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In nature, biological systen@e able taespond autonomously to environmental
cues. Drawing inspiration from natussientistshave beerreatingmaterials that change
their appearance, shape, or properties (e.g., ogtiaalechanical) in response to various
stimuli. This work is our contribution to the field we have designed a range of nature
inspired polymeric materials that reconfigure their properties in response to either physical

cues (e.g., temperature) or chemicals in the external medium.

In our initial study,our point of inspiration is the natural pearl, which displays
bright sheen (called O6pear |l e slikegartclesoWe due t o
show,for the first time that pearlescenceanbe reversiblyinducedin soft capsules that
contain no platdike particles.Our millimeter-sizedcapsuleshave anouter shell (~ 500
pum thick) of N-isopropylacrylamide (NIPApel, which shrinls above its lower critical
solution temperature (LCST) of ~ 32°C. Whetransparentapsules heated above this
LCST, itturns pearlescenandthe transparent state recovered upon coolingpecular
reflectance measuremernsnfirm that the pearlescence of the capsules is comparable to
that of natural pearlsWe attribute the pearlesagnto light reflection from nanoscale

domains in the shrunken NIPA shell above the LCST.



Next, wedraw inspiration from the skin of chameledashe brilliant colors of the
skin are due to ordered arrays (photonic crystafig)articles within theskin cells. To
mi mic this structure, we first create
their liquid cores. When thecapsules are placed in a polymer solution, shell is
impermeable to th@olymer chainsbut is permeable to wateThe resulting osmotic

gradient induces the silica NPs to form clpseked arrays, i.e., photorgeystals, which

deposit on the inner wall of the capsulehe capsules thereby show brilliant colors

(iridescence), with the exact color depending on the NP size. We then fus#éteese
capsules as building blocksid fuse them togethtr form a freestandingsheet Thesheet
is thusanalogous ta tissuewith the capsuleanalogous tdhe constituent cell3Ve are

therebyable tocreatea sheetof colored capsulesesemblinghe chameleon skin.

Lastly, we take astetpowar ds creating an Oart.i
bodyarenat ur ebs i deal machines as they ¢
ability, materials that change their size autonomoas#yof interestWith thisgoal in mind,

we start with a anionichydrogelwith microscale pore% thegel expandby 300% when

O6phot c

ficial

an exp:é

placed in water. When a carbodiimide is added to the water, it converts the carboxylates

onthegel strandgo anhydrides, anthe loss of chargenakesthe el shrinkby 50% The

arhydrides are metastable, however, and hydrolyze ovebirtteereby, the charge on the

chains is restored and the gel expands back to its initial size. A cycle of gel expansion and

contraction is completed in ~ 40 min, which is ~3 lfaster than any previous soft

autonomous material. The rap&sponsenoves our gels closer to thengscales required

for use in practical actuators or soft robots.
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Li st of Figures

Figure 1.1. Capsules that exhibit reversible pearlescencéA) Our capsule, which
becomes peralescent upon heating. (B) Natural pearl for comparisan.................. 3

Figure 1.2. Photonic capsule sheethe sheet is made by the fusion of photonic capsules,
each having an ordered array of silica nanoparticles (NPs) within it. The blue and pink
colors correspond to different NP sizes. Scale bar on the photo:.2cm.................. 4

Figure 1.3. Chemical Fuel Mediated Reconfiguration of Porous Gels (Chapter 5).
Upon the addition of EDC, the porous gel becomes transiently hydrophobic. After the
energy dissipation, the gel reverts to its original state................ccccceeeeeiiiiiee e e, 5

Figure 2.1. Origin of iridescence in natural materials.(A) Diffraction gratings, (B)
Multilayer reflectors, (C) Photonic crystals, which are ordered arrays calbsorbing
MONOAISPEISE PArtICIES. .. .cooiiiiiieee e e e e e e e e e e e e e aaareed 9.

Figure 2.2. Origin of iridescence in butterflies and chameleongA) The scales of the
butterfly wing serve as multilayer reflectdr§B) The chameleon skin contains color
regulating cells called iridophores. Iridophores contain photonic crystals (periodic arrays)
OF GUAININE ...ttt ettt e e e e e e e e e e e e e e e s b e ee e 10.......

Figure 2.3. Origin of pearlescencdn a pearl and a shampoo(A) Photo of a natural
pearl. (B) SEM image of the nanostructure in a pearl showing layered structures of
aragonite. (C) Image of a commercially available pearlescent shampoo. (D) Optical
micrograph showing the presence of pliéite particles in the shangp. ....................... 11

Figure 2.4. Various Examples of Dissipative Assembly(A) A typical reaction cycle
involving dissipative assembly. (B) Spontaneous assembly and disassembly of
microtubules (cytoskeletal filaments in a cell). (C) Muscle actuation cycled by
CONSUMPLION OF ATP. . aeei e e e e e e e e e e e e e e e e aeeereaaaaas 13.....

Figure 25. Schematic of polymer hydrogelThe hydrogel is a crosslinked network of
polymer chainsz-is the mesh size and ranges betwed@® Nm. ..........ccccoeeveeeeeeennnnne. 15

Figure 2.6. Gelationof alginate chains by Ca*. Alginate (Alg) becomes a gel upon the
addition of C&" ions due to electrostatic complexation of the cations with thativety
charge chains at edmpX JUNCHONS. .......oooiiiiiiiiiiie e 16

Figure 2.7. Free radical polymerization of Nisopropyl acrylamide (NIPA) monomer
INEO @ NIPA QL. oo e e e e e e e e e e 17

vii



Figure 2.8. Thermoresponsive behavior of NIPA solutions and gel$A) At T = 33°C,
which is the LCST of NIPA, NIPA chains in solution become hydrophobic and thereby
undergo a coil to globule transition. (B) A NIPA gel becomes turbid upon heating due to
the formation of hydrophobic domains within the gel. (C) In turn, a NIPAlgaiks when
heated abDOVE ItS LEST. .o 18.........

Figure 2.9. Two methods to make alginate capsulegleft) Alginate (Alg) capsules can

be formed by dropping an Alg solution into a solution of*Cin this case, the core is an

Alg gel which can be crosslinked to the same or lower extent compared to the shell. (Right)
If a thickened C# solution is dropped into an Alg solution, a liguidre capsule with an

Alg shell is obtaiNed. ...........uvuiiiiii e ——— 19.....

Figure 2.10. Synthesiof multilayer capsules.First, an alginatgel is loaded withthe
initiator required for the free radical reaction. Next, g&dis incubated in a solution
containing the monomer and a crosslinker. After some time, we obtain a polymer shell
(Layer 1)around thegel core. This proceds repeatedo form a second shell of a different

polymer (Layer 2) outside the first layer.........ccccooeeeiiiiiiiieeccee e 21

Figure 2.11. Reactions in an EDCmediated dissipative reaction cycleCarboxylates

react with EDC and get fdactivatedo. Next, t
anhydride. Subsequently, this anhydride hydrolyzes back to carboxylates. ...................... 22
FigB8Bte Examples dfA)pAamlagasicanceoear!| .exB)biti
A pearl escent s harp ko tphatti cdrtsai(mseedi san t h
i nset) (C) Caxpyulogpy |vaictriy laa€mmiNle ( NI PA) out er
heated to 50AC (this study) .olTihreg .t rPaenasrplaer secnet
( C) is thus tunable and reversible while in
= I S = R = o

Figure 3.2. Synthesis of liquidcore (Lig-Alg-NIPA) and geklcore (Alg-NIPA)
capsules(A) To make the former, thickened €as dropped into an Alg solution to form

an Alg gel around a liquid core. This capsule is then loaded with initiator and placed in
NIPA, and upon polymerization, an outer NIPA shell is formed. (B) To make the latter, an
Alg gel is first made by dropping an Alg solution into?Calhis gel is then loaded with
initiator and placed in NIPA to form an outer NIPA shell. Photos and opticabgnaphs

of the final capsules are shown for each case (for the latter, the cores are loaded with carbon
black (CB) nanoparticles to clearly distinguish the cores flashells)...................... 30
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Figure 3.4. Freshly prepared Alg-NIPA capsule becomes turbid upon heatingA) The
clear capsule is placed in warm {&) water and observed. Images Al to A4 show that it
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becomes turbid over 20 s. (B) The turbid capsule is placedah(20C) water. Images
B1 to B4 show that it reverts to its clear state in 20 s. Scale bars: 2.mm................ 33

Figure 3.5. NIPA gels become turbid upon heatingNIPA gels are prepared in different
geometries and their images at&t 50°C are shown. (A) Bulk NIPA gel in a vial. (B)

NIPA gel in the form of a sphere (diameter of 5 mm). (C) NIPA gel in the form of a thin
sheet (2 mm thick). In all cases, the gel is clear at 25°C and turbid at 50°C. Pearlescence is
not seen in any ofhe cases.. 34

Figure 3.6. Specular reflectance spectra of a Lieflg-NIPA capsule and a fresh Alg

NIPA capsule at various temperaturesThe capsules are taken out of water at 50°C and
successive spectra are measured as they cool. (A) THd-NIPA capsule is pearlescent

and has high specular reflectan& &t 50°C, but becomes clear and wefiective R ~

0) at room temperature. (B) The fresh A¢PA capsule is turbid with loR at 50°C and

becomes clear and noaflective R~ 0) at room temperature. Scalebarsi@.é . . . . . . 35

Figure 3.7. Specular reflectance spectra for pearlescent vs naglossy objects.A

natural pearl (AA grade) and a LA&Jg-NIPA capsule in its pearlescent state (at 50°C) both
show high specular reflectance and a similar glossy sheen. In contrast, a white bead of
polystyrene does not have a sheen and its spectrum shows a much levenet. Scale

QT TS 1 1] 1 P PPPPPPPPPPPPPRP 36

Figure 3.8 Diffuse reflectance spectra of the three objects studied in Figu@7.

(A) Schematic highlighting the difference between specular and diffuse reflection off a
spherical object. In the case of specular reflection, the angle of reflection equals the angle
of incidence; thus, if light is incident normal to the object, the reftetight will also be

along the normal direction. In the case of diffuse reflection, the angle of reflection is
independent of the angle of incidence. In other words, light will be reflected at various
angles, as shown in the schematic.

(B) The normalized diffuse reflectance vs. wavelength is plotted for a natural pearl (AA
grade), a LigAlg-NIPA capsule in its pearlescent state (at 50°C), and a white bead of
polystyrene. The first two both showed high specular reflectance in RBggrieut here

they both show low diffuse reflectance. The white bead had low specular reflectance in
Figure3.7, but here it shows a high diffuse reflectance. Scale bars in photos: .2 mB38

Figure 3.9. Swollen AlgNIPA capsuleexhibit pearlescence on heatindA) Soon after
preparation (Day 0), the fresh capsule (Image Al) becomes turbid upon heating (A4). If
left in water, the capsule swells, as seen from the images on Day 1 and 2 (A2, A3). The
swollen capsule exhibits pearlescence on heating (A5, A6). Basde 2 mm. (B) The
pearlescence is also seen from the reflectance spectra: while the turbid capsule on Day 0
has lowR, theR s significantly higher by Day 2 when the capsule is pseaést.......... 40

Figure 3.10 Capsules become pearlescent only if the NIPA shell is thif/A) Alg-NIPA
capsules are made with increasing concentrations of APS initiator, which leads to thicker
shells (Images Al to A3). Note that the cores are loaded with CB nanoparticles to contrast
with the shells. The capsules are left to swell in wateram®ay 2, they are heated to

iX



50°C. The capsule with the thinnest NIPA shell becomes pearlescent (A4) whereas the
capsules with thicker shells only turn turbid (A5, A6). Scale barsm2 (B) Reflectance
spectra at 50°C are consistent with the images inRAg:high for the pearlescent capsule

and low for the tUrbid CaPSUIE............eei e 41

Figure 3.11 Pearlescence in a hot AINIPA capsule disappears when the NIPA shell

is punctured. (A) Photos showing the capsule being pierced with a needle and the
subsequent response. During the process, the capsule is in a water bath at 50°C. The capsule
is initially pearlescent. When the shell is punctured, the capsule shrinks and converts to
turbid i this shows that an intact capsule is a requisite for pearlescence. The shell eventually
slips off the core. Note that the core is loaded with CB nanolestamd hence appears

black. Scale bars: 2 mm. (B) Specular reflectance spectra confirming that the intact capsule
at 50°C is pearlescent (higt) whereas the punctured capsule is turbid ®w........... 42

Figure 3.12 Confocal microscopy of a LigAlg-NIPA capsule. The NIPA is
fluorescently labeled with FITC to enable visualization. (A) At 25°C, the outer NIPA shell
is 680 um thick and in this state the capsule is clear. (B) When heated to 50°C, the NIPA
shell shrinks to 25 pm (i.e., by Z@ld). The thinning of theNIPA shell is key to the
pearlescence Of the CAPSUIE...........ovviiiiiiii e 3.....4

Figure 3.13 Mechanism for onset of pearlescence in a Li§lg-NIPA capsule.
Pearlescence arises when the capsule is heated above the LCST of NIPA (images from
Figure 33). Initially (A), the capsule is clear and the NIPA shell is thick. Upon heating (B),
NIPA-rich domains form in the shell and the shell thins as it expels water. With further
heating (C), the shell thins further and the domains grow. In turn, the inbera€tight

with these domains leads to pearleSCenCe. ..........ccccuuviiiiiiccmiiiiiee e 45

Figure 3.14 Attempts to visualize domains in the NIPA shell by confocal microscopy.

The experiments use Nile Red (NR), a molecule that fluoresces-patanenvironments.

The top panel shows brigheld photos (scale bars 2 mm) and the bottom panel are images
of the shell from confocal microscopy (scale bars 200 pum).

(A) Initially, a Lig-Alg-NIPA capsule is placed in a solution of 3 uM NR in DMSO/water

at 25°C. Because the NIPA shell is hydrophilic, the capsule does not absorb NR and no
fluorescence is seen.

(B) When the sample is heated to 50°C (above the LCST), the NIPA shell becomes
hydrophobic, and in this state, NR is absorbed by the shell. The overall capsule shows a
pink pearlescence in brigfield (B1) and the NIPA shell shows a uniform red fluoreseen

(B2).

(C) When the sample is cooled back to 25°C, the capsule reverts to clear, but a residual
pink color is still seen in the shell in the brightfield image (C1). The shell now shows
patches of NR (red fluorescence), evidently because NR is no longer solubile in
hydrophilic shell (C2). These patches can be considadiect evidencdor the earlier
presence of NIPA domains above the LCST. Note also that the shell is much thicker at
25°C compared to 50°C, which is consistent with the results of Figi2e................. a7



Figure 3.15 Mesh sizes of NIPA gels from dynamic rheologyData from dynamic
rheology are shown for a NIPA gel corresponding to the shell in our capsules. The data
plotted are for the elastic modul@ and the viscous modulust as functions of the
angular frequencw. The gel is studied at room temperature (25°C) as well as at a higher
temperature (50°C) above the LCST of NIPA. At both temperatures, the characteristic
rheology of a gel is seen in the data, witjm> Gt over the range ol and a plateawniG;j

at loww. From the plateau value &fj at loww, which is the gel moduluS0, the mesh
size x of the gel can be computed using eq 1. The table shows thealues and the
corresponding at €ach tEMPEIAtUNE...........iiiii e e e ee e e e e e e e e e e e e e eeeeeaenn 49...

Figure 3.16 Pearlescent capsules in various color€apsules of LigAlg-NIPA and Alg

NIPA can be endowed with a colorful pearlescence by incorporating colored particles or
other moieties in the capsule core. The examples shown here are swoHlBihPAIg
capsules exhibiting pearlescence at 50°C. (A) Orange capsules due to orange polystyrene
(PS) microparticles; (B) Pink capsules due to pink PS micropatrticles; (C) Black capsules
due to carbon black nanoparticles; and (D) Blue capsules due to the use ohsie2d of

Ca2+ to crosslink Alg. Scale bars: 2 MIM............ouuuiiiiiiii i 05

Figure 3.17. Pearlescence at room temperatureSwollen AlgNIPA capsules exhibit
pearlescence only when heated above the LCST of NIPA (i.e., > 32°C). However, the
LCST can be reduced below room temperature by adding a kosmotropic salt like
ammonium sulfate, i.e., (NH4)2SO4. To show this, a swollen-MRA capsule is
transferred from water to a 1 M (NH4)2S04 solution at 25°C=dd. Within 15 min, the
capsule becomes pearlescent (Photés4). The NIPA shell shrinks considerably and
cannot be distinguigd in the pearlescent state. Note that the capsule core is loaded with
orange PS nanoparticles, which give the core a orange hue in the initial state and the overall
capsule an oranged hue in the pearlescent state. Scale bars: 2.mm..................... 5

Figure 3.18 Pearlescence of a capsule when heated in dihree capsules are placed on

a hot plate and heated in air. In the case of aAlggNIPA capsule, it still turns pearlescent
above the LCST of NIPA. In contrast, a fresh Al{PA capsule and a burst L-igjlg-NIPA

capsule turn turbid above the LCST. All s$eeobservations are consistent with previous
results where the capsules were observed while in a water bath. This experiment shows
that capsules do not have to be surrounded by water to exhibapkieal behavior.... 32

Figure 4.1.Hierarchical design of achameleonskin. (A) Chameleon skin composed of
close packed cells called iridophores, which are responsible for the skin coloration. The
cells consist of guanine crystals which can form distinct ordered structures. Scale bar: 200
nm. (B) A Butterflyshaped gel (our stulgomposed of clospacked liquid core capsules
(~ 5 mm in size). Each of the capsules have ordered nanoparticle PCs in their core. ....... 5

Figure 4.2.Synthesis of LigqAlg Capsule and subsequent synthesis of Li§lg Sheet.

A) shows a schematic of the formation of the-Rig capsule. (B) Shows the formation

of capsule sheet over time. Freshly formed individual capsules are removed from the
reservoir solution and placed adjacent to each other and allowed to polymefize. Ca

XI



diffuses out of the core and polymerizes neighboring shells together. Eventually, a fused
capsule sheet is obtained. Scale bar: 2 CM. ..., Lonnn, 6

Figure 4.3. Dynamicrheologyplot of Lig-Alg capsulesheets.Dynamic rheology data
shows that for both alg gels aswellasdiq g capsul e sheets the GOo6>
that the capsule sheet has-lijegd properties. ... 3..6

Figure 4.4. Bottomup patterning of capsules into gels(A) 1D, (B) 2D, (C) 3D
structures made by patterning capsules containing carbon black particles and yellow iron
oxide particles alternatingly. The photos demonstrate the structural integrity of the
framework thus formedscale bar: 2 CM. ... 4...... 6
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Chapter 1

|l ntr oducQwveornv iaenwd

1.1 Problem Description and Motivation

Nature serves as a profound source of inspiratianaterials designoffering us

an array omaterialshat exhibit uniquer unusual propertiesn recent decades, an entire

field of A n a tingpirezl materiak has emerged and it has attra
and engineer&The field is broad and it encompasses a wide range of materials of diverse

origins. Some can have a geological @#ological origin), an example being precious

gems like opals. The majority have mlbgical origin, and examples include microbial

structures (e.g., flagella in bacteria), pldetived materials (e.g., the Lotus leaf or the

leaves of the Venus flytrap), small animals (mussels and their ability to adhere to rocks),

or large animals (g&os and their ability to adhere to vertical walfs).

As researchers look to nature for inspiration, they are often drawn to the unique
properties exhibited by a given material. The unique properties may, in turn, be due to a
specific nanostructure in the material. For example, take mechanical properties. So
natural materials like naceze composed of brittieorganicelements, but still are tougher
(less prone to fracture) than amyanrmade inorganianaterial (e.g., ceramics)The
toughness arises from the fact that nacre is a composite with proteimgcdad between
inorganic nanoplatelefs® Thus, by examining the structure of nacre, researchers have

gained insight into how ceramics can be toughened.



Another class of properties natural materialare theoptical properties. Striking
examples of brilliantly colored materials inclugeeciousgems like opals, the wings of
insects like butterflies, and the skins of reptiles like the chaméleamany of these cases,
the color is not due to the presence of colored pigments. Rather the color arises due to
ordered arrangements ohiform particles, and this is termed structural color (SC). SC
arises when thanterparticle spacingn an ordered array falls within the wavelengths of
visible light® Light then gets diffracted from the arrgading to iridescenceand such an
array i s ter me d®Aasimiarpbutodistonet, iplienomengnsist thee [bigght
metallic sheenexhibited byp e ar | s . Thi s i s citaarisesewhendhpe ar | e s «
constituent particles are irregul@nore details are provided in Chapterl8)this work, we

will seek to endow iridescence and pearlescence to soft polymeric materials.

Many natural materials not only show remarkable properties, but moreovaréhey
alsoresponsivei.e., theycan switch their properties in response to external conditions
chemical stimuli A classic example is the color of chaleon skin. Chameleons are known
for their ability to change the color of their skin iasponse to changes in outside
temperature, or for camouflaging, or for signaling its intentions to other chamélébns.
Other responsive materials in nature are those that move or bend autonomously
example in the plant world is the Venus flytrap, which can snap shut when ansitsect
betweenits leaves A more common and classic exampleaofautonomousystemis the
muscles in our body. Mused, which are based on protein fibers, show a remarkable ability
for actuation (i.e., texpand and contrgctTheir actuations driven by the chemical fuels

associated with biology, especially adenosine triphosphate (XT®pur work, we will



attempt to mimic the autonomous motion of muscles with a hydrogel that swells and

shrinks under the action of a chemical fuel.

1.2Proposed Approach

In this dissertation, we have devisédeenewtypes ofnatureinspired magrials
whose propertiearerelated taa) pearls; (b) chameleon skin; and (c) musdemsistent
with the research focus of our lalesir materials are all soft and polymerie., based on
polymer capsules and polymer hydrogels. All three ofroaterialsare alsoresponsive,

i.e., their properties can be altered by environmental cues.

1.2.1Capsules that ExhibitReversiblePearlescence

' A. Pearlescent Polymer Capsule \

Transparent Pearlescent

B. Natural Pearl ‘

Figure 1.1. Capsulesthat exhibit reversible pearlescence(A) Our capsule, which
becomes peralescent upon heat{Bj.Naturalpearl for comparison.




In Chapter 3, we report the synthesis of soft millimsteed polymer capsules that
demonstrate the unusual property of pearlescence, i.e., they show a bright sheen under
certain conditions (Figure 1.1). Unlike natural pearls, our capsules contain edikglat
particles.The capsules havan aqueous core and a thin outer shell (~ po0) of N-
isopropylacrylamide (NIPA) hydrogel, which has a lower criticdutson temperature
(LCST) of 32C. When a transparent NIPghelled capsule is heated above this TCS
turns pearlescent. The effect is reversible, with the transparent state being recovered upon
cooling.To our knowledge Hiis is thefirst example of reversible pearlescemeany solid
Specular reflectance measurements show that the pearlescence of the capsules is
comparable to that of natural pealge attribute the pearlescence to light reflection from

nanoscale domains in the shrunken NIPA shell above the LCST.

1.22 Photonic Capsules and their Sheets

Photonic Sheet

Figure 1.2. Photoniccapsulesheet.Thesheet is madey the fusion ofphotoniccapsules
each having an ordered array of silica nanoparticles (NPs) within it. The blue and pink
colors correspond to different NP size&xcale baon the photo2 cm.



In Chapter 4, weereate photonic capsules, which are soft structures that exhibit
brilliant iridescent colorgFigure 1.2) We first suspend silica nanoparticles (NPs) in the
agueous core of millimetesized capsules with an alginate shélhen the capsules are
placed in a polymer solution, the shell is impermeable to the polymer chains but is
permeable to water. The resulting osmotic gradient induces the silica NPs to form close
packed arrays, i.e., photonic crystals, which deposit omtier wall of he capsule. The
capsules thereby show iridescence, with the color depending on the NP size. We then
further fuse the capsules together to form a robuststa®ling sheet. The sheet is thus
analogous to a tissue, with the capsules analogous to the wemistiells. We are thereby
able to create a sheet of colored capsules, which resembles a chameleon skin or a butterfly

wing (Figure 1.2).

1.2.3Gels that ReversiblyExpand and Contract
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Figure 1.3. Chemical Fuel Mediated Reconfiguration of Porous Gels (Chapter 5).
Upon the additiorof EDC, the porous gel becomes transiently hydrophobic. After the
energy dissipation, the gel reverts to its original state.
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Lastly, inChapter 5, wenvestigatethe dynamic response of a musoilanicking
gel. We start with an anionic hydrogel with microscale pétethe gel expands bi50%
in areawhen placed in water. Wheh-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC)is added to the water, it converts the carboxylates on the gel strands to anhydrides,
and the loss of charge makes the gel shrindQ9¢ within 5 min. Thereafter, the anhydrides
hydrolyze over time and the charge on the chains is restpre gel thuswaels back to
its original size after 35 min (Figure 1.3).Thisautonomous contractidexpansion cycle

iscompleted in ~ 40 min, which is ~3.@aster than any previous soft autonomous material.

1.3 Significance of This Work

In this dissertationwe have maderiginal contributions to the field afature
inspired soft materialE€ach of the materialdescribed in Chapters3 offers important
insights into the fundamentals, i.e., the underlying strugitmperty relationshipsin

addition, the materials we develop could also be useful or applicable in various contexts.

1 In Chapter3, our capsules are the first examples of soft solids showing pearlescence.
The capsules do not contain any pliite nanoparticles, which are present both in
natural pearls as well as in commercial paints that show pearlescence. Thus, our work
gives insighinto the origin of pearlescence and our approach offers strategies by which
this phenomenon could be integrated into other soft materials. Moreover, our capsules
also show reversible pearlescence for the first time. We have made our sigfirpea
various colors. Such soft structures could impart a pleasing appearance to cosmetics or

other consumer products.



T

In Chapter 4, welescribe an original approach for generating a soft sheet or film that
shows structural color. Such sheatecredible mimics othameleon skisor butterfly

wings. We also show how the color can be made to appear or disappear in response to
external cues (which is reminiscent of camouflage materials). Also, our approach to
making a robust sheet (mimicking tissue) from capsules (i.eljlelbuilding block3

could be useful in a variety of other contexts, especially in the biomeditzhl fi

In Chapter 5, we synthesize gel that reversibly expands and contracts due to a
reversible reaction involving EDC. Several researchers have useddBEZ0
chemistry to make autonomously responding gels, but their timescatas thieeorder

of several hours, which is X0nes slower than ours. The faster timescale in our case

is because our gels are highly porous, which allows for faster diffusion of reactants and
products. We can use our gel to make an actuator that sequentially moves back and
forth uponactivation. Thus, faster timescales brings our system closer to being useful

in practical actuators or soft robots.



Chapter 2

Background

This Chapter will discussome naturally occurringpaterials of interest in this study
and our approaches in mimickitigesematerials We will discusghe opticalphenomena
of iridescence andearlescengesetting the foundation f&@hapter 3 and Chapter 4. Next,
we will discuss the basic theory behwvatious reconfigurable systems seen in nature such
as microtubules anthuscles that are relevant t€hapter 5. Finally, we will discuss the
basics opolymer hydrogels and capsules, followed by a brief thtotion to carbodiimide

chemistry

2.1 Structural Color

Dyes and pigments are the primary source of color for most materials. However,
they are susceptible to environmental (light, heat, etc.) or chemical dadiffigalt to
recycle, and can easily fade over timén contrast structural color is ra optical
phenomenowmidely observed in nature (butterflies, mollusks, birds, ¢t@) does not rely
on dyes or pigments. Insteable materiashows brilliant colors due to theteraction of
light (interference and diffraction) with th@nostructurén the mateial. Thus,structural

colorwill be nonfadingas long ashe nanstructure remainsitact 12

2.11 Iridescence
Oneform of structural color is known as iridescence, whichebrilliant and vivid

rainbowlike colors seen in organisms like morpho butterflies, chameldtmsers,



peacock feathers, jewel beetleg.'**°Iridescent materials mostly reflect monochromatic
light with a hue thatan changevith the viewing and illumination angleDepending on

the periodicity and polydispersity of the nanostructure, structural color can be angle
dependent or angle independent. While angle dependent structural color emerges from
long-range order of the nanostructure (e.g., opals), angle indepemdemn¢imerges from

the shorrange order interspersed by amorphous arrays (e.g., butterfly wings).

Grating normal

Incident Light Reinforced Reflected Light
m=-2 \//
Incident light m=-1 [ —~ // !/ = High RI
m=-0 N /S /

. L AN L i ]
m=1 Perpendicular N/ / — & Low Rl

S _/' ) multiple layers T —~ 1

. m =
=T . C -

AY
X Transmitted Light
(A) Diffraction Gratings (B) Multilayer Reflectors

Periodic lattices by non-
absorbing particles

(C) Photonic Crystals

Figure 2.1. Origin of iridescence in natural materials. (A) Diffraction gratings, (B)
Multilayer reflectors, (C) Photonic crystals, which are ordered arrays oalbsorbing
monodisperse particlés.

Figure 2.1shows various structures identified in living organisms that lead to

iridescence: diffraction gratings, multilayer reflectors, and photonic crystals.

diffraction gratings, the spacing between the periodic arrangements of parallel grooves is



on the order of the wavelength of visible light. Each slit diffracts light into its component
wavelengths. Light diffracted from each slit is superimposed for each wavelength, resulting
in the color changing based on the viewing angle (Figure 2.1A). lcae of multilayer
reflectors, periodic layers run perpendicular to the material surface (Figure 2.1B). Such
structures are most common in nature (e.g., Blikt®y. The multilayers consist of thin
alternating layers of high refractive index (RI) andvI&I, such as chitin and air
respectively. Light is either reflected, absorbed, or transmitted at each of these interfaces.

The thickness of each layer usually determines the observed ¢btér.

A. Multilayer Reflectors in Butterfly Wing

Ground Scales

B. Photonic Crystals in Chameleons

{ ¢
Y = LI
AN 79 ¢
~ a v
A &}

Tissue a

Chameleon skin

Guanine crystal array

Figure 2.2.Origin of iridescence in butterflies and chameleongA) The scales of the
butterfly wing serve as multilayer reflectdr§B) The chameleon skin contains color
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regulating cells called iridophores. Iridophores contain photonic crystals (periodic arrays)
of guanine'’

Finally, photonic crystals are periodic lattices made up of dielectri@abearbing
particles (Figure 2.1Cf-*8 Photonic crystals exhibit bandgaps, which means that certain
wavelengths of light cannot propagate through the crystal. Photonic crystals also consist of
particles of high RI periodically arranged in a matrix of low RI. For example, the color of
chameleorskin (Figure 2.2B) is due to layers of specialized cells called iridophores, which
contain periodic arrays of guanine crystals (Rl ~ 1.8) in the extracellular matrix (Rl ~

1.33)1119 Chapter 4 will delve deeper into strategies for synthesizing photonic crystals

within hydrogels.

2.12 Pearlescence

Pearlescence in Pearls

Figure 2.3. Origin of pearlescencan a pearl and a shampoo(A) Photo of a natural
pearl. (B) SEM image of the nanostructure in a pearl showing layered structures of
aragonité® (C) Image of a commercially available pearlescent shampoo. (D) Optical
micrograph showing the presence of plite particles in the shampoo.

11



Another form ofs t r uct ur adarlescenteo r witefers @ phe optical
signature of pearl@~igure 2.3A) i.e., their sheen and lustie. pearls, thigphenomenon
originakesfrom the interference of visible light with the nanostructured layers present in
nacre, i.e., mother of peaiNacre is composed dilternatinglayers oforganic and
inorganic materials: calcite aadagonite crystalgnorganic)areseparated binterlamellar
layers ofa proteinknown as conchioliforganic)(Figure 2.8).% The aragonite layers are
~ 300500 nm thick in the range of visible light (46800 nm),while the conchiolin layer
is 2050 nm thick, serving as a binder for the aragonite I&#/&iEarly work onthe optical
properties opearls was carried out by Pfundho demonstrated that their sheen was due
to multiple reflectiong? Between 1920 to 1950, Rayleigh and Raman made significant
contributions via detailed studies on the optical principles (reflection, refraction, and

scattering) that give rise to the lustre of peaffs.

A peartlike sheen can also be imparted tonercialproducts (e.g., cosmetics,
sunscreens and paints). An example is shown in Figure 2.3C. This is dadiiy plate
shaped organic or inorganparticles (e.g., flakes of titania) to the formulatidngure
2.3D), thuscreatingalternating layers of differerRl.?#?® The assessment of petike
luster (i.e., pearlescence) in a materigan be quantified byUV-Vis reflectance

spectroscopy’?® This technique is nedestructive, rapid, and reliable.
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2.2 Reconfigurable Systems in Nature

A. Dissipative Assembly B. Dynamic instability of Microtubule
Q500 Assombly @0 GTP-tubulin - @ GDP-tubulin
OQg % ® o Q ?
oo ‘—/7—
Dissipative oo & & GDP 6) 9
assembly T
w . |
® U ®
OOOO Disassembly Q %
=N 000 AR
C. Muscle Contraction
ATP ADP

Rescue

<
/A

Energy Dissipation

—
Catastrophe

Figure 2.4.Various Examples of Dissipative Assembly(A) A typical reaction cycle
involving dissipative assembf. (B) Spontaneous assembly and disassembly of
microtubules (cytoskeletal filaments in a cél$? (C) Muscle actuation cycled by
consumption of ATP.

Complex owtof-equilibrium systems (Figure 2.4A) are ubiquitous in nature.
Through the constant input of energy in the form of chemical fuels, these systems can
function autonomously with spatiotemporal control over their structures and
functionalities®® Some examples of such systems include the dynamic assembly and
disassembly of microhwules (Figure 2.4B3? andthe contraction and relaxation of muscles
(Figure 2.4C)* In such systemsionreacting entities in the presence of a chemical fuel

ent er an A atlat causes ta eedponses suehtas assembly of biomolecules or
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contraction of muscle cell®issipation of the chemical energauses such systems to

becomadeactivated, leading to a recovery of their originatest

Briefly, a typical dissipative assembly cycle occurs as follows. Initiahyg, t
building blocks, whiclcanbe proteins, polymers, colloidal particles, or small molegules
exist as a stable solution in thermodynamic equilibriéiflntroduction ofachemical fuel
that reacts with the building blocks converts them feopassive to an activassembly
prone stateThe activation reaction is generally fast and proceeds rapidly until all the
chemical fuel is exhauste8imultaneously, a reverse reaction octhed deactivates the
building blocks to their initial statelhe reverse reaction occurs with slower kinetics than
the activation reaction, leading to generation of transient assembled structures. Both the
Aactivationat aomo Aprracdsses occur at t he

reaction determines the lifetime of the assembled structure (Figure®.4A).

For example, microtubules assemble due to continuous binding of guanosine
triphosphate (GTP) to tubulin proteins, while the hydrolysis of GTP to GDP causes the
disassembly of the microtubules (Figure 2.4B% In this case, the concentration of the
microtubules is governed by reaction kinetics instead of thermodynamics. Another
example is the contraction and relaxation of muscles, which is facilitated by the
consumption and subsequent hydrolysis of adenosipieosphate (ATP) as shown in
Figure 2.4C? Such systems providheinspiration for making a new generationsofiart
materialsthatcan have unprecedentdgnamicfunctionalities éong with interactive and

adaptive features.
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2.3 Polymer Hydrogels

A gel is a threadimensional network of polymer chains connected by crosslinks
and with solvent trapped in the netwdfK! If gels are swollen with water, they are known
as hydrogels; if they are swollen with organic solvents, they are called orgaffog&lse
ability of hydrogels to swell in water arises from the presence of hydrophilic functional
groups, while the presence of crosslinks prevents them from dissolving inkhatesgels
have garnered significant interest in recent decallesto their unique responses to
external stimuli like temperature change, pH, light, electrical fields, and sofféhBue
to their responsiveness, they are usediverse applications, including agricultdfedrug
delivery** and biomedical applicatioff§*’ soft robotics*®4° cosmetics, and moré.One
common example of a hydrogel is Jél] a dessert made from gelatin. The schematic of a
gel network is shown in Figure 2.5. Generally, the mesh sjzd fiydrogels is in the range
of 5100 nm, making them permeable to small molecules such as dyes or drugs but

impermeable to larger solutes like nanoparticles or macromole€ifes.

Crosslinks

Solvent

Polymer
chains

Figure 2.5. Schematic of gpolymer hydrogel. The hydrogel is a crosslinked network of
polymer chainsz-is the mesh size and ranges betwed®® nm.
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Hydrogels can bérmedfrom biopolymers like alginat®, gelatin,and chitosan,
or they can be synthesized from monomers such as acrylamidepidpyl acrylamide
(NIPA), and mlyethylene glycol diacrylate (PEGDA)Y Biopolymers are derived from
natural sources such as microorganisms, animals, and plants. An example is sodium
alginate derived from brown algae. Alginate is an anionic polysaccharide composed of
blocks of (1,4) i n krdarnur oni ¢ aeiluonid amd (Glaresiduedy®
Alginate can be crosslinked to form hydrogels by multivalent cations likg§ E&*, or

Cu* (Figure 2.6). Crosslinks between the chains are termgth@gjunctions®>’

_.- Alg polymer chains

Egg-box Junctions in Alg Hydrogels

Cross-linked Alg network

Figure 2.6. Gelationof alginate chains by C&'. Alginate (Alg) becomes a gel upon the
addition of C&" ions due to electrostatic complexation of the cations with the negatively
charge chains at eggpx junctions.

Synthetic hydrogels can be prepared by free radical polymerization via UV or
thermal initiation®®3’In this case, the crosslinks will be covalent bonds. Figure 2.7 shows

a typical reaction scheme for free radical polymerization of NIPA monomer with the
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crosslinker beingN , Mlfhylenebisacrylamide (B)Sand using the thermal initiator

ammonium persulfate (APS).

A. Initiation:
o, 9 A, 9.
0-§-6¥0-5-0 0-8-0:
O NHg* o]
NHg *
Ammonium Persulfate Persulfate radical

B. Chain Propagation:
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Figure 2.7. Free radical polymerization of Nisopropy! acrylamide (NIPA) monomer
into a NIPA gel.
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Freeradical polymerization typically involves three stephe first step is a chain
initiation step where the initiator cleaves into a radical (Figure 2.7A). Here, upon heating,
the peroxide bond in APS cleaves, and it forms a persulfate radical. Next, since free radicals
are highly reactive, the persulfate i@l reacts with the vinyl group of the monomer
(NIPA) and crosslinkeRIS) in the chain propagation step (Figure 2.7B). A polymer chain
is formed by a sequential addition of monomer radicals.eSime monomer has one vinyl
group and the crosslinker hiago vinyl groups, the linear chains formed by the monomers
get crosslinked into a thrabmensionalnetwork (Figure 2.7C)Finally, in the chain
termination step, the free radicals are quenched by each other or by inhibitors and thus the

chain is terminated.

A. NIPA chains collapse upon heating B. Volume change of NIPA gel on heating

NIPA gel
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Figure 2.8. Thermoresponsive behavior of NIPA solutions and gelg¢A) At T = 32°C,

which is the LCST of NIPA, NIPA chains in solution become hydrophobic and thereby
undergo a coil to globule transition. (B) A NIPA gel becomes turbid upon heating due to
the formation of hydrophobic domains within the gel. (C) In turn, a NIPA gelkswhen
heated above its LCSP.

Solutions and gels of NIPAre known to respond to temperature (Figure. 7.18¢
NIPA polymerexhibitsa lower critical solution temperature (LCST) n&2°C, above
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which the polymer chains undergocoil-to-globule transitionin water (Figure 2.8A°

Thus, linear chains of NIPA transitioffom hydrophilic and watesoluble at low
temperatures to hydrophobic and watesolubleabove the LCSTY®! In the case of NIPA

gels, the crosslinked gel matrix prevents the polymer and water from separating into
discrete phases. Instead, the gel becomes turbid when heated above the LCST (Figure 2.8B)

and subsequently, the gel expels water and shrinks (Figure®8.8C).

Multivalentions crosslink
alginate chains @
Egg-box junctions
Alginate shell

: N Liq. core ; oy
. Alginate core f w)
| E— —

R
C2mm A2 mm-

R

2.4 Polymer Capsules

Figure 2.9. Two methods to make alginate capsuleglLeft) Alginate (Alg) capsules can

be formed by dropping an Alg solution into a solution of*Cn this case, the core is an

Alg gel which can be crosslinked to the same or lower extent compared to the shell. (Right)
If a thickened C# solution is dropped into an Alg solution, a licquidre capsule with an

Alg shell is obtained.

Polymer capsules are spherical structures with a cenireénd outer shegl). The
corecan bdiquid or agel, while the shellis different from the core in some way (Figure
2.9)%263 Typically, the core encapsulatesirious cargo such as drugs, fragrances,
moaisturizing agents, agrochemicats flavor ingredient§* This cargo can beeleasd

subsequentlyn a controlled manner.
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A simple methodfor synthesizing polymetapsules is using polyelectrolytes such
as alginate(Figure 2.9) When analginate solutionis added dropwisénto a solution
containing C4' ions, the drop converts into a capsule where the core and shell are both
alginate gels (but the core can be less crosslinked than the slfielthately, ifa thickened
solution containing cations like €zor Ci#*is droppednto a dilute alginate solutiorma
capsule with a liquid core and an alginate shell is obtaBeltenaticsand photosf a gel
core and a liquigtore capsule are shown in Figur8.2n both the cases, amadditional
payload in the feed solution will be encapsulated in the coleyuia-core capsules, the
payload will diffuse freely in the comesit is not embedded in a polymer netwodydrogel
capsules usually allow small molecules to permeate in and out but macromolecules or
nanoparticles remain encapsulated. The capsule size can be altered by changing the needle
gauge. In the case of microscale sudps, a microfluidic saip will be needed to make

microdroplets of the feed.

In recent years, our lalhave explored and designed polymeric capsules with new
and interesting architectig:eOnesucharchitecture is that of multilayer capsulewith
concentric layers different chemically crosslinkegolymers around central core géP
The idea ighatone of thecomponents required for a freadical polymerizatioms present
in the core while the others are only present outside (Figure. 2d6bher architecture is
that of amulticompartment capsul@here a capsule has multiple smaller compartments

inside it5668
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Figure 2.10. Synthesiof multilayer capsules.First, an alginatgel is loaded withthe
initiator required for the free radical reaction. Next, g&dis incubated in a solution
containing the monomer and a crosslinker. After some time, we obtain a polymer shell
(Layer 1)around thegel core. This proceds repeatedo form a second shell of a different
polymer (Layer 2) outside the first lay&r

2.5 Carbodiimide Chemistry

Carbodiimides, particularly EDC {éthyl3-(3-dimethylaminopropyl) carbodi
imide), have gained prominence in various applications such as protein conjwgation
complex formatiorf®"* organic synthesi& and drug deliver$? in recent yearé*>EDC
coupled with Nhydroxysuccinimide (NHS) is a widely used cilogsng agenftfor proteins
or peptides’®’® Such crosslinkingnvolves activatingcarboxylic acicon one peptidand
reacting itwith the amineof anotherpeptide forming an amide bon® EDC has also
garnered interest in developing dynamic supramolecular sy&t&fis.these cases, EDC
acts as a chemical fuel which generates metastable bonds that store chemical energy. When

the bonds are broken, energy is released and the system recorffigures.

21



O O

) ZRXOH e RJ\O‘
Carboxylic acid J
o y g A
_C-
) e NecN— N —— ROOCTNTNMAN
7 / N\ |
EDC

N A
l Anhydride H H/\
& 0
O O 2H
L o =21 . N
4 rR"0"R O * 2R” 70
Hydrolysis

Figure 2.11. Reactions in an EDCmediated dissipative reaction cycleCarboxylates
react with EDC and get ndAactivatedo. Next
anhydride. Subsequently, this anhydride hydrolyzes back to carboxflates.

A typical EDGbased reaction cycle is shown in Figure 2.11. In the activation step,
carboxylatedbecome activated by EDC and are converted to metastable anhydrides. In the
deactivation step, the anhydrides are hydrolyzed back to carboxylates. The activation step
is much faster compared to the hydrolysis $fefhe lifetime of the transient anhydride
population can be controlled by various kinetic parameters like the EDC concentration,
temperature, or pR. This carbodiimide based chemical reaction network has been used to
make various kinds of dynamic assemblies involving oil droplets, colloids, coacervates,

polymers, and nanoparticl&%2°
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Chapter 3
Capsules that Exhibit Reversible

The results presented in this chapter havbeen published in the following journal article:

M. Rath, A. Fear, T. PBearlLiké®keehnlinSafnCdpsites: AlRUnuskah g hav an
Optical Effect that is Reversibly Induced by Temperatudelvanced Functional Materia023

33,2213107.

*Note: Allison Fearcontributed to the reflectance spectroscopy measamsm

3.1 Introduction

Pearls are precious gems with a distinctive metallic sheen, the technical name for
which is pearlescené&®°°This phenomenon, much like its close cousin, iridescence, is
an example ostructural color, i.e., color that arises not from pigments but due to the
interaction of light with structures in the materidf. either the sizes of these internal
structures or the spacing between them is comparable to the wavelength of lighit (~ 200
1000 nm), light is induced to diffract, leading to structural cblorthe case of iridescence
(which is seen in opals, butterflies, etc.), light is diffracted at distinct waveke frgim
ordered particle arrays:**°resulting in bright hue%: and the observed hues (reflected
light) depend on the viewing angle. In the case of pearlescence, light interacts with
structures that are less ordered, resulting in the reflected light being white clikeedald
independent of the viewing andté Pearls are formed naturally inside molluscs, which
secrete nacre (mothef-pearl) around an irritant like a grain of s&¥fdNacre has layers
of aragonite (CaCg) separated by biopolymers, and the spacing between thelikéate
layers dictates the pearlescence. Many companies seek to impart a pleasktigepearl
appearance to their products, which include paints, shampoos, sunscreens, and skin
creams’! To make a product pearlescent, plate or-tiiscparticles are typically added to

it.>#26 Examples include flakes of titanium dioxide (E)@r mica or surfactant crystals.
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Figure3.1A shows a natural pearl while FiguBd.B shows a pearlescent shampoo. In the
latter, irregular disdike particles can be seen by microscopy, which are responsible for the

pearlescence.

A. Pearl | | B. Pearlescent Shampoo |

Pearlescence is permanent in both these materials

’ C. Pearlescent Polymer Capsule ‘

25°C NIPA
/’\h(—;}l

Aqueous

s core

Transparent Pearlescent Transparent
FigBte Examples dfA)pAamlagasicanceoear!| . exB)biti
A pearl escent s harp ko tphatti cdrtsai(mseedi san t h
inset). (C) Cappulogpy lvaictrty laamimmiNe ( NI PA) out er
heated to 50AC (this study) .olTihreg.t rPaenasrplaer secnet
(C) is thus tunable and reversible while in

A common theme in all known cases of pearlescence (both in natural pearls as well
as pearlescent paints or cosmetics) is that the effect arises due to tHikelpaeticles
present. To our knowledge, there are no examples of pearlescent materiats nioat d
contain such particles. Also, because pearlescence is associated with irregular particles, it
is harder to tune the phenomeriéni.e., once these particles are added, the pearlescence

is fixed. In contrast, iridescence, which is associated withreddparticle arrays (e.g.,
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monodisperse spheres or other shapes), can be altered by changing the particle size or
spacing. An example in this regard is an ordered array (photonic crystal) of spherical
polymer microgels, such as thoseNsisopropytacrylamide (NIPA) (also abbreviated in

some papers as NIPAM or NIPAAA? Gels (i.e., crosslinked networks) of NIPA are
known to shrink when heated above their lower critical solution temperature (C&EST).

As NIPA microgels shrink, the spacing between these microgels in an array gets altered,
thereby changing the iridescence from the atfathus, iridescence can be modulated by
external stimuli such as temperature or even by the addition of an&l§i¢=r these
reasons, iridescent arrays have been used as chemical $ansassictive camouflage
Pearlescence, on the other hand, is not tunable by stimuli, and there are no examples of a

solid being switchable between a pearlescent and -pearescent state.

In this paper, we report our discovery that pearlescence can arise spontaneously in
certain capsules that have an aqueous core and patpelés). Importantly, there are no
micro- or nanoparticles in the capsule, and yet we observe pearlescence. The outer shell of
the capsules is a hydrogel made of NIPA (~ 500 um thick), which we create by an inside
out polymerization techniqi&®"*®When the capsules are heated above the LCST of
NIPA, the transparent capsules spontaneously turn pearlescent @igLyeThe effect is
reversible, with the transparent state being recovered upon co@liaghave used
reflectance measurements and optical microscopy to study the transition to pearlescence in
real time. Once the transition is complete, plearlescence of the capsules is found to be
comparable to that of natural pearls. The onset temperature for pearlescence can be tuned

by adding salts tthe system. Thus, this is the first example of solid pearlescence that can
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be reversibly tuned by external stimuli. Regarding the origin of this effect, we find no
pearlescence in bulk NIPA gels or thin shéétall these materials simply turn turbid upon
heating?* Pearlescence is only observed when a sufficiently thin NIPA shell encloses an
agueous core. In such cases, above the LCST, we expeciriiPdomains to be formed

within the thin shelldue to the phase transitiohhe size or spacing of these domains is
likely to be responsible for the pearlescence. Our work sheds fresh insight into the nature
of pearlescence and its tunability. Responsive pearlescent capsules could be used in

materials focamouflagé&*®®or in new dye and pigmetfitee consumer productg1°°
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3.2 Experimental Section

Materials. Most chemicals were purchased from Sightdrich. These included the
biopolymers alginate (Alg), which washv@ediumviscosity alginic acid, sodium salt from
brown algae, and xanthan gum (XG). Chemicals used for forming the polymer shell were
t he cr os srethyrekeeis(acrfamidaé)j(BIS), the initiator ammonium persulfate
(APS), and the accelerant tetramadtthylene diamine (TEMED). Salts used in this study
were calcium chloride dihydrate (Ca¥;lcopper chloride (Cu@), and ammonium sulfate
((NH4)2SQy). Other chemicals included glycerol, allylamine, dimethyl sulfoxide (DMSO),
and thefluorescent dyes fluorescein isothiocyanate (FITC) and Nile Red (NR). N
isopropylacrylamide (NIPA) was purchased from TCI America. Deionized (DI) water was

used in all experiments.

Synthesis of AIgNIPA capsules A feed solution was first made with 2% Alg in DI water.
This was dropped into a 1.7% (150 mM) Castllution using a syringe or transfer pipette.
The Alg droplets were allowed to incubate in the salt solution typically for 5 min,
whereupon the droplets were converted into Alg/@gls with diameters ~ 4 mm. The
gels were then soaked in a 2% solution of the initiator APS for 10 min. ThdoaE&d

gels were then suspended in a monomer solution made by dissolving 11% (1 M) NIP
0.34% of the crosslinker (BIS) (this was 2.2 mol% with respect to the monomer), 1.5%
accelerant (TEMED), and 0.75% thickener (XG). Polymerization was conducted at room
temperature for 10 min, whereupon-anin thick NIPA shell formed around the Alg gels,

as shown by the schematic in FigBt2. The resulting structures were washed three times

with DI water and then stored in DI water.

27



Synthesis of LigqAlg-NIPA capsules A feed solution was made by dissolving 1.7% GaCl

in a 80/20 (v/v) mixture of glycerol and DI water. A reservoir solution was prepared by
dissolving 0.5% Alg in DI water. The feed was loaded into a syringe and dropped into the
reservoir, where they incubated for 5 min. Thereby, the droplets were cahvede
capsules with a liquid core and an Alg shell (overall diameter ~ 4 mm). The capsules were
then soaked in a 2% APS solution for 10 min and then taken out and sspetite same
monomer solution as above (11% NIPA, 0.34% BIS, 1.5% TEMED and 0.75% XG).
Polymerization was conducted at room temperature for 10 min, whereupon anm0.5
thick NIPA shell formed on the outside, as shown by the schematic in Bguréhe

resulting structures were washed three times with DI water and then stored in DI water.

Synthesis of Fluorescent CapsuleThe NIPA layer in a LigAlg-NIPA capsule was
functionalized with fluorescein isothiocyanate (FITC) during polymerization. The
procedure followed was the one reported by Fussell‘8t Briefly, 15 mg of FITC was
added to a 100 pM solution of NaOH along with 15 pL of allylamine. This solution was
allowed to stir for 4 h. Later, 100 pL of this solution was added to the monomer solution
before polymerization. Thereafter, as above, theuwapsth a liquid core and an Alg shell

was suspended in the monomer solution and allowed to polymerize for 10 min. The result
is that the NIPA shell becomes fluorescently labeled with FITC, which we characterized

by confocal microscopy.
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Fluorescence Experiments with Nile RedA solution of NR in DMSO was diluted in DI
water such that the final NR concentration was 3 uM. AAlig-NIPA capsule was placed

in this NR solution at 25°C and imaged by confocal microscopy. The sample was then
heated to 50°C and left overnight. Theregfit was imaged again. Finally, the sample was

cooled down to 25°C and imaged once more.

Optical and Confocal Microscopy.Brightfield images of the capsules were taken with an
inverted optical microscope (Zeiss Ax@bserver 7) using a 2.5x or 10x objective.
Confocal microscopy was done with a Fluoview FV3000 confocal microscope using
several objectives. In the case of NIR&h FITC, the sample was excited at 488 nm and

the emission filter at 517 nm (10 nm bandwidth) was selected. In the case of the NR
experiments, excitation was done at 560 nm and emission was collected through a filter at

610 nm (10 nm bandwidth).

Reflectance SpectroscopyReflectance spectra were collected using a ThorLabsZDOS
compact UWVis spectrometer, which was connected to a reflectance probe (RP20,
Thorlabs). For measurements of specular reflectance, a halogen fiber light source
(Hamamatsu L10290) was connectedhe above reflectance probe, which was fixed on a
probe stand (RRSMA, Thorlabs). Light was shined normal to the capsule of interest, and
the reflected light was then detected at the same angle. For diffuse reflectance
measuremas, the sample was illuminated evenly by a halogen light source (QTH10,
Thorlabs) and the reflected light was collected at an angle different from the angle of

illumination. (Measurements of diffuse reflectance typically use an integrating sphere,
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which averages over all angles of reflected light, but such a sphere was not available for
our purpose.) For both specular and diffuse reflectance, collected values were normalized

to those of a white reference standard (flat disc, from Ocean Optics).

Rheology.A NIPA gel was made by polymerizing a mixture of 11% NIPA, 0.34% BIS,
1.5% TEMED, and 2% APS in a vial. This composition of the gel corresponded to the shell
in Lig-Alg-NIPA and AlgNIPA capsules. The gel was cut into a disc of diameter 20 mm
and thicknes 2 mm. Experiments on this gel were performed at 25°C and 50°C on an
AR2000 stresgontrolled rheometer (TA Instruments) using-rAth parallel plates.
Dynamic stressweeps were first performed to identify the linear viscoelastic (LVE)
region of he sampleDynamic frequency sweeps were then conducted at a constant strain

amplitude within the LVE region.
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3.3 Results and Discussion

3.3.1Synthesis of Capsules

A. Synthesis of Lig-Alg-NIPA capsule

Polymerize
( Blay”
A J + i

Alg shell NIPAshell

Load with
initiator Place

:> in NIPA

solution

B. Synthesis of Alg-NIPA capsule

Load with ' N

initiator

1 =

Place Polymerize f
in NIPA :> L

solution

~— =

NIPA shell
Figure 3.2. Synthesis of liquidcore (Lig-Alg-NIPA) and gelcore (Alg-NIPA)
capsules(A) To make the former, thickened €as dropped into an Alg solution to form

an Alg gel around a liquid core. This capsule is then loaded with initiator and placed in
NIPA, and upon polymerization, an outer NIPA shell is formed. (B) To make the latter, an
Alg gel is first made by dropping akig solution into C&". This gel is then loaded with
initiator and placed in NIPA to form an outer NIPA shell. Photos and opticabgraphs

of the final capsules are shown for each case (for the lattegrbe are loaded with carbon
black (CB) nanopatrticles to clearly distinguish the cores from the shells).

The capsules described in this paper were synthesized by growing polymer shell(s)
around a core (Figurg.2). We focus on two types of capsules: one with a liquid core
(Figure 3.2A) and one where the core is a physical gel (Fig28). The routes for
synthesizing these capsules have been reported previously by &tit'lathoth cases, we
use the welknown anionic biopolymer, sodium alginate (Alg). A sol of Alg is known to
transform into a physical gel when combined with divalent cations such as calcium
(C&").%%1In our gelcore capsules, the core is an Alg gel synthesized by dropping a 2% Alg

solution into a reservoir of 5% CaClIn our liquidcore capsule¥, we reverse the order

and introduce a viscous 1.5% Ca&blution into a reservoir of 0.5% Alg (the feed is made
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viscous by using a 820 mixture of glycerelvater). In both cases, once the feed droplet
contacts the reservoir, it is converted into a soft solid. By using needles or pipettes of

different diameters, we can control the droplet size (and thereby thdecasy).

We t h e ninsidecait polymerizadiod t echni que devel oped by
a shell of NIPA gel around each of the above strucf&s? The idea behind this
technique is that one of the components required for ardidieal polymerization (the
initiator) is present only in the core while the others are only present in the surrounding
solution® Specifically, we load the cores with ammonium persulfate (APS, a thermal
initiator) and then place them in a solution containing the NIPA monomer as well as other
components (see Experimental Section for details). APS diffuses out of the core and
polymerizes the NIPA into a shell around the core. The reaction goes to completion within
10 min at room temperature. Photos and optical micrographs of typical capsules are shown
in Figure3.2. The gelcore capsule, denoted as AJPA, has an overall diametef5 mm
and the NIPA shell thickness is 1 mm. The ligoate capsule, denoted as 1Adg-NIPA,
has an overall diameter of 5 mm as well, and in this case there are two shells: an inner Alg
(~ 600 pm) and an outer NIPA (~ 350 um). For the optical micrographsgure3.2,
carbon black (CB) nanoparticles were added to the cores to provide contrast with the shells

and thus clearly resolve the two.
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3.32 Pearlescence of LigAlg-NIPA Capsules

A. Lig-Alg-NIPA capsule placed in warm water (T = 50°C): Clear to pearlescent

Pearlescent

Increasing temperature

B. Capsule then placed in cool water (T = 20°C): Pearlescent back to clear

B2.5s I
—

Decreasing temperature

Figu3RewBersi ble pea-Al-§sBAncaepodl @ Wwi®Hh te
The clear capsule is placed in warm (50A
that i1t becomes pearl escent over 20 s. (
(20AC) water. l mages Bl to B4 sh&watllkat ai
mm.

Both the LigAlg-NIPA and the AlIgNIPA capsules are transparent and show no
trace of pearlescence at room temperature. We will first show the emergence of
pearlescence in the former, which is induced by heating it above the LCST of NIPA (~
32°C). In Figure3d.3A, att = 0, a LigAlg-NIPA capsule of about 5 mm diameter is
immersed in warm water (50°C) and observed over time by optical microscopy. Images at
discrete time points are shown (Al to A4). Initially (A1), the capsule is clear because NIPA
has not ndergone phasgeparation. Within a few seconds, the capsule turns turbid as
NIPA crosses its phase boundary (A2, A3). But by the 20 s mark (A4), the turbid capsule
becomes strongly pearlescent, as can be seen from its metallic sheen. BEjateo8/s
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that this pearlescence is reversible. When the hot capsule is immersed in cool water (20°C),

it becomes clear and loses its pearlescence over a period of 20 s.

A. Alg-NIPA capsule placed in warm water (T = 50°C): Clear to turbid

Increasing temperature

B. Capsule then placed in cool water (T = 20°C): Turbid back to clear

Decreasing temperature

Figure 3.4. Freshly prepared Alg-NIPA capsule becomes turbid upon heatingA) The
clear capsule is placed in warm {&) water and observed. Images Al to A4 show that it
becomes turbid over 20 s. (B) The turbid capsule is placed in cd&l)2eater.Images
B1 to B4 show that it reverts to its clear state in 20 s. Scale bars: 2 mm.

The pearlescent appearancé.igf-Alg-NIPA capsules (above the LCST of NIPA)
is clearly unusual. Although we and others have previously studied NIPA gels as well as
NIPA-shelled capsules, we had never observed sptical properties previously. To
underscore this difference, we repeated studies on the optical behavior of NIPA gels and
capsulesg” and confirmed that none of them are pearlescent, either at room temperature

or upon heating. First, Figu®4 reports the temperatutependent response of adine

Alg-NIPA capsule (note that the core of this capsule is an Alg gel while the shell is a NIPA
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gel). When immersed iwarm water (50°C), this capsule turns turbidy(fFe 3.4A) and

when the hot capsule is immersed in cool water (20°C), it reverts to clear (BigB)e

The dull turbidity of this capsule is in contrast to the glossy sheen of the pearlescent capsule
in Figure3.3. Similarly, NIPA gels also become turbid above their L&SEgardless of

their geometrycylinder, sphere, thin she€Bigure3.5). Turbidity arises because, as NIPA

gels phaseeparate above their LCST, chain segments aggregate intconamicro-scale
domains that scatter light52:19210Thys, turbidity is to be expected upon heating in NIPA

based gels, but pearlescence is not.

A. Bulk NIPA gel B. NIPA sphere C. NIPA sheet
 p—
IMNIPs,
__ '
Clear at Turbid at
25°C 50°C

Figure 3.5. NIPA gels become turbid upon heatingNIPA gels are prepared in different
geometries and their images at 25 and 50°C are shown. (A) Bulk NIPA gel in a vial. (B)
NIPA gel in the form of a sphere (diameter of 5 mm). (C) NIPA gel in the form of a thin
sheet (2 mm thick). In all cases, the gallear at 25°C and turbid at 50°C. Pearlescence is
not seen in any of the cases.

From visual observation, the pearlescence ofAlgrNIPA capsules is striking,
and it is very distinct from simple turbidity. But can we quantify these differences? For this
purpose, we resorted to reflectance measurements (see Experimental Secetsl&)r d
Capsules were illuminated with white light and the reflected light was measured. We
ensured that the reflected light mainly correspondepécularreflectioni.e., reflection
at the same angle as the incident light, and this reflectance was normalized to that of a

white standard. Figurg.6A plots the normalized specular reflectanB \(s. wavelength
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for the LiqAlg-NIPA capsule as it is céed from 50°C to room temperature. At 50°C,
when the capsule is pearlescdis at its highest (~ 60%). As the capsule cools, it is no
longer pearlescent arRidrops. When the capsule finally becomes transpareiat]s to

nearly zero. For comparison, FiguB®B shows he reflectance spectra for an A\GPA
capsule as it is cooled from 50°C. This capsule is turbid, not pearlescent, at 50°C, and its
R is at most 20%, which is 3x lower than that of the-Alg-NIPA capsule.R again

decreases to zero as the turbid capsule transforms to clear.

A. Lig-Alg-NIPA capsule B. Fresh Alg-NIPA capsule
(pearlescent) (turbid)

100

Pearlescent at 50°C: 80

;@ High reflectance =
o x 60
@ 5
2 Clear at e Turbid at 50°C:
% 25°C: g a0 Low reflectance
o R~0 8
& 20 & 20 Poollng
0 P 0 _
400 500" 600 700 400 500 "600 700
Wavelength (nm) Wavelength (nm)

Figure 3.6. Specular reflectance spectra of a Lieflg-NIPA capsule and a fresh Alg
NIPA capsule at various temperaturesThe capsules are taken out of water at 50°C and
successive spectra are measured as they cool. (A) Tid4yIPA capsule is pearlescent
and has high specular reflectan&® &t 50°C, but becomes clear and #efiective R ~
0) at room temperature. (B) The fresh A¢PA capsule is turbid with lowR at 50°C and
becomes clear and nwoaflective R ~ 0) at room temperature. Scale barmrf.

Figures3.6A and3.6B reveal that: (a) the pearlescent state is characterized by its
high R, and (b)R is much higher for a pearlescent than a turbid capsule. Also, consistent

with our observations from optical microscopy (Figui®3wve find a transition from clear

(R~ 0) to pearlescenR(~ 60%) for the LigAlg-NIPA capsule as it is heated above its
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LCST. We were curious how the pearlescence of this soft capsule compared to that of a
real (natural) pearl. Figurg7 shows the specular reflectance gpedor a natural white

pearl (AA grade) and a white polystyrene bead, both with diameters around 6 mm. For
comparison, we also studied a tAdg-NIPA capsule with the same diameter, and the
specular reflectance of this capsule at 50°C (well above its ) {8SiIso plotted in Figure

3.7. Both the pearlescent capsule and the natural pearl exhibit & (&% and above),

which is consistent with their shiny appearatit@he natural pearl shown in FiguBe7

has anR around 80%, but other natural pearls we tested”had0%. In the literature,
natural pearls witlR between 60 and 80% have been repottedcomparison, the white

bead has aR below 20%, which is similar to that of a turbid capsule.
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Figure 3.7. Specular reflectance spectra for pearlescent vs najlossy objects.A

natural pearl (AA grade) and a LA&jg-NIPA capsule in its pearlescent state (at 50°C) both
show high specular reflectance and a similar glossy sheen. In contrast, a white bead of
polystyrene does not have a sheen and its spectrum shows a much levenet. Scale

bars: 2 mm.
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The counterpart to specular reflectiodiusereflection, which refers to reflection
of light at angles different from that of the incident light. FigBu&shows the normalized
diffuse reflectance from the same three materials studied in F&jar&he top panel
(Figure 3.8A) clarifies the distinction between specular and diffuse reflectance. Shiny
materials like metals or pearls are expected to show high specular and low diffuse
reflectance, whereas the opposite will be true forsttiny materialdike surfaces with a
matte finish. This is indeed borne out by the data in FigBu@: both the pearl and the
pearlescent LigAlg-NIPA capsule have low diffuse reflectances whereas the white

polystyrene bead has a high diffuse reflectance.
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A. Specular vs. Diffuse Reflection
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Figure 3.8 Diffuse reflectance spectra of the three objects studied in Figu@7.
(A) Schematic highlightinghe difference between specular and diffuse reflection off
a spherical object. In the case of specular reflection, the angle of reflection equals
the angle of incidence; thus, if light is incident normal to the object, the reflected
light will also be alag the normal direction. In the case of diffuse reflection, the
angle of reflection is independent of the angle of incidence. In other words, light
will be reflected at various angles, as shown in the schematic.

(B) The normalized diffuse reflectance vs. wavelength is plotted for a natural pearl
(AA grade), a LigAlg-NIPA capsule in its pearlescent state (at 50°C), and a white
bead of polystyrene. The first two both showed high specular reflectance in Figure
3.7, but here they both show low diffuse reflectance. The white bead had low
specular reflectance in FiguB7, but here it shows a high diffuse reflectance.
Scale bars in photos: 2 mm.
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3.33 Factors that Affect Pearlescence

The data thus far have shown the onset of pearlescence-Aig-i§IPA capsules
upon heating. We confirmed that the pearlescence was not simply a property of NIPA gels
(Figure 3.4). We also noted that fresh AMIPA capsules become turbid, but not
pearlescent, upon heating (FiguBe4éand3.6B). The same capsules, however, do become
pearlescent after they are placed in deionized (DI) water for a day or more (Fi@ure
During this time, the capsules swell due to the osmotic gradient between the geidtore
the surrounding water. As an example, the capsule in FRj@#ehas an initial diameter
of 5.8 mm (Image Al) whereas after two days, it has swelled to a diameter of 8.0 mm
(Image A3). When the swollen capsule is heated to 50°C, it exhibits pearlescence (Image
AB6). In contrast, the initial capsule only becomes tudiithis temperature (Image A4).
The specular reflectance spectra (Figu@B) for the hot capsules show a Idinitially
(Day 1) while theRincreases on Day 1 and then further on Dayde that thék on Day
2 is ~ 60%, which is comparable to that for the-Rig-NIPA capsule at the same
temperature. Why does swelling lead to pearlescence? As the capsule swells, the NIPA
shell is stretched out and thereby becomes thinner. Could the thinning of thieeshel

contributing factor?
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A. Alg-NIPA capsule left to swell in water: Images B. Reflectance measurements

Day 2, 50°C

Day 1, 50°C

Reflectance, R (%)

400 500 600 700

Wavelength (nm)
Figure 3.9. Swollen AlgNIPA capsulegxhibit pearlescence on heatindA) Soon after
preparation (Day 0), the fresh capsule (Image Al) becomes turbid upon heating (A4). If
left in water, the capsule swells, as seen from the images on Day 1 and 2 (A2, A3). The
swollen capsule exhibits pearlescence on heating (A5, A6). Baede 2 mm. (B) The
pearlescence is also seen from the reflectance spectra: while the turbid capsule on Day 0
has lowR, theR s significantly higher by Day 2 when the capsule is pseést.

To test if shell thickness plays a role in pearlescence, we maeld|RRy capsules
with different NIPA shell thicknesses. This was done by varying the initiator (APS)
concentration during theynthesi¥!® v the higher the APS, the thicker the NIPA shell
(Figure3.10A). From the images, the shell thickness varies from ~ 0.7 mm for 2% APS to
~ 1.1 mm for 5% APS and ~ 1.6 mm for 10% APS. After swelling in water, the capsules
were tested for pearlescence on 2apy heating to 50°C. As the NIPA shell becomes
thicker, the pearlescence decreases. The lack of pearlescence in the case of the thickest
NIPA shell can be seen from Image A6 and is also confirmed by its specular reflectance

spectra (Figur8.1B). The eflectanceR for this capsule is only ~ 20%, which is about 3x

lower than for the capsule with the thinnest NIPA shell.
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A. Alg-NIPA capsules with shells of different thickness B. Reflectance measurements
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Figure 3.10 Capsules become pearlescent only if the NIPA shell is thij®) Alg-NIPA
capsules are made with increasing concentrations of APS initiator, which leads to thicker
shells (Images Al to A3). Note that the cores are loaded with CB nanoparticles to contrast
with the shells. The capsules are left to swell in wateram®ay 2, they are heated to
50°C. The capsule with the thinnest NIPA shell becomes pearlescent (A4) whereas the
capsules with thicker shells only turn turbid (A5, A6). Scale barsm2 (B) Reflectance
spectra at 50°C are consistent with the images inRAg:high for the pearlescent capsule

and low for the turbid capsule.

3.34 Mechanism for Pearlescence

Summarizing our findings thus far, capsules with a NIPA outer shell exhibit pearlescence
when heated above the LCST of NIPA. The necessary conditions for pearlescence are a
thin NIPA shell surrounding a wateich core. Liquidcore capsules (Lig\lg-NIPA) show
pearlescence even when freshly prepared-cGed capsules (AKNIPA) have to be
swollen in water before they exhibit this phenomenon. This necessity for swelling implies
that the NIPA shell should fficiently stretched (and thereby thinned) abtime core.
Another striking observation in this regard is shown in Fi@ut& Here, we study an Alg

NIPA capsule that is pearlescent at 50°C (FiguidA, Image Al)wras expected, it has a

high speculareflectance R~ 60%) (Figure3.11B). While at 50°C, we use a needle to

puncture the capsule (Image A2). Within seconds, the pearlescence vanishes and the
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capsule shrinks and transforms to turbid (Images A3, A4). The NIPA shell, which was
tautly stretched around the core, is now deflated and eventlipiyoff the core into the
water; note that the shell on its own is turbid. Also, the punctured capsule shows a low
specular reflectanc® 20%) (Figure3.11B). Thus, for a capsule to exhibit pearlescence,

the NIPA shell must bmtactand stretche@round the core.

A. Pearlescent Alg-NIPA capsule at 50°C: Shell pierced ‘

B. Specular reflectance measurements on intact and punctured capsule \

60 Intact capsule: Pearlescent

Reflectance, R (%)

0 L .
400 500 600 700

Wavelength (nm)

Figure 3.11 Pearlescence in a hot AKNIPA capsule disappears when the NIPA shell

is punctured. (A) Photos showing the capsule being pierced with a needle and the
subsequent response. During the process, the capsule is in a water bath at 50°C. The capsule
is initially pearlescent. When the shell is punctured, the capsule shrinks and converts to
turbid i this shows that an intact capsule is a requisite for pearlescence. The shell eventually
slips off the core. Note that the core is loaded with CB nanolesrtamd hence appears

black. Scale bar 2 mm. (B) Specular reflectance spectra confirming that the intact capsule

at 50°C is pearlescent (hig®) whereas the punctured capsule is turbid ®w
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Figure 3.12 reveals the dramatic extent to which the NIPA shell is shrunk by
heating. Previously, in the capsules in Figu#8s3.9, and3.10 the NIPA outer shell was
thick enough to be clearly resolved at room temperature. However, when the capsule was
heated, the shell could not be resolved any more because it had shrunk (and moreover it
was turbid). But bynow muchhad the shell shrunk? To quantify this, we madeaAlg-
NIPA capsule in which the NIPA was fluorescently labeled with fluoresceinicsyanate
(FITC) (see Experimental Section for detafi$)Figure3.12shows images of this capsule
from confocal microscopy, focusing on the interface between Alg (no fluorescence) and
NIPA (green fluorescence). At 25°C, the NIPA shell has a thickness of 680 + 5 um (Figure
3.12A). When the temperature is increased to 50°C, the NIPA shell dramatically shrinks to
a thickness of 25 + 3 um (Figu®12B). This corresponds to a 2@ld thinning of the
shell. It occurs because NIPA becomes hydrophobic above its LCST and hence the shell

expels watep®94

(A) 25°C (B) 50°C

Figure 3.12 Confocal microscopy of a LigAlg-NIPA capsule. The NIPA is
fluorescently labeled with FITC to enable visualization. (A) At 25°C, the outer NIPA shell
is 680 um thick and in this state the capsule is clear. (B) When heated to 50°C, the NIPA
shell shrinks to 25 pum (i.e., by Z@ld). The thinning of theNIPA shell is key to the
pearlescence of the capsule.

To explain pearlescence, we need to discuss phase transitions in NIPA solutions
and gels. When a solution liiear NIPAin water is heated above the LC3fie onset of
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phase separation is marked Bpinodal decompositiof{fSD)$°61102103 pyring SD,
hydrophobic NIPA chains aggregate into NHAgéh domains within the aqueous phase.
These domains grow across the sample volume. Eventually, the domains coalesce and the
sample separates into a NIRith and a waterich phase. As the NIP£ich domains form,

the sample will appear turbid because light will scatter from the dortfefihs®21%% ight
scattering arises due to the refractive index (RI) of the domains being higher than that of
the surrounding solvent (due to the higher NIPA concentration). As the domains grow, they
become large compared to the wavelength of light (i.e., > 100amd)this increases the

light scattering and hence the turbidity.

In comparison to a NIPA solution, wherNdPA gelin water is heated above the
LCST, it becomes turbid and stays that way (as stexperimentallyin Figure3.5). In a
NIPA gel, the polymer chains are constrained at elioks and hence cannot freely diffuse
and aggregate. Instead, aggregation into domains during SD will occur locally at the
nanoscal&%61192.103 e the only moieties that can aggregate will be NIPA chain segments
between adjacent cre$inks. In the literature, this process is termeticrophase
separation(see the work of Bansit al%:'%) and it implies that nanoor microscale
domains wil |l be O6trappeddé in the gel. Becau:
gel will also expel water and thus shrink in volume. This is the scenario relevant to our

observations.
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NIPA shell is NIPA shell thins, NIPA shell thins
thick and clear domains appear further, domains
lead to pearlescence

N|PA/1
Alg Alg Alg /

Liq Liq Lig

(A) T = 25°C (B) T >LCST (C) T =50°C

Figure 3.13 Mechanism for onset of pearlescence in a Li§lg-NIPA capsule.
Pearlescence arises when the capsule is heated above the LCST of NIPA (images from
Figure 33). Initially (A), the capsule is clear and the NIPA shell is thick. Upon heating (B),
NIPA-rich domains form in the shell and the shell thins as it expels water. With further
heating (C), the shell thins further and the domains grow. In turn, the imbaractiight
with these domains leads to pearlescence.

We now put forward a mechanism to explain why our capsules become pearlescent
upon heating above the LCST of NIPA. Images of aAlg-NIPA capsule before, during,
and after the onset of pearlescence are shown in F8glBealong with schematics that
home in on the NIPA outer shell. Initially, i.e., at low temperatures (Figwed), the
capsule is transparent and the NIPA shell is thick. When heated above its LCST, NIPA
rich domains will form in the shell by SD (FiguB13). The domains will grow ove
time, while the shell will also become thinner due to expulsion of water (F3gLBE). At
this stage, we suggest that the capsule will exhibit pearlescence. The key is that the domains
are trapped within tin and stretched shelrigure3.12showed how the shell will become

much thinner upon heating. We expect that the reflected light interacts (via interference

and/or diffractio?%) with the NIPA domains in this thin shell. Just as in natural pearls, the
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domains will not be uniform in size, naill they be in an ordered arrangement. As a result,

the reflected light will have a metallic sheen, independent of viewing &ngle.

Domainsf or med during fAmicrophase separati onc
have been discussed in the literafifr®'1920%ut have never been directly visualized. We
tried to use confocal microscopy to see the domairsitu. Previously, in Figur&.12 a
fluorescentlylabeled NIPA shell was shown, but no domains were visible at higher
magnification in this shell above the LCST. We triedatternative approach using Nile
Red (NR) as a fluorescent probe. NR is insoluble in water, but flouresces red in a nonpolar
environment® As shown in Figure8.14 we place a LigAlg-NIPA capsule in an NR
solution in DMSO/water (Image Al). At 25°C, the capsule does not take up NR and thus
no flourescence is seen (Image A2). At 50°C (above the LCST), NIPA becomes
hydrophobic and the NIPA shell then imbibes NR frdme solutiort® The shell thus
flouresces red (Image B2), but here again domains cannot be resolved at higher
magnification. Note that the capsule at this temperature has a pink pearlescence due to the
NR (Image B1). When the hot capsule is cooled back to 25°C, itd¢leas but the shell
retains some pink color (Image C1). In confocal microscopy, specks of fluorescence from
NR can be seen in the shell (Image C2). These arise because the NIPA is now hydrophilic
and the NR is no longer solubilized in the NIPA domains.Balieve the NR specks are
indirect evidencdor the existence of hydrophobic NIPA domains in the shell above the

LCST.
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A. Initial at 25°C B. Heated to 50°C C. After Cooling to 25°C

NIPA shell
is still pink

No fluorescence
(NR not absorbed)

o

NIPA shell

Figure 3.14 Attempts to visualize domains in the NIPA shell by confocal microscopy.
The experiments use Nile Red (NR), a molecule that fluoresces-patanenvironments.

The top panel showsight-field photos (scale bars 2 mm) and the bottom panel are images
of the shell from confocal microscopy (scale bars 200 pum).

(A) Initially, a Lig-Alg-NIPA capsule is placed in a solution of 3 uM NR in DMSO/water
at 25°C. Because the NIPA shell is hydrophilic, the capsule does not absorb NR and no
fluorescence is seen.

(B) When the sample is heated to 50°C (above the LCST), the NIPA shell becomes
hydrophobic, and in this state, NR is absorbed by the shell. The overall capsule shows a
pink pearlescence in brigfield (B1) and the NIPA shell shows a uniform red fluoreseen

(B2).

(C) When the sample is cooled back to 25°C, the capsule reverts to clear, but a residual
pink color is still seen in the shell in the brightfield image (C1). The shell now shows
patches of NR (red fluorescence), evidently because NR is no longer soluble in
hydrophilic shell (C2). These patches can be considaigect evidencdor the earlier
presence of NIPA domains above the LCST. Note also that the shell is much thicker at
25°C compared to 50°C, which is consistent with the results of Figlie

48



One point worth clarifying is that the NIPA domains mentioned above are
unrelated to the mesh sizes of NIPA gels. The mesh sizes of chemically crosslinked
gels such as NIPA have been reported to bei4A0m in the literaturé®>%®0Oneway
to estimate the mesh size of a gel is from dynamic rheological xlatan be calculated

from the following equation?:1%7

(3.1)

wherekei s Bo |l t z ma il théabsolatetanpeéraiuncta@elthe gel modulus. We
ran dynamic rheology on a NIPA gel with the same composition as the shell irAfgLiq
NIPA capsule. From the frequency spedBaat 25°C is 3.5 kPa (see FiglB&L5), which
gives a alue of 10.5 nm fogby eq 1. When the NIPA gel is heated to 503gincreases

to 19.4 kPa. This implies a decrease-in 6.0 nm by eq 1, which is to be expected due to
the higher NIPA concentration in the shrunken gel. Both mesh sizes are much thraaller
the wavelength of lightr and hence are urated to the turbidity of NIPA gels above the

LCST or the pearlescence of our capsules.
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Figure 3.15 Mesh sizes of NIPA gels from dynamic rheologyData from dynamic
rheology are shown for a NIPA Igeorresponding to the shell in our capsules. The data
plotted are for the elastic modul@ and the viscous modulust as functions of the
angular frequencw. The gel is studied at room temperature (25°C) as well as at a higher
temperature (50°C) above the LCST of NIPA. At both temperatures, the characteristic
rheology of a gel is seen in the data, witjm> G over the range olv and a plateau ifbj
at loww. From the plateau value & at loww, whichis the gel modulu&0, the mesh
size x of the gelcan be computed using eq 1. The table showsGtBevalues and the
corresponding at each temperature.

The mechanism shown by FiguBel3is consistent with other experiments that we
have reported in the paper. Fig&d0showed the necessity of having a thin NIPA shell
for pearlescence. If the shell is too thick, the capsule simply appears turbid upon heating,
presumably because multiple scattering from the NIPA domains attenuates the reflected
light. Figure3.9revealed pearlescence in ANJPA capsules after swelling for a couple of
days. In that time, the swelling of the Alg core thins and stretcldsIfA shell, which is
key for pealescence. Also, Figurd.11 showed that puncturing a pearlescent capsule at
50°C eliminates the pearlescence. The NIPA shell gets deflated and wrinkled when
puncturedyr and in this state it appears turbid. Thus, it is not enough to have a thin NIPA

shellwthe shell must also be stretched tautly around the core. In other words, the role of

the core is to ensure that the shell remains stretched.
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Figure 3.16 Pearlegent capsules in various colorsCapsules of LieAlg-NIPA and Alg

NIPA can be endowed with a colorful pearlescence by incorporating colored particles or
other moieties in the capsule core. The examples shown here are swolBiPAIg
capsules exhibiting pearlescence at 50°C. (A) Orange capsules due to orange polystyrene
(PS) microparticles; (B) Pink capsules due to pink PS microparticles; (C) Black capsules
due to carbon black nanoparticles; and (D) Blue capsules due to the use of Cu2+ instead of
Ca2+ to cosslink Alg. Scale bars: 2 mm.

An interesting corollary to the above points is that the core does not have to be
transparent; in fact, pearlescence is still seen when the core is opaque. This is shown by
Figure3.16 where we report pearlescent capsules diitierent colors including orange,
pink and black, by simply embedding colored nanoparticles in the core elIRIg
capsules. For example, when carbon black (CB) nanoparticles are present in the Alg core,
the core is black and opaque, but the capsule shows a shinpeatdscece when heated
to 50°C. This means that some light must pass through the thin NIPA shell at 50°C, i.e., it
must be translucent. Still, most of the light incident on the capsule is reflected, and thus the

reflected light captures the color of the core. Feg2i1@ shows another way to impart

color to a pearlescent capsule, and that is by using copp&) &Suhe crosslinking cation
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for Alg in the core (instead of 3. In that case, the core Alg gel is translucent, but with

a pleasing blue tinge. In turthe AlgNIPA capsule shows a blue pearlescence at 50°C.

Pearlescent

Figure 3.17. Pearlescence at room temperatureSwollen AlgNIPA capsules exhibit
pearlescence only when heated above the LCST of NIPA (i.e., > 32°C). However, the
LCST can be reduced below room temperature by adding a kosmotropic salt like
ammonium sulfate, i.e., (NH4)2SO4. To show this, a swollen-MRA capsule is
transferred from water to a 1 M (NH4)2S04 solution at 25°C=dd. Within 15 min, the
capsule becomes pearlescent (Photés4). The NIPA shell shrinks considerably and
cannot be distinguigd in the pearlescent state. Note that the capsule core is loaded with
orange PS nanoparticles, which give the core a orange hue in the initial state and the overall
capsule an orang®d hue in the pearlescent state. Scale bars: 2 mm.

Figure3,17describes a further way to tune the pearlescence of our capsules. Thus
far, we have induced pearlescence by heating capsules to a temperature above the LCST
of NIPA. It is welkknown that the LCST can be altered by various additives, such as
salts!%®110 For example, adding a chloride (ICor sulfate (S@') salt to water decreases
the LCST whereas salts of anions like thiocyanate ($@irease the LCST? The
differences between the anions stem from their different effects on the hydrogeed
structure of water i.e., their position in the Hofmeister sert€&!!? Sulfates are
kosmotropesind they stabilize the water structure whereas thiocyanates are chaotropes and
they break the structure of water. We experimented with a kosmotropic salt, ammonium

sufate i.e.,(NH4)2SQs, which is known to lower the LCST of NIPA? and the results are

shown in Figure3.17. A swollen AlgNIPA capsulein DI waterturns pearlescent only
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when heated above 32°@henthis capsulés placedn a 1M (NH4).SQu solution at room
temperature (25°Cwithin 15 min, the capsule becomes pearlescent. Note thatiffe N
shell around the core is evident at the outbat it is shrunk and not visibhen the
capsule has turned pearlescéditismeanghat the LCST of NIPA has been loweltselow
room temperaturdy the salt. We havihus demonstratehow pearlescence in capsules
can be engineered to occur under ambient conditions by exploiting thd&noelh
principles of polymer phase behavidncidentally, the capsule does not have to be
immersed in water for pearlescence to be observed. RBglBshows that a Ligflg-NIPA

capsule becomes pearlescemtnwhentaken out of water and heated a hot plate.

Figure 3.18 Pearlescence of a capsule when heated in dihree capsules are placed on

a hot plate and heated in air. In the case of a&lggNIPA capsule, it still turns pearlescent
above the LCST of NIPA. In contrast, a freshANgPA capsule and a burst L-ijlg-NIPA

capsule turn turbid above the LCST. All s$eeobservations are consistent with previous
results where the capsules were observed while in a water bath. This experiment shows
that capsules do not have to be surrounded by water to exhibibplieal behavior.
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3.4 Conclusions

In conclusion, the spontaneous appearance of pearlescence in soft solids is reported
for the first time. Aqueous capsules with a NIPA shell are colorless and transparent at room
temperature, but become pearlescent when heated above the LCST of NIPAedths ef
reversible, and the capsules revert to a transparent state upon cooling. Pearlescence in these
capsules is achieved without the need for pliieeparticles or other additives. Reflectance
measurements confirm that the capsules show high speetieation R > 60%) in the
pearlescent state, and they compare well with natural pearls in this regard. While a NIPA
shell is necessary for pearlescence, it is not sufficient. The shell has to be sufficiently thin,
and upon heating above the LCST, it further thinsgetd stretched. NIPAch domains
form in the shell by spinodal decomposition, and the size and/or spacing of these domains
are expected to be on the order of the wavelength of light. Reflected light then undergoes
interference and/or diffion with the domains in the thin shell, leading to pearlescence.
On the whole, this work demonstrates that pearlescence in soft materials is a tunable
property, much like iridescence from photonic crystals. For example, capsules can be
induced to becomeearlescent at room temperature (without the need for heating), by
tuning the LCST of NIPA with additives. Similarly, pearlescence in different colors can be

achieved by altering the contents of the capsule core.
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Chapter 4
Phot oni c Ctabpeihteeeds sand

Note:Briahnah Streeter and Jemma Wamntributedn methalology andormal analysis

4.1 Introduction

Chameleons, neon tetrafishes, and octopi are among the many living creatures
that have evolved to rapidly shift their skin color for camouflage, communication,
thermoregulation, or prey intimidation purposés® In the case of chameleons, the
rapid tuning of skin color is due to the interactionextternal visible light with the
structural components present in its skin. FigdreA showsthe schematic othe
hierarchical organization of thethameleon skimesponsible fostructural colorwhich
is composed oftwo superimposed layers of cells, calledirifophores and B
iridophores. The &idophores and Bridophores have distinct contributions to the
skin, with the Siridophores responsible for the skin colooatwhile the Diridophores
provide thermoregulation. The-iB8dophores contain periodic arrays of guanine
nanocrystals, which are present in the cytoplasm. The color arises due to the light
interference effects with the periodic arrays of nano or mianosires of the guanine
crystals, which can beonsderedphotonic crystals (P€}.17 Additionally, the color of
a chameleon's skin also helps it regulate its body temperature since it cannot generate
any body heat of its own. Some examples of mimicking the natural microstructure of
the chameleon skin include the stimtdisponsive formatin of photonic crystals by the
assembly of colloidal microspheres such as silica or polystyrene nanoparticles, NIPA
microgels, or nanocrystalline cellulo§&1* More specifically, to mimic the dynamic

color-tuning ability of the chameleon skin, researchers have exploited various
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combinations of materials, such as embedding PCs in tensile substrates such as
polydimethylsiloxane (PDMS) responsive elastomers, or hydrog®lsi®'2° One
approach to mimicking a chameleon skin can be to mimic the hierarchical arrangement
of the skin tissue itself,e., how the skin is formed through densely packed iridophores
and how each iridophore has a unique internal structure characterized by periodic arrays

of guanine crystals.

A. Hierarchical arrangement in a Chameleon Skin

’epidermis

)0 e ®q

e®e 0o -
%

S~

S

Tissue arrangement

Guanine crystal array

Chameleon

B. Hierarchical arrangement in Patterned Capsule Sheet

Photonic Gel B Photonic Crystals (NP Array)

Figure 4.1. Hierarchical Design of a Chameleon Skin.(A) Chameleon skin
composed of close packed cells calleidophores, which are responsible for the skin
coloration. The cells consist of guanine crystals which can form distinct ordered
structures.Scale bar: 200 nm(B) A Butterfly-shaped gel (our study) composed of
closepacked liquid core capsulés 5 mm in size)Each of the capsules havedered
nanoparticlePCs in their core
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As can be seen from the schematic in Figlide?, the chameleon skin tissues
are formed by individual iridophore cellsssembled into a tissu&hese issuesare
complex threedimensional frameworks whiclemerge as coordinated cells work
together.The property of the tissue relies on the combined role of the individual
properties of the cells that are responsible for forming thémreviously, researchers
have used several techniques to generate artificially engineered tissue from microscale
units. One of the methods used is the botiggmmethod, where biomimetic structures
are designed by creating structural features in the miatesbat can be used to form
building blocks for larger tissue$?24 Bottom-up approaches provide better guidance
for direct tissue morphogenesis. Some examples with regard to fabricating hydrogel
based tissue building blocks are photolithography, modding, directed or self
assembly?>128 Some examples of directed assembly are plodsslinking of cel
laden gels, directed assembly of modules on various hydrophilic or physical templates,
or 3-D printing }?*123 However, one limitation in most of these processes is either the
complexity of linking the individual units, the cell mortality due to UV irradiation, or
the error in directed assembf§? So, a big challenge in the field of the bottup
approach is to create a system that can be easily scaled up with a very low margin of

error.

In this paper, we demonstrate a facile and modular method to fabricate a
mechanicallyrobust photonic hydrogel she#hat demonstrags hierarchical order
similar tothat ofa chameleon skin. Initially, we form a liquid core capsule containing

monodisperse neabsorbing nanoparticles in the size range of half of the wavelength
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of visible light. These capsules can be created by a simple method of physically
crosslinking an alginate shell around a core containing-atmorbing nanoparticles

such as silica or polystyrene (PShese capsules can then be fused with one another
in any structure or pattern simply by being placed adjacent to each othiernigysing

the capsules orapsule assemblies in @olymer solution, we create a hypertonic
environment around the capsule, facilitating the diffusionvaferout of the capsule
core.However, due to the small mesh size (~ 5 nm) of the capmljenershell, the
polymer from the surrounding solution cannot diffuse into the core, causing the
capsule's walls to collapsas water leavesThis synchronous process of solvent
diffusing out without any inward diffusion of the exterior solution increases the
nanoparticle concentration withithe core, eventually forming PCs that exhibit
macroscopistructuralcolor pr oduci ng a .Widebmte tuaréscenceap s ul e
microscopyshowed thahangarticlesare entrained in the outward fluid flow, which
causes them to stick and assemble at the walls of the capsule. Furthermore, we
demonstrate that not only can thga®toniccapsules be used individually, but they

can also be patterned into various shapes and structures and fused into a robust photonic
shees, strings, or 3D structureBigure4.1B shows a colorful butterfly that is patterned
through the arrangement of photonic capsules and their eventual polymerization.
Zooming into individual apsules, we see regions of hexagonal cluseked (HCP)
arrangements ofPCs throughout the microstructure similar to that observed in
chameleon iridophore@-igure 4.1B2and B3) These photonic sheets can find further

applications as humidity sensors, active camouflage materials, ohlskiooatings.
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4.2 Experimental Section

Materials. Medium viscosity alginic acid, calcium chloride, copper chloride, glycerol,
sucrose, chitosan, ambl (acrylic acid)(M.W. of 250 kDg were purchased from Sigma
Aldrich and used with no further modificatidlonodisperse nofunctionalized silica and

polystyrene nanoparticles were purchased from Bangs Lab.

Synthesis of LiqAlg Photonic capsulesA feed solution was made by dissolving 1.7%
CaCband 10 wt % 200 nm silica nanoparticles 80420 (v/v) mixture of glycerol and DI
water. A reservoir solution was prepared by dissolving 0.5% Alg alathgd.02% Tween

80 in DI water. The feed was loaded into a syringe and dropped into the redexagh

a 22-gaugeneedle Thereby, the droplets were converted into capsules with a liquid core
and an Alg sheland had averall diameteof ~5 mm. The capsules wetieen left in the

Alg solution for 30 minutes while stirring. Eventually, we obtained collapsed capsules that

exhibited structural cot.

Synthesis ofCapsule Sheets.Individual capsules were taken out of the alginate solution
and wiped on a kimwipd&hey were placed adjacent to each other and arranged in an array
forming a sheet. They were left to polymerize forh-T'he resultingnaterialwas a fully

polymerized capsule gel sheatde from the constituemdividual capsules. To make
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hybrid sheets, capsules exhibiting different colors were put together to form various

patterns.

Scanning Electron Microscopy (SEM).To prepare the caules for SEM, the capsules
were first flash frozeim liquid N2 and freezedried overnight. After removinthe capsule
from the freezalryer, the capsuleassliced open in the middle and placed on black carbon
tape with their core facing up. The capsule was then coated with gold and vieared in

SEMwith 10 kV beam voltage.

Video-rate Fluorescence MicroscopyFluorescence microscopy was performed in an
inverted optical microscope (ZEISS Axio Observer 7) with a 2.5x dry objective lens. The
capsules were initially synthesized by using 1 wt % Jluorescenpolystyrene particles
(Thermofisher)n the feed solution. The polystyrene particles acted as model particles to
make it easy for us to visualize the fluid flow inside the capantethe packing of the
particles against the inner wall of the capséldime series video waecordel over a
period of 2 hours #h the camera capturing an image every 30 seconds. Images were

analyzed in ImageJ.

Bright -field and Dark-Field Microscopy. Bright-field (BF) and DarkField microscopy
(DF) was performed using an inverted optical microscope (ZEISS Axio Observer 7) with
a 2.5x dry objective lens and a 20x Ddild lens respectively. In case of Bémpty Lig

Alg capsules were viewed under the transmission mode whereas in casepbbioijc
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capsulesvere viewed under reflection modie determine the presence BECs Images

were analyzed in ImageJ.

Rheology.A large capsule sheet was made by polymerizing over 50 capsules with each
other.Thecapsule gel shegtas cut into a disc with a diameter of 20 mm. Experiments on
this gel were performed abom temperaturen an AR2000 stressontrolled rheometer

(TA Instruments) using 26hm parallel plates. Dynamic stresseeps were first
performed to identify the linear viscoelastic (LVE) region of the sample. Dynamic
frequency sweeps were then conducted at a constam sinplitude within the LVE

region.
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4.3 Results and Discussion

4.3.1Synthesis ofCapsules and Multicapsule Structure

A. Lig-Alg Capsule Synthesis B. Capsule sheet formation over time

=3 Ca?* diffusing through Alg shells get
. the Alg shell crosslinked with each
P Feed solution: 0 =

X Calcium chloride
+Glycerol

p\ y )
3 =
: 2 + Silica nanoparticles . -

\

Ca?* diffuses out,
forms Alg shell

- mmeete s sdlcnccncnnnanns

Reservoir solution: Alginate Lig-Alg capsules

placed adjacent to Fused Liq-AIg
each other capsule sheet

Figure 4.2. Synthesis of LiqAlg Capsule and subsequent synthesis of Li4lg Sheet.

A) shows a schematic of tliermation of the LigAlg capsule(B) Shows the formation
of capsule sheet over timeéreshly formedindividual capsules are removéwm the

reservoir solutionand placed adjacent to each other and allowed to polymeeZé.

diffuses out of the core and polymerizes neighboring shells togé&¥entually, a fused
capsule sheet is obtained. Scale Bam.

The capsules described in this paper were synthesized by growing an alginate shell
around acore (Figure4.2A). The routes for synthesizing these capsules have been
previously reported by our Ia%13*A sol of sodium alginate (Alg), an anionic polymer, is
known to transform into a physical gel upon combining it with divalent cations such as
calcium (C&").2"***To synthesize the liquid core capsules, we introduce a viscous 1.5 %
CaCb solution with 10 % silica nanoparticles (SiNP) into a reservoir of 0.5 % Alg solution

and 0.2% Tween 20 (the feed solution is made viscous by usirfigl@ @ixture of
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glycerolwater). Tween 20 is a naaonic surfactantind isincluded to reduce the surface
tension of the Alg solution so that the feed droplets can easily overcome the barrier and
obtain spherical capsules without tails. When the droplet enters the reservoir, ttyinstan
becomes a soft solid. We can control the capsule size by using needles or pipettes of
different diametersThe shell thicknesgan be controlled based on the incubation time of

the capsules in the Algplution.

Figure 4.8 details our bottomup approachof forming capsule sheets from
individual capsulesThe feshly fomed capsules, denoted asq-Alg capsules were
removed from the reservoir Alg solution and excess alginate around the capsules was wiped
off gently on a kimwipe. These capsules were then placed adjacent to each otHEFin a
structure As the excess calcium diffuses out of the dote the interstitial spacexcess
alginate in the liquid coating the capsules crosslinks the capsules to§atady, after a
~30 minsto 1 hr, we obtain a sheebmposed of LigAlg capsules in aontinuousalginate
matrix, akin to cells arranged in the extracellular matkix additional small amount &5
wt % Alg (~ 0.5 mL)wasspread orthefused sheeto reinforce the strength of the matrix.

It is worth noting thatttis process is instantaneafithe capsuls are allowed to settle next

to each other in thAlg solution itself.In this case, the capsules were remofreth the

solutionand patternednto HCP arrays. Figure B2 shows the capsule shddted by a

tweezey indicaing that the capsule sheet has mechanical intedrayerify thegeklike
characteristics of theow formedcapsule sheet, wgerformed dynamic rheology on our

sample Figure 4.3presentgherheology plots foour capsule sheeTh e G6 >Go, whi ch

atypical signature of a material possessingligel characteristicsThis strengthens our
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claim that the capsule sheet now behaves as one cohesive unit.
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Figure 4.3.Dynamic Rheology Plots of LigAlg Capsule SheetsdDynamic rheology data
shows that for both alg gels as wellasdiq g capsul e svioh eonfsemst h e
that the capsule sheet has-lijgd properties.
4.3.2Bottom-up Design to Pattern Capsule Structure

We demonstrate the ability to pattern the capsule sheet intdimeasional (1D),
two-dimensional (2D) or thredimensional (3D) structures as desired, as shown in Figure
44. For this experiment, we created capsules containing two different core materials
carbon black and yellow iron oxide particlegach representing a distinct capsule type.
To make a 1D structure, we placed black and yellow capsules alternatinglyass algle
and let them crosslink with each other foBG-mins as can be seenhigure4.4A. In
Figure 44A, we demonstrate the structural integrity of th Hy lifting it with a pair of
tweezers.Next, we extended this arrangement i sheets, as shown in FigurdB, by
creating strings of alternating black and yellow capsules and polymerizing them together.

The images show the capsules adhering to each otheranthiningtheir integrity when
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handled. Furthermore, to explore the full potential of our system, we stacked alternating
layers of black and yellow capsule sheetsopnof one another. FigudedC shows Sayers

of capsule sheets stacked on top of each offftar leaving the system undisturbed for ~

1 h, he entire system is gelled and intact. We observed that even in this scenario, the
structure retained its integrity and can be edstld (Figure4.4C). This underso@s our

ability not only to seamlessly fuse capsules with distinct contents but also to shape and
arrange them according to our desired specifications in various dimensions and geometries.
This same systeimas the potential theeven used as@ntainer for various cell types and

the communication between multiple cell typessa part of agunit can be studied.

B. 2D sheet

A. 1D string C. 3D cube
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Figure 4.4. Bottom-up patterning of capsules into gels.(A) 1D, (B) 2D, (C) 3D
structures made by patterning capsules containing carbon black particles and yellow iron
oxide particlesalternatingly. The photos demonstrate the structural integrity of the
framework thus formedscale bar: 2 cm.
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We have the ability to create capsule sheets promptly apothesiing the liquid
core capsules, but can we fuse individual sheets into a 3D structure daymldemand?
To determine this, weynthesizedndependent 2D sheets and left them in GaGlution
for a duration ofwo days.This was done to prevent thkeets frontrying up or becoming
too fragile and to preservetheir structural integrity. Subsequentlywe systematically
assembled the capsule sheets layer by layer by introddi&nvgt %alginate between each
layer, effectively using alginate as a bonding agdm to "cement” between twbrick
layers(Figure 4.5) After allowingthe structure to polymerize for a few hoursobserved
the successfupolymerization of individual capsule layers together intocahesive3D
structure. This demonstrates the potential of our systdrimdondividual capsules, sheets

or even structures on demand, ewdren perfornreddays later.

—

Cemented Structure
Figure 4.5.Layer-by-layer cementing ofcapsule sheetsLig-alg capsule sheetsft in

CaCb were effectively assembled and polymerized by using 0.5 wt % Alg solution as a
bonding agent between the layeSsale bar: 2 cm.
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4.3.3Structural Color in Liq -Alg Capsules

In analogy to the hierarchical structure of chameleon skin, we integrated polymer
capsules containing P@sto a mechanic# strong and flexible gel sheeHere the gel
sheet is analogous to tissue, the individual capsules to iridophores, and the PCs® guani
PCs seen in iridophore®ver the years,esearchers have found numerous methods to
obtain structural colothrough methods like droplet evaporationentrifugationbased
assemblyor solution casting* However,most systems thalisplaystructural color lack
intrinsic structural ntegrity and are not transferrabler rely on external substrates for
stability. One of the ways to have a filthat is robust as well as flexible can be a bottom

up approach to take individual capsules that can exhibit color and fuse them together.

Figure 46A shows a stepy-step mechanism of how we induce structural color
inside the capde. Polymer capsules containing PCs were synthegiztbdlO wt %200
nm SiNP particles in their congsing the same procedure mentioned in Figure@nze
theLig-Alg capsulesveresynthesized, wanmersedhese capsules in the same alginate
solutiontheyweresynthesizedn. As the capsules remain suspended inpthigmerrich
solution, the capsule core experiences a strong positive osmotic pressure thaicedbala
by thediffusion of water out of the capsulEhe polymer shell hasraesh sizén the range
of 517 20 nm This maintains the osmotic pressure gradient permanently becpresesits
the permeation of big moleculéke polymers(~ 250 kDa)or colloidal particles (~ 260
300 nm in this casdhrough its matrixAs the system remains osmotically imbalanced,
most of thewater diffuses out ahe capsule core and causes the capsuldliapseinto a

pancake shape, concentrating the SiNPs.
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The image series iRigure 4.6B shows the onset of the capsule colldpBewed
by the entire capsuterning blue. Initially, at £ 0, these capsules do not exhibit structural
color when initially formed (Figure.8B1). As time passes and the capgslkeft in the
solution for longer, the walls of the capsules get pushed closer to each other and the core
starts tocollapseand lose its aqueous content (FiguréB2). At this point we observe
the onset of structural color the capsuleas theystated to appear bluewhich occurs
when the SiNPs reach a critical packing fractidrinally, after about 30 minuteshe
capsule loses most of its inner liquid conteartd the walls of the capsule collapse
completey. Visually, the entire capsule appears bsecan be seen in Figure 4.6B%e
wi || now call t hese capsul e fRChimnthecr orec 0 cap st
We note that the structurablor disappearshenthe capsulés exposed to pure water and
the interior becomes white once agd his is due to the diffusion of water into the capsule

core againcausingthe SiNPs to disperse in the liquid phase
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A. Osmotic-Pressure induced concentration
Mesh size <10 nm
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Figure 4.6 Onset of Structural color in Lig-Alg Capsules.(A) shows the schematic of
the mechanism of ordering nanoparticles inside the capsule cdle(B® present the
transition of a simple ligalg capsule containing 200 nm SiNP into a photonic capsule.
Scale bar: 2 mm. (B4) the DabRield Microscopylmageof the capsules, showingmall
regions of photonic crystals dispersed throughout the inner wall. (B5) SEM image of the
internal microstructure of the photonic capsule.

To visualize the microstructures formed within the capsule, we eexgbiiayk-field
opticalmicroscopy and SEM (Scanning Electron Microscopy) as depicted in Figi4 4.
and Figure 4B5. The darlfield microscopy image in Figure@B4 reveagd patches of
bright green color distributed across the capsule's Tbeebright green color arises from
strong diffraction and scattering of green light from the PCs of SiNIRsse patches
represent regions &fCsdispersed along the inner walls of the capsule, wrnyistal sizes
appearing to rangeetween 5-10 pumin size ThesePCsare responsible for the structural

color of the capsules. These imageier insight intowhy our capsules exhibit angle

independent structural color as opposethtangledependent color thas observedn
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opals. The DF images show thastructural color arises froman ensemble of
microcrystalline PC grainghat have lattice planes oriented in different directions, as

opposed to a single crystal PC that would displagiedependentalor.

Next, to image the microstructure of the nanoparticle domiairthie PCswe
performed SEM orthe capsule corePhotonic capsuls wereflash-frozen with liquid
nitrogen and subsequently freethged for 12 hThe capsules were sliced open andged
in the SEM Figure 46B5 showsa representativ6sEM image of the microstructure
arrangement inside the capsule core. The SEM images show regions of HCP arrangement
inside the capsule alternating with amorphous arrangements. This aligns well with the dark
field micrographof the capsule which shopatchef smallPCsdispersed throughout the

interior of the capsule wall.

Fluorescence microscopyas utilized tovisualize the formation of particle
domainson the inner capsule shell wail real time. For this purpose, we used 3 pm
fluorescent latex particles as model particl¥e. recorded a time series vidgwowing the
process otapsulecollapse due to high osmotic pressuiigure 47 presents images from
various time points in the videAt t=0s the freshly formed capsudentaining 1 wt % latex
particleswasplaced in 0.5 wt % alg soluticemd the fluorescent particlavere observed
to diffuse randomly in the aqueous core of the capslden exposuré the osmolytewe
observe recirculating flowsform within the capsuleand progressive deposition and
immobilization of fluorescent particles on the inner wall of the capsule .shell

Simultaneously, we obsem¢he capsule stang to collapsewhich further confines and
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packs theparticlesthat have deposited on the inner shell wallse final steady state
structure can be seen at t = 30 ymimere the domains of high fluorescence correspond to
highly concentrated regions of packed partidighermagnification image revealdCP

arrangementsf polystyrene particles similar to thoskserved with 200 nm SiNP.

2.t =10 min

- =
500 pm 500 pm

Figure 4.7. Time-lapse imagef capsule containing model particlesin alg solution.
Capsule containing 3 um PS particles are suspended in 0.5 wt % Alg soln for 30 mins. The
image series shows the gradual collapse of the capsule akiCB@rrangement of the
colloidal particles inside the capsule.

Our capsules display structural color when left in the alginate solution, but will they
do the same in any hypertonic solution? To test thigxpesed fluorescent particle filled
capsules tavater and a 30 wt% sucrose solutianwlaterthe colloidal particlesettle down
over time and there is no change in the capsule structure (Fig@de Bhewalls of the
capsule suspended in sucrasdlaps slightly and the capsuledevelops a negative
curvatureover time but the colloids remain freely suspendedhe core (Figurd.8B).
Capsules suspended in sucrose do not display any structuralltoois because sucrose
is a small molecul¢hat can diffuse across the polymer membrarhotighthe sucrose
initially generates an osmotic press gradient counter diffusion of sucrose into the
capsule decreases the gradient over .tivle also tested solutions ohianic polymer
(poly-(acrylic acid), PAA), cationic polymer (chitosan) and fionic polymer (Polyvinyl

alcohol, PVA).The PAA solution was made t@ 44 wt %, the chitosan solution was 1 wt
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% and PVA was 7 wt %Capsules suspended in all the polymer solutions lose most of the
water in the core and exhibit structural col®his verifies our hypothesis thatly the
capsuleplaced inhypertonic polymer rich solutia which have molecular weights too
large to diffuse through the gel mesistablish permanent osmotic pressure gradients and

form PCs

A. 3 um PS loaded capsules in water

A1l.
After 1h

B. 3 ym PS loaded capsules in 30 wt % Sucrose

B1.
After 1h

Figure 4.8 Images of Capsules suspended in (A) water and (B) 30 wt % Sucro$e.

(A), the particles suspended in the capsule core gradually settle down due to gravity. (B)
shows the capsule develogia slight negative curvature but there is no ordering of the
particles inside the capsule cogeale bar: 500 um.

Interestingly when the capsulewere placed ina 14 wt% PAA solution, thg
adoped a steadgtatebowl shapeas opposed to a 2D plate shaps we increased the
PAA concentrationto 21 wt%, we observed the capsule transition int@ folded
geometry. This gives us a further insight into the role of osmotic pressure in driving the

capsule folding and consequent nanoparticle assembly. This osmolyte dependent behavior

72



of the capsules also provides us with an advantage ttuimesthe geometry of the photonic
capsulesas desiredFigure 4.9 presents the different possible geomethat can be

obtained by changing the osmolyte or osmolyte coinagon.

1.0.5 wt °/A) Alg 2. 40 wt % PAA 3. 60 wt % PAA

/—-
8 ="

o x’_‘

Flat-shaped Bowl-shaped 3D folded shaped

Figure 4.9. Various Possible Geometries of Photonic CapsulégShange in osmolyte and
osmolyte concentration enables us to control the shape of the photonic capsule. The photos
above show capsules foimg (1) flattened discén 0.5 wt % Alg solution(2) bowl-shapes
in 14 wt % PAA solutioras well as &3) folded structuren 21 wt % PAA solutionScale
bar: 2 mm.
4.3.4.Effect of Nanoparticle Size on Structural Color

To determine the influence of particle size on the capsule color, we encapsulated
three different sizes @iNPsin capsuls: 200 nm, 256im and 300 nm sizesiNPs'* The
initial concentration of each of the particle solutieais held constant 40 wt %. The three
different capsulewerethen incubated in the reservoir alginate solution for ~ 30 mins. The
resulting capsules exhibkid blue, green and pink color asen in Figurd.10(A1-A3) for

the 200, 256 and 300 n8INPs, respectivelyWe alsotested 10 wt %200 nm polystyrene

(PS) particleswhich readilyformed PCswithin our capsuld-igure 4.10A4

Using our ability tofuse individual capsules with each other, we were seamlessly

able to combine capsules of varying color into one (Figure 4.10B). A corollary to
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Figure 44 is that we can pattern various photonic capsules intarkd2Dstructures and

form a hybrid sheet with regions of differertlors. Figure4.10B1 shows a hybrid 1D

string of photonic capsules. Here, the capswigre patterned in alternating arrangements

of blue, green, and pinklext, we use similar alternatingarrangementsand patterad

these capsules into a 2D photonic sheet. Due to the presence of a little amount of glycerol
in the photonic sheets, these sheetseflexible and ould be fdded multiple timesin

Figure 410B, we demonstrate that we can pattern the photonic capsules in any combination

ang geometry as we desire.

A. Top view of capsules containing different sizes of NP

Al. 200ﬁ_q;§ilica NP A2. 250 nm silica NP A3:300 nm silica NP
(=
P ~

A4200 nm PS NP

B. Capsules can be patterned in any order and structure

1D Photonic string 2D Photonic sheet

Figure 4.10. Effect of particle size on structural colorand patterning of capsules into
sheets(A) shows blue, greesnd pink color for 200, 250 and 300 nm parsc{&4) shows
the blue color exhibited by 200 nm PS patrticles. (B) Photonic capspatterned into
hybrid photonic gels exhibiting multiple coloScale bar2 cm.

Another method to fabricate photonic gels is to ftie capsule ensemble prior to
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concentrating the capsules with nanopartidtes.this,we used capsules containing 10 wt

% PS NPs. PS particles were used because they are lighter and remain suspended in the
capsule core, unlike SiNPs, which require stirring to remain suspendethis case,
capsules containing RSP were removed from the 0.5 wt % Alg solutias soon as they

were formedand polymerizedwith each otherFigure 4.1 shows a schematic ohis

method followed by photos of capsule ensembles before and after polymereadion
incubation in1 wt % alg solution.Initially, the entire gel appears to be an assembly of
white colloid-filled capsules, but after ~ 1 &ll the capsulesend up exhibitingstructural

color. This method allows us teeduce thespacebetween individual capsules aftse

them much closer to each othdrhis is due to capsulesmsisting of thinner shells as they

are removedrbm the alginate solution sooner
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,,

Lig-Alg capsules containing Photonic gel
200 nm PS NP

Figure 4.11. Generating structural color in capsulesheets.Individual capsules are

fused with each other befogetting suspended in a hypertonic polymer solution. After 1
h, theentire capsule sheet displays structural c@oale bar: 2 cm.
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4.3.5 Disappearing Photonic Gels

Finally, we bring back our analogy to the chameleon adaire of the unique
abilities of a chameleon is its ability to actively camouflagel hide in plain sight
depending on its surrounding environméu, one final question that we wanted to answer
was: could we create a simpl e sysHortms that
we fabricated a photonic geking 200, 250 and 300 n&NPin theform of a butterfly as
can be seen in Figure 2.1Since butterflies aralso a popular examptd structural color
in living organismsand simplerto pattern we decided taise a butterfly structure as a
template By using a simple technique of refractive éxdRI) matching, wevere able to
make our photonic sheets disappear demand. Upon adding glycerol, the butterfly
disappeard completelywithin approximatelyan hourandthe gel sheet sheet became
invisible. This is because the RI of glycerothe same as the RI of silica particlesich
causes the reduction of reflectiomghin the gel shet Uponexchanging the solvent again
with 1 wt%alginate the gelreappeard and the butterfly auld be seen agaias shown in

Figure 4.12.

Photonic Gel Gel Disappears Gel Reappears

Figure 4.12. Rl matching of Photonic Gels.Butterfly-shaped gels were fabricated post
which, glycerol was added to them. After 1 h, the gel completely turned transparent. Upon
addition of1 wt %Alg solution the gel reappearScale bar: 2 cm.
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4.4 Conclusiors

In conclusion we preserdgda simple bottorrup approach to fabricategel sheet
composed of clospacked liquid core capsw@ewith an alginate shelllhis system is
universal andan be synthesizesith capsules encapsulating differéamids ofmolecules,
drugs, cells, or particles.The capsules caalso be patterned to form 1D, 2D and 3D
structures and each of #eestructures are shownrintain their structural integrityvVe
alsopresentda novel method for fabricating a robust photonic hydrogedtshatmimics
the hierarchical order found in chameleon skie, how guanine crystals assemble within
iridophores anan assembly of iridophores forms chameleon skin tissue responsible for
structural ctor. The process involekthe synthesiof liquid core capsules containing non
absorbingsilica orPSnanoparticle$200-300 nm)which canexhibit structural coloupon
forming HCP lattices The capsules need to be placed in a polymeérsolution in order
to induce structural color within their coi®y using darkfield microscopy and SEMhe
presence of photonic crystalsspersed throughout the interior walls of the capswies
confirmed These photonicapsules can be individually used or patterned into various
structures, demonstrating versatility in creating a photonic sheet. The resulting
microstructure, reminiscent of chameleon iridophores, holds promise for applications such
as actve camouflage materials, andlored coatingsThis research marks a step forward
in achieving biomimetic structurethrough a scalable and erma@sistant bottorup

approach.
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Chapter 5
Gel s that Reversibly Expand and

Note: Alicja Mazurkiewicz and Sarangua Baithur contributed in methdology,
investigaton ard formal analysis.

5.1Introduction

Naturally occurring selassembled structures, such as microtubirethe cell
cytoskeleton emerge through processes of -ofsequilibrium selforganization, or
dissipative assemhlyrhis selforganization process highly autonomous and is defined
by nonrequilibrium chemical reaction networK€RNSs) fueled by biologicaimolecules
like Adenosine triphosphate (ATBipdguanosine triphosphate (GTHhe most common
example in nature is spontaneous assembly and disassembly of cellular structures such as
actn filaments or microtubulesvhich are driven by continuoetiemicalenergy input due
to various biochemical reactioh®:*¢ Microtubulesare formedvia binding d GTP to
tubulin proteins, causing them to assemble in fibrils microns in length. Simultaneously,
hydrolysis of GTP destabilizes the fibrils, causithg fibrils to disintegraté!3? This
dynamic interplay between assembly and disassembly enables cells to rapidly reconfigure
their shape and to form transient structures with high spatiotemporal pretissuch
cases, the concentration of the assembled structures is governed by reaction kinetics rather
than thermodynamic interactions in neguilibrium assembl§ Another example is the
actuation ofmuscletissue(Figure 5.1A) The contraction of muscles governedoy the
hydrolysis of ATP to ADP.*?2 Upon ATP depletion, muscles automatically return to their

initial relaxed state.
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There is sustained intense interest in developing synthetic CNRbrihgtthis
level of autonomyto syntheticsoft materialsfor applications insoft robotics active
materials for catalysjselterasing inks?’ and drug delivery3¥14° A pioneering example
in designing atonomoushydrogels by Maeda and coworkersuses theBelousov
Zhabotinsky (BZ)oscillating chemicalreactionto actua¢ hydrogelst**143 However,
oscillating reactionkave poor tunability and rely on compl€RNsrendering them less
desirable for vaous applicationsMore recentlyscientiss havedeveloped variousimple
CRNs coupkd with dynamic crosslinkingor molecular selfassembly to enable
reconfigurable chemically fueled hydrogels and polymsf®'44145 Some synthetic
polymeric, nanoscale and supramolecular systiératshave demonstrated the ability to
undergo chemically fueled transitions inaudDNA,#6147 proteins® molecular
hydragelatorst*#148  vesicles'3®14910  polymers!® and  nanoparticle®,83.140.152
Carbodiimide chemistry represents a wedtablishedsynthetic CRNfor fuel-driven
assemblie&® In this CRN, adjacent carboxylic acid groups a molecule are activated
upon the addition ofl-ethy}3-(3-dimethylaminopropyl) carbodiimid¢EDC) andare
converted tametastableanhydride groups rendering theoleculehydrophobi¢ causing
either a volume phasiansitionsin a hydrogel or formation of fibrils in the case of
hydrogelator$* Oncethe EDC is depleted by hydrolysthemetastabl@nhydride groups
are hydrolyzed back to carboxylic groups and thélding blocksbecome hydrophilic
again.Prior work has demonstratedrbodiimidefuel drivenvolume phase transitions,
alteration of hydrogemechanical propertieshape changing hydroggfé1535%olume
phase transitions of microgels, and formation of vesicles from blogolyoners.While

the anhydride bond is metastable and has a short lifetime of tens of necotdjguration
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of hydrogel material propertiega carbodiimidereaction cycle®ccurs over a long time
Macroscopic hydrogelypically undergo contracticexpansion cycles over timestehs

of hours (Figure 5.1)while formation and dissipationf polymer vesicles or microgels
occurs ovea few hoursThe factor limiting the reconfigration time of these materials is

not necessarily the anhydride bond stability, which is very susceptible to hydrolysis, but
instead the limited water access to the anhydride bonds, Vikallp aggregate into
strongly hydrophobic core¥heseextendedeconfigurationtimescontrast with the more
rapid and transient nature of naturally occurring biochemsyatems and actively

reconfigured hydrogels (e.g., pH responsiaterial3.
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Figure 5.1. Natureinspired chemical fuel mediated CRNs(A) Spontaneous muscle
actuation by consumption of ATP. (Bontractionexpansion cycle of porous hydrogels
driven by a EDC chemistr{ur work demonstrates rates that are 25 x faster. C) Schematic
of porous gel showing autonomous contraction and expansion.
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In this work, wedemonstrate rapifiiel-driven, autonomous contractiegxpansion
cyclesin aporouspolymer hydrogelThe porous geJscomposed o& copolymer made
from acrylic acid and acrylamid@onomerspossess microporosity ahdve the ability to
undergovolumetric expansions o150 timestheir initial size within 15 second&hen
exposed to wateP® Exposing macroscopic (several centimeter sized blocks) water swollen
porous hydrogels to EDC causes a linear shrinkage 676%®over a time scale of < 10
minutes. The hydrogels reach a peak contraction and then autonomously expand over about
30 minutesd return tonear their initial size. We show that the contracgapansion cycle
is reproducible over multiple rounds of fuel addition and that the lifetime and maximum
concentration can be tuned by changing the EDC concentration and -gadycwer
composition. The porous nature of the hydrogel overcomes the water access limitation for
anhydride hydrolysis in neporous hydrogels by provide continuous water channels

throughout the hydrogel even in the contracted state.
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5.2 Experimental Section

Materials. Most of thechemicals were from Sigmaldrich, including the monomers
acrylamide (AAm) and acrylic acid (AAc), the cregsker Polyethylene glycol diacrylate
(PEGDA), the photoinitiator lithium acylphosphinate (LAP) (precise name: lithium
phenyt2,4,6trimethylbenzoyl phosphinate), acetic acid, sodium carbonateCDéa
polyvinyl alcohol (PVA), Tween 801-ethy}l3-(3-dimethylaminopropyl) carbodiimide

(EDC), MES monohydrate.

Double-Barreled Syringe (DBS) Preparation.Syringes were obtained from J Dedoes,
Inc. The dimensions of the barrel and plunger of the B@& 3 mL x 3 mL, while its
mixing tip was a 3 mm x 16 element blunt tip. Typically, 3 mL of solution was loaded into
each barrelA solution of monomers, crosmker, PVA and tween 80 (stabilizerg)as
loaded in one barrdn the other barrel, a solution of 0.1 wt % LAP and®&s (dissolved

to 20 wt % in watey was loadedThis specific composition of the base was s#moto
maximize foam volume To prevent degradation of the photoinitiator prior to

polymerization, the DBS was covered with aluminum foil.

Synthesis of Porous GelsThe foamcontaining all the reaction components was injected
out of the DBS into a container, as showrFigure52.AZi pl oc bag measurin
served as the containéfhe foam was evenly distributed in the container, achieving a
thickness of 0.61 cm, and subjected to UV light exposure for 2 minutes to initiate the
polymerization of the monomerk the process, the foam is converted into a porous gel,

with the bubbles constituting the por&ubsequently, the porous gel was immersed in
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water to eliminate any residual unreacted monomérge water in the gel was then
exchanged bymmersing the gel irthanol for 2h followed by ambient drying overnight
resulting in asolventfree porous gel. Unless otherwise stated, the following composition
was used in preparing the gels: a totab@fvt % monomer, with AAc and AAm in a 3:1
weight ratio, and witiPEGDA at 4 wt % with respect to the total monomer. TR¥A
concentration was 3.5 wt @nd Tween 80 concentration was 0.2 wuPtess otherwise

stated.

Porous Gel Response Studies with ED@Jnless otherwise specifie@;1 porous gels

with 4 wt % PEGDA as the crosslinkers were used for the experiments. The gels were
swollen toan equilibrium state in 25 mL MESuffer at a pH of 5.0. The required EDC
concentration was added directly on top of theuggformly by dissolving it in 2 mL of

MES buffer. The entire swellgpto-shrinkingto-reswelling behavior of the gel was

recorded in a camcorder.

Image Analysis of the Gel SizeThe videos of the gel swelling and shrinking were

recorded using a Panasonic video camera. Images were converted and analyzed using

ImageJ softwareGel sizes refer to the area of the gel.
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5.3 Results and Discussion

5.3.1Synthesis of the Porous gel

PVA + Tween 80
stabilizing the
foam

PVA + Tween 80 - A I
Monomer + Crosslinker ‘ w

UV light
Gas ‘.;'{-:a‘s

Na,CO5 Polymer network h
+LAP DS oI
4. = £~ - - =)
' ] VSR S =R Photo of a
oo ; : Porous gel
(A) Foam containing (B) Polymerize (C) Gelis
monomer generated by UV light polymerized around

the gas bubbles
Figure 5.2. Schematic of Porous Gel Synthesis(A) Monomersolutions are placed in
doublebarreled syring€DBS) before being foameddne barrel of the DBS is an acidic
solution of monomers, crodimkers, and théVA + Tween 80stabilizer, while the other
barrel is a basic solution withAP. COz gas isproducedat the mixing tip of the DBS and
foam is produced(B) The foam is polymerized by UV light for 2 min. (Oue to fast
polymerization, the bubbles in the foam are retained and the polymer is farmautl
them.The gels are driedt room temperatur® obtain a porous gerhe photoshowsthat
the material is a robust solid with a spotlige texture.

The synthesis of porous galsed amethod previouslgreated by our lalwith a
few modifications'>® Figure5.2 showshe procedure for synthesizing porous géisuble
barrel syringes (DBS) were used for this proces® barrel being the acid side and the
other being the base sidene barrel containS0 wt %emonomerswith acrylic acid (Aac)
and acrylamide (Aanip the ratio 3:Irespectively4 wt % of thecrosslinker polyethylene
glycol diacrylate (PEGDA)and 50 wt % othe stabiliing solution of 7 wy %polyvinyl
alcohol (PVA) an® wt % Tween 80The other barrel contains the phatdtiator 0.1 w&o
lithium agylphosphinate (LAP) an@0 wt % sodium carbonatéNaCQOzs) dissolvedin

water.When the acid and base comecontact with each other at the tip of the DBE®
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reaction releasarbon dioxide (Cg) gas which formsa foam The PVA and Tween 80
stabilizethe foam Figure5.2A). The foam is then spread uniformly in a Ziploc bag and
exposed to UV lighto initiate the photgolymerizationat room temperature (Figure
5.2B). After two minutes, a crodsmked polymer network is formed around the gas bubbles
(Figure5.2C). The fast polymerizatiopreventsthe foam fromdissipatingand a porous
hydrogel is formedAfter polymerization, e gels were first swollen in wate® remove

the unreacted mononseand themwater wasemoved by solvergxchangewith ethanol.
Once the gel hardensjstremoved and dried under ambient conditidree final material

is a spongdike solid as can be seen in the image in Figi.2e

5.3.2Chemically FueledReconfigurable Behavior of the Porous Gel

100§
[ B. EDC mediated Reconfiguration of the Gel
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Figure 5.3. EDC driven autonomous contractiorexpansion of mrous gels.(A) A 1

cm x 1 cm piece of gel is swollemth MES buffer for 20 second3he gel swells ~150
times in size. (BP0 Area shrinkage, defined as the hydrogel 2D area normalized to the
initial 2D area x 100%, as a function of time aftexquivalent€£DC is addedScale bar:
1cm.
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Previous studies showdkle approximate pore size of the ges in the rangef
200-300 um the porosity of the gelvas ~90%, and the pores formed a continuous
interconnected networkJpon placing a dried piece of gel in water, the gel exparae
than200 times its dried weighand the gel dimensions quadruple with5 secondsThe
high swelling rate of the gel is attributed to the porous microstructure of thetgeh
enables fast water transport through capillary action and by reducing diffesgthg into
the hydrogel The high porosity alongvith the interconnected poresake these gels
capable of rapid expansion and contracegnopposed teolid hydrogelswith the same
compositionwhose swellingandcontraction rate iBmited by slow diffusion of water into

and out of the nanoporous gel network

A 3:1 (Aac:Aam)porousgel prepared with 4 wt % PEGDérosslinkemwas swollen
in a60 mL 2-morpholinoethanesulfonicac{YES) buffer adjustedo pH = 5. Figure5.3
shows the autonomou®ntractiorexpansiorbehavior of the gehfter exposure to EDC
Upon exposure to MES buffene gel swektdto ~15 timestheinitial size(projectedarea
of the gel)and reachd a swelling equilibrium within~20 secondgFigure 3A) One
equivalentmole (equivalent to the number of moles of carboxylic acithe piece of
hydroge) of EDC chemical fueldissolved ir2 mL of MES bufferwasaddeduniformly on
top of the gelThe porous galapidly collapse andcontracted te-50 % of its swollerarea
within 40 second®f adding EDC.The gel shrinks to itminimum sizeof ~ 30%of the
initial areaof the swollen gelvithin 4-5 minutes The collapsed porous gel spontaneously

recoveedto aswollen stat®ver40 minutesand recovered t692%of the initial areaThe
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observedshrinking behavior of the porous gels is attributeddaction of EDC with
carloxylatespresent in the gab generate nepolar metastable anhydride bondéiese
nonpolar groups have poor solubility in the MES buffer and cause the hydrogel to undergo

a volume phase transition, with a significant portion of the water in the hydrogel expelled
Optical micrographs of the swollen gel and the dehydrated network is shown in Figure 5.4.

It can be seen that upon the addition of EDC, the gel losestis eantent, and the pore
structure can be seen again. Figure 5.4 also presents a detailed schematic of the mechanism
Upon the addition of EDC, the neighboring catylate groups form anhydride bonds,
causing the gel to expel water and shrink in Sibe. hydrogel does not completely recover

to its initial size likely due to generation of a urea byproduct from the hydrolysis of the

EDC, which increases the ionic strength of the water.
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Figure 5.4 Schematic ofcarbodiimide induced crosslinkingin the porous hydrogel

(A) Optical micrograph shows an initial water swollen gekighboring carboxyhte
groupsin porous geform anhydridebondsupon the addition of EDQO.he anhydride bond

is nonpolar and uncharged, leading to a volumetric phase transition that expels water from
the hydrogel(B) Corresponding image of the dehydrated network shows the presence of
pores that have# water.After the consumption of EDC, timeetastabl@anhydridegroups
eventually hydrolyze returning the gel to its initial st&eale bar: 500 pm.

5.33 Effect of Monomer Ratio on the Reconfigurability of the Gel

We varied the ratio of the ionic monomer (Aac) to the nonionic monomer (#&am)
determine how the composition of the porous gels influences the lifetime of the
shrinking/swelling behavior of the gel in the presence of BDfile maintainingb0 wt%
monomes in the precurspmwe synthesized porous gels with Aac:Aam ratibg:0 3:1,
1:1,and1:3. Gelswith higher Aac conterdre expected to swell more than nonionic gels.

Hence, we obserddhe following order of swelling ratio: 1093:1>1:1> 1:3. Figures.5
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shows the response of the swollen porous gels to BBdition Three sets okach
experiment \ere performed,and error bars were plotted subsequeritiyall cases the
initial gelmasswas 50 mg andach gelvas swollen in 25 mL of MES solutio®neequiv.
of EDC was added to the gels at D s and the swelling kinetiegererecorded using a
video cameraThe time-dependenplots were generated byanuallymeasuring the gel
areaat each time point usingnage analysis.We observd that the 1:3 porous gels
contractedhe leasi{~ 60 %)but recover the fastestith more than 90 % of the gatea
recovered within the first @ mins The 3:1 and 1:1 gels sied similar amounts of
contraction(30-40 %), with 3:1 gels shrinking slightly more than the 1:1. §die 1:1 gel
has a faster recovery tinfe90% in 30 minsthan the 3:1 gef~ 90% in 40 mins)This
behavior amng thegelscan beexplained bythe differences in Aac concentration in each
gel. Since 1:3 gel contains the least amount of, Alaforms the lowest concentration of
anhydride bonds andhrinks the least, followed by 1:1 and then 3:kewise, the
concentration of anhydride being hydrolyzed beckarboxylic acids ithe lowest for the

1:3 hydrogelsoit requiredess timefor the gel to recover its size

However, b our surprisealthoughthe 1:0 gels reachedhe largest % area
contraction(~15-20% of the initial aregin the shortestime (~2-3 mins) the geldid not
recover its initial size fob-6 hours.Althoughwe expect thgoure Aacgels to recover the
slowest due to a higher anhydridencentrationthe decrease in recovery rate was not
commensurate with thecreaseaarboxyhteconcentrationWe hypothesizthat thepores
in the 100 %Aac hydrogelswhich possess a high concentration of carket@ygroups,

collapse due to strong hydrophobic effects and formation of high concentrations of
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anhydride bondsThe pore collapse limits access of water to the anhydride bonds and the
hydrolysis rate is substantially diminish&sed on the findings inistxompositiorstudy;
the 3:1 gekhowed a combination bbthhigh shrinkage percent and fast recover, so it was

used for subsequent experiments varying fuel concentration.
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Figure 55. Influence ofMonomer Ratio on Gel Behavior.(A) 1:3(Aac:Aam)gels show
least shrinkage and fastest recovery, followed by (B) 1: 1 gels. (C) 3:1 gelsadhngtv
shrinkage (~30%) and recover within 40 mins. (D) 1:0 gkftnk the maximum but take
hours to return to original state.
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5.34 Effect of EDC concentration

We varied thefuel concentratioto determine how it impacted tfmitonomous
contractiorexpansion dynamics of the 3:brpusgel Figure 56 showsthe effects of
increasing EDC concentration from 0.5 equiv. to 8 eduiall 5 cases, we obsexvéhe
gel to reach its minimum size (maximum shrinkagéhin ~4-5 minutes.In case of 0.5
equiv. EDG the gelreachecaminimum size of- 50%within 4 minsand recovers t099%
within 40 minutesof the start of the experimerfor experiments with 1, 2, 4, 8 equi
EDC, all the gels readda minimum size of ~ 30 % within 5 minutes but eadel took
a different time to reconfigure, with 1 equiv. EDC reswelling to ~ 98ifiin 40 minutes,
2 equiv. EDC reswelling te 77% and 4 equiv. EDC reswelling td5 % within 50 min.
The 8 equiv. EDQ@oncentration caseeaches a minimum of ~25% of the initial area for
about 45 minutesNe note that thgelsusing8 equiv. EDC do recoveheir initial size,

but the recovery time isnthe order omanyhours.

To reason with the observed trend, twn tothe explanation presented I{eckel
and coworkersvho conducted a similar study poly(acrylic acid) PAac) microgelsand
studied their volumephase transition kineti¢s® Briefly, when introducing EEQ, the
conversion of carboxgite groupsto anhydride and the subsequent hydrolysis of the
anhydride occur simultaneousklowever, in case of 0.5 equiv. EDC, the minimum size
reached is only ~ 50 % instead of 30 Which isshowntoour gel 6s @ct ual C
shrink in the presence of EDEigure 56A). This can be becaus®t all carboxiate
groups are transformed into anhydride due to the cyclic nature of the chemical reaction

network (CRNSs), causing an immediate backward reaction from anhydride to carboxylic
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acid (Figure 54). Hence, n this scenario, EDC functions as the limiting agent for the
reaction.However,the minimumshrunken sizestabilizesbeyond 1 equiv. EDQvhich
shows that our systeenters aguasisteadystate wherein the gel maintains $srunken

size until all the fuel is consumdé#figure 56(B-D)). This isbecausgin the presence of
excess EDC, when all the carboxigsare consumed and converted to anhydriderates

of EDC consumption and anhydride formation is limited by the hydrolysis of anhydride.
Since theanhydride formation is faster than the hydrolysis, the gel maintains its steady
state in thepresence of excess EDEence, in this case the rate limiting step is the
hydrolysis of the anhydride groups formddis theorywas confirmed by thebehavior
observed in case of 8 equiv. EDC where the gels magdé#ieir size at 30 %or hours

before reswelling agai(Figure 56E).
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From Figure 33, it is evident that our porous gelsntract and expanapidly and
to anappreciable extent (min. size ~ 30 % ancctiea cycle lifetime of ~ 45 minutes)
Comparing our gels to the literaturihe porous hydrogelseconfiguremore rapidly
compared to both solid macroscopic hydrogels and microyelsmparison withiterature
reportsis shown in Figure 5. Thegel of Xu et. al. reached a minimum size of 65 % the
gel volume and thlifetime of the processasabout 9 hours®In the study by Rajawasam
et al., who investigated the impact of EDC on the mechanical properties of their gel, the
transient network lifetime wa8 hours!®* Similarly, in the case of the PAac microgel
studied by Heckel ancbworkers the lifetime of the entire process was approximately 30
hours®3Therefore, when compared to these studies, the lifetime of ous g@gaificantly

shorter, being at least 12 times faster.
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Figure 5.7.Comparing the lifetime of EDC reaction cycle in our gel to past oneS.he
lifetime in this study is 40 minuteshereaghose in previous studies were above 8 h
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5.35 Using Porous gels as Autonomous Actuators

Lastly, we investigated theapability of these gels to function as autonomous
actuatorsin a previous studyour lab demonstrated that the superfast expansion ability of
the gelscould be harnessed to do mechanical wotkn that case, the work was done
against gravity by swelling the gel with watartically and then subsequently the gel was
made to lower the weight with the addition of ethafok ourstudy, we chose to harness
the rapid reconfigurability of #hgels todrag weights or to push and pull weiglristhe
horizontal directionFirst, we tested the gels by using ethanol to inducenkimg. Forthis,
we synthesiza a cylindrical gel andastenedone of its sides to a square petdish by
epoxy. The gel wasonstrictedin all directions to ensure a unidirectiomaipansionThe
initial driedgelwas ~ 2 cm longweighed80 mgandwasattached to a 800 nagarose gel
on the other end-igure 58 demonstrates thafpon addition ofwater, the gel expareti
rapidly and pushethe weight forward by 2 crtiwice its size)Next, to shrink the gel, we
poured ethanol on top of the g®¥Vithin 20 seconds, the gelontraced and puled the

weight backward by 1 crfFigure 58D).

Figure 5.8.Extracting work from porous gels usingethanol. (A)-(B) Porous gel was
attached to 800 mg agarose gel as weight and swelled with wéig«(D) Upon the
addition of ethanol the gdragged the weight back by 1 cm.
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The above experiment required actively changing the solvent by hand to induce
actuation.To assess the autonomous actuation capabilitisegborousyelsusing EDC
chemistry we implemented a similar setap Figure B andinsteadused EDC to induce
the contraction and subsequent expansion of the gels. The outcome of our initial trial is
presented in Figure %.Upon the addition ofl molar equivalent oEDC to the swollen
gel, we observed contraction b cm within the first 5 minutes, reaching its xiraum
contracted statéby 2 cm)at 30 mins Subsequently, the gel spontaneously resaell
expanding laterallyand reverted to its initial swollen state within the nesthours.This
was in contrast to the previously reported work by Xu et al, where the gels finished one
actuation cycle in 17 houté® This outcome highlights the potential of our porous gel to
exhibit autonomous behavior akin to the contraction and relaxation observed in soft tissues
such as musclegurther optimization of this system holds the promise of reducing the
reaction lifetime, opening up possibilities for various applications, including the

development of artificial muscligke actuators or soft robotics.
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1. t= 0s, EDC added
v/ ,//

Gel Shrinking
5. t= 180 min

Gel Reswelling >
Figure 5.9.EDC induced autonomousdeswelling/swelling of porous dge Gel shrinks

2.5 cm upon addition of 1 eq. EDC in 30 mins. The gel is obserwedltmto its original
state within 5 hours.
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5.4 Conclusiors

In conclusionwe have developed a rapidly reconfigurapteous gel that, when
swollen,has the ability to undergo autonomamtraction and expansion a timescale
of 40 minutesupon the consumption of a chemical fuéie initially formed dried gslcan
show superfast expansiom 153% their initial sizewithin 20 secondsihen powered by
the addition of fuel, these getanrapidly shrink to 30% of their initial swollen size in the
timeframe of 45 minutes.The gels can return to ~ 90% their oridirsd&ze within 40
minutes.The entire proceswasregulated by chemicdlel-mediatedchemical reaction
networksinvolving the fueldriven formation ofnonpolar anhydride groups and their
subsequentiydrolysis. We demonstrate that the lifetiasewell as the contraction of the
gel can be controlled by alteritge monomer ratios as well as the fuel concentration.
When compared to similar systemmsthe past, our geldemonstratect least25 times
faster response rate atadal lifetimes thatvereatleast P times faster. Finally, we studied
the fuel-mediatedactuation ability of these gels Isyudying their horizontal contraction
and expansiorhe gels exhibithepotential ofautonomouslypushing and pulling weights
through this process, showing promise for applications in the fields of soft rolbatiose
work will entail further optimizations of the response spaethroving the actuator

performanceand studying the cyclability of our system.
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Chapter 6

Recommendations and Future Work

6.1 Project Summary

In this dissertation, we have createslv types of polymerimaterials that exhibit
unique responsive and reconfigurable properties. These novel designs have found
inspiration from the peatlke sheen observed in nacre, the hierarchical nature of the
chameleon skinand the autonomous behavior of various biological systems such as the
actuation of soft living tissues like muscles. All the materials synthesized in this work
follow a simple and straightforward synthesis technique, making them very easjeto s
up. We were successful in achieving unique properties in our materials such as the property
of reversible and tunable pearlescendéedescent multicoloredcapsules that can be
patterned and polymerized to form second order structaresachemicallyfueled rapidly
reconfiguing porous gel Such materials have the potential to be used in various
applicationssuch as reflective coatings, cosmetics, camouflagerialg or paints in the
case of pearlescent and iridescent capsules or can be used astuators or in soft

robotics in case of the porous gels.

In Chapter 3,we presentedhe spontaneous emergence of pearlescence in
polymeric capsulesA NIPA shell was grown around aqueous capsules via inside out
polymerization techniqueWe showed the capsules remain transparent at room
temperaturgtransitioning to pearlesneupon heating above the LCST of NIPA. This

phenomenonoccus without any addedplatelike particles or additivesReflectance
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measurementgerformed on the capsules confirmsdstantial specular reflectce(R >
60%) in the pearlescent statearly identical to the optical propertiesnaftural pearlswe
found that the presence of a thin NIPA shetiriical to achievepearlescencehis optical
effect is not obserd in pure NIPA hydrogels or even with sufficiently thick NIPA shells
We attributed this behavior ddIPA-rich domains forradthrough spinodal decomposition

in the shellwhich havesizesandbr interdomainspacimgs similar to the wavelength of
visible light This study highlighted our ability totune pearlescence in soft materials,
analogous to iridescence in photonic crystals. For instaveeshowed that theapsules
can be induced to exhibit roetamperature pearlescence by adjusting the LCST of NIPA
by altering salt concentrationandwe can also obtaidiverse pearlescent colors agding

pigments to theapsule core

In Chapter 4,we introduce a smple bottomup methodfor fabricatinga gel
sheet composed allosely packed liquid core capsulssrrounded by a thialginate
shell We demonstrated that when freshly formed capsules containing some amount of
CaCkin their cores are placed next to each other, they fuse and form a capsule sheet.
These capsules can encapsulate various kinds of cell types, drugs, colloids and be
polymerized to form a single matrianalogous tahe assembly of cells to form tissues.
We demostrated that these capsules d¢enpatterned into 1D, 2D, and 3D structures
while maintaining suctural integrity. Additionally, we presesd an innovative
technigque to creater@bustphotonicgel sheetwith hierarchical ordennspired by the
chameleon skinHere we firstinduced structural color in the liquid core capsuly

placing them in hypotonic polymer solutioaad then fused the capsules together to
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obtain a photonic gel shedthe resultinggel sheet had hiearchical structure analogous
to thatin the chameleon skimhe gel sheet showed two levels of ordering at different
spatial scalesAt the nanoscale the system displayed packing of nanoparticles into
photonic crystals in single capsules while at the millimeter to centimeter scale the
capsules were packed into the a desired arildye photonic geshees hold potential

for applications like active camouflage materials and colored coatomgsndewater

soft robots This research represents progress in achieving biomimetic structures

through a scalable and errm@sistant bottorup approach.

Finally, in Chapter 5we developed a rapidly reconfigurable porous gel that,
when swollen, had the ability to undergo autonomous shrirtongswelling
transitions within a timescale of 40 minutes upondhdditionof a chemical fuel. The
initially formed dried gel demonstratezliperfast expansion to 1%0its initial size
within 20 seconds. Whema chemical fuelwas added that condensed hydrophilic
carboxylic acids into hydrophobic anhydride bontihese gels rapidly shrank +80%
of their initial swollensize in 45 minutes Spontaneous anhydride hydrolyseturned
the hydrogelsto their original swollen state within the next 35 minutes. We
demonstrated thamount of contractionf the gel and the lifetime of the érd cycle
could be controlled by altering the monomer ratiad éuel concentration. Compared
to similar systems in thi@&erature our gels exhibited at least a 25 times faster response
rate and lifetimes that were at least 12 tinsésrter Finally, we demonstratiorthe

actuation ability othese gels by observing their horizontal contraction and expansion.
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The gels showed the potential for autonomously pushing and pulling weights through

this process, indicating promise for applications in the fields of soft robotics.

6.2 Recommendations for Future Wok

6.2.1Janus Capsules

In Chapter 3, we demonstrated the synthesis of Aayered capsules through
an insideout polymerization technique, in which we can grow multiple polymer shells
around an aqueous or a gelled core. In our study, our ability to crediieéfashell
around a liquid core capsule enabled us to achieve reversible pearlescence in our
capsule, a novel property never seen in any solid material. This {oside
polymerization approach enables us to fabricate hybrid polymer capsules which can be
composed of multiplaifferent polymers. In such systems, thaymers retain their
individual functionality while also contribirtg to the composite structure of the gel
capsule The working hypothesis is that the presence of different polymers in the same

material will give rise to a unique set of functional properties.

Previous work from our lab made hybrid gels with two different polymers as a
part of one material with very little mixing in between th&th.The key was to have
these pregels layered on top of each other only when their viscosities are high enough
to not undergo diffusive mixing. A subsequent work reported the formation of-multi
segmented tubes consisting of zones made up-Hopropyl acrylanide and N,N
Dimethylacrylamide that upon exposure to heat resulted in localized constrittions.

Building on the idea of making hybrid polymeric systems, futere strategy that we
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can employ is to create capsules with patches of different polymers on its surface, where
one hemisphere of the capsule is stinteponsive and the other is not. This can help

us create systems which end up deforming due to various stresses indueeslystém

or can exhibit a payload release upon exposure to a stimulus. We performed some
preliminary work in designing such hybrid capsules called Janus capsules (e to

presence of two separate polymers on its surface).

Figure 6.1A shows a set up to synthesize a janus capsule made up of NIPA and
PEGDA. Monomer solutions (monomer, crosslinker and accelerant) of NIPA and
PEGDA were made with high concentrations of xanthan gum and layered on top of
each other into three lays. Xanthan gum was used as a thickner to increase viscosities
of different solutions. The capsule was suspended right at the interface of the PEGDA
and NIPA layers and left to crosslink. The initiator diffuses out to form covalently
crosslinked monomershroughout as shown in Figure 6.1B. The capsule shell is
composed of regions of PEGDA and NIPA with the NIPA layer in the middle. We
showed that when such a capsule is heat
shrinks asymmetrically, causing strain at the interface leading to the shell breaking at
the interface and releasing its interior contents (Figure 6.1D). This system can be further
modified by changing the type of monomer and the type of crosslinkerTisedgystem
also has potential be to be mulésponsive, where one part of the shell is responsive
to one kind of stimulus while the other is responsive to ano8iace a lot of polymer
hydrogels are formed by free radical polymerization, we will have an option of making

these capsules with a combination of myriads of polymers, which makes this system
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extremely versatile.

Figure 6.1. Temperature responsive behavior of Janus CapsulefA) An alg capsule
loaded with initiator is placed at the interface of the 3 layers (PEGDA, NIPA and
PEGDA) and left to polymerize. (B) Resulting capsule has a shailposed of patches

of PEGDA and NIPA. (C) The NIPA region can be seen when the capsule is heated.
(D) Leaving this capsule in water over night, causes the alg core to lose crosslinks.
Upon heating above NIPA LCST, the capsule splits at NIPA interfaceasiglg its

inner contentScale bar: 2 mm.

6.2.2Electric Field Driven Directed Assembly of NPResulting in Structural Color

In Chapter 4, we descridlethe synthesis of photonic capsules by inducing
structural color in the capsule core. This was done by hexagonally close packing 200 nm
silica nanoparticle€SiNPs)by generating a positive osmotic gradient around the capsules.
We also demonstrate how we can get these photonic capsules to disappear by matching the

RI of the SiINPswith a solvent. However, to truly mimic a chameleon, a system needs to
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