
UC Irvine
UC Irvine Electronic Theses and Dissertations

Title
Development and Characterization of Ion Transport Systems and their Progress Toward 
Useful Applications

Permalink
https://escholarship.org/uc/item/42q898fk

Author
Kautz, Rylan

Publication Date
2020
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/42q898fk
https://escholarship.org
http://www.cdlib.org/


 
 

 
UNIVERSITY OF CALIFORNIA, 

IRVINE 
 
 
 

Development and Characterization of Ion Transport Systems  
and their Progress Toward Useful Applications 

 
 

DISSERTATION 
 
 

submitted in partial satisfaction of the requirements 
for the degree of  

 
 

DOCTOR OF PHILOSOPHY 
 

in Materials Science and Engineering 
 
 

by  
 
 

Rylan Kautz 
 
 
 

 
 
 
 
 
 
 
 

Dissertation Committee: 
Associate Professor Shane Ardo, Chair 

Professor Matthew D. Law 
Professor Zuzanna Siwy 

 
 
 
 

2020 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 3 © 2020 American Chemical Society 
All other materials © Rylan Kautz



 

ii 
 

DEDICATION 
 
 
 
 

To 
 
 

My Nana, Jean Berg 
 
 

“to absent friends” 
 
 

 
 

  



 

iii 
 

TABLE OF CONTENTS 
 

Page 
 

LIST OF FIGURES                    iv 
 

LIST OF TABLES                      vi 
 

ACKNOWLEDGEMENTS                 vii 
 

VITA                   viii 
 

ABSTRACT OF THE DISSERTATION                 ix 
 

INTRODUCTION                     1 
 
CHAPTER 1: Acid|Base pn-Junction Ice Constructs                5 

1.1 Ice Cube Diodes                    5 
1.2 Ice Diode Considerations                                              18 
1.3 Experimental Section                                                                   27 

 
CHAPTER 2: Ratchet Based Ion Pumps                30 

2.1 Desalination Driven by an Electronic Pulsing Ratchet Process          30 
2.2 Ratchet Considerations                                                                   40 
2.3 Experimental Section                                                                   43 

 
CHAPTER 3: Do Cephalopods Dream of Bioelectronic Devices?                                                    44 

3.1 Growth and Spatial Control of Murine Neural Stem Cells on Reflectin Films        44 
3.2 Experimental Section                                                                   65 

 
CHAPTER 4: Summary and Conclusions                                                                                               73 

 
REFERENCES                                                                                                           75 

 
 

 
 
 
 

 

  



 

iv 
 

LIST OF FIGURES 

 

                                         Page 

Figure 1.1 Acid|base pn-junction ice                  8 

Figure 1.2 EIS data for a pn-junction ice construct             10 

Figure 1.3 Equivalent circuit fits               11 

Figure 1.4 Impedance spectroscopy of a 100 mM HCl – 100 mM KOH system         12 

Figure 1.5 Current density vs potential behavior for a pn-junction ice construct         13 

Figure 1.6 Equivalent circuit resistance parameter             15 

Figure 1.7 Mott-Schottky Analysis               18 

Figure 1.8 Large pn ice construct with photoacid integration           19 

Figure 1.9 Fabrication scheme for the ice fabrication process           20 

Figure 1.10 Eoc trends for various concentrations and temperatures           21 

Figure 1.11 Light permeable ice constructs              22 

Figure 1.12 Illuminated acid ice construct              23 

Figure 1.13 Illuminated acid ice construct with HPTS             23 

Figure 1.14 Illuminated acid ice construct with MPTS             24 

Figure 1.15 PSS|PolyDADMAQ-OH acid|base measurements            26 

Figure 1.16  Impedance spectroscopy of a PSS|PolyDADMAQ-OH system          27 

Figure 2.1 Principal ratchet mechanisms              32 

Figure 2.2 General electric-polarization-induced pulsing ionic ratchets schematic         33 

Figure 2.3 EPIPIR electrochemical cell               34 

Figure 2.4 Potential measurements with a running EPIPIR            35 

Figure 2.5 Efficiency plots of Ag/AgCl measurements and EPIPIR           35 

Figure 2.6 Asymmetry registered for the EPIPIR system             37 

Figure 2.7 Current measurements for the EPIPIR system            38 

Figure 2.8 Potential build up for the EPIPIR system             39 

 



 

v 
 

Figure 2.9 EPIPIR fabrication considerations              40 

Figure 2.10 Poor EPIPIR example               41 

Figure 2.11 Future parameters to consider              42 

Figure 3.1 mNSPC culture on Reflectin Films              47 

Figure 3.2 Amino acid sequence for RfA1 and RDM             49 

Figure 3.3 RNA sequencing data for selectin and integrin gene expression          51 

Figure 3.4 Integrin Inhibitor Studies of mNSPCs on Reflectin Films           52 

Figure 3.5 mNSPC Differentiation on Reflectin Films             54 

Figure 3.6 Glycosaminoglycan Studies for mNSPC Culture on Reflectin Films         58 

Figure 3.7 Fluorescein-tagged Heparin Fluorescent Studies             61 

Figure 3.8 Patterning Reflectin with Heparin for Spatial Cell Growth          63 

 
 

  



 

vi 
 

LIST OF TABLES 

 

                                                   Page 

Table 1.1 Equivalent circuit fit values of impedance measurements           14 

Table 3.1 mNSPC Media Composition Experiments                                      59 

Table 3.2 Glycosaminoglycan Studies for mNSPC Culture                                                  59 

 

 

 

 

 

  



 

vii 
 

ACKNOWLEDGEMENTS 

Thank you to Professor Shane Ardo, who took me on during a transition period in my 

graduate studies and allowed me to work on interesting projects outside of my original focus 

area. You were unbelievable in helping me expanded both my knowledge set and stoke my 

research “flame”. Your genuine care for your students and interest in your work is always 
something I will respect and admire.  

Thank you to my current and former advisers and labmates. I am eternally grateful for the 

opportunities and guidance from Professor Alon A. Gorodetsky, Professor Lisa Flanagan, 

Professor Francesco Tombola, Professor Medha Pathak, Professor Vasan Venugopalan, 

Professor Gideon Segev, Professor Joel W. Ager III, and Professor Francesca M. Toma. Thank 

you to my committee members, Professor Matt Law and Professor Zuzanna Siwy, both for 

their insight and consideration in the latter half of my graduate career. I am so very lucky to 

work with numerous individuals that have been very supportive and helpful during my 

research, including Dr. Janahan Arumoli, Dr. Long Phan, Dr. Andrew Yale, Dr. Shubha Tiwari, 

Erica Leung, Kyle Naughton, Atrouli Chatterjee, Vivek Tyagi, Priyam Patel, Yegor Van Dyke, 

Justin P. Kerr, Mahan Naeim, James Long, Alex Allevato, Jessica E. Leal-Cruz, LeAnn Le, and 

Parsa Derakhshan. The Ardo Group members, in particular, have been extremely supportive 

and an amazing adoptive family, so thank you enormously to Dr. Joseph Cardon, Dr. Jen 

Glancy, Dr. Kevin Tkaczibson, Dr. Will White, Simon Luo, Rohit Bhide, Nazila Farhang, Leanna 

Schulte, Cassidy Feltenberger, Zejie Chen, Gabe Phun, Ethan Heffernan, Geoff McClarin, and 

Jen Urbine.  

Thank you to all those outside of my work that helped drag me to the finish line, including 
Dr. Sharon Michalak, Dr. Todd Thorson, Dr. Edward Jenner, and Dr. Maggie Lugin.  

The text of this thesis/dissertation is a reprint of the material as it appears in ACS 

Biomaterials Science and Engineering. The co-author listed in this publication directed and 

supervised research which forms the basis for the thesis/dissertation.  

This work was supported by the National Science Foundation Graduate Research Fellowship 

(DGE-1321846) Program, the Early Career Research Award Program (DE-SC0019162), the 

Moore Inventor Fellowship (GBMF Grant #5641), the Beall Family Foundation, the Air Force 

Office of Scientific Research Young Investigator Program (FA9550-14-1-0144), the 

Presidential Early Career Award for Scientists and Engineers (FA9550-17-1-0024), the 

National Institute of Health (GM098973 and NS085628), the National Science Foundation 

CAREER award (IOS-1254060), a National Institute of Neurological Disorders and Stroke 

predoctoral fellowship (T32 NS082174). This work was also made possible, in part, through 

access to the Genomics High Throughput Facility Shared Resource of the Cancer Center 

Support Grant (P30CA-062203) at the University of California, Irvine, NIH shared 

instrumentation grants 1S10RR025496-01, 1S10OD010794-01, and 1S10OD021718-01, 

and the Sue and Bill Gross Stem Cell Research Center at the University of California, Irvine 
for additional funding.  



 

viii 
 

VITA 

Rylan Kautz 

2010-2014 B.S. in Materials Science & Engineering, University of Washington 

2014-2017 M.S. in Materials Science & Engineering, University of California, Irvine 

2014-2020 Ph.D. in Materials Science & Engineering, University of California, Irvine 

 

PUBLICATIONS 

“Reconciliation of differences in apparent diffusion coefficients measured for self-exchange 
electron transfer between molecules anchored to mesoporous titanium dioxide thin films” 
Cardon, J. M.; Krueper, G.; Kautz, R.; Fabian, D. M.; Angsono, J.; Chen, H.; Ardo, S. ACS Appl. 
Mater. Interfaces 2020 

“Growth and Spatial Control of Murine Neural Stem Cells on Reflectin Films” Kautz, R.; Phan, 
L.; Arulmoli, J.; Chatterjee, A.; Kerr, J. P.; Naeim, M.; Long, J.; Allevato, A.; Leal-Cruz, J. E.; Le, L.; 
Derakhshan, P.; Tombola, F.; Flanagan, L. A.; Gorodetsky, A. A. ACS Biomater. Sci. Eng. 2020 

“Cephalopod-Derived Biopolymers for Ionic and Protonic Transistors” Kautz, R.; Ordinario, 
D. D.; Tyagi, V.; Patel, P.; Nguyen, T. N.; Gorodetsky, A. A. Adv. Mater. 2018 

“Revisiting A Classic Inspiration Source: Cephalopod-Derived Materials for Bioelectronics” 
Kautz, R.; Gorodetsky, A. A. In Roadmap on semiconductor–cell biointerfaces. Phys. Biol. 
2018 

“Protochromic Devices from a Cephalopod Structural Protein” Ordinario, D. D.; Leung, E. M.; 
Phan, L.; Kautz, R.; Lee, W. K.; Naeim, M.; Kerr, J. P.; Aquino, M. J.; Sheehan, P. E.; Gorodetsky, 
A. A. Adv. Opt. Mater. 2017 

“Dynamic Materials Inspired by Cephalopods” Phan, L.; Kautz, R.; Leung, E. M.; Naughton, K. 
L.; Van Dyke, Y.; Gorodetsky, A. A. Chem. Mater. 2016 

“Self-Assembly of the Cephalopod Protein Reflectin” Naughton, K. L.; Phan, L.; Leung, E. M.; 
Kautz, R.; Lin, Q.; Van Dyke, Y.; Marmiroli, B.; Sartori, B.; Arvai, A.; Li, S.; Pique, M. E.; Naeim, 
M.; Kerr, J. P.; Aquino, M. J.; Roberts, V. A.; Getzoff, E. D.; Zhu, C.; Bernstorff, S.; Gorodetsky, A. 
A. Adv. Mater. 2016 

“Reflectin as a Material for Neural Stem Cell Growth” Phan, L.; Kautz, R.; Arulmoli, J.; Kim, I. 
H.; Le, D. T. T.; Shenk, M. A.; Pathak, M. M.; Flanagan, L. A.; Tombola, F.; Gorodetsky, A. A. 
ACS Appl. Mater. Interfaces 2016 

  



 

ix 
 

ABSTRACT OF THE DISSERTATION 

 

Development and Characterization of Ion Transport Systems 

and their Progress Toward Useful Applications 

by 

Rylan Kautz 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Irvine, 2020 

Associate Professor Shane Ardo Irvine, Chair 

 

Ion transport systems are critical to many societal challenges, particularly in 

applications involved in aqueous environments where traditional electronics may not be as 

well suited. The production and directed movement of photo-generated species to produce 

useful energy, the transportation of ions to generate clean water through desalination, and 

the implementation of devices capable of seamlessly interfacing with biological systems for 

sensing or therapeutic purposes are a few of the many examples that use ion transport that 

aim to improve our daily lives. In this work, three independent projects will be showcased 

that touch on ion transport systems with these applications in mind. Our first materials 

innovation is analogous to an electronic semiconductor pn-junction that entails doping 

water using mineral salts and freezing the liquid water to immobilize counterions, thus 

forming doped polycrystalline solid protonic semiconductors. In this regard, we fabricate 

pn-junction ice cube diodes that demonstrate excellent current rectification properties. A 

second materials design innovation is a novel electronic ratchet that utilizes alternating 

electronic polarization to drive net ionic current. The system is unique in its ability to rely 
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solely on interfacial charging to drive sustained direct currents and continuous ion 

separation. Lastly, the exploration of a previously underutilized proton conducting protein 

as a suitable culture substrate for neural stem/progenitor cells will be showcased. Recent 

work regarding potential cellular binding mechanisms and surface patterning will be 

discussed that contribute to the protein’s ever-expanding use in the bioelectronics field. 
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INTRODUCTION 

Understanding and capitalizing on ion transport mechanisms are paramount to 

multiple technologies used to improve daily life. Solar cell constructs that utilize ionic 

mediators that in turn allow the transduction of photon energy to useful electricity, ion 

separation systems for desalination, and devices that are capable of interfacing and sensing 

biological cues for therapeutic or sensing technologies all utilize these concepts to perform 

useful tasks. In all, these systems often overlap with traditional electronics by integrating 

semiconductor architectures and practices for their construction and analysis. The 

dissertation presented encompassed each of the areas of research described above in order 

to engineer and characterize constructs for useful applications or expand their utility in 

order to develop their potential future use. As such, this dissertation is composed of three 

independent, core chapters, as outlined below:  

Chapter 1 focuses on the fabrication, characterization, and evaluation of diodes made 

from solid protic solvents. Diodes are critical to many modern technologies by enabling the 

generation of renewable electricity via solar photovoltaic action and advanced computing 

via microelectronic processors and switches. The physics that describe diodes, which 

traditionally are associated with electrons (e–) and electron holes (h+), are well-known, 

however many other charged species exist that satisfy the basic physics that describe diodes, 

notably the proton (H+) and its analogous “proton hole” (OH–). The conceptual idea to 

understand proton mobility and transport in water-based systems and their relation to 

analogous electrical components is not a revolutionary one.  Since the early work of van 

Grotthuss in 1806, in which he described electricity propagating through chains of water 
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dipoles,1 the field of physical chemistry has actively investigated and expanded upon the 

understanding of ion transport in aqueous environments.2,3 In particular, seminal work by 

Eigen and De Maeyer, which interrogated various properties of charged species in ice 

structures (including rate constants and mobilities), described ice crystals as protonic 

semiconductors.4 Furthermore, they proposed the ability to utilize ice structures to form 

analogous electrical constructs, including acid–base pn-junction solid water ice rectifiers. 

This early work, along with others in the field,5-7 led to numerous research groups adding 

crucial information to the understanding of ion transport in water-based mediums over the 

next 50 years.8-11 It is with this mindset in hand that we sought to further contribute to this 

ever expanding field by producing pn-junction constructs through doping and freezing water 

to form doped polycrystalline solid protonic semiconductors. Through careful engineering 

of our setup and utilizing common characterization techniques and analysis (e.g. cyclic 

voltammetry, electrochemical impedance spectroscopy, etc.), we demonstrate current 

rectification properties from pn-ice to better understand design rules of protonic conductors 

and to quantify fundamental kinetic and thermodynamic parameters that are often 

challenging to quantify in solid water.  

Chapter 2 investigates an electrical ratchet system to drive ionic transportation for 

the ultimate purpose of desalination. A ratchet is an inherently asymmetric system whereby 

through use of an alternating power supply net directional species transport results. Some 

well-known examples of ratchets include a car jack where pushing a lever up and down 

results in an upward motion, ATP synthase powered by proton-motive-force-driven ion 

translocation through a membrane in order to drive formation of unfavorable ATP from ADP 

and Pi, and a rectifying electronic diode powered by an AC voltage to result in net DC current. 



 

3 
 

Each of these ratchets is considered a tilting ratchet (or a rocking ratchet),12-15 because the 

force that results in net species transport is applied external to the entire pump thus "tilting" 

the potential distribution within it. An alternative ratcheting mechanism is that of a flashing 

ratchet, which relies on varied internal local forces to result in net species transport,12-15 and 

is often more challenging to fabricate. Here, by depositing electrically conductive interfaces 

on porous membranes and alternating electronic polarization on the system, we show the 

ability to drive net ionic current in a simplistic flashing ratchet manner. The system is unique 

compared to previous ratchet-based systems in that it drives net ionic current in the absence 

of redox reactions that do not benefit the overall purpose of the device and demonstrates 

ease of marked scalability for real-world applications.  

Chapter 3 examines a cephalopod-derived protein and its potential use as an 

interfacial material for bioelectronic devices. Cephalopods, which constitute squid, 

octopuses, and cuttlefish, are as well known for their highly advanced nervous system as 

their amazing coloration and camouflage displays.16 As such, they have become excellent 

model organisms in comparative neuroscience research over the past century by providing 

important insight into neural signaling, behavioral plasticity, nociception, nerve 

regeneration, neuromotor control, sensory system physiology, and brain development.16 

Specifically, squid have directly enabled one of the most famous known electrophysiology 

experiments, in which Alan Hodgkin and Andrew Huxley plugged electrodes directly into 

squid giant axons in order to understand and model how action potentials are generated and 

propagated in neurons.17 More recently, cephalopods have emerged as an unexpected 

wellspring of functional materials with interesting electrical properties.18,19 Specifically, 

reflectin, a relatively unusual protein found in squid skin, was discovered to conduct protons, 
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which enabled its use in voltage gated protonic devices.20 Such exciting findings have in turn 

suggested that reflectin is promising as an active material for bio-interfaced electronics. In 

this regard, this necessitates the investigation of this protein as a bio-interface. In this select 

work, I show that this protein could interface with sensitive cellular organisms by producing 

and patterning reflectin substrates to house neural stem cells. Such protein interfaces, 

coupled with their unique material properties, may be useful in future sensing or therapeutic 

applications with proton-mediated communication mechanisms (e.g. ion channels, pH 

changes, etc.). 
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CHAPTER 1: Acid|base pn-Junction Ice Constructs 

1.1 Ice cube diodes (adapted from R. Kautz, et al. In Preparation) 

Diodes are critical to society. They enable generation of renewable electricity via solar 

photovoltaic action and advanced computing via microelectronic processors and switches. 

Their physics is rooted in nearly three-quarters of a century of research into electronic 

semiconductor-based diodes, dating back to pioneering work and discoveries at Bell 

Laboratories, Texas Instruments Corporation, and others and have resulted in awarding of 

numerous Nobel Prizes.1-3 The physical equations that describe the operation of these 

devices are based on the concepts of charge transport, reaction kinetics, and quantum 

mechanical processes, which are processes that are agnostic to the nature of the charged 

species. Ultimately, changes in the electrochemical potential of the charges dictate the 

operation of the devices. While electrons (e–) and electron holes (h+) are well-known, many 

other charged species exist, notably the proton (H+) and its analogous “proton hole” (OH–). 

Protons are present in the nuclei of atoms but are also ubiquitous as individual nuclei that 

are electrostatically bound to other species, such as in liquid water (H2O). In fact, diodes 

based on water have been described as early as 1956 by Calvin Fuller at Bell Labs4 – the same 

Fuller who invented the first efficient silicon-based solar cell – and experimentally 

demonstrated in 1959 by John Bockris and colleagues5 – some of the pioneers of 

electrochemistry. Liquid water has clear differences from silicon and electronic 

semiconductors in that it is a liquid at room temperature and pressure and does not possess 

a typical band structure. Band structures are not necessary to form diodes with excellent 

rectification behavior, but in order to dope liquid water to form diodes, fixed charges are 
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instead typically bound to a hydrated solid polymer backbone scaffold, as shown by Bockris 

and colleagues. While effective at rectifying protonic current, a purer evaluation of water as 

a protonic semiconductor diode – and other protic solvents – and plausible use in related 

applications in solar cells and transistors, is better studied in the solid form. 

 The relation of water systems as analogs to more traditional electronic systems is not 

by any means a newly conceptualized idea. Since the early work of van Grotthuss in 1806, in 

which he described electricity propagating through chains of water dipoles,6 scientists have 

actively investigated and expanded upon the understanding of ion transport.7,8 As part of 

their seminal work in 1958, Manfred Eigen and Leo De Maeyer interrogated both water and 

ice constructs in order to determine the limiting step for fast proton transport, which they 

proposed was largely due to the necessary rearrangement of hydrogen bonds that then 

produce favorable orientations for proton transitions within the media itself.9 While these 

proposed mechanisms have been improved and expanded upon,8 Eigen and De Maeyer 

discovered surprisingly large proton mobility in ice which was theorized to be due an ample 

hydrogen-bonded network fixed in place. In turn, they described ice crystals as protonic 

semiconductors that possessed a “valence” band (i.e. hydrogen-bonded H2O) and a 

“conduction” band (i.e. excess protons fluctuating in hydrogen bonds) with intrinsic charge 

carrier (i.e. protons) distributions. Furthermore, they conceptually proposed the ability to 

integrate these concepts into analogous electrical constructs, including current-rectifying 

acid|base pn-junction ice diodes. Over the next 50 years, numerous groups have expanded 

on these studies and investigated ion transport in water-based mediums, particularly by 

taking advantage of ice constructs. Such solid-state frameworks have subsequently been 

used to uncover important parameters, including conductivities, species mobilities, and 
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diffusion coefficients,10-12 as well as been integrated into various device architectures, 

including diodes and transistors.13,14 In this study, we showcase our ability to fabricate ice 

diodes in a simplistic manner and expand on previous characterization of device 

architectures from over a half-century ago by leveraging electrochemical impedance 

spectroscopy to deduce bulk and interfacial impedances and their influence on overall diode 

properties.  

To produce solid-state protonic diodes, a solution of aqueous 100 mM HCl was frozen 

while housed in a modified LEGO® brand acrylonitrile butadiene styrene window (ABS) (a 

relatively resistant thermoplastic in both acidic and alkali solutions)15 through indirect 

contact with dry ice. The subsequent temperature (-78.5 °C) is ideal in order to crystallize 

the solution-based construct in a relatively fast manner, in turn allowing counterions to be 

dispersed throughout the system while also maintaining a consistent hexagonal crystal 

structure (Ih) for the duration of our experimental measurements. Each solid block also 

featured a platinized titanium foam electrode (PtTi), which allows for high catalytic activity, 

corrosion resistance, and relative low cost (compared to pure platinum) that can become 

easily partially embedded in the bulk material due to its porous architecture (Figure 1.1A, 

left). An identical ABS housing structure with PtTi was then interfaced with the acidic 

ice/LEGO®/PtTi system backed with additional dry ice. Cooled solution (~0 °C) of aqueous 

100 mM KOH was then poured into the housing, which solidified upon contact with the acidic 

frozen ice (Figure 1.1A, right). The resulting architecture produced cohesive solid-state ice 

with an acidic (p-type) domain of frozen 100 mM HCl and a basic (n-type) domain of frozen 

100 mM KOH, each in contact with partially embedded PtTi electrodes. 
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Figure 1.1: (A) A schematic showcasing the fabrication process of the acid|base pn-junction ice construct, 

where an acidic ice (aq 100 mM HCl)|LEGO®|PtTi electrode/electrolyte construct (left) is independently 

fabricated followed by drop cast production of a basic ice (aq 100 mM KOH)|LEGO®|PtTi electrode/electrolyte 

construct (right) to produce a conformal pn-junction. (B) Typical transient Eoc values for the acid|base pn-

junction ice construct bathed in forming gas at 1 min into the measurement to pin each platinized titanium 

electrode|electrolyte interface at the potential of the reversible hydrogen electrode (RHE). (C) A typical cyclic 

voltammogram for acid|base pn-junction ice construct swept from -1000 mV to +1000 mV and back to -1000 

mV vs Eoc.  

 

To investigate the properties of the pn-junction ice construct we electrochemically 

characterized it in a sub-zero environment (-25 °C) at ambient pressure by subjecting each 

side of our PtTi electrodes to forming gas (5% H2; 95% N2) to produce reversible hydrogen 

electrodes (RHEs) that were modulated using a potentiostat. The open-circuit potential (Eoc) 

over time recorded for the construct resulted in distinct and reproducible transients that did 
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not approach zero at long times (Figure 1.1B), and were consistent with a condition where 

the chemical potential of H+ and/or OH– at the electrodes was larger in magnitude than the 

electric potential between the electrodes. To probe the current rectification properties of the 

pn-junction ice construct, we performed a single cycle of cyclic voltammetry (Figure 1.1C) 

and observed clear diode behavior with a reverse saturation current density, Jo ≈ -0.4 

μA/cm2. It is also clear from the data that there is noticeable ohmic behavior at larger 

forward bias suggesting a deleterious built-in series resistance dictates the observed current 

density under that condition. 

To probe the potential-dependent and frequency-dependent impedance of the 

acid|base pn-junction ice construct we performed electrochemical impedance spectroscopy. 

Resulting Nyquist plots (Figure 1.2A) indicate two distinct regions: a high-frequency 

potential-bias-independent response and a low-frequency potential-bias-dependent. Initial 

evaluation of the impedance spectroscopy data included fits to a resistor (Ro) in series with 

a ladder model consisting of a constant phase element (CPE1) and resistor (R1) in parallel 

with a third variable component to account for the bias dependent low frequency impedance. 

Here, we investigated various equivalent circuit models to better understand the bias 

dependent region of our impedance spectra. As such, we compared a restricted diffusion 

Warburg circuit element, which is commonly used for analyzing finite diffusion in a system, 

a modified Gerischer circuit element, which is associated with electroactive species that 

undergo chemical reactions in the bulk material (coupled with an alpha parameter to 

account for any non-ideality in the system), as well as a ladder circuit element, which 

includes two Voigt elements to describe the apparent potential-bias-independent shoulder 

we observed (Figure 1.3). Our fits show that the additional ladder model (i.e. CPE2/(R2 + 
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CPE3/R3)) (Figure 1.2B) result in a superior equivalent circuit, including when attempting 

to correct for the potential-bias-independent shoulder (Figure 1.3; dashed data). Overall, 

the finalized equivalent circuit model (Ro + CPE1/(R1 + CPE2/(R2 + CPE3/R3))) satisfied our 

raw impedance spectroscopy data (Figure 1.4), wherein the first three components were 

determined to be bias-independent (Figure 1.2C,D). Fits of subsequent DC biases exhibited 

clear variations in the third resistance (R3) and capacitance (CPE3) whose trends are 

consistent with diode behavior based on the signs and magnitudes of applied potential bias 

across the construct (Figure 1.2C,D, 1.3). 

 

Figure 1.2: (A) Nyquist plot measured at DC applied potential biases between -250 mV and +500 mV vs Eoc. (B) 

The equivalent circuit model used to describe the pn-junction ice construct impedance spectra. Corresponding 

values of the equivalent circuit elements in (B) as a function of applied potential bias for resistance (C) and 

capacitance (D). 
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Figure 1.3: (A) The equivalent circuits that were investigated to fit the impedance spectra for the pn-junction 

ice construct, which included either a Warburg element (Wd; blue boxes), a modified Gerischer element (Ga; 

purple boxes), or an additional ladder element (CPE3/R3; red box). Nyquist plots for 0 vs Eoc (B) and +500 vs Eoc 

(C) with correlating fits for the implemented Wd (blue line), Ga (purple line), and CPE3/R3 (red line) as shown. 
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Figure 1.4: A Nyquist plot measurement of the acid|base pn-junction ice construct for the forward bias regime 

varying from 0 mV to +500 mV vs Eoc (A) and the reverse bias regime varying from -250 mV to 0 mV vs Eoc. Bode 

plots depicting both the magnitude (C) and phase (D) of the acid|base pn-junction ice construct varying from -

250 mV to +500 mV vs Eoc and spanning a frequency range from 3 MHz to 1 Hz. Impedance fits are depicted in 

each plot from A-D as red overlaid lines.  

 

To confirm that a longer-time process was not operative in our pn-junction ice diodes 

that created some hysteresis and influenced the cyclic voltammetry data, we also measured 

steady state currents after application of a potential step using chronoamperometry. The 

coincidence of these data and those obtained for the cyclic voltammograms (Figure 1.5A) 

suggest that no other effects occur on the timescale of several minutes. Our observation, 

coupled with a nearly constant current density under a range of applied reverse biases, 
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suggests that electric-field-induced water dissociation ascribed to a second Wien effect is not 

detectable within the signal-to-noise of measurements on our solid water ice. 

 

Figure 1.5: (A) Cyclic voltammogram (black line) and reconstructed from potential-step chronoamperometry 

experiments held at the indicated potentials (black points). Data from panel A corrected for ohmic potential 

contributions due to series resistances for data obtained using cyclic voltammetry (B) and potential-step 

chronoamperometry (C). 

 

Current density versus potential (J–E) data was also corrected for series resistances 

in the cell that consisted of potential-independent resistance elements and impedance 

elements whose capacitive components had fully charged on the timescale of the 

measurements. In addition to the overall consistency of the equivalent circuit parameters 

fits (Figure 1.4), we justify the integration of two time-constant elements to understand the 

series resistance by comparing the values we deduce from our equivalent circuit elements 

(Table 1.1) to those directly in our J–E data. As such, we can relate the derivative of our 

cyclic voltammogram with respect to current in both sweep directions to uncover 

instantaneous resistance of the system, which align directly with our theoretical total 

resistance of Ro + R1 + R2 + R3 (Figure 1.6A). This behavior differs from that observed from 

bipolar membrane protonic diodes where a longer-time effect was observed that was 
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proposed to be due to diffusion-limited processes from electric-field-enhanced water 

dissociation.16 Furthermore, in a similar context we can relate the derivative of our cyclic 

voltammogram with respect to the applied potential in the forward bias regime, wherein we 

observe ohmic behavior, and relate the average resistances for Ro (~ 564 Ω), Ro + R1 (~ 

12,556 Ω), and Ro + R1 + R2 (~ 24,591 Ω) to see that our Ro + R1 + R2 overlay extremely well 

for our theoretical series resistance (24,691 Ω) (averaged between +950 mV and +1000 mV 

vs Eoc of dE/dI) (Figure 1.6B). Finally, we plot our J–E measurements in a log–linear plot and 

compare it to a bias-dependent current (as a derivative, dR3/dE) (Figure 1.6C), which again 

favorably support our choice of sequential fitting parameters. In total, these comparisons 

validate both the individual and assembled resistance components of the equivalent circuit 

fits, in which we state that the series resistance (Rs) is composed of Ro + R1 + R2 and the bias 

dependent region is defined by R3 and can be individually integrated in our analysis.  

 

 

Table 1.1: A table showcasing the equivalent circuit fit values for each individual impedance spectroscopy 

measurement as a function of applied potential between -250 mV to +500 mV vs Eoc. 
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Figure 1.6: (A) A plot of the CV derivative with respect to current (dE/dI) to deduce instantaneous resistance 

potential vs Eoc (blue line). The total resistance of the equivalent circuit fit (Ro + R1 + R2 + R3) of the equivalent 

circuit is overlaid as black dots. (B) A plot of the forward bias CV dE/dI as a function of potential vs Eoc. Overlaid 

equivalent circuit resistances are shown for (Ro) (black dashed line), (Ro + R1) (red dashed line), and (Ro + R1 + 

R2; blue dashed line). (C) A log-linear plot depicting the absolute value of the current density as a function of 

potential vs Eoc for an iR (i.e. Potential - i*Rs) corrected cyclic voltammetry (red line) and the calculated current 

density derived from the equivalent circuit R3 component with respect to potential (purple points) is shown. 

 

After justifying our high frequency equivalent circuit impedances, we utilized the 

fitted values to remove the series resistance from data measured on our acid|base construct, 

in turn compensating for the ohmic drop of the potential applied to the system. This 

correction, taken as the difference of the applied potential to the system and the product of 

the recorded current and equivalent circuit system resistance (i.e. i × Rs), allow us to plot the 

iR-compensated data. As such, we removed Rs from each biased potential and replotted the 

associated JE plots (Figure 1.5B,C). Moreover, we fit the plots with a modified Shockley 

diode equation (Eqn. 1), wherein we introduce a floating potential offset (𝑉𝑜) to compensate 

for any noticeable Eoc drift over the totality of the measurement (Figure 1.1B) and an 

associated thermal voltage (VT) for our measurement condition set (21.38 mV). The resulting 
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fit results in a saturation current (Jo) density of 0.214 μA/cm2 and an ideality factor (n) of 

2.00 for the iR-corrected cyclic voltammogram. Similarly, we observe an iR-corrected held 

potential J–E plot that depicts almost the exact same Jo (0.237 μA/cm2) and with slightly 

worse n (3.55) values.  

 

𝐽 = 𝐽o (𝑒
𝐸−𝐸oc

𝑛𝑉T − 1)          (1) 

 

 In order to deduce constituent parameters of a traditional electronic pn-junction 

semiconductor diode, Mott–Schottky analysis is commonly implemented to calculate 

parameters such as the built-in/flat-band potential (Efb), electroactive dopant density (𝑁𝑑), 

and potential-dependent width of the space-charge region (𝑤𝑠𝑐) (Figure 1.7A). Here, a Mott–

Schottky plot of the bias-dependent capacitive component shows a general decrease in 1/C2 

as the potential increases from -250 mV to +500 mV vs Eoc (Figure 1.7B). By further refining 

the Mott–Schottky plot, as larger negative bias fits were found to be less ideal in the low 

frequency regime (< 100 Hz) (Figure 1.4), and extrapolating to the x-intercept (1/C2 = 0) we 

showcase an 𝐸𝑓𝑏 of 575 mV for the system (Figure 1.7C), based on Eqn. 2. Here, 𝐶 is the 

capacitance determined by electrochemical impedance spectroscopy (F), 𝜀 is the relative 

permittivity of ice (100),17-19 𝜀o is the permittivity of vacuum (8.854 × 10−14 F/cm), A is the 

cross section area of the pn-junction (1.68 𝑐𝑚2), 𝑞 is the elementary charge (1.602 ×

10−19 C), Nd is the charge carrier density (cm−3), E is the applied potential bias (mV), Efb is 

the flat-band potential (mV), kB is the Boltzmann constant (1.381 × 10−23 J K−1), and T 
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temperature (248.15 K). This extrapolated intercept is in close approximation to the 

expected potential with respect to pH differences as depicted by the Nernst potential (~ 590 

mV, ∆pH = 12). The corresponding slope of the fitted line can be used to deduce an 

approximate dopant density (Nd) of our construct, based on Eqn. 2, for our Mott–Schottky 

plot (i.e. 𝑁𝑑  = (1/slope) × (2/𝜀𝜀o𝑞)). Overall, with a slope of −1.53 × 1016 F−2 cm4 V−1 we 

calculate an associated carrier density of 𝑁𝑑 = 9.23 × 1012 cm−3 = 1.5 x 10-8 M. We note that 

the relative permittivity used is for non-doped ice roughly at our measured temperature set 

(~ -25 °C),17-19 but reports of lower permittivity values have been recorded for both HCl and 

KOH doped ice systems,18,20  which would relate to a larger carrier density than calculated. 

In turn, we can suggest a 𝑤𝑠𝑐 of ~ 19 𝜇𝑚 for an applied bias of 0 mV in the pn-junction ice 

construct, as calculated from Eq. 3. However, the extremely small value of Nd determined 

from the Mott–Schottky analysis seems unlikely to be correct because this would result in an 

extremely high resistance of our 2 mm-thick ice constructs that is not observed 

experimentally. Therefore, we prefer an analysis that suggests there is a potential-

independent capacitance for C3, while still a largely variable resistance for R3. This model is 

that of a p(intrinsic)n-junction diode and based on the calculate series resistance can 

approximate the dopant density (Eqn. 4) and i-region width (wi) (Eqn. 5). Results from this 

calculation suggest a concentration (c) of 6.5 × 1015 cm−3 = 11 µM (for t of 2 mm and D 

of ~ 10−4 cm2 s-1)21,22 and a thickness of the i-region ~ 19 µm (for C3 of 7.92 nF as averaged 

from -150 to +150 mV vs Eoc). Overall, this is a much more reasonable concentration 

approximation, especially given the fabrication protocol of the ice constructs involve cooled 

KOH solution frozen onto a HCL block that is kept at -78.5 °C. 
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Figure 1.7: (A) A schematic of acid|base pn-junction ice (top) depicting an associated 𝐸𝑓𝑏  and 𝑤𝑠𝑐  (bottom). 

(B) A Mott–Schottky plot of the ice acid|base pn-junction ice construct varying from -250 mV to +500 mV vs Eoc. 

(C) A short window Mott–Schottky plot and linear fit (red line) for the acid|base pn-junction ice construct 

varying from -150 mV to +500 mV vs Eoc. Note that the x-axis is not vs Eoc. 

 

1.2 Ice Diode Considerations 

Initial investigations of this work entailed the use of relatively large ice blocks, on the 

order of > 1 cm3. This work also utilized platinized platinum mesh electrodes, both for the 

use of making RHEs as well as for the purpose of being (relatively) translucent should 

photoacid integration and light excitation studies were to be performed (Figure 1.8). To 

circumvent the additional step of making ice blocks and then adhering the electrodes, a 
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modified setup with secure fixture frameworks made LEGO® brand ABS windows an 

understandable choice. The interface of the LEGO® housing system allows the blocks to also 

be placed in contact with a flat surface (e.g. glass, silicon wafer, etc.) with a parafilm 

separator to prevent leakage before freezing the individual ice block (with either a slow 

cooling method in the freezer or quickly by backing the flat, base material onto dry ice) 

(Figure 1.9). This method makes potential future implementation for outreach activities 

particularly interesting as a quick, simple, and (arguably) fun method for “plug-n-play” ice 

circuits. Quickly freezing the solution can be beneficial in order to fix the counter ion/species 

in the crystal structure. Various methods to make more transparent ice had been 

investigated, including performing a freeze-pump-thaw methods or point/directional 

cooling, though these methods were not further expanded on. Additional secondary 

constituents, such as methanol or purging the system with inert gases (i.e. nitrogen), may 

allow the dopants to better integrate in the system and should be considered in future 

studies as well.  

 

 

Figure 1.8: (A) An example of individual acid (1 M HCl/0.05 M HPTS) and base (1 M KOH) blocks (left), which 

are then merged together and kept cold with dry ice (right). (B) An example measurements layout with laser 

illumination for the acid|base system housed in an open container setup.  
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Figure 1.9: A general fabrication scheme for the ice fabrication process. Here, a parafilm separator (1) is placed 

between the LEGO® and flat interface (2). The specific solution of interest is then placed in the housing unit 

and capped with an electrode (3), which will be embedded in the system upon freezing (4). The construct is 

then bridged together, as the LEGO® units allow the two-block system to directly make contact with one 

another. For this example, platinum mesh electrodes are utilized.  

 

As reported in Section 1.1, the Eoc potential is dependent on the supply of forming gas 

but is also highly dependent on the concentration of acid and base in the block system 

(Figure 1.10A).  Here, the Eoc potential reaches a steady state much faster in larger ΔpH 

systems. Furthermore, a clear temperature dependence is observable, wherein one can see 

1 M HCl – 1 M KOH blocks not reaching an Eoc potential plateau at more negative 

temperatures. Such effects could be due to thermal effects, wherein higher temperature 

environments allow for faster thermal equilibrium.  
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Figure 1.10: (A) A comparison of Eoc for both 100 mM and 1 M acid|base (HCl|KOH) system. (B) A comparison 

of Eoc for different temperatures of a 1 M acid|base (HCl|KOH) system. For all measurements, forming gas was 

supplied ~ 30 minutes into the test to platinum mesh electrodes. The electrode setup was such that the counter 

electrode was on the acidic side while the working electrode was on the basic side, which is swapped to those 

measurements in Section 1.1.  

 

 One area of concern in our original system was the proximity and secureness of the 

platinum mesh electrodes on the ice blocks. During the initial fabrication process the mesh 

electrodes could become deeply embedded in the ice block, thus preventing adequate 

forming gas supply, or only partially in contact with the ice block, thus producing non-ideal 

electrode interrogation. As such, platinized porous electrodes were investigated, such as 

platinized carbon foam. However, the base material was overly brittle, resulting in either 

pieces of the electrode entering the solution during the freezing process or extremely poor 

connections for the potentiostat as the electrodes would often rip out of the foam and lose 

connection. As a result, titanium electrode foam frits were investigated and eventually 

platinized and used as a stable, porous electrode system.  

 Additional electrodes that incorporated both the titanium foam frit and platinum 

mesh were investigated to allow an area for illumination of the system for systems with 
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photoacids. Such measurements behaved as expected, with control blocks exhibited linear 

CV sweeps while acid|base systems had noticeable rectification (Figure 1.11). With the 

inclusion of HPTS (8-hydroxypyren-1,3,6-trisulfonic acid), a pH-sensitive fluorescent dye 

with an excitation wavelength of 405 nm, photo-excitation effects of the system were 

investigated. Interestingly, upon illumination control block sets of 100 mM HCl – 100 mM 

HCl saw an observable illumination effect, which is likely be due to thermal heating of the 

block system (Figure 1.12). To investigate this further, 100 mM HCl/5 mM HPTS (Figure 

1.13) and 100 mM HCl/5 mM 8-methoxypyrene-1,3,6-trisulfonic acid (MPTS) (a control dye 

that does not protonate at the 405 nm wavelength) (Figure 1.14) were measured with 405 

nm illumination. Overall, a clear photoresponse was measured, again likely due to thermal 

effects. Future studies that entail control illumination (such as larger wavelength laser 

illumination at similar power intensities) may aid in determination of these adverse effects.  

 

Figure 1.11: (A) A schematic (left), photo (middles), and cartoon depicting an acid|base construct (right) for a 

system with the dual platinum mesh that covers a PtTi electrode with a borehole (PtTi/Ptmesh). (B) A 

comparison of acid|acid, base|base, and acid|base systems with PtTi/Ptmesh electrodes with 100 mM HCl and 

100 mM KOH.  
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Figure 1.12: (A) The Eoc potential of a 100 mM HCl – 100 mM HCl system. Upon illumination of a 405 nm laser 

a small increase if observed (right). An illumination effect is seen with the system illuminated with a 405 nm 

laser, as showcased with a larger current magnitude in both CV (B) and CA at different held potentials (C).  
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Figure 1.13: (A) The Eoc potential of a 100 mM HCl/5 mM HPTS – 100 mM HCl/5 mM HPTS system. Upon 

illumination of a 405 nm laser a small increase if observed (right). An illumination effect is seen with the system 

illuminated with a 405 nm laser, as showcased with a larger current magnitude in both CV (B) and CA at 

different held potentials (C).  

 

 

Figure 1.14: (A) The Eoc potential of a 100 mM HCl/5 mM MPTS – 100 mM HCl/5 mM MPTS system. Upon 

illumination of a 405 nm laser a small increase if observed (right). An illumination effect is seen with the system 

illuminated with a 405 nm laser, as showcased with a larger current magnitude in both CV (B) and CA at 

different held potentials (C).  

 

 Overall, numerous associated measurements in the future can be considered to 

further flesh out this project. For example, a comparison of measurements with varying 

environmental temperatures, concentrations/pH, dopants of interest, and overall freezing 

methodologies are warranted. One can conceptualize a system with a specific material of 
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interest and selectively doping the system, akin to traditional pn-junction semiconductors, 

by conversion of a p-type with selective areas of n-type (or visa versa). Here, a base block 

that has a treated area to introduce protons (through a mechanism such as acidic vapor) may 

effectively “dope” a p-type region for interrogation. While preliminary measurements were 

not overly successful, such a system would benefit from a contained housing structure that 

allows unidirectional treatment while not overly melting the base block (possibly backed 

with a dry ice environment).  

In our studies, we also attempted to take counterion movement into consideration. 

Here, the integration of counterions (i.e. Cl- and K+ for our traditional HCl – KOH constructs) 

that are on similar size scale may be able to transport through the semi-crystalline structure. 

As such, we extended our system of interest to investigate relatively large, bulky counterions 

to combat any potential “fixed” charged species (i.e. Cl- and K+) diffusion in the system. To 

achieve this, we chose poly(4-styrenesulfonic acid) (PSS), an anionic polyelectrolyte, as the 

proton donor and hydroxide exchanged poly(diallyldimethylammonium chloride), a cationic 

polyelectrolyte,  which we denote as poly(diallyldimethylammonium hydroxide) (PDADMQ-

OH), as the hydroxide donor (Figure 1.15A). The resultant polymeric acid|base system 

experiences similar Eoc trends and distinct forward bias linear current density regime in the 

cyclic voltammetry (Figure 1.15BC). A noticeably large current density is observed 

compared to the 100 mM HCl – 100 mM KOH (roughly an order of magnitude larger at +500 

mV vs Eoc), albeit the solutions originally have a slightly larger difference in pH (ΔpH of 12.45 

for PSS – polyDADMAQ-OH and ΔpH of 11.8 for 100 mM HCl – 100 mM KOH). Furthermore, 

we observe a bias-independent high frequency regime and bias-dependent low frequency 

regime with impedance spectroscopy (Figure 1.16). The respective series resistance 
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corrected plots for the potential-step chronoamperometry (Figure 1.15D), depict a 𝐽𝑜 of 

2.24 μA/cm2 and 𝑛 of 6.82, and cyclic voltammetry (data not shown), depict a 𝐽𝑜 of 2.05 

μA/cm2 and 𝑛 of 6.57, in turn showcase the utility of such ice architectures for 

electrochemical interrogation. These data measured with an enormous and immobile 

counterion also suggest that the long-time non-zero Eoc value observed for the acid–base 

construct made using HCl and KOH could be due to leakage of Cl– and/or Na+ across the 

junction to partially dissipate the electric potential difference. 

 

Figure 1.15: (A) The chemical structures for the acid (PSS) and base (PolyDADMAQ-OH) polymer system. (A) 

A typical Eoc of the polymer acid-base system, wherein each platinized titanium electrode of the construct was 

subjected to forming gas 1 minute into the measurement. (B) A cyclic voltammetry measurement of the 

polymer acid|base system swept from +1000 mV to -1000 mV vs Eoc. (D) A JE plot is shown for the iR corrected 

polymer acid|base system (red points; -500 mV to +500 mV vs Eoc). A corresponding diode equation fit overlays 

the iR corrected JE plot (red line). 
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Figure 1.16: (A) A Nyquist plot measurement of the polymer acid|base system varying from -1000 mV to 

+1000 mV vs Eoc (left), with a zoom in of the forward bias domain depicted (right). Bode plots depicting both 

the magnitude (B) and phase (C) of the polymer acid|base system spanning a frequency range from 1 MHz to 1 

Hz. 

In closing, a pn-junction ice construct was fabricated and characterized. Through 

traditional analysis techniques, bias-dependent and -independent aspects of the construct 

were unraveled and used to produce iR-compensated data with excellent rectification 

properties. By initial exploration of variable environmental conditions, photoacid 

integration, and counterion species, there exists an expansive parameter space for the 

continuation of this work. These constructs in particular may find potential use in a variety 

of technologies including low-cost ionic sensors, recycle-able/edible electronics, or extreme 

environmental conditions (such as sub-zero conditions).  

 

1.3 Experimental Section 

To produce porous RHE platinized titanium (PtTi) electrodes, 1.5 mm thick Sintered 

Titanium Frits (FuelCellStore) were platinized in a 1.5 mM lead acetate and 15 mM 

chloroplatinic acid solution, with the plating procedure carried out with a potential 

difference of 3 – 5 V between the titanium electrodes. In order to house the ice blocks, 

LEGO® brand Window 1 x 2 x 2 Flat Front with a 1.68 cm2 open face, consisting of 
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acrylonitrile butadiene styrene (ABS), were cut to a 1 mm thick edge dimension to produce 

a housed volume of  0.1 cm x 1.2 cm x 1.4 cm (L x W x H). The modified acidic LEGO® window 

was then placed face down on a crystalline silicon wafer with a parafilm separator to ensure 

a leak proof contact with the porous PtTi housed on top. An acidic solution was then added 

to the LEGO® window and a platinized titanium frit was secured on top of the well before 

being placed directly onto a dry ice block (-78.5 °C) to quickly freeze the 100 mM HCl 

solution. Subsequently, the basic block was constructed in a similar manner, while instead 

of a silicon wafer backing the system was paced on top of the 100 mM HCl ice block. The 

constructed block system was then secured inside of a compact medical freezer (EdgeStar) 

maintained at -25 °C (± 1) and monitored with a resistance temperature detector 

thermometer (Cole-Parmer).  

All electrochemical experiments were performed using a potentiostat (VSP-300, 

Biologic Science) in a two-electrode measurement setup and in grounded mode. For the final 

two-block construct, the embedded PtTi frit electrodes were 2 mm apart. The reported 

current densities were calculated by dividing the current passed through the potantiostat by 

the geometric area of the block interface (1.68 cm2). The J-E convention used for the 

acid|base work placed the working electrode on the acid embedded electrode and the 

counter/reference electrode on the base embedded electrode.  

Eoc was measured prior to cyclic voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS) measurements. Initial Eoc measurements were monitored with forming 

gas (5 % H2/95 % N2) supplied to each platinized titanium frit electrode at a combined flow 

rate of ~ 0.75 sL min-1. All subsequent measurements were performed with forming gas 



 

29 
 

consistently supplied to each platinized titanium frit electrode. CV was performed vs. Eoc at a 

scan rate of 10 mV s-1.  

Potentials vs Eoc were applied to the pn-junction ice construct prior to performing 

each individual EIS. Prior to each measurement, the potential was applied and held between 

3 – 5 minutes and the resultant current was recorded. The associated current density plots 

were made by averaging the final 10 s for each 3 – 5 minute held potential. Subsequent EIS 

scans for each potential was perform from 3 MHz to 1 Hz for the 100 mM HCl – 100 mM KOH 

system. 

To evaluate the EIS measurements and fit the pn-junction ice construct, we 

designated various equivalent circuits consisting of a resistor (Ro) followed by a ladder 

model with a constant phase element (CPE1) and resistor (R1) in parallel wherein a 

component after R1 varied. To fit the bias dependent RC circuit in the low frequency regime, 

we attempted to implement three different models with either a Warburg circuit element 

(Wd), a modified Gerischer circuit element (Ga), or an additional ladder circuit element 

(CPE2/(R2 + CPE3/R3) (Fig. S2). In order to back out a correlative capacitance value from our 

CPE, we use Eqn. 6 with the associated R and CPE (𝑄 and 𝑎) parameters. The fits were 

conducted with a Levenberg-Marquardt algorithm that selectively fit each numbered 

component (i.e. Ro or CPEx/Rx) while the other components were fixed until all parameters 

converged to their final values. A 50,000 iteration count weighing with respect to 1 was used 

in order to account for the smaller magnitude, high frequency regime components.  

 

𝐶 = 𝑅(1−𝑎)/𝑎𝑄1/𝑎           (6)  



 

30 
 

CHAPTER 2: Ratchet based ion pumps 

2.1 Desalination driven by an electronic pulsing ratchet process (adapted from G. 

Segev, et al. In Preparation) 

Separation of dissolved salts and minerals between solutions is critical to many 

societal challenges, including generation of clean water for human consumption and 

agriculture, recycling electronics and spent nuclear fuel for recovery and reuse of rare and 

expensive materials and chemicals, among others.1-3 These separations can be accomplished 

using bulk processes whereby large amounts of solvent provide the medium for classical 

separations or through addition of chelates or sorbents to change the properties of dissolved 

species to alter their solubility properties.4 Another means to separate ions uses membranes 

whereby an external force acts on species to drive them through a membrane designed with 

chemical specificity based on total charge, size, and/or local charge density.5 This force can 

arise from applied pressure, gravity, temperature, or others, but of particular increased 

interest are electric fields. Moreover, electricity-driven devices are timely due to widespread 

increased electrification of our society through installation of renewables to replace 

historical fossil-based energy sources, as well as their simplicity and lack of moving parts 

that enable low capital expenses and low operating expenses. 

Electricity-driven separations are by nature electrochemical and therefore are driven 

by charging interfaces between electrically and ionically conductive media. They can be 

implemented as either batch processes, where interfacial (pseudo)capacitive charging 

reactions are subsequently coupled to interfacial (pseudo)capacitive discharging reactions, 

or continuous processes, where sustained currents are enabled through direct coupling of 
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interfacial charging reactions with heterogeneous redox reactions between electrodes and 

liquid electrolytes.6 Continuous processes are simple to engineer because they require no 

mechanical switches, yet they typically require the presence of soluble chemical species for 

each redox reaction. Requiring additional redox-active species complicates this otherwise 

simplistic design and oftentimes is a non-starter for separations technologies because the 

added chemical species may not be compatible with desired processes or ultimate uses, e.g. 

adding molecules to drinking water. While batch processes require more complex 

maintenance of flow streams due to the limited capacity of (pseudo)capacitive 

charging/discharging reactions, the simplicity of these interfacial reactions and lack of 

additional soluble chemical species are desirable traits. 

Here we demonstrate an electrochemical device that relies solely on interfacial 

charging to drive sustained direct currents and continuous ion separation, with no added 

redox-active species. Utilizing alternating electronic polarization as the driving force, our 

devices show persistent voltages and/or sustained ionic currents enabled by a ratchet 

mechanism (Figure 2.1). Ratchets have been demonstrated both theoretically and 

experimentally7-13 using induced charge electrokinetics to drive net transport of uncharged 

species,14 alternating electronic polarization to drive net electronic current,6-13,15-17 and 

alternating redox reactions to drive net ionic current.18,19 Our samples are based on anodized  

aluminum oxide (AAO) wafers and require a very simple fabrication process. Moreover, our 

electric-polarization-induced pulsing ionic ratchets (EPIPIRs) can overcome most ohmic 

potential losses observed from other electricity-driven desalination processes via a simple 

scalable design, therefore enabling distributed continuous desalination using a simple small-

scale device architecture powered only by electricity and with no moving parts.  
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Figure 2.1: The working principle of a tilting9 ratchet (A) and flashing10,11,15 ratchets pumping positively and 

negatively charged particles (B,C, respectively). The solid blue line is the potential distribution, Blank circles 

mark the position of the charged particles at the beginning of every step and green circles mark the position of 

the charged particles by the end of every step. In tilting ratchets (A), the applied potential slants the potential 

distribution upwards or downwards. Due to the saw-toothed potential distribution within the device, there is 

a net current. In flashing ratchets (B,C) the saw-tooth potential distribution through the device (solid blue line) 

is switched between positive and negative values. As a result, in every step of the process potential maxima 

turn to minima and vice versa. Focusing on a flashing ratchet driving positively charged particles (B). In the 

initial step, t1, the positively charged particles rest at the potential minimum at x1. Upon potential switching, 

the charged particles, flow towards the potential minima at x0’ and x1’. However, since the potential drop in one 

direction is steeper than the other, the particles flowing to x1’ will reach this potential minimum before the 

particles flowing towards x0’. When the potential is switched again, half of the particles at x1’ will continue 

flowing to the right towards the potential minimum at x2. On the other hand, if the potential was switched 

before the particles flowing to the left reach x0’, these particles will turn back and will settle again in x1. Since 

all the charged particles were either transported to x2 or remained in x1 there is a net particle flux to the right.  

Negatively charged particles are driven towards potential peaks (C). Thus, a flashing ratchet with the same 

potential distribution and timing as in (B) will drive negatively charged particles to the left. 

 

EPIPIRs were fabricated from AAO membranes (40 nm diameter pores) by 

evaporating Au/Cr contacts on either side, leaving pores that could be wetted by aqueous 
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electrolyte (Figure 2.2A). When wetted by aqueous 1 mM HCl electrolyte on both sides each 

containing Ag/AgCl wires immersed in solution, Vresting = 0.0 ± 1.0 mV between the Ag/AgCl 

wires. A two-compartment electrochemical cell setup was used to interrogate the voltage 

and current output of the EPIPIRs (Figure 2.2B). A modified setup also allows inclusion of a 

secondary membrane, such as an anion exchange membrane, that can be added to allow for 

selective transport of specific ions based on charge type (i.e. anions) for tests of overall 

desalination, and that can be implemented simply by raising the solution level above the 

membrane (Figure 2.3).  

 

 

Figure 2.2: (A) Schematic illustration of the region in the vicinity of a pore in a porous capacitor EPIPIR. (B) A 

general schematic illustration of the measurement setup with Ag/AgCl wires in each chamber.  
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Figure 2.3: (A) A schematic illustration (left) and photo (right) of an electrochemical cell used to measure the 

EPIPIR pumping performance both with and without the inclusion of an anion exchange membrane (AEM). (B) 

A schematic showcasing the measurement setup to allow the ability to interrogate either the EPIPIR with (left) 

or without (right) the AEM.  

 

Application of a DC bias across the AAO membrane (Vin = +300 mV or –300 mV) 

resulted in prompt observation of Vout ≈ Vin between the Ag/AgCl wires, which decayed to 

Vout ≈ 0 over ~1 sec. (Figure 2.4A) However, by alternating the bias between these extreme 

values consecutively in a periodic manner resulted in a non-zero potential between the 

Ag/AgCl wires that persisted indefinitely, suggesting an EPIPIR mechanism (Figure 2.4B). 

The magnitude of the long-time value of Vout depended on the input signal shape, amplitude, 

frequency, and duty cycle. For data reported herein, a square-wave signal was oscillated 

between ±300 mV. The largest magnitude value for Vout (~ –16 mV) was recorded for a duty 

cycle of ~50% at 250 Hz, with intermediate values decreasing in magnitude toward zero as 

the duty cycle approached 0% and 100% (Figure 2.4B). We observed that the output was 

not perfectly symmetric with respect to duty cycle and switching the positive and negative 

leads of the EPIPIR resulted in data of the same sign that was reflected around 50% duty 

cycle such that (duty cycle, Vout,2) = (100% – duty cycle, Vout,1) (Figure 2.4C). The sign of Vout 

was dictated by the relative location of the positive and negative leads of the electronic 
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ratchet circuit versus the location of the positive and negative leads of the Ag/AgCl wires. 

The overall AC-to-AC voltage conversion efficiency (ηV(AC-AC) = |Vout|/|Vin|) was calculated to 

be 90.8 ± 1.1% meaning that nearly all of the potential generated at the electronic ratchet 

was sensed by the Ag/AgCl wires (Figure 2.5A). The general effect was also agnostic to the 

type of chloride salt used, e.g. NaCl, KCl (data not shown).  

Figure 2.4: (A) Typical Vout as measured with Ag/AgCl over time as a +/- 300 mV EPIPIR measurement is 

performed. (B) A plot of the average Vout as a function of duty cycle sweep for a +/- 300 mV EPIPIR. (C) General 

observed trends with variable Ag/AgCl and EPIPIR leads swapped in the system.  

 

Figure 2.5: Plots depicting the efficiency of that measured on the Ag/AgCl electrodes (“out”) to that of the 

ratchet (“in”) for |Vout|/|Vin| (A), |Iout|/|Iin| (B), and |Pout|/|Pin| (C) by integrating each respective components 

over a determinate amount of time.  
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Examination of Vout over single periods of oscillation at 50% duty cycle for the 

aqueous 1 mM HCl electrolyte clearly indicate the cause of the asymmetry in net Vout that is 

responsible for the EPIPIR phenomenon and for persistent Vout values observed on the 

timescale of minutes to hours. When half-period Vout datasets are overlaid and added, there 

is a clear residual net voltage that, over time, quickly increases in magnitude and then slowly 

decreases in magnitude back toward zero (Figure 2.6). As the frequency of the EPIPIR 

increases, the long-time portion of the summed half-periods with values closest to zero is 

removed, therefore increasing the persistent Vout. At too high of a frequency, Vout is 

dominated by the rise in the magnitude of the voltage and thus decreases. Although Vin is 

symmetric with respect to 0 V, we currently believe the observed asymmetry may be due to 

the basic difference between the Vin and the electric potential distribution within the device. 

Alternating the polarization of the EPIPIR electrodes will result in perturbation of local 

electric fields within the membrane due to varying Debye screening lengths between each 

surface of the AAO wafer20,21 – both toward the bulk electrolyte and within the electrolyte-

filled nanopores – which result in asymmetric potential distributions inside and outside of 

each nanopore. This would lead to the possibility of a non-zero temporal average ionic 

current that is controlled by a temporal change in the electric potential. Additional factors, 

including the point of zero charge for the materials system involved, may further yield 

important information in this regard as well.22,23 With the help of our collaborators, we plan 

to model a mechanism depicting this in our system. 
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Figure 2.6: (A) Vout over time while an EPIPIR is performing. The “Rise” (B) and “Fall” (C) of Vout over time for 

an EPIPIR running at 1, 10, and 100 Hz. (D) The summation of each frequency in A over a half period for each 

“Rise” and “Fall” event.   

 

The observation of a non-zero persistent Vout means that the EPIPIR alters the 

equilibrated condition of the cell to one that could perform useful work. In order to do this, 

the free energy that is generated must be used, such as by providing a low-impedance 

electrical pathway between the two Ag/AgCl wires such that DC electronic current can flow. 

Doing this results in the same general shape and behavior for Jout as was observed for Vout as 

a function of frequency and duty cycle, except that the sign of Jout is opposite of that of the 

sign of Vout (Figure 2.7A), as expected for an externally powered power-producing device, 

e.g. like a solar cell. The overall AC-to-AC current conversion efficiency (ηI(AC-AC) = |Iout|/|Iin|) 

was calculated to be 3.54 ± 0.01% meaning that for every ~30 electrons transported in the 

EPIPIR, ~1 ion was net transported through the AAO membrane (Figure 2.5B). This loss in 

efficiency is attributed to ohmic potential losses due to transport of ions over ~1 cm through 

an aqueous 1 mM electrolyte, which we confirmed by moving the Ag/AgCl wires farther from 

the face of the EPIPIR.  
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Figure 2.7: (A) A plot of the average Jout as a function of duty cycle sweep for a +/- 300 mV EPIPIR. (B) A cyclic 

voltammogram measured for a +/- 300 mV EPIPIR.  

 

The power output of the EPIPIR was ohmic with a 25% fill factor as evidenced by the 

cyclic voltammogram measured for the EPIPIR while oscillating between Vin,+ and Vin,– 

(Figure 2.7B). The overall AC-to-AC power conversion efficiency (ηP(AC-AC) = |Pout|/|Pin|, 

where |Pout| = |0.25 x Vout x Iout|; |Pin| = |Vin x Iin|;) was calculated to be 0.867 ± 0.002% and 

was mostly limited by the small value of ηI(AC-AC) (Figure 2.5C). The overall AC-to-DC power 

conversion efficiency (ηP(AC-DC) = Pout/|Pin|; where Pout = 0.25 x |Vout| x Iout) was calculated to 

be 0.095 ± 0.013 suggesting that the alternating process resulted in a loss of ~89% of the 

possible power conversion in overall ion transport. Notwithstanding, since half of the ions 

flow backwards when Vin is flipped, the efficiency of this class of irreversible ratchets in 

inherently limited.13  

Given that the EPIPIR could produce a net ionic power output, we used this to 

demonstrate a purely wireless desalination setup by introduction of a second ion-exchange 

membrane. Given our working hypothesis, the EPIPIR would pump ions up a concentration 

gradient but anions and cations in opposite directions, as depicted in Figure 2.1, yet net 
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desalination requires the transport of the overall charge-neutral salt species. In this regard, 

assuming ions of opposite charge pump in opposite directions, there necessitates the 

implementation of a second ion selective membrane wherein when one ion is pumped one 

direction and its counterion is pumped the opposite direction, the counterion is allowed to 

travel back to the original well along a different path (i.e. through the ion selective 

membrane), thus concentrating one well and desalinating the other. Here, an anion-selective 

membrane (Sustainion® X37-50) was used to satisfy the desalination architecture. By 

running the EPIPIR over 20 hours and measuring a resting Vout with the EPIPIR not running 

over short periods of time during this time period, we found that we were able to build up a 

relatively substantial potential (~ -4 mV) (Figure 2.8). After storing free energy in an HCl 

gradient, the cell was then allowed to remain quiescent for days over which Vout returned to 

its value before EPIPIR ion pumping, showcasing the validity of our electrodes for 

monitoring such parameters.  

 

Figure 2.8: The net ionic potential built up over time with the EPIPIR running for 20 hours (black line). After 

building up a potential, the system was allowed to rest (EPIPIR turned off) and Vout returned to its original value 

over 60 hours.  
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2.2 Ratchet Considerations 

 Several considerations were performed to optimize the ratchet setup. In brief, 

membranes of interest (i.e. ratchet, anion exchange membranes, cation exchange 

membranes, etc.) were housed in parafilm and/or silicone to form a tight liquid seal so that 

only the membranes interface would be in contact with the solutions. Electrical points of 

contact, commonly carbon cloth, were carefully positioned to touch only a small area of the 

conductive metallic surface by utilizing two parafilm layers (Figure 2.9). Specifically, for the 

ratchet itself, the parafilm confined ratchet construct is also more durable and easier to 

handle, as the porous alumina samples are known to be extremely delicate and prone to 

fracture when used.  

 

 

Figure 2.9: The fabrication scheme of the ratchet, with a carbon cloth sandwiched between two pieces of 

parafilm with the exterior, solution size smaller than the interior, ratchet side (left). The final construct is then 

comprised of a liquid sealed interface with only a small point of contact for each side of the ratchet conductive 

layer (right).  
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An occasional problem with the ratchet system was clogging of the pore system. Such 

systems that are clogged would commonly exhibit capacitive behavior, wherein the ratchet 

system acted as a parallel plate capacitor. As observed, a duty cycle sweep would commonly 

exhibit a linear trend with a duty cycle from 0 % to 100 % (Figure 2.10). Control 

measurements, including open circuit voltage measurements to ensure a potential between 

the Ag/AgCl wires and cyclic voltammetry on the Ag/AgCl to record current over a small 

voltage range, have since been implemented as initial standardizations and compared to 

open/no membrane systems. Such potential clogging observations (in addition to the overall 

delicate nature the alumina possessed) underpin the possibility of more robust housing 

frameworks or malleable membranes for high volume implementation of these systems 

(Figure 2.11). These include ion selective polymeric membranes that would allow the 

introduction of both enhanced durability and possible efficiency enhancements.   

 

 

Figure 2.10: A comparison of the potential measured with Ag/AgCl for 1, 10, 100, and 250 Hz frequencies over 

the same time (A) and period cycle (B) with a 50 % duty cycle. (C) The average potential comparison for 1, 10, 

100, and 250 Hz bias from a duty cycle sweep ranging from 0, 20, 50, 80, and 100 %.  
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Figure 2.11: A general overview of condition sets and parameters to consider in future ratchet work. 

 

In summary, a newly developed electrically driven ion pump was fabricated and 

interrogated across various input duty cycles and frequencies. The construct exhibited 

induced ionic voltages for input signals about one order-of-magnitude lower compared to 

previous works11,15,24,25 as well as a straightforward architecture to support large area 

devices with larger ionic currents. Additionally, a demonstration of the EPIPIR building a 

potential in the system over time, in turn storing free energy, was showcased, which should 

be expanded upon for performing useful work. Such an architecture could be realized in 

water desalination systems and pave the way for a broad range of other applications such as 

high sensitivity chemical sensors and synthetic biology. 
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2.3 Experimental Section 

 EPIPIRs were fabricated by electron beam evaporating 40 nm of chromium and 40 

nm of gold (planar equivalent) on each surface of 40 nm pore sized anodized aluminum oxide 

wafers (InRedox Materials Innovation) that were annealed at 650 ℃ for 10 hours. Prior to 

integration in the experimental setup, the EPIPIR was secured in a parafilm housing with 

carbon cloth in direct contact with each Au deposited interface (Figure 2.9). A droplet of the 

experimental solution was then placed on the surface of the EPIPIR prior to attempt to wet 

the pores thoroughly prior to use. The EPIPIRs ion pumping properties were tested in an 

electrochemical cell in which the EPIPIR served as a membrane separating two electrolyte 

compartments, each containing an Ag/AgCl wire that was used to probe the potential 

between the two compartments. For any measurements involving an AEM, Sustainion® X37-

50 was used and presoaked in the solution of interest for a minimum of 24 hours prior to 

use.   

All electrochemical experiments were performed using two potentiostat channels 

(VSP-300, Biologic Science) in a two-electrode measurement setup and in floating mode with 

grounds not connected. The ratchet channel was connected to the carbon cloth of the EPIPIR. 

After setup, the system was then allowed to rest for > 30 minutes prior to initial pretest 

measurements to ensure the system reached equilibrium.  
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CHAPTER 3: Do Cephalopods Dream of Bioelectronic Devices? 

3.1 Growth and Spatial Control of Murine Neural Stem Cells on Reflectin Films 

(adapted from R. Kautz, et al. ACS Biomater. Sci. Eng. 2020, 6, 1311–1320) 

Stem cells have historically attracted significant attention due to their regenerative 

capabilities and their potential for therapeutic applications.1-9 For example, neural stem/ 

progenitor cells (NSPCs), which are heterogeneous, self-renewing, multipotent cells capable 

of differentiation into neurons, astrocytes, and oligodendrocytes, have shown promise for 

the treatment of stroke, Parkinson’s disease, and spinal cord injury in humans.5-9 For stem 

cell-based treatments, the therapeutic efficacy has critically relied on influencing cellular 

behavior, that is, adhesion, proliferation, and differentiation, via physical and chemical cues 

from the surrounding environment.10-18 Consequently, various types of materials, including 

proteins, peptides, polysaccharides, polymers, and ceramics, have been investigated as 

substrates and scaffolds for the growth of stem cells in vitro.19-24 Among these materials, 

intrinsically biocompatible proteins and polypeptides, such as collagen, fibrin, vitronectin, 

laminin (LAM), and fibronectin (FN), have proven especially advantageous because they not 

only feature motifs that can promote stem cell adhesion, proliferation, and differentiation 

but also can help establish environments analogous to ones found in vivo.19-27 As such, the 

discovery and optimization of advantageous protein- and peptide-based substrates and 

scaffolds remains important in stem cell research.  

For peptide- and protein-based stem cell growth materials, direct patterning 

represents a common strategy for controlling cellular fate and function. Therefore, several 

different methodologies have been developed for modifying and patterning such materials, 
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including plasma etching, chemical functionalization, application of electric fields, scanning 

probe lithography, and microcontact printing.28-32 These methodologies have led to a better 

fundamental understanding of stem cell behavior and enabled applications as diverse as 

pharmaceutical screens, tissue engineering, neural network formation, and radiation toxicity 

assays.33-36 However, when patterning peptide- and protein-based substrates, the reported 

approaches do feature some limitations, as they can require advanced equipment, 

necessitate complex multistep procedures, are often low throughput, or have limited 

resolution across multiple length scales. Consequently, there exists an impetus for the 

continued improvement of these patterning techniques.  

Recently, we have explored unique proteins called reflectins, which play a critical role 

in cephalopod structural coloration37-51 as stem cell growth materials.41 Specifically, we 

showed that intrinsically biocompatible reflectin films support the adhesion, proliferation, 

and differentiation of human neural stem/progenitor cells (hNSPCs) in a similar fashion to 

common neural stem cell matrix materials.41 These efforts were motivated largely by 

reflectins’ favorable combination of properties.37-51 For example, reflectins can be processed 

into films via routine fabrication techniques, such as dip coating, drop casting, spin coating, 

and doctor blading.39,42-47 In addition, these proteins can withstand relatively harsh 

conditions, including elevated temperature, direct metal deposition, and electrical 

interrogation.44,47,49,51 Furthermore, reflectin films possess excellent electrical functionality, 

with bulk proton conductivities of up to ∼2.6 × 10−3 S cm−1, thus enabling reflectin-based 

protonic transistors, protochromic color-changing devices, and photochemically dopable 

systems.40,47-51 However, within the context of using reflectin films as stem cell growth 

substrates, we did not investigate NSPCs from multiple species, obtain mechanistic insight 
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into stem cell adhesion/binding, or demonstrate direct patterning of the films.41  

Herein, we build upon the prior work and explore the growth of murine neural 

stem/progenitor cells (mNSPCs) on reflectin films. First, we compare the adhesion and 

proliferation of mNSPCs on reflectin films and on more established protein and polypeptide 

scaffolds, such as FN, LAM, and poly-D-lysine. Next, we investigate and evaluate the likely 

mechanisms by which mNSPCs interact with reflectin. Subsequently, we demonstrate that 

the ability of mNSPCs to differentiate into astrocytes, neurons, and oligodendrocytes on 

reflectin films is comparable to that on LAM. Finally, we report the surprising observation 

that heparin inhibits the adhesion of mNSPCs on reflectin (presumably through electrostatic 

effects) and show that heparin patterning affords spatial control of mNSPC growth. Our 

findings underscore the potential utility of reflectin-based substrates and scaffolds for 

neural stem cell culture applications. 

We began our studies by fabricating reflectin films on glass substrates with the goal 

of using them for the growth of mNSPCs. Here we wanted to expand upon the previous 

finding that reflectin is an efficacious hNSPC growth material41 and explore any species-

specific effects that may arise for murine cells, which are convenient models of human 

disease.52 Moreover, we selected mNSPCs that not only grow on faster time scales relative to 

our previously investigated hNSPCs25 but also more efficiently differentiate into 

oligodendrocytes, making it possible to assess multipotent differentiation.53 Toward this 

end, we first expressed histidine-tagged Doryteuthis (Loligo) pealeii reflectin A1 (RfA1) 

variants in E. coli according to established protocols.44,47 We then coated glass substrates 

with the selected reflectins via a modified doctor-blading protocol, producing films 
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analogous to the ones previously used for the growth of hNSPCs.41 Subsequently, we plated 

and cultured mNSPCs according to standard protocols (Figure 3.1A). This robust and 

straightforward approach facilitated the throughput of our studies with mNSPCs and 

enabled direct comparisons to the prior work with hNSPCs. 

 

 

Figure 3.1: (A) General illustration of the procedure for the growth of mNSPCs on RfA1 films. (B) Plot of the 

mNSPC density on RfA1 (black), LAM (blue), FN (red), RDM (green), and PDL (purple) films as a function of 

time after initial plating. (C) Comparison of the mNSPC density on RfA1, LAM, FN, RDM, and PDL films after 48 

h of growth. Representative phase contrast optical microscopy images of mNSPCs obtained after 48 h of growth 

in proliferation medium on (D) RfA1, (E) LAM, (F) FN, (G) RDM, and (H) PDL films. A one-way ANOVA with 

Dunnett’s post hoc test was used for the statistical analysis. *P < 0.05, ****P < 0.0001. All error bars indicate 

the standard error of the mean from three independent experiments. 
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We initially evaluated the ability of films from RfA1 variants to support the adhesion 

and growth of mNSPCs relative to other materials that are known to support stem cells. For 

this purpose, we selected the commonly used extracellular matrix glycoproteins laminin 

(LAM) and fibronectin (FN), a mutant reflectin with a randomized amino acid sequence but 

overall unchanged net charge (RDM)47 (Figure 3.2) and a synthetic poly-D-lysine 

polypeptide (PDL). To compare the adhesion and growth of mNSPCs on RfA1, LAM, FN, RDM, 

and PDL, we plated the cells in proliferation medium onto these materials and monitored 

their densities and sizes over a period of 2 days with optical microscopy (Figure 3.1). We 

anticipated that the initial observations, that is, within the first half day, would be primarily 

dominated by cell adhesion and that the later observations would represent a combination 

of cell adhesion, proliferation, and death. After 12 h, we quantified the initial adhesion and 

found the highest cell densities on LAM, intermediate cell densities on RfA1, FN, and RDM, 

and the lowest cell densities on PDL (Figure 3.1B). Over the next 36 h, we discovered that 

the cell densities were higher and quite similar to each other on RfA1 and LAM, increased 

but to a somewhat lesser extent on FN, changed comparatively little or not at all on RDM, and 

remained relatively low on PDL (Figure 3.1B). Specifically, after 48 h, RfA1, LAM, FN, RDM, 

and PDL featured cell densities of 59 ± 5, 59 ± 5, 47 ± 3, 28 ± 4, and 13 ± 1 cells/mm2, 

respectively (Figure 3.1C). Furthermore, we noted clear morphological variability for the 

mNSPCs on our films, with primarily elongated morphologies and larger average surface 

areas that indicated healthy cell attachment on RfA1, LAM, and FN and a substantial fraction 

of rounded morphologies that indicated relatively poor attachment on RDM and PDL (Figure 

3.1D-H). Indeed, after 48 h, RfA1, LAM, FN, RDM, and PDL films featured cells with average 

areas of 822 ± 42, 1012 ± 41, 902 ± 48, 550 ± 28, and 520 ± 22 μm2, respectively (Figure 
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3.1D-H). Interestingly, the cell densities for RfA1 and RDM were at first comparable and then 

increased dramatically for the former but not for the latter with time, suggesting that the 

initial cell adhesion relied on the proteins’ analogous net charge but that continued adhesion 

and growth depended on RfA1’s specific amino acid sequence. Taken together, the 

observations demonstrated that RfA1 supported mNSPC growth in a similar fashion to the 

more well-established and common proteinaceous materials LAM and FN.  

 

Figure 3.2: (A) Amino acid sequence for the histidine-tagged Doryteuthis (Loligo) pealeii reflectin A1 isoform 

(RfA1). (B) Amino acid sequence for the randomized mutant reflectin A1 (RDM).  
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Because we found similar initial adhesion but significantly different subsequent 

growth for mNSPCs on RfA1 and RDM, we sought to gain insight into the cell surface 

receptors that could be responsible for the stem cells’ interaction with RfA1 films. Toward 

this end, we assessed RNA sequencing data to quantify the relative expression of genes often 

associated with the binding of stem cells in different environments (Figure 3.3).54,55 

Specifically, we quantified the relative expression of selectins, which are transmembrane 

glycoproteins that mediate cellular interactions for leukocytes, platelets, and endothelial 

cells,56,57 and integrins, which are heterodimeric transmembrane proteins responsible for 

cellular adhesion to extracellular matrices like fibronectin and laminin.58,59 We found low 

levels of gene expression for the entire selectin family, that is, E-selectins, L-selectins, and P-

selectins, with corresponding reads per kilobase of transcript per million reads mapped 

(RPKM) values of <0.1 (Figure 3.3). These observations indicated that selectins could not be 

responsible for the adhesion or growth of mNSPCs on RfA1 films. Furthermore, we found 

low levels of expression for the α9, β7, α3, α10, β3, α8, α4, β4, αE, α11, αL, β2, αD, αX, αM, 

and β6 integrins with RPKM values of ≤1, moderate levels of expression for the α5, α2, α1, 

and αIIb integrins with RPKM values between 1 and 10; and high levels of expression for the 

β1, β5, α6, β8, αV, and α7 integrins with RPKM values of ≥10 (Figure 3.3). Our observations 

indicated that only 8 out of the 24 known integrin pairs, that is, α1β1, α2β1, α5β1 α6β1, 

α7β1, αVβ1, αVβ5, and αVβ8, could contribute to the adhesion or growth of mNSPCs on RfA1 

films, and from these pairs, α5β1, αVβ1, αVβ5, and αVβ8 are known to recognize motifs 

found in FN (e.g., RGD), and α1β1, α2β1, α6β1, and α7β1 are known to recognize motifs found 

in LAM.60  
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Figure 3.3: (A) Plot of the average reads per kilobase of transcript per million reads mapped (RPKM) values 

for each selectin. (B) Plot of the average RPKM values for each integrin. The genes were categorized according 

to high (≥ 10), moderate (between 1 and 10), and low (≤1) RPKM values. The dotted lines correspond to values 

of 10 RPKM and 1 RPKM. All error bars indicate the standard error of the mean from three independent 

experiments. 

 

To better understand which of the identified integrins might facilitate the interaction 

of mNSPCs with reflectins, we explored how small molecules known to block cell binding on 

FN affected stem cell growth on RfA1 films. For this purpose, we used the synthetic peptide 

GRGDS, which is identical to the cell-binding motif of FN,61 and the RGD containing snake 

venom disintegrin Echistatin, which can block integrin-dependent cell adhesion on FN.62 

First, we pretreated mNSPCs with solutions containing ∼2 mM (∼1 mg/mL) GRGDS or with 

solutions lacking this peptide and then plated these cells on both RfA1 and FN. Then, we 

evaluated the resulting relative global cell densities on these films after a period of 24 h. We 

found that the presence of GRGDS had little effect on the cell density on RfA1 but caused 

nearly an order of magnitude decrease in the cell density on FN (Figure 3.4). Next, we 

pretreated mNSPCs with solutions containing ∼2 μM (∼10 μg/mL) Echistatin or with 
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solutions lacking this disintegrin and then plated these cells on both RfA1 and FN. We, in 

turn, evaluated the resulting relative global cell densities on these films after a period of 24 

h. We again found that the presence of Echistatin had little effect on the cell density on RfA1 

but caused more than an order of magnitude decrease in the cell density on FN (Figure 3.4). 

These observations suggested that mNSPCs were likely not interacting with RfA1 via 

receptors specific for RGD and that the cells may thus use other integrins for binding to RfA1. 

 

 

Figure 3.4: Representative comparative plot of the normalized mNSPC densities after 24 h of growth on RfA1 

in proliferation medium (black), on RfA1 in proliferation medium following pretreatment of the cells with ~ 2 

mM GRGDS (gray), on RfA1 in proliferation medium following pretreatment of the cells with ~ 2 µM Echistatin 

(light grey), on FN in proliferation medium (red), on FN in proliferation medium following pretreatment of the 

cells with ~ 2 mM GRGDS (light red), on FN in proliferation medium following pretreatment of the cells with ~ 

2 µM Echistatin (pink). Note that all RfA1 cell densities were normalized to those on RfA1 without pretreatment 

of the mNSPCs, and all FN cell densities were normalized to those on FN without pretreatment of the mNSPCs. 
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Having observed some similarities between mNSPC growth on RfA1 and LAM, we 

evaluated the differentiation potential of adhered mNSPCs on these two materials. We plated 

mNSPCs, allowed them to reach ∼50% confluency on RfA1 or LAM, and induced 

differentiation by substituting proliferation medium for differentiation medium (Figure 

3.5A). We then fixed the cells grown on either RfA1 or LAM, immunostained them with 

various markers specific for neurons, astrocytes, or oligodendrocytes (note that the nuclei 

were counterstained with Hoechst in all instances), and imaged the cell-covered films with 

fluorescence microscopy according to established protocols.53,63-65 First, we visualized the 

differentiated neurons on RfA1 and LAM by staining them with antibodies that recognized 

cytoskeletal microtubule associated protein 2 (MAP2) and class III β-tubulin (TuJ1). We 

found comparable neuron formation on both materials, with the cells displaying centralized 

cell bodies and elongated extended neurites (Figure 3.5B, left; Figure 3.5C, left). The 

calculated neuron percentages of 26.6 ± 2% for RfA1 and 25.7 ± 3% for LAM were 

statistically the same (Figure 3.5D). Next, we visualized the differentiated astrocytes on 

RfA1 and LAM by staining them with antibodies that recognized the intermediate filament 

glial fibrillary acidic protein (GFAP). We also found comparable astrocyte generation on both 

materials, with the cells displaying the expected morphologies and characteristic filament 

striations (Figure 3.5B, middle; Figure 3.5C, middle). The calculated astrocyte 

percentages of 16.0 ± 3% for RfA1 and 13.8 ± 2% for LAM were statistically the same (Figure 

3.5E). In turn, we visualized the differentiated oligodendrocytes by staining them with 

antibodies that recognized the cell surface antigen O4. We likewise found comparable 

oligodendrocyte differentiation on both materials, with the cells displaying rounded cell 

bodies and elaborate ramified projections (Figure 3.5B, right; Figure 3.5C, right). The 
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calculated oligodendrocyte percentages of 1.2 ± 0.6% on RfA1 and 1.7 ± 0.7% on LAM were 

statistically the same (Figure 3.5F). Here we note that less than half of the mNSPCs would 

be expected to differentiate into astrocytes, neurons, or oligodendrocytes under our 

experimental conditions, with the rest of the populations consisting of undifferentiated cells, 

as previously reported.25,53,63,65 Altogether, our findings indicated that the differentiation 

potential of mNSPCs was almost indistinguishable on RfA1 and LAM.  
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Figure 3.5: (A) General illustration of the differentiation of mNSPCs into neurons, astrocytes, and 

oligodendrocytes on RfA1 films. (B) Representative fluorescence microscopy images of RfA1 films featuring 

differentiated neurons coimmunostained for the cytoskeletal microtubule-associated protein MAP2 and the 

class III β-tubulin protein TuJ1 (left), differentiated astrocytes immunostained for the intermediate filament 

glial fibrillary acidic protein GFAP (middle), and differentiated oligodendrocytes immunostained for the 

surface antigen O4 (right). Note that the cell nuclei were stained with Hoechst in all instances. (C) 

Representative fluorescence microscopy images of LAM films featuring differentiated neurons 

coimmunostained for the cytoskeletal microtubule-associated protein MAP2 and the class III β-tubulin protein 

TuJ1 (left), differentiated astrocytes immunostained for the intermediate filament GFAP (middle), and 

differentiated oligodendrocytes immunostained for the surface antigen O4 (right). Note that the cell nuclei 

were stained with Hoechst in all instances. The corresponding direct comparisons of the percentage of cells 

that differentiated into (D) neurons, (E) astrocytes, and (F) oligodendrocytes on RfA1 (dark gray) and LAM 

(blue) films are shown. The error bars for neurons and astrocytes represent the standard error of the mean 

from three independent experiments. The error bars for oligodendrocytes represent the standard error of the 

mean from five independent experiments. A t test was applied for the statistical analysis, with n.s. indicating 

no significance. (P < 0.05 was considered to be statistically significant.) 

 

While evaluating the adhesion and proliferation of mNSPCs on RfA1 and LAM, we 

tested and considered the effects of a variety of different media components commonly used 

for stem cell culture experiments (Table 3.1). We were surprised to discover that heparin, a 

glycosaminoglycan known to modulate signaling pathways via protein binding and thus to 

affect stem cell growth and differentiation,66-71 appeared to substantially decrease adhesion 

on RfA1 but not on LAM. We therefore plated mNSPCs on these two materials and directly 

compared the cells’ growth after a period of 36 h, in both the presence and absence of 

heparin (Figure 3.6 and Table 3.2). Notably, for RfA1 films in proliferation medium lacking 
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heparin, we found that mNSPCs readily grew to high densities of 53 ± 5 cells/mm2 and 

displayed the expected healthy elongated morphologies with surface areas of 901 ± 40 μm2 

(Figure 3.6A,G). However, for RfA1 films in proliferation medium supplemented with ∼100 

nM (2 μg/mL) heparin, we observed that mNSPCs exhibited little adhesion or growth, with 

low densities of 3 ± 1 cells/mm2, and featured rounded morphologies indicative of weak 

attachment, with surface areas of 549 ± 33 μm2 (Figure 3.6B,G). In contrast, for LAM films 

in proliferation medium lacking heparin, we found that mNSPCs grew to densities of 58 ± 5 

cells/mm2 and displayed healthy cellular morphologies with surface areas of 1012 ± 46 μm2 

(Figure 3.6D,G). Likewise, for LAM films in proliferation medium supplemented with ∼100 

nM (2 μg/mL) heparin, we observed that mNSPCs grew to similar densities of 50 ± 4 

cells/mm2 and again featured healthy cellular morphologies with surface areas of 984 ± 46 

μm2 (Figure 3.6E,G). Interestingly, we discovered that heparin dramatically decreased the 

cell adhesion and growth on RDM and PDL but not on FN (Table 3.2). These findings 

demonstrated that heparin could serve as a potent inhibitor of mNSPC adhesion and growth 

specifically on positively charged materials such as RfA1 but not on negatively charged 

materials such as LAM.72 

To gain further insight into the origin of heparin’s influence on mNSPC growth, we 

assessed whether other glycosaminoglycans might likewise inhibit mNSPC adhesion on 

RfA1. For this purpose, we used chondroitin sulfate A because this macromolecule is known 

to affect neural stem cell proliferation via binding to growth factors and is chemically similar 

to heparin but on average has three times fewer sulfate groups per disaccharide unit.71,73-75 

We plated mNSPCs on RfA1 and LAM and compared the cells’ growth after a period of 36 h, 

in both the presence and absence of chondroitin sulfate A (Figure 3.6 and Table 3.2). For 
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RfA1 films in proliferation medium supplemented with ∼100 nM (2 μg/mL) chondroitin 

sulfate A, we found that the mNSPCs adhered and grew to densities of 56 ± 6 cells/mm2, 

displaying elongated morphologies with surface areas of 830 ± 32 μm2 (Figure 3.6C,G). The 

cells were essentially indistinguishable from ones cultured under the same conditions on 

RfA1 but in the absence of chondroitin sulfate A (Figure 3.6A,G). Similarly, for LAM films in 

proliferation medium supplemented with ∼100 nM (2 μg/mL) chondroitin sulfate A, we 

found that mNSPCs adhered and grew to densities of 61 ± 4 cells/mm2, displaying elongated 

morphologies with areas of 1014 ± 40 μm2 (Figure 3.6F,G). The cells were again essentially 

indistinguishable from ones cultured under the same conditions on LAM but in the absence 

of chondroitin sulfate A (Figure 3.6D,G). Furthermore, we observed that chondroitin sulfate 

A did not significantly influence cell adhesion and proliferation on RDM, PDL, and FN (Table 

3.2). Given that some of the key differences between heparin and chondroitin sulfate A are 

their relative degree of sulfation and overall charge density, the totality of our findings hinted 

that heparin inhibited mNSPC adhesion on RfA1 (and other positively charged materials) at 

least in part through electrostatic effects.  
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Figure 3.6: (A) Illustration (top) and phase contrast optical microscopy image (bottom) of mNSPCs grown on 

RfA1 in proliferation medium. (B) Illustration (top) and phase contrast optical microscopy image (bottom) of 

mNSPCs grown on RfA1 in proliferation medium supplemented with ∼100 nM heparin. (C) Illustration (top) 

and phase contrast optical microscopy image (bottom) of mNSPCs grown on RfA1 in proliferation medium 

supplemented with ∼100 nM chondroitin sulfate A. (D) Illustration (top) and phase contrast optical 

microscopy image (bottom) of mNSPCs grown on LAM in proliferation medium. (E) Illustration (top) and phase 

contrast optical microscopy image (bottom) of mNSPCs grown on LAM in proliferation medium supplemented 

with ∼100 nM heparin. (F) Illustration (top) and phase contrast optical microscopy image (bottom) of mNSPCs 

grown on LAM in proliferation medium supplemented with ∼100 nM chondroitin sulfate A. (G) Comparative 

plot of the mNSPC densities after 36 h of growth on RfA1 in proliferation medium (dark gray), on RfA1 in 

proliferation medium supplemented with ∼100 nM heparin (gray), on RfA1 in proliferation medium 

supplemented with ∼100 nM chondroitin sulfate A (light gray), on LAM in proliferation medium (blue), on LAM 

in proliferation medium supplemented with ∼100 nM heparin (light blue), and on LAM in proliferation medium 

supplemented with ∼100 nM heparin (cyan). Note that the optical microscopy images were obtained after 36 

h of mNSPC growth. A one-way ANOVA with Dunnett’s post hoc test was used for the statistical analysis. ****P 

< 0.0001. All error bars indicate the standard error of the mean from three independent experiments. 
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Table 3.1: Summary table of the different media evaluated for culturing mNSPCs on RfA1 films. The various 

media components commonly used for mNSPC growth are listed on the left. The presence of a ✓ represents the 

inclusion of a specific component, and the absence of a ✓ represents the exclusion of a specific component. The 

symbol (-) indicates little to no cell attachment, while the symbol (+) represents substantial cell attachment. 

M7 corresponds to the proliferation medium described in the text. 

 

 

Table 3.2: Table comparing mNSPC densities after 36 h of growth on RfA1, LAM, FN, RDM, and PDL films in 

proliferation medium, in proliferation medium supplemented with ~ 100 nM heparin, and in proliferation 

medium supplemented with ~ 100 nM chondroitin sulfate A. All error estimates indicate the standard error of 

the mean from three independent experiments. 
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Because heparin impeded mNSPC adhesion on RfA1 (but not on LAM), we 

investigated the possibility that this glycosaminoglycan was preferentially interacting with 

the surfaces of our RfA1 films. Thus we incubated RfA1 and LAM films in solutions 

supplemented with ∼100 nM fluorescein-labeled heparin, supplemented with ∼100 nM 

standard unlabeled heparin, or lacking heparin entirely. We then imaged these films, which 

were thoroughly washed to remove weakly bound macromolecules, with fluorescence 

microscopy (Figure 3.7). We observed the highest fluorescence intensity for RfA1 films 

incubated with fluorescein-labeled heparin, which was approximately three to four times 

greater than the background fluorescence found for RfA1 films incubated with unlabeled 

heparin or not incubated with heparin at all (Figure 3.7).  We also found a lower 

fluorescence intensity for LAM films incubated with fluorescein-labeled heparin (relative to 

the analogous RfA1 films), which was comparable to the background fluorescence found for 

LAM films incubated with unlabeled heparin or not incubated with heparin at all (Figure 

3.7). Taken together, these experiments revealed that heparin bound to positively charged 

RfA1 but not negatively charged LAM, lending additional support to the notion that this 

glycosaminoglycan inhibited mNSPC adhesion on some of our substrates via a charge-based 

mechanism.  
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Figure 3.7: (A) Representative fluorescence microscopy image of an RfA1 film that was incubated in 

differentiation medium supplemented with ~ 100 nM fluorescein-labeled heparin. (B) Representative 

fluorescence microscopy image of an RfA1 film that was incubated in differentiation medium. (C) 

Representative fluorescence microscopy image of an RfA1 film that was incubated in differentiation medium 

supplemented with ~ 100 nM unlabeled heparin. (D) Representative fluorescence microscopy image of a LAM 

film that was incubated in differentiation medium supplemented with ~ 100 nM fluorescein-labeled heparin. 

(E) Representative fluorescence microscopy image of a LAM film that was incubated in differentiation medium. 

(F) Representative fluorescence microscopy image of a LAM film that was incubated in differentiation medium 

supplemented with ~ 100 nM unlabeled heparin. (G) Comparative plot of the fluorescence intensity found for 

RfA1 films incubated in differentiation medium supplemented with ~ 100 nM fluorescein-labeled heparin 

(light green), lacking heparin (black), and supplemented with ~ 100 nM unlabeled heparin (red), as well as for 

LAM films incubated in differentiation medium supplemented with ~ 100 nM fluorescein-labeled heparin (dark 

green), lacking heparin (blue), and supplemented with ~ 100 nM unlabeled heparin (cyan). A one-way ANOVA 

with Dunnett’s post hoc test was used for the statistical analysis. ****P < 0.0001 (compared to the RfA1 film 

incubated with ~ 100 nM fluorescein-heparin). All error bars indicate the standard error of the mean from 

three random fields of view. 
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Last, after learning that heparin was selectively binding to RfA1, we sought to 

leverage our discoveries for the spatial control of stem cell growth on this material. Toward 

this end, we dip-coated RfA1 films in solutions containing heparin, thereby leaving half of 

the surface pristine and modifying the other half with heparin (Figure 3.8A). Subsequently, 

we plated mNSPCs at relatively high densities onto the patterned films and monitored the 

cell growth with optical microscopy. After a period of 24 h, we found that the films’ pristine 

halves were covered by cells featuring typical elongated morphologies but that the heparin-

modified halves featured very few adherent cells (Figure 3.8B). Indeed, under identical 

conditions, there was a >30-fold decrease in the cell density within the same film as a result 

of heparin patterning; essentially, the cells had chosen to adhere to the film’s unmodified 

side (Figure 3.8B). For comparative purposes, we dip coated RfA1 films in solutions lacking 

heparin, thereby leaving both halves of their surfaces pristine and unmodified. We then 

plated mNSPCs at relatively high densities onto the films and again monitored the cell 

growth with optical microscopy. After a period of 24 h, we found that the films were 

completely covered with cells, observing no localization preference for either side (Figure 

3.8C). Indeed, there was no discernible difference in the cell density or morphology on the 

same RfA1 film when patterning was attempted without heparin (Figure 3.8C). Overall, our 

results showed that the adsorption of heparin to RfA1 was sufficient to inhibit mNSPC 

adhesion and that heparin patterning could be used to direct stem cell growth on RfA1-based 

substrates.  
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Figure 3.8: (A) General illustration of the dip-coating procedure for the patterning of RfA1 films with heparin. 

(B) Illustration (left) and phase contrast optical microscopy image (right) of an RfA1 film that was dip coated 

into a solution containing heparin and then used for the growth of mNSPCs. The heparin-modified area is 

indicated in red. (C) Illustration (left) and phase contrast optical microscopy image (right) of an RfA1 film that 

was dip coated into a solution lacking heparin and then used for the growth of mNSPCs. The dip-coated area is 

indicated in black. Note that the optical microscopy images were obtained after 24 h of mNSPC growth. 

 

We have comparatively investigated the growth of mNSPCs on RfA1 (relative to 

common protein- and peptide-based materials) and gained an improved understanding of 

the adhesion, proliferation, and differentiation of murine stem cells on our substrates. 

Initially, mNSPC adhesion on reflectin films appears to occur via electrostatic means because 

(1) similar or nearly identical cell densities/average areas are found on other positively 
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charged films, for example, RfA1 and RDM, and (2) biomolecules with a high negative charge 

density, that is, heparin, selectively inhibit binding on these materials. Subsequently, mNSPC 

growth on reflectin films is seemingly protein-sequence-dependent because (1) the cellular 

growth trends on RfA1, LAM, and FN are similar to each other but distinct from those on 

RDM and PDL and (2) the selectin family and all but four integrin pairs known to bind LAM, 

that is, α1β1, α2β1, α6β1, and α7β1, can be excluded as possible receptors for RfA1. Lastly, 

mNSPC differentiation on reflectin is comparable to the differentiation observed on other 

protein-based substrates because (1) indistinguishable percentages of astrocytes, neurons, 

and oligodendrocytes are generated on RfA1 and LAM and (2) the morphologies of the 

differentiated cells are comparable on RfA1 and LAM. Consequently, our observations 

together establish reflectin as a viable alternative to some of the most common state-of-the-

art neural stem cell growth substrates and scaffolds.  

The fact that heparin selectively prevents mNSPC binding on reflectin underscores 

our findings’ potential utility within the context of neural stem cell growth. Indeed, heparin 

is already used both in stem cell media and in scaffolds to influence stem cell fate,68-71 so the 

combination of this glycosaminoglycan and reflectin could find applications in stem cell 

culture protocols. For instance, given that heparin’s inhibitory effect appears to be primarily 

electrostatic in nature (that is, due to charge neutralization), it may be possible to develop 

heparin-derivative-based techniques for the spatially resolved detachment of differentiated 

neural lineages from reflectin-based substrates. Furthermore, because patterning of RfA1 

films with heparin is straightforward, robust, inexpensive, and nondestructive, our 

surprising findings portend favorably for the ultimate preparation of sophisticated 3D 

reflectin-based stem cell scaffolds. However, such future efforts will certainly necessitate a 



 

65 
 

better fundamental understanding of reflectin’s secondary and tertiary structures, which 

have not been reported to date, as well as a continued detailed exploration of the 

mechanisms by which stem cells interact with various reflectin isoforms.  

Finally, our observations may ultimately facilitate the development of bioelectronic 

devices wherein reflectin serves as an active material. Previously, we have postulated that 

reflectin’s combination of excellent biocompatibility, processability, robustness, and 

conductivity could enable platforms that are well suited for electrically interfacing with 

single neural cells.40,76 However, the engineering and fabrication of the required device 

architectures would prove challenging in the absence of effective strategies for controlling 

cellular adhesion and localization. Thus, the findings reported herein represent another step 

toward cephalopod-inspired, protein-based biological electronics capable of monitoring and 

controlling cellular activity. 

 

3.2 Experimental Section 

Histidine-tagged Doryteuthis (Loligo) pealeii reflectin A1 (RfA1) and randomized 

mutant reflectin A1 (RDM) proteins were prepared by following previously reported 

protocols.44,47,50 In brief, the pJExpress414 expression vectors containing genes 

corresponding to histidine-tagged RfA1 or RDM were transformed into BL21(DE3) cells 

(Novagen). The proteins were expressed at 37 °C using lysogeny broth (LB) (Novagen) 

supplemented with 100 μg/mL carbenicillin. The proteins were insoluble when expressed 

at 37 °C and were thus sequestered in inclusion bodies. The cells were lysed using BugBuster 

(Novagen) according to manufacturer protocols, and the inclusion bodies were extracted by 



 

66 
 

filtration and centrifugation. The inclusion bodies were solubilized in denaturing buffer (6 

M guanidine hydrochloride) and then further purified with high performance liquid 

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

column. For HPLC purification, the gradient was evolved from 95% Buffer A/5% Buffer B to 

5% Buffer A/95% Buffer B at a flow rate of 4 mL/min over 35 min (Buffer A: 99.9% water, 

0.1% trifluoroacetic acid; Buffer B: 95% acetonitrile, 4.9% water, 0.1% trifluoroacetic acid). 

The identities of the proteins were routinely confirmed by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and tryptic digestion, followed by mass 

spectrometry. 

Films from the reflectin variants were fabricated on glass coverslips according to 

established protocols.41 In brief, the uncoated 12 mm diameter round glass coverslips 

(Carolina) were first cleaned sequentially with Milli-Q water, acetone, and isopropanol as 

well as sterilized with a bunsen burner flame. Subsequently, Teflon tape (McMaster-Carr) 

was applied to the edges of the coverslips to act as spacers during coating. A fresh 20 mg/mL 

RfA1 or RDM solution in Milli-Q water was then prepared and cast onto the coverslips in 

front of a plastic blade, which was translated at a constant speed across the surface at an 

elevated temperature to promote water evaporation and film formation. Films from the 

other proteins and polypeptides, that is, LAM (ThermoFisher Scientific), FN (ThermoFisher 

Scientific), and PDL (VWR), were prepared according to reported procedures.53,63-65 In brief, 

12 mm diameter round glass coverslips (Carolina) were incubated overnight in Minimum 

Essential Medium (ThermoFisher Scientific) supplemented with 20 μg/mL LAM, 10 μg/mL 

FN, or 40 μg/mL PDL and then thoroughly rinsed to remove any excess proteins or 
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polypeptides. The resulting coated glass coverslips were used for cell culture and 

microscopy experiments as necessary. 

Films from reflectin variants (that is, RfA1 and RDM) on 12 mm diameter round glass 

coverslips (Carolina) were modified with heparin or chondroitin sulfate A via 

straightforward procedures. To modify the films’ entire surfaces during cell culture studies, 

the coated glass coverslips were cultured with mNSPCs in proliferation medium lacking 

glycosaminoglycans, supplemented with ∼100 nM (2 μg/mL) heparin (Sigma-Aldrich), or 

supplemented with ∼100 nM (2.8 μg/mL) chondroitin sulfate A (Sigma-Aldrich). When 

necessary, LAM, FN, or PDL films were immersed in solutions lacking the 

glycosaminoglycans, containing heparin, or containing chondroitin sulfate A under identical 

conditions. To modify the RfA1 or LAM films’ entire surfaces for fluorescence imaging, the 

coated glass coverslips were incubated in differentiation medium (which did not contain 

growth factors that might complicate imaging) lacking any heparin, supplemented with 

∼100 nM (2 μg/mL) unlabeled heparin (Sigma-Aldrich), or supplemented with ∼100 nM (2 

μg/mL) fluorescein-labeled heparin (ThermoFisher Scientific). The substrates were 

subsequently thoroughly rinsed to remove any residual heparin derivatives. To modify half 

of the RfA1 films’ surfaces, the coated glass coverslips were dipped into Dulbecco’s modified 

Eagle’s medium/Nutrient Mixture F-12 (DMEM:F12) (ThermoFisher Scientific) either 

lacking heparin or supplemented with ∼10 μM unlabeled heparin. The substrates were 

subsequently gently rinsed to remove any excess heparin, taking care to avoid cross-

contamination between the two sides. The resulting unmodified and heparin-modified 

protein films were used for cell culture and microscopy experiments as necessary. 
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The mNSPCs were isolated from the cerebral cortices of embryonic day 12.5 mice and 

passaged as nonadherent spheres at least once prior to experiments according to previously 

described protocols.53 To limit the sample variability, the cortical tissue obtained from all 

embryos within a litter was pooled, and the isolated cells from a single litter were considered 

to be an independent biological replicate. For comparative adhesion and proliferation 

experiments on RfA1, LAM, FN, RDM, or PDL, the mNSPCs were plated at densities of ∼15 

000 cells per 12 mm diameter coated coverslip. The cells were grown as adherent cultures 

on these substrates at 37 °C and under 5% CO2 in proliferation medium, which consisted of 

DMEM:F12 (ThermoFisher Scientific), 20% (v/v) BIT 9500 (STEMCELL Technologies), 20 

ng/mL epidermal growth factor (EGF) (PeproTech), and 20 ng/mL basic fibroblast growth 

factor (bFGF) (PeproTech) for 12 to 48 h. For some comparative adhesion and proliferation 

experiments on RfA1 and LAM, the proliferation medium was also supplemented with ∼100 

nM (2 μg/mL) heparin. For integrin inhibition experiments on RfA1 and FN, the cells were 

incubated in proliferation medium supplemented with ∼2 mM (1 mg/mL) GRGDS (Sigma-

Aldrich) or ∼2 μM (10 μg/mL) Echistatin (Sigma-Aldrich) for 1 h prior to plating on the 

appropriate substrates. For adhesion and proliferation experiments on RfA1 films patterned 

with heparin via dip coating, the mNSPCs were plated at higher densities of ∼100 000 cells 

per 12 mm diameter coated coverslip but still grown in proliferation medium lacking 

heparin. For differentiation experiments on RfA1 or LAM, the mNSPCs were initially plated 

at densities of ∼40 000 cells per 12 mm diameter coated coverslip and allowed to reach 

∼50% confluency over ∼24 h. To induce differentiation, the proliferation medium was 

exchanged for differentiation medium, which consisted of DMEM:F12 (Thermo- Fisher 

Scientific) and 20% (v/v) BIT 9500 (STEMCELL Technologies). The cells were maintained in 
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differentiation medium for 3 days to assess neuron differentiation and for 7 days to assess 

astrocyte and oligodendrocyte differentiation. 

The mNSPCs were immunostained on proteins films according to previously 

described protocols.53,64,65 Initially, the differentiated mNSPCs were fixed by treatment with 

4% paraformaldehyde for 10 min. The fixed cells were then treated with 0.3% Triton X-100 

in PBS for 5 min and blocked with 5% bovine serum albumin (BSA) in PBS for 1 h. The cells 

were incubated with the following primary antibodies in PBS containing 1% BSA at 4 °C 

overnight: mouse anti-MAP2 IgG (1:200, 10 μg/mL, Sigma-Aldrich), rabbit anti-TuJ1 IgG 

(1:200, 4 μg/mL, Sigma-Aldrich), mouse anti- GFAP IgG (1:200, 134 μg/mL, Sigma-Aldrich), 

and mouse anti-O4 IgM (1:100, 5 μg/mL, R&D Systems). After washing, the cells were stained 

with the following secondary antibodies in PBS containing 1% BSA in the dark at room 

temperature for 2 h: donkey antimouse IgG Alexa-Fluor 488 (1:200, 10 μg/mL, 

ThermoFisher Scientific), donkey antirabbit IgG Alexa-Fluor 594 (1:200, 7.5 μg/mL, Jackson 

ImmunoResearch), and donkey antimouse IgM Alexa-Fluor 594 (1:200, 7.5 μg/mL, Jackson 

ImmunoResearch). Typically, the cell nuclei were also counterstained with Hoechst 33342 

(ThermoFisher Scientific H3570) at a dilution of 1:1000 (2 μg/mL) in PBS at room 

temperature for 1 min. The resulting stained mNSPCs bound to protein films were used for 

all fluorescence microscopy experiments. 

Phase contrast optical microscopy images of mNSPCs on protein and polypeptide 

films were obtained by using an Advanced Microscopy Group EVOS XL microscope. As a 

reference, mNSPCs in suspension (rounded cells) were considered to have a ∼12 μm 

diameter, with a ∼450 μm2 projection area.77 Note that imaging was typically performed for 
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three independent biological replicates, with one to three different substrates used per 

replicate and three to five randomly selected fields taken per substrate. The variance 

between the technical replicates was similar to or smaller than the variance between the 

biological replicates. To quantify the cell densities and cell areas, the images were analyzed 

with FIJI software.78 

Fluorescence microscopy images of immunostained mNSPCs on protein films were 

obtained with a Nikon Eclipse Ti microscope and acquired with NIS element AR3.10 

software. Prior to imaging, the immunolabeled mNSPCs on protein films were treated with 

ProLong Diamond antifade mountant (ThermoFisher Scientific). The Hoechst-stained nuclei 

were used to determine the total number of cells in each image. 

Differentiated mNSPCs that possessed neurites with lengths at least twice those of 

the cell bodies and stained positive for the expression of both MAP2 and TuJ1 were classified 

as neurons. Differentiated mNSPCs that demonstrated the filamentous, cytoskeletal staining 

pattern indicative of GFAP expression were classified as astrocytes. Differentiated mNSPCs 

that stained positive for the surface antigen O4 were classified as oligodendrocytes. Note that 

imaging was typically performed for three independent biological replicates, with one to 

three different substrates used per replicate and three to five randomly selected fields taken 

per substrate. The variance between the technical replicates was similar to or smaller than 

the variance between the biological replicates. To quantify the cell densities and 

morphologies, the images were analyzed with FIJI software.78 

RNA library preparation and sequencing was performed at the UCI Genomics High 

Throughput Facility according to established procedures.79 First, mNSPC RNA was isolated 
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from suspended embryonic day 12.5 mouse cultures using a Bio-Rad RNA isolation kit 

(Genicity). To assess the potential genomic DNA contamination, the total RNA was reverse 

transcribed by using M-MLV reverse transcriptase (Promega) to generate cDNA. qRT-PCR 

was then performed for mouse genes 18S and Gapdh, comparing samples with and without 

reverse transcriptase. Genomic DNA contamination was found to be insignificant. For quality 

control, the total RNA was further monitored by using the Agilent Bioanalyzer Nano RNA 

chip and Nanodrop absorbance ratios for 260/280 and 260/230 nm. The RNA libraries were 

constructed according to the Illumina TruSeq stranded mRNA protocol. In brief, 250 ng of 

total RNA was used per sample. The mRNA in the sample was enriched using oligo dT 

magnetic beads and chemically fragmented for 5 min. To make cDNA, the first-strand 

synthesis used random primers and reverse transcriptase. After the second-strand 

synthesis, the double-stranded cDNA was cleaned using AMPure XP beads, the cDNA was 

end repaired, and the 3′ ends were adenylated. Illumina barcoded adapters were ligated on 

the ends, and the adapter ligated fragments were enriched by nine cycles of polymerase 

chain reaction (PCR). The resulting library was validated by qPCR and sized by Agilent 

Bioanalyzer DNA high-sensitivity chips. Separate libraries were constructed for three 

independent biological samples. The concentrations for the libraries were then normalized 

and multiplexed together. The concentration for clustering on the flowcell was 12.5 pM. The 

multiplexed libraries were sequenced on one lane using single-read 100-cycle chemistry for 

the HiSeq 2500 apparatus (version HCS 2.2.58 with real-time analysis software, RTA 

1.18.64). For sequence mapping and bioinformatic analysis, the RNA-Seq data were 

processed as previously reported,80 and all bioinformatics analyses were conducted by using 

the Galaxy platform.81 The reads were aligned to the mouse NCBI37/mm9 reference genome 
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with the TopHat program using primarily default parameters.82 The alignments were 

restricted to unique mapping reads with two possible mismatches permitted. RPKM was 

calculated as described for mm9 RefSeq genes by using the SeqMonk program,83 with mRNA 

RPKMs derived by counting exonic reads and dividing by the mRNA length. 

Statistical analyses were performed using Prism v.6 software (GraphPad). Data sets 

with two samples were compared by applying a Student’s t test, and data sets containing 

more than two samples were analyzed by the one-way ANOVA test. A Dunnett’s post hoc 

correction was typically applied for experiments in which multiple measurements were 

compared to a single control measurement. 

Fluorescence microscopy images of RfA1 and LAM films were obtained with a Nikon 

Eclipse Ti microscope and acquired with NIS element AR3.10 software. Prior to imaging, the 

films were treated with ProLong Diamond antifade mountant (ThermoFisher Scientific). To 

calculate and quantify the fluorescence intensity, at least three randomly selected fields were 

taken per film, with the images analyzed via FIJI software.78 
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 CHAPTER 4: Summary and Conclusions 

The ever-expanding field of ionics encompasses the use of numerous disciplines that 

all play important roles, including that of material science, biology, chemistry, and electrical 

engineering. More specifically, as the applicability of unique and specialized ion transport 

systems becomes more prominent in today’s world, the necessity to expand on novel 

materials and architectures naturally follow suit. These systems, which aim to address real 

world problems and applications, include those in energy conservation (e.g. diodes), 

desalination (e.g. salt separators), and therapeutics (e.g. bioelectronics). Similarly, the 

objective of this thesis was to understand, implement, and expand upon various ion 

transport technologies or materials to advance their technological scope and/or 

applications.  

Firstly, a pn-junction ice construct was fabricated that bridges the traditional 

semiconductor field to their aqueous counterpart. Through standard semiconductor 

practices, a deeper understanding of such constructs was explored with impedance 

spectroscopy to deduce bias-dependent and -independent aspects. In turn, select properties 

were uncovered and used to produce iR-compensated data with excellent rectification 

properties. In addition to the exploration of a relatively expansive parameter space for these 

types of constructs, including variable environmental conditions, photoacid integration, and 

counterion species, the constructs may find potential niche use in a variety of technologies 

such as low-cost ionic sensors, recycle-able/edible electronics, or extreme environmental 

conditions (such as sub-zero conditions) where more established constructs are not as 

favorable.  
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Secondly, ion pumps that are based on an electric-polarization-induced pulsing ionic 

ratchet mechanism were fabricated and interrogated. The EPIPIR exhibit ratchet induced 

ionic voltage for input signals with an amplitude that is dramatically lower than past 

demonstrations of flashing ratchets and the suggested architecture can be easily scaled up 

to support large area devices with high ionic currents. Since this mechanism allows 

generating a steady state ionic current with no redox reactions, it could be utilized to realize 

high efficiency, distributed water desalination systems, and pave the way for a broad range 

of other applications such as high sensitivity chemical sensors and synthetic biology. 

Finally, reflectin, a proton conducting protein, was explored as a substrate to support 

the growth of murine neural stem/progenitor cells. It was found the binding, growth, and 

differentiation of mNSPCs on reflectin films is comparable to that on more established 

protein-based materials. Moreover, heparin selectively inhibits the adhesion of mNSPCs on 

reflectin, affording spatial control of cell growth and leading to a >30-fold change in cell 

density on patterned substrates. The described findings highlight the potential utility of 

reflectin as a stem cell culture material and potential interface material in a bioelectronic 

device to transduce proton communication pathways in biological systems.  

In closing, this thesis reports on the development, characterization, and integration 

of various architectures and constructs that utilized traditional electronic principals to push 

forward novel materials and applications. By engineering and implementing a diverse set of 

materials (proteins, polymers, metals, ceramics) this work provides useful foundational 

work and complex systems that may aid in the areas of novel solar cell, desalination, and 

bioelectronic techniques.  
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