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 In nature, biological systems are able to respond autonomously to environmental 

cues. Drawing inspiration from nature, scientists have been creating materials that change 

their appearance, shape, or properties (e.g., optical or mechanical) in response to various 

stimuli. This work is our contribution to the field ½ 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 a 

bright sheen (called ópearlescenceô) due to light reflection from plate-like particles. We 

show, for the first time, that pearlescence can be reversibly induced in soft capsules that 

contain no plate-like particles. Our millimeter-sized capsules have an outer shell (~ 500 

µm thick) of N-isopropylacrylamide (NIPA) gel, which shrinks above its lower critical 

solution temperature (LCST) of ~ 32°C. When a transparent capsule is heated above this 

LCST, it turns pearlescent, and the transparent state is recovered upon cooling. Specular 

reflectance measurements confirm that the pearlescence of the capsules is comparable to 

that of natural pearls. We attribute the pearlescence to light reflection from nanoscale 

domains in the shrunken NIPA shell above the LCST.   



  

 Next, we draw inspiration from the skin of chameleons ½ the brilliant colors of the 

skin are due to ordered arrays (photonic crystals) of particles within the skin cells. To 

mimic this structure, we first create óphotonic capsulesô with silica nanoparticles (NPs) in 

their liquid cores. When 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 on the inner wall of the capsule. The capsules thereby show brilliant colors 

(iridescence), with the exact color depending on the NP size. We then further use these 

capsules as building blocks and fuse them together to form a free-standing sheet. The sheet 

is thus analogous to a tissue, with the capsules analogous to the constituent cells. We are 

thereby able to create a sheet of colored capsules, resembling the chameleon skin.   

     

 Lastly, we take a step towards creating an óartificial muscleô. The muscles in our 

body are natureôs ideal machines as they can expand and contract at will. To mimic this 

ability, materials that change their size autonomously are of interest. With this goal in mind, 

we start with an anionic hydrogel with microscale pores ½ the gel expands by 300% when 

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

on the gel strands to anhydrides, and the loss of charge makes the gel shrink by 50%. The 

anhydrides are metastable, however, and hydrolyze over time ½ thereby, 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 ~ 10³ faster than any previous soft 

autonomous material. The rapid response moves our gels closer to the timescales required 

for use in practical actuators or soft robots.    
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Chapter 1 

Introduction and Overview 

 

 

1.1 Problem Description and Motivation  

 Nature serves as a profound source of inspiration in materials design, offering us 

an array of materials that exhibit unique or unusual properties. In recent decades, an entire 

field of ñnature-inspired materialsò has emerged and it has attracted chemists, physicists, 

and engineers.2 The field is broad and it encompasses a wide range of materials of diverse 

origins. Some can have a geological (non-biological origin), an example being precious 

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

structures (e.g., flagella in bacteria), plant-derived 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 (geckos and their ability to adhere to vertical walls). 3,4 

 

 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. Some 

natural materials like nacre are composed of brittle inorganic elements, but still are tougher 

(less prone to fracture) than any man-made inorganic material (e.g., ceramics). The 

toughness arises from the fact that nacre is a composite with proteins sandwiched between 

inorganic nanoplatelets.5,6 Thus, by examining the structure of nacre, researchers have 

gained insight into how ceramics can be toughened.  
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Another class of properties in natural materials are the optical properties. Striking 

examples of brilliantly colored materials include precious gems like opals, the wings of 

insects like butterflies, and the skins of reptiles like the chameleon.7 In many of these cases, 

the color is not due to the presence of colored pigments. Rather the color arises due to 

ordered arrangements of uniform particles, and this is termed structural color (SC). SC 

arises when the interparticle spacing in an ordered array falls within the wavelengths of 

visible light.8 Light then gets diffracted from the array leading to iridescence, and such an 

array is termed a óphotonic crystalô.9 A similar, but distinct, phenomenon is the bright, 

metallic sheen exhibited by pearls. This is called ópearlescenceô and it arises when the 

constituent particles are irregular (more details are provided in Chapter 2). In this work, we 

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

 

Many natural materials not only show remarkable properties, but moreover they are 

also responsive, i.e., they can switch their properties in response to external conditions or 

chemical stimuli. A classic example is the color of chameleon skin. Chameleons are known 

for their ability to change the color of their skin in response to changes in outside 

temperature, or for camouflaging, or for signaling its intentions to other chameleons.10,11 

Other responsive materials in nature are those that move or bend autonomously. An 

example in the plant world is the Venus flytrap, which can snap shut when an insect sits 

between its leaves. A more common and classic example of an autonomous system is the 

muscles in our body. Muscles, which are based on protein fibers, show a remarkable ability 

for actuation (i.e., to expand and contract). Their actuation is driven by the chemical fuels 

associated with biology, especially adenosine triphosphate (ATP).12 In our work, we will 
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attempt to mimic the autonomous motion of muscles with a hydrogel that swells and 

shrinks under the action of a chemical fuel.   

 

1.2 Proposed Approach 

In this dissertation, we have devised three new types of nature-inspired materials 

whose properties are related to (a) pearls; (b) chameleon skin; and (c) muscles. Consistent 

with the research focus of our labs, our materials are all soft and polymeric, i.e., based on 

polymer capsules and polymer hydrogels. All three of our materials are also responsive, 

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

 

1.2.1 Capsules that Exhibit Reversible Pearlescence 

 

Figure 1.1. Capsules that exhibit reversible pearlescence. (A) Our capsule, which 

becomes peralescent upon heating. (B) Natural pearl for comparison. 
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In Chapter 3, we report the synthesis of soft millimeter-sized 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 no plate-like 

particles. The capsules have an aqueous core and a thin outer shell (~ 500 µm) of N-

isopropylacrylamide (NIPA) hydrogel, which has a lower critical solution temperature 

(LCST) of 32°C. When a transparent NIPA-shelled capsule is heated above this LCST, it 

turns pearlescent. The effect is reversible, with the transparent state being recovered upon 

cooling. To our knowledge, this is the first example of reversible pearlescence in any solid. 

Specular reflectance measurements show that the pearlescence of the capsules is 

comparable to that of natural pearls. We attribute the pearlescence to light reflection from 

nanoscale domains in the shrunken NIPA shell above the LCST. 

 

1.2.2 Photonic Capsules and their Sheets 

 

Figure 1.2. Photonic capsule sheet. The 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: 2 cm.  
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 In Chapter 4, we create photonic capsules, which are soft structures that exhibit 

brilliant iridescent colors (Figure 1.2). We first suspend silica nanoparticles (NPs) in the 

aqueous core of millimeter-sized capsules with an alginate shell. When 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 on the inner wall of the capsule. The 

capsules thereby show iridescence, with the color depending on the NP size. We then 

further fuse the capsules together to form a robust, free-standing sheet. The sheet is thus 

analogous to a tissue, with the capsules analogous to the constituent cells. We are thereby 

able to create a sheet of colored capsules, which resembles a chameleon skin or a butterfly 

wing (Figure 1.2).    

 

1.2.3 Gels that Reversibly Expand and Contract 

 

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. 
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Lastly, in Chapter 5, we investigate the dynamic response of a muscle-mimicking 

gel. We start with an anionic hydrogel with microscale pores ½ the gel expands by 150% 

in area when placed in water. When 1-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 shrink by 30% within 5 min. Thereafter, the anhydrides 

hydrolyze over time and the charge on the chains is restored ½ the gel thus swells back to 

its original size after ~ 35 min (Figure 1.3). This autonomous contraction/expansion cycle 

is completed in ~ 40 min, which is ~ 10³ faster than any previous soft autonomous material.  

 

1.3 Significance of This Work  

 In this dissertation, we have made original contributions to the field of nature-

inspired soft materials. Each of the materials described in Chapters 3-5 offers important 

insights into the fundamentals, i.e., the underlying structure-property relationships. In 

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

   

¶ In Chapter 3, our capsules are the first examples of soft solids showing pearlescence. 

The capsules do not contain any plate-like nanoparticles, which are present both in 

natural pearls as well as in commercial paints that show pearlescence. Thus, our work 

gives insight into 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 soft pearls in 

various colors. Such soft structures could impart a pleasing appearance to cosmetics or 

other consumer products.  
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¶ In Chapter 4, we describe an original approach for generating a soft sheet or film that 

shows structural color. Such sheets are credible mimics of chameleon skins or 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.e., cell-like building blocks) 

could be useful in a variety of other contexts, especially in the biomedical field.  

 

¶ In Chapter 5, we synthesize a gel that reversibly expands and contracts due to a 

reversible reaction involving EDC. Several researchers have used EDC-driven 

chemistry to make autonomously responding gels, but their timescales are on the order 

of several hours, which is 10 times 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 upon activation. Thus, faster timescales brings our system closer to being useful 

in practical actuators or soft robots.   
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Chapter 2 
 

Background 
 

 

This Chapter will discuss some naturally occurring materials of interest in this study 

and our approaches in mimicking these materials. We will discuss the optical phenomena 

of iridescence and pearlescence, setting the foundation for Chapter 3 and Chapter 4. Next, 

we will discuss the basic theory behind various reconfigurable systems seen in nature such 

as microtubules and muscles that are relevant to Chapter 5. Finally, we will discuss the 

basics of polymer hydrogels and capsules, followed by a brief introduction 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 damage, difficult to 

recycle, and can easily fade over time. In contrast, structural color is an optical 

phenomenon widely observed in nature (butterflies, mollusks, birds, etc.) that does not rely 

on dyes or pigments. Instead, the material shows brilliant colors due to the interaction of 

light (interference and diffraction) with the nanostructure in the material. Thus, structural 

color will be non-fading as long as the nanostructure remains intact.7,13 

 

2.1.1 Iridescence 

 One form of structural color is known as iridescence, which is the brilliant and vivid 

rainbow-like colors seen in organisms like morpho butterflies, chameleons, flowers, 
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peacock feathers, jewel beetles, etc.14,15 Iridescent materials mostly reflect monochromatic 

light with a hue that can change with the viewing and illumination angles. Depending 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 independent color emerges from 

the short-range order interspersed by amorphous arrays (e.g., butterfly wings). 

 

 
 

Figure 2.1. Origin of iridescence in natural materials. (A) Diffraction gratings, (B) 

Multilayer reflectors, (C) Photonic crystals, which are ordered arrays of non-absorbing 

monodisperse particles.9 

 

 

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

iridescence: diffraction gratings, multilayer reflectors, and photonic crystals.7,9 In 

diffraction gratings, the spacing between the periodic arrangements of parallel grooves is 
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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). In the case of multilayer 

reflectors, periodic layers run perpendicular to the material surface (Figure 2.1B).  Such 

structures are most common in nature (e.g., butterflies). The multilayers consist of thin 

alternating layers of high refractive index (RI) and low RI, 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 color.7,10,16 

 

 

Figure 2.2. Origin of iridescence in butterflies and chameleons. (A) The scales of the 

butterfly wing serve as multilayer reflectors.1 (B) The chameleon skin contains color 
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regulating cells called iridophores. Iridophores contain photonic crystals (periodic arrays) 

of guanine.17 

Finally, photonic crystals are periodic lattices made up of dielectric non-absorbing 

particles (Figure 2.1C).10,18 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 

chameleon skin (Figure 2.2B) is due to layers of specialized cells called iridophores, which 

contain periodic arrays of guanine crystals (RI ~ 1.8) in the extracellular matrix (RI ~ 

1.33).11,19 Chapter 4 will delve deeper into strategies for synthesizing photonic crystals 

within hydrogels. 

  

2.1.2 Pearlescence 

 

Figure 2.3. Origin of pearlescence in 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.20 (C) Image of a commercially available pearlescent shampoo. (D) Optical 

micrograph showing the presence of plate-like particles in the shampoo.  
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Another form of structural color is ñpearlescenceò, which refers to the optical 

signature of pearls (Figure 2.3A), i.e., their sheen and lustre. In pearls, this phenomenon 

originates from the interference of visible light with the nanostructured layers present in 

nacre, i.e., mother of pearl. Nacre is composed of alternating layers of organic and 

inorganic materials: calcite and aragonite crystals (inorganic) are separated by interlamellar 

layers of a protein known as conchiolin (organic) (Figure 2.3B).6 The aragonite layers are 

~ 300-500 nm thick, in the range of visible light (400-800 nm), while the conchiolin layer 

is 20-50 nm thick, serving as a binder for the aragonite layer.20,21 Early work on the optical 

properties of pearls was carried out by Pfund, who demonstrated that their sheen was due 

to multiple reflections.22 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 pearls.5,23 

 

A pearl-like sheen can also be imparted to commercial products (e.g., cosmetics, 

sunscreens and paints). An example is shown in Figure 2.3C. This is done by adding plate-

shaped organic or inorganic particles (e.g., flakes of titania) to the formulation (Figure 

2.3D), thus creating alternating layers of different RI.24-26 The assessment of pearl-like 

luster (i.e., pearlescence) in a material can be quantified by UV-Vis reflectance 

spectroscopy.27-29 This technique is non-destructive, rapid, and reliable. 

 



 

13 

 

2.2 Reconfigurable Systems in Nature 

 

 
 

Figure 2.4. Various Examples of Dissipative Assembly. (A) A typical reaction cycle 

involving dissipative assembly.30 (B) Spontaneous assembly and disassembly of 

microtubules (cytoskeletal filaments in a cell).31,32 (C) Muscle actuation cycled by 

consumption of ATP.  

 

 

 Complex out-of-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.33 Some examples of such systems include the dynamic assembly and 

disassembly of microtubules (Figure 2.4B),34 and the contraction and relaxation of muscles 

(Figure 2.4C).12 In such systems, non-reacting entities in the presence of a chemical fuel 

enter an ñactivatedò state that causes a response, such as assembly of biomolecules or 



 

14 

 

contraction of muscle cells. Dissipation of the chemical energy causes such systems to 

become deactivated, leading to a recovery of their original state.  

 

Briefly, a typical dissipative assembly cycle occurs as follows. Initially, the 

building blocks, which can be proteins, polymers, colloidal particles, or small molecules, 

exist as a stable solution in thermodynamic equilibrium.33,35 Introduction of a chemical fuel 

that reacts with the building blocks converts them from a passive to an active, assembly-

prone state. The activation reaction is generally fast and proceeds rapidly until all the 

chemical fuel is exhausted. Simultaneously, a reverse reaction occurs that deactivates the 

building blocks to their initial state. The reverse reaction occurs with slower kinetics than 

the activation reaction, leading to generation of transient assembled structures. Both the 

ñactivationò and ñdeactivationò processes occur at the same time and the rate of each 

reaction determines the lifetime of the assembled structure (Figure 2.4A).30  

 

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).31,32 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 adenosine triphosphate (ATP) as shown in 

Figure 2.4C.12 Such systems provide the inspiration for making a new generation of smart 

materials that can have unprecedented dynamic functionalities along with interactive and 

adaptive features.  
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2.3 Polymer Hydrogels 

A gel is a three-dimensional network of polymer chains connected by crosslinks 

and with solvent trapped in the network.36,37 If gels are swollen with water, they are known 

as hydrogels; if they are swollen with organic solvents, they are called organogels.38,39 The 

ability of hydrogels to swell in water arises from the presence of hydrophilic functional 

groups, while the presence of crosslinks prevents them from dissolving in water. Hydrogels 

have garnered significant interest in recent decades due to their unique responses to 

external stimuli like temperature change, pH, light, electrical fields, and solvents.40-42 Due 

to their responsiveness, they are used in diverse applications, including agriculture,43 drug 

delivery44 and biomedical applications,45-47 soft robotics,48,49 cosmetics, and more.50 One 

common example of a hydrogel is Jell-O, a dessert made from gelatin. The schematic of a 

gel network is shown in Figure 2.5. Generally, the mesh size (ɝ) of hydrogels is in the range 

of 5-100 nm, making them permeable to small molecules such as dyes or drugs but 

impermeable to larger solutes like nanoparticles or macromolecules.51,52 

 

 

Figure 2.5. Schematic of a polymer hydrogel. The hydrogel is a crosslinked network of 

polymer chains. ɝ is the mesh size and ranges between 5-100 nm. 
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 Hydrogels can be formed from biopolymers like alginate,53 gelatin, and chitosan, 

or they can be synthesized from monomers such as acrylamide, N-isopropyl acrylamide 

(NIPA), and polyethylene glycol diacrylate (PEGDA).54 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)-linked ɓ-D-mannuronic acid (M) and Ŭ-L-guluronic acid (G) residues.53,55 

Alginate can be crosslinked to form hydrogels by multivalent cations like Ca2+, Fe3+, or 

Cu2+ (Figure 2.6). Crosslinks between the chains are termed egg-box junctions.56,57  

 

 
 

Figure 2.6. Gelation of alginate chains by Ca2+. Alginate (Alg) becomes a gel upon the 

addition of Ca2+ ions due to electrostatic complexation of the cations with the negatively 

charge chains at egg-box junctions.  

 

 

 Synthetic hydrogels can be prepared by free radical polymerization via UV or 

thermal initiation.36,37 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 being N,Nǋ-methylenebisacrylamide (BIS) and using the thermal initiator 

ammonium  persulfate (APS).  

 
 

Figure 2.7. Free radical polymerization of N-isopropyl acrylamide (NIPA) monomer 

into a NIPA gel.  
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Free-radical polymerization typically involves three steps. The 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 radical reacts with the vinyl group of the monomer 

(NIPA) and crosslinker (BIS) in the chain propagation step (Figure 2.7B). A polymer chain 

is formed by a sequential addition of monomer radicals. Since the monomer has one vinyl 

group and the crosslinker has two vinyl groups, the linear chains formed by the monomers 

get crosslinked into a three-dimensional network (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.  

 

 

Figure 2.8. Thermo-responsive behavior of NIPA solutions and gels. (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 gel shrinks when 

heated above its LCST.58 
 

 

 

Solutions and gels of NIPA are known to respond to temperature (Figure 2.8). The 

NIPA polymer exhibits a lower critical solution temperature (LCST) near 32°C, above 
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which the polymer chains undergo a coil-to-globule transition in water (Figure 2.8A).59 

Thus, linear chains of NIPA transition from hydrophilic and water-soluble at low 

temperatures to hydrophobic and water-insoluble above the LCST.60,61  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 2.8C).58   

 

2.4 Polymer Capsules  

 

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

be formed by dropping an Alg solution into a solution of Ca2+. In 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 Ca2+ solution is dropped into an Alg solution, a liquid-core capsule with an 

Alg shell is obtained.   

 

  

Polymer capsules are spherical structures with a central core and outer shell(s). The 

core can be liquid or a gel, while the shell is different from the core in some way (Figure 

2.9).62,63 Typically, the core encapsulates various cargo such as drugs, fragrances, 

moisturizing agents, agrochemicals, or flavor ingredients.64 This cargo can be released 

subsequently in a controlled manner.  
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A simple method for synthesizing polymer capsules is using polyelectrolytes such 

as alginate (Figure 2.9). When an alginate solution is added dropwise into a solution 

containing Ca2+ 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 shell).  Alternately, if a thickened 

solution containing cations like Ca2+ or Cu2+ is dropped into a dilute alginate solution, a 

capsule with a liquid core and an alginate shell is obtained. Schematics and photos of a gel-

core and a liquid-core capsule are shown in Figure 2.9. In both the cases, any additional 

payload in the feed solution will be encapsulated in the core. In liquid-core capsules, the 

payload will diffuse freely in the core as it is not embedded in a polymer network. Hydrogel 

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 capsules, a microfluidic set-up will be needed to make 

microdroplets of the feed. 

  

In recent years, our labs have explored and designed polymeric capsules with new 

and interesting architectures. One such architecture is that of a multilayer capsule with 

concentric layers of different chemically crosslinked polymers around a central core gel.65 

The idea is that one of the components required for a free-radical polymerization is present 

in the core while the others are only present outside (Figure 2.10). Another architecture is 

that of a multicompartment capsule where a capsule has multiple smaller compartments 

inside it.66-68  
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Figure 2.10. Synthesis of multilayer  capsules. First, an alginate gel is loaded with the 

initiator required for the free radical reaction. Next, the gel is incubated in a solution 

containing the monomer and a crosslinker. After some time, we obtain a polymer shell 

(Layer 1) around the gel core. This process is repeated to form a second shell of a different 

polymer (Layer 2) outside the first layer.69  

 

2.5 Carbodiimide Chemistry 

 Carbodiimides, particularly EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodi-

imide), have gained prominence in various applications such as protein conjugation and 

complex formation,70,71 organic synthesis,72 and drug delivery73 in recent years.74,75 EDC 

coupled with N-hydroxysuccinimide (NHS) is a widely used crosslinking agent for proteins 

or peptides.76-78 Such crosslinking involves activating a carboxylic acid on one peptide and 

reacting it with the amine of another peptide, forming an amide bond.79 EDC has also 

garnered interest in developing dynamic supramolecular systems.80-82 In 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 reconfigures.83 
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Figure 2.11. Reactions in an EDC-mediated dissipative reaction cycle. Carboxylates 

react with EDC and get ñactivatedò. Next, two carboxylates crosslink to form a transient 

anhydride. Subsequently, this anhydride hydrolyzes back to carboxylates.84  

 

 

A typical EDC-based reaction cycle is shown in Figure 2.11. In the activation step, 

carboxylates become 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 step.84 The lifetime of the transient anhydride 

population can be controlled by various kinetic parameters like the EDC concentration, 

temperature, or pH.85 This carbodiimide based chemical reaction network has been used to 

make various kinds of dynamic assemblies involving oil droplets, colloids, coacervates, 

polymers, and nanoparticles.86-89  
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Chapter 3  

Capsules that Exhibit Reversible Pearlescence 

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

M. Rath, A. Fear, T. J. Woehl and S. R. Raghavan, ñPearl-Like Sheen in Soft Capsules: An Unusual 

Optical Effect that is Reversibly Induced by Temperature.ò Advanced Functional Material, 2023, 

33, 2213107. 

*Note: Allison Fear contributed to the reflectance spectroscopy measurements. 

 

3.1 Introduction 

 Pearls are precious gems with a distinctive metallic sheen, the technical name for 

which is pearlescence.6,28,90 This phenomenon, much like its close cousin, iridescence, is 

an example of structural color, i.e., color that arises not from pigments but due to the 

interaction of light with structures in the material.7 If either the sizes of these internal 

structures or the spacing between them is comparable to the wavelength of light (~ 200ï

1000 nm), light is induced to diffract, leading to structural color.7 In the case of iridescence 

(which is seen in opals, butterflies, etc.), light is diffracted at distinct wavelengths from 

ordered particle arrays,1,14,15 resulting in bright hues ½ 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 or metal-like and 

independent of the viewing angle.6,7 Pearls are formed naturally inside molluscs, which 

secrete nacre (mother-of-pearl) around an irritant like a grain of sand.6,90 Nacre has layers 

of aragonite (CaCO3) separated by biopolymers, and the spacing between the plate-like 

layers dictates the pearlescence. Many companies seek to impart a pleasing pearl-like 

appearance to their products, which include paints, shampoos, sunscreens, and skin 

creams.91 To make a product pearlescent, plate or disc-like particles are typically added to 

it.24-26 Examples include flakes of titanium dioxide (TiO2) or mica or surfactant crystals. 
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Figure 3.1A shows a natural pearl while Figure 3.1B shows a pearlescent shampoo. In the 

latter, irregular disc-like particles can be seen by microscopy, which are responsible for the 

pearlescence.   

 

 
 

Figure 3.1. Examples of pearlescence. (A) A natural pearl exhibiting its metallic sheen. (B) 

A pearlescent shampoo that contains disc-like particles (seen in the optical micrograph, 

inset). (C) Capsules with an N-isopropylacrylamide (NIPA) outer shell turn pearlescent when 

heated to 50ÁC (this study). The transparent state is recovered on cooling. Pearlescence in 

(C) is thus tunable and reversible while in (A) and (B), it is permanent and cannot be altered. 
  

 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 the plate-like particles 

present. To our knowledge, there are no examples of pearlescent materials that do not 

contain such particles. Also, because pearlescence is associated with irregular particles, it 

is harder to tune the phenomenon ½ i.e., once these particles are added, the pearlescence 

is fixed. In contrast, iridescence, which is associated with ordered particle 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 those of N-isopropyl-acrylamide (NIPA) (also abbreviated in 

some papers as NIPAM or NIPAAm).92,93 Gels (i.e., crosslinked networks) of NIPA are 

known to shrink when heated above their lower critical solution temperature (LCST).58,94 

As NIPA microgels shrink, the spacing between these microgels in an array gets altered, 

thereby changing the iridescence from the array.93 Thus, iridescence can be modulated by 

external stimuli such as temperature or even by the addition of analytes.92,93 For these 

reasons, iridescent arrays have been used as chemical sensors92 or as active camouflage.95,96 

Pearlescence, on the other hand, is not tunable by stimuli, and there are no examples of a 

solid being switchable between a pearlescent and a non-pearlescent state.    

 

In this paper, we report our discovery that pearlescence can arise spontaneously in 

certain capsules that have an aqueous core and polymer shell(s). 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 µm thick), which we create by an inside-

out polymerization technique.69,97,98 When the capsules are heated above the LCST of 

NIPA, the transparent capsules spontaneously turn pearlescent (Figure 3.1C). The effect is 

reversible, with the transparent state being recovered upon cooling. We have used 

reflectance measurements and optical microscopy to study the transition to pearlescence in 

real time. Once the transition is complete, the pearlescence of the capsules is found to be 

comparable to that of natural pearls. The onset temperature for pearlescence can be tuned 

by adding salts to the system. Thus, this is the first example of solid pearlescence that can 



 

26 

 

be reversibly tuned by external stimuli. Regarding the origin of this effect, we find no 

pearlescence in bulk NIPA gels or thin sheets ½ all these materials simply turn turbid upon 

heating.94 Pearlescence is only observed when a sufficiently thin NIPA shell encloses an 

aqueous core. In such cases, above the LCST, we expect NIPA-rich domains to be formed 

within the thin shell due to the phase transition. The 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 for camouflage94,95 or in new dye and pigment-free consumer products.99,100  
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3.2 Experimental Section 

Materials. Most chemicals were purchased from Sigma-Aldrich. These included the 

biopolymers alginate (Alg), which was a medium-viscosity alginic acid, sodium salt from 

brown algae, and xanthan gum (XG). Chemicals used for forming the polymer shell were 

the crosslinker N,Nǋ-methylene-bis(acrylamide) (BIS), the initiator ammonium persulfate 

(APS), and the accelerant tetramethylethylene diamine (TEMED). Salts used in this study 

were calcium chloride dihydrate (CaCl2), copper chloride (CuCl2), and ammonium sulfate 

((NH4)2SO4). Other chemicals included glycerol, allylamine, dimethyl sulfoxide (DMSO), 

and the fluorescent 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 Alg-NIPA capsules. A feed solution was first made with 2% Alg in DI water. 

This was dropped into a 1.7% (150 mM) CaCl2 solution 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/Ca2+ gels with diameters ~ 4 mm. The 

gels were then soaked in a 2% solution of the initiator APS for 10 min. The APS-loaded 

gels were then suspended in a monomer solution made by dissolving 11% (1 M) NIPA, 

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 a 1-mm thick NIPA shell formed around the Alg gels, 

as shown by the schematic in Figure 3.2. The resulting structures were washed three times 

with DI water and then stored in DI water.  
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Synthesis of Liq-Alg-NIPA capsules. A feed solution was made by dissolving 1.7% CaCl2 

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 converted into 

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 suspended in the 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 a ~ 0.5-mm 

thick NIPA shell formed on the outside, as shown by the schematic in Figure 3.2. The 

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

 

Synthesis of Fluorescent Capsule. The NIPA layer in a Liq-Alg-NIPA capsule was 

functionalized with fluorescein isothiocyanate (FITC) during polymerization. The 

procedure followed was the one reported by Fussell et al.101 Briefly, 15 mg of FITC was 

added to a 100 µM solution of NaOH along with 15 µL of allylamine. This solution was 

allowed to stir for 4 h. Later, 100 µL of this solution was added to the monomer solution 

before polymerization. Thereafter, as above, the capsule with 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 Red. A solution of NR in DMSO was diluted in DI 

water such that the final NR concentration was 3 µM. A Liq-Alg-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. Thereafter, it 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 Axio-Observer 7) using a 2.5× or 10× objective. 

Confocal microscopy was done with a Fluoview FV3000 confocal microscope using 

several objectives. In the case of NIPA with 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 Spectroscopy. Reflectance spectra were collected using a ThorLabs CCS-200 

compact UV-Vis spectrometer, which was connected to a reflectance probe (RP20, 

Thorlabs). For measurements of specular reflectance, a halogen fiber light source 

(Hamamatsu L10290) was connected to the above reflectance probe, which was fixed on a 

probe stand (RPS-SMA, Thorlabs). Light was shined normal to the capsule of interest, and 

the reflected light was then detected at the same angle. For diffuse reflectance 

measurements, 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 Liq-Alg-NIPA and Alg-NIPA capsules. The gel was cut into a disc of diameter 20 mm 

and thickness 2 mm. Experiments on this gel were performed at 25°C and 50°C on an 

AR2000 stress-controlled rheometer (TA Instruments) using 20-mm parallel plates. 

Dynamic stress-sweeps were first performed to identify the linear viscoelastic (LVE) 

region of the sample. Dynamic frequency sweeps were then conducted at a constant strain 

amplitude within the LVE region. 
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3.3 Results and Discussion 

3.3.1 Synthesis of Capsules 

 
Figure 3.2. Synthesis of liquid-core (Liq-Alg-NIPA) and gel-core (Alg-NIPA) 

capsules. (A) To make the former, thickened Ca2+ is 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 Ca2+. This gel is then loaded with 

initiator and placed in NIPA to form an outer NIPA shell. Photos and optical micrographs 

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 from the shells).  

 

 The capsules described in this paper were synthesized by growing polymer shell(s) 

around a core (Figure 3.2). We focus on two types of capsules: one with a liquid core 

(Figure 3.2A) and one where the core is a physical gel (Figure 3.2B). The routes for 

synthesizing these capsules have been reported previously by our lab.69,97 In both cases, we 

use the well-known 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 

(Ca2+).69 In our gel-core capsules, the core is an Alg gel synthesized by dropping  a 2% Alg 

solution into a reservoir of 5% CaCl2. In our liquid-core capsules,97 we reverse the order 

and introduce a viscous 1.5% CaCl2 solution into a reservoir of 0.5% Alg (the feed is made 
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viscous by using a 80-20 mixture of glycerol-water). 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 the capsule size).   

 

 We then use the óinside-out polymerizationô technique developed by our lab to grow 

a shell of NIPA gel around each of the above structures.69,97,98 The idea behind this 

technique is that one of the components required for a free-radical polymerization (the 

initiator) is present only in the core while the others are only present in the surrounding 

solution.69 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 Figure 3.2. The gel-core capsule, denoted as Alg-NIPA, has an overall diameter of 5 mm 

and the NIPA shell thickness is 1 mm. The liquid-core capsule, denoted as Liq-Alg-NIPA, 

has an overall diameter of 5 mm as well, and in this case there are two shells: an inner Alg 

(~ 600 µm) and an outer NIPA (~ 350 µm). For the optical micrographs in Figure 3.2, 

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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3.3.2 Pearlescence of Liq-Alg-NIPA Capsules 

  

Figure 3.3. Reversible pearlescence of a Liq-Alg-NIPA capsule with temperature. (A) 

The clear capsule is placed in warm (50ÁC) water and observed. Images A1 to A4 show 

that it becomes pearlescent over 20 s. (B) The pearlescent capsule is then placed in cool 

(20ÁC) water. Images B1 to B4 show that it reverts to its clear state in 20 s. Scale bars: 2 

mm.  

 

  Both the Liq-Alg-NIPA and the Alg-NIPA 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 Figure 3.3A, at t = 0, a Liq-Alg-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 (A1 to A4). Initially (A1), the capsule is clear because NIPA 

has not undergone phase-separation. 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. Figure 3.3B shows 
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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.  

 

 

Figure 3.4. Freshly prepared Alg-NIPA capsule becomes turbid upon heating. (A) The 

clear capsule is placed in warm (50°C) water and observed. Images A1 to A4 show that it 

becomes turbid over 20 s. (B) The turbid capsule is placed in cool (20°C) water. Images 

B1 to B4 show that it reverts to its clear state in 20 s. Scale bars: 2 mm. 

  

 The pearlescent appearance of Liq-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 such optical properties previously. To 

underscore this difference, we repeated studies on the optical behavior of NIPA gels and 

capsules ½ and confirmed that none of them are pearlescent, either at room temperature 

or upon heating. First, Figure 3.4 reports the temperature-dependent response of a fresh 

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 in warm water (50°C), this capsule turns turbid (Figure 3.4A) and 

when the hot capsule is immersed in cool water (20°C), it reverts to clear (Figure 3.4B). 

The dull turbidity of this capsule is in contrast to the glossy sheen of the pearlescent capsule 

in Figure 3.3. Similarly, NIPA gels also become turbid above their LCST,94 regardless of 

their geometry (cylinder, sphere, thin sheet) (Figure 3.5). Turbidity arises because, as NIPA 

gels phase-separate above their LCST, chain segments aggregate into nano- or micro-scale 

domains that scatter light.60,61,102,103 Thus, turbidity is to be expected upon heating in NIPA-

based gels, but pearlescence is not.  

 

 

Figure 3.5. NIPA gels become turbid upon heating. NIPA 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 gel is clear at 25°C and turbid at 50°C. Pearlescence is 

not seen in any of the cases. 

 

 From visual observation, the pearlescence of Liq-Alg-NIPA 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 Section for details). 

Capsules were illuminated with white light and the reflected light was measured. We 

ensured that the reflected light mainly corresponded to specular reflection,3 i.e., reflection 

at the same angle as the incident light, and this reflectance was normalized to that of a 

white standard. Figure 3.6A plots the normalized specular reflectance (R) vs. wavelength 

https://docs.google.com/document/d/12wcwMNxQCLMU_GLQdoQo6zqpYrexWUMj/edit#heading=h.3znysh7
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for the Liq-Alg-NIPA capsule as it is cooled from 50°C to room temperature. At 50°C, 

when the capsule is pearlescent, R is at its highest (~ 60%). As the capsule cools, it is no 

longer pearlescent and R drops. When the capsule finally becomes transparent, R falls to 

nearly zero. For comparison, Figure 3.6B shows the reflectance spectra for an Alg-NIPA 

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 3× lower than that of the Liq-Alg-NIPA capsule. R again 

decreases to zero as the turbid capsule transforms to clear.  

 

 

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

NIPA capsule at various temperatures. The capsules are taken out of water at 50°C and 

successive spectra are measured as they cool. (A) The Liq-Alg-NIPA capsule is pearlescent 

and has high specular reflectance (R) at 50°C, but becomes clear and non-reflective (R ~ 

0) at room temperature. (B) The fresh Alg-NIPA capsule is turbid with low R at 50°C and 

becomes clear and non-reflective (R ~ 0) at room temperature. Scale bars: 2 mm.  

 

 

  Figures 3.6A and 3.6B 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 (Figure 3.3), we find a transition from clear 

(R ~ 0) to pearlescent (R ~ 60%) for the Liq-Alg-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. Figure 3.7 shows the specular reflectance spectra for a natural white 

pearl (AA grade) and a white polystyrene bead, both with diameters around 6 mm. For 

comparison, we also studied a Liq-Alg-NIPA capsule with the same diameter, and the 

specular reflectance of this capsule at 50°C (well above its LCST) is also plotted in Figure 

3.7. Both the pearlescent capsule and the natural pearl exhibit a high R (60% and above), 

which is consistent with their shiny appearance.1-3 The natural pearl shown in Figure 3.7 

has an R around 80%, but other natural pearls we tested had R ~ 60%. In the literature, 

natural pearls with R between 60 and 80% have been reported.3 In comparison, the white 

bead has an R below 20%, which is similar to that of a turbid capsule. 

 

 
Figure 3.7. Specular reflectance spectra for pearlescent vs non-glossy objects. A 

natural pearl (AA grade) and a Liq-Alg-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 lower reflectance. Scale 

bars: 2 mm. 

 

 

https://docs.google.com/document/d/12wcwMNxQCLMU_GLQdoQo6zqpYrexWUMj/edit#heading=h.30j0zll
https://docs.google.com/document/d/12wcwMNxQCLMU_GLQdoQo6zqpYrexWUMj/edit#heading=h.3znysh7
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 The counterpart to specular reflection is diffuse reflection, which refers to reflection 

of light at angles different from that of the incident light. Figure 3.8 shows the normalized 

diffuse reflectance from the same three materials studied in Figure 3.7. The 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 for non-shiny materials like surfaces with a 

matte finish.  This is indeed borne out by the data in Figure 3.8B: both the pearl and the 

pearlescent Liq-Alg-NIPA capsule have low diffuse reflectances whereas the white 

polystyrene bead has a high diffuse reflectance. 
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Figure 3.8. Diffuse reflectance spectra of the three objects studied in Figure 3.7. 

(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 reflected 

light 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 Liq-Alg-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 Figure 3.7, but here it shows a high diffuse reflectance. 

Scale bars in photos: 2 mm.  
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3.3.3 Factors that Affect Pearlescence 

 The data thus far have shown the onset of pearlescence in Liq-Alg-NIPA capsules 

upon heating. We confirmed that the pearlescence was not simply a property of NIPA gels 

(Figure 3.4). We also noted that fresh Alg-NIPA capsules become turbid, but not 

pearlescent, upon heating (Figures 3.4 and 3.6B). The same capsules, however, do become 

pearlescent after they are placed in deionized (DI) water for a day or more (Figure 3.9). 

During this time, the capsules swell due to the osmotic gradient between the gel core and 

the surrounding water. As an example, the capsule in Figure 3.9A has an initial diameter 

of 5.8 mm (Image A1) 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 

A6). In contrast, the initial capsule only becomes turbid at this temperature (Image A4). 

The specular reflectance spectra (Figure 3.9B) for the hot capsules show a low R initially 

(Day 1) while the R increases on Day 1 and then further on Day 2. Note that the R on Day 

2 is ~ 60%, which is comparable to that for the Liq-Alg-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 the shell be a 

contributing factor? 
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Figure 3.9. Swollen Alg-NIPA capsules exhibit pearlescence on heating. (A) Soon after 

preparation (Day 0), the fresh capsule (Image A1) 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). Scale bars: 2 mm. (B) The 

pearlescence is also seen from the reflectance spectra: while the turbid capsule on Day 0 

has low R, the R is significantly higher by Day 2 when the capsule is pearlescent.  

 

 To test if shell thickness plays a role in pearlescence, we made Alg-NIPA capsules 

with different NIPA shell thicknesses. This was done by varying the initiator (APS) 

concentration during the synthesis18,19 ự the higher the APS, the thicker the NIPA shell 

(Figure 3.10A). 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 Day 2 by 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 (Figure 3.10B). The reflectance R for this capsule is only ~ 20%, which is about 3× 

lower than for the capsule with the thinnest NIPA shell.   

 

https://docs.google.com/document/d/12wcwMNxQCLMU_GLQdoQo6zqpYrexWUMj/edit#heading=h.z337ya
https://docs.google.com/document/d/12wcwMNxQCLMU_GLQdoQo6zqpYrexWUMj/edit#heading=h.3j2qqm3
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Figure 3.10. Capsules become pearlescent only if the NIPA shell is thin. (A) Alg-NIPA 

capsules are made with increasing concentrations of APS initiator, which leads to thicker 

shells (Images A1 to A3). Note that the cores are loaded with CB nanoparticles to contrast 

with the shells. The capsules are left to swell in water and on Day 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 bars: 2 mm. (B) Reflectance 

spectra at 50°C are consistent with the images in (A): R is high for the pearlescent capsule 

and low for the turbid capsule.   

 

3.3.4 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 water-rich core. Liquid-core capsules (Liq-Alg-NIPA) show 

pearlescence even when freshly prepared. Gel-core capsules (Alg-NIPA) have to be 

swollen in water before they exhibit this phenomenon. This necessity for swelling implies 

that the NIPA shell should be sufficiently stretched (and thereby thinned) around the core. 

Another striking observation in this regard is shown in Figure 3.11. Here, we study an Alg-

NIPA capsule that is pearlescent at 50°C (Figure 3.11A, Image A1) ự as expected, it has a 

high specular reflectance (R ~ 60%) (Figure 3.11B). 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 eventually slips off the core into the 

water; note that the shell on its own is turbid. Also, the punctured capsule shows a low 

specular reflectance (R ~ 20%) (Figure 3.11B). Thus, for a capsule to exhibit pearlescence, 

the NIPA shell must be intact and stretched around the core. 

 

 

Figure 3.11. Pearlescence in a hot Alg-NIPA 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 ï 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 nanoparticles and hence appears 

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

at 50°C is pearlescent (high R) whereas the punctured capsule is turbid (low R). 
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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 Figures 3.3, 3.9, and 3.10, 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 by how much had the shell shrunk? To quantify this, we made a Liq-Alg-

NIPA capsule in which the NIPA was fluorescently labeled with fluorescein isothiocyanate 

(FITC) (see Experimental Section for details).101 Figure 3.12 shows 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 µm (Figure 

3.12A). When the temperature is increased to 50°C, the NIPA shell dramatically shrinks to 

a thickness of 25 ± 3 µm (Figure 3.12B). This corresponds to a 27-fold thinning of the 

shell. It occurs because NIPA becomes hydrophobic above its LCST and hence the shell 

expels water.58,94 

 

Figure 3.12. Confocal microscopy of a Liq-Alg-NIPA capsule. The NIPA is 

fluorescently labeled with FITC to enable visualization. (A) At 25°C, the outer NIPA shell 

is 680 µm thick and in this state the capsule is clear. (B) When heated to 50°C, the NIPA 

shell shrinks to 25 µm (i.e., by 27-fold). The thinning of the NIPA 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 of linear NIPA in water is heated above the LCST, the onset of 
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phase separation is marked by spinodal decomposition (SD).60,61,102,103 During SD, 

hydrophobic NIPA chains aggregate into NIPA-rich domains within the aqueous phase. 

These domains grow across the sample volume. Eventually, the domains coalesce and the 

sample separates into a NIPA-rich and a water-rich phase. As the NIPA-rich domains form, 

the sample will appear turbid because light will scatter from the domains.60,61,102,103 Light 

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., > 100 nm), and this increases the 

light scattering and hence the turbidity.  

 

 In comparison to a NIPA solution, when a NIPA gel in water is heated above the 

LCST, it becomes turbid and stays that way (as shown experimentally in Figure 3.5). In a 

NIPA gel, the polymer chains are constrained at cross-links and hence cannot freely diffuse 

and aggregate. Instead, aggregation into domains during SD will occur locally at the 

nanoscale,60,61,102,103 i.e., the only moieties that can aggregate will be NIPA chain segments 

between adjacent cross-links. In the literature, this process is termed microphase 

separation (see the work of Bansil et al.61,102) and it implies that nano- or microscale 

domains will be ótrappedô in the gel. Because NIPA is hydrophobic above its LCST, the 

gel will also expel water and thus shrink in volume. This is the scenario relevant to our 

observations.  
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Figure 3.13. Mechanism for onset of pearlescence in a Liq-Alg-NIPA capsule. 

Pearlescence arises when the capsule is heated above the LCST of NIPA (images from 

Figure 3.3). 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 interaction of light 

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 a Liq-Alg-NIPA capsule before, during, 

and after the onset of pearlescence are shown in Figure 3.13, along with schematics that 

home in on the NIPA outer shell. Initially, i.e., at low temperatures (Figure 3.13A), 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 (Figure 3.13B). The domains will grow over 

time, while the shell will also become thinner due to expulsion of water (Figure 3.13C). At 

this stage, we suggest that the capsule will exhibit pearlescence. The key is that the domains 

are trapped within a thin and stretched shell. Figure 3.12 showed how the shell will become 

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

and/or diffraction6,28) 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, nor will they be in an ordered arrangement. As a result, 

the reflected light will have a metallic sheen, independent of viewing angle.8  

 

 

 Domains formed during ñmicrophase separationò in NIPA gels above the LCST 

have been discussed in the literature,60,61,102,103 but have never been directly visualized. We 

tried to use confocal microscopy to see the domains in situ. Previously, in Figure 3.12, a 

fluorescently-labeled NIPA shell was shown, but no domains were visible at higher 

magnification in this shell above the LCST. We tried an alternative approach using Nile 

Red (NR) as a fluorescent probe. NR is insoluble in water, but flouresces red in a nonpolar 

environment.104 As shown in Figure 3.14, we place a Liq-Alg-NIPA capsule in an NR 

solution in DMSO/water (Image A1). 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 from the solution.104 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, it turns clear, 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. We believe the NR specks are 

indirect evidence for the existence of hydrophobic NIPA domains in the shell above the 

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

The experiments use Nile Red (NR), a molecule that fluoresces in non-polar environments. 

The top panel shows bright-field photos (scale bars 2 mm) and the bottom panel are images 

of the shell from confocal microscopy (scale bars 200 µm). 

 

(A) Initially, a Liq-Alg-NIPA capsule is placed in a solution of 3 µM 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 bright-field (B1) and the NIPA shell shows a uniform red fluorescence 

(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 the 

hydrophilic shell (C2). These patches can be considered indirect evidence for 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 Figure 3.12. 
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 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 be ~ 10ï40 nm in the literature.105,106 One way 

to estimate the mesh size of a gel is from dynamic rheological data. x can be calculated 

from the following equation:106,107 
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where kB is Boltzmannôs constant, T the absolute temperature and G0 the gel modulus. We 

ran dynamic rheology on a NIPA gel with the same composition as the shell in a Liq-Alg-

NIPA capsule. From the frequency spectra, G0 at 25°C is 3.5 kPa (see Figure 3.15), which 

gives a value of 10.5 nm for ɝ by eq 1. When the NIPA gel is heated to 50°C, G0 increases 

to 19.4 kPa. This implies a decrease in ɝ to 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 smaller than 

the wavelength of light ự and hence are unrelated 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 rheology. Data from dynamic 

rheology are shown for a NIPA gel corresponding to the shell in our capsules. The data 

plotted are for the elastic modulus G¡ and the viscous modulus G± as functions of the 

angular frequency w. 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, with G¡ > G± over the range of w and a plateau in G¡ 

at low w. From the plateau value of G¡ at low w, which is the gel modulus G0, the mesh 

size x of the gel can be computed using eq 1. The table shows the G 0 values and the 

corresponding x at each temperature. 

 

 

 The mechanism shown by Figure 3.13 is consistent with other experiments that we 

have reported in the paper. Figure 3.10 showed 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. Figure 3.9 revealed pearlescence in Alg-NIPA capsules after swelling for a couple of 

days. In that time, the swelling of the Alg core thins and stretches the NIPA shell, which is 

key for pearlescence. Also, Figure 3.11 showed that puncturing a pearlescent capsule at 

50°C eliminates the pearlescence. The NIPA shell gets deflated and wrinkled when 

punctured ự and in this state it appears turbid. Thus, it is not enough to have a thin NIPA 

shell ự the 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. Pearlescent capsules in various colors. Capsules of Liq-Alg-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 swollen Alg-NIPA 

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 crosslink 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 

Figure 3.16, where we report pearlescent capsules with different colors, including orange, 

pink and black, by simply embedding colored nanoparticles in the core of Alg-NIPA 

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 shiny black pearlescence 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. Figure 3.16D shows another way to impart 

color to a pearlescent capsule, and that is by using copper (Cu2+) as the crosslinking cation 
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for Alg in the core (instead of Ca2+). In that case, the core Alg gel is translucent, but with 

a pleasing blue tinge. In turn, the Alg-NIPA capsule shows a blue pearlescence at 50°C.  

  

 
 

Figure 3.17. Pearlescence at room temperature. Swollen Alg-NIPA 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 Alg-NIPA capsule is 

transferred from water to a 1 M (NH4)2SO4 solution at 25°C at t = 0. Within 15 min, the 

capsule becomes pearlescent (Photos 1 ï 4). The NIPA shell shrinks considerably and 

cannot be distinguished 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 orange-red hue in the pearlescent state. Scale bars: 2 mm. 

 

 Figure 3,17 describes 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 well-known that the LCST can be altered by various additives, such as 

salts.108-110 For example, adding a chloride (Clï) or sulfate (SO4
2ï) salt to water decreases 

the LCST whereas salts of anions like thiocyanate (SCNï) increase the LCST.110 The 

differences between the anions stem from their different effects on the hydrogen-bonded 

structure of water, i.e., their position in the Hofmeister series.108-110 Sulfates are 

kosmotropes and they stabilize the water structure whereas thiocyanates are chaotropes and 

they break the structure of water. We experimented with a kosmotropic salt, ammonium 

sulfate i.e., (NH4)2SO4, which is known to lower the LCST of NIPA,110 and the results are 

shown in Figure 3.17. A swollen Alg-NIPA capsule in DI water turns pearlescent only 
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when heated above 32°C. When this capsule is placed in a 1 M (NH4)2SO4 solution at room 

temperature (25°C), within 15 min, the capsule becomes pearlescent. Note that the NIPA 

shell around the core is evident at the outset, but it is shrunk and not visible when the 

capsule has turned pearlescent. This means that the LCST of NIPA has been lowered below 

room temperature by the salt. We have thus demonstrated how pearlescence in capsules 

can be engineered to occur under ambient conditions by exploiting the well-known 

principles of polymer phase behavior. Incidentally, the capsule does not have to be 

immersed in water for pearlescence to be observed. Figure 3.18 shows that a Liq-Alg-NIPA 

capsule becomes pearlescent even when taken out of water and heated on a hot plate. 

 

 

Figure 3.18. Pearlescence of a capsule when heated in air. Three capsules are placed on 

a hot plate and heated in air. In the case of a Liq-Alg-NIPA capsule, it still turns pearlescent 

above the LCST of NIPA. In contrast, a fresh Alg-NIPA capsule and a burst Liq-Alg-NIPA 

capsule turn turbid above the LCST. All these observations 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 exhibit their optical 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 NIPA. The effect is 

reversible, and the capsules revert to a transparent state upon cooling. Pearlescence in these 

capsules is achieved without the need for plate-like particles or other additives. Reflectance 

measurements confirm that the capsules show high specular reflection (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 thins and gets stretched. NIPA-rich 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 diffraction 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 become pearlescent 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  

Photonic Capsules and their Sheets 

 

Note: Briahnah Streeter and Jemma Wood contributed in methodology and formal 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 purposes.11,18 In the case of chameleons, the 

rapid tuning of skin color is due to the interaction of external visible light with the 

structural components present in its skin. Figure 4.1A shows the schematic of the 

hierarchical organization of the chameleon skin responsible for structural color, which 

is composed of two superimposed layers of cells, called S-iridophores and D-

iridophores. The S-iridophores and D-iridophores have distinct contributions to the 

skin, with the S-iridophores responsible for the skin coloration while the D-iridophores 

provide thermoregulation. The S-iridophores 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 microstructures of the guanine 

crystals, which can be considered photonic crystals (PCs).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 stimuli-responsive formation of photonic crystals by the 

assembly of colloidal microspheres such as silica or polystyrene nanoparticles, NIPA 

microgels, or nanocrystalline cellulose.111-114 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 hydrogels.95,115-120 One 

approach to mimicking a chameleon skin can be to mimic the hierarchical arrangement 

of the skin tissue itself, i.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. 

Figure 4.1. Hierarchical Design of a Chameleon Skin. (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 Butterfly-shaped gel (our study) composed of 

close-packed liquid core capsules (~ 5 mm in size). Each of the capsules have ordered 

nanoparticle PCs in their core. 
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 As can be seen from the schematic in Figure 4.1A, the chameleon skin tissues 

are formed by individual iridophore cells assembled into a tissue. These tissues are 

complex three-dimensional frameworks which emerge 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 them.121 Previously, researchers 

have used several techniques to generate artificially engineered tissue from microscale 

units. One of the methods used is the bottom-up method, where biomimetic structures 

are designed by creating structural features in the microscale that can be used to form 

building blocks for larger tissues.122-124 Bottom-up approaches provide better guidance 

for direct tissue morphogenesis. Some examples with regard to fabricating hydrogel-

based tissue building blocks are photolithography, micro-molding, directed or self-

assembly.125-128 Some examples of directed assembly are photo-crosslinking of cell-

laden gels, directed assembly of modules on various hydrophilic or physical templates, 

or 3-D printing.129-133 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 assembly.122 So, a big challenge in the field of the bottom-up 

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 

mechanically robust photonic hydrogel sheet that demonstrates hierarchical order 

similar to that of a chameleon skin. Initially, we form a liquid core capsule containing 

monodisperse non-absorbing 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 non-absorbing nanoparticles 

such as silica or polystyrene (PS). These capsules can then be fused with one another 

in any structure or pattern simply by being placed adjacent to each other. By immersing 

the capsules or capsule assemblies in a polymer solution, we create a hypertonic 

environment around the capsule, facilitating the diffusion of water out of the capsule 

core. However, due to the small mesh size (~ 5 nm) of the capsule polymer shell, the 

polymer from the surrounding solution cannot diffuse into the core, causing the 

capsule's walls to collapse as water leaves. This synchronous process of solvent 

diffusing out without any inward diffusion of the exterior solution increases the 

nanoparticle concentration within the core, eventually forming PCs that exhibit 

macroscopic structural color, producing a ñphotonic capsuleò. Video-rate fluorescence 

microscopy showed that nanoparticles are 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 these photonic capsules be used individually, but they 

can also be patterned into various shapes and structures and fused into a robust photonic 

sheets, strings, or 3D structures. Figure 4.1B shows a colorful butterfly that is patterned 

through the arrangement of photonic capsules and their eventual polymerization. 

Zooming into individual capsules, we see regions of hexagonal close-packed (HCP) 

arrangements of PCs throughout the microstructure similar to that observed in 

chameleon iridophores (Figure 4.1B2 and B3). These photonic sheets can find further 

applications as humidity sensors, active camouflage materials, or skin-like coatings. 
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4.2 Experimental Section 

Materials. Medium viscosity alginic acid, calcium chloride, copper chloride, glycerol, 

sucrose, chitosan, and pol (acrylic acid) (M.W. of 250 kDa) were purchased from Sigma 

Aldrich and used with no further modification. Monodisperse non-functionalized silica and 

polystyrene nanoparticles were purchased from Bangs Lab.  

 

Synthesis of Liq-Alg Photonic capsules. A feed solution was made by dissolving 1.7% 

CaCl2 and 10 wt % 200 nm silica nanoparticles in a 80/20 (v/v) mixture of glycerol and DI 

water. A reservoir solution was prepared by dissolving 0.5% Alg along with 0.02% Tween 

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

a 22-gauge needle. Thereby, the droplets were converted into capsules with a liquid core 

and an Alg shell and had an overall diameter of ~5 mm. The capsules were then left in the 

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

exhibited structural color. 

 

Synthesis of Capsule Sheets. Individual capsules were taken out of the alginate solution 

and wiped on a kimwipe. They were placed adjacent to each other and arranged in an array 

forming a sheet. They were left to polymerize for ~1 h. The resulting material was a fully 

polymerized capsule gel sheet made from the constituent individual capsules. To make 



 

60 

 

hybrid sheets, capsules exhibiting different colors were put together to form various 

patterns.  

 

Scanning Electron Microscopy (SEM). To prepare the capsules for SEM, the capsules 

were first flash frozen in liquid N2 and freeze-dried overnight. After removing the capsule 

from the freeze-dryer, the capsule was sliced open in the middle and placed on black carbon 

tape with their core facing up. The capsule was then coated with gold and viewed in an 

SEM with 10 kV beam voltage.  

 

Video-rate Fluorescence Microscopy. Fluorescence microscopy was performed in an 

inverted optical microscope (ZEISS Axio Observer 7) with a 2.5× dry objective lens. The 

capsules were initially synthesized by using 1 wt % 3 µm fluorescent polystyrene particles 

(Thermofisher) in the feed solution. The polystyrene particles acted as model particles to 

make it easy for us to visualize the fluid flow inside the capsule and the packing of the 

particles against the inner wall of the capsule. A time series video was recorded over a 

period of 2 hours with the camera capturing an image every 30 seconds. Images were 

analyzed in ImageJ. 

 

Bright -field and Dark-Field Microscopy. Bright-field (BF) and Dark-Field microscopy 

(DF) was performed using an inverted optical microscope (ZEISS Axio Observer 7) with 

a 2.5x dry objective lens and a 20x Dark-field lens respectively. In case of BF, empty Liq-

Alg capsules were viewed under the transmission mode whereas in case of DF, photonic 



 

61 

 

capsules were viewed under reflection mode to determine the presence of PCs. Images 

were analyzed in ImageJ. 

 

Rheology. A large capsule sheet was made by polymerizing over 50 capsules with each 

other. The capsule gel sheet was cut into a disc with a diameter of 20 mm. Experiments on 

this gel were performed at room temperature on an AR2000 stress-controlled rheometer 

(TA Instruments) using 20-mm parallel plates. Dynamic stress-sweeps were first 

performed to identify the linear viscoelastic (LVE) region of the sample. Dynamic 

frequency sweeps were then conducted at a constant strain amplitude within the LVE 

region. 
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4.3 Results and Discussion 

4.3.1 Synthesis of Capsules and Multi-capsule Structure 

 
Figure 4.2. Synthesis of Liq-Alg Capsule and subsequent synthesis of Liq-Alg Sheet. 

A)  shows a schematic of the formation of the Liq-Alg 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 polymerize. Ca2+ 

diffuses out of the core and polymerizes neighboring shells together. Eventually, a fused 

capsule sheet is obtained. Scale bar: 2 cm.  

 

 

 The capsules described in this paper were synthesized by growing an alginate shell 

around a core (Figure 4.2A). The routes for synthesizing these capsules have been 

previously reported by our lab.97,134 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 (Ca2+).97,134 To synthesize the liquid core capsules, we introduce a viscous 1.5 % 

CaCl2 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 using a 90-10 mixture of 
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glycerol-water). Tween 20 is a non-ionic surfactant and is included 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, it instantly 

becomes a soft solid. We can control the capsule size by using needles or pipettes of 

different diameters. The shell thickness can be controlled based on the incubation time of 

the capsules in the Alg solution. 

 

 Figure 4.2B details our bottom-up approach of forming capsule sheets from 

individual capsules. The freshly formed capsules, denoted as Liq-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 other in a HCP 

structure. As the excess calcium diffuses out of the core into the interstitial space, excess 

alginate in the liquid coating the capsules crosslinks the capsules together. Finally, after a 

~30 mins to 1 hr, we obtain a sheet composed of Liq-Alg capsules in a continuous alginate 

matrix, akin to cells arranged in the extracellular matrix. An additional small amount of 0.5 

wt % Alg (~ 0.5 mL) was spread on the fused sheet to reinforce the strength of the matrix. 

It is worth noting that this process is instantaneous if the capsules are allowed to settle next 

to each other in the Alg solution itself. In this case, the capsules were removed from the 

solution and patterned into HCP arrays. Figure B2 shows the capsule sheet lifted by a 

tweezer, indicating that the capsule sheet has mechanical integrity. To verify the gel-like 

characteristics of the now formed capsule sheet, we performed dynamic rheology on our 

sample. Figure 4.3 presents the rheology plots for our capsule sheet. The Gô>Gò, which is 

a typical signature of a material possessing gel-like characteristics. This strengthens our 
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claim that the capsule sheet now behaves as one cohesive unit. 

 

 

Figure 4.3. Dynamic Rheology Plots of Liq-Alg Capsule Sheets. Dynamic rheology data 

shows that for both alg gels as well as liq-alg capsule sheets the Gô>Gò which confirms 

that the capsule sheet has gel-like properties. 

 

 

4.3.2 Bottom-up Design to Pattern Capsule Structure 

 We demonstrate the ability to pattern the capsule sheet into one-dimensional (1D), 

two-dimensional (2D) or three-dimensional (3D) structures as desired, as shown in Figure 

4.4. For this experiment, we created capsules containing two different core materials - 

carbon black and yellow iron oxide particles ï each representing a distinct capsule type. 

To make a 1D structure, we placed black and yellow capsules alternatingly on a glass slide 

and let them crosslink with each other for ~ 30 mins as can be seen in Figure 4.4A. In 

Figure 4.4A, we demonstrate the structural integrity of the 1D by lifting it with a pair of 

tweezers.  Next, we extended this arrangement into 2D sheets, as shown in Figure 4.4B, by 

creating strings of alternating black and yellow capsules and polymerizing them together. 

The images show the capsules adhering to each other and maintaining their 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 sheets on top of one another. Figure 4.4C shows 5 layers 

of capsule sheets stacked on top of each other. After leaving the system undisturbed for ~ 

1 h, the entire system is gelled and intact. We observed that even in this scenario, the 

structure retained its integrity and can be easily lifted (Figure 4.4C). This underscores 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 system has the potential to be even used as a container for various cell types and 

the communication between multiple cell types as a part of one unit can be studied. 

 

 

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 particles alternatingly. The photos demonstrate the structural integrity of the 

framework thus formed. Scale bar: 2 cm.  
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 We have the ability to create capsule sheets promptly upon synthesizing the liquid 

core capsules, but can we fuse individual sheets into a 3D structure days later, on demand? 

To determine this, we synthesized independent 2D sheets and left them in CaCl2 solution 

for a duration of two days. This was done to prevent the sheets from drying up or becoming 

too fragile and to preserve their structural integrity. Subsequently, we systematically 

assembled the capsule sheets layer by layer by introducing 0.5 wt % alginate between each 

layer, effectively using alginate as a bonding agent akin to "cement" between two brick 

layers (Figure 4.5). After allowing the structure to polymerize for a few hours we observed 

the successful polymerization of individual capsule layers together into a cohesive 3D 

structure. This demonstrates the potential of our system to bind individual capsules, sheets 

or even structures on demand, even when performed days later. 

 

 
 

Figure 4.5. Layer-by-layer cementing of capsule sheets. Liq-alg capsule sheets left in 

CaCl2 were effectively assembled and polymerized by using 0.5 wt % Alg solution as a 

bonding agent between the layers. Scale bar: 2 cm. 
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4.3.3 Structural Color in Liq -Alg Capsules 

 In analogy to the hierarchical structure of chameleon skin, we integrated polymer 

capsules containing PCs into a mechanically strong and flexible gel sheets. Here the gel 

sheet is analogous to tissue, the individual capsules to iridophores, and the PCs to guanine 

PCs seen in iridophores. Over the years, researchers have found numerous methods to 

obtain structural color through methods like droplet evaporation, centrifugation-based 

assembly, or solution casting.114 However, most systems that display structural color lack 

intrinsic structural integrity and are not transferrable or rely on external substrates for 

stability. One of the ways to have a film that 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 4.6A shows a step-by-step mechanism of how we induce structural color 

inside the capsule. Polymer capsules containing PCs were synthesized with 10 wt % 200 

nm SiNP particles in their core using the same procedure mentioned in Figure 4.2. Once 

the Liq-Alg capsules were synthesized, we immersed these capsules in the same alginate 

solution they were synthesized in. As the capsules remain suspended in the polymer-rich 

solution, the capsule core experiences a strong positive osmotic pressure that is balanced 

by the diffusion of water out of the capsule. The polymer shell has a mesh size in the range 

of 5 ï 20 nm. This maintains the osmotic pressure gradient permanently because it prevents 

the permeation of big molecules like polymers (~ 250 kDa) or colloidal particles (~ 200-

300 nm in this case) through its matrix. As the system remains osmotically imbalanced, 

most of the water diffuses out of the capsule core and causes the capsule to collapse into a 

pancake shape, concentrating the SiNPs. 
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 The image series in Figure 4.6B shows the onset of the capsule collapse, followed 

by the entire capsule turning blue. Initially, at t = 0, these capsules do not exhibit structural 

color when initially formed (Figure 4.6B1).  As time passes and the capsule is left in the 

solution for longer, the walls of the capsules get pushed closer to each other and the core 

starts to collapse and lose its aqueous content (Figure 4.6B2). At this point, we observed 

the onset of structural color in the capsule as they started to appear blue, which occurs 

when the SiNPs reach a critical packing fraction.  Finally, after about 30 minutes, the 

capsule loses most of its inner liquid content, and the walls of the capsule collapse 

completely. Visually, the entire capsule appears blue as can be seen in Figure 4.6B3. We 

will now call these capsule ñphotonicò capsules due to the presence of PCs in their core. 

We note that the structural color disappears when the capsule is exposed to pure water and 

the interior becomes white once again. This is due to the diffusion of water into the capsule 

core again, causing the SiNPs to disperse in the liquid phase. 
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Figure 4.6 Onset of Structural color in Liq-Alg Capsules. (A) shows the schematic of 

the mechanism of ordering nanoparticles inside the capsule core. (B1)-(B3) present the 

transition of a simple liq-alg capsule containing 200 nm SiNP into a photonic capsule. 

Scale bar: 2 mm. (B4) the Dark-Field Microscopy Image of the capsules, showing small 

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 employed dark-field 

optical microscopy and SEM (Scanning Electron Microscopy) as depicted in Figure 4.6B4 

and Figure 4.6B5. The dark-field microscopy image in Figure 4.6B4 revealed patches of 

bright green color distributed across the capsule's core. The bright green color arises from 

strong diffraction and scattering of green light from the PCs of SiNPs. These patches 

represent regions of PCs dispersed along the inner walls of the capsule, with crystal sizes 

appearing to range between ~5-10 µm in size. These PCs are responsible for the structural 

color of the capsules. These images offer insight into why our capsules exhibit angle-

independent structural color as opposed to the angle-dependent color that is observed in 
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opals. The DF images show that structural color arises from an ensemble of 

microcrystalline PC grains that have lattice planes oriented in different directions, as 

opposed to a single crystal PC that would display angle-dependent color.  

 

 Next, to image the microstructure of the nanoparticle domains in the PCs we 

performed SEM on the capsule core. Photonic capsules were flash-frozen with liquid 

nitrogen and subsequently freeze-dried for 12 h. The capsules were sliced open and imaged 

in the SEM. Figure 4.6B5 shows a representative SEM 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 micrograph of the capsule which show patches of small PCs dispersed throughout the 

interior of the capsule wall.  

 

  Fluorescence microscopy was utilized to visualize the formation of particle 

domains on the inner capsule shell wall in real time. For this purpose, we used 3 µm 

fluorescent latex particles as model particles. We recorded a time series video showing the 

process of capsule collapse due to high osmotic pressure. Figure 4.7 presents images from 

various time points in the video. At t=0s the freshly formed capsule containing 1 wt % latex 

particles was placed in 0.5 wt % alg solution and the fluorescent particles were observed 

to diffuse randomly in the aqueous core of the capsule. Upon exposure to the osmolyte, we 

observed recirculating flows form within the capsule and progressive deposition and 

immobilization of fluorescent particles on the inner wall of the capsule shell. 

Simultaneously, we observed the capsule starting to collapse, which further confines and 
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packs the particles that have deposited on the inner shell walls. The final steady state 

structure can be seen at t = 30 min, where the domains of high fluorescence correspond to 

highly concentrated regions of packed particles. Higher magnification image reveals HCP 

arrangements of polystyrene particles similar to those observed with 200 nm SiNP.  

 

 
 

Figure 4.7. Time-lapse images of capsule containing model particles in alg solution. 

Capsule containing 3 µm PS particles are suspended in 0.5 wt % Alg soln for 30 mins. The 

image series shows the gradual collapse of the capsule and the HCP arrangement 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 this, we exposed fluorescent particle filled 

capsules to water and a 30 wt% sucrose solution. In water the colloidal particles settle down 

over time and there is no change in the capsule structure (Figure 4.8A). The walls of the 

capsule suspended in sucrose collapse slightly and the capsule develops a negative 

curvature over time, but the colloids remain freely suspended in the core (Figure 4.8B). 

Capsules suspended in sucrose do not display any structural color. This is because sucrose 

is a small molecule that can diffuse across the polymer membrane. Although the sucrose 

initially  generates an osmotic pressure gradient, counter diffusion of sucrose into the 

capsule decreases the gradient over time. We also tested solutions of anionic polymer 

(poly-(acrylic acid), PAA), cationic polymer (chitosan) and non-ionic polymer (Polyvinyl 

alcohol, PVA). The PAA solution was made to be 14 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 color. This verifies our hypothesis that only the 

capsule placed in hypertonic polymer rich solutions, which have molecular weights too 

large to diffuse through the gel mesh, establish permanent osmotic pressure gradients and 

form PCs. 

 

 

Figure 4.8 Images of Capsules suspended in (A) water and (B) 30 wt % Sucrose. In 

(A), the particles suspended in the capsule core gradually settle down due to gravity. (B) 

shows the capsule developing a slight negative curvature but there is no ordering of the 

particles inside the capsule core. Scale bar: 500 µm. 

 

 Interestingly, when the capsules were placed in a 14 wt% PAA solution, they 

adopted a steady-state bowl shape as opposed to a 2D plate shape. As we increased the 

PAA concentration to 21 wt%, we observed the capsule transition into a 3D 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 



 

73 

 

of the capsules also provides us with an advantage to fine-tune the geometry of the photonic 

capsules as desired. Figure 4.9 presents the different possible geometries that can be 

obtained by changing the osmolyte or osmolyte concentration.  

 

 
 

Figure 4.9. Various Possible Geometries of Photonic Capsules. Change in osmolyte and 

osmolyte concentration enables us to control the shape of the photonic capsule. The photos 

above show capsules forming (1) flattened discs in 0.5 wt % Alg solution, (2) bowl-shapes 

in 14 wt % PAA solution as well as a (3) folded structure in 21 wt % PAA solution. Scale 

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 of SiNPs in capsules: 200 nm, 256 nm and 300 nm sized SiNPs.114 The 

initial concentration of each of the particle solution was held constant at 10 wt %. The three 

different capsules were then incubated in the reservoir alginate solution for ~ 30 mins. The 

resulting capsules exhibited blue, green and pink color as seen in Figure 4.10(A1-A3) for 

the 200, 256 and 300 nm SiNPs, respectively. We also tested 10 wt % 200 nm polystyrene 

(PS) particles, which readily formed PCs within our capsule Figure 4.10A4.  

 

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

able to combine capsules of varying color into one unit (Figure 4.10B). A corollary to 
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Figure 4.4 is that we can pattern various photonic capsules into 1D and 2D structures and 

form a hybrid sheet with regions of different colors. Figure 4.10B1 shows a hybrid 1D 

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

of blue, green, and pink. Next, we used similar alternating arrangements and patterned 

these capsules into a 2D photonic sheet. Due to the presence of a little amount of glycerol 

in the photonic sheets, these sheets were flexible and could be folded multiple times. In 

Figure 4.10B, we demonstrate that we can pattern the photonic capsules in any combination 

ang geometry as we desire.  

 

 
 

Figure 4.10. Effect of particle size on structural color and patterning of capsules into 

sheets. (A) shows blue, green and pink color for 200, 250 and 300 nm particles. (A4) shows 

the blue color exhibited by 200 nm PS particles. (B) Photonic capsules are patterned into 

hybrid photonic gels exhibiting multiple colors. Scale bar: 2 cm. 

 

 Another method to fabricate photonic gels is to form the capsule ensemble prior to 
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concentrating the capsules with nanoparticles. For 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 suspended.  In this case, 

capsules containing PS NP were removed from the 0.5 wt % Alg solution as soon as they 

were formed and polymerized with each other. Figure 4.11 shows a schematic of this 

method followed by photos of capsule ensembles before and after polymerization and 

incubation in 1 wt % alg solution. Initially, the entire gel appears to be an assembly of 

white colloid-filled capsules, but after ~ 1 h, all the capsules end up exhibiting structural 

color. This method allows us to reduce the space between individual capsules and fuse 

them much closer to each other. This is due to capsules consisting of thinner shells as they 

are removed from the alginate solution sooner.   

 

 

Figure 4.11. Generating structural color in capsule sheets. Individual capsules are 

fused with each other before getting suspended in a hypertonic polymer solution. After 1 

h, the entire capsule sheet displays structural color. Scale bar: 2 cm. 
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4.3.5 Disappearing Photonic Gels 

 Finally, we bring back our analogy to the chameleon again. One of the unique 

abilities of a chameleon is its ability to actively camouflage and hide in plain sight 

depending on its surrounding environment. So, one final question that we wanted to answer 

was: could we create a simple system that has the ability to ñhideò in plain sight? For this, 

we fabricated a photonic gel using 200, 250 and 300 nm SiNP in the form of a butterfly as 

can be seen in Figure 4.12. Since butterflies are also a popular example of structural color 

in living organisms and simpler to pattern, we decided to use a butterfly structure as a 

template. By using a simple technique of refractive index (RI) matching, we were able to 

make our photonic sheets disappear on demand. Upon adding glycerol, the butterfly 

disappeared completely within approximately an hour and the gel sheet sheet became 

invisible. This is because the RI of glycerol is the same as the RI of silica particles, which 

causes the reduction of reflections within the gel sheet. Upon exchanging the solvent again 

with 1 wt% alginate, the gel reappeared, and the butterfly could be seen again as shown in 

Figure 4.12.  

 

 
 

Figure 4.12. RI 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 of 1 wt % Alg solution, the gel reappears. Scale bar: 2 cm. 
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4.4 Conclusions 

 In conclusion, we presented a simple bottom-up approach to fabricate a gel sheet 

composed of close-packed liquid core capsules with an alginate shell. This system is 

universal and can be synthesized with capsules encapsulating different kinds of molecules, 

drugs, cells, or particles. The capsules can also be patterned to form 1D, 2D and 3D 

structures and each of these structures are shown to maintain their structural integrity. We 

also presented a novel method for fabricating a robust photonic hydrogel sheet that mimics 

the hierarchical order found in chameleon skin, i.e, how guanine crystals assemble within 

iridophores and an assembly of iridophores forms chameleon skin tissue responsible for 

structural color. The process involved the synthesis of liquid core capsules containing non-

absorbing silica or PS nanoparticles (200-300 nm) which can exhibit structural color upon 

forming HCP lattices. The capsules need to be placed in a polymer-rich solution in order 

to induce structural color within their core. By using dark-field microscopy and SEM, the 

presence of photonic crystals dispersed throughout the interior walls of the capsules was 

confirmed. These photonic capsules 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 active camouflage materials, and colored coatings. This research marks a step forward 

in achieving biomimetic structures through a scalable and error-resistant bottom-up 

approach. 
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Chapter 5   

Gels that Reversibly Expand and Contract 

 

Note: Alicja Mazurkiewicz and Sarangua Battumur contributed in methodology, 

investigation and formal analysis. 

5.1 Introduction  

 Naturally occurring self-assembled structures, such as microtubules in the cell 

cytoskeleton, emerge through processes of out-of-equilibrium self-organization, or 

dissipative assembly. This self-organization process is highly autonomous and is defined 

by non-equilibrium chemical reaction networks (CRNs) fueled by biological molecules 

like Adenosine triphosphate (ATP) and guanosine triphosphate (GTP). The most common 

example in nature is spontaneous assembly and disassembly of cellular structures such as 

actin filaments or microtubules, which are driven by continuous chemical energy input due 

to various biochemical reactions.135,136 Microtubules are formed via binding of GTP to 

tubulin proteins, causing them to assemble in fibrils microns in length. Simultaneously, 

hydrolysis of GTP destabilizes the fibrils, causing the fibrils to disintegrate.31,32 This 

dynamic interplay between assembly and disassembly enables cells to rapidly reconfigure 

their shape and to form transient structures with high spatiotemporal precision. In such 

cases, the concentration of the assembled structures is governed by reaction kinetics rather 

than thermodynamic interactions in near-equilibrium assembly.81 Another example is the 

actuation of muscle tissue (Figure 5.1A). The contraction of muscles is governed by the 

hydrolysis of ATP to ADP.12 Upon ATP depletion, muscles automatically return to their 

initial relaxed state. 
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 There is sustained intense interest in developing synthetic CNRs that bring this 

level of autonomy to synthetic soft materials for applications in soft robotics, active 

materials for catalysis, self-erasing inks,137 and drug delivery.138-140 A pioneering example 

in designing autonomous hydrogels by Maeda and coworkers uses the Belousov-

Zhabotinsky (BZ) oscillating chemical reaction to actuate hydrogels.141-143 However, 

oscillating reactions have poor tunability and rely on complex CRNs rendering them less 

desirable for various applications. More recently, scientists have developed various simple 

CRNs coupled with dynamic crosslinking or molecular self-assembly to enable 

reconfigurable chemically fueled hydrogels and polymers.35,144,145 Some synthetic 

polymeric, nanoscale and supramolecular systems that have demonstrated the ability to 

undergo chemically fueled transitions include DNA,146,147 proteins,35 molecular 

hydrogelators,144,148 vesicles,139,149,150 polymers,151 and nanoparticles.82,83,140,152 

Carbodiimide chemistry represents a well-established synthetic CRN for fuel-driven 

assemblies.86 In this CRN, adjacent carboxylic acid groups on a molecule are activated 

upon the addition of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and are 

converted to metastable anhydride groups rendering the molecule hydrophobic, causing  

either a volume phase transitions in a hydrogel or formation of fibrils in the case of 

hydrogelators.84 Once the EDC is depleted by hydrolysis, the metastable anhydride groups 

are hydrolyzed back to carboxylic groups and the building blocks become hydrophilic 

again. Prior work has demonstrated carbodiimide fuel driven volume phase transitions, 

alteration of hydrogel mechanical properties, shape changing hydrogels,138,153,154 volume 

phase transitions of microgels, and formation of vesicles from block co-polymers. While 

the anhydride bond is metastable and has a short lifetime of tens of minute, reconfiguration 
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of hydrogel material properties via carbodiimide reaction cycles occurs over a long time. 

Macroscopic hydrogels typically undergo contraction-expansion cycles over times of tens 

of hours (Figure 5.1), while formation and dissipation of polymer vesicles or microgels 

occurs over a few hours. The factor limiting the reconfiguration 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, which likely aggregate into 

strongly hydrophobic cores. These extended reconfiguration times contrast with the more 

rapid and transient nature of naturally occurring biochemical systems and actively 

reconfigured hydrogels (e.g., pH responsive materials). 

 

 
 

Figure 5.1. Nature-inspired chemical fuel mediated CRNs. (A) Spontaneous muscle 

actuation by consumption of ATP. (B) Contraction-expansion cycle of porous hydrogels 

driven by a EDC chemistry. Our 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, we demonstrate rapid fuel-driven, autonomous contraction-expansion 

cycles in a porous polymer hydrogel. The porous gels, composed of a co-polymer made 

from acrylic acid and acrylamide monomers, possess microporosity and have the ability to 

undergo volumetric expansions of ~150 times their initial size within 15 seconds when 

exposed to water.155 Exposing macroscopic (several centimeter sized blocks) water swollen 

porous hydrogels to EDC causes a linear shrinkage of ~50-70% over a time scale of < 10 

minutes. The hydrogels reach a peak contraction and then autonomously expand over about 

30 minutes to return to near their initial size. We show that the contraction-expansion 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 the co-polymer 

composition. The porous nature of the hydrogel overcomes the water access limitation for 

anhydride hydrolysis in non-porous hydrogels by provide continuous water channels 

throughout the hydrogel even in the contracted state. 

  



 

82 

 

5.2 Experimental Section 

Materials. Most of the chemicals were from Sigma-Aldrich, including the monomers 

acrylamide (AAm) and acrylic acid (AAc), the cross-linker Polyethylene glycol diacrylate 

(PEGDA), the photoinitiator lithium acylphosphinate (LAP) (precise name: lithium 

phenyl-2,4,6-trimethylbenzoyl phosphinate), acetic acid, sodium carbonate (Na2CO3), 

polyvinyl alcohol (PVA), Tween 80, 1-ethyl-3-(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 DBS were 3 mL × 3 mL, while its 

mixing tip was a 3 mm × 16 element blunt tip. Typically, 3 mL of solution was loaded into 

each barrel. A solution of monomers, cross-linker, PVA and tween 80 (stabilizers) was 

loaded in one barrel. In the other barrel, a solution of 0.1 wt % LAP and Na2CO3 (dissolved 

to 20 wt % in water) was loaded. This specific composition of the base was chosen to 

maximize foam volume. To prevent degradation of the photoinitiator prior to 

polymerization, the DBS was covered with aluminum foil. 

 

Synthesis of Porous Gels. The foam containing all the reaction components was injected 

out of the DBS into a container, as shown in Figure 5.2. A Ziploc bag measuring 6òx4ò 

served as the container. The foam was evenly distributed in the container, achieving a 

thickness of 0.5ï1 cm, and subjected to UV light exposure for 2 minutes to initiate the 

polymerization of the monomers. In the process, the foam is converted into a porous gel, 

with the bubbles constituting the pores. Subsequently, the porous gel was immersed in 

https://pubs.acs.org/doi/full/10.1021/acsami.2c00645?casa_token=v9U-ih1uslwAAAAA%3A7-Ad-T1NTX8NCX4LfUI-bEOvHZIlwRIOGcbM8pM5JmPk8LLgOpfaIDXDXgi_SBOT8vH5ClN2qtn8ACcA#fig2
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water to eliminate any residual unreacted monomers.  The water in the gel was then 

exchanged by immersing the gel in ethanol for 2 h followed by ambient drying overnight 

resulting in a solvent-free porous gel. Unless otherwise stated, the following composition 

was used in preparing the gels: a total of 50 wt % monomer, with AAc and AAm in a 3:1 

weight ratio, and with PEGDA at 4 wt % with respect to the total monomer. The PVA 

concentration was 3.5 wt % and Tween 80 concentration was 0.2 wt % unless otherwise 

stated. 

 

Porous Gel Response Studies with EDC. Unless otherwise specified, 3:1 porous gels 

with 4 wt % PEGDA as the crosslinkers were used for the experiments. The gels were 

swollen to an equilibrium state in 25 mL MES buffer at a pH of 5.0. The required EDC 

concentration was added directly on top of the gel uniformly by dissolving it in 2 mL of 

MES buffer. The entire swelling-to-shrinking-to-reswelling behavior of the gel was 

recorded in a camcorder.  

 

Image Analysis of the Gel Size. The videos of the gel swelling and shrinking were 

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

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

5.3.1 Synthesis of the Porous gel 

 
 

Figure 5.2. Schematic of Porous Gel Synthesis.  (A) Monomer solutions are placed in 

double-barreled syringe (DBS) before being foamed. One barrel of the DBS is an acidic 

solution of monomers, cross-linkers, and the PVA + Tween 80 stabilizer, while the other 

barrel is a basic solution with LAP. CO2 gas is produced at the mixing tip of the DBS and 

foam is produced. (B) The foam is polymerized by UV light for 2 min. (C) Due to fast 

polymerization, the bubbles in the foam are retained and the polymer is formed around 

them. The gels are dried at room temperature to obtain a porous gel. The photo shows that 

the material is a robust solid with a sponge-like texture.  

 

 

 The synthesis of porous gels used a method previously created by our lab with a 

few modifications.155 Figure 5.2 shows the procedure for synthesizing porous gels. Double 

barrel syringes (DBS) were used for this process, one barrel being the acid side and the 

other being the base side. One barrel contains 50 wt % monomers with acrylic acid (Aac) 

and acrylamide (Aam) in the ratio 3:1 respectively, 4 wt % of the crosslinker polyethylene 

glycol diacrylate (PEGDA), and 50 wt % of the stabilizing solution of 7 wy % polyvinyl 

alcohol (PVA) and 2 wt % Tween 80. The other barrel contains the photo-initiator 0.1 wt% 

lithium acylphosphinate (LAP) and 20 wt % sodium carbonate (Na2CO3) dissolved in 

water. When the acid and base come in contact with each other at the tip of the DBS, the 
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reaction releases carbon dioxide (CO2) gas, which forms a foam. The PVA and Tween 80 

stabilize the foam (Figure 5.2A). The foam is then spread uniformly in a Ziploc bag and 

exposed to UV light to initiate the photo-polymerization at room temperature (Figure 

5.2B). After two minutes, a cross-linked polymer network is formed around the gas bubbles 

(Figure 5.2C). The fast polymerization prevents the foam from dissipating and a porous 

hydrogel is formed. After polymerization, the gels were first swollen in water to remove 

the unreacted monomers and then water was removed by solvent-exchange with ethanol. 

Once the gel hardens, it is removed and dried under ambient conditions. The final material 

is a sponge-like solid as can be seen in the image in Figure 5.2. 

 

5.3.2 Chemically Fueled Reconfigurable Behavior of the Porous Gel 

 
 

Figure 5.3.  EDC driven autonomous contraction-expansion of porous gels. (A) A 1 

cm x 1 cm piece of gel is swollen with MES buffer for 20 seconds. The gel swells ~150 

times in size. (B) % Area shrinkage, defined as the hydrogel 2D area normalized to the 

initial 2D area x 100%, as a function of time after 1 equivalents EDC is added. Scale bar: 

1 cm. 
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 Previous studies showed the approximate pore size of the gels was in the range of 

200-300 µm, the porosity of the gel was ~90%, and the pores formed a continuous 

interconnected network. Upon placing a dried piece of gel in water, the gel expands more 

than 200 times its dried weight and the gel dimensions quadruple within 15 seconds. The 

high swelling rate of the gel is attributed to the porous microstructure of the gel, which 

enables fast water transport through capillary action and by reducing diffusion lengths into 

the hydrogel. The high porosity along with the interconnected pores make these gels 

capable of rapid expansion and contraction as opposed to solid hydrogels with the same 

composition, whose swelling and contraction rate is limited by slow diffusion of water into 

and out of the nanoporous gel network.  

 

 A 3:1 (Aac:Aam) porous gel prepared with 4 wt % PEGDA crosslinker was swollen 

in a 60 mL 2-morpholinoethanesulfonicacid (MES) buffer adjusted to pH = 5. Figure 5.3 

shows the autonomous contraction-expansion behavior of the gel after exposure to EDC. 

Upon exposure to MES buffer the gel swelled to ~15 times the initial size (projected area 

of the gel) and reached a swelling equilibrium within ~20 seconds (Figure 3A). One 

equivalent mole (equivalent to the number of moles of carboxylic acid in the piece of 

hydrogel) of EDC chemical fuel dissolved in 2 mL of MES buffer was added uniformly on 

top of the gel. The porous gel rapidly collapsed and contracted to ~50 % of its swollen area 

within 40 seconds of adding EDC. The gel shrinks to its minimum size of ~ 30% of the 

initial area of the swollen gel within 4-5 minutes. The collapsed porous gel spontaneously 

recovered to a swollen state over 40 minutes and recovered to ~92% of the initial area. The 
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observed shrinking behavior of the porous gels is attributed to reaction of EDC with 

carboxylates present in the gel to generate non-polar metastable anhydride bonds. These 

non-polar 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 loses its water content, 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 carboxylate groups form anhydride bonds, 

causing the gel to expel water and shrink in size. The 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 of carbodiimide induced crosslinking in the porous hydrogel. 

(A) Optical micrograph shows an initial water swollen gel. Neighboring carboxylate 

groups in porous gel form anhydride bonds upon the addition of EDC. The anhydride bond 

is non-polar 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 lost water. After the consumption of EDC, the metastable anhydride groups 

eventually hydrolyze returning the gel to its initial state. Scale bar: 500 µm. 

 

 

5.3.3 Effect of Monomer Ratio on the Reconfigurability of the Gel 

 We varied the ratio of the ionic monomer (Aac) to the nonionic monomer (Aam) to 

determine how the composition of the porous gels influences the lifetime of the 

shrinking/swelling behavior of the gel in the presence of EDC. While maintaining 50 wt% 

monomers in the precursor, we synthesized porous gels with Aac:Aam ratios of 1:0 3:1, 

1:1, and 1:3. Gels with higher Aac content are expected to swell more than nonionic gels. 

Hence, we observed the following order of swelling ratio: 1:0 > 3:1 > 1:1 > 1:3. Figure 5.5 
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shows the response of the swollen porous gels to EDC addition. Three sets of each 

experiment were performed, and error bars were plotted subsequently. In all cases the 

initial gel mass was 50 mg and each gel was swollen in 25 mL of MES solution. One equiv. 

of EDC was added to the gels at t = 0 s and the swelling kinetics were recorded using a 

video camera. The time-dependent plots were generated by manually measuring the gel 

area at each time point using image analysis. We observed that the 1:3 porous gels 

contracted the least (~ 60 %) but recover the fastest with more than 90 % of the gel area 

recovered within the first 20 mins. The 3:1 and 1:1 gels showed similar amounts of 

contraction (30-40 %), with 3:1 gels shrinking slightly more than the 1:1 gel. The 1:1 gel 

has a faster recovery time (~90% in 30 mins) than the 3:1 gel (~ 90% in 40 mins). This 

behavior among the gels can be explained by the differences in Aac concentration in each 

gel. Since 1:3 gel contains the least amount of Aac, it forms the lowest concentration of 

anhydride bonds and shrinks the least, followed by 1:1 and then 3:1. Likewise, the 

concentration of anhydride being hydrolyzed back to carboxylic acids is the lowest for the 

1:3 hydrogel so it requires less time for the gel to recover its size. 

 

 However, to our surprise, although the 1:0 gels reached the largest % area 

contraction (~15-20% of the initial area) in the shortest time (~2-3 mins), the gel did not 

recover its initial size for 5-6 hours. Although we expect the pure Aac gels to recover the 

slowest due to a higher anhydride concentration, the decrease in recovery rate was not 

commensurate with the increased carboxylate concentration. We hypothesize that the pores 

in the 100 % Aac hydrogels, which possess a high concentration of carboxylate groups, 

collapse due to strong hydrophobic effects and formation of high concentrations of 
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anhydride bonds.  The pore collapse limits access of water to the anhydride bonds and the 

hydrolysis rate is substantially diminished. Based on the findings in this composition study, 

the 3:1 gel showed a combination of both high shrinkage percent and fast recover, so it was 

used for subsequent experiments varying fuel concentration. 
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Figure 5.5. Influence of Monomer 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 gels show a high 

shrinkage (~30%) and recover within 40 mins. (D) 1:0 gels shrink the maximum but take 

hours to return to original state. 
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5.3.4 Effect of EDC concentration 

 We varied the fuel concentration to determine how it impacted the autonomous 

contraction/expansion dynamics of the 3:1 porous gel. Figure 5.6 shows the effects of 

increasing EDC concentration from 0.5 equiv. to 8 equiv. In all 5 cases, we observed the 

gel to reach its minimum size (maximum shrinkage) within ~4-5 minutes. In case of 0.5 

equiv. EDC, the gel reached a minimum size of ~ 50% within 4 mins and recovers to ~90% 

within 40 minutes of the start of the experiment. For experiments with 1, 2, 4, 8 equiv. 

EDC, all the gels reached a minimum size of ~ 30 % within ~ 5 minutes but each gel took 

a different time to reconfigure, with 1 equiv. EDC reswelling to ~ 90 % within 40 minutes, 

2 equiv. EDC reswelling to ~ 77% and 4 equiv. EDC reswelling to ~ 55 % within 50 min. 

The 8 equiv. EDC concentration case reaches a minimum of ~25% of the initial area for 

about 45 minutes. We note that the gels using 8 equiv. EDC do recover their initial size, 

but the recovery time is on the order of many hours.  

 

 To reason with the observed trend, we turn to the explanation presented by Heckel 

and coworkers who conducted a similar study on poly(acrylic acid) (PAac) microgels and 

studied their volume phase transition kinetics.153 Briefly, when introducing EDC, the 

conversion of carboxylate groups to anhydride and the subsequent hydrolysis of the 

anhydride occur simultaneously. However, in case of 0.5 equiv. EDC, the minimum size 

reached is only ~ 50 % instead of 30 %, which is shown to our gelôs actual capacity to 

shrink in the presence of EDC (Figure 5.6A). This can be because not all carboxylate 

groups are transformed into anhydride due to the cyclic nature of the chemical reaction 

network (CRNs), causing an immediate backward reaction from anhydride to carboxylic 
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acid (Figure 5.4). Hence, in this scenario, EDC functions as the limiting agent for the 

reaction. However, the minimum shrunken size stabilizes beyond 1 equiv. EDC which 

shows that our system enters a quasi-steady state wherein the gel maintains its shrunken 

size until all the fuel is consumed (Figure 5.6(B-D)). This is because, in the presence of 

excess EDC, when all the carboxylates are consumed and converted to anhydride, the rate 

of EDC consumption and anhydride formation is limited by the hydrolysis of anhydride. 

Since the anhydride formation is faster than the hydrolysis, the gel maintains its steady 

state in the presence of excess EDC. Hence, in this case the rate limiting step is the 

hydrolysis of the anhydride groups formed. This theory was confirmed by the behavior 

observed in case of 8 equiv. EDC where the gels maintained their size at 30 % for hours 

before reswelling again (Figure 5.6E).   
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Figure 5.6. Effect of EDC concentration on fuel driven gel contraction-expansion 

dynamics. (A)-(E) % Area shrinkage of hydrogels as a function of time for various EDC 

concentrations.  
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 From Figure 5.3, it is evident that our porous gels contract and expand rapidly and 

to an appreciable extent (min. size ~ 30 % and reaction cycle lifetime of ~ 45 minutes). 

Comparing our gels to the literature, the porous hydrogels reconfigure more rapidly 

compared to both solid macroscopic hydrogels and microgels. A comparison with literature 

reports is shown in Figure 5.7. The gel of Xu et. al. reached a minimum size of 65 % the 

gel volume and the lifetime of the process was about 9 hours.138 In the study by Rajawasam 

et al., who investigated the impact of EDC on the mechanical properties of their gel, the 

transient network lifetime was 8 hours.154 Similarly, in the case of the PAac microgel 

studied by Heckel and coworkers, the lifetime of the entire process was approximately 30 

hours.153 Therefore, when compared to these studies, the lifetime of our gels is significantly 

shorter, being at least 12 times faster. 

 

 

Figure 5.7. Comparing the lifetime of EDC reaction cycle in our gel to past ones. The 

lifetime in this study is 40 minutes, whereas those in previous studies were above 8 h. 
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5.3.5 Using Porous gels as Autonomous Actuators 

 Lastly, we investigated the capability of these gels to function as autonomous 

actuators. In a previous study, our lab demonstrated that the superfast expansion ability of 

the gels could be harnessed to do mechanical work.155 In that case, the work was done 

against gravity by swelling the gel with water vertically and then subsequently the gel was 

made to lower the weight with the addition of ethanol. For our study, we chose to harness 

the rapid reconfigurability of the gels to drag weights or to push and pull weights in the 

horizontal direction. First, we tested the gels by using ethanol to induce shrinking. For this, 

we synthesized a cylindrical gel and fastened one of its sides to a square petri dish by 

epoxy. The gel was constricted in all directions to ensure a unidirectional expansion. The 

initial dried gel was ~ 2 cm long, weighed 80 mg and was attached to a 800 mg agarose gel 

on the other end. Figure 5.8 demonstrates that upon addition of water, the gel expanded 

rapidly and pushed the weight forward by 2 cm (twice its size). Next, to shrink the gel, we 

poured ethanol on top of the gel. Within 20 seconds, the gel contracted and pulled the 

weight backward by 1 cm (Figure 5.8D). 

 

 
 

Figure 5.8. Extracting work from porous gels using ethanol. (A)-(B) Porous gel was 

attached to a 800 mg agarose gel as weight and swelled with water. (C)-(D) Upon the 

addition of ethanol the gel dragged 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 capabilities of the porous gels using EDC 

chemistry, we implemented a similar setup as Figure 5.8 and instead used EDC to induce 

the contraction and subsequent expansion of the gels. The outcome of our initial trial is 

presented in Figure 5.9. Upon the addition of 1 molar equivalent of EDC to the swollen 

gel, we observed contraction by ~1 cm within the first 5 minutes, reaching its maximum 

contracted state (by 2 cm) at 30 mins. Subsequently, the gel spontaneously reswelled, 

expanding laterally, and reverted to its initial swollen state within the next 5 hours. This 

was in contrast to the previously reported work by Xu et al, where the gels finished one 

actuation cycle in 17 hours.138 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 muscles. Further optimization of this system holds the promise of reducing the 

reaction lifetime, opening up possibilities for various applications, including the 

development of artificial muscle-like actuators or soft robotics. 
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Figure 5.9. EDC induced autonomous deswelling/swelling of porous gel. Gel shrinks 

2.5 cm upon addition of 1 eq. EDC in 30 mins. The gel is observed to return to its original 

state within 5 hours. 
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5.4 Conclusions 

 In conclusion, we have developed a rapidly reconfigurable porous gel that, when 

swollen, has the ability to undergo autonomous contraction and expansion in a timescale 

of 40 minutes upon the consumption of a chemical fuel. The initially formed dried gels can 

show superfast expansion to 150% their initial size within 20 seconds. When powered by 

the addition of fuel, these gels can rapidly shrink to 30% of their initial swollen size in the 

timeframe of 4-5 minutes. The gels can return to ~ 90% their original size within 40 

minutes. The entire process was regulated by chemical fuel-mediated chemical reaction 

networks involving the fuel-driven formation of non-polar anhydride groups and their 

subsequent hydrolysis. We demonstrate that the lifetime as well as the contraction of the 

gel can be controlled by altering the monomer ratios as well as the fuel concentration. 

When compared to similar systems in the past, our gels demonstrated at least 25 times 

faster response rate and total lifetimes that were at least 12 times faster. Finally, we studied 

the fuel-mediated actuation ability of these gels by studying their horizontal contraction 

and expansion. The gels exhibit the potential of autonomously pushing and pulling weights 

through this process, showing promise for applications in the fields of soft robotics. Future 

work will entail further optimizations of the response speed, improving the actuator 

performance, and 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 created new types of polymeric materials that exhibit 

unique responsive and reconfigurable properties. These novel designs have found 

inspiration from the pearl-like sheen observed in nacre, the hierarchical nature of the 

chameleon skin, and 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 easy to scale-

up. We were successful in achieving unique properties in our materials such as the property 

of reversible and tunable pearlescence, iridescent multicolored capsules that can be 

patterned and polymerized to form second order structures, and a chemically fueled rapidly 

reconfiguring porous gel. Such materials have the potential to be used in various 

applications, such as reflective coatings, cosmetics, camouflage materials, or paints in the 

case of pearlescent and iridescent capsules or can be used as soft actuators or in soft 

robotics in case of the porous gels.  

 

 In Chapter 3, we presented the spontaneous emergence of pearlescence in 

polymeric capsules. A NIPA shell was grown around aqueous capsules via inside out 

polymerization technique. We showed the capsules remain transparent at room 

temperature, transitioning to pearlescent upon heating above the LCST of NIPA. This 

phenomenon occurs without any added plate-like particles or additives. Reflectance 
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measurements performed on the capsules confirmed substantial specular reflectance (R > 

60%) in the pearlescent state, nearly identical to the optical properties of natural pearls. We 

found that the presence of a thin NIPA shell is critical to achieve pearlescence; this optical 

effect is not observed in pure NIPA hydrogels or even with sufficiently thick NIPA shells. 

We attributed this behavior to NIPA-rich domains formed through spinodal decomposition 

in the shell, which have sizes and/or interdomain spacings similar to the wavelength of 

visible light. This study highlighted our ability to tune pearlescence in soft materials, 

analogous to iridescence in photonic crystals. For instance, we showed that the capsules 

can be induced to exhibit room-temperature pearlescence by adjusting the LCST of NIPA 

by altering salt concentrations, and we can also obtain diverse pearlescent colors by adding 

pigments to the capsule cores. 

  

 In Chapter 4, we introduced a simple bottom-up method for fabricating a gel 

sheet composed of closely packed liquid core capsules surrounded by a thin alginate 

shell. We demonstrated that when freshly formed capsules containing some amount of 

CaCl2 in 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 matrix, analogous to the assembly of cells to form tissues. 

We demonstrated that these capsules can be patterned into 1D, 2D, and 3D structures 

while maintaining structural integrity. Additionally, we presented an innovative 

technique to create a robust photonic gel sheet with hierarchical order, inspired by the 

chameleon skin. Here we first induced structural color in the liquid core capsules by 

placing them in hypotonic polymer solutions and then fused the capsules together to 
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obtain a photonic gel sheet. The resulting gel sheet had hiearchical structure analogous 

to that in the chameleon skin. The gel sheet showed two levels of ordering at different 

spatial scales. At 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 array.  The photonic gel sheets hold potential 

for applications like active camouflage materials and colored coatings for underwater 

soft robots. This research represents progress in achieving biomimetic structures 

through a scalable and error-resistant bottom-up approach. 

 

 Finally, in Chapter 5 we developed a rapidly reconfigurable porous gel that, 

when swollen, had the ability to undergo autonomous shrinking-to-reswelling 

transitions within a timescale of 40 minutes upon the addition of a chemical fuel. The 

initially formed dried gel demonstrated superfast expansion to 150% its initial size 

within 20 seconds. When a chemical fuel was added that condensed hydrophilic 

carboxylic acids into hydrophobic anhydride bonds, these gels rapidly shrank to ~30% 

of their initial swollen size in 4-5 minutes. Spontaneous anhydride hydrolysis returned 

the hydrogels to their original swollen state within the next 35 minutes. We 

demonstrated that amount of contraction of the gel and the lifetime of the entire cycle 

could be controlled by altering the monomer ratios and fuel concentration. Compared 

to similar systems in the literature, our gels exhibited at least a 25 times faster response 

rate and lifetimes that were at least 12 times shorter. Finally, we demonstration the 

actuation ability of these 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 Work 

6.2.1 Janus Capsules 

 

 In Chapter 3, we demonstrated the synthesis of multi-layered capsules through 

an inside-out polymerization technique, in which we can grow multiple polymer shells 

around an aqueous or a gelled core. In our study, our ability to create a NIPA shell 

around a liquid core capsule enabled us to achieve reversible pearlescence in our 

capsule, a novel property never seen in any solid material. This inside-out 

polymerization approach enables us to fabricate hybrid polymer capsules which can be 

composed of multiple different polymers.  In such systems, the polymers retain their 

individual functionality while also contributing 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 them.156  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 of N-isopropyl acrylamide and N,N 

Dimethylacrylamide that upon exposure to heat resulted in localized constrictions.157 

Building on the idea of making hybrid polymeric systems, one future 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 stimuli-responsive and the other is not. This can help 

us create systems which end up deforming due to various stresses induced in the system 

or can exhibit a payload release upon exposure to a stimulus. We performed some 

preliminary work in designing such hybrid capsules called Janus capsules (due to the 

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 layers. 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 monomers throughout 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 heated up above NIPAôs LCST, the NIPA layer 

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 crosslinker used. The system 

also has potential be to be multi-responsive, where one part of the shell is responsive 

to one kind of stimulus while the other is responsive to another. Since 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 Capsules. (A) 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 shell composed 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 interface, releasing its 

inner content. Scale bar: 2 mm.  

 

6.2.2 Electric Field Driven Directed Assembly of NP Resulting in Structural Color 

 

  In Chapter 4, we described the synthesis of photonic capsules by inducing 

structural color in the capsule core. This was done by hexagonally close packing 200 nm 

silica nanoparticles (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 SiNPs with a solvent. However, to truly mimic a chameleon, a system needs to 












