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ABSTRACT OF THE THESIS 

Protonic Conduction and Photochemical Modification of Protein Reflectin 

By 

Yegor Van Dyke 

Master of Science degree in Chemical and Biochemical Engineering 

University of California, Irvine, 2016 

Professor Alon A. Gorodetsky, Chair 

 

Proton-conducting materials play a central role in many renewable energy and 

bioelectronics technologies. Although numerous examples of devices based on proton-conducting 

materials exist, very few are based on natural materials. Reflectin, a proton-conducting cephalopod 

structural protein, found in Doryteuthis (Loligo) pealeii, has recently shown figures of merit 

similar to those reported for state-of-the-art artificial proton conductors and has also been 

demonstrated as the active element in a protein-based protonic transistor. Here, we demonstrate 

modulation of electrical properties by photochemical modification of reflectin A1 films. In 

addition, we report a protocol for production and electrical characterization of reflectin A2 

isoform. 
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CHAPTER 1 Photochemical Doping of Protonic Transistors from a Cephalopod Protein 

1.1 Abstract 

The field of bioelectronics has the potential to revolutionize both fundamental biology 

and personalized medicine. As such, much research effort has been devoted to the development of 

devices and materials that are intrinsically compatible with delicate biological systems. Within this 

context, several recent studies have focused on protonic transistors from naturally occurring 

materials, such as squid-derived polysaccharides and proteins. Herein, we report the rational 

design, fabrication, and characterization of two- and three-terminal protonic devices, for which the 

active material consists of a protein-based proton conductor doped with a small molecular 

photoacid. We electrically interrogate these devices both in the absence and presence of 

illumination, demonstrating that an exogenous photophysical stimulus selectively enhances their 

electrical properties. Our findings hold significance for understanding and enhancing proton 

transport not only in bioelectronic platforms but also across a wide range of voltage-regulated 

proton-conducting materials and devices. 

 

1.2 Introduction 

Organic bioelectronics, an emerging field focused on the integration of biological and 
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electronic systems, has the potential to revolutionize both fundamental biology and personalized 

medicine.1-8 Within this area, protonic transistors from naturally occurring materials (such as 

squid-derived polysaccharides and proteins) have garnered attention as an exciting new class of 

devices.9-13 Relative to their traditional inorganic counterparts, protonic transistors from biological 

materials offer a number of advantages, including straightforward fabrication, ease of chemical 

functionalization, favorable mechanical properties, enhanced sensitivity, and intrinsic 

biocompatibility.1-12 Moreover, given the crucial and ubiquitous role of proton translocation in 

biological processes,14-18 these devices appear particularly well suited for the direct and sensitive 

transduction of biochemical events into electrical signals at the nanoscale. Consequently, protonic 

transistors, of which there have been very few examples reported to date,19-22 hold great promise 

for transformative bioelectronics applications and constitute highly relevant targets for further 

research and development. 

The electrical functionality of protonic transistors is similar to that of classic field effect 

transistors (FETs) from inorganic materials.9-13 Indeed, these devices’ source-drain current (IDS) at 

different source-drain voltages (VDS) is determined by the proton charge carrier density in the 

active channel and can be modulated by the application of a gate (VGS).9-13 Given such functionality, 

proton conduction in the active layer of the prototypical device shown in Figure 1.1A can be 



 3 

described in a manner similar to electron and hole conduction in inorganic semiconductors; such 

parallels were initially suggested more than 50 years ago by Eigen and de Maeyer23 and recently 

expanded upon by the Rolandi Group.10,13 Within the context of this model, the devices’ active 

layer contains both proton-donating functional groups, which release free protons as the charge 

carriers, and a network of hydrogen-bonded water molecules, which permeates the active layer9-10 

and facilitates proton transport via the Grotthuss mechanism (Figure 1.1B).24-26 The energetics 

associated with charge transport in the active layer are in turn calculated from the Gibbs Helmholtz 

equation and represented by a straightforward energy diagram (Figure 1.1C).10,13 In the diagram, 

the bound protons of water molecules and mobile protons in flux between hydrogen bonds are 

separated by a gap of EGap = 0.83 eV, as calculated from the dissociation constant of water Kw 

(Figure 1.1C).10 Furthermore, the active material’s proton-donating functional groups serve as 

dopants, for which the effective energies are determined by their acid dissociation constant Ka 

(Figure 1.1C). In its totality, the above conceptual framework makes it possible to understand, 

engineer, and rationally manipulate the behavior of protonic transistors. 
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Figure 1.1. Description of Conduction for Protonic Transistors. A) A schematic of a prototypical protonic transistor. 

B) An illustration of the translocation of a mobile proton (red) along a chain of hydrogen-bonded water molecules. 

The mobile proton originates from ionizable chemical groups. C) An illustration of the energy diagram for a 

prototypical protonic device. The bound and mobile protons are separated by an energy gap of 0.83 eV and proton 

donors possess effective energies within this gap. D) A schematic of a protonic transistor from reflectin (orange) and 

HPTS (blue). E) An illustration of proton translocation along a chain of hydrogen-bonded water molecules in an 

HPTS-doped reflectin-based device. The mobile proton (red) may originate from the HPTS’ hydroxyl group or from 

the carboxyl groups of reflectin’s aspartic or glutamic acid residues (EASP,GLU = ~ 0.24 eV). F) An illustration of the 

energy diagram for an HPTS-doped reflectin-based device. HPTS will serve as a proton trap in its ground state 

(EHPTS,GROUND = ~ 0.43 eV) and as a proton donor in its excited state (EHPTS,EXCITED = ~ 0.08 eV).  
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 Herein, we demonstrate the modulation of the electrical properties of two- and three-

terminal protonic devices via exogenous triggering of a photochemical reaction. We first design 

devices for which the active layer consists of a protein-based proton conductor doped with a small 

molecular photoacid. We subsequently fabricate two-terminal variants of such devices and 

electrically interrogate them both in the absence and presence of illumination, observing an 

increase in current due to selective excitation of the incorporated dopant. We in turn study the 

behavior of analogous three-terminal devices (protonic transistors) and show that their charge 

carrier density is controlled with both applied voltages and photochemical stimuli. Our findings 

hold relevance for understanding and controlling proton transport in a variety of voltage-regulated 

proton-conducting materials and device platforms. 

 

1.3 Experimental Section 

1.3.1 Preparation of Wild-Type and Mutant Reflectins 

Wild type reflectin A1 and mutant reflectin A1, which features a “randomized” amino 

acid sequence, were expressed and purified according to a general established protocol.11,12 In brief, 

the pJExpress414 expression vectors containing wild type or mutant reflectin were transformed 

into BL21(DE3) cells (Novagen). Reflectins were expressed at 37 °C using Overnight Express 
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Instant Terrific Broth (TB) media (Novagen) supplemented with 100 μg mL-1 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 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 

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 protein 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). 
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1.3.2 Fabrication of Reflectin-Based Devices  

The two-terminal devices and transistors were fabricated by a protocol modified from 

established procedures.11,12 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, arrays of paired electrodes consisting of a 4 nm chromium adhesion layer overlaid 

with a 40 nm palladium layer were electron-beam evaporated onto the clean substrates through a 

shadow mask. The paired electrodes possessed a width of 100 µm and a length of 400 µm, as well 

as a separation of 50 µm. Aqueous solutions containing HPLC-purified wild type reflectin A1 or 

mutant reflectin A1 and proton donors (either HPLC-purified HPTS or MPTS) were then prepared. 

Solutions of either 900 μM wild-type reflectin; 900 μM wild-type reflectin and 100 μM HPTS; 

900 μM wild-type reflectin and 100 μM MPTS; or 900 μM mutant reflectin and 100 μM HPTS 

were cast onto the electrodes. The resulting films were dried in ambient atmosphere, and the excess 

material was scribed away mechanically, leaving a completed device. To form proton-injecting 

PdHx electrodes that would not be depleted of protons, the devices were exposed to a 5% 

hydrogen/95% argon atmosphere both before and during the electrical measurements.9-12,27,28 
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1.3.3 Physical Characterization of Reflectin-based Devices  

The devices were characterized with optical, fluorescence, and atomic force microscopy, 

as previously described.11,12 The length and width 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. The presence and distribution of HPTS in the reflectin films was 

determined from analysis of fluorescence images obtained on a Zeiss AX10 A1m Microscope 

outfitted with a Series 120 X-Site Fluorescent Light Source, an excitation filter (445 nm to 505 nm 

range), and an emission filter (505 nm cutoff).  

 

1.3.4 Electrical Characterization of Reflectin-based Devices  

The completed devices were electrically characterized in two different configurations by 

modifying a previously described procedure.11,12 The electrical experiments were performed on a 

Cascade Microtech PM-5 Probe Station outfitted with an Agilent 4156C Semiconductor Parameter 

Analyzer. The scan rate was ~ 0.6 V s-1 for the measurements. All experiments were performed 

under a 5% hydrogen/95% argon atmosphere and a 90 % relative humidity (which was constantly 
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monitored with a Fisher Scientific hygrometer). The presence of hydrogen gas ensured that the 

palladium hydride electrodes were not depleted of protons during the experiments.9-12,27,28 For the 

two-terminal measurements, the current was recorded as a function of voltage either without 

illumination, with illumination from a HDE Corp. blue laser light source (413 nm peak wavelength, 

50 mW power, ~ 0.2 W/cm2 power density), or with illumination from a Shenzhen Ezoneda 

Technology Co. red laser light source (657 nm peak wavelength, 5 mW power, ~ 0.2 W/cm2 power 

density). For the three-terminal measurements, the source-drain current was recorded as a function 

of the source-drain voltage at various applied gate voltages either without illumination or with 

illumination from the blue laser light source. All experiments were performed at a consistent laser 

intensity.  

 

1.3.5 Analysis of the Electrical Data  

The figures of merit for reflectin devices were extracted from analysis of the current 

versus voltage characteristics by following standard literature procedures.9-12 For the two-terminal 

devices, the reported current densities were calculated by dividing the measured current by the 

cross-sectional area (width multiplied by the thickness) of the reflectin films. For the three-terminal 

devices, the gate capacitance per unit area 𝐶𝐺𝑆 was first calculated according to equation (1): 
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𝐶𝐺𝑆 =
𝜀𝑟

𝑡𝑜𝑥
 (1) 

where εr and tox are the permittivity and thickness of the gate oxide, respectively. In turn, the 

conductivity of reflectin for each VGS was calculated from the slope of the IDS versus VDS curves 

in the low bias regime. Next the proton mobility 𝜇𝐻+  was obtained by fitting a plot of the 

conductivity as a function of VGS with equation (2): 

𝜇𝐻+ = ±
𝜕𝜎

𝜕𝑉𝐺𝑆
∙

𝑡

𝐶𝐺𝑆
  (2) 

where 
𝜕𝜎

𝜕𝑉𝐺𝑆
 is the slope of the linear fit, 𝑡 is the thickness of the reflectin film, and 𝐶𝐺𝑆 is the 

gate capacitance per unit area. The proton mobility was then used to calculate the proton 

concentration 𝑛𝐻+ from equation (3): 

𝑛𝐻+ =
𝜎

𝐻+

𝜇𝐻+ ∙𝑒
  (3) 

where 𝜎𝐻+ is the conductivity evaluated at an arbitrary value of VGS, 𝑒 is the elementary charge, 

and 𝜇𝐻+ is the proton mobility. The theoretically predicted proton concentration at different VGS 

values was determined according to equation (4): 

𝑛𝐻+ = 𝑛𝐻+
0 −

𝐶𝐺𝑆∙𝑉𝐺𝑆

𝑒∙𝑡
  (4) 

where 𝑛𝐻+ is the theoretically predicted proton concentration at an arbitrary gate bias, 𝑛𝐻+
0  is 

the experimentally observed proton concentration at VGS = 0 V, 𝐶𝐺𝑆 is the gate capacitance per 

unit area, 𝑒 is the elementary charge, and 𝑡 is the film thickness.  
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1.5 Results and Discussion 

 We began our experiments by rationally designing bioelectronic devices that featured a 

photochemical dopant within its proton-conducting active layer (Figure 1.1D). As the conductive 

biomaterial for our devices, we selected the cephalopod structural protein reflectin.29-34 This 

protein represented a judicious choice due to its controllable self-assembly behavior,11,12,30,31,33,34 

robustness under harsh conditions,12,33 compatibility with other biological systems,35 and excellent 

proton transport properties.11,12 As the dopant for our devices, we selected the well-known 

photoacid 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS), for which photoexcitation makes the 

proton on its 8-hydroxyl group more labile.36-44 This molecule represented a judicious choice 

because it has been used to investigate proton transport in Nafion fuel cell membranes,41 

microcrystalline cellulose powders,42 poly (ethylene glycol) solutions,43 and fibrillar bovine 

bovine serum albumin mats.44 Here, for our device design, free protons will originate from the 

reflectins’ amino acids and/or the HPTS’ hydroxyl groups, and then will translocate along a 

network of hydrogen-bonded water molecules (Figure 1.1E). Although the carboxyl side chains of 

reflectin’s aspartic acid (pKa = 3.9) and glutamic acid (pKa = 4.3) residues will possess fixed 

energies of EASP,GLU = ~ 0.24 eV,11 the HPTS’ 8-hydroxyl groups will possess variable energies of 

EHPTS,GROUND = ~ 0.43 eV and EHPTS,EXCITED = ~ 0.08 eV in their ground (pKa = ~ 7.3) and excited 
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(pKa = ~ 1.3) states, respectively (Figure 1.1F).36-44 Therefore, in their ground states, HPTS 

molecules will behave as traps, which do not readily donate protons, and in their excited states, 

HPTS molecules will behave as dopants, which contribute freely diffusing protons to the 

hydrogen-bonded water network. Consequently, selective photoexcitation of HPTS should enable 

modulation of the free charge carrier density and thus, the electrical properties, of protonic devices 

in both two- and three-terminal configurations.   

We proceeded to fabricate the designed protonic devices, for which the active material consisted 

of a reflectin variant doped with a small molecule, according to the scheme in Figure 1.2.  

 

 

Figure 1.2. Overview of the fabrication process for doped reflectin-based devices. To prepare the devices, 

palladium contacts are first deposited onto the surface of a silicon dioxide/silicon (SiO2/Si) substrate. Next, HPTS-

doped reflectin is dropcast directly onto the electrodes from aqueous solution. After drying, excess material is removed 

via mechanical scribing. The palladium contacts are in turn converted to and maintained as proton-injecting palladium 

hydride contacts through continuous in situ exposure to hydrogen gas before and during electrical measurements. 

 

 

We initially characterized devices from HPTS-doped reflectin films with optical and fluorescence 

microscopy, comparing them to ones from undoped reflectin films. The optical microscopy images 

demonstrated that both types of films were uniform with few apparent defects (Figure 1.3). 
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However, the fluorescence microscopy images revealed the presence of green fluorescence, which 

we associated with HPTS, only for the doped reflectin films (the pristine reflectin films were 

indistinguishable from the background) (Figure 1.3). Overall, these measurements suggested that 

the doped reflectin films closely resembled their undoped counterparts, but contained uniformly-

distributed HPTS.  

 

 

Figure 1.3. Microscopy images of undoped reflectin films. An A) optical and B) fluorescence image of a typical device 

where an HPTS-doped reflectin film bridges two electrodes, and an C) optical and D) fluorescence image of a typical 

device where an undoped reflectin film bridges two electrodes. 

 

We next characterized the electrical properties of two-terminal devices fabricated from 

HPTS-doped reflectin films without and with blue light illumination (Figure 1.4A). Here, we 

irradiated HPTS at a wavelength of 413 nm, which is near both its peak absorbance wavelength of 

405 nm and pH-independent isosbestic point of 415 nm.36-40 Such irradiation is well known to 

photoexcite HPTS, thereby substantially lowering the pKa and making the hydroxyl proton more 
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labile.36-44 As an example, the current-voltage characteristics for a representative HPTS-doped 

reflectin device are shown in Figure 1.4B. In the absence of blue light, we measured a current 

density of 6.40 x 10-2 A cm-2 at 1.5 V, but in the presence of blue light, we observed a noticeable 

~31% increase in the current density to 8.39 x 10-2 A cm-2 at 1.5 V (Figure 1.4B). Regardless of 

illumination, the electrical characteristics exhibited hysteresis between the forward and reverse 

scan directions (as reported for biological proton conductors)9-12 and changed very little over 

multiple repeated scan cycles (Figure 1.5). These experiments led us to postulate that illumination 

of the doped films was triggering the release of labile protons and leading to a concomitant increase 

in the protonic current. 
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Figure 1.4. Electrical properties of a two-terminal HPTS-doped reflectin-based device without and with 

illumination. A) A schematic of a two-terminal HPTS-doped reflectin-based device without and with blue light 

illumination. Illumination of the device with blue light photoexcites HPTS and induces the release of protons into the 

film. B) The current versus voltage characteristics of a typical device from an HPTS-doped reflectin film without 

(gray) and with (blue) blue light illumination. Both the forward and reverse scans are shown. 
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Figure 1.5. Demonstration of the stability of an HPTS-doped reflectin film during consecutive electrical scans. A) An 

illustration of a two-terminal HPTS-doped reflectin-based device without and with blue light illumination. 

Illumination of the device with blue light photoexcites HPTS and induces the release of protons into the film. B) The 

current versus voltage characteristics of a typical device from an HPTS-doped reflectin film without (gray) and with 

(blue) blue light illumination. Without blue light illumination, the electrical properties of the device show very little 

variability (≤ ~3%) over 6 consecutive scans (the gray solid, dashed, and dotted lines are almost identical). With blue 

light illumination, the electrical properties of the device also show very little variability (≤ ~3%) over an additional 6 

consecutive scans (the blue solid, dashed, and dotted lines are almost identical). 

 

 As an initial control, we investigated the electrical properties of two-terminal devices 

fabricated from undoped (lacking HPTS) reflectin films without and with blue light illumination 

(Figure 1.6A). As an example, the current-voltage characteristics for a representative undoped 
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device are shown in Figure 1.6B. Without blue light, we measured a current density of 8.84 x 10-2 

A cm-2 at 1.5 V, and in the presence of blue light, we observed a ~4% decrease in the current density 

to 8.50 x 10-2 A cm-2 at 1.5 V (Figure 1.6B). This control suggested that the presence of HPTS was 

associated with the light-induced increase in protonic current observed for our devices. 

 

 

Figure 1.6. Electrical properties of an undoped reflectin film. A) An illustration of a two-terminal undoped reflectin-

based device without and with blue light illumination. Illumination of the device with blue light has no effect on the 

charge carrier concentration in the film. B) The current versus voltage characteristics of a typical device from an 

undoped reflectin film without (gray) and with (blue) blue light illumination. Both the forward and reverse scans are 

shown. 
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 We subsequently studied the electrical properties of two-terminal devices fabricated from 

HPTS-doped reflectin films without and with red light illumination (Figure 1.7A). Here, we chose 

a peak wavelength of 657 nm, which was well outside the absorption window of both HPTS and 

would not promote the molecule to its excited state (or affect its pKa). As an example, the current-

voltage characteristics for a representative HPTS-doped reflectin device are shown in Figure 1.7B. 

In the absence of red light, we measured a current density of 6.44 x 10-2 A cm-2 at 1.5 V (Figure 

1.7B), and in the presence of red light, we measured a slight ~2% decrease in the current density 

to 6.31 x 10-2 A cm-2 at 1.5 V (Figure 1.7B). This observation indicated that just the presence of 

HPTS in its ground state (due to the lack of an appropriate stimulus) was not sufficient to induce 

a protonic current increase in our devices. 
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Figure 1.7. Electrical properties of an HPTS-doped reflectin film under red light. A) An illustration of a two-terminal 

HPTS-doped reflectin-based device without and with red light illumination. Illumination of the device with red light 

has no effect on the charge carrier concentration in the film. B) The current versus voltage characteristics of a typical 

device from an undoped reflectin film without (gray) and with (red) red light illumination. Both the forward and 

reverse scans are shown. 

  

We in turn interrogated the electrical properties of two-terminal devices fabricated from 

reflectin films doped with 8-methoxypyrene-1,3,6-trisulfonic acid (MPTS), both without and with 

blue light illumination (Figure 1.8A). MPTS is a derivative of HPTS with a methoxyl group in 

place of the hydroxyl group, so this molecule, while physically and structurally similar to HPTS, 
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cannot release protons upon photoexcitation.41,42,45 As an example, the current-voltage 

characteristics for a representative MPTS-doped reflectin device are shown in Figure 1.8B. In the 

absence of blue light, we measured a current density of 6.70 x 10-2 A cm-2 at 1.5 V, but in the 

presence of blue light, we measured a marginal ~2% increase in the current density to 6.84 x 10-2 

A cm-2 at 1.5 V (Figure 1.8B). This observation constituted compelling evidence that a specific 

photochemical reaction was directly responsible for the protonic current increase in our devices. 

 

 

Figure 1.8. Electrical properties of a MPTS-doped reflectin film. A) An illustration of a two-terminal MPTS-doped 

reflectin device without and with blue light illumination. Illumination with blue light has no effect on the charge carrier 

concentration in the film. B) The current versus voltage characteristics of a typical device from an MPTS-doped 

reflectin film without (gray) and with (blue) blue light illumination. Both the forward and reverse scans are shown. 
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 As a final demonstration, we investigated the electrical properties of two-terminal devices 

from an HPTS-doped reflectin mutant without and with blue light illumination (Figure 1.9A). For 

these studies, we selected a reflectin mutant with a “randomized” amino acid sequence, which our 

previous experiments had shown to still conduct protons but less effectively than wild type 

reflectin.11 Here, we sought to investigate whether the conductivity of even this relatively poor 

proton conductor could be augmented with an exogenous photophysical stimulus. As an example, 

the current-voltage characteristics for a representative HPTS-doped reflectin mutant device are 

shown in Figure 1.9B. In the absence of blue light, we measured a current density of 1.64 x 10-2 A 

cm-2 at 1.5 V, but in the presence of blue light, we measured a significant ~23% increase in the 

current density to 2.03 x 10-2 A cm-2 at 1.5 V (Figure 1.9B). This experiment served as an important 

positive control and further strengthened our assertion that a photochemical reaction accounted for 

the protonic current increase in our devices. 
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Figure 1.9. Electrical properties of an HPTS-doped reflectin mutant. A) An illustration of a two-terminal HPTS-doped 

reflectin mutant-based device without and with blue light illumination. Illumination of the device with blue light 

photoexcites HPTS and induces the release of protons into the film. B) The current versus voltage characteristics of a 

typical device from an HPTS-doped reflectin mutant film without (gray) and with (blue) blue light illumination. Both 

the forward and reverse scans are shown. 

 

 The results of the photochemical doping experiments are summarized in Figure 1.10, with 

each bar in the graph corresponding to a minimum of 8 independent two-terminal devices. Upon 

illumination with blue light, we observed average current increases of ~ 26 (±7) % and ~ 23 (±7) %, 

for the devices fabricated from HPTS-doped wild type reflectin films and from HPTS-doped 

mutant reflectin films, respectively. In contrast, when illuminated with red light, devices from 
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HPTS-doped wild type reflectin exhibited an average current decrease of ~ 1 (±3) %, and when 

illuminated with blue light, devices from undoped reflectin exhibited an average current decrease 

of ~ 3 (±5) %. Finally, blue light illumination did not appreciably affect the current for devices 

from MPTS-doped reflectin. Overall, these findings definitively demonstrated our ability to 

selectively augment the electrical properties of reflectin-based protonic devices with a 

photochemical reaction. 

 

 

Figure 1.10. Summary of the change in current density for reflectin-based devices under various conditions. A 

plot of the percent change in current density observed for devices from HPTS-doped wild-type reflectin under blue 

light (blue), undoped wild-type reflectin under blue light (gray), HPTS-doped wild-type reflectin under red light (red), 

MPTS-doped wild-type reflectin under blue light (orange), and HPTS-doped “randomized” mutant reflectin under 

blue light (green). The error bars correspond to the standard deviation for a minimum of 8 independent devices. 
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 Having validated photochemical doping for two-terminal devices, we shifted our focus 

and characterized the electrical properties of three-terminal devices (protonic transistors) from 

HPTS-doped reflectin films in the absence of illumination. As a specific example, the IDS versus 

VDS characteristics obtained at different VGS for a representative transistor are shown in Figure 

1.11A. As expected for such devices, we found that the application of a negative VGS induced the 

injection of protons into the channel, increasing the IDS, and that the application of a positive VGS 

depleted the channel of protons, decreasing the IDS (Figure 1.11B).11,12 From measurements on 5 

independent devices, we calculated a mobility of μH+ = 4.2 (±1.0) x 10-3 cm2 V-1 s-1 and a free 

proton concentration of nH+ = 7.5 (±0.7) x 1016 cm-3 at VGS = 0; these figures of merit were quite 

similar to values of μH+ = 7.3 (±2.8) x 10-3 cm2 V-1 s-1 and nH+ = 10.6 (±6.1) x 1016 cm-3 at VGS = 0 

previously reported for transistors from undoped reflectin films.11,12 Moreover, the experimentally 

observed proton concentrations at different gate voltages were in good agreement with the values 

theoretically predicted by the equation nH+ = nH+
0 − VGSCGS/et (Figure 1.11C).9-12 Overall, protonic 

transistors from HPTS-doped reflectin films showed very similar performance to previously-

reported protonic transistors from undoped reflectin films.11,12 
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Figure 1.11. Electrical properties of an HPTS-doped reflectin-based transistor without and with illumination. 

A) A schematic of the change in protonic current for an HPTS-doped protonic transistor under different applied gate 

voltages. B) The source–drain current (IDS) versus source–drain voltage (VDS) characteristics of an HPTS-doped 

reflectin-based protonic transistor obtained at VGS = − 10 V (blue), VGS = 0 V (black), and VGS = + 10 V (red), both 

without (solid lines) and with (dashed lines) blue light illumination. Note that IDS decreases as VGS is changed from a 

negative value to a positive value both without and with illumination. C) A plot of the experimentally observed proton 

charge carrier density (nH+) as a function of VGS both without (blue squares) and with (blue dots) blue light illumination. 

The corresponding theoretically-calculated values are indicated by the dashed and solid red lines. 

 

We proceeded to photophysically modulate the electrical properties of protonic transistors 

from HPTS-doped reflectin films. As shown for the representative transistor in Figure 1.11B, we 

recorded an obvious blue light-induced increase in the source-drain current measured at any 

specific gate voltage. From measurements on 5 independent devices, we again calculated a 

mobility of μH+ = 3.6 (±1.1) x 10-3 cm2 V-1 s-1 and a free proton concentration of nH+ = 10.8 (±3.3) 

x 1016 cm-3 at VGS = 0 under blue light. Relative to the values found for our devices in the absence 
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of blue light, the mobility decreased slightly by ~13 % but the proton concentration increased 

significantly by ~ 45 % (between the average values from 5 independent devices). These 

observations confirmed that the changes in the I-V characteristics of our protonic transistors were 

primarily due to an increase in the free charge carrier (proton) concentration, as might be expected 

from the model used to rationalize the functionality of doped protonic devices (Figure 1.1). 

 

1.6 Conclusions 

In conclusion, we have designed and implemented an advantageous strategy for the modulation 

of the electrical properties of both two- and three-terminal protonic devices with an exogenous 

photochemical stimulus, and our findings are significant for a number of reasons. First, the applied 

stimulus is mild and the presented doping methodology is straightforward. Our approach therefore 

requires no tedious chemical modification of the proton-conducting material or extensive 

optimization of the device geometry and fabrication procedures. Second, our experiments reveal 

that protonic devices are sensitive to even subtle changes in their local charge carrier (proton) 

concentration. This sensitivity underscores their potential for interfacing with a broad range of 

voltage- or light-activated proton-transporting biomolecules, such as voltage-gated proton 

channels and bacterial rhodopsins.15,16 Third, our study constitutes one of the rare examples of 
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protonic transistors reported in the literature.9-12,19-22 Indeed, the reported findings constitute a 

general strategy for controlling proton flow in such devices via two independent stimuli (applied 

voltage and light). Fourth, our measurements provide strong additional validation for the 

conceptual framework and model used to explain and rationalize conductivity in protonic 

transistors, as initially suggested more than 50 years ago.10,13,23 Our observations thus reaffirm and 

enhance the state-of-the-art fundamental understanding of the operating mechanism of these 

devices, which is certain to aid efforts aimed at improving their performance. Finally, the presented 

general methodology possesses few limitations and should be broadly applicable for a wide range 

of materials and technologies that leverage proton transport.46-49 One can envision using an 

analogous general approach to improve and better understand the performance of electrolyzers, 

sensors, batteries, and fuel cells.46-49 Altogether, the findings reported here highlight the potential 

of voltage-regulated protonic devices as platforms for the fundamental study of proton transport 

within a technologically-relevant context and underscore their promise for applications in the next 

generation of bioelectronics technologies. 
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CHAPTER 2 Production and Electrical Characterization of the Reflectin A2 Isoform 

from Doryteuthis (Loligo) pealeii 

2.1 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 investigated the optical 

and electrical properties of cephalopod structural proteins known as reflectins. Such studies have 

been motivated by reflectins’ excellent robustness, intrinsic biocompatibility, and controllable 

self-assembly characteristics. Herein, we report a protocol for the production of the reflectin A2 

isoform from Doryteuthis (Loligo) pealeii in high yield and purity. We fabricate two-terminal 

devices from reflectin A2 and use direct and alternating current measurements to demonstrate that 

this protein is a proton conductor. Our observations highlight and enhance the potential of 

reflectins for adaptive optical systems, biomedical technologies, and bioelectronic devices. 

 

2.2 Introduction 

Cephalopods (squid, octopuses, and cuttlefish) have been studied for more than a century 

due to their sophisticated neurophysiology, complex behavior, and stunning camouflage displays1-

6. More recently, these animals have drawn some attention as sources of novel materials for 

adaptive optical systems7-10, biomedical technologies11-15, and bioelectronic devices16-20. Within 



36 
 

the context of the latter, our group has investigated the electrical properties of reflectin A1 

(RfA1)16,17, which is a structural protein found in the skin cells of the squid D. pealeii21-23. These 

studies were inspired in part by the favorable properties of the reflectin family of proteins, 

including excellent robustness, intrinsic biocompatibility, and controllable self-assembly 

properties7-10,14,16,17,21. We discovered that RfA1 was an excellent proton conductor and possessed 

figures of merit rivaling the ones reported for state-of-the-art artificial proton conductors16,17. 

Given these findings, we were motivated to further explore the electrical properties of other 

reflectins.  

Herein, we describe the electrical characterization of the D. pealeii reflectin A2 (RfA2) 

isoform22. We first develop a new protocol for the production of large quantities of pure RfA2. We 

then fabricate two-terminal devices for which RfA2 thin films constitute the active layer. Next, we 

interrogate RfA2 films contacted with palladium and palladium hydride electrodes via direct 

current electrical measurements. In turn, we interrogate RfA2 films contacted by gold electrodes 

via alternating current electrical measurements. Our experiments indicate that the electrical 

properties of RfA2 films are comparable to those of RfA1 films. Overall, our observations hold 

relevance for the materials applications of the reflectin family of proteins. 
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2.3 Experimental 

2.3.1 Expression and Purification of Reflectin A2  

Wild type reflectin A2 (RfA2) was expressed and purified via a procedure modified from 

the literature. In brief, an E. coli codon optimized gene coding for 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) 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). 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. 
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2.3.2 Characterization of Reflectin A2 

Wild type RfA2 was characterized according to a general protocol. In brief, 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 subjected to in-gel tryptic digestion. 

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 ~ 83 % for the wild type RfA2 (Figure 2.2). 

 

2.3.3 Fabrication of Reflectin A2-based Devices  

The two-terminal devices were fabricated using a protocol modified from established 

procedures. 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. To fabricate 

devices for two-terminal alternating measurements, arrays of paired electrodes consisting of a 4 
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nm chromium adhesion layer overlaid with a 40 nm gold layer were electron-beam evaporated 

onto glass substrates through a shadow mask. For all devices, aqueous solutions containing HPLC-

purified wild type 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. When necessary, to convert electron-

injecting palladium (Pd) electrodes to proton-injecting palladium hydride (PdHx) electrodes, the 

device electrodes were exposed to a 5% hydrogen/95% argon atmosphere both before and during 

the electrical measurements. The other measurements were performed under an argon atmosphere. 

 

2.3.4 Physical Characterization of Reflectin A2-based Devices  

The devices were characterized with optical and atomic force microscopy, as previously 

described. 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. 
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2.3.5 Electrical Characterization of Reflectin A2-based Devices  

The completed devices were characterized electrically in two different configurations. 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. The alternating current measurements were performed with a 4294A 

Impedance Analyzer (Agilent) at various frequencies with a constant applied voltage of 500 mV. 

All electrical experiments were performed at 80% relative humidity, which was monitored with a 

Fisher Scientific hygrometer. 

 

2.4 Results and Discussion 

For our studies, we selected the reflectin A2 isoform, which has been shown to play a key 

role in the dynamic optical functionality of iridophores in D. pealeii and D. opalescens (Figure 

2.3A)22-25. This protein features greater than 60% pair-wise amino acid sequence identity with the 

majority of known reflectins isolated from D. pealeii, D. opalescens, and E. scolopes21-26. It also 

contains a high percentage of aromatic and charged amino acids and the characteristic repeating 

M-F/D-X5 sequence motifs, which are found in all known reflectins (Figure 2.3A)21-26. While the 

biochemical characterization of RfA2 has been reported,22,24,25 this reflectin isoform has not been 

studied as a functional material, and its electrical properties remain uncertain.  
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We began our studies by developing protocols for the preparation and isolation of RfA2 

(Figure 2.1B), monitoring each step of the process by gel electrophoresis (Figure 2.1C).  

 

 

Figure 2.1. (A) Illustration of the primary sequence of RfA2 from D. pealeii. The conserved repeating sequence motifs 

of the form (M/F-D-X5)(M-D-X5)n(M-D-X3-4) are indicated in blue. The aspartic and glutamic amino acid residues 

present in the subdomains are indicated in bolded red, and the methionine residues present in the subdomains are 

indicated in bolded black. (B) Illustration of the expression and purification of RfA2. The procedure entails protein 

expression, cell lysis, inclusion body preparation, inclusion body resuspension, 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), stained for total protein. Lane 1, 10-160 

kDa molecular weight standards; 2, total protein; 3, soluble protein; 4, insoluble protein; 5, solubilized inclusion 

bodies; 6, filtered inclusion bodies; 7, concentrated filtered inclusion bodies; 8 HPLC eluate. 
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First, we heterologously expressed histidine-tagged RfA2 in E. coli according to standard 

procedures. As previously reported for RfA1,6,16 RfA2 was sequestered within intracellular 

inclusion bodies, which were isolated through several rounds of non-ionic detergent extraction and 

centrifugation. Subsequently, the nearly pure RfA2 in inclusion bodies was solubilized through 

repeated manual agitation.  

Here, when attempting to purify the protein via immobilized metal ion affinity 

chromatography, we found that even under denaturing conditions, RfA2 was prone to irreversible 

self-assembly and spontaneous precipitation (as reported for reflectins from other cephalopods),9,10 

with standard protocols yielding small amounts of material. Consequently, rather than relying upon 

repetition of the challenging immobilized metal ion affinity chromatography step, we simply 

filtered the RfA2 solutions to remove any insoluble debris and precipitates. We in turn directly 

used a high performance liquid chromatography (HPLC) step, as in our previous protocols,6,16 to 

obtain RfA2 in > 98% purity. The identity of the purified protein was then unambiguously 

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

coverage of > 80% (Figure 2.2). Importantly, the overall streamlined procedure avoided a time-

consuming, expensive, and tedious chromatography step and consistently yielded > 200 mg of 

pure protein per liter of cell culture, which was sufficient for subsequent device fabrication. 
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Figure 2.2: A tryptic peptide sequence coverage map of the RfA2 protein obtained from mass spectrometry analysis 

of the trypsin-digested protein. The sequence coverage of ~ 83% definitively confirmed the purified protein’s 

identity as D. pealeaii RfA2. 

 

 With our desired material in hand, we proceeded to fabricate two-terminal bottom contact 

devices according to the scheme illustrated in Figure 2.3A16,17. First, we prepared arrayed gold or 

palladium metal contacts on either silicon dioxide/silicon or glass substrates via electron beam 

physical vapor deposition through a shadow mask. Next, we dropcast aqueous solutions of RfA2 

directly onto the electrode arrays. We in turn allowed the residual solvent to evaporate, prior to 

removing excess material through mechanical scribing. The resulting arrayed devices facilitated 

high throughput physical and electrical characterization. 
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Figure 2.3. (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 AFM image of an 

RfA2 active layer.  

 

 We proceeded to characterize our RfA2-based devices with optical microscopy and 

atomic force microscopy. We found that the device active layers contained few apparent defects, 

as illustrated by an optical image of a representative device (Figure 2.3B). We also found that the 

films were not perfectly uniform with root mean square (RMS) roughness of > 3 nm, as illustrated 

by an atomic force microscopy image of a representative RfA2 film (Figure 2.3C). After physical 

characterization, the devices were used for electrical measurements. 
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We initially investigated the electrical properties of RfA2 films contacted by palladium 

electrodes (Figure 2.4A). Thus, we recorded current (I) as a function of voltage (V) at a relative 

humidity (RH) of 80% for these devices, as shown for a representative device in Figure 2.4B. From 

the I-V characteristics, we extracted a current density of 7.3 ± 4.5 x 10-4 A/cm2 at 1.5 V (from 

measurements performed on 7 independent devices). Here, we found that the characteristics 

deviated from linearity and displayed hysteresis between the forward and reverse scans, in 

agreement with literature precedent for RfA116,17 and derivatized chitosan18-20. Altogether, our 

observations were consistent with expectations for proton-conducting materials contacted by 

proton-blocking electrodes18-20,27. 

We in turn studied the electrical properties of RfA2 films contacted by palladium hydride 

electrodes (Figure 2.4A). Here, we formed proton-transparent palladium hydride contacts via 

exposure of the palladium contacts to hydrogen gas in situ (Figure 2.4A), prior to measuring 

current as a function of voltage at an RH of 80%, as shown for a representative device in Figure 

2.4B. From the I-V characteristics, which again displayed a deviation from linearity/hysteresis, we 

extracted a current density of 1.8 ± 0.6 x 10−2 A/cm2 at 1.5 V (from measurements performed on 7 

independent devices); the measured current density was similar to the one of ~ 2.6 x 10−2 A/cm2 

found for RfA1 at an RH = 80%16. Notably, the current density of our devices increased by more 

than an order of magnitude upon conversion of the proton-blocking palladium contacts to proton-
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injecting palladium hydride contacts, again in agreement with literature precedent for RfA116,17 

and derivatized chitosan18-20. Overall, our observations provided strong evidence that RfA2 was a 

proton-conducting material. 

 

 

 

Figure 2.4. (A) An illustration of a two-terminal RfA2-based device before and after in situ treatment with hydrogen 

(H2) gas. The palladium (Pd) electrodes are converted to palladium hydride (PdHx) electrodes, enabling the injection 

of protons into the film. (B) The current versus voltage characteristics of a RfA2 film contacted with Pd (red) and 

PdHx (blue) electrodes. The magnitude of the current increases by more than an order of magnitude upon conversion 

of the Pd electrodes to PdHx electrodes. Both the forward and reverse scans are shown for each measurement.  
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To gain additional insight into the electrical properties of our material, we used 

electrochemical impedance spectroscopy to interrogate RfA2 films contacted by gold electrodes 

(Figure 2.5A). Thus, we recorded Nyquist plots of the real versus the imaginary parts of the 

impedance for these devices in the presence of water (H2O) vapor at an RH of 80%, as shown for 

a representative device in Figure 2.5B. The plots displayed a semicircle in the high-frequency 

region and an inclined spur in the low-frequency region, in line with expectations for an ion-

conducting material contacted by blocking electrodes28-32. By fitting our curves with a simple 

equivalent circuit that accounted for the bulk impedance and capacitive effects at the electrodes, 

we extracted an RfA2 conductivity of 7.4 ± 2.0 x 10-5 S/cm across 5 independent devices, which 

was similar to the values reported for RfA116. Overall, our analysis again suggested that RfA2 was 

a proton conductor. 

 To further support the notion of protonic conductivity in RfA2 films, we sought to observe 

the kinetic isotope effect with electrochemical impedance spectroscopy. Thus, we recorded 

Nyquist plots for our devices in the presence of deuterium oxide (D2O) vapor at an RH of 80%, as 

illustrated for a representative device in Figure 2.5B. The plots were qualitatively similar to those 

found under identical conditions for H2O, but the conductivity decreased by ~ 40% to 4.3 ± 1.1 x 

10-5 S/cm across 5 independent devices. These observations confirmed that RfA2 was a proton-

conducting material. 
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Figure 2.5. (A) An illustration of a two-terminal RfA2-based device in the presence of water vapor (H2O) and 

deuterium oxide vapor (D2O). (B) A representative Nyquist plot for a RfA2-bridged two-terminal device in the 

presence of H2O (open circles) and deuterium D2O (open triangles). There is a change in the effective film resistance 

(the size of the semicircle increases) upon moving from H2O to D2O, illustrating the kinetic isotope effect for RfA2. 

 

In conclusion, we have produced and electrically characterized the reflectin A2 isoform 

from D. pealeii. Notably, the procedure described for the expression and purification of RfA2 is 

straightforward and omits a time-consuming, expensive, and tedious chromatography step. The 

streamlined protocol can thus be applied to the production of various reflectins, including not only 
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RfA1 (data not shown) but also other isoforms that are prone to aggregation/precipitation. 

Moreover, our electrical measurements indicate that RfA2 is a proton-conducting material. Given 

the high sequence conservation within the reflectin protein family and our previous findings for 

RfA1, we cautiously postulate that protonic conductivity is a general property of reflectins. Indeed, 

due to their intrinsic biocompatibility,14 reflectins may therefore prove especially valuable for 

applications in bioelectronic devices. Overall, our findings enhance and underscore the utility of 

reflectins as functional materials. 
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CHAPTER 3 Summary and Future Work 

3.1 Summary 

In summary, we have discovered and characterized novel electrical properties for the 

cephalopod structural protein reflectin. Based on our measurements, we infer that reflectin exhibits 

the characteristics of a dilute acid, with an average proton conductivity comparable to the state-of-

the-art protonic conductors. Bulk reflectin is quite unique in this regard; as far as we are aware, no 

other protein has been shown to mimic a dilute acidic solution so closely. 

Reflectin’s physical properties enable the fabrication and characterization of protein-

based protonic transistors. The characteristics of our transistors are similar, in terms of mobility, 

threshold voltage and on/off current ratio, to those reported previously for devices based on maleic 

chitosan1. However, relative to maleic chitosan, reflectin allows protonic transistors to leverage 

the distinct advantages of protein-based materials, which include structural modularity, tunable 

physical properties, ease and specificity of functionalization, and generalized 

expression/purification2–6. Indeed, reflectin is simple to produce in high purity and yield, stable 

under harsh conditions and amenable to modulation of its electrical properties through site-directed 

mutagenesis. Consequently, given the handful of reported examples of protonic transistors and the 

possibilities available to functional protein-based materials, our reflectin-based devices may offer 

exciting new research avenues.  
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In addition to these findings we have also demonstrated improved on/off current ratios 

with thin-film reflectin transistors, as well as both the superior electrical characteristics and 

improved device performance of the reflectin A2 isoform. We have also developed a method for 

doping our reflectin material in the same manner as a traditional semiconducting material 

 

3.2 Future Work 

In conclusion, our work with reflectin-based protonic devices has led to the discovery of 

a protein-based biological material that not only has conductive properties on par with state-of-

the-art proton-conducting materials, but which also has great potential for use in future 

technologies. We expect that our research will lead to an improved understanding of proton 

conduction in biological materials as well as reflectin-based devices which can be used in a wide 

range of meaningful technological applications. 
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