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Life is an “emergent” property — i.e., one exhibited by living systems due to
interactions between their parts, but not shown by any of the parts on their own. Such
emergent behavior is seen at various length scales, down to that of a single cell. In a
single eukaryotic cell, there exist internal compartments called organelles, such as the
nucleus and mitochondria. While the organelles each have distinct functions, it is the
overall cell that has the property of life — i.e., the whole is greater than the sum of the
parts. Inspired by these attributes of living cells, this dissertation attempts to create
millimeter-scale polymer capsules that exhibit emergent properties. To achieve these
properties, we use the lumen of the capsule as the site for a chemical reaction, which in
turn bestows a specific behavior to the overall capsule. Three studies are described in this

vein in this dissertation.

First, in Chapter 3, we design capsules that rapidly inflate and then burst, ejecting
their core contents. These capsules have a core of catalytic silver (Ag) particles and a
crosslinked polymer shell. When a fuel (hydrogen peroxide, H20>) is added to water, a

catalytic reaction generates gas (O2) in the capsule. The gas causes the capsule to inflate



over time until the shell finally ruptures. The inflation extent and duration, as well as the
rupture intensity can be tuned by altering the core and shell composition. Also, instead of
a catalytic reaction, capsule inflation can be achieved by combining reactants, one in the

capsule and the other in the solution, that together generate a different gas (e.g., CO>).

In Chapter 4, we describe a second emergent property of capsules having a design
similar to those in Chapter 3. The capsules here contain both the catalytic Ag particles as
well as a solute (dye). We monitor the release of dye in the presence of the O»-generating
reaction (“active release”) or by diffusion alone (“passive release”). Active dye release is
shown to be much faster than passive release, i.e., the dye is “pumped” out due to the
reaction. More interestingly, when the dye is Rhodamine 6G (R6G), it gets released in a
series of pulses, i.e., dye releases for a few seconds, then it stops, and then resumes. The
number and duration of the pulses can be tuned. The reason for pulsed release is

attributed to the binding interaction of R6G to Ag particles.

Finally, in Chapter 5, we show the use of an external trigger (temperature) to
induce emergent behavior in capsules. For this, we first coat individual capsules with an
impermeable shell made of wax. This is done by briefly immersing a cold capsule in
molten wax so that a wax layer solidifies around the capsule. This layer is impermeable
when the capsule is placed in water, but when heated, the wax melts and the contents can
diffuse out. We construct multicompartment capsules (MCCs) that have one or two wax-
coated inner compartments. The MCCs are used to conduct cascade reactions such as the
iodine clock reaction. Also, an MCC with H2O: in a compartment and Ag particles in the

lumen is used to demonstrate thermally triggered capsule inflation.
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Figure 1.1. Capsules exhibiting inflation and core ejection. The capsules have an
aqueous gelled core containing catalytic particles and a crosslinked polymer shell. When
placed in a chemical fuel, the particles catalyze a reaction that produces gas. The gas
causes the polymer shell to inflate around the core, until, ultimately, the shell ruptures.
The rupture can be abrupt and violent in some cases, which induces the core to be ejected
outward. Schematics of the inflation are shown on the left (a) and photos of the same are
Shown on the right (D). e 3

Figure 1.2. Capsules exhibiting pulsed release of Rhodamine 6G (R6G) dye. The
capsules have an aqueous gelled core that contains catalytic silver (Ag) particles and a
crosslinked polymer shell. The capsules are additionally loaded with R6G and then
exposed to the chemical fuel, which produces Oz gas. The dye is observed to get released
rapidly from the capsule in a series of pulses, which emanate outward as concentric rings
from the capsule. A schematic of the pulsing is shown on the left (a) and a photo of the
same is shown onthe right (D)..........oooiiiiii i e, 4

Figure 1.3. Thermally triggered solute release from wax-shelled capsules and its
application in implementing cascade reactions. (a) A multicompartment capsule
(MCC) is shown in which the two inner capsules have an aqueous core and a wax shell.
The shell is impermeable at room temperature, but when the system is heated above the
melting temperature of the wax shell, (b) the contents in the capsule cores are released.
(c) This allows the reagents in the adjacent capsules to contact and undergo a reaction.
Schematics of the MCC, before and after triggering..............cooooiiiiiiiiiiiiiiin 6

Figure 2.1 Life as an emergent behavior of living systems. The overall system shows a
response or behavior that is not exhibited by its constituent parts. This is seen at both (a)
the level of an individual cell; and (b) the level of an organism or animal. The schematic
in (a) shows the cross-section of a parenchymal cell from a lily plant with false-color
rendering to indicate the different organelles. The schematic in (b) shows a sketch of the
human body showing some vital organs. (http://www.imaia.co.uk/human-body-diagram-
NO-labelS. NtMI) Lo 8

Figure 2.2. Self-propulsion of micromotors in H20:2 solution. Schematic of the
propulsion mechanism. The motor has a patch of FePt nanoparticles. The Pt in the
nanoparticles catalyzes the decomposition of H.O> to generate O, gas in the form of
bubbles. The bubbles are ejected from the side with the nanoparticle patch, which propels
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the motor in the opposite direction. The direction of movement can be manipulated
through use of a magnet due to the magnetic Fe particles..................cooooiiiiiiint, 11

Figure 2.3. Synthesis of capsules with multiple polymeric layers. First, an alginate gel
core is made (a) and loaded with free-radical initiator (b). The gel is introduced into a
monomer 1 solution (along with crosslinker and accelerant) (c). Upon polymerization, a
layer of polymer 1 is formed around the gel core (d). The inset in ¢ shows that this layer
is formed by diffusion of initiator outward from the core into the monomer 1 solution.
This process is then repeated with the one-layer capsule (e), which is loaded with initiator
(F) and then contacted with monomer 2 (g). Upon polymerization, a second layer of
polymer 2 is formed (h). Scale bars are 500 pM.........ccooiiiiiiiiii e 13

Figure 2.4. Fabrication and application of capsules with a wax shell. A) Fabrication
involves: (1) pouring molten wax into molds and inserting a stamp to create hollow
cavities. On cooling, a wax shell of 1 or 0.5 mm is formed. (2) Contents (liquid, solid, or
gel) can then be loaded into the cavity. (3) Additional wax is used to cap the cavity, and
upon cooling, the capsules can be detached. (4) Finally, a second sealing step is
performed by immersing the capsules into octadecane for 30 s. B) Capsules can be
fabricated from a variety of waxy materials. In each case, the capsule is able to
hermetically seal its payload (different colored food dyes) when placed in water at room
temperature. However, when the system is heated above the melting temperature of the
wax shell, the shell melts and this allows the dye to diffuse into the water................. 14

Figure 2.5. Preparation and typical images of multicompartment capsules (MCCs).
(@) Preparation of MCCs, using a suspension of preformed capsules in an alginate
solution as the feed through a tube. Droplets at the exit of this tube are introduced into a
reservoir solution containing chitosan and Ca?*. The droplets are thereby converted into
MCCs. (b) Optical micrographs of individual MCCs with different numbers of (identical)
internal compartments. The scale bars in the images are 100 um. (c) Optical micrographs
of a population of MCCs having either one or two (identical) internal compartments. The
compartments have a brown color because they contain magnetic Fez0s
NANOPANTICIES. ...ttt ettt b bbb 17

Figure 3.1. Analogy between the response of nematocysts and of the capsules in this
study. A) The nematocysts are specialized cells in jellyfish that have a barbed tubule
(needle) in a coiled state in their sacs. When perturbed, a high osmotic pressure rapidly
builds up in the sac, and this causes the tubule to rapidly eject with force into the body of
a predator. B) The capsules in this study have a gel core and a polymer shell. An internal
reaction in the core results in the evolution of gas, and the resulting pressure stretches the
shell and inflates the capsule. Ultimately, the shell bursts, and this can be a violent
explosion, inducing the core to be ejected with force. ................ocooiiiiiin. 21



Figure 3.2. Synthesis of inflating capsules. A) An alginate solution with suspended Ag
particles is dropped from a syringe into a CaCl> solution. The droplet is instantaneously
converted into a gelled bead. The Ag-containing bead is used as a core template. B) The
core is incubated in an initiator solution C) Then, it is placed in a solution of monomer
(acrylamide derivative), crosslinker, and accelerant. D) Upon polymerization, a layer of
chemically-crosslinked polymer gel is formed around the capsule. A microscope image of
the capsule is shown in the inset. Scale bar: 1 mm. ..., 27

Figure 3.3. Images demonstrating that capsules inflate but beads, gels do not. In
all cases, the structures have 2 wt% Ag HUPs inside and are placed in a solution of 30%
H>O2. The Ag catalyzes the decomposition of H>0, into O2 gas. A) Alginate gel-
beads generate the O in the form of bubbles, which surround the bead in the external
solution. No inflation is seen. B) NIPA gels also produce Oz bubbles in the
surrounding solution. Again, no inflation is seen. C) Capsules with an alginate core
and a NIPA shell inflate due to the O generated in the core. Scale bars: 3 mm........29

Figure 3.4. Inflation and rupture of a capsule with a NIPA shell: A) Initial capsule
in 30% H20.. B) Capsule inflates, increasing linearly in size until rupture. C) Capsule
ruptures rapidly, and the Ag-loaded core is ejected with some force from the shell.
Scale bars: B MM .. 30

Figure 3.5. Inflation and rupture of a capsule with an AAm shell: A) Initial
capsule in 30% H20.. B) Capsule inflates, increasing in size until rupture. C) Capsule
undergoes a gentle rupture, and the core remains inside the broken shell. Scale bars: 3

Figure 3.6. Inflation and rupture of a capsule with a DMAA shell: A) Initial
capsule in 30% H»0,. B) Capsule inflates, increasing in size until rupture. C) Capsule
ruptures violently, and the Ag-loaded core is ejected with force far from the shell.
Scale bars: B MM ... 31

Figure 3.7. Effect of crosslinker concentration on capsule inflation and rupture.
Capsules with NIPA shells and 15% Ag in the core were made with different mol% of
BIS crosslinker relative to monomer. Data for rupture time and size increase (%)
against BIS mol% are plotted in (A) (the error bars are standard deviations calculated
from multiple measurements). Photos of the different capsules are provided in (B)
(scale bars: 3 mm). The results reveal that as BIS mol% is increased, the capsules
inflate less and rupture faster. ... 34

Figure 3.8. Effects of Ag concentration in the core (A) and H202 concentration in
the solution (B) on capsule rupture time. Capsules with NIPA shells crosslinked
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with 2.2 mol% of BIS were used for these tests. For the tests in (A), capsules were
placed in 30 wt% H>O». Photos of capsules with different Ag loadings (0.2 wt% — 20
wt%) after rupture are shown in the insets to (A). From left to right: 1 wt%, 7 wt%, 20
wt% Ag. For the tests in (B), the Ag loading in the capsules was kept constant at 10
wt% and H20. concentration in the surrounding solution was varied from 2.5% —
30%. The error bars are standard deviations calculated from multiple
MBASUIEIMIBNTS .. . .. ettt ettt et et ettt e e e ee e aaens 35

Figure 3.9. Effect of the number of layers on capsule inflation and rupture.
Capsules were made with 1, 2, or 3 identical layers (see photos, scale bars 1 mm) of
NIPA crosslinked with 2.2 mol% of BIS. All capsules had 2 wt% Ag in the core and
were placed in 30 wt% H>0- for these measurements. Plots are shown for the rupture
time (A) and size increase (%) (B) vs. the number of layers. The error bars are
standard deviations calculated from multiple measurements. ............................. 36

Figure 3.10. Stills from a high-speed video of capsule inflation showing the
formation of a gap between the core and shell. The experiment designed for a 30-
45 s time-frame due to camera limitations. Capsule was chosen for fast rupture and
low inflation to keep capsule in focus during inflation. Capsule contains 7 wt% Ag in
its core and a shell of DMAA. A) Initially, the shell and core of the capsule are in
close contact. B) When the capsule is in 30% H202, bubbles of O, gas are seen to
form, and these collect in a gap between the shell and the core. C) As more gas is
produced, this gap widens, and the shell is thereby stretched. This expansion (i.e.,
capsule inflation) continues until the shell ruptures. Scale bars: 1 mm. ................. 37

Figure 3.11. Mechanism for capsule inflation and rupture. A) Before inflation, the
capsule shell is a polymer network in which the segments between crosslinks are
loose and unstretched. The shell and core are weakly adhered. B) When gas is
produced, it collects in a gap between the core and shell. The gas pressure stretches
the segments in the shell-network. C) When the stress in the shell becomes too high,
it ruptures, causing the core to be ejected OUt............cciiiiiiiiiii 39

Figure 3.12. Capsule inflation by three ways. In all cases, the capsule shells were
formed by NIPA crosslinked with BIS. A) Inflation using a catalyst: the core has 2 wt%
Ag and the capsule is placed in 30 wt% H20.. The capsule inflates due to Oz gas
production. B) Inflation using an insoluble reactant: The core has 5 wt% CaCOs particles
and the capsule is placed in CH3COOH. The capsule inflates due to the formation of CO..
C) Inflation using a soluble reactant: The core has 5 wt% NaHCOs (a soluble reagent)
and the capsule is again placed in CH3COOH. Inflation is again due to CO». Scale bars:
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Figure 4.1. Modes of solute release: a) passive diffusion; b) active continuous
release; and c) active pulsed release. All capsules have an alginate core containing 2%
Ag and a shell of crosslinked N,N’-dimethylacrylamide (DMAA). In each case, the
capsules are loaded with a 2.4 wt% dye solution. a) Passive diffusion: a capsule with
basic fuchsin dye is placed in water at t = 0. The dye diffuses out of the capsule, forming
a ring that extends to a distance of ~ 5 mm in the image taken at 40 s. b) Active
continuous release: a capsule with basic fuchsin dye is placed in 30% H20, att = 0. The
dye is released at a higher rate, with the ring extending to a distance of ~ 11 mm in the
image taken at 40 s. c) Active pulsed release: a capsule loaded with rhodamine 6G is
placed in 30% H.O; at t = 40. The dye is released in a series of periodic pulses, as shown
by the image taken at 150 s. Scale bars: 6 mm..............cooiiiiiiiiii 43

Figure 4.2. Video analysis of capsule pulsing: This example shows a capsule having an
alginate core with 10% Ag and a shell of DMAA loaded with R6G and placed in H202.
As the capsule pulses, the program monitors the pixel change frame by frame (30 frames
per second). Each pixel is stored as an RGB value and if that value increases more than
2% in the following frame, we count it as a pixel change. Here we are showing side by
side images of what we see during the pulsing process (a) and a visualization of what the
program is seeing (b) If the pixel color changes more than 2% from previous frame, the
pixel is illuminated to visualize where the pulsing is happening. Scale bar: 6 mm........ 49

Figure 4.3. Synthesis of capsules loaded with solute (dye). A) A 2 wt% alginate
solution with suspended Ag particles is dropped into a 0.5 M CaCl> solution. The droplet
is instantaneously converted into a gelled bead. The Ag-containing bead is used as a core
template. B) A shell of crosslinked acrylamide polymer (NIPA or DMAA or AAm) is
grown around the gelled core to form a capsule. C) The capsule is then placed in a 2.4
wit% dye solution for 12 h to load it with dye. D) The dye-loaded capsule is placed in a
30% H20> solution at t = 0, and dye release is monitored. During the release process, the
Ag particles in the capsule core catalyze the decomposition of H2O. to create O, and
H2O. Scale bar: I MmM.......oooiii i e e 50

Figure 4.4. Kinetics of passive diffusion vs. active continuous release from
capsules. The tests are done with capsules having an alginate core with 2% Ag and a
shell of DMAA. They are both loaded with 2.4 wt% basic fuchsin dye. A) Passive
diffusion: the capsule is placed in water at t = 0 (Panel 1). The dye diffuses out,
forming a ring that extends outward (Panels 2, 3) B) Active continuous release: the
capsule is placed in 30% H20; at t = 0. The dye is released at a higher rate, with the
ring (Panels 2, 3) extending further than in (A). Scale bars: 6 mm....................... 52

Figure 4.5. Pulsed release of Rhodamine 6G (R6G) from capsules. A capsule with
an alginate core (with 2% Ag) and a shell of DMAA is loaded with 2.4 wt% R6G.
When placed in 30% H202, capsule pulses, the dye is released in a series of periodic
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pulses. Scale bars: 6 MM... ... ..o 53

Figure 4.6. Detailed kinetics of pulsed dye release. A capsule with an alginate core
(with 10% Ag) and a shell of DMAA (crosslinked with 2.2 mol% BIS) is loaded with
2.4 wt% R6G and placed in 30% H20, at t = 0. A video of the dye release is analyzed to
obtain a plot of pixel intensity vs. time. Various stages during this process are marked,
and still images at discrete points are shown (scale bars: 6 mm). In total, the graph shows
22 PUISES OVEI 40 S....vtit e e s 54

Figure 4.7. Pulsing of capsules with differently crosslinked shells. All capsules had
10% Ag in the alginate core. Their shells were DMAA crosslinked by BIS with the
BIS:DMAA molar ratio at 2.2 mol% (1x) (A), 4.4 mol% (2x) (B) or 8.8 mol% (4x) (C).
All capsules were loaded with 2.4 wt% R6G and were placed in 30% H20: at t = 0. Plots
of pixel intensity vs. time are shown for the three cases individually, and the three plots
are compared over a portion of the time frame in (D). Images of the capsules showing the
most intense pulses are also provided (scale bars: 6 mm). ..., 56

Figure 4.8. Pulsing of capsules with AAm shells. A capsule with an alginate core (with
10% Ag) and a shell of AAm (crosslinked with 2.2 mol% BIS) is loaded with 2.4 wt%
R6G and placed in 30% H>0O; at t = 0. A video of the dye release is analyzed to obtain a
plot of pixel intensity vs. time, and a zoomed-in version of this plot between 60-85s is
shown to indicate the distinct double pulses. Still images at discrete points are also shown
(SCalE BArS: B MIM)... e 58

Figure 4.9. Pulsing of capsules with NIPA shells. A capsule with an alginate core (with
10% Ag) and a shell of NIPA (crosslinked with 2.2 mol% BIS) is loaded with 2.4 wt%
R6G and placed in 30% H20 at t = 0. A video of the dye release is analyzed to obtain a
plot of pixel intensity vs. time, and a zoomed-in version of this plot between 20-100 s is
shown. The capsule stops pulsing after 100 s and continues inflating until it bursts after
300 s. Still images at discrete points are also shown (scale bars: 6 mm)..................... 59

Figure 4.10. Pulsing only occurs with Ag in the core, R6G dye, and H20:2 as the
chemical fuel. A variety of scenarios are tested with capsules having an alginate core
with 2% Ag and a shell of DMAA crosslinked with 2.2 mol% BIS. The capsules are
loaded with 2.4 wt% of the dyes shown in D). A) Capsules with Ag and R6G show
pulsed release in 30% H20,. B) Capsules with Ag and other dyes exhibit active
continuous release in 30% H2O02> — no pulsing occurs. C) Capsules with 10 wt%
CaCOs3 as well as Ag and R6G are placed in x wt% CH3COOH. Here, the reaction of
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Xiii



Figure 4.11. Schematic of the pulsing mechanism Pulsing capsules are synthesized
with Ag in the core and are loaded with R6G. When placed in H20, the capsules
produce O2 and begin to pulse. a) When initially synthesized, R6G forms dimers and
interacts with the surface of the Ag particles. b) When placed in H20,, the H2O>
diffuses into the capsules and to the Ag surface. ¢) The decomposition of H2O> begins
and O gas is produced. d) As the reaction progresses, the increased concentration of
Oz pushes away everything from the Ag surface. €) With no H2O2 near Ag, the
reaction is hindered and no more O: is produced. During this lull, R6G and H20>
navigate back to the surface of Ag and the cycle beginsagain............................. 63

Figure 5.1. Properties conferred by a wax shell to aqueous capsules. A) Single
capsule with a wax shell that has a melting temperature Tm. The solute is perfectly sealed
below Tm and released above Tm. B) Multicompartment capsule (MCC) with two internal
compartments, A and B, with A having a wax shell. Below T, the contents of A are
prevented from contacting B. Raising the temperature above Trm allows the solute in A to
diffuse to the adjacent B. This enables multi-step and cascade reactions with the

Figure 5.2. Synthesis of wax-shelled capsules. A) A cold gel-bead or liquid droplet (at
5°C) is dropped into molten wax (at a temperature T > Tr, of the wax). A wax shell forms
within 5 to 20 s. The capsule is then removed using tweezers. B) Cross-sections of cut
capsules showing their average diameter (4.1 £ 0.1 mm) and shell thickness (0.7 + 0.2

Figure 5.3. Considerations during synthesis of wax-shelled capsules. A) The
temperature of the molten (liquid) wax must be above its Tm, but not too high. If the
liquid is too hot or if the gel core is incubated in the liquid for too long (> 30 s), the
wax shell formed initially will melt and disintegrate. B) Shells can be formed with
several waxy materials with varying Tm, as shown in the images (scale bars: 4 mm).
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Chapter 1

Introduction and Overview

1.1 Problem Description and Motivation

Many systems in nature exhibit “emergent” behaviors, i.e. behaviors that rely on
individual parts working together to produce an overall effect.1® The ultimate emergent
behavior is life itself — i.e., living systems ranging from multicellular organisms to single
cells are composed of numerous parts, but those parts on their own are not living
entities.> 1° For example, a single eukaryotic cell has several internal compartments
(called organelles) including the nucleus, mitochondria, and lysosomes.!! Each of these
organelles is a distinct entity, surrounded by its own membrane, and has unique internal
contents that give it a distinct role within the cell. The ability of the cell to continuously
function and reproduce depends on the cross-talk and interaction between various
organelles. However, if the organelles are removed from the cell, they would cease to
have their characteristic role, and would be no different from a container full of
molecules. In other words, the whole (cell) is greater than the sum of the parts

(organelles).® 10

A long-standing goal for scientists has been to mimic the complex behaviors seen
in nature. Thus, at the scale of a living cell, the goal is to create an abiotic container that
can exhibit some of the features of a cell. In this context, recent interest has centered

around capsules, which are spherical containers having a shell made of polymers or lipids
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and a core composed of an aqueous solution or gel. Scientists have found ways to create
multicompartment capsules (MCCs) with multiple inner compartments, mimicking the
structure in a eukaryotic cell.**' The next challenge is to induce the internal
compartments of an MCC to interact with each other, i.e., for a change in one
compartment to trigger a response in the adjacent one.'®33 One concept that has been
studied in this regard in an MCC is a cascade reaction using enzymes entrapped in
individual compartments.3* Thus, the ability of an MCC to generate a product from such

a cascade is one example of an emergent response.

Other attempts have also been made to endow capsules with a unique emergent
response, such as the property of autonomous motion or self-propulsion. Capsules that
can self-propel, called “micromotors”, have been designed.®>* They contain a catalyst in
their core, and when exposed to a chemical fuel, generate gas through a catalytic reaction.
The expulsion of the gas through one end of the capsule results in their propulsion in the
opposite direction through the liquid medium. This continues until the fuel added to the
medium is consumed. Thus, the emergent response of micromotors is their propulsion;
this is not exhibited by any of the components in the micromotor but arises due to a

chemical reaction involving the internal components.

1.2 Proposed Approach

In this dissertation, we describe the synthesis of capsules showing emergent

properties that are above and beyond the properties of their internal contents or



components. Taking a cue from the studies previously done with micromotors, we will
seek to induce the desired response by exploiting a chemical reaction that will involve the
core contents of the capsule. We have designed and created three different types of

capsules with emergent behavior, which are briefly described here.

1.2.1 Capsules Exhibiting Inflation and Core Ejection

a polymer

shell/

Gas to inflate
layer

Figure 1.1. Capsules exhibiting inflation and core ejection. The capsules have an
aqueous gelled core containing catalytic particles and a crosslinked polymer shell. When
placed in a chemical fuel, the particles catalyze a reaction that produces gas. The gas
causes the polymer shell to inflate around the core, until, ultimately, the shell ruptures.
The rupture can be abrupt and violent in some cases, which induces the core to be ejected
outward. Schematics of the inflation are shown on the left (a) and photos of the same are
shown on the right (b).

In Chapter 3, we design capsules that rapidly inflate and then burst, ejecting their
core contents. These capsules have a core of catalytic silver (Ag) particles and a
crosslinked polymer shell. When a fuel (hydrogen peroxide, H2O>) is added to water, a
catalytic reaction generates oxygen (O-) gas in the capsule. The gas causes the capsule to
inflate to about double their original size over time (Figure 1.1) until the shell finally

ruptures. The inflation extent and duration, as well as the rupture intensity can be tuned



by altering the core and shell composition. In some cases, the rupture can be abrupt and
violent, causing the core to be ejected out of the capsule. Interestingly, the capsule
inflation is reminiscent of the inflation seen in nature by creatures like the pufferfish,
which swell up to deter predators. Likewise, the violent ejection of core content is
reminiscent of the jellyfish, which shoots needles out of cells called nematocysts when

predators approach.

1.2.2 Capsules Exhibiting Pulsed-Release of Solute

Pulsed release
a b

Figure 1.2. Capsules exhibiting pulsed release of Rhodamine 6G (R6G) dye. The
capsules have an aqueous gelled core that contains catalytic silver (Ag) particles and a
crosslinked polymer shell. The capsules are additionally loaded with R6G and then
exposed to the chemical fuel, which produces Oz gas. The dye is observed to get released
rapidly from the capsule in a series of pulses, which emanate outward as concentric rings
from the capsule. A schematic of the pulsing is shown on the left (a) and a photo of the
same is shown on the right (b).



In Chapter 4, we describe another emergent property of capsules having a design
similar to those in Chapter 3. The capsules here contain both the catalytic Ag particles as
well as a solute (dye) in their core. We monitor the release of dye in the presence of the
O2-generating reaction (““active release™) or by diffusion alone (“passive release”). Active
dye release is shown to be much faster than passive release, i.e., the dye gets “pumped”
out due to the evolution of gas. More interestingly, when the dye is Rhodamine 6G
(R6G), it gets released in a series of pulses (Figure 1.2), i.e., the dye gets released for a
few seconds, then the release stops, and then the release resumes. This manifests as a
series of concentric rings of dye around the capsule. To our knowledge, such pulsed
release has never been reported in the literature. Both the number and duration of the
pulses can be tuned based on the Ag concentration and the shell properties. The reason

for this pulsed release is attributed to the binding interaction of R6G to Ag particles.



1.2.3 Thermally Triggered Emergent Behavior of Capsules
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Figure 1.3. Thermally triggered solute release from wax-shelled capsules and its
application in implementing cascade reactions. (a) A multicompartment capsule
(MCC) is shown in which the two inner capsules have an aqueous core and a wax shell.
The shell is impermeable at room temperature, but when the system is heated above the
melting temperature of the wax shell, (b) the contents in the capsule cores are released.
(c) This allows the reagents in the adjacent capsules to contact and undergo a reaction.
Schematics of the MCC, before and after triggering.

Finally, in Chapter 5, we show the use of an external trigger (temperature) to
induce emergent behavior in capsules. For this, we first coat individual capsules with an
impermeable shell made of wax. This is done by briefly immersing a cold capsule in
molten wax so that a wax shell solidifies around the capsule. This shell is impermeable
when the capsule is placed in water, but when heated, the wax melts and the contents can
diffuse out. We construct multicompartment capsules (MCCs) that have one or two wax-
shelled inner compartments (Figure 1.3). The MCCs are used to conduct cascade
reactions such as the iodine clock reaction, with the reagents stored in the compartments

and induced to interact only when the shells melt under heat. Also, an MCC with the
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chemical fuel (H202) in a compartment and Ag particles in the lumen is used to

demonstrate thermally triggered capsule inflation.

1.3 Significance of This Work

We believe this work is significant in two respects. First, in our work, we have
devised several unique kinds of capsules (such as capsules that are impermeable to gas or
to aqueous solutes) with new ways to synthesize these capsules. Our designs and
techniques are simple and inexpensive, allowing researchers to replicate this work easily.
The second, more important, aspect is the successful demonstration of emergent
properties by exploiting chemical reactions. To our knowledge, reports of capsule
exhibiting inflation, core ejection, and pulsed-release of solute are rare or non-existent in
the literature. The thermal triggering of reactions between compartmentalized solutes is
also novel. These ideas could prove useful in various contexts, including the delivery of
therapeutic molecules in the body, the controlled delivery of agrochemicals, or in the

implementation of assays using hazardous reagents.



Chapter 2

Background

2.1 Emergent Behavior in Living Systems

A Typical Eukaryotic Cell Showing Organelles B Human Body Showing Organs

A Brain
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Figure 2.1 Life as an emergent behavior of living systems. The overall system shows a
response or behavior that is not exhibited by its constituent parts. This is seen at both (a)
the level of an individual cell; and (b) the level of an organism or animal. The schematic
in (a) shows the cross-section of a parenchymal cell from a lily plant with false-color
rendering to indicate the different organelles. The schematic in (b) shows a sketch of the
human body showing some vital organs. (http://www.imaia.co.uk/human-body-diagram-
no-labels.html)

The terms “emergence” and “emergent properties” have a long history dating
back to Aristotle and the Greeks.®2 The terms are used to imply that a whole system is
greater than the sum of its parts, i.e., that the system has properties that its constituent
parts do not possess.” The ultimate emergent behavior is life itself — i.e., living systems
are composed of numerous parts, but those parts on their own do not exhibit life. For

example, a single eukaryotic cell, as shown in Figure 2.1la, has several internal



compartments (called organelles), each bounded by a lipid membrane.®*! The cell is able
to synthesize proteins and lipids, store and harvest energy, store and retrieve genetic
information, and recycle used or defective substances. Each of these tasks is
accomplished in a different organelle, and accordingly each organelle has different
internal contents. For example, lysosomes are the “recycling centers” in a cell, where
proteins are degraded, and to enable recycling, they have specific enzymes as well as a
low (acidic) pH to facilitate degradation. However, the acid and the enzymes remain

confined in the lysosome and do not pass through into the surrounding cytoplasm.

Shifting from the micro-scale to the macro-scale, the human body in another
example of emergent behavior. The body (Figure 2.1b) is composed of several organs,
each separate and distinct, serving individual functions.*® Humans breathe air through
their lungs, which bring oxygen into the bloodstream and remove carbon dioxide. The
oxygenated blood is then pumped through the body by the heart, which supplies tissues
with oxygen and nutrients. The liver then maintains the blood’s contents by degrading
fats, producing urea, and filtering out toxins. Each organ plays a critical role in keeping
the body alive and functioning. The organs cease to function when removed from the

body, and indeed, it is only the body as a whole that can be said to be a living thing.

2.2 Emergent Behavior in Abiotic Systems

Emergent behaviors are ubiquitous in the context of living systems, but there are

non-living (abiotic) systems that also exhibit emergent behavior. Examples of emergent



patterns include the fractal shapes of snowflakes, the rippled patterns of sand dunes, etc.
4 68 In the context of chemistry, the self-assembly of structures in solution by certain
molecules, e.g., of surfactants into a micelle, could also be considered as emergent
behavior.*!' 42 One emergent property that we will focus on here is autonomous motion or
self-propulsion. Over the past two decades, researchers have created a number of
microscale or nanoscale structures that can self-propel in water. 32° 43 An example is a
class of structures called “micromotors”, which were developed in our lab.®
Micromotors are anisotropic capsules (~ 200 pum in diameter) that contain a localized
patch of iron-platinum (Fe-Pt) nanoparticles on one end (Figure 2.2).** The nanoparticles
are both catalytic, due to the Pt, and magnetic, because of the Fe. When placed in a
solution containing the chemical fuel, hydrogen peroxide (H20>), the catalytic property of
Pt allows for the decomposition of H20- to oxygen (O2) gas. The gas is ejected out of the
patchy end of the micromotor in the form of bubbles, and this propels the micromotor in
the opposite direction (Figure 2.2). The motion can also be directed by the use of a
magnet. On the whole, the emergent property of self-propulsion is exhibited by the

micromotor, which in turn is due to a chemical reaction in the structure.
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Figure 2.2. Self-propulsion of micromotors in H202 solution.® Schematic of the
propulsion mechanism. The motor has a patch of FePt nanoparticles. The Pt in the
nanoparticles catalyzes the decomposition of H.O> to generate O, gas in the form of
bubbles. The bubbles are ejected from the side with the nanoparticle patch, which propels
the motor in the opposite direction. The direction of movement can be manipulated
through use of a magnet due to the magnetic Fe particles.

2.3 Capsules with Polymeric Layers

The term capsule refers to a solid, spherical object that has a shell or outer layer
that is distinct in composition (and properties) from the inner core. The preferred way to
create capsules in our lab is by the use of polyelectrolytes, i.e., charged polymers, such as
alginate (an anionic polysaccharide) and chitosan (a cationic polysaccharide). For
example, when a 2 wt% alginate solution is added dropwise into a solution of divalent
cations (such as 0.5 M CaCly), the alginate chains become crosslinked by the Ca?" ions,
and thereby the liquid drops are converted into gel-like beads (see schematic of gel
structure in Figure 2.3a).*>*8 If in addition to Ca?*, the receiving solution also contains
chitosan, the electrostatic complexation between the oppositely charged alginate and
chitosan chains at the droplet surface will lead to a shell that is distinct from the gel core,

i.e., to a capsule.*® 46 453 Dyring the formation process, any payload included with the
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alginate solution will become encapsulated in the bead/capsule. These structures
generally allow small molecules to permeate but macromolecules and nanoparticles will
remain encapsulated.® 5% 5 Note that the size of the above capsules is dictated by the
sizes of the (alginate) droplets. This can be varied over a diameter of 2 to 10 mm by
controlling the nozzle diameter using transfer pipettes or syringes. For making smaller
capsules with diameters between 100 and 1000 pm, we resort to a microfluidic setup that

uses capillary tubes with inner diameters around 50 pum.?6:%

Recently, our lab has developed a technique by which a shell of crosslinked
polymer can be grown around an alginate gel core.®® This technique is shown in Figure
2.3 and will be used extensively in this dissertation. First, the alginate gel core is loaded
with a free-radical initiator like ammonium persulfate (APS). This is subsequently
transferred to a solution of a first monomer such as N-isopropylacrylamide (NIPA), with
the solution also containing a chemical crosslinker, an accelerant, and a viscosity-
enhancing additive (xanthan gum). The APS diffuses out of the core into the monomer
solution, initiating free-radical polymerization of NIPA around the core into a distinct
layer. At this point, we have a 1-layer capsule with a crosslinked NIPA shell. Thereafter,
this capsule used as the core for the second step using a different monomer such as N,N’'-
dimethylacrylamide (DMAA). This will ultimately yield a 2-layer capsule with an inner
layer of NIPA and an outer layer of DMAA. Additional layers can be subsequently added

as desired.
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Figure 2.3. Synthesis of capsules with multiple polymeric layers.%® First, an alginate
gel core is made (a) and loaded with free-radical initiator (b). The gel is introduced into a
monomer 1 solution (along with crosslinker and accelerant) (c). Upon polymerization, a
layer of polymer 1 is formed around the gel core (d). The inset in ¢ shows that this layer
is formed by diffusion of initiator outward from the core into the monomer 1 solution.
This process is then repeated with the one-layer capsule (e), which is loaded with initiator
(F) and then contacted with monomer 2 (g). Upon polymerization, a second layer of
polymer 2 is formed (h). Scale bars are 500 pm.
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2.4 Capsules with a Wax Shell
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Figure 2.4. Fabrication and application of capsules with a wax shell. A) Fabrication
involves: (1) pouring molten wax into molds and inserting a stamp to create hollow
cavities. On cooling, a wax shell of 1 or 0.5 mm is formed. (2) Contents (liquid, solid, or
gel) can then be loaded into the cavity. (3) Additional wax is used to cap the cavity, and
upon cooling, the capsules can be detached. (4) Finally, a second sealing step is
performed by immersing the capsules into octadecane for 30 s. B) Capsules can be
fabricated from a variety of waxy materials. In each case, the capsule is able to
hermetically seal its payload (different colored food dyes) when placed in water at room
temperature. However, when the system is heated above the melting temperature of the
wax shell, the shell melts and this allows the dye to diffuse into the water.
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The capsules discussed in the previous section, including those with a shell of
crosslinked polymer (e.g., NIPA or DMAA) are all permeable to small molecules. For
example, if the capsule is loaded with a dye and then placed in water, the dye will leak
out into the water within a few hours. For many applications, it would be useful to have a
hermetic seal around the core to prevent the passage of any materials into or out of the

capsules. In recent collaborative work, we have shown that such a hermetic seal can be
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achieved using wax. Figure 2.4A shows the technique used to fabricate wax-shelled
capsules. Molten wax is poured into a 3-D printed mold and then a stamp is applied to
make a hemispherical shell of the wax. The wax shell is filled with the desired material
and sealed by pouring more molten wax onto the surface and smoothing the tops. The
shells are then separated from one another by hand before sealing the capsules with
octadecane. Several waxy materials having a range of melting temperatures can be used
to make the shell, as shown in Figure 2.4B. In all cases, the wax shells ensure that the
payloads (different colored food dyes) remain hermetically sealed when the capsules are
placed in water at room temperature. No release of dye is observed over several weeks.
However, when the samples are heated above the melting temperature of the respective
waxes, the shells melt, allowing the encapsulated dye to diffuse into the water. In
addition to dyes, the wax-shelled capsules have been shown to safely encapsulate even

hazardous reagents such as concentrated sulfuric acid.

2.5 Capsules with Multiple Internal Compartments

As noted in Section 2.1, eukaryotic cells have multiple inner compartments called
organelles.!! In an effort to mimic this structure, many research groups have reported the
creation of microscale containers that have smaller inner containers. These include
liposome-in-liposome structures (where the precursors are lipids),*3 42 57-5° polymersome-
in-polymersome structures (where amphiphilic block copolymers serve as the
precursors),?” 32 34 60,61 and capsule-in-capsule structures.*® 2% 62 Our lab has focused on

the latter, and our overall structures are referred to as “multicompartment capsules”
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(MCCs).?® The inner compartments are alginate/Ca®*/chitosan capsules, created by
electrostatic complexation, as described in Section 2.3. To create MCCs, these are
suspended in a second alginate solution. Drops of this solution, containing one or more of
the inner compartments, are passed through a larger nozzle into a chitosan/Ca?* receiving
solution (Figure 2.5), thereby forming MCCs. The payload in each inner compartment
within an overall MCC can be independently controlled. We have encapsulated
nanoparticles, macromolecules (e.g., enzymes), and even biological cells within
individual compartments of an MCC. The MCC architecture is suitable for studying

cascade reactions or processes, such as those involving enzymes or cells.
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(a) Preparation of MCCs (b) Images of MCCs with different numbers of internal compartments
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Figure 2.5. Preparation and typical images of multicompartment capsules (MCCs).?6
(@) Preparation of MCCs, using a suspension of preformed capsules in an alginate
solution as the feed through a tube. Droplets at the exit of this tube are introduced into a
reservoir solution containing chitosan and Ca?*. The droplets are thereby converted into
MCCs. (b) Optical micrographs of individual MCCs with different numbers of (identical)
internal compartments. The scale bars in the images are 100 um. (c) Optical micrographs
of a population of MCCs having either one or two (identical) internal compartments. The
compartments have a brown color because they contain magnetic FezO4 nanoparticles.
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Chapter 3

Capsules Exhibiting Inflation and Core Ejection

3.1 Introduction

The focus of this work is on aqueous capsules. The term ‘capsule’ refers to
structures with an inner core surrounded by a shell, with the core and the shell having
different composition and properties. In the present context, the cores of the capsules are
physical gels of the biopolymer, alginate. These are formed by dropwise addition of an
alginate solution into a solution of divalent cations like calcium (Ca2*).%® 48 63 We then
create a layer of chemically-crosslinked polymer gel (from the acrylamide family) around
the alginate gel core using a technique recently developed in our lab.>® This involves
soaking the gel core in an initiator solution and subsequently transferring to a monomer
solution. The initiator diffuses outward and forms a shell of crosslinked polyacrylamide
around the core. Both the core and the shell are permeable to small molecules and ions,
but impermeable to macromolecules or insoluble particles. In the work done here, we
have included silver (Ag) microparticles in the capsule core during synthesis; Ag was
chosen for its ability to catalyze the decomposition of chemicals like hydrogen peroxide

(HzOz).35

In this Chapter, we will show that our capsules exhibit the unusual phenomena of
inflation and explosion (bursting). The inflation or swelling is caused by the evolution of

a gas in the capsule core as a result of a catalyzed reaction; thus, this phenomenon is
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somewhat like the gas-induced expansion of a balloon, albeit one that is initially filled
with water. During inflation, the capsule shell (crosslinked polyacrylamide) gets stretched
due to the internal pressure, until it reaches its breaking point, whereupon it finally
ruptures. The rupture can be gentle or violent; in the latter case, the explosion is powerful
enough to eject the core contents with force. To our knowledge, these phenomena of
capsule inflation and core expulsion have not been reported previously in the literature on
capsules. There have been a couple of recent examples of capsules that spontaneously
rupture after some time when placed in water, e.g., due to the action of an enzyme inside
or outside the capsule.> However, the rupture was not violent in these cases, and the core

contents were released gently into solution.

Other examples have demonstrated capsule “explosion” due to an increase in
osmotic pressure inside of the capsules.®*"2 Dextran-hydroxyethyl methacrylate capsules
were synthesized with the incorporation of carbonate esters linking the methacrylate
groups and dextran chains. Oppositely charged polymers were added layer-by-layer to the
surface of the capsule to create an outer shell. In alkaline solutions, the ester groups are
hydrolyzed causing degradation of the internal capsule and increasing the osmotic
pressure inside of the shell. The increased osmotic pressure leads to capsule rupture
within seconds. In physiological conditions, the capsule degradation and rupture takes
weeks. This slow rupture in ambient condition shows a need for improvement in this

system.
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It is interesting to note that there are examples in nature of aquatic creatures that,
when perturbed, either inflate or eject a payload with force. The former is exhibited by
the family tetraodontidae, which include species like the pufferfish and balloonfish.”
These fish have a highly elastic stomach, which they can fill with water or even air,
causing the creature to inflate to a larger size. The inflation is a defense mechanism for
several reasons. First, predators that swallow the fish before inflation may die from
choking. Secondly, in their inflated, almost spherical form, the fish expose pointed spines
that ward off the predator. In the context of payload ejection, aquatic creatures from the
phylum cnidaria, such as jellyfish or sea anemones, are able to inject sub-micron needles
into its predators.”*8® Indeed, the jellyfish ‘sting’ experienced by swimmers in the ocean
is due to the entry of a needle through their skin. Needle injection is accomplished by
cells on the jellyfish tentacles called nematocysts (Figure 3.1A). Initially, the barbed
needle (tubule) is coiled up in the cell, but when the cell is perturbed, an osmotic gradient

(up to 150 bars) rapidly builds up and causes the needle to rapidly eject out of the cell.”*

83
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Figure 3.1. Analogy between the response of nematocysts and of the capsules in this
study. A) The nematocysts are specialized cells in jellyfish that have a barbed tubule
(needle) in a coiled state in their sacs. When perturbed, a high osmotic pressure rapidly
builds up in the sac, and this causes the tubule to rapidly eject with force into the body of
a predator. B) The capsules in this study have a gel core and a polymer shell. An internal
reaction in the core results in the evolution of gas, and the resulting pressure stretches the
shell and inflates the capsule. Ultimately, the shell bursts, and this can be a violent
explosion, inducing the core to be ejected with force.

Here, we show that it is possible to control the inflation and rupture of capsules,
including their extent of inflation, the time until rupture, and the intensity of rupture. In
the case of violent rupture (which results in core ejection), an analogy can be made to the
behavior of the nematocysts, as indicated in Figure 3.1. We believe the ability to emulate
a natural phenomenon in itself makes this study interesting. In addition, such inflating
capsules could prove useful in delivery applications where a large payload of drug or
other chemical has to be delivered in a single, large dose or bolus.”* 8 Future designs of

soft robots may also use the core ejection strategy to defend against predators.
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3.2 Experimental

Materials. The monomers N,N’-dimethylacrylamide (DMAA), acrylamide (AAm), and
N-isopropylacrylamide (NIPA), and the accelerant, N,N,N’,N’-tetramethylethylene-
diamine (TEMED) were from TCIl America. Hydrogen peroxide (30% solution) was
purchased from BDH Chemicals and glacial acetic acid from Fisher Scientific. Sodium
bicarbonate powder and calcium carbonate powder (10 um) were from J.T. Baker. All
other chemicals were from Sigma-Aldrich. Two biopolymers were used: alginate, i.e.,
medium viscosity alginic acid, sodium salt from brown algae and xanthan gum (from
Xanthomonas campestris). Other chemicals included N,N’ methylenebis(acrylamide)
(BI1S), calcium chloride dihydrate (CaCl) salt, ammonium persulfate (APS), and silver
(Ag) microparticles (average size of 2 — 3.5 pum). Deionized (DI) water was used in all

experiments.

Preparation of Ag-containing alginate gel beads. Ag microparticles of varying
concentrations were suspended in a 2 wt% alginate solution in DI water; standard Ag
concentration was 2 wt% unless otherwise stated. This solution was sonicated for a
minute to break up any particle clumps and suspend the particles in solution. The solution
was immediately loaded into a syringe while the particles where suspended and added
dropwise to the reservoir solution containing 0.5 M of CaCl; in dionized water. The Ca?*
ions crosslink the alginate chains, thus converting the droplet into a gelled bead, as shown
in Figure 3.2A. The size of the droplets, which was also the size of the beads, could be

altered by changing the diameter of the nozzle at the end of the syringe. Typically, the
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bead size was 4 — 5 mm using a 22G needle attached to a syringe. After 20 min of
incubation in the reservoir solution, the alginate beads, with Ag particles in them, were

washed and stored in DI water.

Preparation of capsules with a chemically crosslinked polymer layer. The Ag-
containing alginate beads were used as the core template for the formation of capsules.
The cores were soaked in a 15 mg/mL solution of the initiator APS for 2 min (see Figure
3.2B). The APS-loaded cores were transferred to a second solution containing monomer,
crosslinker (BIS), the accelerant (TEMED), and xanthan gum (Figure 3.2C). The
monomer concentrations were kept at 1 M and the BIS concentration was varied; unless
otherwise stated, BIS concentrations were 2.2 mol% with respect to the monomer. The
solution also contained 1.5 mg/mL TEMED and 0.5 — 0.75 wt% xanthan gum. TEMED is
an accelerant that allows the polymerization to proceed at room temperature and the
xanthan gum increases the solution viscosity so that the cores remain suspended during
the process. Polymerizations were conducted at room temperature for 15 min. The result
of the polymerization was a layer of chemically crosslinked polymer (DMAA, NIPA, or
AAm) around the alginate cores, as shown in Figure 3.2D. The capsules thus formed

were washed and stored in DI water.

Preparation of capsules with a chemically crosslinked polymer layer. To create a
multiple polymer layers, the process mentioned above was repeated using the 1-layered
capsule as the template. A layered capsule was placed in the APS solution for 2 min then

transferred to a monomer solution. The polymerization was allowed to proceed at room
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temperature for 15 min. The now 2-layered capsule was removed and washed with DI

water. This 2-layered capsule can now be used a the template if another layer is desired.

Preparation of CaCOs- and NaHCOs-containing alginate gel beads. Two separate
solutions were made of CaCO3z powder and NaHCO3 powder (5 wt%) in a 2 wt% alginate
solution in DI water. CaCOs is insoluble in water and was stirred to create a
homogeneous solution. NaHCOz is soluble in water but was added above its solubility
concentration so the solution appears turbid. The solutions were loaded separately into
syringes and added dropwise to a reservoir solution containing 0.5 M of CaCl; in DI
water. The Ca?* ions crosslink the alginate chains, thus converting the droplet into a
gelled bead, as shown in Figure 3.2A. The size of the droplets, which was also the size of
the beads, could be altered by changing the diameter of the nozzle at the end of the
syringe. Typically, the bead size was 4 mm using a 22G needle attached to a syringe.
After 20 min of incubation in the reservoir solution, the alginate beads containing CaCO3

or NaHCOs were washed and used as a template for layered capsules.

Synthesis of NIPA gel control. Two solutions were made — the first being the monomer
solution and the second containing our initiator. The monomer solution contained 1 mol
NIPA, 2.2 mol% crosslinker (BIS) with respect to the monomer, 0.15 g TEMED, 2 wt%
Ag, and 6 g DI water. In the initiator solution was 0.15g APS in 3 g water. Both solutions
were cooled to 5 °C. In a petri dish, the two solutions were mixed together and let sit. The
polymerization occurred immediately. A small section of the gel was cut (~10mm) and

placed in H20..
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Synthesis of rheology gels. The gels used for rheology were synthesized in a petri dish
and cut to size, a circle 20 mm in diameter and 4 mm thick. For each gel, two solutions
were made — the first being the monomer solution and the second containing our initiator.
The monomer solution contained 1 mol monomer (either NIPA, DMAA, or AAm), 2.2
mol% crosslinker (BIS) with respect to the monomer, 0.15 g TEMED, 2 wt% Ag, and 6 g
DI water. In the initiator solution was 0.15g APS in 3 g water. Both solutions were
cooled to 5 °C. In a petri dish, the two solutions were mixed together and let sit. The
polymerization occurred immediately. In the case of NIPA, gels with varying amounts of

BIS (2.2, 4.4, and 8.8 mol%) were synthesized.

Optical microscopy. Bright field images of capsules were captured with a Zeiss
Axiovert 135 TV microscope. Images were taken using a x2.5 objective. In some cases,
the microscopy was performed with slight under-focus, which helped to clearly define the

outlines of the layers and/or the overall capsule.

High-speed capsule videos. To observe the dynamics of the capsule when exposed to the
H20> solution, a Vision Research Phantom Miro M110 high-speed color camera was
used to record videos at 600 frames per second (1666 us exposure, f/2.8). Videos were
limited to 30 — 45 s due to high frame rate. Lighting of the scene was supplemented with
an external LED source. Images presented have been post-processed in Vision Research
PCC 2.8 to correct lighting and coloring of the original videos. All other videos were

taken on an iPhone 5SE and edited using MovieMaker.
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Rheological studies. All rheological experiments were run on an AR 2000 rheometer
(TA instruments) at 25°C and 50°C using a parallel plate geometry (20 mm in diameter).
For the oscillatory shear (dynamic rheology) experiments, gel samples were cut into discs
of diameter 20 mm and thickness 4 mm. The linear viscoelastic region of each sample
was obtained by stress-sweep experiments, and a strain within this region (typically 1%)

was used to run the frequency-sweep experiments.
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3.3 Results and Discussion

3.3.1 Synthesis of Inflating Capsules

alginate with
Ag particles
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Figure 3.2. Synthesis of inflating capsules. A) An alginate solution with suspended Ag
particles is dropped from a syringe into a CaCl> solution. The droplet is instantaneously
converted into a gelled bead. The Ag-containing bead is used as a core template. B) The
core is incubated in an initiator solution C) Then, it is placed in a solution of monomer
(acrylamide derivative), crosslinker, and accelerant. D) Upon polymerization, a layer of
chemically-crosslinked polymer gel is formed around the capsule. A microscope image of
the capsule is shown in the inset. Scale bar: 1 mm.

The procedure for synthesizing capsules in this study is shown schematically in
Figure 3.2. First, we create core particles by contacting the anionic biopolymer, sodium
alginate, with divalent cations like Ca?*. A 2 wt% alginate solution is mixed with 2 wt%
of silver microparticles (~ 2 — 3.5 um in diameter) and this slurry is added dropwise into

a reservoir containing 0.5 M CaCl> (Figure 3.2A). The droplet is converted into a gelled
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bead due to crosslinking of alginate chains by Ca?* ions. Ag microparticles (UP) are
immobilized in the bead. We chose Ag for its ability to catalyze the decomposition of
H20; (see below). Next, we employ an “inside-out” technique previously devised by our
lab to create a layer of chemically-crosslinked polymer gel around the alginate core. For
this, the bead is loaded with a free-radical initiator (ammonium persulfate, APS) and then
transferred to a solution containing monomer (NIPA or DMAA or AAm) and crosslinker
(BIS). Within a few minutes, a polymer layer (chemical gel) grows outward from the core
and results in a capsule with a distinct layer or shell (Figure 3.2D). To create a second

polymer layer, the process is repeated using the 1-layered capsule as the core template.

3.3.2 Crosslinked Polymer Layer Required for Inflation

When the above Ag-containing aqueous capsule is placed in a solution of H203,
the H20> is able to diffuse through the capsule shell and contact the Ag pPs. The Ag
catalyzes the decomposition of H>O> into water and oxygen (O2) gas. The interesting
result we then observe is that the capsule inflates due to the gas generated (Figure 3.3C).
We will discuss the inflation in detail below. However, it is important to note that
inflation is seen only for capsules that have the crosslinked polymer layer surrounding the
alginate gel core. For comparison, consider the case of an alginate bead with Ag pPs in
its core (Figure 3.3A). In this case, when the bead is placed in a solution of H20,, the O
gas is released into the surrounding solution in the form of bubbles. Thus, no inflation of
the bead occurs. We also made a gel of NIPA containing the same Ag pPs. When placed

in H202, once again O gas is produced, but it does not remain within the gel; rather it is
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again released into the surrounding solution in the form of bubbles (Figure 3.3B). Thus,
the scenario of inflation is seen only when there is a distinct core (alginate gel containing
Ag) and a chemically crosslinked shell. We will show that in this case, the generated gas
occupies a space between the core and the shell, which is why it is able to cause inflation

of the shell.

Alg-Ca?*
core with

Polymer shell and
Alg-Ca?* core with

Polymer| |C.
“ ... gelwith

Figure 3.3. Images demonstrating that capsules inflate but beads, gels do not. In
all cases, the structures have 2 wt% Ag HPs inside and are placed in a solution of 30%
H202. The Ag catalyzes the decomposition of H20. into O> gas. A) Alginate gel-
beads generate the O2 in the form of bubbles, which surround the bead in the external
solution. No inflation is seen. B) NIPA gels also produce Oz bubbles in the
surrounding solution. Again, no inflation is seen. C) Capsules with an alginate core
and a NIPA shell inflate due to the O generated in the core. Scale bars: 3 mm.

3.3.3 Capsule Inflation and Rupture: Different Modes

We have studied capsule inflation using three different polymer shells: NIPA,
AAm, and DMAA. In all cases, the core was the same alginate gel containing Ag
particles (2 wt%) and all capsules were placed in 30% H2O unless otherwise stated. The

core size was about 4 to 5 mm and the shell thickness was about 0.5 mm. All shells were
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synthesized with 1 M monomer, 2.2 mol% BIS with respect to the monomer, 1.5
mg/mL TEMED, 0.5 wt% xanthan gum, and 0.015g/mL APS. For these three cases, we
find three different modes of behavior when the capsule is placed in a H2O> solution, as

shown in Figures 3.4 to 3.6.
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Figure 3.4. Inflation and rupture of a capsule with a NIPA shell: A) Initial capsule
in 30% H20,. B) Capsule inflates, increasing linearly in size until rupture. C) Capsule
ruptures rapidly, and the Ag-loaded core is ejected with some force from the shell.
Scale bars: 3 mm.
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Figure 3.5. Inflation and rupture of a capsule with an AAm shell: A) Initial
capsule in 30% H20.. B) Capsule inflates, increasing in size until rupture. C) Capsule
undergoes a gentle rupture, and the core remains inside the broken shell. Scale bars: 3
mm.
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Figure 3.6. Inflation and rupture of a capsule with a DMAA shell: A) Initial
capsule in 30% H20.. B) Capsule inflates, increasing in size until rupture. C) Capsule
ruptures violently, and the Ag-loaded core is ejected with force far from the shell.
Scale bars: 3 mm.
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The data presented in Figures 3.4 to 3.6 is for the capsule size [diameter] as a
function of time. The capsule is placed in the H20: solution at t = 0. Sizes at discrete time
points thereafter were extracted by analyzing still images from a recorded movie of the
entire process. In all three cases, there is a lag period over the first 50 to 100 s when the
capsule size is unaffected as H.O: is diffusing into the capsule. Once the reaction
begins, the capsule begins to inflate, i.e., increase uniformly in size in all directions.
This increase is roughly linear in time, which is especially evident in the case of the
NIPA shell (Figure 3.4). In all cases, the inflation for 100 to 200 s, but ultimately the
shell ruptures. Once the rupture occurs, the gas escapes and the size drops to the original
one. The data point for size after rupture in the above graphs is the size of the outer

envelope (shell) that is left behind.

The key differences between the three shells is in the manner of rupture. The
capsule with the AAm shell has the most gentle rupture (Figure 3.5). In this case,
when the shell ruptures, the core remains inside the broken shell. The NIPA-shell
capsule, on the other hand, ruptures rapidly with enough force that the core is ejected
from the shell (Figure 3.4). The rupture of the DMAA-shell capsule is the most
violent; in this case, the shell breaks into two halves and the core is ejected with
force. If the experiment is done in a Petri dish, the core typically shoots into the air

and out of the Petri dish.
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In the above cases, the shells were made using a monomer concentration of
1 M and a crosslinker:monomer ratio of 2.2 mol%. Thus, we expect the three shells to
be polymer networks with similar crosslinking densities. Nevertheless, rheological
studies on the three polymer gels corresponding to the shell compositions show
appreciable differences. All these gels were prepared independently as disks (see
Experimental Section) and tested on a rheometer. The gels showed the expected solid-
like rheology (frequency-independent elastic G’ and viscous G” moduli), and can be
therefore characterized by their elastic modulus G’, which is a measure of the gel
stiffness. The G’ of the DMAA gel was 9800 Pa, which was about 10 times that of the
AAm gel (1100 Pa), and the corresponding value for the NIPA gel was intermediate
at 7900 Pa. Thus, the violent-rupture mode corresponds to the stiffest polymer shell

(DMAA).

3.3.4 Controlling Capsule Inflation and Rupture

We tested the effects of several variables on capsule inflation and rupture. To
characterize inflation, we measured the size increase (%), i.e., the difference between the
maximum size reached by the capsule upon inflation compared to its original size. To
characterize rupture, we measured the rupture time, i.e., the time it takes for the capsule

to rupture (with t = 0 being the instant when the capsule is contacted with H20>).
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Figure 3.7. Effect of crosslinker concentration on capsule inflation and rupture.
Capsules with NIPA shells and 15% Ag in the core were made with different mol% of
BIS crosslinker relative to monomer. Data for rupture time and size increase (%)
against BIS mol% are plotted in (A) (the error bars are standard deviations calculated
from multiple measurements). Photos of the different capsules are provided in (B)
(scale bars: 3 mm). The results reveal that as BIS mol% is increased, the capsules
inflate less and rupture faster.

One variable that has a significant effect is the amount of crosslinker (BIS) used
during synthesis. We tested this with NIPA as the monomer at a concentration of 1 M.
Photos of these capsules before and after inflation, and data for the size increase (%) and
rupture time are shown in Figure 3.7. All capsules had 2 wt% Ag in the core and were
studied in 30 wt% H20.. The capsules with the lowest BIS (2.2 mol%) inflate the most
(240% size increase) and take the longest (150 s) to rupture. Increasing the BIS causes a
monotonic decrease in both these parameters. We also studied the rheology of NIPA gels
corresponding to the three BIS concentrations tested. As expected, the elastic modulus G’

increased monotonically with increasing BIS (from 7900 Pa for 2.2 mol% BIS to

11000 Pa for 8.8 mol% BIS). This confirms that increasing BIS makes the polymer
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gel stiffer, which is due to the increase in crosslink density. Thus, our finding in
regard to capsule inflation is that the stiffer the shell (meaning the less it will stretch),
the lower the extent of inflation. Conversely, the stiffer the shell, the easier it will

rupture, i.e., the more it will be fragile or brittle.
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Figure 3.8. Effects of Ag concentration in the core (A) and H202 concentration in
the solution (B) on capsule rupture time. Capsules with NIPA shells crosslinked
with 2.2 mol% of BIS were used for these tests. For the tests in (A), capsules were
placed in 30 wt% H.0O». Photos of capsules with different Ag loadings (0.2 wt% — 20
wt%) after rupture are shown in the insets to (A). From left to right: 1 wt%, 7 wt%, 20
wt% Ag. For the tests in (B), the Ag loading in the capsules was kept constant at 10
wt% and H>0. concentration in the surrounding solution was varied from 2.5% -
30%. The error bars are standard deviations calculated from multiple measurements.

Other important variables are the concentration of Ag particles in the capsule
core and the concentration of H2O> in the solution. These were tested for capsules

with a shell of NIPA (1 M) crosslinked with 2.2 mol% BIS. The Ag and H20>

concentrations had no discernible effect on the extent of inflation, but both caused a
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decrease in the rupture time. Both these variables increase the rate at which O gas is
produced and thereby the concentration of gas at any instant of time. With increased

gas, the NIPA shell will be stretched to its breaking point in a shorter time.
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Figure 3.9. Effect of the number of layers on capsule inflation and rupture.
Capsules were made with 1, 2, or 3 identical layers (see photos, scale bars 1 mm) of
NIPA crosslinked with 2.2 mol% of BIS. All capsules had 2 wt% Ag in the core and
were placed in 30 wt% H20- for these measurements. Plots are shown for the rupture
time (A) and size increase (%) (B) vs. the number of layers. The error bars are
standard deviations calculated from multiple measurements.

One other variable we have investigated is the capsule structure itself, i.e.,
whether the capsule has a single layer or more layers. For this case, capsules with
identical NIPA-BIS layers (1, 2, or 3) were made (Figure 3.9), with each layer being

about 500 um in thickness. All capsules had identical cores loaded with 2 wt% Ag and
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were placed in 30 wt% H»O,. The data in Figure 3.9 show that, as the number of layers
increases, the capsules take longer to rupture and their inflation is slightly reduced. With
regard to the rupture, this is observed in all shells of 2- and 3-layer capsules, not just the
outer shell alone. But, while the 1-layer NIPA capsule ejects its core during rupture
(Figure 3.4), the core of the 3-layer NIPA capsule remains together with the punctured

shells.

Figure 3.10. Stills from a high-speed video of capsule inflation showing the
formation of a gap between the core and shell. The experiment designed for a 30-
45 s time-frame due to camera limitations. Capsule was chosen for fast rupture and
low inflation to keep capsule in focus during inflation. Capsule contains 7 wt% Ag in
its core and a shell of DMAA. A) Initially, the shell and core of the capsule are in
close contact. B) When the capsule is in 30% H202, bubbles of O, gas are seen to
form, and these collect in a gap between the shell and the core. C) As more gas is
produced, this gap widens, and the shell is thereby stretched. This expansion (i.e.,
capsule inflation) continues until the shell ruptures. Scale bars: 1 mm.

3.3.5 Why Do Capsule Inflation and Rupture Occur?

To further understand the phenomena of inflation and rupture, we examined
the process using a high-speed camera. Stills from the corresponding movie at the

onset of inflation are particularly revealing and are shown in Figure 3.10. The key
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insight is regarding the nature of the interface between the core (alginate gel) and the
shell (DMAA or other gel) during the “inside-out” polymerization used to synthesize
the capsule (Figure 3.2). We infer that the core and shell are discrete layers that are
only weakly adhered together by physical bonds. Consequently, as the O2 gas is
produced, the gas bubbles are able to collect between the core and the shell, creating a
gap zone (Figure 3.10B). That is, the path of least resistance for the gas is to fall into
the gap between two aqueous layers (rather than diffusing through the polymer shell
and out into the external solution). As the gas continues to evolve, this gap widens. In
the process, the pressure exerted by the gas stretches the segments of the polymer

network present in the shell, i.e., inflates the capsule (Figure 3.10C).

The above aspects are shown in the schematics in Figure 3.11. Initially (Figure
3.11A), the segments between adjacent crosslinks in the shell-network are loose and
unstretched. When the gas is produced due to the catalytic reaction in the core, we
suggest that the gas bubbles create a gap between the core and the shell (Figure
3.11B). As this gap widens, the segments in the shell-network will become stretched
significantly due to the gas pressure. This stretching cannot continue indefinitely. At
some point, the stress in the shell will become so high that it will exceed the yield
stress or stress-at-break of the network. When this point is reached, the shell will
rupture. The retraction force when the stretching of the shell is suddenly released will
be proportional to the elastic modulus of the network (much like the spring constant

of a spring). This retraction force is responsible for core ejection. Thus, a stiffer
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network will experience a more violent ejection, which is consistent with our

findings.

Figure 3.11. Mechanism for capsule inflation and rupture. A) Before inflation, the
capsule shell is a polymer network in which the segments between crosslinks are
loose and unstretched. The shell and core are weakly adhered. B) When gas is
produced, it collects in a gap between the core and shell. The gas pressure stretches
the segments in the shell-network. C) When the stress in the shell becomes too high,
it ruptures, causing the core to be ejected out.

3.3.6 Other Ways to Inflate the Capsule

So far, we have shown capsule inflation using O- produced by the Ag-catalyzed
decomposition of H20.. We have also investigated other gas-producing reactions to
utilize for capsule inflation. For example, instead of a catalyst, we can use insoluble
particles of calcium carbonate (CaCOg) in the core of our capsules. The particles (10 um
in diameter) were again added to the alginate solution in the first step of the capsule
synthesis. When the capsule is placed in a solution of glacial acetic acid (CH3COOQOH), a
reaction occurs that generates carbon dioxide (CO>) gas. Figure 3.12B shows that this is

sufficient to inflate the capsule to 78% of the original capsule size. 5 wt% CaCOs was not
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enough to cause the capsule to rupture but capsules with 10 wt% CaCO3z produced
enough CO- to rupture the capsule shell.

We can also use a water-soluble reagent like sodium bicarbonate (NaHCO3)
instead of CaCOs. In this case, we added 5 wt% NaHCOs to the alginate solution in the
first step of the capsule synthesis. 5 wt% is above the solubility of NaHCOs3 in water so
the capsule appears turbid. When the corresponding capsule is placed in acetic acid
(CH3COOH), the reaction between the soluble moieties again generates CO. gas, which
is again enough to inflate the capsule. In this case, the capsule only inflates to 24% of the
original capsule size with not enough CO; produced to rupture the capsule. This capsule
most likely inflates less due to some diffusion of the soluble catalyst out of the core
during synthesis. Note that the NaHCO3z and CaCOs will be used up by the reaction,

unlike in the case of the catalyst.

A. Catalyst B. Insoluble reactant C. Soluble reactant

CH,COOH

NaHCO,

Figure 3.12. Capsule inflation by three ways. In all cases, the capsule shells were
formed by NIPA crosslinked with BIS. A) Inflation using a catalyst: the core has 2 wt%
Ag and the capsule is placed in 30 wt% H20.. The capsule inflates due to Oz gas
production. B) Inflation using an insoluble reactant: The core has 5 wt% CaCOs particles
and the capsule is placed in CH3COOQOH. The capsule inflates due to the formation of CO..
C) Inflation using a soluble reactant: The core has 5 wt% NaHCOs (a soluble reagent)
and the capsule is again placed in CH3COOH. Inflation is again due to CO». Scale bars:
3 mm.
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3.4 Conclusions

We have demonstrated a design for capsules that undergo inflation to more than
twice their original size when placed in a chemical fuel (H202). The capsules have a
gelled core (alginate-Ca®*) loaded with catalytic (Ag) nanoparticles, and a shell
composed of a chemically crosslinked polymer (NIPA or DMAA or AAm). Inflation
occurs because the Ag catalyzes the decomposition of H2O; into Oz gas, which collects in
a zone between the core and the shell; the resulting gas pressure causes the shell to
stretch. As the capsule inflates, the chain segments in the shell are stretched more until a
point is reached when further stretching is not possible. At this point, the shell ruptures.
Shells that are more densely crosslinked rupture in a shorter time. Three rupture modes
are documented: gentle, moderate, and violent. The latter involves the core being
forcefully ejected out of the shell in a manner similar to the ejection of needles out of
nematocyst cells present on jellyfish. Finally, we have shown that capsule inflation is

possible using other reactions that generate other gases, such as CO..
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Chapter 4

Capsules Exhibiting Pulsed Release of Solute

4.1 Introduction

In this Chapter, we use the same capsule design as in Chapter 3, but in a different
context. To briefly recap, our capsules have an alginate core containing silver (Ag)
particles. The core is surrounded by a chemically-crosslinked shell of an acrylamide
polymer. When this capsule is placed in hydrogen peroxide (H20z), the Ag particles
catalyze the decomposition of H>O> into oxygen (O2) gas, which causes the capsule to
inflate and then burst.> 3% 438587 Here the focus is not on inflation, but on the release of
solutes contained in the capsule. Solute release is an important application for capsules,
with solutes of interest ranging from small-molecule drugs to biomacromolecules
(enzymes or nucleotides) to cosmetic ingredients to agrochemicals.®® 88 & Typically, the
release of solutes from capsules occurs by molecular diffusion. If the solute is much
smaller than the mesh size of the capsule shell, the molecules will be able to readily
diffuse out of the capsule. This is the case for the capsules studied here. As a model for
small-molecule solutes, we use hydrophilic dyes such as basic fuchsin and rhodamine 6G

(R6G).

When an aqueous capsule loaded with a hydrophilic solute is placed in a bath of
water and there is no convection (stirring), then the only way for the solute to be released

is by passive diffusion. This is shown in Figure la for our capsule loaded with basic
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fuchsin dye. The capsule is placed in water at t = 0, and at a time t = 40 s, we observe a
ring of pink color around the central capsule, indicating that the dye has diffused out into
the solution. The outer boundary of this ring is at a distance of ~ 5 mm from the capsule
surface, and this is an estimate of how far the diffusion has occurred in the time tested
(i.e., of the diffusivity of the solute). As time progresses, the pink ring moves outward

indicating that the dye has diffused further from the capsule.

Modes of solute release:

a. Passive diffusion b. Active continuous release| c. Active pulsed release

Capsule loaded with Capsule loaded with Capsule loaded with
Basic Fuschin Basic F i Rhodamine 6G

In H,0, —

Figure 4.1. Modes of solute release: a) passive diffusion; b) active continuous
release; and c) active pulsed release. All capsules have an alginate core containing 2%
Ag and a shell of crosslinked N,N’-dimethylacrylamide (DMAA). In each case, the
capsules are loaded with a 2.4 wt% dye solution. a) Passive diffusion: a capsule with
basic fuchsin dye is placed in water at t = 0. The dye diffuses out of the capsule, forming
a ring that extends to a distance of ~ 5 mm in the image taken at 40 s. b) Active
continuous release: a capsule with basic fuchsin dye is placed in 30% H20, att = 0. The
dye is released at a higher rate, with the ring extending to a distance of ~ 11 mm in the
image taken at 40 s. c) Active pulsed release: a capsule loaded with rhodamine 6G is
placed in 30% H.O: at t = 40. The dye is released in a series of periodic pulses, as shown
by the image taken at 150 s. Scale bars: 6 mm.
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An interesting question is whether it is possible for a capsule (or gel) to release
solute at a rate faster than diffusion (in the absence of convection). To our knowledge,
the only study that has shown such results was one conducted by Sen et al., which studied
solute release from a gel while an enzymatic reaction was going on in the gel.*® That is,
the gel contained both an enzyme and a dye (solute) while the substrate for the enzyme
was in the solution. The authors showed that the rate of solute release was faster when the
enzyme was reacting with the substrate. This was interpreted to imply that the enzyme
was serving as a “micropump” and actively pumping out the solute. Here, we see a
similar release mode for solute in the presence of the Ag-catalyzed reaction. The capsule
in this case is loaded with the same concentration of basic fuchsin dye as in Figure 4.1a
and placed in a solution of 30 wt% H.O> (Figure 4.1b). We find that the dye is released
much faster than in Figure 4.1a, i.e., the ring of dye in Figure 4.1b at t = 40 s extends up
to a distance of ~ 11 mm, which is twice as far as in the case of simple diffusion. This
mode of solute release is termed “active continuous release” and is intriguing in its own

right. It is only exhibited while the catalytic reaction is taking place in the capsule core.

An even more unusual case is observed when the dye in the capsule is R6G.
When the capsule is placed in 30 wt% H202 (Figure 4.1c), we find that the dye appears to
be “pumped out” of the capsule in a series of pulses. In a movie of this process, the
capsule appears like a beating heart — concentric rings of dye move outward from the
capsule in a periodic fashion. The periodic rings can be clearly seen in Figure 4.1c, which
was taken at a time t = 40 s. We term this mode “active pulsed release”, and it will be the

focus of this study. To our knowledge, such behavior has not been reported before in the
a4



literature. We document the conditions under which pulsed release occurs and then

analyze the reasons why it occurs only with R6G.
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4.2 Experimental

Materials. The monomers N,N’-dimethylacrylamide (DMAA), acrylamide (AAm), and
N-isopropylacrylamide (NIPA), and the accelerant, N,N,N’,N’-tetramethylethylene-
diamine (TEMED) were from TCIl America. Hydrogen peroxide (30% solution) was
purchased from BDH Chemicals and glacial acetic acid from Fisher Scientific. Calcium
carbonate (10 pum) was from J.T. Baker. Nigrosin and Aniline Blue were purchased from
Matheson, Coleman & Bell, Methyl Violet from Harleco, Safranin from Alfa Aesar,
Malachite Green from Pfaltz and Bauer, Inc. and Basic Fuchsin from Allied Chemicals.
All other chemicals were from Sigma-Aldrich. Two biopolymers were used: alginate, i.e.,
medium viscosity alginic acid, sodium salt from brown algae and xanthan gum (from
Xanthomonas campestris). Dyes included: Rhodamine 6G, Rhodamine B,
Sulforhodamine, Brilliant Yellow, Calcein, Methylene Blue, and Indigo Carmine. Other
chemicals included N,N’ methylenebis(acrylamide) (BIS), calcium chloride dihydrate
(CaClz) salt, sodium chloride, ammonium persulfate (APS), and silver (Ag)
microparticles (average size of 2 — 3.5 um). Deionized (DI) water was used in all

experiments.

Preparation of Ag-containing alginate gel beads. Ag microparticles at a concentration
of 2 wt% were suspended in a 2 wt% alginate solution in DI water. This solution was
sonicated for a minute to break up any particle clumps and suspend the particles in
solution. The solution was immediately loaded into a syringe while the particles where

suspended and added dropwise to a reservoir solution containing 0.5 M of CaCl, in DI
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water. The Ca?* ions crosslink the alginate chains, thus converting the droplet into a
gelled bead. The size of the droplets, which was also the size of the beads, could be
altered by changing the diameter of the nozzle at the end of the syringe. Typically, the
bead size was 4 — 5 mm. After 20 min of incubation in the reservoir solution, the Ag-

loaded alginate beads were washed and stored in DI water.

Preparation of capsules with a chemically crosslinked polymer layer. The Ag-
containing alginate beads were used as the core template for the formation of capsules.
The cores were soaked in a 15 mg/mL solution of the initiator APS for 2 min. The APS-
loaded cores were transferred to a second solution containing monomer, crosslinker
(BIS), the accelerant (TEMED), and xanthan gum. The monomer concentrations were
kept at 1 M and the BIS concentration was varied; standard BIS concentrations were 2.2
mol% with respect to the monomer. The solution also contained 1.5 mg/mL TEMED and
0.5 — 0.75 wt% xanthan gum. TEMED is an accelerant that allows the polymerization to
proceed at room temperature and the xanthan gum increases the solution viscosity so that
the cores remain suspended during the process. Polymerizations were conducted at room
temperature for 15 min. The result of the polymerization was a layer of chemically
crosslinked polymer (DMAA, NIPA, or AAm) around the alginate cores. The capsules

thus formed were washed and stored in DI water.

Solute-release experiments. The above capsules were loaded with solute (dye) by
placing in a solution at 2.4 wt% dye in DI water for 12 h. The capsules were then rinsed

with DI water before placing in 30% H20.. The entire experiment was captured on video
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using an iPhone 5SE or a Samsung Galaxy Note 5. Ambient sunlight was used as the

lighting source for the video.

Video analysis. Videos involving pulsed release were analyzed usingacomputer
program written in the Python programming language. First, the video was uploaded to
the program and resized to make the video smaller and faster to analyze. Next, the video
was denoised using the Open Source Computer Vision Library (OpenCV). The denoising
removes any background noise or camera flicker in the video. The parameter controlling
filter strength, h, was set to 5 to minimize background noise while still tracking small
pulses from the capsule. Next, the program isolated the part of the video where change is
taking place by monitoring the pixels. Each pixel is stored as a set of RGB values
representing the color seen in the video. As the video progresses, the pixels are tracked
frame by frame (30 frames per second) to see if the pixel changes color value. Initially,
the pixels should be white since our background is white. As the capsule pulses, some of
the pixels become pink or red due to the dye released during the pulse. The program was
set to only recognize changes with a 2% or greater change in pixel color value, which
struck a good balance of filtering out background noise while still tracking the pulsing.
The program records how much each frame differs from the previous frame in terms of
total RGB values. Tracking the pixel change gives insight into how far the pulse spans,
how rapidly the pulse occurs, and how frequently the pulses happen. Using this data, a
graph was generated plotting time versus the change in pixel color values. The graph

shows a visual representation of the capsule pulsing.
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Video of capsule b. Corresponding
pulsing change in pixel value

Figure 4.2. Video analysis of capsule pulsing: This example shows a capsule having an
alginate core with 10% Ag and a shell of DMAA loaded with R6G and placed in H.Ox.
As the capsule pulses, the program monitors the pixel change frame by frame (30 frames
per second). Each pixel is stored as an RGB value and if that value increases more than
2% in the following frame, we count it as a pixel change. Here we are showing side by
side images of what we see during the pulsing process (a) and a visualization of what the
program is seeing (b) If the pixel color changes more than 2% from previous frame, the
pixel is illuminated to visualize where the pulsing is happening. Scale bar: 6 mm.

Optical microscopy. Bright field images of capsules were captured with a Zeiss
Axiovert 135 TV microscope. Images were taken using a x2.5 objective. In some cases,
the microscopy was performed with slight under-focus, which helped to clearly define the

outlines of the layers and/or the overall capsule.
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4.3 Results and Discussion

4.3.1 Synthesis of Capsules for Solute-Release Experiments

/

N alginate with
, Ag particles

‘ Ag (s) !
Hy0,() — H,0(1) + 0,(9)

A. D.
CaCl, grow polymer load with place in
solution layer dye H,0,

Figure 4.3. Synthesis of capsules loaded with solute (dye). A) A 2 wt% alginate
solution with suspended Ag particles is dropped into a 0.5 M CaCl: solution. The droplet
is instantaneously converted into a gelled bead. The Ag-containing bead is used as a core
template. B) A shell of crosslinked acrylamide polymer (NIPA or DMAA or AAm) is
grown around the gelled core to form a capsule. C) The capsule is then placed in a 2.4
wit% dye solution for 12 h to load it with dye. D) The dye-loaded capsule is placed in a
30% H20> solution at t = 0, and dye release is monitored. During the release process, the
Ag particles in the capsule core catalyze the decomposition of H>O> to create O> and
H20. Scale bar: 1 mm.

The procedure for synthesizing capsules in this study is largely identical to that in
Chapter 3 and is shown schematically in Figure 4.2. First, we create core particles by
contacting the anionic biopolymer, sodium alginate, with divalent Ca%*. A 2 wt% alginate
solution is mixed with 2 wt% of Ag particles and this slurry is added dropwise into a

reservoir containing 0.5 M CaCl> (Figure 4.2A). The droplet is converted into a gelled
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bead due to crosslinking of alginate chains by Ca®* ions. Ag particles are immobilized in
the bead. We chose Ag for its ability to catalyze the decomposition of H2O. Next, we
employ an “inside-out” technique previously devised by our lab to create a layer of
chemically-crosslinked polymer gel around the alginate core. For this, the bead is loaded
with a free-radical initiator (ammonium persulfate, APS) and then transferred to a
solution containing monomer (NIPA or DMAA or AAm) and crosslinker (BIS). Within
20 min, a polymer layer (chemical gel) grows outward from the core and results in a
capsule with a distinct layer or shell (Figure 4.2B). The capsule is then loaded with solute
(dye) by soaking in a solution of 2.4 wt% dye for 12 h (Figure 4.2C). Thereafter, the
solute-loaded capsules are introduced into a Petri dish containing 30 wt% H>O, (Figure
4.2D) The Ag particles in the capsule catalyze the decomposition of H.O> into oxygen

(02). As the reaction goes on, solute release from the capsules is monitored.

4.3.2 Active Release: Continuous vs. Pulsed

Figure 4.3 compares the release of dye (basic fuchsin) from typical capsules (with
a DMAA shell and 2% Ag particles in the core) in water and in H2O.. In water, dye is
released by passive diffusion (Figure 4.3A). As the dye diffuses radially outward, a ring
of dye is seen around the capsule, which reflects the distance the dye has diffused over a
given time. As time progresses (Panel 1 to 3), the ring becomes larger. For comparison,
the same experiment is repeated in H202 (Figure 4.3B). In this case, there are two
simultaneous processes: dye diffuses outward, while H>O> diffuses into the capsule and

gets decomposed into O,. The panels in Figure 4.3B show that the rings of dye at 7 s and
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41 s are considerably larger than the corresponding rings in Figure 4.3A. This means that
the release of dye out of the capsule occurs at a much higher rate when the reaction is

going on in the capsule core. This phenemenon is termed active continuous release.

’ A. Passive diffusion: capsulein water

Time: Os

Figure 4.4. Kinetics of passive diffusion vs. active continuous release from
capsules. The tests are done with capsules having an alginate core with 2% Ag and a
shell of DMAA. They are both loaded with 2.4 wt% basic fuchsin dye. A) Passive
diffusion: the capsule is placed in water at t = 0 (Panel 1). The dye diffuses out,
forming a ring that extends outward (Panels 2, 3) B) Active continuous release: the
capsule is placed in 30% H20; at t = 0. The dye is released at a higher rate, with the
ring (Panels 2, 3) extending further than in (A). Scale bars: 6 mm.

We can postulate two reasons for the higher rate of active release. First, it is
possible that the gas-generation inside the capsule produces convective currents in the
external solution, which is known to increase the transport rate. However, the outer

solution remains fairly still during this time frame. Also, any bubbles generated by the
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reaction are confined within the capsule, and none can be seen outside in the solution.
Thus, convection is not evident, but it cannot be ruled out. The second possibility is that
the internal reaction causes an active “pumping” of internal solute, much like that
postulated by Sen et al. in their study of solute transport from a gel coupled with an
internal enzymatic reaction. In our case, the internal reaction is not enzymatic, but
involves production of gas. The movement of gas outward from the core may add to the
pumping action. Regardless of the precise reason, such active continuous release is

observed for all tested dyes with the exception of one — rhodamine 6G (R6G).

Capsule is loaded with Capsule pulses as
R6G and placed in H,O,.  reaction occurs.

Capsule pulses continuously until rupture.

v

Time: 23s —_—

Figure 4.5. Pulsed release of Rhodamine 6G (R6G) from capsules. A capsule with
an alginate core (with 2% Ag) and a shell of DMAA is loaded with 2.4 wt% R6G.
When placed in 30% H202, capsule pulses, the dye is released in a series of periodic
pulses. Scale bars: 6 mm.

The release of R6G dye over time from a typical capsule (with a DMAA shell and
2% Ag particles in the core) is shown in Figure 4.4. Here, we see unusual behavior: the
dye is released in a series of pulses or bursts. When the first significant pulse occurs, a
ring of dye is seen up to a distance of ~ 5 mm away from the capsule surface (Panel 1).
The region between the ring periphery and the capsule has a lighter color (Panels 1 and

2). Subsequent pulses are seen as additional rings (Panels 3 to 5). The rings thus form a
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regular, periodic pattern. We term the phenomenon as active pulsed release. As this is
occurring, O2 gas is being generated inside the capsule, but the capsule does not inflate
appreciably. After a couple of minutes, the pulsing stops, and then the capsule inflates

further before finally rupturing.

4.3.3 Pulsed-Release Kinetics and its Modulation

Largest pulse

1.2e+5 — 2.16s
: <>
2 -
@ 9.0e+4 :— 2 43s
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£ 6.0e+4 —
(o) i
X - 2.66s
o 3.0e+4 = 1.46s U g 5
_II|IIII|IIII[II11|IX11|11I
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| 0—20s || 20-28s || 28 —45s [ 45 —60s | rugture
H,0, . .
diffusion Build up Intense pulsing Slow down

Figure 4.6. Detailed kinetics of pulsed dye release. A capsule with an alginate core
(with 10% Ag) and a shell of DMAA (crosslinked with 2.2 mol% BIS) is loaded with
2.4 wt% R6G and placed in 30% H20- at t = 0. A video of the dye release is analyzed to
obtain a plot of pixel intensity vs. time. Various stages during this process are marked,
and still images at discrete points are shown (scale bars: 6 mm). In total, the graph shows
22 pulses over 40 s.
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To analyze the observed pulsing, videos were analyzed (see Experimental Section
for details) and converted into plots, as shown in Figure 4.5. This data is for a capsule
with a DMAA shell crosslinked with 2.2 mol% BIS and with 10 wt% Ag particles in the
core. At t = 0, the capsule is placed in 30% H.O». Pulsing begins around the 20s
mark, with there being a few weak pulses first. Then an intense pulse is observed at
29 s, and this traces a ring that extends 8 mm from the capsule surface (see image).
Intense pulsing at regular intervals then occurs up to the 45 s mark; thereafter, from
45 to 60 s, the pulses become weaker and more widely spaced. The pulsing then
stops, and the capsule then inflates and ruptures at the 67 s mark. Altogether, pulsing

occurs for 40 s (starting at 20s and ending at 60 s) and there are a total of 22 pulses.
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Figure 4.7. Pulsing of capsules with differently crosslinked shells. All capsules had
10% Ag in the alginate core. Their shells were DMAA crosslinked by BIS with the
BIS:DMAA molar ratio at 2.2 mol% (1x) (A), 4.4 mol% (2x) (B) or 8.8 mol% (4x) (C).
All capsules were loaded with 2.4 wt% R6G and were placed in 30% H,0; at t = 0. Plots
of pixel intensity vs. time are shown for the three cases individually, and the three plots
are compared over a portion of the time frame in (D). Images of the capsules showing the
most intense pulses are also provided (scale bars: 6 mm).

Next, we consider the effect of crosslink density on pulsing of R6G (Figure 4.6).
This data is for capsules with a DMAA shell crosslinked with varying concentrations of
BIS. As the crosslinker is increased, the pulsing reduces in intensity and in extent. For

example, doubling the BIS from 2.2 to 4.4 mol% reduces the number of pulses (22 to 11),

the duration of pulsing (40 to 25 s), and the intensity of the pulses (peak height). Further
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doubling the BIS to 8.8 mol% makes the pulsing nearly disappear. This shows that the
pulsing is magnified when the shells are flexible and elastic (lightly crosslinked) and
damped when the shells are more rigid. In other words, pulsing must be associated with
some transverse motion of the shell. Another variable that affects pulsing is the amount
of Ag in the core. If the Ag is reduced from 10 wt% to 2 wt%, we find all the same trends

seen with 10 wt% but at a lower pulsing intensity.

We have also switched up the polymer shell in the capsule from DMAA to AAm
or NIPA, and in these cases also, we see pulsing of R6G (Figures 4.7 and 4.8). The AAm
and NIPA shells were crosslinked with 2.2 mol% BIS, as with the DMAA shell in Figure
4.5. The capsules were otherwise identical (10 wt% Ag particles in the core), and were
studied in 30% H20.. The pulsing response for AAm (Figure 4.7) is similar to DMAA:
pulses start small, increase, and then decrease until rupture. An interesting, but subtle,
point is that we observe a consistent double pulse where one side of the capsule pulses,
then the other (i.e., the pulses do not radiate outward in a symmetric manner). In the case
of the NIPA shell also (Figure 4.8), we observed non-symmetric pulsing. Another quirk
in this case is that the gap between pulses increases to over 10s before ceasing completely
as the capsule inflates. Finally, with NIPA, once the pulsing stops, there is a large gap in

time before the capsule ruptures.
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Figure 4.8. Pulsing of capsules with AAm shells. A capsule with an alginate core (with
10% Ag) and a shell of AAm (crosslinked with 2.2 mol% BIS) is loaded with 2.4 wt%
R6G and placed in 30% H20 at t = 0. A video of the dye release is analyzed to obtain a
plot of pixel intensity vs. time, and a zoomed-in version of this plot between 60-85s is
shown to indicate the distinct double pulses. Still images at discrete points are also shown
(scale bars: 6 mm).
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Figure 4.9. Pulsing of capsules with NIPA shells. A capsule with an alginate core (with
10% Ag) and a shell of NIPA (crosslinked with 2.2 mol% BIS) is loaded with 2.4 wt%
R6G and placed in 30% H20; at t = 0. A video of the dye release is analyzed to obtain a
plot of pixel intensity vs. time, and a zoomed-in version of this plot between 20-100 s is
shown. The capsule stops pulsing after 100 s and continues inflating until it bursts after
300 s. Still images at discrete points are also shown (scale bars: 6 mm).
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4.3.4 Why Does Pulsing Occur?

‘ A. Pulse release
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Rhodamine derivatives

HsC, C; OSO

HiC o CHs
B of
/NH HC N O CHa
O ‘ O ‘ O s o
»
HyC 7
COOH O
O " CHs O HC N NACN

Rhodamine 6G Ha c cu:
(R6G) Rhodamine B Sulforhodamine

Secondary amines

NegeVs @»m@
- s j;j L /,'/'
I \NH'CI O O /( o
[ :1 9o
f“ou " Na'
Aniline blue ngrosm Indigo carmine

Positively-charged dyes

O O A ﬁI:[ I:( NHz
HaC. /@E Q )@?@\ $

cr CH;
Malachite green Methylene blue Safranin Methyl vmlet Ba5|c fuchsin
Others
o0 Nat o
° s
N N

e OO AOH

° How/

S HO

Na o o

Brilliant yellow Calcein

Figure 4.10. Pulsing only occurs with Ag in the core, R6G dye, and H20: as the
chemical fuel. A variety of scenarios are tested with capsules having an alginate core
with 2% Ag and a shell of DMAA crosslinked with 2.2 mol% BIS. The capsules are
loaded with 2.4 wt% of the dyes shown in D). A) Capsules with Ag and R6G show
pulsed release in 30% H20,. B) Capsules with Ag and other dyes exhibit active
continuous release in 30% H202> — no pulsing occurs. C) Capsules with 10 wt%
CaCOs3 as well as Ag and R6G are placed in glacial CH3COOH. Here, the reaction of
CaCO0O3 and CH3COOH produces CO2 gas. The R6G is released continuously with no
pulsing. Scale bars in the images: 6 mm.
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We have tested capsules loaded with a variety of different dyes whose chemical
structures are indicated in Figure 4.9D. A key conclusion from these tests is that pulsed
release occurs only for the specific case of R6G with capsules containing Ag particles
and only when these capsules are placed in H2O2. Other dyes with the Ag-H20:
combination show active continuous release, as mentioned before and shown again in
Figure 4.9B. Another important control experiment is shown in Figure 4.9C. Here, we
use a different way to generate gas in the capsule. The capsule contains 10 wt% of
calcium carbonate (CaCOs) particles as well as 2 wt% Ag. It is placed in a solution of
glacial acetic acid (CH3COOQOH). The reaction between the two generates carbon dioxide
(CO2) gas and these capsules still inflate and rupture similarly to the Ag-loaded capsules.
When loaded with R6G, however, these capsules exhibit active continuous release, and
not pulsed release. Thus, even though R6G and Ag are present, the pulsing requires the

catalytic reaction of Ag with H2O5.

We also tested dyes that are both similar and different to R6G in chemical
structure. R6G is a fluorescent dye with a positive charge on the secondary amine. We
tried other positively charged dyes (methylene blue, malachite green, methyl violet), dyes
containing secondary amines (nigrosin, aniline blue), dyes containing primary amines
(safranin, basic fuchsin), and other rhodamine derivatives (rhodamine B,
sulfornodamine). We also tested a few others: Brilliant Yellow, Calcein, and Indigo
Carmine. All these capsules resulted in active continuous release and did not pulse. The
capsule pulsing is attributed to the interaction between R6G and the Ag particles in the

core. Several studied have commented on this unique interaction and have taken action to
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further understand the binding mechanism.®" %2 It has been theorized that the dye
molecules form dimers at high concentrations, which then adhere to the surface of silver
nanoparticles. Two orientations are possible, head-to-tail (J-type) or parallel (H-type)
dimers, and both are suggested to be present on the Ag surface.®™ % There is also

evidence to suggest that R6G particles form large micelles around the silver particles.®*
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R6G dimers form a layer on Ag
surface

As [H,0,] increases, H,0, diffuses
to Ag surface

.:'/ \\‘.'.\,- '. Ag catalyzes the decomposition of
L patcielys’  H,0, to form O, gas

"W . As the reaction progresses, the
oo 2% L4 increasing concentration of O,
S (\pf?i i +_" pushes everything away from the
> . Ag surface — resulting in a pulse of
dye

Reaction stops with no Ag-H,0,
interaction and O, gas is no longer
produced. R6G and H,0O, diffuse
back to the Ag surface and cycle
repeats.

Figure 4.11. Schematic of the pulsing mechanism Pulsing capsules are synthesized
with Ag in the core and are loaded with R6G. When placed in H20, the capsules
produce Oz and begin to pulse. a) When initially synthesized, R6G forms dimers and
interacts with the surface of the Ag particles. b) When placed in H20,, the H20>
diffuses into the capsules and to the Ag surface. ¢) The decomposition of H202 begins
and Oz gas is produced. d) As the reaction progresses, the increased concentration of
Oz pushes away everything from the Ag surface. €) With no H2O2 near Ag, the
reaction is hindered and no more O: is produced. During this lull, R6G and H:0>
navigate back to the surface of Ag and the cycle begins again.
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We hypothesize that the R6G-Ag particle interaction inhibits the H2O2 from
accessing the Ag. To reach the Ag, R6G must be displaced. This pulsing could be due to
the forceful displacement of dye from the surface of the particles. Further understanding
interaction between these molecules might allow us to replicate this pulsing process with

other molecules for controlled release.

4.4 Conclusions

We have demonstrated the unusual phenomenon of solute being released in a
series of periodic pulses out of an aqueous capsule. The capsules have a gelled core
(alginate-Ca?*") loaded with catalytic (Ag) particles, and a shell composed of a chemically
crosslinked polymer (NIPA or DMAA or AAm). Pulsed release is only observed for
capsules loaded with the dye R6G and when placed in H20.. We hypothesize that a
binding reaction between R6G and the Ag particles is the key to explaining these results.
This implies a competition between H.O> and R6G for the Ag surfaces, and we have
postulated that this competition leads to a cyclical pattern of adsorption, which coincides
with the periodicity of the pulse. Pulsing also requires that the polymer shell not be too
rigid, which suggests that the transverse motion of the shell also accompanies the pulse.
Further studies in this area of research may lead to applications for pulsed release in the

delivery of therapeutics or other chemicals.
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Chapter 5

Capsules Showing Thermally-Triggered Emergent Behavior

5.1 Introduction

In previous Chapters, we have discussed aqueous capsules that had a biopolymer
(alginate) gel as its core and a crosslinked polymer hydrogel as its shell. The capsule shell
was readily permeable to small molecules such as hydrogen peroxide (H202) as well as to
a range of dyes. This means that such capsules cannot store small-molecules for a long
time while ensuring no leakage. But what if one could design a capsule with an
impermeable shell — one that kept its core contents perfectly sealed for long times (days
or even months)? This design would be even more useful if the shell could be switched
on-demand from impermeable to permeable.®® % If such capsules were available, they

could be combined in creative ways so as to enable new “emergent” properties.

In this Chapter, we will present a design for a capsule that perfectly encapsulates
contents at room temperature but releases the contents upon heating. The key to this
design is to make the capsule shell out of wax. We have devised a new way to rapidly
create a thin wax shell around a preformed aqueous gel. This method is considerably
simpler than previous approaches in the literature. It can be implemented with simple
paraffin wax, which is a mixture of Cz0—Caso hydrocarbons having a broad melting
transition around 53°C. Alternately, we can use purified long-chain hydrocarbon waxes

with sharper melting transitions. In either case, the property conferred by the wax shell is
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shown schematically in Figure 5.1A, where a wax-shelled capsule with a gelled core is
shown in water. At temperatures T < Tm, which is the melting temperature of the wax, the
solute in the core remains perfectly sealed. However, when heated to T > Tr, the wax

shell melts and the solute can then diffuse out of the gelled core into the water.

Water

T<T, T>Th T<T,

Figure 5.1. Properties conferred by a wax shell to aqueous capsules. A) Single
capsule with a wax shell that has a melting temperature Tm. The solute is perfectly sealed
below Tm and released above Tm. B) Multicompartment capsule (MCC) with two internal
compartments, A and B, with A having a wax shell. Below T, the contents of A are
prevented from contacting B. Raising the temperature above Trm allows the solute in A to
diffuse to the adjacent B. This enables multi-step and cascade reactions with the MCC.

We will also exploit the wax-shelled capsules within a construct developed in our
lab called multicompartment capsules (MCCs) (Figure 5.1B). The motivation behind
making MCCs was to mimic the compartmentalized architecture of eukaryotic cells,
which have discrete compartments called organelles in the cell. Organelles are covered
by lipid membranes and have the ability to regulate the entry and exit of small molecules
through their membranes. For example, lysosomes are organelles having an acidic pH
that is much lower than the rest of the cell. In MCCs created so far, the internal

compartments were semi-permeable, allowing small molecules to diffuse in and out while
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entrapping large macromolecules and enzymes. These compartments could not maintain

an acidic pH because the acid would leak away into the lumen of the MCC.

Here, the wax-shelled capsules will be used to impart new functionalities to
MCCs. For example, in the schematic of Figure 5.1B, we have sketched an MCC with
two inner compartments, one of which (A) has small molecules in its core and a wax
shell. The other (B) may have enzymes or nanoparticles that are large enough to remain
entrapped in the compartment. When the MCC is heated above the Tm of the wax, the
shell of A will melt, and thereby the small molecules in A will be able to diffuse out and
contact the contents of B. Thus, multi-step and cascade processes will be possible using

wax-shelled inner compartments in MCCs.
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5.2 Experimental

Materials. The monomer N,N’-dimethylacrylamide (DMAA), the accelerant N,N,N’,N'-
tetramethylethylenediamine (TEMED), and methyl red were from TCI America.
Hydrogen peroxide (30% solution) was purchased from BDH Chemicals and glacial
acetic acid and sodium thiosulfate from Fisher Scientific. Palmitic acid (95% purity, Tm
62 — 65 °C) and n-eicosane (99% purity, Tm 35 — 37 °C) were purchased from Alfa Aesar.
All other chemicals were from Sigma-Aldrich. Three biopolymers were used: alginate,
i.e., medium viscosity alginic acid, sodium salt from brown algae, xanthan gum from
Xanthomonas campestris), and starch from potato. Several dyes and indicators were also
used, including brilliant yellow, methylene blue, and phenolphthalein. Other chemicals
included ethanol, N,N’ methylenebis(acrylamide) (BIS), calcium chloride dihydrate
(CaCly) salt, sodium chloride, ammonium persulfate (APS), silver (Ag) microparticles
(average size of 2 — 3.5 um), sodium hydroxide, phenolphthalein, potassium iodide,
octadecane (99% purity, Tm 26 — 28 °C) and paraffin wax (ASTN D 87, Tm 53 — 57 °C).
Deionized (DI) water was used in all experiments. Fiberglass mesh with 3 mm mesh size

was manufactured from Adfors Saint-Gobain.

Preparation of alginate gel beads. A 2 wt% alginate solution in DI water was loaded
into a syringe and added dropwise to a reservoir solution containing 0.5 M of CaClz in DI
water. The Ca?* ions crosslink the alginate chains, thus converting the droplet into a
gelled bead. The size of the droplets, which was also the size of the beads, could be

altered by changing the diameter of the nozzle at the end of the syringe. Typically, using
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a 22G needle, the bead size was 4-5 mm. After 20 min of incubation in the reservoir
solution, the alginate beads were washed and stored in DI water. Ag-containing alginate
beads were prepared by including 2 wt% Ag microparticles in the alginate solution, and
then sonicating for a minute to break up any particle clumps and suspend the particles.

This slurry was then immediately used in the dropwise addition step.

Preparation of paraffin wax-shelled capsules. The alginate beads from the above step
were cooled to 5 °C and subsequently dropped using tweezers into a reservoir of molten
paraffin wax (Tm ~57 °C) heated to 65 °C. A thin wax layer forms around the cold bead
within seconds, whereupon the wax-shelled capsule was removed with tweezers. Instead
of an alginate bead, the same procedure was also done with liquids, such as a 2 wt%

alginate solution.

Preparation of palmitic acid wax-shelled capsules. Alginate beads were cooled to 5 °C
and subsequently dropped using tweezers into a reservoir of molten palmitic acid (Tm ~65
°C) heated to 70 °C. A thin wax layer forms around the cold bead within seconds,
whereupon the wax-shelled capsule was removed with tweezers. Instead of an alginate

bead, the same procedure was also done with liquids, such as a 2 wt% alginate solution.

Preparation of n-eicosane wax-shelled capsules. Alginate beads were cooled to 5 °C
and subsequently dropped using tweezers into a reservoir of molten n-eicosane (Tm ~38

°C) heated to 45 °C. A thin wax layer forms around the cold bead within seconds,
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whereupon the wax-shelled capsule was removed with tweezers. The resulting shell is

patchy and leaks. To seal the capsule, n-octadecane is used.

Preparation of n-eicosane + n-octadecane wax-shelled capsules. The capsules with n-
eicosane wax shells were sealed with n-octadecane. n-octadecane (Tm ~28 °C) was melted
at 30 °C and the wax-shelled capsules were dipped in the heated solution for 5 —10s. A
thin wax layer forms around the cold bead within seconds, whereupon the wax-shelled

capsule was removed with tweezers.

Preparation of wax-shelled capsules using filter. A fiberglass mesh sheet was cut in a
circle to fit in the bottom of a beaker. Thin wires were attached to the sides for easy
removal. A wax solution was heated ~5 °C above its Tm and the fiberglass mesh was
placed at the bottom of the heated solution. The alginate beads were cooled to 5 °C and
subsequently dropped using tweezers into the reservoir, landing on the mesh. A thin wax
layer forms around the cold bead within seconds. The mesh was lifted out of the solution

and the wax-shelled capsules were removed with tweezers.

Preparation of capsules with a chemically crosslinked polymer layer. Ag-containing
alginate beads were soaked in a 15 mg/mL solution of the initiator APS for 2 min. The
APS-loaded beads were transferred to a second solution containing the monomer DMAA
(1 M), crosslinker BIS (2.2 mol% with respect to monomer), TEMED (1.5 mg/mL), and
xanthan gum (0.5 to 0.75 wt%). TEMED is an accelerant that allows the polymerization

to proceed at room temperature and the xanthan gum increases the solution viscosity so
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that the cores remain suspended during the process. Polymerizations were conducted at
room temperature for 15 min. The result of the polymerization was a layer of chemically
crosslinked DMAA around the alginate cores. The capsules thus formed were washed

and stored in DI water.

Preparation of multicompartment capsules (MCCs). First, the internal compartments
were prepared as above (these could be alginate beads, wax-shelled capsules or polymer-
shelled capsules). These structures were then suspended in an alginate solution (2 wt%)
which was then added dropwise through a larger nozzle (typically a transfer pipette with
the tip cut off ~5 mm diameter) to a reservoir solution containing 0.5 M of CaCl, and
incubated for 10-20 min. The droplets were thereby converted to MCCs with a typical

size being 9 mm.

Optical microscopy. Bright field images of capsules were captured with a Zeiss
Axiovert 135 TV microscope. Images were taken using a x2.5 objective. In some cases,
the microscopy was performed with slight under-focus, which helped to clearly define the

outlines of the layers and/or the overall capsule.
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5.3 Results and Discussion

5.3.1 Synthesis of Wax-Shelled Capsules

gel bead
. [ =5°C

N

wax-shelled
capsule is removed

/\)
\

incubate
5—-20s

wax solution
ek

Wax-shelled Cross-section of wax
capsules shell

Figure 5.2. Synthesis of wax-shelled capsules. A) A cold gel-bead or liquid droplet (at
5°C) is dropped into molten wax (at a temperature T > Tr, of the wax). A wax shell forms
within 5 to 20 s. The capsule is then removed using tweezers. B) Cross-sections of cut
capsules showing their average diameter (4.1 £ 0.1 mm) and shell thickness (0.7 = 0.2
mm).

The procedure for synthesizing wax-shelled capsules is shown schematically in
Figure 5.2A. We begin with spherical gels (~ 4 mm diameter) formed by combining the
anionic biopolymer, sodium alginate with divalent Ca?*. The gels are cooled to 5°C and
then dropped into molten wax maintained at a temperature above its melting temperature

Tm. For example, in the case of paraffin wax (Tm ~ 57°C), it was heated to 65°C. The
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temperature difference between the wax and the cold capsule is key to forming the wax
shell. The shell forms within 5 to 20 s, and after 20 s, the wax-shelled capsule is removed
from solution with tweezers. Cross-sections of these capsules (cut in half) are shown in

Figure 5.2B. The wax shell is about 0.7 mm in thickness.
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A. Synthesis conditions: incubation time and temperature matter!
wz '

P L : . PR 3 bl
Cold alginate solution Wax solidifiesaround  Shell melts if solution Wax shell melts — no
dropped in to heated  cold solution to form is too hot or shell is formed.
wax. shell. incubation time > 30s.

B. Synthesis materials: waxes with T, > 25 °'C

1

Non-
uniform

shell

n-eicosane n-eicosane + palmitic acid paraffin wax
octadecane [T, 28 °C] [T, 65 °C] [T, 57 °C]

wl y

Fiberglass mesh is placed in Mesh is lifted ou of solution Wax-shelled capsules can be
wax solution. Gel beads are and filters out wax while peeled off the filter easily.

dropped into solution. collecting capsules.

Figure 5.3. Considerations during synthesis of wax-shelled capsules. A) The
temperature of the molten (liquid) wax must be above its Tm, but not too high. If the
liquid is too hot or if the gel core is incubated in the liquid for too long (> 30 s), the
wax shell formed initially will melt and disintegrate. B) Shells can be formed with
several waxy materials with varying Tm, as shown in the images (scale bars: 4 mm).
For short-chain hydrocarbons like n-eicosane, a second sealing step with octadecane
is necessary. C) Several capsules can be coated at once, using a fiberglass mesh to lift
out the wax-shelled capsules after incubation.
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Figure 5.3 indicates some key considerations during the above synthesis. First, is
the concurrent importance of temperature and incubation time. The temperature T of the
molten (liquid) wax has to, of course, be higher than the Tr of the wax, but it is better if it
was not too much higher. Similarly, it is important to keep the incubation time of the cold
gel core in the liquid wax to be 5 to 20 s, but not much more. This point is shown by
Figure 5.3A: if T >> Ty, or if the incubation time was > 30 s, then the wax shell that was

formed initially (Panel 2) melts and disintegrates (Panels 3 and 4).

In addition to paraffin wax, other waxy materials can be used to form the shell,
including n-eicosane (saturated Cyo alkane with a T of 38 °C) and palmitic acid (acid
with a saturated Cgs tail and a Tm of 65 °C). The shell formed by palmitic acid is uniform
and very similar to that formed by paraffin wax. However, the shell of n-eicosane
(formed at 45°C) is thinner and less uniform. To obtain a leak-proof shell, we
subsequently immersed the capsule in octadecane (saturated Cis alkane and has a T of

28 °C) for 5 s. This second step ensured a leak-proof shell.

We have devised a variation of the technique to enable synthesis of numerous
wax-shelled capsules at one time (see Figure 5.3C). For this, a fiberglass mesh with
square holes of dimensions 3 mm x 3 mm is placed below the hot molten wax. We
drop several cold gel-beads into the liquid wax, thus converting the beads into wax-
shelled capsules within a few seconds of incubation. The capsules collect on the
mesh, which is then lifted out of the wax, and the capsules are gently removed from

the mesh.
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Another consideration is regarding the types of core materials that can be
encapsulated within a wax-shelled capsule. In addition to alginate gel beads, we can also
encapsulate liquids. For example, if a 2 wt% alginate solution cooled to 5 °C is dropped
into paraffin wax at 65 °C, a wax shell readily forms around the droplet. When the
capsule is cut open, the liquid spills out, indicating that it is indeed unaffected by the
shell. One aspect here is the liquid viscosity. If the liquid is slightly viscous, like the
above alginate solution, the final capsule is spherical. If the liquid has low viscosity like

0.5 wt% alginate or similar to water, the final capsule is pancake-like.

5.3.2 Properties of Wax-Shelled Capsules

Figure 5.4 shows that the wax shell of the capsules is indeed impermeable to
aqueous solutes, both from the outside-in and the inside-out. The capsules in this figure
have an alginate core and a shell of paraffin wax. In Figure 5.4A, the capsule is placed in
a solution of 10 mM methylene blue (MB) dye for 3 days (Panel 1). When removed and
rinsed with DI water, we find that the capsule is colorless, both outside and inside (Panel
3), indicating that no dye molecules are able to diffuse through the wax shell. In Figure
5.4B, the alginate gel-bead is loaded with 10 mM of MB dye prior to encasing the gel
with the wax shell. The dye-filled capsule is placed in DI water for 3 days (Panel 1). The
surrounding water remains uncolored, indicating that the shell is impermeable and leak-

proof. Upon heating the water to 65 °C, the wax shell melts and floats to the water
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surface (Panels 2, 3). With the shell removed, the dye in the core gel is now able to

diffuse into the solution (Panel 4).

A. Wax-shelled capsule with B. Wax-shelled capsule with
dye outside dye inside
wax-shelled dye in
capsules capsule
dye in wax
solution coating
dye does Twater - Tm
not
adhere to
wax shell
il wax melts,
floats to
surface
capsule
remains
colorless dye
released

Figure 5.4. Impermeability of the wax shell in the capsules. The capsules have an
alginate core and a shell of paraffin wax. A) Capsules are left in a solution of 10 mM
MB dye for 3 days (Panel 1). When the capsule is removed and rinsed, no dye is
found to have penetrated or irreversibly adsorbed to the shell (Panels 2, 3). B) Here,
10 mM MB was loaded into the core before creating a wax shell. The dye-loaded
capsules are left in water for 3 days. No dye has leaked into the water (Panel 1).
When the water is heated to 65 °C, the wax melts and rises to the surface (Panels 2,
3). Dye is then released from the core into the water (Panel 4).

In addition to dyes, hazardous and caustic reagents can also be safely

encapsulated in wax-shelled capsules. This includes strong bases and strong acids (Figure
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5.5). For the experiments in Figure 5.5A, the alginate gel-beads were soaked ina 2 M
NaOH solution for 20 min at 5 °C, and then dropped into paraffin wax to form a shell.
The wax-shelled capsule is placed in a solution of 10 mM phenolphthalein in water-
ethanol solution (70/30 v/v). Phenolphthalein is an acid/base indicator that turns
bright pink at basic pH. Panel 1 shows that there is no leakage of base from the
capsule at room temperature. However, when heated above Tm, the wax shell melts
and the base diffuses into solution, resulting in a bright pink color (Panels 2, 3).
Figure 5.5B shows a similar capsule containing glacial acetic acid in its core and
placed in a solution of 10 mM methyl red in ethanol. Again, there is no release at

room temperature (Panel 1), but there is release when heated above T (Panels 2, 3).
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A. Encapsulating base

NaOH wax-shelled Wax melts, releasing Base diffuses into

capsule in NaOH surrounding solution
phenolphthalein

B. Encapsulating acid

Acétic acid wax-shelled Wax melts, releasing Acid diffuses into
capsule in methyl red acetic acid surrounding solution

Figure 5.5. Encapsulating acids and bases in wax-shelled capsules. The capsules have
an alginate core and a shell of paraffin wax. A) Capsule with 2 M NaOH is placed in a
solution of 10 mM phenolphthalein. The base remains encapsulated at room temperature
(Panel 1), but leaks out (Panels 2, 3) when heated to T > Trm of the wax shell (as evident
from the bright pink color). B) Capsule with 10 glacial acetic acid is placed in a solution
of 10 mM methyl red. The acid remains encapsulated at room temperature (Panel 1), but
leaks out (Panels 2, 3) when heated to T > Tr, of the wax shell (as evident from the color
change from yellow to red).
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5.3.3 MCCs with Wax-Shelled Compartments
Preparation of MCCs

I Add alginate
. solution dropwise
~

\ =y Inner capsule

A

/ \ with solute A
\,
/ A\
A // Inner capsule
— with solute B
Suspend inner
capsulesin
alginate solution
\‘\
H
Crosslink —_
solution MCCs with two different

inner compartments

Figure 5.6. Preparation of multicompartment capsules (MCCs). Inner capsules are
suspended in an alginate solution, which is added dropwise to a reservoir containing a
solution of 0.5 M CaCl>. Upon contact, the droplets are converted into MCCs.

Next, wax-shelled capsules were incorporated into multicompartment capsules
(MCCs), as depicted in Figure 5.6. MCCs can have a variety of inner compartments,
some or all of which could have wax shells. To make MCCs, the previously synthesized
inner capsules are dispersed in a 2 wt% alginate solution. Droplets from this solution are
then added to a reservoir solution of 0.5 M CaCly. This results in the final MCCs, which

typically had diameters around 10 mm (the diameters of the inner compartments were

typically 3-5 mm).

An initial experiment to illustrate the utility of this approach is shown in Figure

5.7. Here, the MCC has two inner capsules with different wax shells, having a wide
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disparity in Tm (Figure 5.7A). Capsule 1 has an alginate gel-core loaded with base (2 M
NaOH) and then sealed with n-eicosane [Tm ~ 38 °C), followed by a second sealing with
octadecane. Capsule 2 is loaded with 10 mM of MB dye and then sealed with paraffin
wax (Tm ~ 57 °C). The MCC is placed in a solution of 10 mM phenolphthalein. At 25 °C,
both inner capsules are intact, and we see no release of any solute (Figure 5.7A). When
the system is heated to 40 °C, the n-eicosane shell of Capsule 1 melts and NaOH from
Capsule 1 is released into solution (Figure 5.7B). This release is visually indicated by the
bright pink color in the solution. At this stage, Capsule 2 remains intact and leak-proof.
Next, the temperature is further raised to 65 °C, whereupon the shell of Capsule 2 also
melts, and the dye is released into solution. Overall, the MCC in Figure 5.7 is used to

demonstrate a step-wise release of encapsulated reagents using two shell materials.
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base and the other dye. Color change is due to dye.
At 25 °C, nothing is released. phenolphthalein. The second

capsule remains intact.

Figure 5.7. Two-step release of solutes from MCCs. The MCC has inner capsules 1
and 2, which have different solutes in their cores and different shell materials. A) The
MCC is placed in a 10 mM phenolphthalein solution at 25 °C. Both capsules 1 and 2 are
intact at this stage. B) At 40 °C, the shell of Capsule 1 melts, releasing NaOH and
changing the color of the solution. Capsule 2 remains intact. C) At 65 °C, the shell of
Capsule 2 also melts and releases MB dye into solution. Scale bars: 4 mm.
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5.3.4 Cascade Processes Using MCCs

A. lodine clock reaction:
Starch—  H,0, + 2I- + 2H* — I, + 2H,0
H0, 4 4 * 28,05% + I, > S,04%" + 217 Starch-triiodide
T Kl 3I-+ starch complex (blue color)
H* +

MCC: One inner capsule has
H*, the other H,0,. Both have
wax shells. Remaining

At 65 °C, wax shells melt and reagents are
released. Reaction proceeds, and the dark colored

B. reagents are in solution. starch complex is formed in solution.
Starch +
KI + NayS,0, " : ‘
" Starch + & - Starch-triiodide
Kl + Na,S,0, - - A e complex —
MCC: Two wax-shelled capsules, one At 65 °C, wax shells melt and
V{;]th |H+v the Cf’t{;]er'&'éocz- RS)tarch IS in reagents are released. Starch
Cc e lumen ot the - Remaining complex formed only in MCC.

reagents are in solution.

Kl + Na,S,0; Starch |:>
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Figure 5.8. lodine clock reaction implemented in MCCs and triggered by heat.
A) The iodine clock reaction used here involves combining two solutions, one with
H202 (30%) + H* (glacial acetic acid) and the other containing starch (1 wt%) + Kl (1
M) + Na»S203 (1 M). A starch-triiodide complex forms, resulting in a dark blue color.
B) This reaction is implemented in an MCC. Inside the MCC are two wax-shelled
capsules, one with H20. and the other with acetic acid. The MCC is placed in a
solution of the remaining reagents. At room temperature, no reaction occurs. When
the shells melt at 65°C, the reagents are released and the starch complex is formed in
the surrounding solution. C) A second implementation using a different MCC. The
MCC still contains the same inner capsules, but in addition, starch is present in the
lumen. When the shells melt at 65°C, the starch complex forms only in the lumen of
the MCC. Scale bars: 4 mm.
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Next, we demonstrate the use of MCCs to conduct the iodine clock reaction,
which involves multiple reagents. In the iodine clock reaction, hydrogen peroxide (H20>)
reacts with potassium iodide (KI) and acid (H*) to form iodine (I2) and water. The iodine
then reacts with sodium thiosulfate (Na2S203) to form a triiodide (I37) ion, which forms a
complex with starch resulting in a dark blue color in the solution (Figure 5.8A). We
monitor this reaction by observing the color change. The reactions corresponding to this

process are shown in Figure 5.8A.

For the first implementation in an MCC (Figure 5.8B), we initially create two
paraffin-wax-shelled capsules. In one case, an alginate gel-bead is loaded with 30% H20-
and then covered with the wax shell. In a second case, an alginate gel is loaded with
glacial acetic acid and then covered by the wax shell. These were then incorporated into
an MCC as shown in Figure 5.6. The MCC was placed in a solution containing KI (1 M),
Na:S203 (1 M) and starch (1 wt%). At room temperature, no reaction occurs. When
heated to 65 °C, the wax shells melt, releasing H-O> and H™, thus starting the reaction.

The surrounding solution changes color within 5 min as the starch complex is formed.

A variation of this experiment is shown with a second MCC (Figure 5.8C). In this
case, the MCC contains the same inner capsules as in Figure 5.8B. In addition, we
incorporate starch into the lumen of the MCC. To do this, we dissolved starch (1 wt%)
along with the 2 wt% alginate in the feed solution of Figure 5.6 before dropping into the
Ca?*. The MCC now contains three reagents, H,O2, H*, and starch. Note that the starch is

a polysaccharide of molecular weight 100,000 Da, and due to its large size, it will not
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diffuse out through the MCC even though there is no wax shell. The MCC is then placed
in a solution containing the other reagents, i.e., KI (1 M) and Na2S203 (1 M). When
heated to 65 °C, the wax shells melt, starting the reaction, but we observe the color

change due to the starch-triiodide complex only within the MCC.

DMAA layer

25 °C: wax-shelled
capsule intact and
MCC is unchanged

65 °C: wax-shelled
capsule melts and
releases H,0,. O, is
formed and begins
inflating capsule.

Ca-Alg capsule W|th
silver particles

v .
Capsule inflates and
bursts with increasing
Ag (s ( ) O, content.

H;0,(1) — H,0(1) + 0,(9g)

Figure 5.9. Emergent properties of an MCC (inflation and rupture) triggered by
heat. The MCC design is shown on the left. It contains a wax-shelled compartment
loaded with 30% H.0, 10 wt% Ag particles suspended in the capsule lumen, and an
elastic layer of crosslinked polymer (DMAA) around the MCC. A) The MCC is
placed in water at 25°C and there is no reaction. B) When heated to 65 °C, the wax
shell melts and H20: is released. The decomposition of H.O> into Oz gas is catalyzed
by the Ag particles. In turn, the released gas causes the capsule to inflate. C) The
inflation continues until the shell ruptures, as seen from the release of gas bubbles
into solution. Scale bars in the images are 4 mm.

Finally, we design an MCC that shows the emergent properties described in

Chapter 3 (inflation and rupture), but only when triggered by heat. The design of the
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MCC is shown in Figure 5.9. The inner compartment is an alginate gel-bead loaded with
30% H.0> and then covered with a shell of paraffin wax. The H202 will serve as the
chemical fuel for the inflation process. Next, we introduce 10 wt% of silver (Ag)
microparticles into the lumen of the MCC, as was done previously in Figure 5.8C.
The Ag will act to catalyze the decompostion of H.O> to water and oxygen (Oz) gas.
Lastly, to get the capsule to inflate, we must further modify this MCC to add an
elastic layer of chemically-crosslinked polymer around it. This is done using the
“inside-out” method previously described in Chapters 3 and 4. Here, the layer is a

hydrogel of the acrylamide derivative DMAA (1 M), crosslinked with 2.2 mol% BIS.

The behavior of the above MCC is illustrated by the images in Figure 5.9.
First, at room temperature, the MCC placed in water is inactive and its inner
compartment is intact (Figure 5.9A). Next, the system is heated to 65 °C. This melts
the wax shell and releases the H20: into the lumen. The Ag-catalyzed reaction
produces Oz gas, which in turn causes the capsule to inflate (Figure 5.9B). As shown
in Chapter 3, the gas gets trapped in between the MCC lumen and the DMAA layer,
thereby stretching the outer polymer network and leading to inflation. Utimately, the
stress in the polymer layer becomes too great and this leads to the shell being ruptured
(Figure 5.9C). Bubbles of Oz then escape into the surrounding solution. Thus, we
have shown that it is possible to trigger inflation of the MCC in water using heat. The
chemical fuel needed for inflation is included in the MCC; thus, inflation will occur

regardless of the composition of the external solution.
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5.4 Conclusions

The focus of this Chapter was on imparting new “emergent” properties to
capsules upon the application of a thermal trigger. To achieve this, we have shown a way
to perfectly encapsulate solutes in a capsule core until the capsule is heated. The key to
this property was to create a wax shell around a liquid or gel core, and we have shown a
simple method for doing this. A thin wax shell reliably formed within seconds when there
was a sufficient temperature differential between a cold core and the surrounding molten
wax. Using this method, we have successfully encapsulated a variety of solutes in the
capsule cores, including strong acids, bases, and dyes. There was no release of
encapsulated materials at room temperature, but when heat was applied and the wax shell
melted, the solutes were able to diffuse out of the cores. Wax-shelled capsules were then
used as inner compartments in MCCs. This enabled us to carry out multi-step reactions
such as the iodine clock reaction upon a temperature trigger. Finally, we encapsulated a
chemical fuel, H2O. in a wax-shelled capsule, and used this as an inner compartment in
an MCC with Ag particles in the lumen and a crosslinked polymer as the outer shell.
Under a thermal trigger, the fuel was released into the lumen, and the Ag-catalyzed

decomposition of H2O> produced O gas, which caused the MCC to inflate and rupture.
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Chapter 6

Conclusions and Recommendations

6.1 Project Summary and Principal Contributions

In this dissertation, we have presented various types of polymer capsules that
utilize internal chemical reactions to produce emergent capsule properties. Specifically,
we created inflating and ejecting capsules, solute-release capsules, and wax coated
capsules. These capsules are synthesized simply with inexpensive, easily accessible
materials. Additionally, we can precisely tune the properties of these capsules by altering

the materials utilized during synthesis.

In Chapter 3, we present our bioinspired inflating and ejecting capsules,
mimicking the behavior of the nematocyst. We utilize our “inside-out” technique to
create an elastic polymer layer around our core capsule that contains our silver (Ag)
catalyst. When placed in the presence of a chemical fuel H2O2, our capsules produce
oxygen gas, which causes the overall capsule to inflate and eventually eject the capsule
core. By changing the polymer layer around the capsules, we experience different rupture
properties from violent, core-ejecting rupture to a gentler deflation. Altering other
synthesis parameters like increasing the amount of crosslinker in the polymer shell or
varying the concentration of our reagents, allows us the control the inflation size and
rupture times of the capsules. We also demonstrate how these capsules are effective using
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different chemical reactions (sodium bicarbonate or sodium carbonate and acid) to

produce gas.

In Chapter 4, we focus on two new types of solute-release from our layered
capsules: active continuous release and active pulse release. Here, we synthesize layered
capsules and subsequently load them with dye before introducing them to the chemical
fuel. When the dye-loaded capsules are not introduced to the chemical fuel and are
instead placed in water, we observe a diffusive release of the dye into solution. However,
when the capsules are placed in the chemical fuel, active continuous release is observed
as the chemical reaction pumps the dye out of the capsule interior. This is observed with
all tested dyes apart from one. When our Ag-cored capsules are loaded with Rhoadmine
6G (R6G) dye, they exhibit pulsed release of solute. Using video analysis, we were able
to track quantify the pulsing length, intensity, and frequency from various types of
capsules. Altering our capsule synthesis once again allows us to tune the pulsing
properties of these capsules. Interestingly, this pulsing only happens when both silver and

R6G are present, indicating interaction between the two substances.

In Chapter 5, we introduce a technique to synthesize wax-coated capsules and the
utility of these capsules for multi-reagent reactions. To create these capsules, we drop
cold alginate cores or solution into a warm wax solution to coat and create wax capsules.

These capsules can be synthesized with several wax materials including paraffin wax, n-
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eicosane, and palmitic acid. The wax capsules are impermeable and do not release
internal contents until the wax coating melts. Hazardous materials can also be
encapsulated with no leakage and released upon demand. To show the utility of this easy
encapsulation, we incorporated the wax capsules in MCCs. Using the MCCs, we show a
two-step release with one internal capsule coated with a low Tm and the other with a
slightly higher Tm. Slowly increasing the temperature of the solution shows how one
internal container melts and releases contents before the other container. We then
demonstrate a multi-reagent reaction, the iodine clock reaction, using wax capsules in the
MCC. In one case, we produce our final product in the surrounding solution and in the
other, we demonstrate isolation of the product in the lumen of the MCC. Finally, we use
these MCCs for our inflating capsules from Chapter 3, showing how this model can be

used to induce emergent behaviors.
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6.2 Recommendations for Future Work

6.2.1 Ejecting Barbs from Inflating and Ejecting Capsules

Chapter 3 describes the design and creation of nematocyst-like capsules, in the
sense that our capsules eject the internal contents of the capsule by increasing pressure.
However, nematocysts expel a barded tubule what has the capability of penetrating skin.
Can we alter our ejecting capsules to shoot out barbs? If so, this could be a potential use
for transdermal drug delivery. To do this, our internal core would contain a barded or
sharp particle. This is possible however, our current system does not allow for the control
over directionality. Control over directionality can be achieved several different ways.
We can create a weakness in our capsule shell. As pressure builds in the capsule, a weak
point give way first, allowing the capsule to rupture and eject from that point. We can
also adjust the shape of our capsules to add directionality. Synthesizing a teardrop or
cylindrical core might allow us to localize the Ag catalyst in one spot and rupture in one
direction. Investigating these different capsules could lead to a direct application for these

nematocyst-like capsules.

6.2.2 Inflation and Ejection via Other Stimuli

Along the same lines, we would also like to extend the inflation and ejection to
reactions other than the production of gas. The nematocyst builds pressure in the
organelle by increasing the osmotic pressure. The gel network in the organelle is

composed of poly-y-glutamate and cations. Upon activation of an external trigger, water
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rushes into the sac and frees the ions in solution. This causes a drastic osmotic pressure
increase, which results in evacuation of a barbed tubule. Are we able to replicate this
pressure increase using a decomposition reaction triggered by light or pH? A positively
charged surfactant, p-octyloxydiphenyliodonium hexafluoroantimonate (ODPI), is able to
interact with negatively charged alginate chains to create stable polymer capsules. Upon
exposure to UV light, ODPI degrades to uncharged, hydrophobic byproducts and the
capsules fall apart. This increase in molecules could lead to a large enough osmotic

pressure gradient to eject a core in layered polymer capsules.

6.2.3 Extend Active Pulsing Release to Other Systems

In Chapter 4, we discuss the synthesis of solute-release capsules that exhibit
pulsing and have analyzed this pulsing using video analysis. We deduced that this pulsing
only occurs when our capsules are synthesized with silver in the core and are loaded with
Rhodamine 6G. Here, we propose to further investigate this mechanism so we can extend
the system using other solutes. We believe the pulsing is a direct result of the
coordination of the Rhodamine 6G molecules on the silver microparticles, which has
been studied previously. To test this theory, we propose loading our capsules with other
materials that adhere to the surface of silver. It has been documented that dopamine,
melamine, and pyronin Y also coordinate on the silver surface. We can load our silver-
cored capsules with these materials and place them in H2O.. If they also pulse, it supports
our pulsing theory. We can extend our reaction to platinum core capsules also, still using

H20> as a chemical fuel, and utilize molecules that coordinate to the platinum surface.
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Understanding this pulsing mechanism could be advantageous to expanding the

applications of this discovery.
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