue (F7) was placed in contact with the negative
electrode. For reversal of adhesion the electrode and materials orientation were always (E*M"G*E
). Note, M" stands for anionic material and is a place holder for anionic gel, animal, plant, or fungi

tissues.

Pull-off Mechanical Testing Protocol. Pull-apart adhesion testing was performed on a TA
Instruments DMA Q800. Gel-gel and gel-tissue samples were prepared with dimensions of 0.7 x
1.3 x 0.6 cm (each gel is 0.3 cm in thickness). These pairs were either electroadhered or brought
together by contact. Each pair was superglued to the dynamic mechanical analyzer (DMA) clamp.
Contact adhesion control samples were compressed at 1 N for 1 min, and following this
compression period, pulled apart via a controlled force ramp at a rate of 0.1 N/min until failure.
Electroadhered samples were run as-is with a controlled force ramp at a rate of 0.1 N/min until
failure.” Stress at failure was recorded. Each sample was replicated 5 times (n = 5). In the gel-
tissue samples, the tissue layer was secured to the top (fixed) clamp and the gel layer to the bottom

(movable) clamp. Contact and EA samples were run under same conditions as the gel-gel samples.
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Rheological Studies. Rheological experiments reported were conducted using an AR2000 stress-
controlled rheometer (TA Instruments) at 25°C, set to 0.1% strain. A flat plate geometry (20 mm
diameter) was used to perform steady-shear rheology on various types of tissues. Tissues were

segmented to thickness of 1-2 mm.

Electroadhesion of Multi-System Soft Material Chain. Samples were cut using a punch biopsy
with diameter of 5 mm. Gel thickness was 2 — 3 mm while chicken tissue and SB tissue thickness
was 2 — 5 mm. In line with our previous study, we used wired graphite as the electrodes. The
electrodes were placed across the adhering pair alone. Once the materials achieved adhesion,
another layer was added. The electrodes never crossed the already-adhered interface, rather were
placed on the last link in the chain and the new sample slice. See our previous study for more

elaborate and schematic details.
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4.3 Results and Discussion

4.3.1 Electroadhesion Exhibits Common Features Across Different Pairs of Materials

In this Chapter, we will demonstrate electroadhesion (EA) between various pairs of soft
materials. In a pair of materials that undergo EA, one has to be cationic, while the other anionic.
In our experiments, the cationic material is fixed to be a hydrogel denoted as QDM. This gel is
made by free-radical polymerization of a mixture containing the cationic monomer guaternized
dimethylaminoethyl methacrylate (QDM). The three panels of Figure 4.1 show that QDM gels
(G") can be adhered by EA to a variety of anionic materials, including anionic gels (top panel),
animal tissues (middle panel), and plant tissues (bottom panel). The anionic gel (G") is made by
polymerizing a mixture containing the anionic monomer sodium acrylate (SA).'° As an example
of an animal tissue (T"), we use a slice from a species of fish, i.e., salmon. This slice corresponds
to the muscle, and it exhibits a vivid orange color. As an example of plant tissue (P~), we have
selected a slice of strawberry. Both the animal and plant tissue slices are from their inner portions,

not their exterior. The anionic nature of tissues will be discussed in a later section.

All these materials are cut into thin strips, with a thickness ~ 2 - 5 mm and a long dimension
of ~ 2 cm. They are all soft solids with sufficient dimensional integrity such that they can be lifted
up and held vertically between one’s fingers. Prior to performing an EA experiment, as a first step,
we test the three pairs of materials (G*/G~, G*/T-, G*/P") for contact adhesion. That is, we press
each pair together by hand and observe if the materials remain strongly adhered (Figure 4.1A). In
all cases, the contact adhesion is negligible or weak, and so the materials can be easily separated.
The lack of contact adhesion underscores the fact that the subsequent EA is due to the electric

field.
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Figure 4.1. Common features in the electroadhesion (EA) of three diverse material pairs. EA
requires a cationic and an anionic material. Here, the cationic material is kept the same and is a
QDM gel (G*). The anionic material is either an anionic gel (G), an animal tissue (T") (muscle
from salmon), or a plant tissue (P") (slice of strawberry). (A) The material pairs exhibit no adhesion
on contact in the absence of the field. (B) DC field of 10 V is turned on for 30 s in the EA
orientation (E*G'T E"). (C) Upon removal from the field, the materials are found to be strongly
adhered, and this adhesion persists indefinitely. (D) The adhered pair is placed in the same DC
field with the orientation reversed (E*T G*E") and the field is switched on for 30 s. Upon removal
from the field, the materials have lost their adhesion and can be detached.
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Next, we connect the materials to a DC power source in the adhesion orientation (Figure
4.1B). In this orientation, the cationic gel (G*) contacts the positive electrode (E*) and the anionic
material (e.g., T") the negative electrode (E"). While in this E'G*T E orientation, we apply a low
DC voltage (typically 10 V) for a short time (10 to 60 s). During this time, the material pairs
develop a strong adhesion, i.e., EA. This adhesion develops within 10 s for the G*/G™ pair, while
it takes around 30 s for the G*/T~ pair and around 60 s for the G*/P~ case. The field is then turned
off and each pair is found to be strongly adhered (Figure 4.1C) — the pairs are held vertically to
show their adhesion. Importantly, the EA persists indefinitely thereafter. Next, we show that the
adhesion is reversible. The adhered pairs are placed back in the DC electric field, but the
orientation is reversed (Figure 4.1D): the cationic gel (G*) now contacts the negative electrode (E
) and the anionic material (e.g., T") the positive electrode (E*). While in this E*T G'E" orientation,
we apply the same 10 V DC again for a short time (10 to 60 s). When the field is turned off, the

pair are found to have lost their adhesion and can be easily detached.

To summarize, we reiterate some of the common features of EA across the range of
materials in Figure 4.1. First, adhesion is induced by applying a low DC electric field (~ 10 V
potential) in a specific “adhesion” orientation (E*G*T E") for just a short time (~ 10 to 60 s). This
adhesion persists after the field is turned off. Lastly, this adhesion can be reversed by applying the
same DC potential in the “reverse” orientation (E*T G*E"). All these features are observed in every
case of EA documented in this paper. In the literature, other instances of electrically triggered
adhesion are described, but they either require much higher voltages, or an AC field, or the field
may need to be applied over much longer times.8323-127 Moreover, in all these cases, the adhesion

does not persist long after the field is removed.2812°
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4.3.2 Gels Can be Electroadhered to Tissues from All Classes of Animals

Classification of Animals

Vertebrates Invertebrates

| |
Warm- Cool-Blooded With Joint Without Legs

Blooded Legs

With more
With 3 pairs| |than 3 pairs Not worm

of legs of legs Worm like like

[Mammals | [ Birds |[ Fish

<7

)

Cicada Shrimp Earthr ) Scallop

Frog

Figure 4.2. Animal species whose tissues can be adhered to gels by EA. QDM gels (G*) can be
adhered by EA to tissues from all the above animals, with each animal placed in its appropriate
phylum and class. All EA experiments were done using 10 V DC applied for 30 s.

We now will discuss EA of cationic (G*) gels to various animal tissues. In previous work,
we had shown that these gels could be adhered by EA to bovine (cow) tissues. In the present work,
we have tested tissues from animal species extending across the various phyla and classes. All the
animals in Figure 4.2 show evidence of EA to at least one of their tissues, indicating that the
phenomenon of gel-tissue adhesion is universal and extends across biology. Note that all animal
tissues were sourced ethically (see Experimental Section for details). EA was done using the same

conditions discussed under Figure 4.1: a DC field of 10 V was applied across the gel-tissue pair
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for 30 s. The field was then switched off and the gel-tissue pair was assessed visually. If strong
adhesion occurred, the pair could be held vertically as shown in Figure 4.1C and the materials
would not fall off. Moreover, when adhesion was strong, attempts to dislodge the gel from the
tissue using tweezers would be unsuccessful and the gel would break in the process. In selected
cases, we also measured the strength of adhesion using pull-off testing. Thus, we confirmed that
our visual assessments were consistent with specific cutoffs for adhesion strength (see below for
discussion). We also confirmed that: (a) the adhesion induced by EA was much stronger than

contact adhesion; and (b) the adhesion could be reversed by reversing the polarity of the field.

We now discuss the various animals in the chart (Figure 4.1). Among warm-blooded
vertebrate animals,®® we found EA to tissues of mammals (cow, pig, mouse) as well as birds
(chicken) — these results are further classified by tissue type and discussed below. Among cold-
blooded vertebrates, we found EA to tissues of fish (salmon and cod), amphibians (frog), and
reptiles (lizard). EA also occurs with selected tissues in invertebrates that are land-based (insects
like cicada and worms like earthworm) or aquatic (crustaceans like shrimp and mollusks like
scallop). Note that in animals with a hard shell, the tissue tested for EA was from the soft interior.
Conversely, in the case of frogs and earthworms alone, EA could be achieved to the outer skin of
these animals. Lastly, it is worth noting that every animal we tested had a tissue to which EA could

be done. There were no animals that proved an exception to this rule.

4.3.3 Gels Can be Electroadhered to Tissues from Plants and Fungi

In addition to the animal kingdom, tissues from other kingdoms, specifically plants and

fungi, were also tested for EA. Successful EA of cationic (G*) gels was accomplished with species
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from both these kingdoms. The conditions were the same as for animals (10 V DC for 30-60 s).
Figure 4.3 presents examples of gels adhered by EA to plant-based materials. The examples
include root vegetables (carrot), leaf vegetables (lettuce), bulb vegetables (onion), vegetables and
fruits that grow on vines (cucumber, grape), fruit that grow on trees (plums), and fruit from herbs

(strawberries).
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Figure 4.3. Plant tissues that can be adhered to gels by EA. Photos are shown of QDM gels
(G*) adhered by EA to various plant-based materials. All EA experiments were done using 10 V
DC applied for 30 to 60 s.

Note from the photos in Figure 4.3 that the gel is adhered to the inner portion of the
vegetable or fruit and not its outer skin (the skin is generally a hydrophobic layer).1® In the case
of lettuce, EA only occurred with the stalk and not the leaves. We did try EA to many plant leaves
and also flower petals — with no success. Again, a hydrophobic coating is expected to be present
on the surfaces of leaves or flowers. There was also no EA in the case of some fruit (pineapple,
peach, melon) and vegetables (tomato, radish). Thus, unlike the case of animals, we do have

several plant-based materials that are not amenable to EA, at least under the conditions studied
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here. In addition to plants, we also tried fungi, i.e., common mushrooms. Gels could indeed by

adhered by EA to mushrooms.

4.3.4 Electroadhesion Varies with Animal Tissue Type in a Fairly Consistent Way

A. EA of gel to various animal tissues

Cross-species Electroadhesion Strength
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Figure 4.4. Comparison across species of EA to skeletal muscle tissues. (A) Photos of QDM
gels (G*) adhered by EA to skeletal muscle (transverse segments) from various animals. All EA
experiments were done using 10 V DC applied for 30 s. (B) Adhesion strength Eagnh from pull-off
tests for the various pairs in (A). For each pair, n > 5 measurements were done, and the error bars
correspond to the standard deviations.

We return to animals and compare results across a range of animals. One tissue type that
exists in mammals, birds, fish, and even invertebrates like crustaceans is the muscle.**! We adhered
QDM gels to muscles from several species using EA under the typical conditions. The species
tested included mammals (cow, pig/mouse), birds (chicken), fish (salmon), and crustaceans
(shrimp). In all cases, the muscle chosen was a skeletal muscle and the segment selected was in
the transverse orientation (this will become important later). All pairs show strong adhesion, which
is evident from the photos in Figure 4.4A. This adhesion is further quantified using pull-off tests
— the adhesion strength Eagn plotted in Figure 4.4B is the stress required to pull one sample off the

other. The values of Eagn for the various gel-tissue pairs are all around 17 kPa. Thus, the data
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confirm that gels can be strongly adhered to muscle tissue regardless of the species from which
the muscle is taken. Also, in each of the above cases, we confirmed that the Eagn induced by EA
was much higher than the Eagn for contact between gel and tissue. Wet materials often show weak
adhesion on contact due to capillary forces arising from a thin layer of water between the

surfaces.'® From the literature, the strength of this contact adhesion is expected to be ~ 5 kPa.

E.an > 16 kPa - Strong

Artery (aorta) (Cow, pig, chicken, mouse)
Cornea (Cow

Trachea (Chicken)

Dermis (Mouse)

Fascia (Mouse)

Skeletal Muscle (T) (Cow, pig, mouse, chicken)
Tendon (T) (Cow)

‘8 kPa < E 4, < 16 kPa - Moderate ‘
Intestine (Chicken), (Mouse bowel - strong)
Cartilage (Cow)

Skeletal Muscle (L) (cow, mouse, chicken)

E.gn < 8 kPa - Weak or No-Adhesion ‘

Heart (Cow, pig, mouse),
Lung (Pig, mouse, chicken),
Fat (Cow, mouse, chicken)
Brain (Cow, mouse, chicken)
Spleen (Cow, mouse, chicken)
Liver (Pig mouse, chicken)
Kidney (Cow, mouse, chicken)
Tendon (L) (Cow)

Table 4.1. Classification of tissues with regard to their ability to adhere to gels by EA. The
classification is based on the adhesion strength Eagh of the tissues to QDM gels (G*) following EA
(10 Vv DC for 30 s). For each tissue type, the tissues were sourced from different animal species
(three mammals and one bird), which are named in brackets. Outliers in each category are indicated
separately.

Next, we turn our attention to tissue types relevant to mammals. We have been able to

obtain various tissues from three mammalian (cow, pig, mouse) and one bird species (chicken). In
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some cases, such as skeletal muscle and arteries, we have data from several animals. Thus, we can
identify similarities across species, and this is shown in a semi-quantitative manner in Table 4.1.
Here, tissues are divided into three categories based on their adhesion to gels induced by EA.
Tissues that exhibit strong adhesion to gels have adhesion strengths Eadn (from pull-off tests) > 16
kPa. On the other extreme, tissues with weak or no adhesion have Eadh < 8 kPa; note that these
values are indistinguishable from contact adhesion. Between these two extremes, we have the

category of moderate adhesion (8 kPa < Eagh < 16 kPa).

Table 4.1 shows several tissues that exhibit strong adhesion due to EA. These include
arteries (aorta) and skeletal muscle (transverse segments) which we were able to access from all
four animals under study. Strong adhesion to tendons and cornea from cows was previously
reported in our earlier paper. Some other tissues such as trachea and fascia show strong adhesion,
but we have data only for one animal. In the case of intestines, we found moderate adhesion in the
case of chicken intestines, but strong adhesion in the case of intestines from mice. In the category
of weak/no adhesion, we have several tissues that show consistent trends, including adipose (fat),
brain, spleen, liver, and kidney. Heart and lung are inconsistent across species. For example,

adhesion to cow and pig hearts was weak, but adhesion to mouse and chicken hearts was moderate.

Another way to show the patterns existing across animal species is presented in Figure 4.5.
Here we refer to both the strong and moderate cases as “adhesion” (green), whereas the other cases
are marked as “weak or no adhesion” (in red). Moreover, we show only those tissues for which we
have multiple data points across species. Patterns emerge showing adhesion in some tissues (e.g.,

arteries, muscles, intestines) and no adhesion in others (brain, adipose, spleen).
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Figure 4.5. Cross-species similarities in EA across cow, pig, mouse and chicken tissues. For
each tissue from a given animal, the result is classified as adhesion (in green) if the EA is strong
or moderate (as per Table 4.1) and no adhesion (in red) for the other cases.

4.3.6 Anionic Biopolymers in Tissues Hold the Key to Electroadhesion

Why do some tissues show EA to gels while others do not? This is a complex question, but
as a first step to understanding these differences, we must discuss the microstructure of biological
tissues. All living creatures are composed of cells, but in higher organisms such as animals and
plants, cells (microscale containers) are collected and organized into tissues,* i.e., into soft,
macroscale solids with dimensional stability. In terms of structure, we can classify tissues into two
kinds, and we show schematics for each kind in Figure 4.6: (1) Cells along with a polymer matrix
(Figure 4.6A, B); and (2) Cells close-packed and connected into a solid, with very little external

matrix (Figure 4.6C, D).8586
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A. Animal Tissues: Aorta B. Animal Tissues: Skeletal Muscle
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|
Figure 4.6. Structures of animal and plant tissues to which EA of gels is observed. In all cases,
anionic biopolymers in the tissue are expected to underlie the EA. (A) The aorta has cells
embedded in an ECM, which has anionic GAGs. (B) Muscles are composed of fiber bundles,
made of the anionic protein actin. A transverse cut through the muscle exposes fiber ends, which
are absent in a longitudinal cut. (C) The cornea has close-packed epithelial cells that each have an

anionic outer layer (glycocalyx). (D) Plant tissues are made of close-packed cells attached at their
cell walls, which have the anionic polysaccharide pectin.

Middle lamella (space between cell walls)
Pectin (-ve)
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In the first category of tissue, an example is the aorta (Figure 4.6A). This is a connective
tissue in which the outer layer (tunica externa) consists of cells (fibroblasts) embedded in an
extracellular matrix (ECM).13 The ECM is a fibrous mesh akin to the polymer network in a
hydrogel like QDM. It is formed by collagen fibers, which are associated with anionic polymers
called glycosaminoglycans (GAGS) (see inset to the figure).2%13 In the case of muscle (Figure
4.6B), instead of a random mesh, fibers are arranged in aligned bundles, and these are formed from
the proteins actin and myosin.** Note that actin is anionic. The figure also points out that a
transverse cut of the muscle exposes fiber ends whereas a longitudinal cut is parallel to the

fibers.3* This will become important in discussing the results in Figure 4.7.

In the second category of tissues (formed by close-packed-cells), the first example is the
cornea (Figure 4.6C). This has an outer layer of epithelial cells, with each cell membrane having
an outer glycocalyx.®13® The glycocalyx (see inset) is a thin layer of anionic glycoproteins and
glycolipids.®*" In the case of plant tissue (Figure 4.6D), such as fruit like plums or strawberries,
the cells each have a cell wall, formed by polysaccharides like cellulose and pectin.t31% In
particular, pectin is an anionic polysaccharide and in the cell wall it is often complexed with
calcium (Ca?*) ions.'° To summarize, in both the common types of structures that underlie tissues,
anionic biopolymers (proteins, glycoproteins, or polysaccharides) are likely to be present. The
density of anionic charge is likely to be the first key factor in explaining the differences in EA
across tissues. That is, we hypothesize that strong adhesion arises when a high density of anionic
polymers is exposed at the tissue surface (i.e., at the interface with the gel). Conversely, a low
density of such polymers at the surface may explain the weak to no adhesion observed with other

tissues.
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4.3.7 For a Given Tissue Type, Electroadhesion May Vary with Tissue Orientation

A. Animal muscle tissue anisotropy B. Plant tissue anisotropy
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Figure 4.7. Tissue anisotropy and its effects on adhesion to gels by EA. (A) In the case of
animal muscle, a transverse cut through the muscle exposes fiber ends, which are absent in a
longitudinal cut. The differences between the two can be seen even at the macroscale in the cases
of cow and chicken muscle. (B) In the case of plant tissues (strawberry), slices perpendicular to
the axis of the fruit (marked in green), are distinct from slices parallel to the axis (marked in black).
(C) Muscle tissues are adhered to QDM gels (G*) by EA (10 V, 30 s) and compared: the adhesion
strength Eagn is much higher for the transverse segments. (D) Strawberry tissues are likewise
adhered by EA to QDM gels and Eagn is much higher for the perpendicular slices.

As briefly mentioned earlier under Table 4.1, the EA results for gel-muscle adhesion are

markedly different for transverse or longitudinal segments. We believe these differences are

related to the anisotropy of muscle tissues, which was indicated in Figure 4.6B. Figure 4.7
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discusses tissue anisotropy in more detail, and we see its effects in both animal and plant tissues.
In the case of animal muscle, the differences between the longitudinal and transverse orientations
can be seen in both cow and chicken muscle at the macroscale (Figure 4.7A). The longitudinal
slice is cut parallel to the fiber bundles whereas the transverse segment is cut perpendicular to the
bundles, thereby exposing the fiber tips.}#1142 These segments are adhered to QDM gels (G*) by
EA (10 V, 30 s) and compared using pull-off tests. Figure 4.7C shows that the adhesion strength
Eadn is ~ 15 kPa in the case of the transverse segments, which is much higher than the Eagn of ~ 6
kPa for the longitudinal segments. We believe this is because, in the transverse segments, due to
the exposed fiber tips, a higher density of anionic proteins (i.e., actin) are available at the interface

with the gel.

Anisotropy in plant tissues is illustrated in Figure 4.7B in the case of a strawberry. A slice
of strawberry can be cut either perpendicular to its axis (green rectangles) or roughly parallel to its
axis (black rectangles). Adhesion tests to QDM gels (G*) by EA show that the former exhibit much
higher Eadn (~ 20 kPa) than the latter (~ 4 kPa) (Figure 4.7D). These differences are quite surprising
— and it does not matter if the strawberry is ripe (red colored) or raw (white colored), as can be
seen from Figure 4.7B. But in fact, the anisotropy of plant tissues has a known origin. For plant
tissues to grow, the cell wall has to disintegrate,'*® and the anionic pectin in the cell wall is the key
for this. Cell growth occurs typically in one direction by an enzymatic process that converts the
carboxylate in pectin to an ester. The esterified pectin loses its charge and thus cannot crosslink
with Ca*; in turn, the cell wall is weakened and the tissue grows in that direction.'*® In other
words, plant tissues will typically have a high fraction of anionic pectin in one orientation whereas

in the perpendicular orientation, there will be a high fraction of esterified pectin (nonionic). Thus,
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the two orientations of the strawberry that we examined may correspond to different extents of

anionic polymers, much like in the case of animal muscle.

4.3.8 Electroadhesion is Observed with both Soft and Stiff Tissues
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Figure 4.8. Rheology of selected animal and plant tissues that can be adhered by EA to gels.
Plots of the elastic (G") and viscous (G") moduli as functions of angular frequency @ are shown
for (A) chicken muscle; (B) strawberry; (C) chicken cartilage; and (D) carrot. All these tissues
show strong adhesion by EA to QDM gels (G™).

Having found EA to many animal and plant tissues, we wondered if there were any
systematic trends in the rheology of the tissues. Figure 4.8 shows the dynamic rheology of four
different tissues, two from animals (chicken) and two from plants, arranged in order from soft to
stiff. The plots are of the elastic (G’) and viscous (G") moduli as functions of angular frequency
w. All tissues exhibit a mostly elastic response, as expected, with G’ > G” over the range of w. The
value of the elastic modulus G’ (at a fixed frequency around 0.1 rad/s) is a convenient measure of
the tissue stiffness. From the data, G’ is ~ 9 kPa for chicken muscle; 34 kPa for a slice of
strawberry; 58 kPa for chicken cartilage; and 420 kPa for a slice of carrot. Thus, the stiffness varies
by 50-fold across this range of tissues. All the tissues in Figure 4.8 exhibit strong adhesion by EA

to QDM gels (G*), with the adhesion strength Eadn exceeding 16 kPa. This means that strong EA
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is possible to both relatively soft tissues (G’ < 10 kPa) as well as to rather stiff tissues (G’ > 400

kPa).
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Figure 4.9. Stiffness of various tissues correlated with their ability to undergo EA to gels. A
schematic plot of the elastic modulus (E) for different tissues is shown (adapted from
Guimaraes)'*®. On this plot, data from Figure 4.5 for the success (green symbols) or failure (red
symbols) of EA to QDM gels (G*) is marked. A trend is seen where EA preferentially occurs to
the stiffer tissues on this plot.

A further pattern regarding tissue rheology is shown by Figure 4.9. Here, we present a
schematic plot first introduced by Guimaraes et al.!'® that shows the typical stiffness of various

tissues in the body. On this plot, we have superposed our EA results from Figure 4.5 regarding the
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observation of adhesion (green) or no adhesion (red) of QDM gels (G*). The pattern that jumps
out is that EA preferentially occurs with stiffer tissues. All the soft tissues we tested (such as the
brain, fat, and kidney) showed weak or no adhesion. It is unlikely that tissue mechanics is the sole
reason why these soft tissues gave no EA. For example, both brain and fat tissues have a high
fraction of nonpolar substances and correspondingly a low content of water.'%* It is also unclear if
these tissues have a significant fraction of anionic polymers in them. More work is required to

answer these questions definitively.

4.4 Conclusions

In this chapter we described the phenomena of EA to go far beyond adhesion to bovine
tissues. We have found EA of a cationic gel to tissues of various animals, including mammals
(e.g., cow, pig, mouse); birds (e.g., chicken); fish (e.g., salmon, cod); reptiles (e.g., lizard),
amphibian (e.g., from), as well as various invertebrates (e.g., shrimp, worms). In addition, gels can
also be adhered to plant tissue, including fruits (e.g., plums) and vegetables (e.g.; carrot), and also
to fungi (mushrooms). The results from our study are promising because they suggest that EA has

wide applicability to biological materials, including potentially to human tissues.

In mammals, EA is strong for certain tissue types, such as arteries, intestines, and cornea
across a range of species. Conversely, weak or no adhesion is observed with other mammalian
tissues such as adipose and brain. These differences reveal some common themes in regard to EA:
for instance, the higher the fraction of anionic polymers (proteins and/or polysaccharides) in the

biological material, the higher the EA strength.
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Interestingly also, because tissues often have anisotropic structure, adhesion by EA can be
strong in one tissue orientation, but weak or non-existent in the perpendicular one. We see evidence
for EA adhesion differences in both animal and plant tissues. Last, we see that EA occurs in soft
and hard materials in animal and plant tissues. Further studies need to be done to fully understand
why some tissues experience EA and others do not; is it abondance of anionic polymer, tissue

orientation or other factors?
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Chapter 5

Mechanism for Electroadhesion

5.1 Introduction

In this Chapter, we discuss the mechanism for the electroadhesion (EA) described in
Chapters 3 and 4. We have previously shown that two soft materials of opposite charge can be
induced to adhere permanently by applying a DC electric field of low voltage (~ 10 V) for a short
time (10 to 20 s).131° Typically, one of the two materials is a cationic hydrogel (denoted by G*).
The other can be an anionic hydrogel (G) or anionic tissue from animals (T) or plants (P).
Importantly, after the field is removed, the material pair remains adhered permanently.*®° Due to
these features, EA could be potentially useful in the surgical repair of tissues. Because the same
features of EA arise in pairs of gel/gel (G*/G"), gel/animal tissue (G*/T") and gel/plant tissue (G*/P~
), @ common mechanism is expected to underlie all these systems, and we will attempt to decipher
it. A deeper understanding of the EA mechanism will be particularly useful in optimizing the use

of EA in surgical repair.

The term electroadhesion was originally used by Johnsen and Rahbek (JR) back in 1923 to
describe a different kind of electrically induced adhesion.'** The JR effect refers to adhesion
between a metal and a semiconductor when a DC field (~ 440 V) is applied across the pair in
contact.}** The applied field polarizes the atoms at the interface, leading to an electrostatic
attraction between the two solids. However, when the field is switched off, within seconds, the JR

adhesion is eliminated, and the solids can be detached.83125127.145-148 | racent studies, JR adhesion
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has been extended to gel-like soft materials. Meyer et al. dried two anionic gels until their water
content was reduced to ~ 10%. These dried gels were placed in contact and 500 V DC was applied,
whereupon the materials adhered while in the field, but detached when the field was turned off.?°
Hayward et al. studied ionoelastomers, which are elastomeric (rubber-like) polymers with charged
backbones, with the material itself being free of water. They sandwiched a cationic and an anionic
ionoelastomer and applied a DC field of just 1 V. An adhesion developed instantly between the

materials, but when the field was switched off, the adhesion ceased.?®

Electroadhesion as it applies in our context was first discovered by Asoh and Kikuchi in
2010.8 They showed that cationic and anionic hydrogels developed a strong adhesion when
exposed to ~ 10 V DC for 10-20 s. This adhesion could also be reversed by applying the DC field
with opposite polarity. In their original studies, the gels both had free ionic polymer chains (i.e.,
chains that were not crosslinked to the gel network). The authors hypothesized that the field
induced electrophoresis of the free chains across the gel/gel interface (i.e., the cationic chains
would migrate into the anionic side, and the anionic chains into the cationic side). Hence, they
termed the ensuing adhesion as electrophoretic adhesion (EPA).1820-228 Under this hypothesis, the
cationic and anionic chains would interpenetrate over an interfacial (nanoscale) zone, and the
strong electrostatic bonds between the polyion complexes in this zone could explain why the

adhesion persisted long after the field is removed.

Subsequently, Velev and co-workers showed that free ionic chains in the gels were not

necessary for the field-induced adhesion. Instead, the cationic gel could simply be a crosslinked

network of cationic chains and likewise the anionic gel a network of chains with anionic
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backbones.?® If so, when a DC field is applied, the only migration possible would be of chain
segments between crosslinks in each gel. Still, strong and persistent adhesion between the gels is
achieved after the field is removed. The gels investigated in our paper (G* and G) all have ionic
backbones similar to those of Velev. Moreover, our recent studies have extended the range of
adherent systems from gel/gel pairs (G*/G") to gel/tissue pairs (G*/T- and G'/P"). Does
electrophoresis of chain segments across the interface occur in all these systems? Is the
interpenetration of cationic and anionic chains the key to why the adhesion persists after the field
is removed? These are some of the questions we address in this Chapter. We will continue to use
the more general term electroadhesion (EA) for the observed behavior rather than presuppose the

need for electrophoresis.

In this Chapter, we will report a series of experiments on EA between cationic and anionic
soft materials, including G*/G-, G*/T~ and G*/P~ systems. First, we will identify the essential
hallmarks of EA in all these systems, including the key factors that increase or decrease adhesion
strength. Thereafter, we will describe new experiments that yield insight into the adhesion
mechanism. Specifically, when we apply a higher DC voltage (~ 90 V) across a gel/gel pair for
just a few seconds, the gels “spring” into an adhesive state almost instantly, and this adhesion
persists indefinitely after the field is removed. We refer to this phenomenon as “zipping” because
the closure of the gel-gel interface mimics the closing of a zipper. The zipping experiments suggest
that EA begins due to electrostatic attractions between polarized molecules on either side of the
interface. Once they adhere, the materials remain pinned to each other, which may be via a
combination of interfacial events as well as the interpenetration/entangling of charged polymers

across the interface. Thus, our final mechanistic picture clarifies how the EA we observe is both
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similar and distinct from the JR effect. In JR, materials get polarized by the field and hence adhere
electrostatically, but there is no pinning, and therefore the adhesion dissipates as soon as the field
is turned off. To distinguish the EA effect in G*/G~, G*/T and G*/P~ systems, we suggest naming

it as EArapiD, Where RAPID stands for Robust Adhesion Permanently Induced by a DC field.

5.2 Experimental Section

Materials. The following chemicals were from Sigma-Aldrich: the monomers acrylamide (AAm)
and N,N’-methylenebis(acrylamide) (BIS), the initiator ammonium persulfate (APS), the
monomer sodium acrylate (SA), the dye methylene blue (MB*) and the dye orange (I1) sodium salt
(Oir). The accelerant N,N,N’,N’-tetramethylethylene-diamine (TEMED) was from TCIl America.
The monomer N,N’-dimethylaminoethyl meth-acrylate, quaternary ammonium salt (QDM) was
from MPD Chemicals. Cyanoacrylate-based glues (Krazy Glue) and Rust-Oleum hydrophobic

coating were purchased from The Home Depot. Deionized (DI) water was used in all experiments.

Synthesis of QDM gels. Cationic QDM gels were prepared using a modified protocol from our
previous publication.t® First, DI water was degassed by bubbling nitrogen gas for 20 min. For
synthesis of regular QDM gel (Reg QDM) the following were combined: 1 M (1.4 g) AAm, 0.16
M (809 uL) of QDM solution, 0.019 M (0.06 g) BIS, 0.0088 M (0.04 g) APS and 0.01 M (30 uL)
TEMED in 20 mL of degassed DI water. For the increased and decreased monomer gels and for
increased and decreased charge gels we used a similar procedure as above, however we changed
to the amounts of AAm, QDM and BIS added. The various compositions are provided in Table 1.
For QDM gels with change in monomer concentration, we kept both the ratio of QDM/AAM

(16.4%) and the ratio of BIS/monomer (1.7%) constant. For the gels with change to charge
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(increase or decrease QDM), we kept the overall monomer concentration (1.15 moles) constant.
To assist with easy removal of the gels, Petri dishes used in gel preparation were coated with a
spray of Rust-Oleum hydrophobic coating, then allowed to sit for 1 min, and thereafter wiped dry.
The above monomer mixture was poured into a pre-coated Petri dish and maintained in a nitrogen
environment for 1.5 h, whereupon the gel became fully polymerized. After polymerization, gels

were stored in a fridge and typically used within 24 h of preparation.

.. Increased Decreased Increased Decreased
Quantities Reg

ed @i (OIBIMI monomer monomer charge by  charge by

by 50% * by 50%*  50% **  50% **

Aam (g) 1.4 2.1 0.7 1.29 1.51
QDM (uL) 808 1004 335 1004 335

BIS (g) 0.06 0.09 0.03 0.06 0.06

APS (g) 0.04 0.04 0.04 0.04 0.04
TEMED (uL) 30 30 30 30 30

* Ratio of (QDM/Aam) = const, ratio of (monomer/BIS) = const
** Overall monomer concentration = same as Reg QDM

Table 5.1. Chemical compositions of various QDM gels

Synthesis of SA gels. Anionic SA gels were prepared by a similar procedure as described above
for QDM gels.’® In this case, the monomer solution contained 1.4 M (2 g) AAm, 0.11 M (0.2 g)
SA, 0.019 M (0.06 g) BIS, 0.0088M (0.04 g) APS and 0.01 M (30 pL) TEMED in 20 mL of
degassed DI water. The above solution was poured into a pre-coated Petri dish and maintained in
a nitrogen environment for 2 h. After polymerization, gels were stored in a fridge and typically

used within 24 h of preparation. We refer to this gel as SA or Reg SA.

Tissue Preparation Protocol. All tissues were obtained ethically, immediately after slaughter

from a local butcher or farm. All experiments on tissues were conducted within 24 h of tissue
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harvest. When the tissues were first received, organs were typically encased in fat and other matrix
material. For example, the salmon muscle in Figure 5.1 was covered in skin and an epithelial layer.
Thus, for experiments with muscle, it had to be harvested and cleaned from the surrounding parts.
The harvested muscle was then further segmented into smaller pieces for the electroadhesion

experiments, with the focus on cutting segment of tissue muscle without an epithelial layer.

Adhesion Experiments. A DC power source (Agilent, model E3612A) with a range of 0-60 V,
0-0.5 A was used for the electroadhesion experiments. The voltage was set to 10 V for all
experiments, unless otherwise indicated. Depending on the pair of material adhered (gel-gel, gel-
animal tissue, or gel-plant tissue) a different time in the electric field was required. For gel-gel and
gel-animal tissue pairs we kept the pair in the field for 30 s, for gel-plant tissue pairs - 60 s. EA
orientation was always (E*G*ME’), meaning the cationic gel (G*) was placed in contact with the
positive electrode (E*), while the anionic material (M°): gel (G°), animal tissue (T°) or plant tissue
(P") was placed in contact with the negative electrode (E"). For reversal of adhesion the electrode

and materials orientation were always (E* M"G*E").

Pull-off Testing. In both gel-gel and gel-tissue testing, pull-apart adhesion testing was performed
on a TA Instruments DMA Q800. Gel-gel samples were prepared with dimensions of 0.7 x 1.3 x
0.6 cm (each gel is 0.3 cm in thickness). The gel-gel and gel-tissue pairs were either electroadhered
or brought together by contact. These pair were superglued to the clamps of the dynamic
mechanical analyzer. Contact adhesion control samples were compressed at 1 N for 1 min, and
following this compression period, pulled apart via a controlled force ramp at a rate of 0.1 N/min

until failure. Electroadhered samples were run as-is with a controlled force ramp at a rate of 0.1
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N/min until failure. Stress at failure was recorded. Each sample was replicated 5 times (n = 5). In
the gel-tissue samples, the tissue layer was secured to the top (fixed) clamp and the gel layer to the
bottom (movable) clamp. Contact and EA samples were run under same conditions as the gel-gel

samples.

Rheological Studies. Rheological experiments reported in Figure 5.4A were conducted using an
AR2000 stress-controlled rheometer (TA Instruments) at 25°C, set to 0.1% strain. A flat plate
geometry (20 mm diameter) was used to perform steady-shear rheology on gels of various BIS

concentration.

Swelling and Drying. Samples for swelling experiments were obtained from the SA and Reg
QDM gels. Samples were segmented to slices of 1.3 x 0.7 x 0.3 cm. There were then each weighed
following segmenting. The samples were incubated in DI for various timepoints: 2.5, 5, 10, 20,
and 40 mins, 1.5 and 3 h. Following these timepoints, the samples were reweighed. An SA and
QDM sample were then electroadhered in a 10 VV DC field for 30 s. Sets of n = 5 per group were
tested in pull-off and volume expansion, Ve was calculated. Ve = V¢ / Vi. Samples for drying were
prepared in a similar manner, however instead of swelling in DI water, the samples were placed
uncovered on a benchtop and dried in ambient conditions for the following timepoints: 0.5, 1.5, 5,
11, 24 and 36 h. Samples were prepared in sets of n = 5 for pull-off testing, and similarly to the
above, the samples weights were recorded before and after the various drying points. Volume loss,

V| was calculated. V| = Vi / Vi
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Dye Diffusion. SA and QDM gels were prepared per instruction above, but the volume and
composition was multiplied x3. This resulted in gels with thickness of 0.8 — 1 cm depending on
the diameter of the petri dish. Gel samples were cut out with dimensions of 2 x 2 cm. A
concentrated dye solution of ~ 0.01M dye was prepared from MB* and Oy separately. A drop of
the dye solution was dropped into a petri dish and a slice of gel was placed on top of the dye for
15 s. MB™ (+ve charge) was used to dye SA, while Oy (-ve) was used to dye QDM. Following the
dyeing, gel was removed from the dye solution and its peripheries were cut off, resulting in a thin
layer of dye (counter-ion surrogates) of ~ 1 mm at the bottom of the gel. The SA and QDM gels
were brought together with the dye layers at the interface between the gels. They were monitored
for diffusion or placed into an electric field of 20V for observation of counter-ion mobility. Results

are presented in Figure 5.6.

Zipping Experiments. Studies to observe electrostatic attraction between two materials were
conducted. Gel samples were cut into segments of 0.5 x 3 x 0.3 mm, and carrot samples were sliced
into segments of 0.5 x 3 x 0.08 cm. The samples were each placed on top of the graphite electrodes
at the EA orientation. Voltage was turned on and set to 90V DC for gel-gel and 50V for gel-carrot.
A single tip of the two materials was brought together. The samples’ response were recorded using

a Dino-L.ite Digital Microscope Premier. All material responses were recorded.
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5.3 Results and Discussion

5.3.1 Electroadhesion and its Hallmarks

A Adhesion B. G:
o orientation o Reversed Gels
& (E*G'TE) ! orientation Become
g' 10VDC S (E*T°G*E) unstuck
g5 2} .
3 «Q g z g_’ «Q g SO
s —a |5 e S |5 e
- O © ﬁ =
§ =, = a = 3
3 |+ o s @ |1 g +| o
a - m
£ s [ | g 5| |3
by e |8 2 =1 |®
| " 5
L L s s e L L B ——
g £ 1. Low DC electric field | 4. Persistent | | 5. Reversed orientation
g gl 2. Applied for short time | adhesion after | | causes pair to becomes unstuck
i E | 3. Adhesion orientation | EF tumed off |

Figure 5.1. The hallmarks of electroadhesion (EA). EA arises between cationic and anionic soft
materials. The examples shown here are a cationic gel (QDM) and a segment of anionic tissue
(muscle from salmon). (A) Gel (G") is placed in contact with the positive electrode (E*) and the
tissue (T") in contact with the negative electrode (E). A low DC electric field (10 V) is turned on
for 30 s inthe E'G'T E~ EA orientation. The low DC field is the first hallmark, a short time is the
field is the second hallmark and the EA orientation is the third hallmark. (B) Upon removal from
the field, the gel and tissue are found to be strongly adhered, and this adhesion persists indefinitely.
Persistent adhesion after removal from the field is Hallmark 4. (C) The adhered pair is placed in
the same DC field with the orientation reversed (E*T G'E") and the field is switched on for 60 s.
Upon removal from the field, the materials have lost their adhesion and can be detached. The
reversibility of the adhesion is Hallmark 5.

In the context of this Chapter, electroadhesion (EA) between two soft materials has the set
of hallmarks outlined in Figure 5.1. In a pair of materials that undergo EA, one has to be cationic
in nature, while the other has to be anionic.!®*® In our experiments, the cationic material is fixed
to be a hydrogel denoted as QDM. This gel is made by free-radical polymerization of a mixture

containing the cationic monomer quaternized dimethylaminoethyl methacrylate (QDM). The

QDM gel (G") is a transparent soft solid that can be held between one’s fingers (Figure 5.1B). We
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have shown that QDM gels can be electroadhered to a variety of anionic materials, including
anionic gels and tissues.*® The anionic gel used in most studies is made by polymerizing the anionic
monomer sodium acrylate (SA) and is denoted as an SA gel (G"). In Figure 5.1A, an animal tissue
(T"), i.e., salmon muscle, is chosen as an example of an anionic material, and this exhibits a vivid

orange color.

First the gel and tissue are placed in contact and are shown to not adhere. This lack of
contact adhesion is important because it emphasizes that the subsequent EA arises due to the
electric field. Next, we connect the gel and tissue to a DC power source in the adhesion orientation
(Figure 5.1A). In this orientation, the gel (G*) contacts the positive electrode (E*) and the tissue
(T"), the negative electrode (E7). We apply a low DC voltage (Hallmark 1, typically 10 V) for a
short time (Hallmark 2, 10 to 60 s), while in this E*G'T E™ orientation (Hallmark 3). During this
time, the gel and tissue develop a strong adhesion, i.e., EA. The field is then turned off and the
pair are found to remain adhered (Figure 5.1B) — indeed, the EA persists indefinitely thereafter
(Hallmark 4). Next, we show that the adhesion is reversible (Hallmark 5). The adhered gel-tissue
pair is placed back in the DC electric field, but the orientation is reversed (Figure 5.1C): the gel
(G*) now contacts the negative electrode (E") and the tissue (T") the positive electrode (E*). While
in this E'T"G*E " orientation, we apply the same 10 V DC again for a short time (10 to 60 s). When

the field is turned off, the pair are found to have lost their adhesion and can be easily detached.

To summarize, the hallmarks of EA are the following:

(1) Adhesion induced by a low DC electric field (~ 10 V potential; field strength of ~ 2 V/mm).

(2) Adhesion induced by applying the field for a short time (~ 10 to 60 s).
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(3) Adhesion induced by applying field in the “adhesion” orientation of electrodes (E‘G*'T E").
(4) Adhesion persists after the field is turned off (~ “permanent”).

(5) Adhesion reversed by applying field in the “reverse” orientation of electrodes (E*T G'E").

Regarding the permanence of EA, we should note the following observations in the case
of gel/gel (G*/G") pairs. The adhesive strength of QDM/SA gels by EA was measured to be 23.5
kPa. This is sufficiently strong and durable to ensure that the adhesion is “permanent”. With regard
to aging studies, adhered gels seem to remain adhered as long as the gels are intact (i.e., the gels
do not degrade or shrink). For example, we have gel/gel pairs of QDM/SA that underwent EA four
years ago and were stored at room temperature in closed vials — the gels are still found to be

strongly adhered four years later.

5.3.2 Electroadhesion Requires a Cationic and an Anionic Material

All instances of EA in soft materials (bearing the hallmarks outlined above) involve one
cationic and a second anionic material. In initial EA studies, both the cationic and anionic materials
were hydrogels.'®20-2284 |n Chapters 3 and 4, we have extended EA to many new systems.® The
cationic component is a gel such as QDM. We have shown that these cationic gels can be adhered
to biological materials extending across the various kingdoms in nature, including tissues from
various animals (mammals, fish, worms etc), as well as plant-based materials (fruit and
vegetables), and also fungi (mushrooms). Biological tissues are known to have a net anionic
character, but the tissue microstructure and the source of negative charge in the tissue can vary

widely from one tissue to another,113133-135.138.140 Thjg js jllustrated by Figure 5.2.
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Figure 5.2. Cationic gels can be electroadhered to diverse materials. EA requires a cationic
and an anionic material. As the cationic material, QDM gels (G*) are consistently used in this
work. As the anionic material, either gels or various biological tissues can be used, and these have
varied structure. (A) EA of QDM to an SA gel (G"). The gels are both crosslinked networks of
polymer chains. The anionic nature of SA arises from COO™ groups along the chain backbone. (B)
EA of QDM to a bovine aorta segment (T-). The tissue is composed of cells surrounded by an
extra-cellular matrix (ECM). The anionic nature comes from glycoproteins such as GAGs in the
ECM. (C) EA of QDM to plant tissue (P°), specifically a carrot slice. Many plant (as well as
animal) tissues are formed by the close-packing of cells. In plants, the anionic nature arises from
polysaccharides like pectin in the cell wall.
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Figure 5.2 shows EA of QDM (G™) gels to three different anionic materials. The photos
show that the pairs are strongly adhered, which allows the combinations to be held vertically
without detachment. Schematics of the microstructure in each of the materials is shown. Note that
the QDM gel is a network of chains and the positive charge on the chains comes from amines (—
N(CHs") along the chain backbones.? In Figure 5.2A, QDM is shown adhered by EA to an SA gel
(GY). The latter is also a crosslinked network, and its anionic nature comes from carboxylates (-

COOQO) along the chain backbones.

Next in Figure 5.2B is an example of QDM adhered by EA to an animal tissue (T°), in this
case, a segment of a bovine aorta. Tissues mainly have two kinds of microstructure.®>% In one
case, which is shown schematically in the figure, the cells are surrounded by an extra-cellular
matrix (ECM).**® The ECM can be envisioned as an entangled mesh of polymer chains or thicker
fibers, some of which like the protein collagen are weakly charged, while others can be strongly
anionic.*® Anionic polymers in the ECM include various polysaccharides such as hyaluronic acid
(having —COO") and the glycosaminoglycans (GAGS) such as heparan sulfate, chondroitin sulfate,
and keratan sulfate (all having sulfates, i.e., ~SO4?~ groups).*®® From a structural viewpoint, the
ECM is similar to a hydrogel network in many ways, although the chains/fibers can be much

thicker than in hydrogels.*>!

Animal tissues can have a second kind of microstructure, consisting of close-packed
adherent cells.*® In such tissues, cells bind to each other via junctions between their membranes,
and there is little to no ECM around the cells.®® Epithelial tissues, in particular, have this structure,

and QDM can be adhered by EA to many such tissues.*® The close-packed structure is also present
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in many plant tissues (P-), including fruits and vegetables.'3-140.14% Figure 5.2C shows an example
of QDM stuck by EA to a slice of carrot. The schematic shows that most of the volume is occupied
by cells, and in the case of plants, each cell is enclosed by an outer cell wall. The anionic character

then comes from polysaccharides such as pectin (with —COO™ groups) present within the cell

wall. 138,143

The three cases presented in Figure 5.2 (G*/G, G*/T and G*/P") all show every one of the
hallmarks of EA discussed in Section 5.3.1. Therefore, it is very likely that they all occur by the
same mechanism. However, given the different microstructures of gels, animal tissues, and plant
tissues, can we expect electrophoresis (under a DC field) to underlie the EA in all three cases? In
gel/gel systems, there are no “free chains” as they are all connected by covalent bonds at crosslink
junctions. Hence, only the chain segments between adjacent junctions can migrate by
electrophoresis. In gel/tissue systems where there is an ECM, there may well be free chains, but
the “chains” are actually thick and stiff fibers, which may not migrate easily in an electric field. In
gel/tissue systems where the cells are close-packed, it is unlikely for a whole cell or a cell
membrane or cell wall to deform and migrate across an interface. The charged polymers in this
case are bound to the membrane or deep within the wall — and so it is unclear if these polymers

can be “pulled off” the wall and transported across the interface.

So, what exactly is the mechanism for EA? Does electrophoresis have a role to play? To

get to the bottom of this, we will first discuss experimental findings that inform us about the

strength of adhesion achieved by EA. That is, what systematic “handles” do we have to increase
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or decrease the EA adhesion strength? Most of these studies have been done on gel/gel systems

for convenience, but the results broadly apply also to gel/tissue systems.

5.3.3 The Higher the Charge Density, the Stronger the Electroadhesion

First, we reiterate the requirement of cationic and anionic pairs for EA. In gel/gel pairs, we
typically use QDM as the cationic (G*) gel and SA as the anionic (G") gel. No EA occurs with two
G* gels (e.g., two strips of QDM) or with two G~ gels (e.g., two strips of SA). Also, if we use a
nonionic gel like acrylamide (AAm), no EA occurs with either QDM (G*) or SA (G"). In some of
these cases, a weak adhesion may arise while the gels are in the DC field in the EA orientation
(this is discussed more in Section 5.3.8), but when the field is switched off, this adhesion vanishes

within ~ 60 s at most.
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Figure 5.3. Effect of charge density on electroadhesion strength. QDM gels (G*) with varying
mol% of charged (QDM) monomer were prepared and these were stuck to identical SA gels (G")

by EA (10 V, 30 s). Adhesion strength for these pairs from pull-off tests is shown to increase with
increased QDM mol%. Error bars correspond to standard deviations from n > 4 measurements.

The charge requirement is further underscored by our studies with gels of varying ionic

character. For strong electroadhesion between a cationic and an anionic gel, the cationic gel must
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be highly cationic, and the anionic gel must be highly anionic.>* For example, Figure 5.3 shows
data for G*/G pairs in which we fixed the anionic SA and varied the charge density on the cationic
QDM. Charge density can be easily increased by increasing the molar ratio of QDM among the
monomers used to make the gel. We then induced EA between the G*/G pairs (using 10 V DC
for 30 s) and then measured the adhesion strength using pull-off tests. Figure 5.3 shows that the

pull-off adhesion strength increases monotonically with the cation fraction in the G* gel.

5.3.4 The Higher the Crosslink Density, the Weaker the Electroadhesion

A. Shear Rheology Corresponding to BIS Conc. B. Adhesion Strength at Varied BIS Concentration
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Figure 5.4. Effect of gel stiffness on electroadhesion strength. QDM gels (G*) with varying
crosslinker (BIS) concentration were prepared and these were stuck to identical SA gels (G) by
EA (10 V, 30 s). (A) The elastic shear modulus of QDM gels increases (i.e., the gels become
stiffer) with increasing BIS content. The photo inserts show a soft gel with low BIS concentration
that can fold without breaking, while a high BIS gel cracks when folded (B) Adhesion strength
from pull-off tests for the QDM/SA pairs decreases with increasing BIS content. Error bars in (B)
correspond to standard deviations from n > 4 measurements.

Next, we examine the effect of gel rheology (stiffness) on EA. For this, we prepared QDM

gels with the same charge density (i.e., the same QDM mol%) but increased the density of
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crosslinker (BIS). As the BIS content is increased, the gels become stiffer (Figure 5.4A), as seen
from the 100-fold increase in the elastic shear modulus (although the stiff gels do tend to be more
brittle).>® Photo inserts show a low concentration BIS gel that can fold easily, while a high
concentration BIS gel cracks when folded. These gels were then adhered to identical SA gels by
EA (using 10 V DC for 30 s) and the adhesion strength between the gel/gel pairs was measured
using pull-off tests. Figure 5.4B shows that this strength decreases as the QDM gel increases in

stiffness.

5.3.5 The Higher the Polymer Concentration, the Stronger the Electroadhesion
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Figure 5.5. Effect of polymer concentration in the gel on electroadhesion strength. QDM gels
(G") with varying polymer content were prepared and these were stuck to identical SA gels (G)

by EA (10 V, 30 s). Adhesion strength from pull-off tests increases with increasing polymer
content. Error bars correspond to standard deviations from n > 4 measurements.

Next, we examine the effect of polymer concentration on EA strength. For these

experiments, we fixed both the charge density (QDM = 14 mol%) and the extent of crosslinking

in QDM gels, while increasing the total monomer concentration. As the total monomer is
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increased, the gels become stiffer (higher shear moduli), but they are also quite tough and strong
(whereas the high-BIS gels in Figure 5.4 were increasingly brittle). The QDM gels were then
adhered to identical SA gels by EA (using 10 V DC for 30 s). The pull-off adhesion strength
between the pairs was measured. Figure 5.5 shows that as the polymer concentration increases, so
does the adhesion strength. The same result was observed when the experiment was done in
different ways. Instead of preparing gels with different monomer content, we took a “regular”
QDM gel and then either (a) partially dried it for some time (under ambient conditions); or (b)
swelled it in water for a prescribed time.>® As the QDM gel dries, the polymer content in it
increases, and in turn, its electroadhesion to SA also increased. Conversely, a swollen QDM gel

showed weaker electroadhesion to SA compared to an unswollen control.

5.3.6 Counterion Migration Polarizes the Interface and Initiates Electroadhesion

In the previous sections, we have discussed the basic features of EA as well as ways to
increase the strength of adhesion induced by EA. We now move on to discuss experiments
designed to uncover the mechanism for EA. One intriguing aspect of EA is that adhesion is
achieved within just 10 s of applying the field.*® If EA was mainly due to the movement (by
electrophoresis) of charged polymer chains,'® would that not require more than 10 s to achieve
sufficient adhesion? We hypothesized that the counterions for the QDM and SA chains had a role
to play in the mechanism. Counterions (i.e., Na* and CI") are much smaller (diameters of ions are
0.98 A and 1.81 A respectively) than the polymer chain segments between crosslinks, which were
calculated by rheological measurements and elastic theory to be ~ 85 nm to 475 nm. Moreover,
while the chain segments are constrained by the covalent crosslinks, the counterions are free to

move within the gels.'>® Note that the mesh sizes of the hydrogels studied here were estimated by
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rheological measurements and elastic theory to be between 6 to 19 nm, which is much larger than
the counterion sizes. Thus, appreciable movement of counterions could happen within seconds of

applying the field.*3:5254

@ +ve electrode ‘Anodez
N~/ A
I o "

_+.
. D _~ QDM gel, G*
B3 \_l Thin layer of
_{ 0.."/
@_ - ( z Thin layer of
°c Q N = : ' @+
&

SA gel, G

E——————
-ve electrode (Cathode)

+ve electrode ‘Anode?

A A
A A
— — ~ O, goes towards
positive electrode

A

~t <2l

3 min

® ¢ &) negative electrode
v v'
]

-ve electrode (Cathode)

+ve electrode ‘Anode?

é- 0_@ = @ MB- goes towards
v v

R =

£ SO Interfacial chains

N — - . remain highly charged
1 > 8 (i.e. Polarized)

t

09 %90

 ——————
-ve electrode (Cathode)

Figure 5.6. Counterion migration profiles during electroadhesion. The schematics show the
setup at t = 0 and the subsequent changes at the molecular level. In the cationic QDM gel, as a
visual surrogate for the CI~ counterions, Oy~ dye is loaded over ~ 1 mm region next to the interface.
Likewise, the SA gel has MB™ dye to mimic the Na* counterions. In the EA orientation (E*G'G~
E~ with 20 V), rapid electrophoresis of Oy~ upward (to E*) and MB™ downward (to E") are seen
visually within minutes. This suggests that counterions move away from the interface, leaving
behind strongly charged (i.e., polarized) chains at the interface. Pictures correspond to to, t = 3
mins and t = 5 mins of the G*/G" pair in the electric field.
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To test this, we conducted the experiment depicted in Figure 5.6 using water-soluble ionic
dyes in each gel that are chosen to simulate the respective counterions. Figure 5.6A shows the
setup at t = 0: we have a QDM gel atop an SA gel, with both gels being ~1 cm in height. The end
of the QDM (~ 1 mm in thickness) at the interface with the SA is infused with the anionic dye,
Orange Il (labeled in the schematic as Oy~). Note that the amines along the QDM chain segments
will be ionized (to —N(CHs)3")?1?® and in turn will release chloride (CI") counterions. Thus, the
Ou~ is a mimic of the CI". Likewise, the end of the SA gel is infused with the cationic dye,
methylene blue (labeled in the schematic as MB™). The MB* mimics the Na* counterions released
when the carboxylates along SA chains get ionized (to —COQ").%® Further details of the setup are

given in the Experimental Section.

At t =0, a voltage of 20 V is applied across the gels with the electrodes in the adhesion
orientation (E*G'GE") and we leave it on for 5 min. Over this time, we can visibly see the
movement of both the Oy~ and MB* dyes (Figure 5.6B and C). The orange-red Oy dye in the
QDM gel moves upward, i.e., it is attracted towards the E* electrode. Conversely, the MB™ dye in
the SA gel moves downward because it is attracted towards the E~ electrode. From the figures, we
measured that the Oy~ and MB* dye fronts moved by ~ 1.3 mm in 5 min and ~ 1.5 mm in 5 min
respectively. This suggests an electrophoretic velocity v ~ 1.3 — 1.5 mm/min or ~ 4.33 - 5 um/s —
which means that ion migration by electrophoresis is indeed rapid within the gels. Because the
dyes were chosen to simulate counterions, we can expect a similar migration of counterions away
from the gel-gel interface. The result of such migration will be to polarize the QDM and SA chains
at the interface, i.e., the QDM chains will become strongly cationic and the SA chains strongly

anionic.1?8 Such polarization for chains that are right next to the interface, i.e., over a zone of 1 to
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10 um in each gel, can be achieved even in 5 to 10 s. Similar polarization has been suggested by
the literature in polyelectrolyte diode.'>% Velev et al report that in the EA orientation, the current
does not flow. This is because counterions are attracted to the nearby electrodes, leaving the
polyelectrolyte gel highly charges at the interface. %% On the other hand, when the field is
switched to the reversed orientation, the current flows because the counterions are now attracted
to the far end electrode.’>*% In this reverse EA orientation, the polyelectrolyte chains at the

interface are in equilibrium with the bulk of the gel.

5.3.7 Polarized Gels Adhere Electrostatically (“Zipping Experiments”)

If at the interface the gels are polarized, do they experience an electrostatic attraction? Does
this indeed cause adhesion? To shed light on this point, we conducted the usual EA experiment
between QDM and SA gels in the adhesion orientation (E‘G*G E"), but at a much higher DC
voltage (90 V). The striking findings from these experiments are reported in Figure 5.7. First, we
contact QDM and SA gels with graphite electrodes (Figure 5.7A1). The moment the gels touch,
the circuit is completed and current will flow. We make the gels touch at their bottom end, marked
by the red dotted line (Figure 5.7A2). As soon as they touch, the gels lock together at this end
indicating their adhesion. Then the rest of each gel “springs” into contact and the interface locks
over the entire gel-gel interface (see the elongation of the red dotted line in Figure 5.7A3-5). A
similar observation occurred when we replaced the SA gel with a slice of carrot, in Figure 5.7B.
We refer to this phenomenon as “zipping” because the closure of the gel-gel interface seems to
mimic the closure of a zip from one end. Note that as the gels spring into contact, the attraction to
their opposite counterpart is so powerful that the gel “jumps” away from its electrode (note the

gap to the electrode in 5.7A4-5, and 5.7B4-5). A movie of this zipping phenomenon clearly reveals
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the features noted here. The conclusion we reach is that there is a definite electrostatic attraction
between the interfaces.

A. Zipping between QDM-SA in electric field (EA orientation)

1. t<tg gels 2.1, 3.t=1s,gels 4.t=2s, gels 5.t=3s,gels
not touching Gels touch at connected bottom connected bottom  fully
bottom half 3/4 connected

B. Zipping between QDM-Carrot in electric field (EA orientation)

1. t<t, gels 2.1, 3.t=2s5,gels 4.t=6s, gels 5.t=9s, gels
not touching Gels touch at connected bottom  connected bottom fully
bottom half 2/3 connected

Figure 5.7. Zipping experiment showing the electrostatic attraction of QDM and carrot to
SA gels. (A) Zipping of QDM to SA and (B) Zipping of QDM to carrot tissues. (Al) Gels of QDM
(left) and SA (right) are placed in the EA orientation and are contacted at their bottom end at t =
0. A high DC field (90 V) is applied. (A2) When the gels touch, they instantly lock together over
the bottom 0.5 cm (red line). (A3) After 1 s, the adhesion zone has extended up to 1 cm as the gels
attract each other. (A4) After 2 s, the adhesion zone has advanced to 1.5 cm. (A5) After 3 s, the
gels are adhered over the full 2 cm. The closure of the gel-gel interface resembles the closure of a
zip from the bottom end; hence the term “zipping”. Note that in (A4) and (AS5), the gel-gel
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attraction causes the QDM gel to jump and detach from the E* electrode, indicating a strong
electrostatic attraction to the SA gel. The gel-pair is left in the field for ~ 5 s more and then the
field is switched off — at this point, the gels are permanently adhered. The same process occurs
with QDM-carrot tissue pair in (B1-B5).

The above zipping behavior of QDM and SA gels is seen at high voltages (90 V for QDM-
SA and 50 V for QDM-carrot) but not at our usual condition of 10 V. Nor is there any such zipping
if the gels are simply contacted without a field. This is understandable because the higher voltage
likely causes the strong polarization needed to observe the zipping. Also, importantly, when 100
V are used, the gels need to be in contact for just ~ 5 s before they achieve permanent EA, i.e.,

adhesion that persists long after the field is removed. For comparison, at the lower voltage of 10

V, we keep the gels in contact for around 10 s to achieve such adhesion.

Zipping is not seen with gels of the same charge, either QDM-QDM or SA-SA. In those
cases, when 100 V is applied, we see an adhesion while the gels are in the field.12® When the field
is removed, this adhesion dissipates within 30 to 60 s and the gels can be separated.'*® A movie of
the SA-SA and QDM-QDM case shows these points. This weak, temporary adhesion may
correspond to the JR effect with hydrogels. Consider the SA-SA case. As per JR, under the field,
strongly charged SA chains will collect at the interface in one gel while an excess of counterions
will collect across the interface in the other gel.'?® The chains and counterions will experience a
weak electrostatic attraction, which can explain why SA-SA gels adhere under the field. However,
when the field is switched off, the counterions will quickly equilibrate and move away from the

interface, which can explain the loss of adhesion.
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5.3.8 Putting it all Together: A Mechanism for Electroadhesion
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Figure 5.8. Mechanism for electroadhesion. Schematics of a cationic (G*) and an anionic (G")
gel are shown. (A) Initially, the counterions in each gel are randomly distributed. (B) When the
field is applied in the adhesion orientation (E*G*G E"), the counterions are pulled away from the
gel-gel interface, which strongly polarizes the chains at the interface. These chains then form a
dense electrostatic complex (ESC), leading to adhesion. (C) When the field is turned off, the ESC
persists because counterions have weak affinity for the chains in the ESC. Hence, the adhesion
remains strong. (D) When the field is applied in the reverse orientation (E'‘G G'E"), counterions
are induced to penetrate the ESC, thereby unbinding the chains and breaking apart the ESC — and
thus reversing the adhesion.

The challenge in coming up with a mechanism for EA is to explain all its hallmarks

(Section 5.3.1) as well as all the findings reported in Figures 5.2 to 5.7. Our hypothesis for the

mechanism is illustrated by Figure 5.8. The schematics refer to EA between a cationic (G*) and an
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anionic (G") gel, but the same mechanism also applies to gel-tissue EA. Initially, the G* and G~
gels are brought into contact, but no field is applied (Figure 5.8A). At this stage, all chains in the
gel are uniformly charged and the counterions are evenly distributed. When the field is applied in
the adhesion (E*G*GE") orientation (Figure 5.8B), we have shown in Figure 5.6 that the chains
near the interface in both gels get polarized — this occurs because the counterions are pulled away
from the interface via electrophoresis. As a result, we are left with strongly cationic chains in the
G* gel right next to strongly anionic chains in the G~ gel. We postulate that these chains form a
dense electrostatic complex (ESC) at the interface, leading to adhesion under the field. Evidence
for ESC formation comes from the zipping experiments in Figure 5.7. It is clear that the gels are
strongly attracted to each other, and this must be due to electrostatic interactions, i.e., the presence
of strongly charged molecules of opposite charge on either side of the interface. Within 10 s in the
field, the ESC develops further, and the gels are strongly bound to each other, i.e., we see EA

between the gels.

Next, we need to explain why the EA is persistent (and potentially permanent) when the
field is switched off. To explain this, we postulate that, once the ESC is induced, it is a stable, non-
equilibrium structure in which the chains remain bound to each other. For the ESC to be dissolved,
the counterions must re-distribute around the chains in the ESC. In the absence of the field, the
counterions that were pulled away towards the electrodes will revert to a more uniform distribution
in the two gels via thermal energy. However, we suggest that the ESC will resist the insertion of
counterions because the bound ionic chains are in a favorable, low-energy state.’®” This is

suggested by Figure 5.8C. We can make the analogy to layer-by-layer (LbL) assemblies of cationic
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and anionic polymers.t3"1%® Although LbL assemblies are in a non-equilibrium state, they do not

disintegrate when suspended in water with salt — and in fact, they can persist indefinitely, 7%

Does the ESC involve the interpenetration of cationic and anionic chain segments?
Interpenetration implies that some cationic segments from the G* gel will cross over into the G~
gel and vice versa.?* If so, the polymers will form a coacervate (polyion complex) in which the
chain segments will be entangled with each other, in addition to their electrostatic binding.'®
Although we cannot rule it out, we do not believe interpenetration occurs in all ESCs. While it can
happen across a gel-gel (G*/G") interface, we believe it is unlikely across gel-tissue (G*/T  and
G*/P") interfaces. In particular, if a tissue is composed of close-packed cells, as is the case in
vegetables or in epithelial tissues from animals, it will not expose free anionic chains that could
cross into the G* gel. We envision ESCs as a feature common to all systems that show EA, and in
that regard, the key is that it arises via electrostatic interactions. The precise structure of the ESC

still needs to be elucidated, and we leave open the possibility that the ESC structure varies from

one pair of materials to another.

Lastly, Figure 5.8D explains why EA is reversed when a DC field of opposite polarity is
applied. When the field is applied in the reverse orientation (E*‘G G*E"), counterions undergo
electrophoresis in directions towards the gel-gel interface.1?85* Thus, both sets of counterions will
be induced to penetrate the ESC that previously existed at the interface. Once the counterions enter
the ESC, they will induce the chains to unbind (i.e., the counterions will compete favorably with
the oppositely charged chains). When the chains unbind, the ESC falls apart and this reverses the

adhesion. The key point here is that the counterions will not spontaneously enter into the ESC*®’
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(Figure 5.8C), but the reverse electric field will force them into the ESC. This can explain why the

adhesion persists in the absence of the field but is reversed under the reverse field.

5.4 Conclusions

In this chapter, we have successfully answered what is the mechanism behind EA. EPA
relies on interpenetration of polymers across the boundary of the gel-anionic material’s interface.
However, given the very different of classes of soft materials in which we see EA, EPA becomes

a less likely mechanism.

We have shown that the counterions in the gel-anionic material are what initiates the EA
process, and not polymer migration. We have done this by “visualizing” the migration of
counterions using dyes with the same charge as the cunterions’ charge. Further, we have shown
that this diffusion causes interfacial polarization at the interface-of-adhesion, by conducting
“zipping” experiments. The strong polarization leads to formation of ESC at the interface between
both gels. These ESC complexes function in establishing permanent adhesion after the field is

removed, in line of thermodynamically stable LbL complexes.

Such a mechanism is in-line with the Coulombic-like electric field driven adhesion called
the Johnsen-Rahbak effect (JR). This is a bulk adhesion mechanism driving adhesion between
hydrogels of the same charge. JR is non-permanent when the electric field is removed. Here, ESCs
“pin” the gel-anionic material pair causing the non-permanent JR to become permanent. We
conclude that JR and EPA have the same initiation process caused by counterion migration and

interfacial polarization.
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

In this dissertation, we have described the phenomenon of electroadhesion and the many
natural materials that can undergo EA, including all classes of animal, various plants, and fungi.
These findings were discovered after we observed EA to bovine tissues and asked whether EA is
present in other classes of soft material? We began with describing our initial findings regarding
EA in bovine tissues, and the potential applications of these findings in sutureless tissue repair.
We have then illustrated EA was not limited to one animal but was present in many cellular
organisms in nature. We also hypothesized that EA depends on the presence of anionic
biopolymers in the natural systems. Additionally, we came up with a mechanism that described
EA across gel-gel, gel-animal tissue and gel-plant tissue. This deeper understanding of the

mechanism will allow an engineer to adjust the parameters needed for a surgical patch.

In Chapter 3, we presented a simple technique to adhere a cationic gel patch to an animal
tissue by using electric fields as a stimulus. The electric field applied was 10 V DC for ~ 20 s in
the EA orientation (E'G*'TE"). Using our technique, we showed we can adhere gel patches to
various organs including, aorta, cornea, lung, skeletal muscle, tendon, and cartilage. We have also
preformed model experiments in gel-gel systems to describe potential applications of EA in
repairing tissue defects and even full end-to-end anastomoses. We measured the adhesion strength
of EA and the weaker contact adhesion between gel-gel and gel-tissue, and in both cases, EA was

significantly stronger. EA was ~ 20 kPa for both gel-gel and gel-cow tissues. The findings in this
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chapter are a groundbreaking achievement, with great clinical potential in surgical repair. These
findings also led us to assess whether EA was present in other classes of naturally occurring

materials.

In Chapter 4, we surveyed a variety of natural soft materials and found EA in all classes of
animal: vertebrates and invertebrates, EA was present in many plants, including fruit, vegetables,
and stems, and in fungi, specifically mushrooms. We have shown EA occurs in the same tissue
across many animals, for example, EA occurs in skeletal muscle in cow, pig, mouse, chicken,
lizard, salmon fish, shrimp, scallop, and cicada. This widespread occurrence of EA with all classes
of animals suggests it will occur even in those animals not tested, such as with human tissues.
Further, we have shown that EA can occur in interfaces composed of cells with ECM (such as
aorta or muscle) or close-packed cells (such as cornea and plant tissues). In all cases there are
anionic biopolymers present at the adhesion interface. We have then shown that tissue anisotropy
influences EA. In some tissues such as skeletal muscle and strawberry, depending on the
orientation, EA may vyield strong adhesion or no adhesion at all. Finally, we have shown that EA
can occur in materials with different properties such as tissues that are soft (such as muscle) or
hard (such as carrot). Because EA happened with such different tissues, we found the current

explanation of EA to be lacking and asked, what is the common mechanism behind EA?

In Chapter 5, we discuss the mechanism. We systematically tested different components of
the gel and tissues and arrive at a mechanism governing electroadhesion in all gel-anionic material
pairs. We have demonstrated that increase charge in the gel increases adhesion strength. We were

able to “visualize” the movement of counterions in the gel by inserting a dye of same charge as
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the counterion. This experiment illustrated that the counterion initiate the process of EA. Diffusion
of counterions out of the interface also polarizes the material’s interface, causing a strong
electrostatic attractions between both surfaces. We have shown this attraction by a series of
“zipping” experiments. This polarization and attraction while in the electric field is similar to the
JR effect, however with JR adhesion was non-permanent. Here the adhesion lasts indefinitely after
the electric field is removed. The difference is that we use a cationic and an anionic material, where
as JR had two materials with the same backbone charge. We hypothesized that after polarization,
the materials form ESC that “pin” the surfaces together. The ESC is stable thermodynamically and
is not disturbed or dissolved by presence of counterions in a similar way that LbL complexes are
stable. However, when the field is turned back on in reversed polarity, the counterions are forced
into the ESC causing it to dissolve and the adhesion is reversed. This mechanism can explain EA

with gel-gel as well as other more complex pairs such as gel-animal and plant tissues.

101



6.2 Recommendations for Future Work

There are a couple of on-going projects that are not included in this thesis. These will be
discussed briefly in Sections 6.2.1 — 6.2.2. Addition projects that have just begun or are in the

plan for the future will be discussed in Sections 6.2.3- 6.2.7.

6.2.1 Electric field optimization and medical device fabrication for enhanced adhesion
strength

Electroadhesion throughout this thesis has been applied using flat plate electrodes with the
electric field transcending from the positive electrode, through the pair of soft material, to the
negative electrode. This geometrical set-up is shown in Figure 6.1A. The most basic relationship
between voltage V (electric field potential), the current I, and the resistance R, is given by Ohm’s
law in Equation 6.1.%6!

V=IR (6.1)
When tissues and gels that undergo EA have a bulk resistance associated with them, it implies that
part of the potential applied in the setup in Figure 6.1A does not travel from one electrode to the
other, rather get absorbed in the tissue. This energy dissipates in the form of heat or another
chemical or mechanical process. We have tested temperature increase and observed a slight AT of
~ 3-4°C. Temperature increase is not ideal for tissues, and a temperature increases above ~ 5°C

begins to become detrimentally to biological systems.

Additionally, whenever there was a resistance associated with a gel-tissue system, adhesion
was typically harder to achieve. In order to get adhesion, we had to increase the potential to get a
better current I, which in turn led to polarizing the interfaces between the gel-tissue pair and

achieving adhesion. Moreover, when the tissues had higher osmolarity, or when tissues were
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segmented into very thin layers, we observed a current range of 10 mA to 80 mA even while
applying only 10 V DC. In both cases were we artificially increased the current or that current
increased by default of the system’s parameter, the tissue can be affected negatively. In fact, in our
early animal studies, we had some unfavorable outcomes associate with high currents, such as

tissue damage and tissue death.

A. Original setup: B. Needle-electrode setup:

Top View
+Ve Electrode

+Ve Electrode
QDM, G*

Voltage
generator
(X )

-Ve Electrode

Side View

-Ve Electrode Voltage

generator

LA QDM, G*
Large current, transverses tissue -Ve Electrode

Small current, localized

Figure 6.1. Old and new set-up for EA. (A) In the initial studies and in all work presented in this
thesis a parallel plate electrode system encased the EA pair. This cause organs incased to begin to
die after exposure to high electric fields. (B) In the updated needle-electrode setup, both electrodes
are placed from the same direction. The positive needle-electrode is placed on the gel and the
negative needle-electrode is placed right outside the gel onto the tissues. This allows for the patches
to stick with much less current applied, and the current that does pass through the tissue is localized
to the patch and tissue surface.

High currents in biological systems can lead to irreversible and damaging processes. Each
cell has ion gates that function and provide the cell a resting potential. When an external current
disturbs this resting potential, ion gates open and the cells and tissues can begin to die because
homeostatic is disturbed significantly. In our early animal studies, we saw this *“ advancing wave

of death” occur after application of EA, when we reopened the animals on day 3. This brought us
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to reassess our electrode set up, with the aims: (1) to reduce the current applied to the biological
system, (2) develop an electrode pathway that does not require current to transverse an entire

organ, and (3) have the animal and organ survive following EA application.

In collaboration with the White lab in BioE, we developed a needle-electrode system that
applies both needle electrodes from the same tissue surface direction. This set up is presented in
Figure 6.1B. The positive needle is placed on the cationic gel patch and the negative needle is
placed right outside the gel patch onto the tissue, but not touching the gel patch. Such a set up
provides us with (1) lower current. We now observed currents between 1.2 mA and 5 mA at the
highest in all animal studies. Recall in comparison that with the flat plate geometry the current
range was 10 mA to 80 mA. In all animal studies we used a 7 - 10 V DC potential. (2) The pathway
the current passes through the tissues is localized to tissue surface. Meaning, only the local tissue
is affected by the electric field as current becomes weaker with distance from electrodes. (3)
Animals subjected to the needle-electrode set up did not show any signs of injury at day 0 during

EA application or at day 6 post operation (PO).

This needle set-up has evolved into a hand-held medical device prototype for surgery. We
are currently developing it for clinical use in the operating room. A picture of this medical device
is provided in Figure 6.2A. Several features have been implemented in the medical device for easy
user experience. The device is operated on a 9V standard battery, as shown in Figure 6.2B. The
device will have a removable head unit that has the ability to adjust the electrodes to various
distances from one another. This allows for patch application of various diameters. This device

will also include an LED that lights up while current is passing through the patient, to give the
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surgeon a signal when the electric field is on. As future work, we would like to include different
shaped electrodes, for example for EA to be applied to a patch on a round artery, we would like to
be able to connect a semicircle electrode. We also would like the device to have an auto suggested
time for EA based on calculating the integral of current and having some formula associating

conductivity of tissue system and time the field needs to be applied.

Figure 6.2. Hand-held medical device prototype for EA. (A) a small user-friendly hand-held
device. Fits comfortably in the user’s hand. The device contains a positive and negative electrode
in the form of a thin needle. In the future we would like to make these needles adjustable in distance
from one another as well as have various head attachments. (B) The device operates on a simple
regular V battery. In the future it will contain an LED light that indicates when current is passing.

Additional parameters are being optimized in regard to the electric field including an
understanding of how the voltage and the current affect EA, how to reduce the current in biological
system while optimizing adhesion, and understanding how long we need to apply the field to

achieve adhesion in various tissue systems and patch diameters.
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6.2.2 Small animal study for electroadhesion intestine puncture repair

A small animal study has been in progress with Dr. Anthony Sandler Surgeon-in-Chief and
Dr. Michele Saruwatari of Children’s National Hospital. We are currently in the midst of analysis
of a 25-mouse study, IACUC study number 30703. Our groups (n =5) include: (1) Control 1: open
the abdomen and reclose it to assess general surgical detrimental effects. (2) Standard-of-care:
open abdomen, puncture cecum and repair puncture using sutures. The cecum is a component of
the intestine that stores waste, akin to appendix in human. See Figure 6.3A for healthy mouse
cecum after opening the abdomen. Figure 6.3B shows the puncture and gel-patch placement
location. (3) EA, 9V DC applied for 30 s. A small gel patch (prepared in sterile conditions,
diameter 5 mm, height 1.5 mm) is applied to the puncture location and electroadhered to the
puncture site (enterotomy) by the conditions specified. The application of EA using the hand-held
device is shown in Figure 6.3C. The adhered gel patch is presented in Figure 6.3D. (4) EA 7V DC
applied for 60 s. Similar as case (4) but different electric field conditions. (5) Control 2: puncture
of cecum and placement of gel patch by contact alone. The EA currents from EA 9V group had an

average of 2.1 mA while current from EA 7V group had an average current of 1.6 mA.

On day 6 when we reopened the animals in the classes specified above, we assessed (1)
adhesion of gel patch to puncture location, (2) surgical adhesions and (3) we harvested tissue and
blood samples for pathology and immunology testing. All patches from the EA groups were stuck
on day 6 PO. Figure 6.3E shown an abdominal cavity with the gel patch adhered to the cecum on
day 6 PO. Surgical adhesions (a surgical detrimental outcome associated with the tissue’s self-
repair process) within the animal were assessed at day 6 PO. The best score is 0 with no adhesion

and the worst score is 5 with severe adhesions. Group 2 or standard-of-care had an adhesion score
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of 0.6 (£0.89), EA 9V’s adhesion score of 1.4 (£0.55), EA 7V’s adhesion score of 1.6 (£0.55),
control 1 had an adhesion score of 0 (x0) and control 2 or contact adhesion had a score of 3.25
(x1.71). All animals survived besides one animal from control 2 group. EA repair animals had
significantly better outcomes compared to contact animals. In the contact group, one animal died,
one animal had an intestinal burst, see Figure 6.3F. and the remaining had varying degrees of

surgical adhesions. Results from this study need are still being analyzed.
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Figure 6.3. Testing EA for intestinal enterotomy repairs. (A-D) Are all pictures from day O.
(A) A healthy cecum in a mouse. The cecum is a compartment in the mouse that stores waste. (B)
Puncture and patch placement location. (C) EA repair using the hand-help medical device
prototype. (D) The cecum with a gel patch following EA. (E-F) Results from day 6 PO. (E) The
gel patch is adhered on day 6 PO to a punctured cecum in an animal that received 9V DC applied
for 30 s. (F) In comparison, an animal with a puncture and contact patch, had an intestinal rupture.
The yellow is bowel waste spread throughout the abdomen.

The best outcomes are that gel patch applied by EA does maintain a good adhesion despite
biological osmolarity, see Figure 6.3E for adhesion on day 6 PO. Additionally, the patch seems to
have better indication than contact adhesion, which is equivalent to no treatment, by a statistical
margin (obtained by ANOVA testing). Figure 6.3F shows some complications associated with no
treatment to an intestinal puncture, such as the intestine bursting. However, standard-of-care is still
better than EA. Therefore, some optimization will need to be done to reduce the surgical adhesions
of the EA groups and bring its results closer to the standard-of-care by sutures. We will also need
to increase the negative outcome observed by the contact group, possibly by increasing the

puncture size.

6.2.3 Electroadhesion to repair liver injuries

The optimized medical device has resulted in favorable EA results. With this device we
achieved EA to organs that are reported to have no adhesion in Chapters 3 and 4. Some (mouse)
organs that had EA with the needle electrode set up include kidney epithelium, liver epithelium,
heart epithelium (epicardial tissue), and mouse skin (shaved with all fur removed). All these organs

had no EA with the flat plate electrode set-up.
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Figure 6.4. EA to liver by means of needle-electrode setup. (A)The QDM gel patch is
electroadhered to the liver of a live mouse (under Anastasia). (B and C) We attempted to remove
the gel patch by pulling the liver lobes apart. The gel patch got stuck on both liver lobes and stuck
them together. A tensile strain is applied, and the tissue remain adhered until a strong force was
applied.

It is very difficult to stop bleeding from liver injuries. The current standard of care utilized
cautery, or application of an AC high frequency electric field to either coagulate the blood or to
“cut” or in other words “burn or cook” the tissue in order to stop the bleeding. Various homeostatic
products are in development or used but there is still a need for an alternative method to stop the
bleeding. Since EA adheres strongly to liver epithelium, tested by how difficult it was to tear the
adhered gel patch off the liver, Dr. Sandler proposed creating a liver injury animal model that
utilized EA to stop bleeding. The gel patch will form a barrier on the external liver epithelium,
similar to applying localized pressure, which will help the liver reach hemostasis. In Dr. Sandler’s

own words: “We can use this [EA] to save lives!” Figure 6.4A shows a QDM gel patch adhered to

mouse liver. Following EA we attempted to remove the gel patch by force. Figure 6.4 B and Figure
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6.4C show how the gel patch is holding two lobes of the liver together despite the tensile stain we
are applying to the tissues. This indicated a strong adhesion has been reached with QDM-liver

tissues by means of EA using the needle electrodes set-up.

One way to improve the strength of EA patches for liver injury (and for all other kind of
EA applications as well), is to incorporate a thin wire mesh within the gel. The surface of the
patch will be only made of gel alone, but a supportive interior mesh would allow for stronger

support, higher burst pressure loads and higher tensile stress at rupture.

6.2.4. Electrophoretic drug delivery using electroadhesion with skin patches

As mentioned in Section 6.2.3, with the needle electrode set up, we are able to obtain EA
to mouse skin. This opens a variety of work possible with EA to skin, some include treatment for
burns and dermal forced drug delivery by electrophoresis. In our earlier work from Chapter 5
regarding dye diffusion as surrogates to counterions, we also explored co-ion electrophoresis. We
observed that with electric fields we can force co-ions across the interface between both gels. For
example, we loaded a thin layer of MB* dye into QDM gel. MB™ has a cationic charge. We then
inserted the QDM-MB™ gel and an SA gel into the electric field in the EA orientation, See Figure
6.5A for the initial set up. We observed that after about 3 s some of the blue dye already traversed
from the QDM gel into the SA gel, as can be seen in Figure 6.5B. On the other hand, as shown in

Figure 6.5C no dye transfers to the SA gel by diffusion alone even after 30 s.
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We are developing a study in which we would contain a molecule of interest within a
cationic vesicle. We would like to see if a physical gel network would allow for electrophoretic
delivery of such cationic vesicles to the skin surface. Previous work suggested that vesicles diffuse
out of physical networks over the course of days. Would EA expediate this process and could this

be a method for drug delivery?

7 Electrophoresis of .

3 Bt Py

Figure 6.5. Set up for electrophoretic drug delivery (A) QDM gel with a thin layer of MB* dye
at its interface comes in contact with SA. They are placed in the electric field. (B) within 3 s we
see some dye cross the interface into the SA gel. (C) When no electric field is applied, no transfer
of dye is seen even at 30 s.
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6.2.5. Electroadhesion to human arteries for anastomosis repair

When force.«
removing, gel
eaks off,
Indicating strong

adhesion

Figure 6.6. EA for repair of carotid artery implants for bypass surgery. (A) A QDM gel patch
is applied on top a segment of a clinical grade bovine carotid artery, used for bypass surgery. EA
is applied in the EA orientation using needle-electrodes. (B) The QDM gel adheres to the artery.
(C) With forced probing the gel breaks off leaving gel adhered to the artery, indicating the gel
adhesion is strong.

In collaboration with Dr. Raj Sarkar from the Baltimore Medical School, we are exploring
EA for arterial anastomosis. We would like to try various patch types for different anastomosis
repairs, such as end-to-end (create a cylindrical gel-patch), end-to-side (create a flange-like gel-
patch). We have already completed EA on a bovine carotid artery used in bypass surgery with
success. In Figure 6.6A we show the process of EA of QDM gel to a bovine graft used in bypass
surgery. Figure 6.6B shows the artery is held up and the patch is stuck. In Figure 6.6C we attempt

to pull of the QDM gel and it breaks in the process, indicating a strong adhesion was achieved.

Next, we were invited to test EA on human cadaver artery tissue at the Baltimore medical
school. We will complete some experiments with human tissues in our next steps. EA to human

tissue will bring this technology one step closer to a clinical setting.
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6.2.6. Cardiac patches adhered with EA

As mentioned in 6.2.3, EA using the needle electrode set up achieves adhesion of QDM
gel to heart epithelium. We would like to develop a cardiac patch that would provide either an
electrical signal, a medical therapeutic, or localized stem cells to the heart. This cardiac patch
would get adhered using EA. In our studies on anisotropic nature of muscle, we came to understand
that the heart too has an anisotropy associated with its muscles. A big issue with heart injury
leading to inefficient blood pumping out of the heart’s left chamber is caused by stresses expanding
the left heart. This is known as left ventricular hypertrophy. We would like to use our cardiac patch
to address some of these issues by making it from a tough material that can counter the anisotropic
nature of heart injury. This work would be done in collaboration with Dr. Ellen Roche from

Material Science at MIT and Laurie Boyer from biological engineering at MIT.

6.2.7. Tissue and organ assembly from smaller units of pre-tissue

The last idea that is still in its infancy is using EA for assembling units of tissue to more
complex 3D structures. The concept relies on the fact that to grow large tissues, a system of
perfusion is needed (blood vessels to transport nutrients to the larger system). Tissues can get
nutrient by diffusion only up to ~ 150 um from a blood vessel. This limitation allows tissue
engineers to create organ models that are either very small or have complex microfluidic channels
for perfusion. We propose a unit gel made with a capillary for blood flow and cells incorporated
within an ECM-like gel. We envision these units as “legos” or “bio-blocks” that can assemble in
a specific order, connecting the capillaries as the units assemble to a larger connected tissue

system.
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Such a technique may affectively allow for building specific types of tissues from granular
elements. With some growth, the tissues may become functional and in the far future may become
a method for organ growth. The ECM-like gel work will be done in collaboration with Dr. Laurie
Boyer from biological engineering at MIT. The assembly work may be a project |1 work on in the

future, as faculty, when I begin a lab of my own.
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Adhesion and Assembly of Hydrogels and Tissues Using Electric Fields: Aims at Tissue
Repair and Construction

Conference (Oral) Presentations:
2. L.K.Borden and S. R. Raghavan
Advances in Replacement of Sutures and Surgical Glues by Switchable Electroadhesion
of Polyelectrolyte Hydrogel to Animal Tissue.
Society For Biomaterials, Baltimore MD, 2022
Received Honorable Mention

3. L. K.Borden, A. Gargava, A and S. R. Raghavan

Stimuli Responsive Reversible Adhesion between Physical and Chemical Networks.
AICHE annual meeting, Boston MA, 2021

4. L. K.Bordenand S. R. Raghavan
Electroadhesion of Polyelectrolyte Hydrogels to Animal Tissues: A Simple Way to Reseal
Cut or Damaged Tissues without Sutures.
AICHE annual meeting in Boston MA, 2021

5. L. K. Borden and S. R. Raghavan
Electroadhesion of Polyelectrolyte Hydrogels to Tissues: Prospects for Suture-less
Surgery.
Pacifichem, HI, 2021

6. L.K.Borden and S. R. Raghavan
Deciphering the Mechanism of Electrically Triggered Adhesion in Gel-Gel, Gel-Tissue
and Gel-Plant Systems.
Pacifichem, HI, 2021

7. L. K. Borden and S. R. Raghavan

Reversible Electroadhesion of Hydrogels to Animal Tissues for Suture-Less Repair of Cuts
or Tears
BMES Annual Meeting, Orlando FL, 2021

8. L. K. Borden and S. R. Raghavan
Reversible Electroadhesion of Polyelectrolyte Hydrogels to New Classes of Soft Matter.
Virtual Adhesion Science Gathering, August 2021

9. L. K. Borden, A. Gargava, A and S. R. Raghavan
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Electroadhesion of Polymer Capsules to Hydrogels: A New Way to Manipulate Soft
Materials.
ACS annual meeting, Surface, Interface and coating Materials. and Fall 2021

10. L. K. Borden, U. J. Kokilepersaud and S. R. Raghavan
Electroadhesion in Polymer-Polymer, Polymer-Tissue and Polymer-Plant Systems:
Deciphering the Mechanism.
ACS annual meeting, Biomaterials and Biointerfaces. Fall 2021

11. L. K. Borden and S. R. Raghavan
Stimuli Responsive Reversible Adhesion Between Physical and Chemical Networks.
95th Colloid and Surface Science Symposium, Wetting and Adhesion, Virtual. June 2021

12. L. K. Borden, A. Gargava, A and S. R. Raghavan
Electroadhesion of Polyelectrolyte Hydrogels to Animal Tissues: A Simple Way to
Reseal Cut or Damaged Tissues Without Sutures.
95th Colloid and Surface Science Symposium, Interfacing Biology with Materials,
Virtual. June 2021

13. L. K. Borden and S. R. Raghavan
Electrically Induced Adhesion of Polyelectrolyte Hydrogels to Animal and Plant Tissues.
Fall 2020 meeting of Material Research Society (MRS), Hydrogel Technology for
Humans and Machines, Virtual. Dec 2020

14. L. K. Borden, A. Gargava, A and S. R. Raghavan
Electrical “Suturing” of Polyelectrolyte Hydrogels to Reseal Cut or Damaged Tissues.
Spring 2019 Meeting of the American Chemical Society (ACS), Biomaterial and
Biointerfaces session of the Division of Colloid and Surface Chemistry, Orlando. April
2019
Awarded best presentation in session

15. L. K. Borden and S. R. Raghavan
Electrical Suturing of Polyelectrolyte Hydrogels to Reseal Cut or Damaged Tissues.
The 21st Mid-Atlantic Soft Matter Workshop, Rockville MD. Feb 2019

Presentations that have been submitted:

16. L. K. Borden and S. R. Raghavan
Universal Way to ‘Glue’ Capsules, Gels, and Tissues, in 3D Using Electric Fields
MRS Spring, San Francisco, CA, 2023

17. L. K. Borden and S. R. Raghavan
Electroadhesion of Hydrogels to Tissues: A Simple Way to Perform Suture-Less Surgical
Repair
Adhesion Society, Orlando FL, 2023
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