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Cephalopods are known as the chameleons of the sea due to their remarkable camouflage 

abilities. They can rapidly and accurately tune their skin’s coloration, pattern, and texture to blend 

into the surrounding environment. This dynamic camouflage capability stems from their 

transparent dermis/epidermis and the optically-active, protein-based nanostructures found in 

embedded skin cells known as leucophores, chromatophores, and iridophores. Respectively, these 

cells provide a high contrast reflective white background, mechanically actuated pigmented pixels, 

and chemically actuated Bragg reflectors that function in concert to modulate incident visible light. 

Considerable effort has been devoted to understanding and emulating cephalopod camouflage 

abilities in the visible region of the electromagnetic spectrum, but few studies have attempted to 

translate these principles to the infrared region for nighttime stealth applications. Thus, the 

fabrication of bio-inspired infrared-reflective devices for infrared camouflage remains an 

unexplored area of research.  

To address this challenge, we have developed a high-throughput strategy for the gram-

scale production, purification, and self-assembly of a unique cephalopod structural protein, 

reflectin. We eliminate time-consuming and costly steps commonly used in protein expression and 
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purification and instead replace them with rapid, sequential filtrations all while retaining high 

purity (>99%). Using this reflectin protein, we fabricate dynamically tunable biomimetic 

camouflage coatings with relevance to industrial and military applications. We demonstrate 

reversible control of reflectin film coloration shifts over a range of 1,200 nm from the visible into 

the near infrared using an acid vapor stimulus. We then coat reflectin on flexible, transparent 

substrates that can adhere to arbitrary surfaces, and modulate the film reflectance by mechanical 

strain or applied heat. Finally, we prove electrical actuation can also induce reversible color change 

in our films based on the applied bias. Together, our findings represent a key step towards the 

development of wearable biomimetic color and shapeshifting technologies that utilize diverse 

means of actuation. Future biophysical and materials studies lending insight into the tunability of 

reflectin-based Bragg reflector structures and textured reflectin surfaces could provide additional 

methods to enhance overall film brightness, angle-dependence, and color modulation for advanced 

camouflage applications. 



1 

 

CHAPTER 1 Dynamic Materials Inspired by Cephalopods 

1.1: Abstract 

The related concepts of disguising an object or physically changing it to resemble 

something entirely different have long captivated the human imagination. Although such notions 

are seemingly derived from fables and science fiction, cephalopods have perfected analogous 

capabilities over millions of years of natural evolution. Consequently, these invertebrates have 

emerged as exciting sources of inspiration for futuristic adaptive camouflage and shapeshifter-like 

technologies. Herein, we provide an overview of selected literature examples that have used 

cephalopods as models for the development of novel adaptive materials, devices, and systems. We 

in turn highlight some significant remaining challenges and potential future directions for such 

studies. Through this perspective, we hope to stimulate additional dialogue and continued 

scientific exploration within the area of cephalopod-inspired dynamic materials. 

 

1.2 Introduction 

The related concepts of adaptive camouflage (disguising an object in real time such that it 

cannot be detected) and shapeshifting (physically transforming an entity into something entirely 

different) have captivated the human imagination and influenced popular culture since classical 

antiquity.1-4 For example, Greek and Roman mythology contained many famous examples of the 

ancient gods shapeshifting into animals or people, such as the tale of Vertumnus (Figure 1.1A) 

taking the form of an old woman in order to woo Pomona (Figure 1.1B).1 The fascination with 

changing form continued throughout the Middle Ages, when lycanthropy (the transformation of a 

human into a wolf or wolf-like creature) emerged as a widespread theme in European folklore and 

superstition (Figure 1.1C).2 In the modern era, such classic ideas have manifested themselves in 
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popular culture; for instance, the characters of Mystique and Beast from the X-men series of comic 

books and movies embody the concepts of adaptive camouflage and shapeshifting.3,4 Although 

these notions once may have seemed fantastic, the accelerated pace of technological innovation 

has enabled scientists to envision materials, devices, and systems that would make such ideas a 

routine part of daily life. 

 

Figure 1.1: A) Painting by Giuseppe Arcimboldo depicting Vertumnus, the Roman mythological god of seasons, who 

is able to alter his form at will. B) Painting by Paulus Moreelse, in which Vertumnus has changed form into an old 

woman to woo Pomona. C) Medieval woodcut by Hans Weiditz of a human who has transformed into a wolf and is 

attacking two men. Part A [Public Domain] was reproduced via Wikimedia Commons. Part B [Public Domain] was 

reproduced via Wikimedia Commons. Part C [Public Domain] was reproduced via Wikimedia Commons. 

 

Remarkably, adaptive camouflage and shapeshifting reach beyond fables and science 

fiction—over millions of years of natural evolution, cephalopods (e.g., squid, octopuses, and 

cuttlefish) have developed and refined these capabilities for communication and disguise.5-11 For 

example, Figure 1.2A shows a common octopus on a seaweed- and algae-covered rock.10 The 

animal blends almost perfectly into its environment by matching the surrounding patterning, color, 

shape, and texture (Figure 1.2A, left) and only becomes clearly visible upon being disturbed 

(Figure 1.2A, right).10 Other cephalopods, such as the squid in Figure 1.2B, are capable of equally 

striking feats.11 When swimming in front of a rocky background, the squid nearly disappears due 

to its mottled and partially transparent skin (Figure 1.2B, left) and is only easily distinguishable 

when its skin turns dark and relatively uniform (Figure 1.2B, right).11 Due to such visually stunning 
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demonstrations, cephalopods have emerged as an exciting source of inspiration for the 

development of color- and shape-changing technologies. 

 

Figure 1.2: A) Camouflaged octopus positioned on a rock. The animal alters the coloration, texture, and morphology 

of its skin to match the surrounding environment, making it difficult to discern (left). When disturbed, the octopus 

changes its appearance and becomes visible (right). B) Squid with mottled and partially transparent skin, which is 

difficult to distinguish from the rock in the background (left). After the squid alters the coloration of its skin, the 

animal becomes clearly visible. Part A was reproduced with permission of Elsevier. Copyright 2007. 

 

To understand (and ultimately emulate) the capabilities of cephalopods, it is instructive to 

consider their generalized skin architecture and morphology (note that the exact arrangement may 

vary among different species) (Figure 1.3). “Typical” cephalopod skin consists of multiple layers 

containing optically active cells known as leucophores, iridophores, and chromatophores (Figure 

1.3A), which work in concert but possess distinct primary functions.5,9 The leucophores serve as 

diffuse reflectors that scatter light, the iridophores serve as dynamic Bragg stacks that reflect light, 

and the chromatophores serve as size-variable spectral filters that absorb/transmit light (note that 

the specific cell types and their functionality also may vary among different species) (Figure 

1.3B).9,12-20 For some cephalopods, iridophores and chromatophores are controlled via an 

extensive network of embedded nerve fibers, which effectively multiplexes the cells and connects 
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them to the central nervous system.5,9,16,20 Moreover, many cephalopods are capable of altering the 

physical form and shape of their skin, all without negatively affecting the embedded cells’ optical 

functionality.9,21-24 Thus, cephalopod skin essentially functions as a sophisticated three-

dimensional adaptive display, with a combination of switchable vivid coloration, hierarchical 

multiplexing and pixelation, and precise shape and texture modulation that remains unrivaled both 

in the animal kingdom and among modern optical devices. 

 

Figure 1.3: A) Picture of cuttlefish skin that shows leucophores (white), iridophores (green), and chromatophores 

(yellow, red, and dark brown). B) Diagram of “typical” cephalopod skin that illustrates the optical functionality of 

leucophores, iridophores, and chromatophores. The leucophores serve as diffuse white reflectors, the iridophores serve 

as dynamic Bragg reflectors, and the chromatophores serve as size-variable spectral filters. The picture shows two 

states on the left and the right (see the distinct cells and ray traces), exemplifying the sophisticated means by which 

cephalopods change their coloration. Parts A and B were reproduced with permission of The Royal Society. Copyright 

2012. 

 

In this perspective, we provide an overview of recent cephalopod-inspired studies, which 

can be viewed as preliminary steps toward realizing adaptive camouflage and shapeshifter-like 

technologies. First, we highlight various materials and devices that reversibly change their 

coloration. Subsequently, we describe integrated systems that are capable of sophisticated 

patterning. In turn, we present materials that alter both their color and texture/shape. Finally, we 

conclude with an overview of some potential applications and key remaining challenges. Here, we 

note that natural systems have evolved a fantastically diverse array of advanced photonic 

structures,25-27 which have led to an impressive number of efforts seeking to understand and 

emulate their functionality.28-30 As such, our perspective in no way constitutes an exhaustive 

review but rather presents specific excerpts from a limited number of selected case studies (which 
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all drew inspiration from cephalopods). Through our discussion of several illustrative examples, 

we hope to stimulate additional dialogue and further work in the exciting emerging area of 

cephalopod-inspired dynamic materials. 

 

1.3 Switchable Coloration 

Coloration changes in cephalopod skin are activated through a diverse combination of 

mechanisms. As one example, Figure 1.4A shows a schematic of a squid iridophore, which is 

actuated in part through a chemical stimulus.14 The membrane of this cell folds to encompass 

platelets from a protein called reflectin, and these membrane-enclosed layers alternate with 

extracellular space to form Bragg reflector-like structures (Figure 1.4A). The reversible 

phosphorylation of reflectin induces platelet condensation/dehydration, changing the spacing, 

thickness, and refractive index of the layers and thus altering the dimensions of the Bragg 

reflectors.14 This reversible process allows the iridophores to dynamically modulate their apparent 

color (Figure 1.4B).14 As another example, Figure 1.4C shows a schematic of a cuttlefish 

chromatophore, which is actuated in part through a mechanical stimulus.17 The cell is ringed by 

radial muscle fibers and encompasses sacs filled with a network of pigment granules, which 

contain pigments, reflectins, and crystallins (Figure 1.4C).17 The muscle fibers expand the red, 

yellow, or brown chromatophores from barely visible spherical points to thin colored plates, 

altering the architecture, absorbance, and luminescence of the embedded granule network and 

enabling the cells to serve as spectral filters (Figure 1.4D).17 The functionality of both of these cell 

types makes them attractive as models for artificial color-changing materials, devices, and systems. 
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Figure 1.4: A) Illustration of an iridophore and its associated membrane-enclosed reflectin platelets, which alternate 

with extracellular space to form biological Bragg reflectors. The geometry and optical properties of the reflectors are 

modulated through a sophisticated signaling cascade. B) Microscope image of squid iridophores with different 

colorations. C) Illustration of a chromatophore and its internal tethered pigment granule network. The architecture and 

optical properties of the pigment network are controlled by the radial muscle fibers. D) A picture of cuttlefish 

chromatophores in their punctate (dot-like) and expanded states. Parts A and B were reproduced with permission of 

the National Academy of Sciences, USA. Copyright 2013. Parts C and D were reproduced with permission of The 

Royal Society. Copyright 2014. 

 

Kramer and co-workers drew inspiration from reflectin platelets in iridophores and studied 

protein-based thin films and microstructures.31 For this purpose, the authors used the protein 

reflectin, which had been shown to play a crucial role in the optical functionality of iridophores.14,15 

Figure 1.5A illustrates the general film fabrication procedure, which entailed flow coating reflectin 

with a blade onto an underlying substrate. The process yielded films for which the coloration was 

determined by their thickness and thin film interference (Figure 1.5B,C). The authors demonstrated 

that water vapor-induced swelling reversibly modulated the films’ coloration, albeit across a 

relatively narrow range. Furthermore, the authors self-assembled reflectin into fibers and 

diffraction gratings, which held potential for more advanced photonic applications. These seminal 

experiments highlighted the promise of materials that occur naturally in cephalopods for 

applications in dynamic color-changing optical devices. 
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Figure 1.5: A) Procedure for flow coating reflectin films onto hard substrates. B) Reflectin film that featured a 

thickness gradient, which was produced by adjusting the tilt of the blade during fabrication. C) Corresponding 

reflectance spectra for the different regions of the film in part B. Note that the reflectance of the film was dictated by 

thin film interference. Parts A, B, and C were reproduced with permission of Macmillan Publishers Ltd.: Nature 

Materials. Copyright 2007. 

 

Phan and co-workers also drew inspiration from reflectin platelets in iridophores and 

investigated protein-based color-changing coatings on hard substrates (in analogy to the work of 

Kramer and co-workers).32 Figure 1.6A illustrates the general film fabrication procedure, which 

consisted of functionalizing the substrate with graphene oxide and then covering the surface with 

the stimuli-responsive protein reflectin. The process yielded films like the one shown in Figure 

1.6B, for which the apparent color was dictated by the thickness. The authors next modulated the 

films’ coloration through exposure to acetic acid vapor, which induced substantial swelling due to 

changes in intraprotein electrostatic interactions (Figure 1.6C). By controlling this chemical 

stimulus, the authors were able to reversibly tune the films’ reflectance across the entire visible 

spectrum and even into the near-infrared (Figure 1.6D). Notably, the films functioned as a 

rudimentary form of active infrared camouflage, disguising objects from visualization under 

illumination with infrared light. These experiments demonstrated functionality not necessarily 

intended by nature, as well as a large dynamic coloration range, for protein-based coatings. 

Phan and co-workers subsequently followed up on their initial experiments and studied 

color-changing coatings on conformable adherent substrates.33 The authors first adapted their 

fabrication procedures for flexible substrate materials, forming reflectin films on graphene oxide-

coated fluorinated ethylene propylene tape (Figure 1.7A). In turn, they applied the tape to standard 

camouflage fabrics as stickers, which were relatively difficult to distinguish from the background 

(Figure 1.7B). The initial unactuated stickers were transparent and featured peak reflectances in 

the near-infrared (Figure 1.7C). However, upon mechanical actuation (uniaxial stretching), the 

thickness of the tape and the overlaid reflectin films decreased due to the Poisson effect (Figure 
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1.7D). The actuated stickers thus acquired an opaque orange color (Figure 1.7E) and featured peak 

reflectances in the visible (Figure 1.7F), making them straightforward to identify. Here, the authors 

again used their systems as active infrared camouflage, noting the stickers’ potential deployment 

flexibility. These experiments represented a straightforward method for the integration of simple 

mechanically actuated systems with fabrics. 

 

Figure 1.6: A) Procedure for fabrication of reflectin films on graphene oxide-modified substrates via doctor blading. 

(B) Representative optical image of a reflectin film, for which the color and reflectance were dictated by thin film 

interference. C) Change in thickness induced by acetic acid vapor for a reflectin film. D) Change in reflectance for a 

reflectin film as a function of time following the application of acetic acid vapor. Note that the initial reflectance 

spectrum could be recovered through removal of the acidic stimulus. Parts A–D were reproduced with permission of 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Copyright 2013. 
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Figure 1.7: A) Schematic of reflectin-coated tape in the absence of strain. B) Optical camera image of a camouflage 

fatigue overlaid with reflectin-coated tape, which was transparent in the absence of strain. C) Corresponding 

reflectance spectrum for the film in part B. D) Schematic of reflectin-coated tape in the presence of strain. The 

application of a uniaxial strain to the tape altered the dimensions of the overlaid reflectin film. E) Optical camera 

image of the camouflage fatigue from part B after the application of strain to the reflectin-coated tape. Note that the 

tape acquired an orange color and became opaque. F) Corresponding reflectance spectrum for the film in part E, 

demonstrating a shift in the reflectance. Parts A–F were reprinted from ref 27. 

 

Wang and co-workers drew inspiration from the mechanical actuation of chromatophores 

and investigated elastomers with mechanoresponsive coloration (in an approach analogous to the 

one of Phan and co-workers).34 The authors prepared cross-linked silicone elastomers containing 

the covalently attached mechanophore spiropyran. In the absence of a mechanical stimulus, the 

elastomers possessed a pale yellow color (Figure 1.8A, left). However, the application of a 

sufficient uniaxial strain induced a ring-opening reaction, transforming the spiropyran to a 

merocyanine and changing the color of the elastomers to blue (Figure 1.8A, middle). The relaxed 

elastomers were returned to their original state through irradiation with green light, which induced 

a ring-closing reaction and converted the merocyanine back to a spiropyran (Figure 1.8A, right). 

Notably, due to the fluorescence of the embedded molecules, the authors were able to monitor the 

entire reversible conversion process with fluorescence microscopy (Figure 1.8B). These 

experiments showcased the coupling of mechanical and chemical effects for the induction of 

coloration changes in elastomeric materials. 

Rossiter and co-workers also drew inspiration from the mechanical actuation of 

chromatophores and studied polymer-based artificial variants of these cells (in another analogous 

strategy).35 The authors fabricated their devices from dielectric elastomers, a class of materials for 

which the application of an electric field induces transverse thickness compression and planar areal 

expansion.35,36 The artificial chromatophores consisted of a clear polyacrylate dielectric elastomer 

layer sandwiched by two transparent, compliant electrodes and overlaid with a blue-colored soft 

gel (Figure 1.9A). Prior to electrical actuation, the appearance of the device was dictated by the 
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initial size of the electrodes and the color of the overlaid gel (Figure 1.9B, left), but after electrical 

actuation, the appearance of the device was determined by the applied transverse electric field, 

which increased the electrode active area and reduced the gel color intensity (Figure 1.9B, right). 

These experiments constituted an initial demonstration of cephalopod-inspired devices that were 

controlled electrically. 

 

Figure 1.8: A) Optical image of a silicone elastomer that contained covalently attached spiropyran mechanophores in 

the absence of an applied strain (left), under a uniaxial strain of 200% (middle), and after relaxation and illumination 

with green light (right). The applied strain caused a change in the coloration of the elastomer from pale yellow to blue, 

due to conversion of the spiropyrans into merocyanines. The relaxation of the strain and exposure to green light 

returned the mechanophores to their original state, as well as returned the coloration of the elastomer to yellow. B) 

Fluorescence microscope images of the film corresponding to the three situations in part A, revealing the fluorescence 

of the merocyanines (middle). Parts A and B were reproduced with permission of Macmillan Publishers Ltd.: Nature 

Communications. Copyright 2014. 
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Figure 1.9: A) Image of a single artificial chromatophore, which was composed of a transparent dielectric elastomer 

layer stretched over a frame, partially sandwiched between two transparent electrodes, and overlaid with a blue-

colored gel. B) Schematic of the artificial chromatophore, for which the application of an electric field induced a 

change in both the geometry of the electrode and the color intensity of the overlaid gel. Part A was reproduced with 

permission of IOP Publishing. Copyright 2012. 

 

1.4 Hierarchical Multiplexing and Pixelation 

 Many cephalopods control the appearance of their skin at both the local and global levels 

via an interconnected network of embedded nerve fibers.5,9,16,20 As an example, Figure 1.10A 

shows a fluorescence microscopy image of squid fin skin, for which the nerve fibers are stained 

red with a fluorescent dye.20 The image clearly demonstrates that the nerves are highly branched 

and situated near the iridophores and chromatophores (or even contact them directly). Remarkably, 

direct electrical stimulation of the nerves triggers coloration changes for the innervated cells, as 

shown for both individual iridophores (Figure 1.10B) and entire iridophore clusters (Figure 

1.10C).20 Thus, the nerve fibers effectively serve to multiplex the three-dimensional network of 

color-changing elements that comprise the skin. Consequently, the general strategy squid employ 

to hierarchically modulate the appearance of their skin holds appeal for applications in autonomous 

multiplexed systems from independently addressable color-changing elements. 
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Figure 1.10: A) Fluorescence image of innervated squid skin with the nerve fibers stained red. Note the proximity of 

the nerve fibers to the chromatophores and iridophores. B) Example of a squid iridophore before (left) and after (right) 

nerve electrical stimulation. Note the change in color for the cell. C) Example of a squid fin iridophore cluster before 

(left) and after (right) electrical stimulation of the fin nerve. Note the change in color for the cell cluster. Parts A, B, 

and C were reproduced with permission of The Royal Society. Copyright 2012. 

 

Rossiter and co-workers built upon their earlier experiments and investigated the optical 

functionality of devices from multiple artificial chromatophores.36 Thus, the authors fabricated 

more advanced devices, which consisted of three distinct dielectric elastomer layers partially 

sandwiched by either red, green, or blue pigmented electrode areas and stacked on top of one 
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another (Figure 1.11A). For this cluster or pixel configuration, the layers could be addressed and 

electrically actuated independently. As an example, Figure 1.11B shows a schematic of a device 

that was cycled between different coloration states, wherein the green and blue layers were 

actuated (Figure 1.11B, top), the red and green layers were actuated (Figure 1.11B, bottom left), 

and only the blue layer was actuated (Figure 1.11B, bottom right). The authors modeled the 

coloration of such clusters when integrated into a large array, spaced precisely apart, multiplexed 

for arbitrary electrical triggering, and viewed from a distance. The theoretical modeling indicated 

that arrayed pixels would be capable of generating a wide range of colors. These experiments laid 

a conceptual foundation for the preparation of systems that use only simple elements to mimic a 

broad color palette. 

 

Figure 1.11: A) Schematic of a device that featured artificial chromatophores within multiple independent stacked 

layers. The three layers contained red (top), green (middle), and blue (bottom) electrode areas. Note that the layers 

could be electrically actuated independently. B) Schematic of a device for which the green and blue layers were 

actuated (top), the red and green layers were actuated (bottom left), and only the blue layer was actuated (bottom 

right). These figures are an artistic rendition of the schematics from ref 30. 

 

Morin and co-workers drew inspiration from the global color-changing abilities of 

cephalopod skin and studied a sophisticated integrated system that was capable of concealment in 

diverse settings.37 For this purpose, the authors fabricated elastomer layers containing distinct 
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networks of independently addressable microfluidic channels (Figure 1.12A). Through injection 

of different liquids into the channels, the layers’ coloration and patterning could be changed in a 

predetermined fashion; Figure 1.12B,C,D shows the appearance of a layer for which one channel 

was filled with a red dye solution, one channel was filled with a blue dye solution, or two different 

channels were filled with red and blue dye solutions. The authors also demonstrated that layers 

filled with appropriate dye dispersions were capable of matching various backgrounds, such as 

rocks (Figure 1.12E). Moreover, through injection of solutions with controlled temperatures, the 

layers could be induced to either blend into or stand out against their thermal environments (Figure 

1.12F). Notably, by integrating the microfluidic layers with pneumatically actuated soft robots, the 

authors manufactured mobile systems that exhibited camouflage capabilities. For example, Figure 

1.12G shows a robot among leaves before being filled with a dye solution (when it is clearly 

visible), as well as the same robot after being filled with a dye solution (when it is more difficult 

to discern from the background). Together, these experiments constituted a substantial advance 

with regard to mobile systems that adaptively emulate a wide range of environments. 
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Figure 1.12: A) Schematic of the top and side views of an elastomer layer that contained two different microfluidic 

channel networks. B) Image of the layer from part A, for which one channel was filled with a red dye solution. C) 

Image of the layer from part A, for which one channel was filled with a blue dye solution. D) Image of the layer from 

part A, for which different channels were filled with red and blue dye solutions. E) Images of a microfluidic layer 

before (top) and after (bottom) injection of dye dispersions with different gray shades. The dispersions allowed the 

layer to match the appearance of the background rocks. F) Infrared camera images of the microfluidic layer from part 

E before (top) and after (bottom) injection of dye dispersions with different temperatures. The dispersions allowed the 

layer to stand out from its thermal environment. G) Images of an elastomer layer that was integrated with a 

pneumatically actuated soft robot. The robot was clearly distinguishable from a red leaf background before injection 

of a dye solution (top) and blended into the red leaf background after injection of a dye solution (bottom). Parts A–G 

were reproduced with permission of The American Association for the Advancement of Science. Copyright 2012. 

 

Larson and co-workers drew inspiration from the architecture of cephalopod skin and 

investigated soft multipixel electroluminescent display-like sheets.38 Thus, the authors first 

designed and fabricated hyperelastic light-emitting capacitors, which consisted of a phosphor-

containing layer sandwiched between two ionically conducting polyacrylamide electrodes and 

encapsulated within a silicon housing (Figure 1.13A). Subsequently, the authors used replica 

molding to fabricate sheets containing arrays of such devices (Figure 1.13B,C). For these arrays, 

the emission of light was induced through the selective application of alternating current electric 

fields to independent pixels in distinct areas, enabling control over the sheets’ patterning and 

appearance. As an example, Figure 1.13C,D,E shows sheets for which eight by eight, six by six, 
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and three by three arrayed pixel subsets have been actuated. Here, the use of different phosphors 

in the electroluminescent layers made it straightforward to fabricate devices with distinct 

colorations; Figure 1.13B,C shows different sheets from phosphors that emit blue and orange light. 

These experiments constituted an exciting example of soft devices that possessed spatiotemporally 

patternable coloration and appeared amenable to integration with more advanced systems. 

 

Figure 1.13: A) Schematic of a hyperelastic light-emitting capacitor, which consisted of an electroluminescent 

phosphor-containing layer sandwiched between two ionically conducting polyacrylamide electrodes and encapsulated 

in a flexible silicon housing. B) Picture of a multipixel display composed of arrayed capacitors. The display emitted 

blue light upon application of an electric field (actuation). C) Picture of a multipixel display comprised of arrayed 

capacitors. The entire eight by eight pixel array was actuated and emitted orange light. D) Picture of the display from 

part C, for which a six by six subset of the pixel array was actuated and emitted orange light. E) Picture of the display 

from part C, for which a three by three subset of the pixel array was actuated and emitted orange light. Parts A–E were 

reproduced with permission of The American Association for the Advancement of Science. Copyright 2016. 

 

Yu and co-workers also drew inspiration from the hierarchical multilayer architecture of 

cephalopod skin and studied the properties of multiplexed optoelectronic systems.39 The authors 

therefore designed multilayer unit cells, for which an exploded view schematic is illustrated in 

Figure 1.14A and corresponding optical images are shown in Figure 1.14B,C,D,E. These unit cells 
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consisted of a thermochromic color-changing dye embedded in a polymer matrix, in analogy to a 

chromatophore (Figure 1.14B); a thin silver layer as a bright white background, in analogy to a 

leucophore (Figure 1.14C); a silicon diode heating element as an actuator, in analogy to the 

chromatophores’ muscle fibers (Figure 1.14D); and a silicon photodiode as a light sensor, in 

analogy to photoresponsive opsin-containing functional units (Figure 1.14E). The authors 

fabricated multilayer, multiplexed arrays composed of the unit cells on flexible polymeric support 

substrates; an exploded view schematic of the arrays is illustrated in Figure 1.14F, and a 

corresponding optical image is shown in Figure 1.14G. Through controlled localized heating of 

the thermochromic color-changing elements, the final integrated systems were capable of 

producing arbitrary black and white patterns. As an example, Figure 1.14H shows an array that 

was programmed to display the text “UoI.” Notably, such arrays maintained their functionality 

even under mechanical deformation and possessed angle-independent coloration. Furthermore, the 

authors demonstrated that the integrated systems were able to autonomously sense exogenous 

stimuli, i.e., incident light, and appropriately adapt their appearance, i.e., change coloration. For 

instance, Figure 1.14I shows an array that was illuminated with light in different areas—the 

stimulus was detected by the photodiodes and transduced into localized color changes (from black 

to white) via heating of specific elements. Overall, these experiments represented a key innovative 

step forward for multiplexed systems that could exhibit fully autonomous operation. 
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Figure 1.14: A) Schematic of a multilayer unit cell that incorporated essential design features found in cephalopod 

skin. The unit cells consisted of a thermochromic color-changing dye embedded in a polymer matrix, in analogy to a 

chromatophore; a thin silver layer as a bright white background, in analogy to a leucophore; a silicon diode heating 

element as an actuator, in analogy to the chromatophores’ muscle fibers; and a silicon photodiode as a light sensor, in 

analogy to photoresponsive opsin-containing functional units. B) Optical image of a thermochromic equivalent to a 

chromatophore. C) Optical image of the silver layer and the silicon diode. D) Optical image of the diode. E) Optical 

image of a photodiode and an associated blocking diode for multiplexing. F) Illustration of an interconnected unit cell 

array in a complete artificial adaptive camouflage skin. G) Optical image of an interconnected unit cell array in a 

complete artificial adaptive camouflage skin. H) Image of a bent device that was actuated to display the text “UoI.” I) 

Schematics and corresponding optical images of devices that were illuminated with light, which stimulated the 

photodiodes and induced a local coloration change from black to white. As a shadow mask moved the light to different 

locations, the artificial camouflage skins were able to independently adapt their pattern to match the constantly 

changing position of the incident light. Parts A–I were reproduced with permission of the National Academy of 

Sciences, USA. Copyright 2014. 

 

1.5 Shape and Texture Modulation 

 Cephalopods’ flexible and deformable skin allows these animals to contort their body and 

appendages into seemingly arbitrary geometries and positions.21-24 As one example, Figure 1.15A 

shows a common octopus attempting to grab a piece of bait in a glass tube.24 When reaching for 

the bait, the octopus elongates an outstretched arm by a factor of 2 or more, demonstrating the 

intrinsic stretchability of its skin.24 As another example, Figure 1.15B shows a picture of a common 

octopus’ eye and the surrounding smooth skin.22 To match its surroundings, the octopus extends 

small rounded protuberances known as papillae, causing the skin to appear textured.22 Such 

mechanical properties make cephalopod skin unique in the animal kingdom and highly attractive 

as a prototype for systems with reconfigurable shapes and textures. 



19 

 

 

Figure 1.15: A) Picture of an octopus and bait positioned at opposite ends of a glass tube, with the animal reaching 

for the bait (left). After the bait is moved farther away, the octopus attempts to secure the bait by substantially 

elongating its arm to twice the original length (right). B) Picture of an octopus with flat skin around its eye (left). 

The octopus extends papillae to texture the skin (right). Part A was reproduced with permission of Elsevier. 

Copyright 2013. Part B was reproduced with permission of Wiley Periodicals, Inc. Copyright 2013. 

 

 Rossiter and co-workers drew inspiration from multiple types of cephalopod skin cells and 

investigated “inverted” artificial chromatophore/iridophore variants.35 The authors therefore 

fabricated devices consisting of a dielectric elastomer layer sandwiched by annular carbon grease 

electrodes and overlaid with a blue-colored gel in the region lacking electrodes (Figure 1.16). In 

the absence of an applied electric field, the gel-covered central area possessed a specific 

size/thickness and color intensity, and the surrounding electrode was relatively smooth (Figure 

1.16A, left and Figure 1.16B, left). However, in the presence of an applied electric field, the central 

region changed its size/thickness and corresponding color intensity, and the surrounding electrode 

displayed radial buckling or wrinkling (Figure 1.16A, right and Figure 1.16B, right). These 

experiments represented an early proof-of-principle demonstration of the simultaneous modulation 

of the macroscopic texture and color for cephalopod-inspired devices. 
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Figure 1.16: A) Schematic of an “inverted” artificial chromatophore, which consisted of a central region overlaid 

with a blue-colored gel layer and surrounded by an annular electrode (left). The application of an electric field induced 

a change in the geometry and color intensity of the central region, as well as radial buckling/wrinkling of the 

surrounding electrode’s surface (right). B) Image of an “inverted” artificial chromatophore before (left) and after 

(right) electrical actuation. The device displayed a change in geometry and color intensity for the central region, as 

well as radial buckling/wrinkling of the surrounding electrode upon application of an electric field. Part B was 

reproduced with permission of IOP Publishing. Copyright 2012. 

 

 Wang and co-workers drew inspiration from the general optomechanical properties of 

cephalopod skin and used electromechanochemically responsive elastomers in electrically 

actuated systems with advanced microscale patterning capabilities.34 For this purpose, the authors 

designed and fabricated multilayer structures, which consisted of a thin metal foil, a rigid 

protective insulator, a buffer elastomer layer, an electromechanochemically responsive elastomer 

layer, and a conductive salt solution electrode (Figure 1.17A). In the absence of applied electric 

fields, the surfaces of such devices were flat, but upon application of electric fields above material-

specific critical values, the surfaces became unstable and formed patterns of micrometer-size 
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wrinkles (Figure 1.17B). For even larger applied electric fields, the valleys between the wrinkles 

were pressed down, forming craters (Figure 1.17C). As an example, Figure 1.17D shows an optical 

image of an initially flat electromechanochemically responsive elastomer layer for which an 

applied electric field had triggered the formation of a pattern of craters (note that the surface 

recovered its flat state once the stimulus was removed). Notably, the authors demonstrated that 

larger electric fields induced more substantial deformation around the crater edges and an 

associated local activation of fluorescence for the spiropyran mechanophores, leading to 

controllable changes in the effective coloration of the layer (Figure 1.17E). Furthermore, the 

authors showed that prestretching the electromechanochemically responsive elastomer films 

produced patterns of trenches (Figure 1.17F) and that embedding U-shaped obstacles within the 

buffer layers reproduced their underlying geometries on the surface (Figure 1.17G). Altogether, 

these experiments demonstrated a strategy for the localized rational programming and patterning 

of microscopic texture and color for cephalopod-inspired systems. 

 

Figure 1.17: A) Schematic of the electromechanochemically responsive structure, which consisted of a thin metal 

foil, a rigid protective insulator, a buffer elastomer layer, an electromechanochemically responsive elastomer layer, 

and a conductive salt solution electrode. B) Schematic of the structure from part A, for which the application of electric 

fields above material-specific critical values led to the formation of wrinkles. C) Schematic of the structure from part 

A, for which the application of even larger electric fields led to the formation of craters. D) Optical microscope images 
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of an initially flat elastomer layer, for which applied electric fields of increasing magnitude induced surface texturing 

(the formation of craters). E) Fluorescence microscope images of the layer from part D showing that deformation 

around the crater edges locally converted the spiropyrans to fluorescent merocyanines. F) Schematic of a prestretched 

electromechanochemically responsive elastomer film (left). An optical microscope image of a prestretched film for 

which an electric field induced the formation of trenches (middle). A fluorescence microscopy image of the 

prestretched film demonstrating that the edges of the trenches were fluorescent (right). G) Schematic of an 

electromechanochemically responsive elastomer film with an obstacle embedded in the underlying buffer substrate 

(left). An optical microscope image of the film for which an electric field induced deformation along the contour of 

the obstacle (middle). A fluorescence microscopy image of the deformed film demonstrating that the edges of the 

obstacle were fluorescent (right). Parts A–G were reproduced with permission of Macmillan Publishers Ltd.: Nature 

Communications. Copyright 2014. 
 

 Larson and co-workers drew inspiration from the general malleability of octopus skin and 

investigated the functionality of their display-like sheets under substantial deformation.38 Here, the 

authors employed both single- and multipixel variants of the hyperelastic light-emitting capacitors. 

As one example, Figure 1.18A shows a single-pixel capacitor in its initial and stretched states; the 

device continued operating under tension, with a predictable increase in the intensity of the emitted 

light. As another example, Figure 1.18B,C,D shows multipixel display-like sheets that were 

wrapped around a finger, bent, or rolled. Such patterned analogues of the stretchable devices 

maintained their normal functionality, i.e., light emission, even when subjected to different types 

of mechanical deformation. Moreover, deformation did not appear to affect localized triggering of 

device coloration changes via selective regional application of electric fields (Figure 1.18E). These 

experiments demonstrated the modulation of both global shape and appearance with independent 

orthogonal stimuli for cephalopod-inspired devices. 
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Figure 1.18: A) Optical images of a hyperelastic light-emitting capacitor under different applied engineering strains. 

As the device was stretched to approximately five times its original length (left to right), the functionality was 

maintained, and the intensity increased in predictable fashion. B) Multipixel blue light-emitting display that was 

deformed by wrapping around a finger. C) Multipixel blue light-emitting display that was deformed by folding. D) 

Multipixel blue light-emitting display that was deformed by rolling. E) Deformed multipixel orange light-emitting 

display for which a subset of its pixels was actuated. Parts A–E were reproduced with permission of The American 

Association for the Advancement of Science. Copyright 2016. 

 

1.6 Conclusion and Implications 

In summary, we have provided an overview of the remarkable abilities of cephalopods and 

the development of color- and shape-changing materials, devices, and systems directly inspired by 

these animals. We have highlighted several selected case studies related to switchable coloration, 

hierarchical multiplexing/pixelation, and shape/texture modulation. These studies constitute 

substantial progress toward advanced adaptive camouflage and shapeshifter-like technologies that 

emulate the abilities of cephalopods. Moving forward, we believe that the integration of 

cephalopod-inspired materials, devices, and systems with textiles and fabrics represents the natural 
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future progression of research in this field, with such work enabling the development of clothing 

that functions like a second skin and has a disruptive effect on daily life. 

When considering the possibilities afforded by futuristic wearable adaptive camouflage, 

military applications readily come to mind. Indeed, the U.S. military has invested heavily in the 

development of advanced fabrics for concealing soldiers from detection by enemy combatants.40-

42 These efforts have often viewed universal camouflage fatigues that function with equal efficacy 

in any environment as the ultimate lofty goal.40-42 The utility of such clothing becomes apparent 

when considering a soldier who travels from a desert to a forest environment. Initially, for optimum 

concealment in the desert, the soldier needs a uniform with a flat surface and large light brown or 

beige patterning. Subsequently, for optimum concealment in the forest, the soldier needs a uniform 

with a textured brush-like surface and smaller green and dark brown patterning. Fatigues that adapt 

to disguise the soldier in both environments therefore may greatly enhance his survivability. This 

type of game-changing technology could prove invaluable in many combat situations and help 

save countless lives. 

Wearable color- and shape-changing technologies also appear highly attractive for leisure 

applications. Indeed, apparel companies have envisioned customizable fabrics that selectively 

adapt to the needs of the wearer.43,44 As an example, Figure 1.19 shows images from an 

advertisement produced by Under Armour, which is entitled “Future Girl.”43 In this advertisement, 

a woman dons an advanced garment that dynamically regulates its properties, readily changing 

shape and size to conform to the user’s body (Figure 1.19A). Moreover, the garment contains an 

integrated control and monitoring panel (Figure 1.19B), allowing the user to modulate the 

garment’s style and coloration at the push of a button for any conceivable activity (Figure 1.19C). 

Such futuristic clothing presents seemingly endless possibilities, including regulation of an 
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individual’s personal thermal comfort and direct continuous monitoring of vital signs. This type 

of technology could ultimately have a transformative impact on the daily activities of the average 

person. 

The illustrative examples above are just two of a myriad of possibilities, and one can 

envision many other applications, including (but certainly not limited to) physical therapy for 

injuries, assistance for the elderly, and support suits for construction crews. However, for wearable 

cephalopod-inspired adaptive systems to reach their full potential, many scientific and 

technological challenges must still be overcome by interdisciplinary groups of scientists. For 

instance, despite the exciting progress made to date, further work and research is certainly 

necessary within the realms of switchable coloration and hierarchical multiplexing/pixelation. In 

addition, cephalopod-inspired materials that simultaneously change shape and color are not yet 

comparable to the state-of-the-art in thematically related fields, such as shape memory polymers 

and alloys,45-47 as relatively fewer cephalopod-inspired studies have leveraged concepts from these 

entrenched areas.48,49 Moreover, switching speed, power consumption, long-term durability, textile 

integration, manufacturability, and cost are all significant concerns, which we have not adequately 

addressed in our discussion. Finally, the envisioned applications inherently necessitate the 

development of advanced portable control systems for the transduction of sensory inputs from the 

surroundings into physical effects; such control systems require a degree of complexity 

comparable to that of the cephalopods’ central nervous system, which is a daunting prospect. 

Although the numerous remaining challenges are formidable, we hope that the prospect of bringing 

to life concepts from fables and science fiction, i.e., adaptive camouflage and shapeshifting, will 

provide an impetus for additional research effort and ensure continued impressive scientific 

breakthroughs in the described emerging area. 
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Figure 1.19: A) Picture of Under Armour’s “Future Girl,” who is in the process of donning a garment that adapts its 

size and shape to conform to the body of the wearer. B) Picture of the adaptive garment’s wrist-mounted control and 

monitoring panel. C) Pictures of the garment when it is gray (left) and blue (right). The color change is activated via 

the wrist-mounted panel. Parts A–C were reproduced with permission from Under Armour. 
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CHAPTER 2 Reconfigurable Infrared Camouflage Coatings from a 

Cephalopod Protein 

2.1: Abstract 

In nature, cephalopods employ unique dynamic camouflage mechanisms. Herein, we draw 

inspiration from self-assembled structures found in cephalopods to fabricate tunable biomimetic 

camouflage coatings. The reflectance of these coatings is dynamically modulated between the 

visible and infrared regions of the electromagnetic spectrum in situ. Our studies represent a crucial 

step towards reconfigurable and disposable infrared camouflage for stealth applications. 

 

2.2: Introduction 

Over millions of years of evolution, nature has mastered the manipulation of light and color 

through the controlled arrangement of nanoscale structures.1-3 Structural color is widespread in the 

animal kingdom (noteworthy examples are present in insects, reptiles, cephalopods, frogs, fish, 

and birds), and it typically plays a crucial biological role in camouflage, communication, and 

temperature control.1-3 The functional diversity of structural color has inspired the development of 

materials and surfaces that imitate natural coloration mechanisms.4-6 Such studies have shown 

promise for applications in commercial and military technologies, including reconfigurable 

camouflage, advanced adaptable optics, and energy efficient devices.4-11 

For stealth applications,7-9 the camouflage mechanisms of cephalopods are particularly 

attractive. For example, squid in the Loliginidae family possess specialized dermal cells known as 

iridocytes.11-19 These cells contain alternating layers of cell membrane-enclosed platelets 

composed of a structural protein called reflectin, which has a high refractive index, and 

extracellular space, which has a low refractive index.11-19 The lamellar structures function as 
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modular Bragg reflectors, whose spacing Loliginids tune to modulate their skin coloration across 

the entire visible spectrum and even into the near infrared.11-19 Thus, the Loliginidae family 

demonstrates two capabilities that are highly desirable in next generation infrared stealth 

technology:7-9 the reflectance of light over a broad range of wavelengths (extending from the 

visible region into the near infrared region) and reversible dynamic color tunability. 

Herein, we describe our progress towards Loliginid-inspired biomimetic infrared 

camouflage. Our strategy uses simple fabrication techniques to prepare thin films from a water-

soluble Loligo (Doryteuthis) pealeii reflectin isoform15 on graphene oxide-coated substrates. We 

can dynamically tune the reflectance of our coatings over more than 600 nm, which, to the best of 

our knowledge, represents the largest tunable reflectance window for any biological thin film. This 

tunability allows our films to reversibly disappear and reappear when visualized with an infrared 

imaging camera. Our findings represent an inexpensive and robust strategy for the fabrication of 

dynamically tunable infrared camouflage coatings on arbitrary surfaces. 

 

2.3 Results and Discussion 

 We began our studies by optimizing heterologous expression and inclusion body 

preparation protocols for the production of the histidine-tagged reflectin A1 (RfA1) isoform in E. 

coli. The protein was sequentially purified by immobilized metal affinity chromatography (IMAC) 

under denaturing conditions and high performance liquid chromatography (HPLC) (Figure S2.1 

and Figure S2.2, Supporting Information). The identity of the purified RfA1 was definitively 

confirmed by in-gel tryptic digestion and tandem mass spectrometry, which produced sequence 

coverage in excess of 96% (Figure S2.3). Notably, our optimized expression and purification 

procedure yielded >800 mg of purified RfA1 per liter of E. coli cell culture, with a purity of over 
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99%, as judged from HPLC chromatograms (Figure S2.1). The high yield and excellent purity 

facilitated subsequent thin film fabrication. 

We proceeded to screen a variety of substrates and surface treatments for the reliable 

formation of RfA1 thin films. The best results were obtained by spincasting 5 to 10 nm films of 

graphene oxide on (3-aminopropyl)triethoxy silane (APTES)-modified fused silica (or glass) 

substrates (Figure 2.1A). This material, which presents a negatively charged, amphipathic surface, 

is well suited for the electrostatically-induced assembly of positively charged RfA1.20,21 We used 

a modified doctor blading approach to spread RfA1 onto the graphene oxide-coated substrates 

(Figure 2.1A), yielding smooth films over centimeter areas, as determined by optical microscopy 

and atomic force microscopy (AFM) (Figure 2.1B and Figure S2.4). 

 We next investigated the optical properties of our RfA1 films. Here, the distinct coloration 

of the surfaces was dictated by the film thickness. As examples, Figure 2.1B and Figure 2.1C show 

typical optical images and reflectance spectra for two RfA1 films on silica: a 125 nm-thick blue 

film and a 207 nm-thick orange film, as determined by profilometry and interferometry. The 

observed peak reflectance wavelengths (λ = 431 nm and λ = 625 nm for the blue and orange films, 

respectively) yielded theoretical thicknesses (138 nm and 204 nm for the blue and orange films, 

respectively) that were in excellent agreement with the measured values (see Supporting 

Information for calculation details).22 
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Figure 2.1: A) Illustration of the fabrication of RfA1‐coated substrates. The process consists of casting a graphene 

oxide film onto an APTES‐modified substrate, followed by doctor blading of RfA1 directly onto this surface. B) 

Typical optical microscopy images for blue (left) and orange (right) RfA1 thin films, with thicknesses of 125 nm and 

207 nm, respectively. C) Correponding reflectance spectra for the blue (left) and orange (right) films. 

 

 Inspired by the dynamic optical properties of reflectin nanostructures, we sought to shift 

the reflectance of our RfA1 films into the infrared region of the electromagnetic spectrum. Given 

that Loliginids can dynamically modulate their skin reflectance across the entire visible spectrum 

and even out to near infrared wavelengths of ≈800 nm,19 we postulated that it should also be 

possible to tune the reflectance of our RfA1 thin films across a similar, or even larger, wavelength 

range. Thus, we sought conditions that would significantly increase the thickness of our RfA1 

films and, consequently, shift their reflectance spectra toward the infrared. 
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 We first explored the response of our coatings to an increase in relative humidity. Previous 

work demonstrated that reflectin thin films exhibit hydrogel-like behavior and can be swollen by 

exposure to water vapor, modulating the peak reflectance across the visible spectrum.14,17 Indeed, 

for a typical orange film, the presence of water vapor (relative humidity of 75%) caused the 

thickness to increase from 207 nm to 244 nm, with a concomitant peak reflectance shift from λ = 

625 nm to λ = 765 nm, as determined by interferometry (Figure S2.5). These observations were in 

qualitative agreement with previous studies.17 

 To modulate the reflectance of our RfA1 coatings over an even larger wavelength range, 

we explored their response to a variety of chemical stimuli (see Supporting Information). We 

discovered that exposing our films to vapor from a concentrated acetic acid solution induced a 

large, reversible shift in the reflectance spectra (Figure 2.2A and Figure S2.6). For example, when 

exposed to acetic acid vapor, an orange film on glass exhibited a new peak centered at λ = 1200 

nm (Figure 2.2A), which correlated to a film thickness of 394 nm (see Supporting Information for 

calculation details). Bovine serum albumin (BSA) control films prepared and treated under 

identical conditions displayed a much smaller response to acetic acid vapor (Figure S2.7). 

Surprisingly, the RfA1 films were stable upon exposure to acetic acid and could be dynamically 

cycled between visible and near infrared reflectance more than 140 times prior to degradation 

(Figure S2.4 and Figure S2.6). The large wavelength range and exceptional stability of our material 

represent important advantages for infrared camouflage coating applications.7-9 

 To explain the observed acid-induced swelling behavior, we considered the structure of the 

RfA1 films, which is illustrated in Figure 2.2B. The films are known to consist of closely packed 

RfA1 nanoparticles, as demonstrated by TEM and SAXS studies.15 Thus, we investigated the 

formation and size of RfA1 nanoparticles in solution as a function of pH via circular dichroism 
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(CD), fluorescence spectroscopy, and dynamic light scattering (DLS). In deionized water at a pH 

of ≈6.3, DLS revealed the formation of a stable solution of aggregated RfA1 with a narrowly 

distributed hydrodynamic radius of RH = 75 nm (±11 nm) (Figure S2.8). Furthermore, CD 

indicated that the aggregated RfA1 possessed little secondary structure (Figure S2.9) and 

fluorescence spectroscopy revealed a peak at λ = 342 nm, which is characteristic of tryptophan 

residues (Figure S2.10).23 Decreasing the pH to ≈2.3 caused little change in the protein structure, 

as evidenced by the CD spectra (Figure S2.9) and fluorescence measurements (Figure S2.10). 

However, DLS revealed that the average size of the aggregates increased to RH = 99 nm (±15 nm) 

at low pH, with a narrow distribution and no evidence of nanoparticle break-up (Figure S2.8). In 

their totality, these observations indicated that RfA1 nanoparticles occupy a larger volume under 

more acidic conditions, though the protein itself undergoes minimal structural changes. 

 Given previous literature precedent15 and our own observations, we postulate a simple 

model for acid-induced swelling of our films (Figure 2.2B). The isoelectric point (pI) of RfA1 is 

9.1, so at neutral pH, RfA1 possesses a net positive charge.15 Acidic conditions further increase 

the positive charge of the RfA1 protein, likely through the protonation and neutralization of the 

side chains of aspartic and glutamic acid residues (pKa of ≈3.9 and ≈4.3, respectively) and through 

the protonation of the imidazole groups of histidine residues (pKa of ≈6.0 to ≈7.0).23 This increase 

in net positive charge leads to enhanced intra-protein electrostatic repulsion and accounts for the 

observed swelling of the RfA1 nanoparticles in solution. Since our films consist of closely packed 

RfA1 nanoparticles,15 the swelling of the individual nanoparticles explains the significant increase 

in film thickness under acidic conditions. 
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Figure 2.2: A) Effect of acetic acid vapor on the reflectance spectrum of an RfA1 film. Swelling of the film leads to 

the appearance of a large reflectance peak centered at 1200 nm. The curves have been smoothed for clarity. B) 

Illustration of acetic acid vapor‐induced swelling for a film composed of net positively charged RfA1 nanoparticles. 

 

In a proof of principle demonstration of our coatings’ infrared camouflage capabilities, we 

visualized RfA1-covered silica substrates with a camera in both standard and infrared imaging 

modes, while modulating their reflectance in situ (Figure 2.3A). Under white light illumination, a 

typical RfA1 film appeared orange and could be readily distinguished from a piece of black paper 

and a leaf (Figure 2.3B). Under infrared illumination at λ = 940 nm without any chemical stimulus, 

the RfA1 coating appeared black, with a relative brightness of 13% and resembled the paper 

control sample, with a relative brightness of 1% (Figure 2.3B and Figure S2.11). The leaf, which 

reflected in the infrared as expected for typical foliage, appeared red, with a relative brightness of 
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57% (Figure 2.3B and Figure S2.11). However, under infrared illumination at λ = 940 nm in the 

presence of acetic acid vapor, the reflectance of the RfA1 film shifted into the near infrared, and 

the RfA1-coated substrate appeared red, with a maximum relative brightness of 100% (Figure 2.3B 

and Figure S2.11). The RfA1-coated substrate thus became distinct from the paper control, with a 

relative brightness of 7%, and now resembled the leaf control, with a relative brightness of 64%. 

(Figure 2.3B and Figure S2.11). Overall, this experiment demonstrated that the RfA1-covered 

substrates could be dynamically hidden or revealed when probed with standard infrared detection 

equipment. 

 

Figure 2.3: A) Illustration depicting the appearance of the RfA1 film in the absence and presence of an external 

stimulus (acetic acid), when visualized with an infrared camera. B) First row: images of an RfA1‐coated substrate 

(left), a black piece of paper (center), and a plant leaf (right) that were captured with a standard camera under white 
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light illumination. Second row: images of the same RfA1‐coated substrate (left), black piece of paper (center), and 

plant leaf (right) that were captured with an infrared camera in the absence of acetic acid under infrared diode 

illumination. Third row: images of the same RfA1‐coated substrate (left), black piece of paper (center), and plant leaf 

(right) that were captured with an infrared camera in the presence of acetic acid under infrared diode illumination. 

Note the change in apparent coloration from black to red for the RfA1‐coated substrate in the absence (second row, 

left) and presence (third row, left) of acetic acid vapor. 
 

2.4 Conclusion  

 In conclusion, we have demonstrated graphene-templated, biomimetic camouflage 

coatings that possess several important advantages. The thin film fabrication strategy is 

inexpensive, robust, and compatible with a wide range of substrates of arbitrary form factor. The 

reflectance spectra of our coatings are modulated in situ, with an accessible coloration range 

between λ = 400 nm and λ = 1200 nm, as well as a dynamic tunability of over 600 nm. To the best 

of our knowledge, the demostrated in situ reflectance window is the largest reported for any 

biological thin film. In addition, we are aware of only limited examples of conformable coatings 

from soft materials that display dynamic tunability of their reflectance,24-31 with only a single 

example demonstrating in situ dynamic reflectance modulation over a larger portion of the 

electromagnetic spectrum.24 Furthermore, the thin film reflectance of our samples extends into the 

important λ = 700 nm to λ = 1200 nm spectral region, which matches the standard imaging range 

of infrared visualization equipment.7-9 Given these advantages, our dynamically tunable, infrared-

reflective films represent a crucial first step towards the development of reconfigurable and 

disposable biomimetic camouflage technologies for military stealth applications.7-9 

 

2.5 Supplementary Information 

Reflectin A1 Expression and Purification: An E. coli codon optimized gene coding for 6X 

histidine-tagged reflectin A1 protein (RfA1) from Doryteuthis pealeii (Genbank: ACZ57764.1) 

was synthesized and cloned into the pJExpress414 vector (DNA2.0). Note that the histidine tag, 



42 

 

while required for purification, may alter the properties of the wild type protein. The vector was 

transformed into BL21(DE3) cells (Novagen). RfA1 was expressed at 37 °C using Overnight 

Express Instant Terrific Broth (TB) media (Novagen) supplemented with 100 μg mL-1 

Carbenicillin. RfA1 was completely insoluble when expressed at 37 °C and was sequestered in 

inclusion bodies prepared using BugBuster (Novagen) according to the manufacturer's suggested 

protocols. The RfA1 inclusion bodies were then solubilized in denaturing buffer (pH 7.4, 50 mM 

sodium phosphate, 300 mM sodium chloride, 6 M guanidine hydrochloride) and purified under 

denaturing conditions on a HisPur Cobalt Resin gravity column (Thermo Scientific) according to 

the manufacturer's protocols (elution was performed using denaturing buffer supplemented with 

250 mM imidazole). The fractions containing RfA1 protein were pooled and concentrated on an 

Amicon Concentrator (Millipore) before being purified with high performance liquid 

chromatography (HPLC) on an Agilent 1260 Infinity system using a reverse phase C18 column. 

The gradient was evolved from 95% Buffer A:5% Buffer B to 5% Buffer A:95% Buffer B at a 

flow rate of 0.5 mL min−1 over 20 minutes (Buffer A: 99.9% water, 0.1% trifluoroacetic acid; 

Buffer B: 95% acetonitrile, 4.9% water, 0.1% trifluoroacetic acid). The pure RfA1 protein was 

pooled, flash frozen in liquid nitrogen, and lyophilized. Protein concentrations and yields were 

quantified via the Bradford protein assay (BioRad) with BSA as the standard. 

Reflectin A1 Analysis: Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

was performed to assay protein purity and analyze RfA1 yields throughout the purification process. 

RfA1 samples were analyzed by SDS-PAGE and Gel Code Blue Reagent staining (Thermo 

Scientific) on an XCell SureLock Mini-cell Electrophoresis System (Invitrogen) using NuPAGE 

Novex 4–12% Bis-Tris gels (Invitrogen), with either NuPAGE MOPS or MES (Invitrogen) as the 

running buffer under reducing conditions (Figure S2.2). Stained protein bands were subjected to 
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in-gel tryptic digestion, which was performed according to literature procedures.32 After digestion, 

the RfA1 peptides were separated on C18 resin beads and analyzed by mass spectrometry on a 

Waters Synapt G2 instrument outfitted with an electrospray ionization source. 

 

Spectroscopic Characterization: RfA1 was analyzed with dynamic light scattering, fluorescence 

spectroscopy, UV-visible spectroscopy, and circular dichroism. Dynamic light scattering 

measurements were performed with a Malvern Zeta-Sizer Nano S instrument. Fluorescence 

spectra were obtained on a Hitachi F4500 Fluorescence Spectrophotometer. UV-visible spectra 

were obtained on a Cary 50 Spectrophotometer. Circular dichroism spectra were obtained on a 

Jasco J-810 Spectropolarimeter. All measurements were performed in deionized water (MilliQ). 

When necessary, the pH was adjusted with acetic acid and measured both in the presence and 

absence of RfA1. 

 

Thin Film Fabrication: Square chips cut from either silica substrates (SQI) or glass slides (VWR) 

were etched in piranha solution (1:3 hydrogen peroxide to sulfuric acid) for 45 minutes. The chips 

were sequentially rinsed with HPLC-grade acetone and isopropanol, prior to being dried with 

nitrogen. The substrates were subsequently immersed in a 3% (3-Aminopropyl)triethoxysilane 

(APTES) in acetone solution for ≈2 (glass) or ≈10 (silica) minutes, rinsed with acetone, and dried 

with nitrogen. The chips were coated with graphene oxide (Graphene Marketplace) at 3000 RPM 

on a Laurell WS-400-NNP spincoater. For doctor blading of RfA1, the graphene oxide-coated 

substrates were modified with teflon tape (McMaster-Carr) on two sides, which acted as a spacing 

rail and allowed the blade to sit above the substrate surface. The RfA1 solution was then cast onto 

the substrate in front of the blade, which was translated at a constant speed across the surface to 
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produce thin films. To promote water evaporation and uniform film formation, the coating 

procedure was performed on a hot plate at 80 °C. Thicker films were produced by varying the 

RfA1 concentration (typically ≈500 μM for blue films) and/or applying multiple sequential 

coatings. 

 

Physical Characterization of Thin Films: RfA1 thin films were characterized with atomic force 

microscopy and profilometry. The surface morphology was examined in situ with an Asylum 

Research MFP-3D AFM outfitted with an Asylum Research Humidity Sensing Cell. The AFM 

data was analyzed with the Gwyddion software package. The topological scans were rastered at 

0.50 Hz and normalized using polynomial subtraction for improved image quality. Film 

thicknesses were confirmed with a Bruker Dektak XT profilometer by examining trenches scribed 

directly into the protein film. 

 

Optical Characterization of Thin Films: RfA1 thin films were characterized with optical 

microscopy and reflectance measurements. Optical images were obtained on a Carl Zeiss Axio 

Imager A1M Microscope (outfitted with an Epiplan 20X lens, NA = 0.4) and processed with the 

manufacturer's AxioVision AC4.5 software. Reflectance spectra were measured in the presence 

and absence of solvent vapor on three instruments: 1) an Ocean Optics SD2000 Miniature Fiber 

Optic Spectrometer, outfitted with a tungsten halogen white light source and a R400–7 

Reflection/Backscattering Probe (effective wavelength range of λ = 340 nm to λ = 950 nm); 2) a 

Perkin-Elmer Lambda 950 Spectrophotometer, outfitted with deuterium and tungsten halogen 

white light sources and a 60 mm integrating sphere (effective wavelength range of λ = 190 nm to 

λ = 3300 nm); and 3) a Filmetrics F40-NSR microscope system, outfitted with a tungsten halogen 
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white light source (effective wavelength range of λ = 400 nm to λ = 800 nm). For measurements 

in the presence of water or acetic acid vapor, the samples were housed in custom built closed cells 

fabricated from either a polystyrene petri dish (Fisher Scientific) or from ABS+ plastic fitted with 

an N-BK7 glass window (Anchor Optics) (Figure S2.12). Measurements on the Filmetrics F40-

NSR microscope system allowed for confirmation of the film thickness determined by AFM and 

profilometry. The reflectance data were acquired normal to the substrate surface and were 

referenced to a SpectraLabs Spectralon Reflectance Standard (unless otherwise noted). 

 

Infrared Imaging of Coated Substrates: The infrared imaging experiments employed a Nikon 

D-70 Camera equipped with a 35 mm f/1.8 AF-S DX Lens (Nikon) and a 52 mm RM-72 infrared 

filter (Hoya). The infrared illumination light source consisted of a home-built 26 LED array 

(XtraLED). The images were captured with an exposure time of 1 second, aperture setting of f/8, 

and ISO of 200. The integrated relative brightnesses were determined with Adobe Photoshop CS6. 

 

Detailed Description of Film Thickness Calculations: The theoretical film thicknesses were 

calculated based on thin-film interference theory.33 At normal incidence, the reflected light obeys 

the formula: 

𝑚 ∗ 𝜆 = 2 ∗ 𝑛 ∗ 𝑑 

where m is an integer that describes wavelength order, λ is the peak reflected wavelength, n is the 

refractive index of the film, and d is the film thickness. At non-normal incidence, a factor of 

cos(ѲF) must be introduced, where ѲF is the angle in the film that can be calculated with Snell’s 

Law. The formula above is applicable for measurements performed with an integration sphere 

accessory because the angle of incidence for the integrating sphere is 10°, leading to a small 
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deviation in the theoretical thickness (<4%).33 Furthermore, the graphene oxide adhesion layer 

used in our experiments was very thin with a high refractive index, so it did not dramatically 

influence the calculated values. The refractive indices used for the calculations were measured at 

Filmetrics (San Diego, CA) using a Filmetrics F20-UV spectrometer (Figure S2.13).  

 

Surface Treatment: The APTES/graphene oxide surface treatment yielded smooth RfA1 films 

over large areas. Alternative surface functionalization schemes, such as triethoxyoctylsilane 

(OTES) treatment, UV-Ozone exposure, and APTES treatment without graphene oxide, produced 

less reliable results.  

 

Response of Reflectin Films to Chemical Stimuli: We screened numerous potential solvents for 

shifting the reflectance of RfA1 coatings. These solvents included acetic acid, ethanol, ethyl 

acetate, isopropanol, triethyl amine, dimethyl formamide, and dimethyl sulfoxide. Such stimuli 

produced small spectral shifts, with the exception of acetic acid vapor 
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Figure S2.1: Typical reverse phase HPLC chromatogram of RfA1 following immobilized metal affinity 

chromatography. The presence of a single peak, whose area integrates to > 99 % of the total peak area represented in 

the chromatogram, indicates the excellent purity of our protein. The single peak also indicates that higher order 

aggregates are not present during chromatographic purification. RfA1 was eluted in a gradient evolved from 5 % 

Buffer A:95 % Buffer B to 95 % Buffer A:5 % Buffer B at a flow rate of 0.5 mL min-1 over 20 minutes (Buffer A: 

99.9 % H2O, 0.1% TFA; Buffer B: 95 % acetonitile, 4.9 % H2O, 0.1% TFA). 
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Figure S2.2: Analysis of the purification of RfA1 via denaturing gel electrophoresis. Samples of RfA1 at different 

stages of the purification process were analyzed by SDS-PAGE and visualized by GelCode Blue Stain Reagent 

(Thermo Scientific). Lane 1: Novagen Sharp protein ladder for molecular weights of 10 kDa to 260 kDa. Lane 2: Total 

protein fraction after cell pellet resuspension and lysis. Lane 3: Insoluble protein fraction following centrifugation. 

Lane 4: Inclusion body fraction after resuspension in denaturing buffer. Lane 5: Eluate from the IMAC (HisPur Cobalt 

Resin) gravity column. Lane 6: Eluate from C18 reverse phase HPLC column. Bands corresponding to monomeric 

(44,605 Da) and oligomeric RfA1 are labeled accordingly. 
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Figure S2.3: Peptide coverage map of RfA1 protein sequence produced by in-gel digestion of purified soluble RfA1 

with porcine trypsin. The color coding corresponds to different tryptic peptide fragments. Sequence coverage exceeded 

96%, definitively confirming the purified protein’s identity as RfA1. 

 

 

 

 
 
Figure S2.4: A) Atomic force microscopy (AFM) images of a RfA1 film A) before, B) during, and C) after exposure 

to acetic acid vapor. The film morphology does not exhibit any signs of degradation during and after the incubation. 

Note that the AFM images represent the same spot on each film as demonstrated by the green marker. 
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Figure S2.5: Reflectance spectra of an RfA1 orange film before (orange curve) and after (red curve) exposure to 

water vapor (relative humidity of 75%). 
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Figures S2.6: A) Change in the reflectance for an RfA1 film as a function of time following application of acetic 

acid vapor. The spectra were collected with a bare fused silica substrate as the standard and normalized with respect 

to the maximum reflectance value. Note that the initial reflectance spectra can be recovered within seconds by a 

“reset” or removal of the acetic acid vapor stimulus (the blue and black traces overlap). B) Illustration of reversible 

cycling of the RfA1 films between a peak reflectance of  = 400 nm in the visible (blue markers) and a peak 

reflectance of  = 900 nm in the infrared (red markers). The cycling was performed by exposure to solvent vapor 

from a glacial acetic acid solution. The experiment was repeated until the film demonstrated a degradation in the 

reflectance intensity. 
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Figure S2.7: Reflectance spectra for a Bovine Serum Albumin (BSA) film as a function of time following 

application of acetic acid vapor. The film preparation and treatment were identical to those used for RfA1 films. The 

curves have been smoothed for clarity. Note the small peak shift. 

 

 

Figure S2.8: Dynamic light scattering spectra for RfA1 (0.5 mg/mL) at pH 6.3 (orange curve) and pH 2.8 (red curve). 

The measured RH value increases from 75 (±11) nm at pH 6.3 to 99 (±14) nm at pH 2.8. The size of the aggregated 

RfA1 is distinct from that reported in reference 15 in the text, presumably due to differences in the protein and salt 

concentrations. The aggregation of RfA1 was confirmed by the introduction of guanidinium hydrochloride (GdnHCl) 

into the solution, which denatured RfA1 (blue curve), yielding an RH value of < 1 nm. 
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Figure S2.9: Circular dichroism spectra for RfA1 (~0.5 mg/mL) at pH 6.3 (orange curve) and pH 2.8 (red curve). The 

spectra were analyzed with DICHROWEB software (http://dichroweb.cryst.bbk.ac.uk), indicating that RfA1 

possesses little to no alpha helical or beta strand secondary structure, which is in excellent agreement with previous 

findings (see references 13 to 17 in the text). 
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Figure S2.10: Fluorescence and UV-visible absorbance spectra for RfA1 (0.5 mg/mL). The absorbance spectrum 

(purple curve) displays a characteristic peak at  = ~ 280 nm. The fluorescence spectra were obtained for RfA1 (0.5 

mg/mL) at pH 6.3 (orange curve), pH 2.8 (red curve), and at a temperature of 100oC (green curve) (excitation 

wavelength of  = 282 nm). There is virtually no change in the fluorescence spectra with a change in pH (red curve) 

or temperature (green curve), indicating RfA1 maintains its conformation. However, upon addition of GdnHCl (blue 

curve), the fluorescence spectrum maximum shifts to  = ~ 347 nm and a new peak appears at  = ~ 300 nm. 

Absorbance at  = ~ 300 nm is characteristic of solution exposed tyrosine residues, i.e. RfA1 denaturation. 
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Figure S2.11: Integrated infrared brightness values measured for an RfA1 film, a piece of paper, and a Buxus plant 

leaf in the presence and absence of acetic acid vapor. The values were extracted by analyzing Figure 3B in the main 

text and normalized to the maximum brightness. 

 

 

 

 
 
Figure S2.12: Pictures of the housing used for exposure of the RfA1 coated substrates to acetic acid vapor. A) The 

bottom part of housing. B) The top part of housing. C) The integrated housing containing an RfA1 coated substrate. 
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Figure S2.13: The refractive index of the RfA1 films measured at Filmetrics (San Diego, CA) using a Filmetrics F20-

UV spectrometer with a deuterium and tungsten-halogen white light source (effective wavelength range of  = 200 

nm to  = 1100 nm). The refractive index was measured at  = 632.8 nm with a resolution less than 1 nm. The data 

was acquired normal to the substrate surface. 
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CHAPTER 3 Infrared Invisibility Stickers Inspired by Cephalopods 

3.1: Abstract 

The skin morphology of cephalopods endows them with remarkable dynamic camouflage 

capabilities. Cephalopod skin has therefore served as an inspiration for the design of camouflage 

devices that function in the visible region of the electromagnetic spectrum. In contrast, despite the 

importance of infrared signaling and detection for numerous industrial and military applications, 

there have been fewer attempts to translate the principles underlying cephalopod adaptive 

coloration to infrared camouflage systems. Herein, we draw inspiration from the structures and 

proteins found in cephalopod skin to fabricate biomimetic camouflage coatings on transparent and 

flexible adhesive substrates. The substrates can be deployed on arbitrary surfaces, and we can 

reversibly modulate their reflectance from the visible to the near infrared regions of the 

electromagnetic spectrum with a mechanical stimulus. These stickers make it possible to disguise 

common objects with varied roughnesses and geometries from infrared visualization. Our findings 

represent a key step towards the development of wearable biomimetic color- and shape-shifting 

technologies for stealth applications. 

 

3.2: Introduction 

Cephalopods, such as the squid Doryteuthis (Loligo) pealeii and the cuttlefish Sepia 

officinalis, are renowned as masters of disguise.1–5 These animals can alter their patterning, 

coloration, shape, and texture, enabling them to emulate nearly any object or environment.1–5 

Cephalopods' remarkable camouflage capabilities stem from the unique organization of their skin, 

which consists of transparent dermal layers containing cells known as iridophores, leucophores, 

and chromatophores.1–5 These cells function in concert to control cephalopod skin coloration, with 
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the iridophores/leucophores modulating the reflection of light and the chromatophores modulating 

the transmission of light.2,6–8 Moreover, the mechanical flexibility of the dermal layers affords an 

additional level of control by allowing cephalopods to reconfigure their skin morphology in three 

dimensions.9,10 The sophisticated natural design of cephalopod skin thus gives it remarkable 

dynamic adaptability, which is enviable from the viewpoint of both artificial and natural systems. 

The mechanisms that cephalopods employ to induce optical changes in iridophores and 

chromatophores are particularly fascinating. Iridophores are actuated primarily via chemical 

means.1–8 The iridophores' plasma membrane folds to encompass lamellar-like platelets from a 

protein known as reflectin,11–18 which alternate with extracellular space to form Bragg reflector-

type structures. Reversible phosphorylation of reflectin changes the size and spacing of the 

lamellae that make up the reflectors, dynamically shifting the iridophores' coloration across the 

visible spectrum.11–18 On the other hand, chromatophores are actuated primarily via mechanical 

means.1–8 Chromatophores contain a network of tethered, reflectin-filled pigment granules and are 

fringed by radial muscle fibers, which expand these cells from barely visible spherical points to 

thin colored plates.6–8,19 This areal expansion enables chromatophores to function as dynamic 

spectral filters. The unique properties of iridophores and chromatophores have inspired efforts 

seeking to develop biomimetic camouflage that functions not only in the visible20–24 but also in the 

infrared18 regions of the electromagnetic spectrum. 

Herein, we draw inspiration from cephalopod skin and introduce a new type of reflectin-

based, mechanically-reconfigurable infrared camouflage. We first use standard film fabrication 

protocols to coat conformable and adhesive fluorinated ethylene propylene (FEP) tape25–27 with 

reflectin; the reflectance of the resulting substrates can span both the visible and infrared regions 

of the electromagnetic spectrum. We then use the coated tape to endow fabrics with predetermined 
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infrared reflective patterning. We subsequently modulate the coloration of our substrates between 

the near infrared and the visible with a simple mechanical stimulus. Finally, we show that the 

mechanically-deformed reflectin-coated substrates can be returned to their initial state through 

gentle heating. In their totality, our findings constitute a foundation for the next generation of 

color- and shape-shifting infrared camouflage systems. 

 

3.3: Results and Discussion 

We began our studies by heterologously expressing a histidine-tagged Doryteuthis (Loligo) 

pealeii reflectin A1 isoform in E. coli according to previously reported protocols.17,18 We first 

extracted crude reflectin from E. coli inclusion bodies. The protein was then sequentially purified 

by immobilized metal affinity chromatography under denaturing conditions and high performance 

liquid chromatography (HPLC). The identity of the purified protein was confirmed by in-gel 

tryptic digestion and tandem mass spectrometry. Notably, our optimized expression and 

purification procedure yielded ∼1 g of reflectin per liter of E. coli cell culture, with a purity of 

over 99%. This high yield and excellent purity facilitated subsequent fabrication of protein-based 

coatings on flexible substrates. 

We adapted our previously established procedures17,18 to fabricate reflectin films on FEP 

substrates. We specifically chose FEP as the substrate due to its transparency, chemical inertness, 

flexibility, conformability, temperature stability, and tensile strength.25–27 Moreover, FEP is 

commercially available as a sticky tape, with an adhesive layer on one side, making it 

straightforward to bond this material to arbitrary objects (Figure 3.1A). In brief, we first coated a 

thin layer (<5 nm) of graphene oxide directly onto the FEP tape, forming negatively-charged and 

amphiphilic surfaces that were well suited for the assembly of positively-charged reflectin (Figure 
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3.1B). We then used a modified doctor blade approach to spread reflectin directly onto the 

graphene oxide-coated surfaces (Figure 3.1B). This process enabled the fabrication of relatively 

uniform reflectin films on adhesive polymer substrates (Figure 3.2 and Figure S3.1). 

 

Figure 3.1: A) A picture of a commercially available roll of FEP tape. B) A schematic of the fabrication of reflectin 

films on flexible FEP substrates. The process consists of depositing negatively-charged graphene oxide onto the tape, 

followed by doctor blading of positively-charged reflectin directly onto this modified surface. 

 

Next, we investigated and characterized the optical properties of the coated tape. Figure 

3.2 shows an optical image and a corresponding reflectance spectrum obtained for a typical 

reflectin film on FEP. This substrate featured blue coloration over an area of square centimeters, 

with a peak reflectance wavelength of ∼400 nm. The peak reflectance corresponded to a theoretical 

reflectin film thickness of ∼65 nm, which was in excellent agreement with the experimentally 

measured value of ∼64 nm. Our analysis indicated that the reflectance of the coated tape was 

governed by well-known thin film interference theory (see Figure S3.2 and Supplementary 

Information for calculation details).28 

 

Figure 3.2: A) A large area optical camera image of a typical blue reflectin-coated FEP substrate. B) The 

corresponding reflectance spectrum for the substrate, with a peak reflectance wavelength of ~400 nm. The reflectin 

film thickness was ∼64 nm, as determined by atomic force microscopy. 
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Guided by our initial studies, we next prepared infrared-reflecting substrates by fabricating 

thicker reflectin films on FEP tape. Figure 3.3A shows one such substrate, which has been adhered 

to a glass slide as a demonstration of its transparency (note that the underlying camouflage pattern 

is clearly visible). The reflectance spectrum of this ∼163 nm-thick film on FEP featured a peak 

wavelength of ∼1030 nm (Figure 3.3B), indicating that the coloration of the coated substrates 

could be readily shifted into the near infrared simply by increasing the reflectin films' thickness. 

 

Figure 3.3: A) An optical camera image of a typical clear reflectin-coated FEP substrate. The coated tape, which is 

indicated by the black box, has been adhered to a glass slide, and the underlying camouflage pattern is visible, 

demonstrating the substrate's transparency. B) The corresponding reflectance spectrum for the substrate, with a peak 

reflectance of ~1030 nm in the near infrared region of the electromagnetic spectrum. The reflectin film thickness was 

~163 nm, as determined by atomic force microscopy. 

 

We proceeded to demonstrate that our reflectin-coated FEP tape could enhance the 

camouflage properties of any object under infrared visualization. Here, we sought inspiration from 

the organization of cephalopod skin, where different arrangements of ellipsoidal chromatophores 

lead to a virtually unlimited array of colors and geometric patterns.1–8 Thus, we decided to modify 

cloth from a camouflage fatigue with a predetermined infrared-reflecting pattern fashioned from 

the reflectin-coated FEP tape. 

For these experiments, we visualized our substrates with an optical camera under either 

white light or infrared light illumination. Figure 3.4A shows an optical camera image of 

camouflage cloth modified with three different types of objects. The cloth featured an adhered 
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rectangular piece of FEP tape without a reflectin coating (Figure 3.4A, left), an adhered 

checkerboard pattern of five infrared-reflecting FEP tape squares with a reflectin coating (Figure 

3.4A, middle), and a plant leaf (Figure 3.4A, right). The uncoated and reflectin-coated pieces of 

FEP tape appeared clear and were difficult to distinguish from one another. However, all six pieces 

of tape were quite distinct from the green plant leaf. Figure 3.4B shows an infrared image obtained 

of the same camouflage cloth. Under infrared visualization, the uncoated FEP tape (Figure 3.4B, 

left) and the underlying fatigue were effectively no longer visible, while the checkerboard pattern 

of reflectin-coated FEP tape (Figure 3.4B, middle) and the leaf (Figure 3.4B, right) were quite 

distinct and appeared bright. Together, these images indicated that our reflectin-coated FEP tape 

could be deployed to produce infrared-reflective patterning on objects with virtually any shape, 

roughness, geometry, or size. 
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Figure 3.4: A) An optical camera image of a camouflage fatigue modified with an adhered piece of FEP tape without 

reflectin (left), an adhered checkerboard pattern of five reflectin-coated FEP tape squares (middle), and a plant leaf 

(right). Note that the uncoated tape on the left and the reflectin-coated tape in the middle appear similar. B) An infrared 

camera image of the same camouflage fatigue under infrared illumination. Note that the infrared-reflecting 

checkerboard pattern (middle) and the infrared-reflecting leaf (right) are visible while the uncoated FEP tape (left) 

cannot be readily distinguished from the background. 

 

We next demonstrated that a simple exogenous stimulus could modulate the coloration and 

reflectance of our coated substrates. Here, we drew inspiration both from the previous 

demonstrations of mechanochromism for photonic gels29–31 and from the function of reflectin-

containing pigment granule networks found in chromatophores, which cephalopods dynamically 

expand and contract to alter the patterning and coloration of their skin.19 Thus, we investigated the 

effect of an applied strain on the optical properties of our reflectin-coated FEP tape. 
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Figure 3.5 shows camera images of a piece of reflectin-coated FEP tape (positioned on top 

of a camouflage fatigue) in the absence of an applied uniaxial strain. Under optical imaging 

conditions, the coated substrate appeared clear, and the underlying fatigue was readily visible 

(Figure 3.5A). However, under infrared imaging conditions, the substrate appeared bright, and the 

underlying camouflage fatigue appeared dark, effectively functioning as an internal standard (inset 

of Figure 3.5A). As expected, the unstrained tape possessed a reflectance peak in the near infrared 

region of the electromagnetic spectrum, which was centered at ∼980 nm (Figure 3.5B). This peak 

reflectance wavelength corresponded to a theoretical reflectin film thickness of ∼162 nm, which 

was in good agreement with the experimentally measured value of ∼160 nm. 

Figure 3.5 also shows camera images of the same piece of reflectin-coated FEP tape, where 

the tape has been subjected to a uniaxial strain (tension) εx of ∼0.57. Under optical imaging 

conditions, the coated substrate acquired an orange color, and the underlying camouflage fatigue 

was obscured (Figure 3.5C). Moreover, under infrared imaging conditions, the brightness of the 

tape was reduced by ∼40% (inset of Figure 3.5C). The strained tape now featured a blue-shifted 

peak reflectance wavelength of ∼705 nm in the visible region of the electromagnetic spectrum 

(Figure 3.5D). The peak reflectance wavelength corresponded to a theoretical reflectin film 

thickness of ∼116 nm, which was in good agreement with the experimentally measured value of 

∼120 nm. 



68 

 

 

Figure 3.5: A) An optical camera image of a camouflage fatigue overlaid with a piece of reflectin-coated FEP tape in 

the absence of uniaxial strain. The tape is transparent, enabling visualization of the underlying fatigue. The inset shows 

an infrared image of a portion of the tape-modified fatigue (indicated by the red box). Note that the unstrained infrared-

reflecting tape appears bright under infrared visualization. The unstrained reflectin film thickness was ~160 nm, as 

determined by atomic force microscopy. B) The corresponding reflectance spectrum for the reflectin-coated FEP tape 

in the absence of uniaxial strain. The peak reflectance lies in the near infrared at ~980 nm. C) An optical camera image 

of the same camouflage fatigue and reflectin-coated FEP tape in the presence of uniaxial strain. The tape is no longer 

transparent and appears orange, obscuring the underlying fatigue. The inset shows an infrared image of a portion of 

the tape-modified fatigue (indicated by the red box). Note that the strained infrared-reflecting tape is more difficult to 

see and appears dark under infrared visualization. The strained reflectin film thickness was ~120 nm, as determined 

by atomic force microscopy. D) The corresponding reflectance spectrum for the reflectin-coated FEP tape in the 

presence of uniaxial strain. The peak reflectance lies in the visible at ~705 nm, in agreement with the blue shift of the 

substrate's coloration. 

 

Based on our measurements and observations, we propose a simple model that accounts 

for the strain-dependent optical properties of reflectin-coated FEP substrates, as illustrated in 

Figure 3.6. Given that aggregated reflectin's behavior resembles that of a gel phase,13 the 

application of a uniaxial strain (tension) to the reflectin-coated FEP tape stretches not only the 

relatively rigid tape but also the softer overlaid film.29 Therefore, under a strain of εx = ΔL/L, the 

film will be elongated by a factor of 1 + ε, from L to L + ΔL (where L is the initial length and ΔL 

is the change in length) (Figure 3.6).32 Due to the Poisson effect, the reflectin film's thickness will 

simultaneously decrease by a factor of 1 − νε, from t to t − Δt (where t is the initial thickness, Δt 

is the change in thickness, and ν is Poisson's ratio) (Figure 3.6).32 Indeed, for the film in Figure 
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3.5, the strain of εx = ∼0.57 was accompanied by a reduction in thickness of ∼25%. This 

experimental thickness decrease was in agreement with the theoretically predicted one of ∼27% 

(assuming a nearly ideal Poisson's ratio of 0.48).25–27 Overall, our calculations indicated that the 

above straightforward model, in conjunction with thin film interference theory, accurately 

described the optomechanical behavior of reflectin-coated FEP substrates. 

 

Figure 3.6: Schematic of the postulated mechanism that underlies the coloration changes for mechanically strained 

reflectin-coated FEP substrates. The application of a uniaxial strain (tension) εx induces an increase in the length of 

the reflectin film from L to L + ΔL and a decrease in the film's thickness from t to t − Δt, as dictated by the Poisson 

effect. Under tension, the color and reflectance spectrum of the coated substrate display a blue shift. 

 

To demonstrate the general applicability of our approach, we also explored the possibility 

of modulating the reflectance of our strained (and deformed) reflectin films with alternative 

stimuli. These experiments were inspired by the general mechanical flexibility and malleability of 

cephalopod skin.1–8 Here, we were gratified to discover that gentle annealing with a heat gun 

returned our plastically deformed FEP substrates (and presumably the overlaid reflectin films) to 

their initial, unstretched state (Figure S3.3). This change in substrate geometry was accompanied 

by a shift of the coloration (and reflectance) back from the visible to the near infrared (Figure 

S3.3). In essence, our deformed reflectin films could be “healed” with an exogenous stimulus to 

recover their original optical properties. 
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3.4: Conclusion 

 In summary, we have introduced a new biomimetic infrared camouflage system, which 

possesses a number of potentially favorable and unique features. First, our readily-accessible 

fabrication strategy relies upon commercial materials and does not require specialized facilities or 

equipment, making it straightforward to coat optically-uniform, infrared-reflecting films on 

flexible substrates over square centimeter areas. Second, the reflectin-coated FEP substrates are 

adhesive, soft, and conformable, so they can be applied to surfaces or objects with varied 

roughnesses, shapes, sizes, and geometries, much like common household tape or stickers. Third, 

the breadth of the reflectance peaks for our coated substrates ensures that their appearance will be 

only weakly dependent on the viewing angle under infrared visualization, which may prove 

advantageous in certain stealth situations. Fourth, the effective visibility of the reflectin-coated 

substrates, when imaged under either white light or infrared light illumination, can be tuned via 

the application of a uniaxial strain, rather than a harsh chemical stimulus.18 We are aware of no 

other examples where a soft material's infrared reflectance is modulated between the visible and 

the infrared via the application of exogenous mechanical stimuli. Fifth, the substrates can be 

returned to their initial state through gentle heating, laying the groundwork for the development of 

damage-resistant infrared camouflage devices that respond to multiple stimuli. Finally, our work 

constitutes a rare example of the translation of cephalopod adaptive coloration principles 

specifically to infrared, rather than visible, camouflage.18 Indeed, the dearth of previous literature 

precedent in this area is quite unexpected given the widely acknowledged importance of infrared 

signaling and detection for industrial and military applications.33–38 Based on the above 

considerations, our mechanically reconfigurable infrared invisibility stickers may represent a 
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significant step forward on the path to biomimetic adaptable optical devices and disposable 

camouflage technologies. 

 

3.5 Supplementary Information 

Design and Cloning of the Reflectin A1 Gene: An E. coli codon optimized gene coding for 6x 

histidine tagged wild type reflectin A1 protein from Doryteuthis (formerly Loligo) pealeii 

(Genbank: ACZ57764.1) was synthesized and cloned into pJExpress414 vector (DNA2.0).  

 

Expression and Purification of Reflectin A1: A general previously reported protocol was used 

for the expression and purification of wild-type wild type reflectin A117,18. In brief, the 

pJExpress414 expression vectors containing wild type wild-type reflectin were transformed into 

BL21(DE3) cells (Novagen). Reflectins were expressed at 37 °C using Overnight Express Instant 

Terrific Broth (TB) media (Novagen) supplemented with 100 μg mL-1 Carbenicillin. Reflectin was 

completely insoluble when expressed at 37 °C and was sequestered in inclusion bodies prepared 

using Novagen BugBuster® according to the manufacturer’s suggested protocol. Reflectin 

inclusion bodies were then solubilized in denaturing buffer (pH 7.4, 50 mM Sodium Phosphate, 

300 mM NaCl, 6M guanidine hydrochloride) and purified under denaturing conditions on HisPur 

Cobalt Resin (Thermo Scientific) immobilized metal affinity chromatography (IMAC) gravity 

columns according to the manufacturer’s protocols. The protein was eluted by using denaturing 

buffer supplemented with 250 mM imidazole. The fractions containing reflectin were pooled and 

concentrated on Millipore Amicon Concentrators before further purification with high-

performance liquid chromatography (HPLC) on an Agilent 1260 Infinity system using an Agilent 

reverse phase C18 column with a gradient evolved from 95% Buffer A:5% Buffer B to 5% Buffer 
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A:95% Buffer B at a flow rate of 1 mL min-1 over 30 minutes (Buffer A: 99.9% H2O, 0.1% TFA; 

Buffer B: 95% acetonitrile, 4.9% H2O, 0.1% TFA). The pure reflectin fractions were pooled, flash 

frozen in liquid nitrogen, and lyophilized. Protein concentrations and yields were quantified via a 

Bradford protein assay with bovine serum albumin (BSA) as a standard (BioRad). 

 

Characterization of Reflectin A1: A general previously reported protocol was used for assaying 

the purity and confirming the sequence of reflectin A117,18. In brief, purified and unpurified 

reflectin samples were analyzed by SDS-PAGE and GelCode Blue Staining (Thermo) using an 

Invitrogen XCell SureLock Mini using NuPAGE Novex 4-12% Bis-Tris gels, with NuPAGE 

MOPS as the running buffer under reducing conditions. Stained protein bands were subjected to 

in-gel tryptic digestion, performed according to literature procedures17,18. After digestion, the 

peptides were separated on a C18 chromatography column and analyzed by mass spectrometry on 

a Thermo Orbitrap instrument outfitted with an electrospray ionization source. The resulting 

sequence coverage was 94% for the wild type wild-type reflectin A1. 

 

Fabrication of Reflectin-Coated Fluorinated Ethylene Propylene Substrates: In a typical 

procedure, a strip of Fluorinated Ethylene Propylene (FEP) tape (McMaster-Carr) was first 

adhered to a glass substrate (Fisher), in preparation for coating. Spacer rails of Teflon tape 

(McMaster-Carr) were then applied to the edges of the FEP tape. The tape was in turn coated with 

graphene oxide (Graphene Marketplace) on a hot plate at 60 ºC to provide an adhesion layer for 

the protein. The reflectin protein solution was cast onto the FEP tape in front of the blade, which 

was translated at a constant speed across the surface to produce thin films.  To promote water 
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evaporation and uniform film formation, the coating procedure was performed at 80 °C. The film 

thickness was controlled by varying the reflectin concentration. 

 

 Atomic Force Microscopy Characterization of Reflectin-Coated Substrates: The thicknesses 

of all reflectin films were measured with atomic force microscopy (AFM) by examining trenches 

scribed directly into the films. Topographical images were also collected to confirm uniformity for 

all substrates. The measurements were performed with iridium coated silicon probes (Asylum 

Research ASYELEC-01) with a spring constant of 2 N m-1, resonance frequency of 70 kHz, and 

tip radius of 28 nm were used. The scans were rastered either at 0.17 Hz or at 1.0 Hz and 

normalized using polynomial subtraction for improved image quality; typical AFM topography 

scans for blue and yellow reflectin films are shown in Supplementary Figure S3.1.  

 

Optical Characterization of Reflectin-Coated Substrates: The reflectin-coated substrates were 

characterized with optical microscopy and reflectance measurements according to established 

protocols.18 Optical images were obtained on a Carl Zeiss Axio Imager A1M microscope (outfitted 

with a Epiplan 20X lens, NA = 0.4) and processed with the manufacturer’s AxioVision AC4.5 

software. Reflectance spectra were measured in the presence and absence of applied strain on one 

of three instruments: 1) an Ocean Optics SD2000 Miniature Fiber Optic Spectrometer, outfitted 

with an LS-1 tungsten-halogen white light source and a R400-7 Reflection/Backscattering Probe 

(effective wavelength range of  = 340 nm to  = 950 nm); 2) a Perkin-Elmer Lambda 950 

Spectrometer, outfitted with deuterium and tungsten-halogen white light sources and a 60 mm 

integrating sphere (effective wavelength range of  = 190 nm to  = 3300 nm); and 3) a Filmetrics 

F40-NSR microscope system, outfitted with a Tungsten-Halogen white light source (effective 
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wavelength range of  = 400 nm to  = 800 nm). Measurements on the Filmetrics F40-NSR 

microscope system allowed for confirmation of the film thickness determined by AFM and 

profilometry. The integrating sphere reflectance data were acquired 8º to the substrate surface at 

the reflectance port, and all measurements were referenced to a SpectraLabs Spectralon standard 

(unless otherwise noted). 

 

Detailed Description of the Reflectin Film Thickness Calculations: The theoretical film 

thicknesses were calculated based on thin-film interference theory25,26. Our system closely follows 

the well-known oil on water example due to reflectin’s refractive index of ~1.54 and FEP’s 

refractive index of ~1.33.25,26 Thus, at non-normal incidence, the reflected light obeys the formula: 

(𝑚 −  
1

2
 ) ∗   = 2 ∗ 𝑛 ∗ 𝑑 ∗ cos ( ) 

where m is an integer that describes wavelength order,  is the peak reflected wavelength, n is the 

refractive index of the film, d is the film thickness, and  is the angle in the film (Supplementary 

Figure S3.2). The graphene oxide adhesion layer used in our experiments was very thin, so it did 

not dramatically influence the calculated values. The refractive indices used for the calculations 

were obtained from the literature25,26 and confirmed at Filmetrics (San Diego, CA) using a 

Filmetrics F20-UV spectrophotometer. 

 

Description of the Imaging and Stretching Experiments: The reflectin and graphene oxide-

coated FEP tape was separated from the glass slide and mounted on two anchoring substrates. The 

camouflage patterned fabric was placed underneath the film as well as on the sides of it in order 

to highlight only the active area of the film. The film was first imaged in the absence of strain and 

with a standard camera under white light illumination, then with an infrared camera under infrared 
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light illumination. The infrared imaging experiments employed a Nikon D-70 camera equipped 

with a 35 50 mm f/1.8 AF-S DX Lens (Nikon) and a 52 mm RM-72 infrared filter (Hoya). The 

infrared illumination light source consisted of a home-built 26 LED array (XtraLED). The images 

were captured with an exposure time of 5 seconds, aperture setting of f/8, and ISO of 200. The 

film was then stretched, inducing a uniaxial strain (tension). The film was subsequently imaged 

again with standard and infrared cameras, as described above. 

 

Description of the Heat Regeneration Experiments: The reflectin and graphene oxide-coated 

FEP tape was separated and stretched as described above. After the final desired strain was 

reached, the anchoring substrates were unlocked and the sample was regenerated via gentle heating 

(Grizzly Industrial, Inc., model H0800) for a maximum duration of 2 seconds at low setting. 
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Figure S3.1: A typical atomic force microscopy images for a reflectin film on fluorinated ethylene propylene 

substrate. The film corresponds to Figure 3.2 in the main text. The rms roughness was ~ 1.5 nm.  
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Figure S3.2: Schematic of the thin film interference that occurs in the reflectin film and FEP tape system, which 

shares similar refractive index values to the classic oil on water example.  (not shown) is the peak reflected 

wavelength, n is the refractive index of the film, d is the film thickness, and  is the angle of reflected light in the film. 

 

 

Figure S3.3: A) A standard camera image of a camouflage fatigue overlaid with a piece of reflectin-coated fluorinated 

ethylene propylene tape in the absence of uniaxial strain. The tape is transparent and nearly invisible, enabling 

visualization of the underlying fatigue. B) A standard camera image of the same camouflage fatigue and reflectin-

coated fluorinated ethylene propylene tape in the presence of uniaxial strain. The tape is no longer transparent and 

appears colored, obscuring the underlying fatigue. C) A standard camera image of the same camouflage fatigue and 

reflectin-coated fluorinated ethylene propylene tape in the absence of uniaxial strain after gentle heating at 60oC using 

a heat gun. The tape has recovered its transparency, again enabling visualization of the underlying fatigue. 
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CHAPTER 4 Protochromic Devices from Reflectin 

 

4.1: Abstract 

Cephalopods possess remarkable camouflage capabilities, which are enabled by their 

complex innervated skin architectures and advanced controlling nervous systems. As such, 

cephalopod skin constitutes an exciting source of inspiration for biomimetic camouflage 

technologies. Herein, we emulate aspects of optically-active ultrastructures found in squid skin 

cells and design color-changing bioelectronic devices, which consist of a proton-transporting 

active layer contacted by a proton-conducting actuating electrode. We observe and quantify 

distinct shifts in the reflectance and coloration of our devices, which we attribute to changes in 

thickness induced by the direct electrical injection/extraction of protons. Our findings may hold 

relevance for developing novel color-changing technologies, understanding ion-transporting 

biological systems, and engineering improved bioelectronic platforms. 

 

4.2: Introduction 

Cephalopods, such as the squid Doryteuthis (Loligo) pealeii, have captured the 

imaginations of scientists and the general public due to their advanced vertebrate-like 

neurophysiology and unrivaled ability to blend into nearly any environment.1-6 These animals’ 

camouflage capabilities are enabled by a sophisticated skin structure, wherein multiple different 

cell types (leucophores, chromatophores, and/or iridophores) perform distinct optical functions but 

work in concert to control the skin’s overall appearance.4,5 For example, the skin of D. pealeii 

contains iridophores, which modulate the reflection of light, and chromatophores, which modulate 

the transmission of light.7-9 Interestingly, both of these cell types are hierarchically controlled by 
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a network of nerve fibers, which directly interfaces the cells with the central nervous system.10,11 

This sophisticated architecture enables longfin inshore squid skin to effectively serve as a 

bioelectronic display with capabilities that are enviable from the perspective of manmade dynamic 

camouflage systems.5 Given such functionality, cephalopod skin in general has emerged as a 

tremendous source of inspiration for camouflage devices from both artificial and naturally-

occurring materials.12-17 

As targets for replication in bioelectronic camouflage devices, cephalopod iridophores are 

particularly interesting because their ultrastructure facilitates the transduction of chemical signals  

 

 
 

Figure 4.1: A) A simplified, general schematic of a neurally-activated natural iridophore. The color of the iridophore 

is determined by its constituent Bragg reflector-like structures, which consist of alternating membrane-enclosed 

reflectin platelets and deep invaginations into the cellular interior. B) A simplified, general schematic of an 

electrically-actuated protonic iridophore. This protonic device consists of a proton-injecting PdHx actuation electrode 

(in analogy to an ion-permeable membrane), a proton-conducting RfA1 active layer (in analogy to a single iridophore 

platelet) and an ion-blocking Au electrode (as a stable reference). C) A schematic of the effect of direct proton injection 

and extraction on the thickness and reflectance of a device-integrated RfA1 active layer (center). The injection of 

protons leads to an increase in thickness and a red shift in reflectance for the RfA1 layer (left), while the extraction of 

protons leads to a decrease in thickness and a blue shift in reflectance for the RfA1 layer (right). 
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into mechanical and optical effects.18,19 To illustrate this point, a schematic of a squid iridophore 

is shown in Figure 4.1A. The cell’s plasma membrane folds into a periodic arrangement, wherein 

membrane-enclosed platelets from proteins called reflectins alternate with deep invaginations into 

the cellular interior.18-30 This structure effectively constitutes a biological Bragg reflector 

comprised of layers from high and low refractive index materials.18,19 The reflector is activated via 

a neurally-controlled signaling cascade that leads to phosphorylation and then condensation of the 

reflectin proteins (Figure 4.1A).18,19 The accompanying flux of ions across the cell membrane and 

subsequent expulsion of water into the invaginations change the size, spacing, and refractive index 

of the platelets, modulating the reflector’s optical properties (Figure 4.1A).18,19 This rapid and fully 

reversible process affords exquisite control over the wavelength of light reflected by the 

iridophores, allowing the cells to tune their coloration across the entire visible spectrum.18,19 

Herein, we present a new class of cephalopod-inspired protochromic devices with optical 

characteristics that are electrically controlled. We first draw inspiration from the ultrastructures of 

squid iridophores and design device architectures featuring a proton-transporting reflectin A1 

(RfA1) active layer contacted by a proton-conducting palladium hydride (PdHx) actuating 

electrode. We subsequently fabricate such devices and optically characterize them both without 

and with applied electrical biases. We observe and quantify distinct shifts in the reflectance and 

coloration of our devices, which we attribute to changes in thickness induced by the direct 

electrical injection or extraction of protons. Our findings may hold relevance for developing novel 

color-changing technologies, understanding ion-transporting biological systems, and engineering 

improved bioelectronic platforms. 
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4.3: Results and Discussion 

In an initial step towards emulating the iridophores’ highly-evolved natural architecture, 

we rationally designed color-changing bioelectronic devices, such as the one illustrated in Figure 

4.1B, which could be actuated by ionic fluxes originating not from a squid’s central nervous system 

but from an external electronic circuit. For our approach, we were conceptually encouraged by 1) 

prior demonstrations that the neurally-controlled influx/efflux of ions alters the dimensions and 

optical properties of single iridophore platelets18 and 2) the report that acetic acid-induced injection 

of protons into RfA1-based coatings modulates their thickness and reflectance in vitro.16 

Furthermore, our device design leveraged recent advances in bioprotonics, wherein PdHx 

electrodes exchange protons with cephalopod-derived proton conductors, such as maleic chitosan 

and RfA1 (note that the chemical injection of protons via acid vapor, while highly effective, is 

impractical for interfacing with external electronics).26-29,31,32,35-38 Thus, in lieu of a single protein-

based platelet, our device incorporated a thin film of RfA1 as the color-changing active component, 

and in lieu of a surrounding ion-permeable membrane, our device incorporated a PdHx electrode 

as the electrically-conducting actuating component (the ion-blocking gold electrode functioned as 

a stable reference) (Figure 4.1B). For this device, we expected that applied voltages would induce 

proton exchange between the PdHx electrode and the RfA1 active layer, thereby leading to 

protonation/deprotonation of RfA1’s amino acids (note that RfA1 possesses a pI of ~ 9)19,23-25 and 

likely altering electrostatic interactions within the film’s interior. Specifically, under a positive 

applied voltage, the injection of protons would increase the net positive charge and swell the film, 

leading to a red-shift in reflectance, and under a negative applied voltage, the extraction of protons  
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Figure 4.2: The general fabrication scheme for a protochromic device with a PdHx/RfA1/Au architecture. The strategy 

consists of the deposition of a Pd bottom contact, the casting of an RfA1 film, the deposition of an Au top contact, 

and exposure to H2 gas. 
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would decrease the positive charge and condense the film, leading to a blue-shift in reflectance 

(Figure 4.1C). The resulting stimuli-responsive protochromic devices would effectively constitute 

highly simplified protonic iridophores, with optical functionality roughly analogous to that of the 

natural system. 

We began our experiments by fabricating the desired color-changing bioelectronic devices 

according to the scheme in Figure 4.2 (see the experimental section for additional details). In our 

approach, we adapted protocols previously validated for the fabrication of RfA1-based protonic 

devices.26-29 First, as the bottom electrode, we deposited a chromium (Cr) adhesion layer followed 

by a palladium (Pd) layer onto a silicon dioxide/silicon (SiO2/Si) substrate via electron-beam 

evaporation. Next, as the active layer, we cast a film of RfA1 onto a portion of the Pd-modified 

surface, scribing away excess material when necessary. In turn, as the top electrode, we deposited 

an Au layer directly onto the Pd- and RfA1-modified surface, again via electron-beam evaporation 

(note that a layered, low-temperature deposition strategy mitigated damage to the protein film, 

yielding pristine devices like the one shown in Figure 4.3). Finally, for the electrical 

measurements, we converted the electron-injecting Pd contacts to proton-injecting PdHx contacts 

through exposure to hydrogen gas in situ.26-29,31,32,36-38 The overall procedure furnished devices 

with a sandwich-type PdHx/RfA1/Au architecture. 

 
Figure 4.3: A photograph of a representative device, where an RfA1 film is sandwiched between a palladium 

bottom contact and a gold top contact. 
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Figure 4.4: A) Top: Optical images of a device-integrated RfA1 film before (left) and after (right) the application of 

a positive voltage. Note the change in the film color from violet to blue. Bottom: The reflectance spectra for a device-

integrated RfA1 film before (green curve) and after (red curve) the application of a positive voltage, demonstrating a 

red-shift. B) Top: Optical images of a device-integrated RfA1 film before (left) and after (right) the application of a 

negative voltage. Note the change in the film color from blue to violet. Bottom: The reflectance spectra for a device-

integrated RfA1 film before (green curve) and after (blue curve) the application of a negative voltage, demonstrating 

a blue-shift. 

 

With the desired devices in hand, we first evaluated the optical properties of their 

constituent RfA1 films without actuation. The optical microscopy images and corresponding 

reflectance spectra for two hydrated RfA1 films are shown in Figure 4.4A and Figure 4.4B in the 

absence of an applied voltage (green traces). From the reflectance spectras’ peak wavelengths of 

448 nm and 471 nm, we calculated expected hydrated thicknesses of 303 nm for the film in Figure 

4.4A and 319 nm for the film in Figure 4.4B (see the experimental section for Calculation Details). 

In turn, we used atomic force microscopy (AFM) to measure the dry thicknesses of the two films 

and obtained values of 201 nm and 248 nm, which corresponded to approximate hydrated 

thicknesses of 281 nm for the film in Figure 4.4A and 347 nm for the film in Figure 4.4B (when 

accounting for swelling). Based on the agreement between the calculated and measured 
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thicknesses, we inferred that the reflectance and coloration of our device-integrated RfA1 films 

were dictated largely by thin film interference, in agreement with previous reports for reflectin-

based coatings in vitro.16,17 

 
 
Figure 4.5: The average change in the peak reflectance wavelength for devices with PdHx/RfA1/Au (left), PdHx/m-

RfA1/Au (middle), and Pd/RfA1/Au (right) architectures under both negative and positive applied biases. The error 

bars correspond to the standard deviations obtained for a minimum of 5 measurements.  

 

We proceeded to investigate the effect of electrical actuation on the reflectance and 

coloration of our device-integrated RfA1 films. After application of a positive voltage for a 

representative film, we observed a distinct change in film coloration from violet to blue and an 

accompanying ~ 19 nm red shift in the peak reflectance (Figure 4.4A); note that the measurements 

were readily reproducible, as evidenced by an average shift of ~ 21 ± (2) nm across 7 independent 

devices (Figure 4.5). Assuming no substantial change in the refractive index, we estimated that the 

thickness of the device-integrated film in Figure 4.4A increased by 12 nm from 303 nm to 315 nm. 

In contrast, after application of a negative voltage for a representative film, we observed a distinct 
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change in the film coloration from blue to violet and an accompanying ~ 23 nm blue shift in the 

peak reflectance (Figure 4.4B); note that the measurements were again readily reproducible, as 

evidenced by an average shift of ~ 19 ± (4) nm across 7 independent devices (Figure 4.5). 

Assuming no substantial change in the refractive index, we estimated that the thickness of the 

device-integrated film in Figure 4.4B decreased by 16 nm from 319 nm to 303 nm. Based on our 

measurements, we postulated that the observed changes in reflectance and coloration likely 

resulted from swelling or condensation of the RfA1 layers, as induced by the direct electrical 

injection (positive voltages) or extraction (negative voltages) of protons, respectively. 

 
 
Figure 4.6: A) A schematic of a device with a PdHx/m-RfA1/Au architecture before and after application of a 

positive voltage. The active layer is not capable of transporting protons. B) The representative reflectance spectra for 

a device-integrated m-RfA1 film with palladium hydride and gold contacts before (green curve) and after (red 

curve) the application of a positive voltage. The spectra are nearly identical. C) A schematic of a device with a 

PdHx/m-RfA1/Au architecture before and after application of a negative voltage. The active layer is not capable of 

transporting protons. D) The representative reflectance spectra for a device-integrated m-RfA1 film with palladium 

hydride and gold contacts before (green curve) and after (blue curve) the application of a negative voltage. The 

spectra are nearly identical.  

 

 

 In an initial key control experiment, we verified the importance of the proton-transporting 

RfA1 active layer for the functionality of our devices. For this purpose, we used a mutant RfA1 
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variant (m-RfA1) for which the proton-donating aspartic acid and glutamic acid residues were 

substituted with alanines, making the mutant a far less effective proton conductor than wild-type 

RfA1.26 Thus, we fabricated and tested analogues of our devices with a PdHx/m-RfA1/Au 

architecture, for which the reflectance spectra both without and with applied voltages are shown 

in Figure 4.6. Regardless of the voltage, we found only negligible changes in the films’ reflectance, 

with a red shift of 0 ± (1) nm in the peak wavelength across 5 devices for positive voltages and a 

blue shift of 1 ± (1) nm in the peak wavelength across 5 devices for negative voltages (Figure 4.5). 

These measurements indicated that the effective transport of protons through the active layer was 

necessary for the observed shifts in reflectance and coloration.  

 
 
Figure 4.7: A) A schematic of a device with a Pd/RfA1/Au architecture before and after application of a positive 

voltage. The electrode is not capable of injecting protons into the device. B) The representative reflectance spectra for 

a device-integrated RfA1 film with palladium and gold contacts before (green curve) and after (red curve) the 

application of a positive voltage. The spectra are nearly identical. C) A schematic of a device with a Pd/RfA1/Au 

architecture before and after application of a negative voltage. The electrode is not capable of injecting protons into 

the device. D) The representative reflectance spectra for a device-integrated RfA1 film with palladium and gold 

contacts before (green curve) and after (blue curve) the application of a negative voltage. The spectra are nearly 

identical. 

 

 In another key control experiment, we verified the importance of proton 

injection/extraction for the functionality of our devices. For this purpose, we used Pd electrodes 
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that had not been exposed to hydrogen gas, making them incapable of proton exchange as electrical 

contacts.27,36 Thus, we fabricated and tested analogues of our devices with a Pd/RfA1/Au 

architecture, for which the reflectance spectra both without and with applied voltages are shown 

in Figure 4.7. Regardless of the voltage, we again found no change in the films’ reflectance spectra, 

with a red shift of 0 ± (0) nm in the peak wavelength across 5 devices for positive voltages and a 

blue shift of 0 ± (1) nm in the peak wavelength across 5 devices for negative voltages (Figure 4.5). 

These measurements confirmed that the effective exchange of protons between the electrodes and 

active layer was required for the observed shifts in reflectance and coloration.  

 
 
Figure 4.8: Temporal evolution of the current vs. voltage characteristics recorded for a device with a PdHx/RfA1/Au 

architecture under A) a positive and B) a negative applied voltage.  

 

Finally, we directly quantified the proton flux that accompanied the changes in the 

reflectance and coloration of the device-integrated RfA1 films. As examples, the current (I) versus 

time (t) curves recorded for PdHx/RfA1/Au devices upon electrical actuation are shown in Figure 

4.8. After the application of a positive voltage, we observed a time-dependent evolution of the 

current, with the initial spike due to a rapid interfacial influx of protons into the RfA1 layer from 

the PdHx electrode and the eventual decay likely due to quasi-steady-state diffusional proton 

transport (Figure 4.8). From integration of the spike in the I-t curves, we calculated that the total 
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injected charge carrier density was nH+ = 13.9 ± 1 x 1017 protons/cm3 across 5 devices (see the 

experimental section for calculation details).31,32 In analogous fashion, after the application of a 

negative voltage, we again observed a time-dependent evolution of the current, with the initial 

spike due to a rapid interfacial efflux of protons from the RfA1 layer into the PdHx electrode and 

the eventual plateau likely due to slow quasi-steady-state diffusional proton transport (Figure 4.8). 

From integration of the spike in the I-t curves, we calculated that the total extracted charge carrier 

density was nH+ = 8.6 ± 1 x 1017 protons/cm3 across 4 devices (see the experimental section for 

Calculation Details).31,32 Interestingly, the extracted proton concentration was similar, albeit not 

identical, to the values of nH+ = ~ 1 – 3 x 1017 protons/cm3 previously obtained from the I-V 

characteristics of RfA1-based protonic transistors (note that the difference between the values 

likely arose from the distinct device configurations and interrogation strategies).26-28 Altogether, 

our analysis further corroborated the notion that proton exchange between the PdHx electrode and 

RfA1 active layers directly accounted for the observed shifts in reflectance and coloration. 

 

4.4: Conclusion 

In summary, we have rationally designed and characterized highly simplified protonic 

iridophores, for which the optical properties are modulated via an electrically-induced 

influx/efflux of protons, and our observations hold significance for several reasons. First, our 

measurements represent the only demonstration of the direct electrical triggering of reflectance 

and coloration changes for individual reflectin films. Given that reflectin-based coatings have been 

previously actuated through mechanical and chemical means, the reported results highlight the 

reflectins’ potential as adaptive optical materials and represent an initial step towards multi-layer 

camouflage devices that respond to multiple exogenous stimuli. Second, our measurements lend 
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additional support (albeit indirectly and within an in vitro context) for the mechanism proposed to 

explain iridophore activation within squid skin, wherein the trans-membrane flux of ions plays a 

prominent role. Through the use of electrodes that inject/extract other cations, the described 

strategy could prove valuable for understanding how distinct charged species affect the 

condensation behavior and optical properties of reflectin platelets. Third, our experiments suggest 

that reflectin-based devices are well positioned for the sensitive spectroelectrochemical monitoring 

of ion (proton) fluxes, at both the local and global levels. Due to the intrinsic biocompatibility of 

reflectin, the described strategy may thus afford new opportunities for the interrogation of ion 

signaling pathways in device-interfaced living cells or ion-transporting biomolecules. Finally, our 

simplified devices effectively constitute model organic-inorganic interfaces, which facilitate the 

direct monitoring of proton injection/extraction. The overall approach may be suitable for the study 

of interfacial ion transport, as relevant for the operating mechanism of various bioelectronic 

platforms. Altogether, our observations may hold relevance for designing advanced bioinspired 

camouflage technologies, understanding the function of ion-transporting biological systems, and 

engineering improved bioelectronic devices. 

 

4.5 Supplementary Information 

Production of Wild-Type and Mutant Reflectins: Wild-type reflectin A1 and mutant reflectin 

A1 (in which the aspartic acid and glutamic acid residues were substituted with alanines) were 

expressed, purified, and characterized according to a general established protocol.26-28 In brief, the 

pJExpress414 expression vectors containing either the wild type or mutant reflectin were 

transformed into BL21(DE3) cells (Novagen). The reflectins were expressed at 37 °C using 

Overnight Express Instant Terrific Broth (TB) media (Novagen) supplemented with 100 μg mL-1 
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Carbenicillin. The reflectins were completely insoluble when expressed at 37 °C and were 

sequestered in inclusion bodies prepared using Novagen BugBuster® according to the 

manufacturer’s suggested protocol. The inclusion bodies were then solubilized in denaturing 

buffer (pH 7.4, 50 mM Sodium Phosphate, 300 mM NaCl, 6M guanidine hydrochloride) and 

purified under denaturing conditions on HisPur Cobalt Resin (Thermo Scientific) immobilized 

metal affinity chromatography (IMAC) gravity columns according to the manufacturer’s 

protocols. The protein was eluted by using denaturing buffer supplemented with 250 mM 

imidazole. The fractions containing reflectin were pooled and concentrated on Millipore Amicon 

Concentrators before further purification with high-performance liquid chromatography (HPLC) 

on an Agilent 1260 Infinity system using an Agilent reverse phase C18 column with a gradient 

evolved from 95% Buffer A:5% Buffer B to 5% Buffer A:95% Buffer B at a flow rate of 1 mL 

min-1 over 30 minutes (Buffer A: 99.9% H2O, 0.1% TFA; Buffer B: 95% acetonitrile, 4.9% H2O, 

0.1% TFA). The pure reflectin fractions were pooled, flash frozen in liquid nitrogen, and 

lyophilized. The identity of the purified proteins was confirmed by in-gel tryptic digestion and 

tandem mass spectrometry on a Thermo Orbitrap instrument outfitted with an electrospray 

ionization source. The protein concentrations and yields were quantified via the Bradford protein 

assay with bovine serum albumin (BSA) as a standard (BioRad). 

 

Fabrication of Reflectin-Based Devices: The two-terminal devices were fabricated in a sandwich 

configuration by drawing upon preciously-reported procedures.26-28 In brief, SiO2/Si substrates 

(International Wafer Service, Inc.) were first cleaned in Piranha solution (1:3 hydrogen peroxide 

to sulfuric acid) and washed thoroughly. Subsequently, contacts consisting of a 4 nm chromium 

adhesion layer overlaid with a 40 nm palladium layer were electron-beam evaporated using a 
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Temescal FC-2000 Bell Jar Deposition System onto the clean substrates through a shadow mask. 

Next, a film of either wild-type RfA1 or mutant RfA1 was coated evenly between the palladium 

contact and the substrate surface. Subsequently, a 40 nm gold contact was deposited over the 

substrate surface and the RfA1 film, partially overlapping areas where the RfA1 film contacted the 

palladium contact. To prevent degradation of the RfA1 film during, the gold top contact was 

deposited via a layered strategy, i.e. 1 nm, 2 nm, 3 nm, 4 nm, and 5 nm layers of gold were first 

deposited sequentially, followed by 25 nm of gold in 5 nm increments. To further mitigate the 

possibility of film degradation, the film was allowed to cool for 5 minutes after the deposition of 

each layer, and the temperature of the evaporation chamber was kept below 30° C at all times. 

Finally, to form proton-injecting PdHx electrodes the devices were exposed to a 5% hydrogen/95% 

argon atmosphere in situ. 

 

Physical Characterization of Reflectin-based Devices: The thicknesses of the RfA1 films were 

determined from the analysis of topographical scans obtained with an Asylum Research MFP-3D 

Atomic Force microscope. The AFM data was analyzed with the Gwyddion software package. The 

topological scans were rastered at 0.50 Hz and normalized using polynomial subtraction for 

improved image quality. 

 

Imaging of Reflectin-Based Devices: The devices were imaged with a D800 camera (Nikon) 

equipped with a 105 mm f/2.8 AF-S Micro-Nikkor (Nikon). The images were captured with an 

exposure time of 1/25 second, aperture setting of f/11, and ISO of 1600. 
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Spectroscopic Characterization of Reflectin-Based Devices: The device-integrated RfA1 films 

were characterized with optical microscopy and reflectance measurements both with and without 

applied voltages (see below). The optical images were obtained with a Craic Technologies 20/20 

PV™ UV-visible-NIR Microspectrophotometer (outfitted with a Zeiss Ultrafluar 10X lens, NA = 

0.2) and processed with the manufacturer’s ImageUV software. The reflectance spectra were 

measured both with and without applied voltages with a Craic Technologies 20/20 PV™ UV-

visible-NIR Microspectrophotometer outfitted with a tungsten halogen white light source 

(effective wavelength range of λ = 350 nm to λ = 1700 nm). During the measurements, the devices 

were housed in a custom built enclosure, which maintained the relative humidity at 90 %. The 

reflectance data were acquired normal to the substrate surface and were referenced to a Thorlabs 

25.4 mm Protected Aluminum Mirror (unless otherwise noted).  

 

Electrical Characterization of Reflectin-based Devices: The devices were characterized by 

using a 2400 Series SourceMeter Source Measure Unit (SMU) (Keithley Instruments). For the 

electrical measurements, the current as a function of time was recorded after application of either 

negative voltages of -1.5 V or positive voltages of +1.5 V. During the measurements, the devices 

were housed in a custom built enclosure, which maintained the relative humidity at 90 %. 

 

Analysis of the Current-Voltage Data: The charge extracted from or injected into the RfA1 films 

was calculated from the initial current spike according to the methods of Rolandi and co-

workers31,32 by using the following equation: 

𝑄 = ∫ 𝐼𝑜𝑑𝑡
𝑡=𝑡𝑠𝑝𝑖𝑘𝑒

𝑡=0

     (1) 
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where 𝑄 is the total amount of charge in Coulombs, 𝑡𝑠𝑝𝑖𝑘𝑒 is the time in seconds, and 𝐼𝑜 is the 

measured current in Amps. The total charge 𝑄  was in turn converted to the total proton 

concentration per unit volume (protons cm-3). 

 

Estimation of Reflectin Film Thickness: The thicknesses of the RfA1 films were estimated by 

using thin-film interference theory.33 First, we calculated the refractive index of hydrated RfA1 

films according to the method of Sackmann and co-workers34 by using the following equation: 

𝑛𝐹 = 𝑛𝑀√1 +
3

ℎ𝑜

ℎ

(
𝑛𝑜

2 + 2𝑛𝑀
2

𝑛𝑜
2 − 𝑛𝑀

2 ) −
ℎ𝑜

ℎ

    (2) 

where 𝑛𝐹 is the refractive index of the hydrated film,  𝑛𝑜 is the refractive index of the pure solute, 

𝑛𝑀 is the refractive index of the pure solvent, ℎ𝑜 is the dry film thickness at low relative humidity, 

and ℎ is the layer thickness at increased relative humidity. Next, we calculated the film thicknesses 

by using the following equation (which reasonably approximates the optical properties of our films 

at near-normal incidence):  

2 ∙ 𝑛𝐹 ∙ 𝑑 =  𝑚 ∙ 𝜆    (3) 

where d is the thickness, 𝑛𝐹 is the refractive index, m is an integer, and λ is the peak wavelength. 
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CHAPTER 5 Reflectin as a Material for Neural Stem Cell Growth 

5.1: Abstract 

Cephalopods possess remarkable camouflage capabilities, which are enabled by their 

complex skin structure and sophisticated nervous system. Such unique characteristics have in turn 

inspired the design of novel functional materials and devices. Within this context, recent studies 

have focused on investigating the self-assembly, optical, and electrical properties of reflectin, a 

protein that plays a key role in cephalopod structural coloration. Herein, we report the discovery 

that reflectin constitutes an effective material for the growth of human neural stem/progenitor cells. 

Our findings may hold relevance both for understanding cephalopod embryogenesis and for 

developing improved protein-based bioelectronic devices. 

 

5.2: Introduction 

Cephalopods (squid, octopuses, and cuttlefish) are renowned as much for their stunning 

camouflage displays as for their vertebrate-like behavioral characteristics.1-6 These abilities stem 

from the cephalopods’ sophisticated nervous system, which has evolved to exhibit a number of 

anatomical and functional similarities with the nervous systems of vertebrates.4,6-11 Consequently, 

cephalopods have facilitated fundamental neurobiology research by furnishing seminal 

comparative neurophysiological model systems, including giant axons, chemical synapses, and 

chromatophore neuromuscular junctions.12-19 The study of cephalopods has therefore illuminated 

basic mechanisms of neuronal communication and greatly advanced scientific understanding of 

human brain function.4,6-11 

 Outside of neuroscience, the complex skin structure of cephalopods has served as a source 

of inspiration for the development of novel functional devices from both artificial20-25 and natural 
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materials.26-29 For example, several groups have fabricated stimuli-responsive optical coatings 

from proteins known as reflectins, which play a crucial role in cephalopod structural coloration 

and possess unique self-assembly properties.26-34 Moreover, the reflectin A1 isoform from 

Doryteuthis (Loligo) pealeii has been shown to function as an effective proton conduction medium, 

enabling its use in protonic transistors.35,36 These findings have indicated that reflectins possess 

untapped potential as active materials not only for adaptive optics but also for bioelectronic 

devices. 

 Recently, cephalopods, and specifically the cuttlefish Sepia officinalis, have been touted 

as promising comparative models for ecological and evolutionary developmental biology.37-39 

Within this context, the presence of both mRNA and iridescence associated with reflectin were 

noted during the later stages of embryogenesis in Sepia officinalis.40,41 Interestingly, reflectin was 

detected during developmental stages that correlate to some of the major steps of neurogenesis, 

precisely when brain maturation and growth occurs in Sepia officinalis embryos.40,41 These 

observations hinted at undiscovered roles for reflectin in cephalopod neural development and 

inspired us to consider the possibility that reflectin could promote neural stem cell growth. 

 Herein, we report the finding that the reflectin A1 isoform constitutes an effective substrate 

material for human neural stem/progenitor cells (hNSPCs). We first fabricate reflectin films 

according to standard protocols.26,27,35,36 We next show that these substrates support the growth of 

murine and human cells. We subsequently demonstrate that reflectin films facilitate the adhesion, 

proliferation, and differentiation of relatively difficult-to-culture hNSPCs. Our findings represent 

a crucial step toward the direct electrical monitoring and triggering of cellular biochemical events 

with reflectin-based bioelectronic devices. 
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5.3 Results and Discussion 

We began our studies by fabricating reflectin films on quartz or silica substrates. We first 

expressed a histidine-tagged Doryteuthis (Loligo) pealeii reflectin A1 isoform in E. coli. We then 

coated the substrates with reflectin via a modified doctor blading procedure (Figure 5.1), yielding 

films that were similar to those reported in our previous studies.26,27 The resulting reflectin-coated 

substrates were used directly for cell culture experiments (Figure 5.1). 

 

Figure 5.1: General illustration of cell culture experiments on reflectin-coated substrates. Reflectin films were 

fabricated via a modified doctor blading procedure and then used directly for the growth of mammalian cells. 

 

We initially evaluated the ability of reflectin to support the growth of intrinsically adherent 

murine and human cells (before transitioning to a more challenging cell type). For these 

experiments, we specifically selected three established cell lines that are well-known to grow on 

varied surfaces: HEK293A (human embryonic kidney cells that are widespread in cell biology),42-

44 MDA-MB-231 (human mammary cells that are employed in breast cancer research),45-47 and 

BV2 (murine microglial cell lines that are used for exploring the immune response of the central 

nervous system).48-50 The use of these established cell lines facilitated our exploratory protocol 

optimization. 

We incubated reflectin-coated substrates with HEK293A, MDA-MB-231, or BV2 cells. 

After 1 day, we visualized the substrates with bright-field microscopy (Figure 5.2). The three cell 

types exhibited morphologies that were consistent with literature precedent and indicative of 

adhesion and/or division. Indeed, HEK293A cells grew together in islands and possessed relatively 

flat bodies;42-44 MDA-MB-231 cells featured granular and spindle-like bodies;45-47 and BV2 cells 
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varied between flat spinous and small rounded bodies.48-50 These observations demonstrated that 

reflectin films were capable of supporting mammalian cell adhesion and portended favorably for 

the subsequent experiments. 

 

Figure 5.2: Typical bright-field microscopy images of A) HEK293A, B) BV2, and C) MDA-MB-231 cells on reflectin 

films. The images were collected 1 day after seeding and show that the cells have adhered to the substrates. 
 

We proceeded to challenge our substrates with hNSPCs, which play an essential role in 

brain and spinal cord development.51-53 As a general rule, stem cells are exquisitely sensitive to 

chemical and physical cues from their surrounding environment, making them relatively difficult 

to culture on arbitrary surfaces.54-60 Here, we focused our efforts on SC27 hNSPCs derived from 

the cerebral cortex of a post-mortem fetal brain.61,62 These cells express standard neural stem cell 

markers, including SOX2, nestin, and CD 133, and can potentially differentiate into three of the 

major brain cell types (i.e., astrocytes, neurons, and oligodendrocytes).61-65 They have also been 

shown to possess therapeutic potential in mouse models of Sandhoff disease.66 Furthermore, we 

have previously explored the adhesion, proliferation, and differentiation of SC27 hNSPCs under 

varied conditions on different substrates.63,64,67 Thus, SC27 hNSPCs represented a particularly 

advantageous choice for our studies. 

We seeded reflectin-coated and uncoated substrates with undifferentiated SC27 hNSPCs 

and visualized them with phase contrast optical microscopy over a period of 15 days (Figure 5.3). 

For the coated substrates, we were gratified to observe that the hNSPCs were bound to the surface 

after 1 day. Indeed, most of the cells adopted a predominantly elongated morphology, and some 
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of the cells displayed a rounded morphology while maintaining attachment to the substrate, as 

might be expected during cell division (Figure 5.3A). After 15 days, we found a marked >10-fold 

increase in the cell density, confirming division (Figure 5.3D). In contrast, uncoated substrates 

showed no hNSPC binding or growth under identical conditions over the same time period (Figure 

5.3D). Together, these observations indicated that reflectin coatings facilitated hNSPC attachment 

and subsequent proliferation on their surfaces (and supported cell viability for an extended period 

of time). 

 

Figure 5.3: Typical phase contrast optical microscopy images of hNSPCs on reflectin films, which demonstrate cell 

proliferation over time. The images were collected A) 1 day, B) 5 days, and C) 15 days after seeding. D) The plot of 

the cell density on both reflectin-coated and uncoated substrates after 1 day, 5 days, and 15 days. The error bars 

indicate the standard error of the mean per film. 

 

We next directly compared hNSPC growth on reflectin and more established materials 

(Figure 5.4). Due to their significance in both the fetal and adult central nervous systems, hNSPCs 

have been cultured on various substrates, including ceramics, polymers, polysaccharides, synthetic 

peptides, and naturally occurring proteins.54-56 For our comparison, we selected fibronectin, 

laminin, and poly-d-lysine. These coatings were specifically chosen because they are in the same 

materials class as reflectin (i.e., proteins and peptides)54-56 and have been previously used for the 

growth of hNSPCs.63,64,67 

Phase contrast optical microscopy images of cells cultured under identical conditions on 

reflectin, fibronectin, laminin, and poly-d-lysine are shown in Figure 5.4. Here, because stem cells 

often produce their own extracellular matrices, which contribute to cell adhesion and proliferation 

over extended periods of time, we limited our analysis to the first 3 days of growth. Although 
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hNSPCs were not always uniformly distributed on reflectin-coated substrates (Figure 5.4A), the 

cell morphologies were similar to those observed on fibronectin- and laminin-coated substrates 

(Figure 5.4B,C) but quite distinct from those observed on poly-d-lysine-coated substrates (Figure 

5.4D). Moreover, we observed that the cell densities on reflectin, fibronectin, and laminin were 

comparable and much higher than on poly-d-lysine (Figure 5.4E). Overall, the performance of 

reflectin was comparable to that of common validated neural stem cell growth matrices. 
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Figure 5.4: Typical phase contrast optical microscopy images of hNSPCs on A) reflectin, B) fibronectin, C) laminin, 

and D) poly-d-lysine. The cell cultures were prepared under identical conditions, and the images were collected 3 days 

after seeding. E) The corresponding plot of the cell density for each of the 4 substrates over the initial 3 days after 

seeding. Note that the cell density on reflectin is comparable to the cell density on fibronectin and laminin. The error 

bars indicate the standard error of the mean per film. 

 

We proceeded to assess the behavior of hNSPCs cultured on reflectin-coated substrates. 

Because stem cell/matrix interactions influence cell fate,54-60 we investigated whether reflectin 
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affected typical physiological processes previously documented for membrane-bound proteins at 

the cell–substrate interface. Thus, we studied the activity of the Ca2+-permeable ion channel 

Piezo1, which influences stem cell differentiation via the transduction of matrix mechanical 

information.67 For this purpose, we utilized total internal reflection fluorescence microscopy 

(TIRFM), a technique that reduces intracellular background fluorescence and specifically reports 

on events at the cell–substrate interface (Figure 5.5).68,69 We postulated that reflectin would be 

especially well suited for TIRFM experiments due to its favorable optical properties, including a 

high refractive index of 1.54.26,27 

We visualized hNSPCs on reflectin-coated substrates with TIRFM, monitoring them in real 

time (Figure 5.5). The fluorescent Ca2+ indicator Fluo-4AM facilitated imaging of individual cells 

(Figure 5.5B), enabling us to measure spontaneous Ca2+ transients that have been previously linked 

to Piezo1 activity.67 As an example, two arbitrary representative areas are marked with blue and 

red boxes in Figure 5.5B, and the corresponding spontaneous transients are shown in Figure 5.5C. 

In general, the appearance of the hNSPCs, as well as the amplitude and frequency of the associated 

transient, closely resembled those found on fibronectin-coated substrates.67 Overall, our TIRFM 

measurements provided additional evidence for hNSPCs exhibiting “typical” behavior and activity 

on reflectin. 

Having validated that reflectin-coated substrates support hNSPC adhesion and 

proliferation, we investigated the differentiation potential of reflectin-bound neural stem cells. 

Thus, after 2 days of growth in proliferation media, we induced differentiation of the hNSPCs by 

substituting proliferation media with differentiation media. After 14 days in the differentiation 

media, we fixed, immunostained, and imaged the bound hNSPCs via standard protocols.63,64,67 We 
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sought to detect the presence of neurons and astrocytes but not oligodendrocytes, as they are not 

efficiently generated via standard differentiation protocols. 

 

Figure 5.5: A) An illustration of total internal reflection fluorescence microscopy of an hNSPC (green) on a reflectin-

coated substrate. The reflectin film is orange, and the reflected light is indicated by a blue arrow. B) A typical total 

internal reflection fluorescence microscopy image obtained of an hNSPC loaded with the fluorescent Ca2+ indicator 

Fluo-4 AM. Two arbitrary representative areas are marked with blue and red boxes. C) A plot of the fluorescence 

intensity as a function of time for the blue and red boxes in panel B. The plot shows the presence of spontaneous Ca2+ 

transients, which are associated with Piezo1 channel activity. 

 

Fluorescence microscopy images of two different immunostained sets of hNSPCs are 

shown in Figure 5.6. To detect astrocytes, we labeled cells for SOX2, a stem/progenitor cell marker 

(Figure 5.6B), and GFAP, a typical astrocytic marker (Figure 5.6C). This costaining approach 

identified the SOX2-negative and GFAP-positive cells as fully differentiated astrocytes (Figure 

5.6D). To detect neurons, we labeled cells for a combination of MAP2 and DCX, which are 

common neuronal markers (Figure 5.6F,G). This costaining approach identified the MAP2- and 

DCX-positive cells as differentiated neurons (Figure 5.6H). Here, we note that immunostained 

differentiated cells grown on reflectin (Figure 5.6) were almost indistinguishable from those grown 

on laminin under identical conditions (Figure 5.S1). For example, the percentages of hNSPCs on 

reflectin that transformed into astrocytes and neurons were 64.2 ± 0.6% and 3.9 ± 0.7%, 

respectively, and the percentages of hNSPCs on laminin that transformed into astrocytes and 

neurons were 67.1 ± 6.1% and 4.2 ± 0.8%, respectively. Overall, our experiments confirmed that 

reflectin-coated substrates were fully capable of supporting neural stem cell differentiation. 
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Figure 5.6: Typical fluorescence microscopy images of two separate sets of immunostained hNSPCs on reflectin-

coated substrates after differentiation into (A–D) astrocytes and (E–H) neurons. The cells were costained with A) the 

nuclei marker Hoechst, B) the stem/progenitor cell marker SOX2, and C) the astrocytic marker GFAP. The image 

corresponding to all three markers is shown in D), where SOX2-negative/GFAP-positive cells are differentiated 

astrocytes. The neurons were costained with E) the nuclei marker Hoechst, F) the neuronal marker DCX, and G) the 

neuronal marker MAP2. The image corresponding to all three markers is shown in H), where MAP2-positive and 

DCX-positive cells are neurons. 

 

5.4 Conclusion 

In summary, we have discovered that reflectin constitutes an effective material for cell 

growth and differentiation, as demonstrated for traditionally difficult-to-culture hNSPCs. The 

viability of the reflectin-bound neural stem cells was assessed with a combination of phase-

contrast, bright-field, and fluorescence microscopy techniques. Overall, our studies indicate that 

reflectin is quite comparable to alternative neural stem cell matrix materials. 

Here, we note that our experiments may be quite interesting from the perspective of 

developmental and cell biology. For example, reflectin’s unexpected presence during key stages 

of brain development in Sepia officinalis embryos, together with its functionality as a surface for 

hNSPC growth, hint that the protein may potentially play some as-of-yet undetermined general 

role in cephalopod nervous system development. Moreover, given that positively charged reflectin 

is similar to fibronectin and laminin, but superior to positively charged poly-d-lysine, as a cell 

growth substrate, its unusual amino acid sequence30-32,34 may influence stem cell binding and/or 
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proliferation. These possibilities are exciting and certainly warrant further exploration, especially 

within the context of cephalopods as general comparative model systems for vertebrates. 

Finally, our findings hold particular significance from the perspective of bioelectronic 

applications. Indeed, relatively few materials have been shown to simultaneously exhibit excellent 

electrical properties and support stem cell attachment, proliferation, and differentiation.54-60 

Reflectin’s ability to serve as a substrate for neural stem cell growth therefore establishes the 

groundwork for interfacing hNSPCs with protein-based protonic devices and raises the intriguing 

possibility of directly regulating neurogenesis with protonic currents. Moreover, in contrast with 

some traditional neural stem cell growth materials, reflectin possesses a similar refractive index to 

glass, making it nearly ideal for TIRFM measurements. The protein’s combination of favorable 

optical and electrical properties thus opens an opportunity for the spectroelectrochemical 

triggering and monitoring of ion channel activity in single isolated neural stem cells. Together, 

these advantages portend favorably for the future of reflectin as an inherently biocompatible active 

layer in a diverse array of bioelectronic devices. 

 

5.5 Supplementary Information 

Statement of Ethics: Informed written consent was obtained for all human subjects. All human 

cell research involved cells with no patient identifiers and was approved by the University of 

California, Irvine Institutional Review Board and the Human Stem Cell Research Oversight 

Committee. 

Expression, Purification, and Characterization of Reflectin: Reflectin was prepared according 

to previously reported protocols.26,27,35,36 An E. coli codon optimized gene coding for 6X histidine-

tagged reflectin A1 protein from Doryteuthis pealeii (Genbank: ACZ57764.1) was synthesized 
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and cloned into the pJExpress414 vector (DNA2.0). The vector was transformed into BL21(DE3) 

cells (Novagen). Reflectin was expressed at 37 °C using Overnight Express Instant Terrific Broth 

(TB) media (Novagen) supplemented with 100 μg mL–1 Carbenicillin. Reflectin was completely 

insoluble when expressed at 37 °C and was sequestered in inclusion bodies prepared using 

BugBuster (Novagen) according to the manufacturer’s suggested protocols. The inclusion bodies 

were then solubilized in denaturing buffer (pH 7.4, 50 mM sodium phosphate, 300 mM sodium 

chloride, 6 M guanidine hydrochloride) and purified under denaturing conditions on a HisPur 

Cobalt Resin gravity column (Thermo Scientific) according to the manufacturer’s protocols 

(elution was performed using denaturing buffer supplemented with 250 mM imidazole). The 

fractions containing the reflectin protein were pooled and concentrated on an Amicon Concentrator 

(Millipore) before being purified with high performance liquid chromatography (HPLC) on an 

Agilent 1260 Infinity system using a reverse phase C18 column. The gradient was evolved from 

95% Buffer A:5% Buffer B to 5% Buffer A:95% Buffer B at a flow rate of 0.5 mL min–1 over 20 

min (Buffer A: 99.9% water, 0.1% trifluoroacetic acid; Buffer B: 95% acetonitrile, 4.9% water, 

0.1% trifluoroacetic acid). After purification, the identity of the protein was confirmed with 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and in-gel tryptic 

digestion, followed by mass spectrometry analysis. The pure reflectin was pooled, flash frozen in 

liquid nitrogen, and lyophilized. Protein concentrations and yields were quantified via the Bradford 

protein assay (BioRad) with BSA as the standard. 

 

Fabrication of Reflectin-Coated Substrates: Reflectin-coated substrates were prepared 

according to previously reported procedures.26,27,35,36 For bright-field microscopy experiments, 

reflectin films were fabricated on silica substrates (SQI), and for phase contrast optical microscopy 
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and fluorescence microscopy experiments, reflectin films were fabricated on glass coverslips 

(ThermoFisher). In a typical experiment, uncoated substrates were first cleaned sequentially with 

Milli-Q water, acetone, and isopropanol, as well as flame-sterilized with a Bunsen burner. A fresh 

10–20 mg/mL reflectin solution was then prepared and filtered through sterile 0.45 and 0.22 μm 

filters (ThermoFisher). Subsequently, Teflon tape (McMaster-Carr) was applied to edges of the 

substrates to act spacer for coating. The reflectin protein solution was then cast onto the substrate 

in front of a plastic blade, which was translated at a constant speed across the surface to produce 

films. To promote water evaporation, the coating procedure was performed at 80 °C. Note that the 

absence of a graphene oxide adhesion layer26,27 reduced film uniformity over large areas. 

 

Growth of HEK, BV2, and MDA-MB-231 Cell Cultures: The HEK cells were a gift from Dr. 

Naoto Hoshi, the BV2 cells were a gift from Dr. Heike Wulff, and the MDA-MB-231 cells were 

purchased from ATCC. HEK, BV2, and MDA-MB-231 cells were plated at densities of 20,000–

105,000 cells/cm2. The cells were grown as adherent cultures according to known procedures42-50 

at 37 °C and under 5% CO2 in DMEM (Life Technologies), supplemented with 10% fetal bovine 

serum (Gemini Bio-Products) and 1% penicillin/streptomycin. 

 

Growth of Adherent Human Neural Stem/Progenitor Cell Cultures: hNSPCs denoted as SC27 

were procured from the National Human Neural Stem Cell Resource.61-63 The hNSPCs were 

originally derived from brain subventricular zone (SVZ) tissue of a premature neonate that died 

shortly after birth, as previously described.61,62 For donation of the requisite brain tissue, informed 

consent was obtained prior to tissue acquisition, and this process was approved by the Institutional 

Review Board.61,62 In our studies, the cells were plated at densities of 40 000–80 000 cells per 18 
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mm coverslip. The cells were grown as adherent cultures at 37 °C and under 5% CO2 in base 

proliferation media, which consisted of DMEM:F12 (Gibco/Invitrogen), 20% (v/v) BIT 9500 

(bovine serum albumin, insulin, and transferrin) (Stem Cell Technologies), and 1% (v/v) 

antibiotic/antimycotic (penicillin, streptomycin, and amphotericin) (Gibco/Invitrogen). This media 

was supplemented with 40 ng/mL epidermal growth factor (EGF) (BD Biosciences), 40 ng/mL 

fibroblast growth factor (FGF) (BD Biosciences), and 20 ng/mL platelet-derived growth factor 

(PDGF-AB) (Peprotech). To induce differentiation, the base media was exchanged for the 

differentiation media, which consisted of a 1:1 mixture of the base media and Neurobasal media 

(Invitrogen) supplemented with 0.5% (v/v) B27 (Life Technologies), 20 ng/mL brain-derived 

neurotrophic factor (BDNF) (Peprotech), 20 ng/mL neurotrophin-3 (NT3) (Peprotech), 1% (v/v) 

fetal bovine serum (FBS) (Gibco/Invitrogen), 2.5 ng/mL FGF, and 0.1 μM all-trans-retinoic acid 

(Sigma). The cells were maintained in the differentiation media for a minimum of 14 days. 

 

Optical Microscopy of Adherent Mammalian Cells: Bright-field microscopy images of HEK, 

BV2, and MDA-MB-231 cells were obtained with a Carl Zeiss Axio Imager A1 microscope in a 

145 mM NaCl, 3 mM KCl, 3 mM CaCl2, 2 mM MgCl2, 5 mM Hepes, pH = 7.3 buffer solution. 

Phase contrast optical microscopy images of hNSPC cells were obtained with either an Advanced 

Microscopy Group EVOS XL microscope or an Olympus IX71 microscope, which was outfitted 

with a Hamamatsu C8484 digital camera. The hNSPC images were collected in the base 

proliferation media. To quantify cell densities, the images were analyzed with FIJI software.70 

Fluorescence Microscopy of Immunostained Human Neural Stem/Progenitor Cells: 

Fluorescence microscopy images of immunostained hNSPCs were obtained with a Nikon Eclipse 

Ti microscope and acquired with NIS element AR3.10 software. For imaging, the differentiated 
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hNSPCs were first fixed by treatment with 4% paraformaldehyde for 10 min. These fixed cells 

were then treated with 0.3% Triton X-100 in phosphate-buffered saline (PBS) for 5 min, followed 

by blocking in 5% bovine serum albumin in PBS for 1 h. All cell nuclei were stained with Hoechst 

33342 at 1:500 (2 μg/mL) in PBS for 1 min. To detect astrocytes, the cells were stained with mouse 

anti-GFAP (Sigma) and goat anti-SOX-2 (Santa Cruz Biotechnology) primary antibodies for 2 h 

at room temperature. To detect neurons, the cells were stained with mouse anti-MAP2 (Sigma) 

and goat anti-DCX (Santa Cruz Biotechnology) primary antibodies for 2 h at room temperature. 

Both neurons and astrocytes were stained with donkey antimouse Alexa-Fluor 555 (Life 

Technologies) and donkey antigoat Alexa-Fluor 488 (Life Technologies) secondary antibodies for 

1 h in the dark at room temperature. The primary and secondary antibodies were diluted at 1:200 

in 1% bovine serum albumin in PBS solution. To compensate for a lower neuron differentiation 

percentage, hNSPCs were plated at densities of 80 000 cells per 18 mm coverslip for neurons and 

at 40 000 cells per 18 mm coverslip for astrocytes. The images were analyzed with FIJI software.70 

 

Total Internal Reflection Fluorescence Microscopy Imaging of Adherent Human Neural 

Stem/Progenitor Cells: Fluorescence microscopy images were obtained by using an Olympus 

IX71 microscope equipped with an Andor iXon EMCCD camera, a Melles Griot 488 nm solid-

state laser, and a 1.49 NA Olympus 100x objective lens. The images were collected with an 

exposure time of 0.04081 s at 13.7 Hz. For Ca2+ imaging, the hNSPC cells were loaded with a Ca2+ 

indicator by incubation in a solution of 1 μM Fluo-4 AM in phenol red-free DMEM/F12 

(Invitrogen) for 10 min at 37 °C. The cells were then washed three times and further incubated at 

room temperature for another 10–15 min to allow for intracellular cleavage of the AM ester. The 

total internal reflection fluorescence microscopy images were obtained in a 148 mM NaCl, 3 mM 
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KCl, 3 mM CaCl2, 2 mM MgCl2, 8 mM glucose, 10 mM Hepes, pH = 7.3 buffer solution. The 

images were analyzed with FIJI70 and Origin 9.1 software. 

 
 
Figure S5.1: Typical fluorescence microscopy images of two separate sets of immunostained hNSPCs on laminin-

coated substrates after differentiation into A)-D) astrocytes and E)-H) neurons. The cells were co-stained with A) the 

nuclei marker Hoechst, B) the stem/progenitor cell marker SOX2, and C) the astrocytic marker GFAP. The image 

corresponding to all three markers is shown in D), where SOX2-negative and GFAP-positive cells are differentiated 

astrocytes. The neurons were co-stained with E) the nuclei marker Hoechst, F) the neuronal marker DCX, and G) the 

neuronal marker MAP2. The image corresponding to all three markers is shown in H), where MAP2-positive and 

DCX-positive cells are neurons. 
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CHAPTER 6 Production and Electrical Characterization of the Reflectin 

A2 Isoform from Doryteuthis (Loligo) pealeii 

6.1: Abstract 

Cephalopods have recently emerged as a source of inspiration for the development of novel 

functional materials. Within this context, a number of studies have explored structural proteins 

known as reflectins, which play a key role in cephalopod adaptive coloration in vivo and exhibit 

interesting properties in vitro. Herein, we report an improved high-yield strategy for the 

preparation and isolation of reflectins in quantities sufficient for materials applications. We first 

select the Doryteuthis (Loligo) pealeii reflectin A2 (RfA2) isoform as a “model” system and 

validate our approach for the expression and purification of this protein. We in turn fabricate RfA2-

based two terminal devices and employ both direct and alternating current measurements to 

demonstrate that RfA2 films conduct protons. Our findings underscore the potential of reflectins 

as functional materials and may allow a wider range of researchers to investigate their properties. 

 

6.2: Introduction 

Cephalopods (squid, octopuses, and cuttlefish) are well known for their sophisticated 

neurophysiology, complex behavior, and stunning camouflage displays.1–6 Recently, these animals 

have drawn significant attention as sources of novel materials for optical systems,7–10 biomedical 

technologies,11–15 and bioelectronic devices.16–20 Within this context, a number of literature reports 

have investigated the properties of unique structural proteins known as reflectins,7–10,14,16–18,21–

24 which are found in cephalopod skin cells (i.e. leucophores, iridophores, and chromatophores).25–

30 In vivo, reflectins in general have been shown to play important roles in cephalopod adaptive 

coloration by serving as components of optically-active ultrastructures, including layered stacks 
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of membrane-enclosed platelets in iridophores,25,26 membrane-bound arrangements of spherical 

microparticles in leucophores,27,28 and interconnected networks of pigment granules in 

chromatophores.29,30 In vitro, the Doryteuthis (Loligo) pealeii reflectin A1 (RfA1) isoform has 

found applications in reconfigurable infrared camouflage coatings that are actuated by chemical 

and mechanical stimuli,7,8 proton-conducting films with electrical figures of merit rivaling those 

of some artificial analogues,16–18 and biocompatible substrates that support the proliferation and 

differentiation of neural stem cells.14 Overall, reflectins' fascinating properties have provided a 

strong impetus for their continued exploration from both fundamental and applied perspectives. 

Herein, we describe an improved methodology for the production of difficult-to-handle 

reflectins in quantities sufficient for materials applications. We first select the Doryteuthis (Loligo) 

pealeii reflectin A2 (RfA2) isoform as a “model” system for electrical characterization and 

validate a new high-yield strategy for the expression and purification of this precipitation-prone 

protein. We subsequently fabricate and characterize two-terminal devices for which RfA2 thin 

films constitute the active layer. We in turn interrogate RfA2-based devices featuring palladium 

and palladium hydride electrodes via direct current electrical measurements and RfA2-based 

devices featuring gold electrodes via alternating current electrical measurements. From our 

experiments, we glean that RfA2 is an effective proton-conducting material, with properties 

similar to those of RfA1. Overall, our findings underscore the potential of reflectins as functional 

materials and may allow a wider range of researchers to investigate their properties. 

 

6.3: Results and Discussion 

Having previously demonstrated that Doryteuthis (Loligo) pealeii reflectin A1 is an 

excellent proton conductor,16–18 we sought to extend these studies and explore the electrical 
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functionality of other reflectins. For our experiments, we specifically selected Doryteuthis (Loligo) 

pealeii reflectin A2 (Figure 6.1A) due to its key biological role in the dynamic optical functionality 

of iridophores23,26 and its similarity to reflectins from other squid species (with the exception of 

reflectin B1). Indeed, RfA2 from D. pealeii features a >60% pair-wise amino acid sequence 

identity with the majority of isolated reflectins from E. scolopes,21 D. opalescens,26 and L. 

forbesi,31 and much like its homologues, this reflectin variant contains multiple characteristic 

(M/F–D–X5)(M–D–X5)n(M–D–X3/4) sequence motifs and large percentages of both aromatic and 

charged amino acids (Figure 6.1A).23,26 Furthermore, although the biochemical characterization of 

RfA2 has been reported,23,24,26 the protein has not been studied as a functional material to date and 

possesses completely unexplored electrical properties. Given the aforementioned considerations, 

we viewed RfA2 as a judicious “model” reflectin for electrical characterization and further 

investigation. 

We began our studies by developing and implementing an improved strategy for the 

production of RfA2 in high yield (Figure 6.1B), with each step of the revised procedure 

monitored via gel electrophoresis (Figure 6.1C). First, we used protocols validated for RfA1 to 

heterologously express histidine-tagged RfA2 in E. coli,7,16 finding that the protein was 

sequestered within intracellular inclusion bodies (as reported for RfA1). The inclusion bodies were 

then prepared/isolated through several rounds of non-ionic detergent extraction and centrifugation. 

Subsequently, the nearly pure RfA2 (from the inclusion bodies) was solubilized through repeated 

manual agitation. Here, when attempting to purify the protein via immobilized metal ion affinity 

chromatography (IMAC), we found that even under denaturing conditions, RfA2 was prone to 

irreversible self-assembly into larger aggregates and/or spontaneous precipitation (as reported for 

some reflectins).9,10,22,24 Our standard protocol7,16 thus furnished relatively small amounts of 
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material, which were appropriate for basic characterization but not adequate for high throughput 

device fabrication. Consequently, rather than relying upon a time-consuming, expensive, and 

difficult IMAC step, we revised our procedure and simply filtered the RfA2 solutions to remove 

any insoluble debris and/or precipitates. We in turn isolated the desired protein from the 

filtrate via high performance liquid chromatography (HPLC), obtaining typical estimated purities 

of >95% (Figure S6.1). Finally, we confirmed the identity of the protein via in-gel tryptic digestion 

and tandem mass spectrometry, obtaining typical sequence coverages of >80% (Figure S6.2). 

Notably, due to the use of histidine-tagged RfA2, we were able to directly compare the efficacy of 

the previously reported7,16 and current procedures, discovering that our new streamlined strategy 

not only avoided a challenging column chromatography step but also improved the yield by well 

over an order of magnitude to >200 mg of pure protein per liter of cell culture.  
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Figure 6.1: A) Illustration of the primary sequence of Doryteuthis (Loligo) pealeii reflectin A2. The conserved 

sequence motifs of the form (M/F–D–X5)(M–D–X5)n(M–D–X3/4) are indicated above the sequence in light blue. The 

conserved aspartic acid and methionine residues present in the subdomains are indicated in bolded red and bolded 

black, respectively. B) Illustration of the expression and purification of RfA2. The procedure entails protein 

expression, cell lysis, inclusion body preparation, inclusion body solubilization, inclusion body filtration, and 

protein purification via high performance liquid chromatography. C) Analysis of the expression and purification of 

RfA2 via sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The stain indicates the total 

protein. The individual lanes correspond to: lane 1, 10–160 kDa molecular weight standards; lane 2, total protein; 

lane 3, soluble protein; lane 4, insoluble protein; lane 5, solubilized inclusion bodies; lane 6, filtered inclusion 

bodies; lane 7, concentrated filtered inclusion bodies; lane 8, HPLC eluate. 

 

With our desired material in hand, we proceeded to fabricate two-terminal bottom contact 

devices according to the scheme illustrated in Figure 6.2A.16–18 First, we prepared arrayed 

palladium or gold metal contacts on either silicon dioxide/silicon or glass substrates, 

respectively, via electron beam physical vapor deposition through a shadow mask. Next, we 

dropcast aqueous solutions of RfA2 directly onto the electrode arrays. We then allowed the 

residual solvent to evaporate, prior to removing excess material through mechanical scribing. 
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These arrayed devices enabled high throughput physical and electrical characterization of RfA2 

films.  

We next characterized our RfA2-based devices with optical microscopy and atomic force 

microscopy (AFM).16–18 The optical microscopy experiments indicated that the RfA2 active layers 

contained few apparent defects (representative image for palladium-contacted devices is shown 

in Figure 6.2B). The AFM experiments indicated that the RfA2 films were relatively uniform with 

root mean square (RMS) roughnesses of >3 nm (representative image is shown in Figure 6.2C). 

The physical characterization experiments confirmed the integrity of our films and facilitated 

interpretation of the electrical measurements. 

 

Figure 6.2: A) General scheme for the fabrication of RfA2-based devices. B) A representative optical image of a 

completed device for which an RfA2 film bridges two palladium electrodes. C) A representative atomic force 

microscopy (AFM) image of an RfA2 film. 

 

We subsequently investigated the electrical properties of RfA2 films contacted by proton-

blocking palladium and proton-injecting palladium hydride electrodes (Figure 6.3A). Thus, we 

first recorded current (I) as a function of voltage (V) at a relative humidity (RH) of 80% for 
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palladium-contacted devices (representative measurements are shown in Figure 6.3B). From the 

I–V characteristics, we extracted an average current density of 7.3 ± 4.5 × 10−4 A cm−2 at 1.5 V 

across 6 independent palladium-contacted devices. We in turn formed proton-transparent 

palladium hydride contacts via exposure of the palladium contacts to hydrogen gas in situ (Figure 

6.3A),16–20,32 prior to again recording current as a function of voltage at an RH of 80% 

(representative measurements are shown in Figure 6.3B). From the I–V characteristics, we 

extracted an average current density of 1.8 ± 0.6 × 10−2 A cm−2 at 1.5 V across 6 independent 

palladium hydride-contacted devices. Here, we found that the characteristics displayed hysteresis 

between the forward and reverse scans and that the observed current density increased by more 

than an order of magnitude upon conversion of the contacts from proton-blocking to proton-

injecting (in close agreement with literature precedent for RfA116–18 and derivatized chitosan19,20). 

Interestingly, the current density found for RfA2 was lower than the current density of ∼2.6 × 10−2 

A cm−2 previously found for RfA1 at an RH = 80%.16 This difference could be rationalized by 

analyzing the two proteins' histidine-tagged amino acid sequences (Figure S6.3); relative to RfA1, 

RfA2 possesses a small but significant decrease in its percentage of charged amino acids (which 

are crucial for proton transport)16 and thus might be expected to function less effectively as a proton 

conductor. Altogether, our observations provided strong evidence that RfA2 was a proton-

conducting material. 
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Figure 6.3: A) An illustration of an RfA2-based two-terminal device before and after in situ treatment with hydrogen 

(H2) gas. The palladium (Pd) electrodes are converted to palladium hydride (PdHx) electrodes in the presence of H2, 

enabling the injection of protons into the film. B) The current versus voltage characteristics of an RfA2 film contacted 

with palladium (red) and palladium hydride (blue) electrodes. The magnitude of the current increases by more than an 

order of magnitude upon moving from proton-blocking to proton-injecting electrodes. Both the forward and reverse 

scans are shown for each measurement. 

 

To gain additional insight into the electrical properties of RfA2, we used electrochemical 

impedance spectroscopy to interrogate RfA2 films contacted by gold electrodes in the presence of 

water (H2O) and deuterium oxide (D2O) vapor (Figure 6.4A). Thus, we first recorded Nyquist plots 

of the imaginary versus the real parts of the impedance at an RH of 80% for devices in the presence 

of H2O (representative measurements are shown in Figure 6.4B). By fitting our curves with a 

simple equivalent circuit that accounted for the bulk impedance and capacitive effects at the 

electrodes,16 we extracted an average conductivity of 7.4 ± 2.0 × 10−5 S cm−1 across 5 independent 

devices in the presence of H2O. We in turn altered the environment from H2O to D2O vapor in 

situ (Figure 6.4A), prior to again recording the imaginary versus the real parts of the impedance at 

an RH of 80% (representative measurements are shown in Figure 6.4B). From fits of this data, we 
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extracted an average conductivity of 4.3 ± 1.1 × 10−5 S cm−1 across 5 independent devices in the 

presence of D2O. Here, we found that our plots displayed a semicircle in the high-frequency region 

and an inclined spur in the low-frequency region, in line with both literature precedent for 

RfA116 and expectations for ion-conducting materials contacted by blocking electrodes.33–

37 Importantly, we also noted a clear kinetic isotope effect for the RfA2 films, with a decrease of 

∼40% in their average conductivity upon moving from H2O to D2O vapor. Together, our 

observations provided additional compelling evidence that RfA2 was a proton-conducting 

material.  

 

Figure 6.4: A) An illustration of a two-terminal RfA2-based device in the presence of water (H2O) vapor and 

deuterium oxide (D2O) vapor. B) A representative Nyquist plot of the imaginary versus the real parts of the 

impedance for an RfA2-based two-terminal device in the presence of H2O (open circles) and D2O (open triangles). 

There is a change in the effective film resistance upon moving from H2O to D2O, demonstrating the kinetic isotope 

effect for the RfA2 film. 

 

 

 

https://vpn.uci.edu/+CSCO+1h756767633A2F2F63686F662E6566702E626574++/en/content/articlehtml/2016/ra/c6ra05405f#cit16
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6.4: Conclusion 

In conclusion, we have demonstrated an improved methodology for the production of 

reflectins in quantities sufficient for materials applications, and our findings constitute a significant 

advance for several reasons. First, our straightforward protocol omits a challenging 

chromatography step and enables the expression and purification of potentially difficult-to-handle 

reflectins in high yield, as demonstrated for the RfA2 “model” system. The presented strategy 

should be broadly applicable for the production of arbitrary reflectin variants (and perhaps even 

unrelated proteins) that are sequestered within inclusion bodies (for example, we have included 

the gel electrophoresis data for RfA1 produced via our protocol in Figure S6.4). Furthermore, our 

methodology has enabled the exploration of RfA2's electrical functionality for the first time, 

adding to the limited body of knowledge currently available for reflectins' materials properties. 

Based on the sequence similarity between various reflectins and the demonstrated electrical 

functionality of both RfA1 and RfA2, we cautiously postulate that protonic conductivity may be a 

general property of these proteins (although our hypothesis certainly warrants additional 

investigation). Finally, due to its relatively short amino acid sequence (when compared to RfA1), 

RfA2 may hold value as a platform for establishing relationships between structure and in 

vitro function for the reflectin family of proteins. Altogether, our observations highlight the 

potential of reflectins as functional materials and may afford new opportunities for the study of 

their multi-faceted properties.  

 

6.5: Supplementary Information 

Expression and Purification of Reflectin A2: Histidine-tagged wild type reflectin A2 (RfA2) 

was expressed and purified via a protocol that was modified from an analogous one previously 
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reported for wild type reflectin A1 (RfA1)31,32. In brief, an E. coli codon optimized gene coding 

for histidine-tagged wild type RfA2 from Doryteuthis (Loligo) pealeii (Genbank: ACZ57765.1) 

was synthesized and cloned into the pJExpress414 vector (DNA2.0). The vector was transformed 

into BL21(DE3) cells (Novagen). RfA2 was expressed at 37 °C using Overnight Express Instant 

Terrific Broth (TB) media (Novagen) supplemented with 100 μg mL−1 Carbenicillin. RfA2 was 

insoluble when expressed at 37 °C and was sequestered in inclusion bodies. The inclusion bodies 

were then extracted by using BugBuster® (Novagen) according to the manufacturer's suggested 

protocols. The inclusion bodies were subsequently solubilized in denaturing buffer (pH 7.4, 50 

mM sodium phosphate, 300 mM sodium chloride, 6 M guanidine hydrochloride) through repeated 

manual agitation and sequentially filtered through 5, 0.45, and 0.22 μm filters. The protein was 

next purified by high-performance liquid chromatography (HPLC) on an Agilent 1260 Infinity 

system using an Agilent reverse phase C18 column with a gradient evolved from 95% Buffer A:5% 

Buffer B to 5% Buffer A:95% Buffer B at a flow rate of 1 mL min-1 over 30 minutes (Buffer A: 

99.9% H2O, 0.1% TFA; Buffer B: 95% acetonitrile, 4.9% H2O, 0.1% TFA) (Figure S6.1). The 

fractions containing RfA2 were pooled, flash frozen in liquid nitrogen, and lyophilized, yielding 

> 200 mg of pure RfA2 protein per liter of E. coli cell culture. 

 

Characterization of Reflectin A2: Wild type RfA2 was characterized according to a general 

protocol, which was adopted from the literature31-34. Throughout the purification process, purified 

and unpurified reflectin samples were analyzed by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and GelCode Blue Staining (Thermo) using an Invitrogen XCell 

SureLock Mini using NuPAGE Novex 4-12% Bis-Tris gels, with NuPAGE MOPS as the running 

buffer under reducing conditions. Stained protein bands were routinely subjected to in-gel tryptic 
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digestion, as confirmation of protein identity31-33. After digestion, the peptides were separated on 

a reverse phase C18 chromatography column and analyzed by mass spectrometry either on a 

Synapt G2 instrument (Waters) outfitted with an electrospray ionization source or on an EASY-

nLC system (Proxeon Biosystems, now Thermo Scientific) connected to a hybrid LTQ-FT 

spectrometer (Thermo Scientific) equipped with a nanoelectrospray ion source (Proxeon 

Biosystems, now Thermo Scientific)31,34. The resulting sequence coverages routinely exceeded > 

80 % for RfA2 (Figure S6.2). 

 

Fabrication of Reflectin A2-based Devices: The two-terminal devices were fabricated using a 

protocol modified from established procedures32. In brief, silicon dioxide/silicon or glass 

substrates (International Wafer Service, Inc.) were first cleaned in Piranha solution (1:3 hydrogen 

peroxide to sulfuric acid) and washed thoroughly. To fabricate devices for two-terminal direct 

current measurements, arrays of paired electrodes consisting of a 4 nm chromium adhesion layer 

overlaid with a 40 nm palladium layer were electron-beam evaporated onto SiO2/Si substrates 

through a shadow mask. The dimensions of the palladium paired electrodes were 100 μm wide by 

400 μm long, with an inter-electrode separation of 50 μm. To fabricate devices for two-terminal 

alternating current measurements, arrays of paired electrodes consisting of a 4 nm chromium 

adhesion layer overlaid with a 40 nm gold layer were electron-beam evaporated onto glass 

substrates through a shadow mask. The dimensions of the gold paired electrodes were 2.5 cm wide 

by 3 cm long with an inter-electrode separation of 100 μm. For all devices, aqueous solutions 

containing HPLC-purified RfA2 were prepared and subsequently dropcast onto the electrodes. The 

resulting films were dried in ambient conditions, and the excess material was scribed away 

mechanically, leaving the desired completed devices. To convert electron-injecting palladium (Pd) 
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electrodes to proton-injecting palladium hydride (PdHx) electrodes, the devices were exposed to a 

5% hydrogen/95% argon atmosphere both before and during the electrical measurements. 

 

Physical Characterization of Reflectin A2-based Devices: The devices were characterized with 

optical and atomic force microscopy, as previously described31,32. The dimensions of the reflectin 

films were determined from analysis of optical images obtained with a Zeiss Axio Imager A1 

Microscope. The thicknesses of both dry and humidified reflectin films were determined from the 

analysis of topographical scans obtained with an Asylum Research MFP-3D Atomic Force 

microscope outfitted with an Asylum Research Humidity Sensing Cell. 

 

Electrical Characterization of Reflectin A2-based Devices: The completed devices were 

characterized electrically in two different configurations according to established procedures32. 

The direct current measurements were performed on a Cascade Microtech PM-5 Probe Station 

outfitted with an Agilent 4156C Semiconductor Parameter Analyzer, with the current was recorded 

as a function of voltage at a scan rate of ~ 0.6 V/s. The direct current measurements for palladium-

contacted and palladium hydride-contacted devices were performed under 100% argon and 5% 

hydrogen/95% argon atmospheres, respectively. The alternating current measurements were 

performed with a 4294A Impedance Analyzer (Agilent) at various frequencies with a constant 

applied voltage of 500 mV. The alternating current measurements for gold-contacted devices were 

performed under a 100% argon atmosphere. All electrical experiments were performed at an 80% 

relative humidity, which was monitored with a Fisher Scientific hygrometer. 
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Figure S6.1: A typical analytical reverse phase HPLC chromatogram for RfA2 obtained after inclusion body filtration 

and concentration. The elution of the protein was monitored at a wavelength of 280 nm. The peak indicates excellent 

purity. 
 

 

Figure S6.2: A tryptic peptide sequence coverage map obtained from tandem mass spectrometry analysis of the 

trypsin-digested of the histidine-tagged RfA2 protein. Bolded amino acids with a yellow background correspond to 

amino acids comprising tryptic peptides. Bolded amino acids with a green background correspond to oxidized amino 

acids comprising tryptic peptides. The total sequence coverage of ~ 83 % confirmed the purified protein’s identity as 

RfA2 from Doryteuthis pealeii. 
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Figure S6.3: A sequence alignment of histidine-tagged reflectin A2 and histidine-tagged reflectin A131,32 from D. 

pealeii. The alignment was generated by using the MUSCLE software42,43. The charged amino acids (D, E, H, K, R) 

are highlighted in yellow, and they constitute 27.5% of the sequence for RfA2 and 30.3% of the sequence RfA1. 
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Figure S6.4: Analysis of the expression and purification of histidine-tagged RfA131,32 via sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). The overall procedure was identical to the one described for RfA2 

above. The stain indicates the total protein. The individual lanes correspond to: lane 1, 10-160 kDa molecular weight 

standards; lane 2, total protein; lane 3, soluble protein; lane 4, insoluble protein; lane 5, solubilized inclusion bodies; 

lane 6, filtered inclusion bodies; lane 7, concentrated filtered inclusion bodies; lane 8, HPLC eluate. After HPLC 

purification, RfA1 produced via this method was indistinguishable from the one produced via the previously 

reported protocols31,32. 
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CHAPTER 7 Conclusion 

The body of work presented in this thesis provides a foundation for development of novel 

reflectin-based optical devices and cell growth substrates.  We first developed process methods for 

the heterologous expression and purification of bulk quantities of reflectin A1 protein, 

subsequently using this material to fabricate functional thin films that can reflect visible and 

infrared light. Films coated on rigid and flexible substrates were optically characterized and 

demonstrated an ability to act as reconfigurable infrared camouflage whereas those coated on 

flexible FEP tape lend to a more versatile application as a wearable product with the goal of 

endowing soldiers with added nighttime protection in the form of infrared identification tags. 

Moreover, we demonstrated that film reflectance could be modulated via chemical (acid), 

mechanical, and electrical triggers, further enhancing versatility of infrared camouflage where the 

infrared signature may need to be toggled between the “on” and “off” states in order to protect 

soldiers transitioning between cover. 

To expand our protein tool box for generation of novel reflectin-based optical devices we 

adapted and optimized our procedure for expression and purification of reflectin A1 to allow for 

high-throughput production and purification of other isoforms in the reflectin family, including the 

troublesome reflectin A2 isoform. Time consuming and costly process steps were eliminated and 

replaced with rapid, sequential filtrations, all while retaining the high purity (>99%) and increasing 

the yield (~1 gram pure protein per liter culture) of the original protocol.  Our novel procedures 

for reflectin purification are easily scalable for industrial applications, allowing for the coating of 

large area surfaces and thus widespread commercial and military applications that seek to use 

reflectin as the active material. 
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Additionally, we found novel use for reflectin as an effective substrate for hNSPC cell 

growth and differentiation and illustrated that it performs similarly to the commonly used cell 

adherents fibronectin and laminin, but superior to poly-d-lysine. Reflectin’s unique and unusual 

amino acid sequence may imbue it with qualities that make it a favorable growth substrate for stem 

cell related research, and when coupled with adherent cells that contain proton channels, the visible 

color changes associated with the pH sensitivity of reflectin films may facilitate their inclusion as 

an acid sensor in future biomedical devices.  

Future biophysical and materials studies providing insight into the tunability of reflectin-

based Bragg reflector structures and textured reflectin surfaces, could provide additional means to 

enhance overall film brightness, angle-dependence, and color tunability for camouflage 

applications. Further interrogation of reflectin protein structure and sequence relationships, could 

pave the way towards engineered reflectin proteins with tightly defined reflectance ranges or 

chemically inducible reflectance changes. Identification of minimally functional reflectin 

subunits/domains could provide low cost media for stem cell proliferation as well as a drug 

discovery platform for identifying novel proton channel inhibitors.   




