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Integration of biomaterials with 3-D micro/nano devices and systems offers
exciting opportunities for developing miniature bioelectronics with enhanced
performances and advanced modes of operation. However, the limited wetting property
of such small scale 3-D structures (Cassie-Baxter wetting) presents a potential
challenge in these developments considering most biological materials require storage
in buffered aqueous solutions due to their inherently narrow stability window. In this
thesis research, an electrowetting-assisted 3-D biomanufacturing technology has been
developed enabling highly selective and programmable biomolecular assembly on 3-D
device components. The successful integration of microscale 3-D device structures
created via conventional microfabrication techniques with a nanoscale molecular

assembly of Tobacco mosaic virus (TMV), enabled hierarchical and modular material



assembly approaches for creating highly functional and scalable enzyme-integrated
microsystems components.

The potential limitation in 3-D bio-device integration associated with the
surface wettability has been investigated by adapting Si-based micropillar arrays
(uPAs) as model 3-D device structures, and a cysteine-modified TMV (TMV1cys), as
the biomolecular assembler which can functionalize onto electrode surfaces via a self-
assembly. The comparative studies using uPAs of varying pillar densities have
provided clear experimental evidence that the surface coverage of TMV1cys self-
assembly on the pPA is strongly correlated with structural density, indicating the
structural hydrophobicity as a key limiting factor for 3-D bio-device integration.

The 3-D electro-bioprinting (3D-EBP) technology developed in this work
leverages the hydrophobic surface wettability by adapting a capacitive wettability-
control technique, known as electrowetting. The biological sample liquid was
selectively introduced into the microcavities using a custom-integrated bioprinting
system, allowing for patterning of the TMV1cys self-assembly on the uPA substrates
without the limitations of the structural density. The functional integrity of the
TMV1cys post 3D-EBP allowed conjugations of additional biological molecules
within the 3-D substrates. Particularly in this work, immobilization of glucose oxidase
(GOx) has been achieved via a hierarchical on-chip immobilization method
incorporating 3D-EBP. Combined with the enhanced and scalable enzymatic reaction
density on-chip and the electrochemical conversion strategies, the innovative 3D
biomanufacturing technology opens up new possibilities for next-generation enzyme-

based hioelectronics.



THREE-DIMENSIONAL BIOPATTERNING TECHNOLOGY AND
APPLICATION FOR ENZYME-BASED BIOELECTRONICS

by

Sangwook Chu

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park, in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2018

Advisory Committee:
Professor Reza Ghodssi, Chair
Professor Pamela Abshire
Professor James N. Culver
Professor Yu Chen
Professor Ryan D. Sochol



© Copyright by
Sangwook Chu
2018



Dedication

This is dedicated to
my dear wife Hanna
my parents Hong and Myunghee
and my brother Sanghyun

for their unconditional love and support.



Acknowledgements

I would like to thank my advisor Professor Reza Ghodssi for his unremitting
support, guidance, and encouragements throughout the course of this work. | also
would like to thank my dissertation committee, Professor James N Culver, Professor
Pamela Abshire, Professor Yu Chen, and Professor Ryan D. Sochol, for their
constructive feedback and supports leading to the completion of this work.

Special thanks should be dedicated to my mentors and collaborators who were
essential in completing the journey of my PhD research. Dr. Konstantinos
Gerasopoulos for being the best unforgettable mentor guiding me at the early stage of
my PhD research career. Dr. Faheng Zang for being a great senior colleague with many
inspiring discussions and implementations. Professor James N. Culver for providing
invaluable insights and guidance to the field of plant viruses and biochemistry. Mr.
Adam D. Brown for being always prompt and supportive in helping me learn basic
biology and prepare virus samples. Also, the staff members at the Maryland
Nanocenter, Mr. Thomas Loughran, Mr. John Abraham, Mr. Jonathan Hummel, and
Mr. Mark Lecates, for their professional supports for working in the FabLab for device
fabrication and imaging.

Last but not least, huge thanks to all members of the MEMS Sensors and
Actuators Laboratory for the genuine camaraderie developed through the exciting
research discussions and critical feedback. And to the funding agencies, U.S.
Department of Energy [Award Number: DESC00011600] and the U.S. Army Research
Laboratory’s Army Research Office [Award Number: W911NF1710137], for their

generous support throughout the work.



Table of Contents

D=1 [Tox= U1 o] o ISP I
ACKNOWIEAGEMENTS ...ttt e et reeae e e nreas iii
TaDIE OF CONTENTS....c.eiiiieiieeiee ettt reebeeneenreas 1\
LISt OF TADIES ... bbb Vi
LIST OF FIQUIES ...ttt sttt nr et ne e vii
Chapter 1: INTrOAUCTION ......veeieiie et re e ne e 1
1.1.  Background and MOTIVALION ...........ccccuiiiieiiiieiene s 3
1.2. Thesis CONDULIONS .....ccviiiiiieiecec s 7
1.2.1. Understanding the Limitations in Biomaterials Integration with Three-
DIimensional MICIOSTIUCIUIES........cc.oiviiviiiiieieiee e s 7
1.2.2. Novel Technology Integration for Achieving 3D Biofabrication......... 8
1.2.3. Demonstration of Scalable Micro/Nano/Bio-Integrated Materials for
Bio-Sensing and Energy Harvesting ..........ccooveieenenenenisesieeeeeee s 9
1.3, LIterature REVIEW......ccccviiiiiieie et 10
1.3.1.  Advances in Biofabrication Technologies...........ccccoceniniiininiinnnnnns 10
1.3.2.  TMV for Nanomaterial Synthesis and Device Fabrication................. 16
1.3.3.  Three-Dimensional Materials for Bioelectronics............c.cceeevevverunnee. 28
1.3.4. Enzyme-based BIiOIECtrONICS........cccevvviieiieie e 33
1.4, Structure Of DiSSEITAtION .......ccevveiieiieie e 38
Chapter 2: Integration of Biomacromolecules with High-Aspect-Ratio Microstructures
..................................................................................................................................... 39
2.1.  Design and Fabrication of 3D Microdevice Component: Micropillar Arrays
40
2.2.  TMV Self-Assembly on Micropillar Arrays Exhibiting Varying Structural
DIBNSILY .ttt bttt bbb 42
2.3.  Enhanced Electrode Functionality in Electrochemical Charge Storage
System46
2.4, Chapter SUMMAIY .....cccooiiiiciece ettt 62
Chapter 3: Electrowetting-Assisted 3D Biofabrication .............cccocevevevviiennennneene. 63
3.1.  Wetting Properties of Micro-/Nano- Structured Materials.......................... 63
3.2.  Electrowetting Technique for Droplet Manipulations.............cc.ccocvevnnnene 65
3.3.  Surface Wettability Characterization of the Micropillar Arrays................. 69
3.4.  Application of Electrowetting for 3D Biomaterial-Device Integration...... 71
3.5.  Development of Automated and Programmable 3D Biofabrication
TECANOIOGY .. bbb 83
3.6, Chapter SUMMAIY .....cccooiiiiieieee e 89
Chapter 4: Conjugation and Catalytic Activity of Enzymes on TMV .........cccccevvenee. 91
4.1.  On-Chip Chemical Conjugation Leveraging Genetically Engineered TMV
92
4.2.  Characterization of Enzymatic Activity On Chip via Colorimetric Assay. 96
4.3.  Scalable Enzymatic Activity On-Chip........ccociiiiniiniiiiiieiesc s 101
4.4.  Understanding Electrode Kinetics with TMV/CL/GOx Conjugations..... 104
4.5.  Electrochemical Conversion of Enzymatic Reactions for Biosensing and
ENErgy HarvVeStING ......coiieiiec ettt 108



4.6. Chapter SUMMAIY .....ccoviieieeie e e e se et e e e ae e e sreennens 113

Chapter 5: Concluding REMAIKS ..o 115
0.1, SUMMAIY .ot e s nbbe e bre e 115
5.2, FULUIE WOTKS ...viiiiiie ittt ettt ettt e e stte e e eabe e e eare e naeeens 118
5.3, CONCIUSION ...ttt ettt b e e saeesbeenreas 120

RETEIENCES ...ttt ettt e et s e et e e st e e s abe e e sab e e e eabe e e bt e e e ateeesreeeans 122



List of Tables

Table 1-1. Summary of nano- and micro-scale biofabrication/patterning processes.. 13

Table 3-1. Summary of experimental reports of electrowetting on 3-D micro/nano
SUDSTIALES. ...ttt bbb bbb bbb bbb b b nre s 68

Table 4-1. Modification strategies for TMV or TMV-VLPs in a wide range of research
ATBAS. ..ttt ettt 93

Vi



List of Figures

Figure 1-1. Structural features of TMV reconstructed using cryo-electron micrograph
(EM). (a) a micrograph of TMV embedded in vitreous ice (scale bar: 60 nm). (b)
Central slice from the final 3D reconstructed map. (c) Overview of the helical density
map. (d) Single turn of 16 CPs with bound RNA. (e) Ribbon diagram of one CP and its
three bound RNA bases superimposed with the cryo-EM density map. LR, RR, LS, RS:
left radial, right radial, left slewed and right slewed a-helices, respectively.*?............ 5

Figure 1-2. Schematics of biomolecule immobilization strategies *°. ............c.cco...... 10

Figure 1-3. Formation of functional (a) silane/SiO2 and (b) thiol/Au self-assembled
MONOIAYEIS.ET ..ottt ettt ne et en e 12

Figure 1-4. Schematic of (a) micro-contact printing®® and (b) dip-pen nanolithography
PIOCESSES. B4 ... ottt s sttt ettt 14

Figure 1-5. TEM micrographs showing inorganic nanomaterials synthesized using
TMV as nanotemplate (scale bars: 100nm for all figures). (a) CdS and (b) Fe2Oz-
mineralized around outer surface of TMV particles (Ni and Cu EDX spectrum in (a) is
from TEM grid and specimen holder, respectively).l%® (c,d) Spatially selective
deposition through genetic modification allowed nanowire ~3-nm nanowire formation
(c: Ni, d: Co) within the inner channel of TMVs using electroless metallization.* (d)
Au and Ag (f) nano-composite materials were formed through chemical or
photochemical reduction methods (the arrows in f indicates discretely arranged Ag
nanoparticles within the central channel of TMV via photochemical reduction
00 T=1 {01070 ) TR 19

Figure 1-6. (a) Schematic representation of TMV1cys surface assembly and electroless
metallization process; the TMV1cys binds onto the Au surface (step 1), it is activated
with Pd catalyst (step 2) and finally for uniform nanostructured metal via electroless
metallization (step 3). Scanning electron micrographs of (b) Ni- and (c) Co- coated

TMV1cys on Au substrates confirm formation of nanostructured conductive materials.
114,116 21

Figure 1-7. Electron micrographs of TMV-templated energy storage electrodes (scale
bars: 50 nm unless specified). (a) The series of scanning electron microscopy images
shows change in nanostructural morphology (porosity, roughness) in different cycles
of V205 ALD.?* (b) Process integration with thin-film deposition technologies, various
types of core/shell structured charge storage electrodes have been demonstrated (left:
TMV/Ni/V20s,%* center: TMV/NI/Si,*?* right: TMV/Ni/TiO2,*" scale bars: 50 nm).22

Figure 1-8. Schematic representation of electrochemical TNT sensing using TMV-
VLPs binding agents modulating diffusion coefficient of the analyte.*° .................. 25

vii



Figure 1-9. (a) Schematic representation of VLP-FLAG displaying both FLAG-tag
(functional group) and cysteines on outer surfaces.'® The VLP-FLAG has been utilized
as immuno-biorecognition elements on impedimetric sensing plat forms as described
in (b).*?° (c) Schematic of TMV-enzyme chemical conjugation process using hetero
bifunctional crosslinkers. TEM images at corresponding synthesis stage show change
in surface morphology of TMV due to molecular binding. (d) Characterization of
enzymatic sensing performance at different immobilization conditions show best
performance with full-length TMV-scaffolds.®?.............ccccooveeveivieeicesieeeceeeians 26

Figure 1-10. SEM images of 3-D micro/nano structured electrodes prepared for non-
enzymatic glucose sensors. (a) CuO nanowires formed on 3-D Cu foam via
electrochemical anodization,*® (b) Ni-Fe nanocomposites formed on flexible carbon
fiber paper via hydrothermal process,**® and (c) Au nanowires grown by
electrodeposition using porous anodic aluminum oxide template.*......................... 30

Figure 1-11. Schematic illustrations and SEM images of different sensing schemes
utilizing 3-D components. (a) Schematic illustration of a 3D channel FET biosensor.
The ZnO/TiO2 gate micropillar arrays directly grown on graphene channel allows
ultrafast and sensitive detection of protein analytes.’®® (b) Schematic illustration of
biosensing using metamaterial. The green receptors are immobilized on the surface of
3-D surfaces and binding of analyte induces change in parameters of reflected light.*®
(c) Carbon micropillar arrays fabricated through pyrolyzing patterned photoresist was
used as a high-surface-area substrate for fluorescence-based protein detection (inset
graph shows linear increase in fluorescence intensity corresponding to analyte
CONCENTALION).Z2 ..ottt 32

Figure 1-12. Schematic representations of (a) enzymatic electrocatalytic reactions,*°
and (b) enzyme surface immobilization strategies (E: enzymes, P: insert proteins).8435

Figure 1-13. Schematic of an EBC utilizing a MET-based bioanode and a DET-based
DIOCALNOUE. 0 ...ttt 37

Figure 2-1. Schematics of (a) the four micropillar array substrates in different
geometries and (b) the dimension factors shown in cross-sectional view. (c) The plot
shows the surface area enhancement factors that could be achieved by modulating pillar
ANA SARS. <ottt b b reene e 40

Figure 2-2. Microfarbication process flow for the Au-coated micropillar arrays....... 41

Figure 2-3. lllustration of TMV solution wetting on the Au-coated pPAs in three
different approach; (a) traditional method, (b) pretreatment of the electrodes with IPA
for enhanced surface wettability, and (c) ultrasonication to remove air medium through
induced mechanical agitatioN. ..........c.cccveiiiiiie i 43

Figure 2-4. Cross-sectional SEM characterization of traditional TMV functionalization
process on micropillar arrays having different SARs. (a-d) Complete coverage of TMV

viii



are achived on the sidewalls of the pillars located at the array edge. However, gradual
decrease in TMV coverage is observed at the lower part of the pillar surfaces located
in the array center region with increase in SAR ((a,e) 10:1 SAR, (b,f) 7:1 SAR, (c,9)
5:1 SAR, (d,f) 3.3:1 SAR, scale bars: 50 um unless specified). (i) The limited access
of TMV solution into the 7:1 SAR npillar arrays resulted in creation of TMV-
nanotexture profile from edge to the CENtEr. .........coveviiieii e 44

Figure 2-5. SEM images taken from the TMV functionalize micropillar arrays (7:1
SAR) using (a) IPA pre-treatment, and (b,c) ultrasonication. ...........ccccevveevvivieneenne. 45

Figure 2-6. (a) Top-down SEM image of TMV/Ni nanostructure and (b) schematic
description of thermal oxidation process for creating NiO-shell layer over TMV/Ni-

Figure 2-7. XPS analysis of (a-d) Ni 2pz. and (e-h) O 1s from the TMV/Ni electrodes
annealed at different temperatures; (a, €) room temperature, (b, f) 200 <, (c, g) 300 <,
aNd (d, N) 400 T bbb 50

Figure 2-8. STEM-EELS analysis and SEM images of the fabricated electrodes: (a)
STEM image of a TMV/NI/NiO nanorod with EELS analysis. (b) Diagonal and (c)
cross-sectional view of the hierarchical-Ni/NiO electrodes. ...........cccocevvviiiiiiiennnn. 52

Figure 2-9. Electrochemical characterization of nanostructured-Ni/NiO electrodes; (a)
Galvanostatic discharge plots of the electrodes annealed at different temperatures. (b)
CV curves of 300 °C-annealed nanostructured-Ni/NiO. ........c..cccovverivnreiienesrinsieee 54

Figure 2-10. Comparisons of initial capacity increase for the three different electrode
geometries; hierarchical, nanostructured, and planar. (a) Areal capacity of the three
electrodes (hierarchical-, nanostructured-, and planar-Ni/NiO) over the first 500
galvanostatic cycles at 2 mA cm2. Discharge plots from 2", 250" and 500" cycles
with comparisons of estimated double layer and total charges in (b) hierarchical, (c)
nanostructured, and (d) planar electrodes. (e) Areal capacity increase of the
hierarchical-Ni/NiO at three different current densities (0.02, 0.2, and 2 mA cm2). 55

Figure 2-11. Electron microscopy images comparing TMV/Ni/NiO surfaces and
structures after different steps in the experimental process. (top) TEM images
comparing thickness of NiO layers at three different conditions: (a) pristine electroless
Ni on TMV, (b) after 300 °C annealing of TMV/Ni, and (c) after 20 galvanostatic
charge/discharge cycles of TMV/Ni/NiO at 2 mA cm™. (bottom) SEM images
comparing TMV/NI/NiO (d) before and (e) after 1000 galvanostatic charge/discharge
CYCIES AL 2 MA CIM 2. et n s s s s s s s s s s s s s s s s s 57

Figure 2-12. The Nyquist plots acquired from (a) planar-Ni/NiO and (b) nanostructured
Ni/NiO during the first 500 galvanostatic charge/discharge at 2 mA c¢cm™. (c) The
Randles circuit diagram used for analysis of the Nyquist plots and (d) areal discharge



capacity of the nanostructured- and planar-Ni/NiO electrodes over the first 500 cycles

acquired along with the EIS Measurements. ........cccccvevveieieeresie s e 59
Figure 3-1. Contact angle (6c) formation of sessile drop on solid surface.................. 64
Figure 3-2. Wetting on uPAs. (a) Wenzel and (b) Cassie-Baxter Model. .................. 65

Figure 3-3. Electrowetting: (a) equilibrium and (b) steady-state droplet configurations.
..................................................................................................................................... 66

Figure 3-4. Comparison of apparent contact angle measurements of 10 pl sessile drops
of TMV1cys solution (0.2 mg/ml in 0.1 M PB solution) on Au-coated (a) planar and
(b) UPA (SAR=10) electrodes. (c¢) The experimentally measured contact angles (0%)
follow theoretically expected trend while there is increasing disparity with lower SARs.
..................................................................................................................................... 69

Figure 3-5. Schematics of the TMV droplet on uPAs (top) with optical microscopy
from the top of the uPAs interfacing with droplet edges (bottom). The (a) Casie-Baxter
state and (b) the Wenzel state of the droplet is clearly observed in the microscopy
images (focusing at edge-on pillar tips) taken before and after electrowetting,
respectively (scale bars: TOHM). ...cooiiiiiiiiiisiee e 71

Figure 3-6. Cross-sectional SEM images of the nanostructured TMVs on the uPAs (7:1
SAR). (a) Electrowetting allowed near-complete TMV coverage along the deep
sidewalls compared to the (b) result using the traditional method. (c) The clear
functionalization boundary is observed at the wetting edge demonstrating the discrete
nature of the MEthod. ... 72

Figure 3-7. Fluorescent microscopy from (a) electrowetted TMVs on puPAs (SAR 7:1),
and (b) non-electrowetted TMVs on planar Au substrate. (¢) Comparison of normalized
average green fluorescence intensity between (a) and (D). ......ccccoovveriiiiciciinenee 73

Figure 3-8. (a) An overview of the custom-built system for 3-D electro-bioprinting (3D-
EBP) , and (b) cross-sectional schematics describing the electrowetting-induced
structural wettability transition; introducing TMV1cys into the deep microcavities. 74

Figure 3-9. Comparisons of steady-state contact angles on Au-coated (a) planar and (b)
MPA (SAR=10) electrodes (scale bars: 1 mm). Images were taken 3 seconds after
applying the specified electrowetting VOItages. .........cccvevvreerenieiieie e 77

Figure 3-10. Comparisons of change in contact angle over time at different
electrowetting voltages on Au-coated (a) planar and (b) uPA (SAR=10) electrodes. (c)
The comparison of steady-state contact angles measured from planar and pPA
electrodes indicate 1.2 Vrms as the complete wetting voltage. ........ccooceveiiiiineenne. 79

Figure 3-11. SEM images of pPA electrodes (SAR=10) with Ni-coated TMV1cys
nanostructures (scale bars: 40 um unless specified). (a) The electrowetting allowed a
complete TMV1cys coverage along the deep micropillar side-walls compared to the (b)

X



non-electrowetted PPAs. (c) A clear functionalization boundary formed along a single
pillar surface at the wetting edge. (d) Top-down view of the uPAs showing a uniform
TMV1cys coverage across the electrowetting processed HUPAS. .......c.cccevvevvevieseenn. 81

Figure 3-12. A clear wetting boundary observed in a magnified cross-sectional view of
the MICTOPIHIAr AITAS. ......oiiiiiiiicee e 82

Figure 3-13. Fluorescent microscopy characterization confirming biochemical activity
of TMV1cys after electrowetting. Comparing TMV1cys on (a) planar and (b) pPAs, (¢)
a 7-fold increase in fluorescence intensity is achieved (n=9) with excellent
functionalization uniformity and pattern fidelity across the (d) 3x3 arrays of
hierarchical DIONANOIECEPLONS. .....c.viivieiicie e 83

Figure 3-14. (a) Overview of the programmable 3D-bioprinting system integrating 3D-
EBP with a commercial bioprinter. (b) Illustration of TMV solution impinging onto the
uPA from teflon-modified needles. The solution impinging onto the uPA surface
without electrowetting (left) keeps a spherical shape without further access/spreading
into the microcavities (Cassie-Baxter state), while the droplet impinging with
electrowetting (right) selectively wets the underlying cavities (Wenzel state). ......... 84

Figure 3-15. Optical images comparing the TMV1cys solution droplets on puPA
electrodes (SAR 10:1). (a) No electrowetting: hydrophobic nature of the uPA
electrodes limits the droplet printing onto the uPA surface resulting in a failure in
printing process. (b) Electrowetting: continuous application of electrowetting voltage
during the printing process allows successful patterning of uniform droplet volumes on
the PA BIECTIOUES. ..ot 85

Figure 3-16: Process evaluation using SEM. (a, cross-section view) TMV1cys particle
coating on all sidewalls of the pPAs has been achieved (observed as surface textures).
(a, top-down view) Also, clear functionalization boundary has been observed at the
wetting edges (blue-dotted line) of each of the uPAs highlighting the pattern fidelity
enabled by structural hydrophobicity. (b) The clean surface of the uPAs processed
without electrowetting further emphasizes electrowetting as an enabling technique for
bio-printing. (c) The pattern sizes ranged from 0.89mm? to 0.37mm? (N=5) following
the hydrophobicity levels of the uPAs. (scale bars: 10UmM). .....ccoovviiiiiiiiiiiiiciee, 87

Figure 3-17: Characterization of fluorescence intensity from (a) TMV1cys
functionalized on planar Au and pPA electrodes displaying SARs ranging from 3.3 to
10 (scale bars: 100um). (b) A significant increase in functionalization density is achieve
with the uPAs as reflected in the increase in fluorescence intensity (N=5). .............. 88

Figure 4-1. Conjugation of cysteine-modified TMV with maleimide through thioether

Figure 4-2. lllustrations outlining the on-chip TMV-GOx bioconjugation process. .. 94

Xi



Figure 4-3. Baseline UV-Vis absorption spectra acquired from reaction solution for the
colorimetric assay: (a) Signature absorption spectra for luminol, HRP and their mixture.
(b) The tight overlapping of the absorption spectrum from HRP/luminol mixture over
a superpositioned spectra independently acquired from HRP and luminol solutions. 97

Figure 4-4. Colorimetric assay with Au/TMV1cys/CL/GOx electrode at different
glucose concentrations: (a) Oxidation of luminol results in decrease in optical
absorption at A = 302 nm and 352, while there is an increase in absorption at the
wavelength range above A = 370 nm. (b) Optical images of the analyzed reaction
mixtures showing yellowish color with different color density corresponding to the
glucose concentration. (c) Relative change in absorption with respect to 0 mM glucose
concentration sample to show corresponding opposite-trend change between at peak
locations associated with maleimide and 3-aminophthalic acid (yellowish color)..... 99

Figure 4-5. Colorimetric assay of electrodes prepared in different conditions to (a)
confirm effectiveness of the on-chip bioconjugation method and (b) investigate
dependence of GOx-STR concentration used in the bioconjugation step to electrode
ENZYMALIC ACTIVITY. .oviitiiiieiciete e 100

Figure 4-6. Illustration of the 3D-EBP incorporated bioconjugation process on Au-
coated Si PPA EIECIIOUES. ....cveieiiiiiie s 102

Figure 4-7. Scalable enzymatic activity on-chip enabled by 3D-EBP process on uPA
electrodes (the ratios in parenthesis on the x-axis labels indicate pillar diameter/pillar
] L= (6] 100 ) ST OSSR RO TP P ST TRPR 103

Figure 4-8. Impact of TMV1cys self-assembly to electrode Kkinetics: (a) Top-down
SEM images of Au electrodes with different densities of self-assembled TMV1cys
particles (scale bar: 5um, the images are taken after electroless Ni coating). (b) Cyclic
voltammograms acquired from the four different electrodes in 1 mM Fe(CN)637/*
solution in 1X PBS (pH7) and (c) analysis of the change in peak potential separation
and oxidation peak current density showing shift in electrode kinetics from a diffusion-
limited to a rate-determined process (N=3). ......ccccceiiiiiiiieiecie e 105

Figure 4-9. Impact of TMV1cys/CL/GOx conjugations on Au electrode to the electrode
reaction kinetics: (a) Cyclic voltammograms acquired from Au, Au/TMV1cys, and
Au/TMV1cys/CL/GOx electrodes 1 mM Fe(CN)6%/* solution in 1X PBS (pH7)
showing increase in the redox peak separation and decrease in the redox current levels
with respect to the on-chip GOx conjugation steps. (b) Illustrations of the increase in
the biomolecules (TMV1cys and GOx) with the sequential bioconjugation steps
decreasing the accessibility of reactive species (e.g. Fe(CN)¢>'*) to the electrode
surface causing relatively slower electrode charge transfer. ..........cccccoevevviieiieenne 107

Figure 4-10. (a) Electrochemical characterizations (a) determining MET as an effective
charge transfer mechanism and (b) demonstrating the change in redox current response
corresponding to the glucose concentrations (10 uM -10 mM). (c) A calibration curve

Xii



is generated using absolute reduction current peaks to highlight the excellent glucose
sensing capability (N=3). ...cov o 108

Figure 4-11. Characterization of Au/TMV1cys/CL/GOx electrodes as an anode for
bioenergy harvesting applications. (a) Cross-sectional schematic of the assembled EBC
illustrating charge flow directions and the characterization method. (b) A plot of OCP
over time with successive replacement of the load resistors for characterizing power
performance, and the (c) polarization curve plotted based on the OCP measurement.
................................................................................................................................... 112

Figure 5-1. Exploded illustration of the potential microsystem integrating multiple 3-D
enzymatic cascade forests in microfluidics for energy harvesting............c.ccccceeveenee. 119

Xiii



Chapter 1: Introduction

The convergence between biochemistry and micro/nano manufacturing
technologies has brought today’s revolutionary advancements in the development of
miniaturized devices and systems equipped with biochemical functions from integrated
biomaterials (e.g. nucleic acids, antibodies, viruses, etc.).X The extreme precision and
high production yields, established through industrial production of integrated-circuits
(IC) and micro-electro-mechanical systems (MEMS), are the primary attractive facets
for many scientists and engineers seeking affordable, efficient, and reliable platforms
to study and implement the unprecedented power of biotechnology for research and
“real-life” applications (heath diagnostics, drug monitoring, environmental monitoring,
nanoelectronics fabrication, etc.).

Among the range of bioelectronics under development, enzyme-integrated
devices have received significant attentions due to their highly selective catalytic
functions, participating in a range of metabolic, signaling, and energy transfer
reactions.®° The prime example of enzyme implementations in bioelectronics is the
development of glucose sensors which have received wide public recognitions for their
significant clinical role in helping diabetes patients.'® Recent efforts in this area have
largely focused on reducing the burden of patients from frequent blood draws. The
progressive efforts have developed implantable or patch-type devices allowing
continuous monitoring of blood glucose levels, and eliminating unfavorable finger
pricks.}12 In addition, other approaches have shown the potential to derive blood

glucose levels from other body-fluids (saliva, sweat, tears, etc.) as a non-invasive



monitoring solution,*3-1°

Enzymatic biofuel cells (EBCs) are another intriguing example of enzyme-
based bioelectronics. EBCs have received increasing attentions from a broad spectrum
of researchers due to their exciting potentials for sustainable energy harvesting from
biofuels (e.g. glucose, ethanol, cholesterol, etc.), and further opportunities to
autonomously operate implanted devices with fuel sourced from body fluids.® In the
efforts to improve EBC’s energy harvesting performance, researchers have focused on
study and implementation of efficient electron transfer mechanisms from enzymes to
electrodes, developing stable and high density immobilization strategies, synthesis of
new cofactors and enzymes, and the use of enzyme cascade reactions for efficient
consumption of biofuels. More recently, as EBC technology has made significant
progress in performance to operate low power electronics (e.g. LEDs), there have been
demonstrations of prototype developments for on-demand implantable or wearable
device applications.**!” In addition to the major progresses in the enzyme-based
bioelectronics, there is growing interest utilizing enzymatic cascade reactions for
realizing biomimetic systems, synthesis of new materials, or even for creating bio-
computing systems by programming the catalytic reaction ratios in the stream of
reaction sequences.®%18

The essential elements needed for realizing advanced devices and systems is
the ability to control enzyme immobilization density allowing for enhanced and
scalable reactions on targeted substrate. The main objective of this research is to

develop a highly scalable and controllable biomanufacturing technology by taking an



hierarchical material assembly approach utilizing a nanoscale biomolecular assembler

with tunable microscale device components.

1.1. Background and Motivation

While there are different ways to contribute to the development of enzyme-
based bioelectronics, the core motivation of this thesis research has been to develop
biofabrication technologies to obtain scalable enzyme immobilization to allow
enahaned and controlled biocatalytic reactions on chip for advanced enzyme-based
bioelectronics and platforms. The general idea is to integrate three-dimensional (3-D)
microdevice components with nanostructured biological receptors to create
hierarchical receptor elements for enzyme immobilization. The advantages of the 3-D
device component and nanostructured bionanoreceptors - Tobacco mosaic viruses
(TMVs) and their virus-like-particles (TMV-VLPs) - utilized in this research will be

briefly discussed below to emphasize the motivation of this work.

Three-Dimensional Transducers for Microsystem

Building upon the numerous techniques established for surface immobilization
of biological molecules, many researchers have demonstrated integration of biological
materials with three-dimensional transducers in an effort to achieve enhanced
bioelectronics performance at a miniaturized system scale.®?® Three-dimensional
structures at micro- and nano- scales offer a number of beneficial properties compared
to their two-dimensional counterparts, allowing an extensive range of applications
including micro energy storage/harvesting device,?*-?® micro/nano actuators,>”? micro
thermal management devices,?>* water-repellent surfaces,3'*? optical modulators,3*-3

3D VLSIs,* etc. The primary attractive feature is the high physical interfaces between
3



system components and materials within the restricted areal budget, which can directly
translate into large enhancements in performance. Moreover, the precise control over
arrangement of the structures through microfabrication or emerging 3-D printing
technologies further boosts the utility of three-dimensional components with increased
surface-to-volume ratio, functional uniformity, scalability, and tunability.3’

One of the interesting characteristics present in such small scale 3-D structures
is their limited wetting property known as structural hydrophobicity.323-40 When
micro- or nano- scale structural components are densely arranged, the wetting of 3-D
cavities with liquids is limited by surface tension at the solid-liquid, liquid-air, and
solid-air interfaces (details will be discussed in Chapter 2). Considering most biological
materials are stored in buffered aqueous solutions due to the narrow biological stability
windows, the structural hydrophobicity can be a significant limiting factor when
attempting to introduce biological materials into the 3-D cavities for device
functionalization. Thus, it is crucial to characterize the effect of structural
hydrophobicity on biofunctionalization. Also, identification of an enabling principle
for complete and uniform immobilization over the 3-D device structure will have strong
potential to direct invention of novel biofabrication processes and to have a significant

impact on the performance of a wide range of bioelectronics.

Viruses and Virus-Like-Particles as High-Density Biological Receptors

Viruses are small infectious agents which naturally store and transport genes to
the living host cells of other organisms. The pathogenicity of viruses depends on their
interactions with the host, and they can be specified into three different categories by
the type of host where they undergo pathogenic replication (plant viruses,

4



bacteriophages (bacterial viruses), animal viruses).*! Hence, viruses are one of the
major pathogenic agents which are detected and analyzed for the production of

vaccines and drugs for prevention and treatment of the associated-diseases.

Figure 1-1. Structural features of TMV reconstructed using cryo-electron micrograph (EM). (a) a
micrograph of TMV embedded in vitreous ice (scale bar: 60 nm). (b) Central slice from the final 3D
reconstructed map. (c) Overview of the helical density map. (d) Single turn of 16 CPs with bound RNA.
(e) Ribbon diagram of one CP and its three bound RNA bases superimposed with the cryo-EM density
map. LR, RR, LS, RS: left radial, right radial, left slewed and right slewed a-helices, respectively.*?

Over the past decade, advancements in genetic engineering and biosynthesis
technologies have changed the point of view towards these “unfriendly” biological
molecules directing many researchers to consider some type of viruses, that are proven

to be non-infectious to humans (plant viruses and bacteriophages), as functional
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nanomaterials which benefit from their self-assembled nanostructures, molecular
storage functions, and high density residues arrayed along the coat protein (CP)
surfaces.*>*3-4° Also, the profound understanding of the viral CP assembly mechanisms
and the ability to produce identical CPs from genetically synthesized cells enabled the
construction of gene-free viruses which recreate the original biological functions
(structure, surface chemistries) of model viruses except for their replication/pathogenic
capabilities — known as virus-like-particles (VLPs).*%° As a result, those efforts have
successfully demonstrated the use of viruses as templates for the synthesis and
assembly of nanomaterials,* as vehicles for targeted drug and gene delivery,*%°-52 and
as probes for sensing and imaging.>*°

Among the various types of viruses under development as “smart” materials for
bio- and nano-technology applications, the derivatives of Tobacco mosaic viruses
(TMVs) have received significant attention for creating highly functional micro/nano
device components, largely due to their high-aspect-ratio geometry and densely
arranged surface receptors (Figure 1-1). The physics of the TMV, such as its primary
cylindrical structures, coat protein assembly mechanism around its RNA, and
biochemical properties are understood into great depth,6°® and this is driving the
momentum of recent knowledge-based exploitation towards development of TMV-
integrated micro/nano devices.

In this work, genetically engineered TMV particles will be utilized as nanoscale
templates for high-density immobilization of enzymes onto device surfaces. The
exceptional binding properties with device substrates and ultra-high density of

available chemical conjugation sites on the nanoscale surfaces offer an excellent



opportunity to create highly functional bioelectronics. Furthermore, integrating TMV-
enzyme conjugates with microscale devices will allow the creation of robust TMV-
enzyme “forests” directing extremely high reaction densities for high performance bio-

integrated devices.

1.2. Thesis Contributions

1.2.1. Understanding the Limitations in Biomaterials Integration with
Three-Dimensional Microstructures

For the success of this research, it is critical to understand the anticipated impact
of the wetting property of the 3-D device substrates on biomaterial integration. Initial
efforts thus have focused on finding the dependence of 3-D geometrical features on the
surface functionalization of the genetically engineered TMV (TMV1cys). Comparative
studies using Si-based micropillar arrays (uPAs) displaying different structural
densities have revealed that the functionalization of TMV1cys on pPA surfaces
displaying high density pillar arrangement is limited, particularly on the surfaces deep
within the microcavities, failing to provide uniform surface functionality for
reproducible device performance. Through a careful analysis of surface morphology
and functionalization profile within the microcavities of different pillar densities, a
limited wetting property present in such 3-D micro/nano structured surfaces has been
identified as the key limiting factor for biomaterial integration with high surface area
micro/nanodevices. The hierarchical material assembly approach for realizing high
performance and scalable device performance, the electrodes assembled via
combination of TMV1cys and the pPAs of lower pillar densities have been

characterized in a NiO-based electrochemical charge storage system, demonstrating a



significant enhancement in both power and energy performances. This has expanded
the versatility of TMV1cys as a high-surface-area nanotemplate for assembling a
variety of energy storage materials and the combined results have indicated that an
enabling method to overcome the limitation from the wetting property will allow
biomaterial-based manufacturing methods for creating fully scalable micro/nano

device components.

1.2.2. Novel Technology Integration for Achieving 3D Biofabrication

The fundamental understandings behind the limitation for the 3-D device-
biomaterial integration, the surface wettability of the uPAs has been characterized
using droplets of TMV1cys solution, and the results combined with the theoretical
derivation based on the Cassie-Baxter equation indicated that wetting property is a
controllable factor by the pPA geometries. An innovative 3-D biofabrication
technology, 3D electro-bioprinting (3D-EBP), uses electrowetting principle to address
this limitation. 3D-EBP leverages the limited wetting property of the uPA for selective
injection and patterning of the TMV1cys into the microcavities, allowing for uniform
functionalization of the biological molecules on 3-D surfaces. The characterizations of
the structural and chemical features of TMV1cys post 3D-EBP strongly confirm that
this biofabrication technique is compatible with the biomacromolecule with no
significant loss of functional integrity. The proof-of-concept demonstrations of an
automated and programmable 3D-EBP process via a simple system integration with a
commercial bioprinter further emphasizes the significance of the technology generating
excellent opportunities for advancing on-demand 3-D bio-integrated devices and

systems.



1.2.3. Demonstration of Scalable Micro/Nano/Bio-Integrated Materials
for Bio-Sensing and Energy Harvesting

The ability to manufacture scalable 3-D biointegrated device components has
been demonstrated via enzyme-based bioelectronics system. Initial efforts have
developed an on-chip bioconjugation strategy for immobilizing glucose oxidase (GOx)
onto the biological scaffold, TMV1cys. Relying on the robust self-assembly of
TMV1cys on metal surfaces (e.g. Au), the on-chip chemical bioconjugation method
has allowed for a high-density immobilization of GOx on TMVl1cys via a
heterobifunctional crosslinker (CL). The 3D-EBP has been successfully applied to
perform the bioconjugation process on pPA electrodes towards demonstration of
scalable enzymatic activities on chip. The close correspondence of the enzymatic
activities (measured via colorimetric assays) with the surface area enhancement factors
(derived based on the uPA geometry) strongly supports the successful incorporation of
the developed biofabrication technology enabling high controllability over the
biocatalytic activity on chip. Electrochemical characterizations demonstrated both
biosensing and bioenergy harvesting capabilities with the TMV-assembled GOx
electrodes. Particularly, a significantly higher redox current density was achieved
compared to a recently published work, which strongly implies that the on-chip
bioconjugation strategy was efficient for high density enzyme immobilization via
TMV1cys. Combined with the enhanced and scalable enzymatic activity on chip with
incorporation of the 3D-EBP, the developed methods provide a robust and readily
employable strategy for advancing the scope of enzyme-based bioelectronics and

platforms.



1.3. Literature Review
In this section, previous research and development associated with the theme of

this thesis research will be reviewed.

1.3.1. Advances in Biofabrication Technologies

The core motivation behind the advances in biofabrication technologies is the
desire to achieve controllability and scalability over the construction of interfaces
between biorecognition elements and microelectronics/MEMS devices.* These efforts
have been focused on determining effective tools for robust immobilization and
definitive patterning of the biomaterials on the device surfaces. The strategies
developed for the immobilization can be specified into three categories — physisorption,

chemisorption, and bioaffinity interactions — as described in Figure 1-2.%°

chemisorption physisorption bio-affinity interaction
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Figure 1-2. Schematics of biomolecule immobilization strategies *°.

Physisorption-based immobilization is a more primitive and simplistic method
which utilizes direct loading of biological materials onto devices via physical
interactions such as electrostatic, van der Waals, or entropically favorable interaction
forces between the biorecognition elements and the solid surfaces. These approaches
were favored in early generations of bio-integrated device research where the major

objective relied on understanding the morphology and biological activities of
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biorecognition elements when immobilized/attached onto microelectronics’ material
surfaces (e.g. silicon, silicon dioxide, glass, and metals).%*%* As biofabrication
techniques advanced, chemisorption-based methods were developed as a more stable
means for immobilization utilizing covalent bonding as a bridging mechanism at the
bio/device interface. One of the most impactful findings in chemisorption-based
immobilization technology was the self-assembly of bifunctional crosslinker molecules
containing silane or thiol onto silica or metal surfaces.%2® For example, crosslinkers
terminated with silane or thiol groups at one side of their functional ends would form
covalent bonds with glass or gold substrates, respectively (Figure 1-3). The crosslinker
molecules form a densely packed monolayers on their respective substrates — widely
known as a self-assembled monolayer (SAM) — providing a more sound means of
immobilization compared to physisorption-based approaches, with enhanced
uniformity and robustness. The other end of the crosslinkers have a variable pendant
group which functions either as a biorecognition element itself, or as a means for
binding proteins of interest, linking functional biomaterials with solid surfaces. For the
latter case, high-affinity complementary components (e.g. lectin-glycoproteins, avidin-
biotin, protein A/G-1gG antibodies, and DNA hybridizations) or covalent binding
motifs available from amino acid functional groups (e.g. amine, carboxyl, hydroxyl,
cysteine, etc.) have been widely utilized owing to their strong and selective
linkage.5*®4% These synthesized or natural molecular linking mechanisms have
provided useful resources for determining proper synthesis strategies for equipping a

variety of biomaterials with device interfacing capability.
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Figure 1-3. Formation of functional (a) silane/SiO; and (b) thiol/Au self-assembled
monolayers.®’

Beyond the large pool of immobilization techniques, advancements in
biofabrication technology have focused on developing processes for pattering of
biomaterials on solid surfaces to enable enhanced production vyield, uniformity,
scalability, efficient use of valuable biological materials, and high-throughput
bio/chemical analysis.®8°

Various approaches have been introduced over the past twenty-five years, and
Table 1-1 summarizes some of the major enabling technologies allowing remarkable
advancements in the fabrication of bio-integrated devices. Before reviewing some of
the representative works below, it needs to be emphasized that the major focus of the
advancements in these technologies was to achieve high resolution patterning
capability for creation of densely packed bio-arrays towards high-throughput
biochemical analysis. Attributed to the main focus, none of the previous works have
demonstrated patterning biomolecules on three-dimensional device substrates (e.g. 3D
Bio-printing mainly have focused on for construction of 3-D cellular matrix for
artificial tissues or organ regenerations, and thus not much of efforts was driven

towards integration of biomaterials with 3D electronics’®™).
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Table 1-1. Summary of nano- and micro-scale biofabrication/patterning processes.

. s . Enabling Minimum . . .
Reference | Biofabrication Technologies Mother Technologies Feature Size Dimensionality
774 uv lithographic biopatterning ~1um
75.76 E-beam lithographic . N
biopatterning UV lithography 10nm
- E-beam lithography
77 Focused-ion beam Focus-ion beam - 80 nm
lithographic biopatterning Lift-off patterning
78,79 N_anoimpr!nt lithographic ~75nm
biopatterning
80.81 . — . 2-D
' Micro-contact printing Soft-lithography ~150 nm
8283 | Nano-contact printing E-beam lithography ~40 nm
384 | Dip-pen nanolithography _ ~25nm
Atomic force
85,86 . microscopy, N
Nanoshaving Scanning probe 15 nm
microsco
8788 | Nanografting by ~100 nm
Inkjet printing
70,71 ——— Stereo-lithography _ )
3D/4D bioprinting Computer-aided- 10 um 3-D
designs (CAD)

Initial efforts included the use of conventional MEMS patterning technologies

— photolithography or E-beam lithography — to either directly or in-directly pattern

biomaterials on device substrates. These lithography-based technologies have the

primary advantage of seamless integration with standard microfabrication processes.

Also, the wide resolution range from the nanometer to micrometer regimes — which are

fundamentally determined by the working wavelength range — is very attractive for the

wide range of potential biochip applications. However, some of the harsh

environmental conditions and chemicals (e.g. high vacuum, bio-incompatible

photoresists, etchants, sterilizing optical range, etc.) required in the lithography-based

processes narrow the range of potential biomaterials and applications. Moving forward,
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the development of biofabrication technologies have avoided process operation within
such harsh environmental conditions and thus prefer room temperature, non-dry/wet

environment, etc.
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Figure 1-4. Schematic of (a) micro-contact printing®® and (b) dip-pen nanolithography
processes.®

In 1993, Kumar et al. first introduced a “bio-friendly” and widely applicable
method enabling micro patterning of protein immobilization sites by combining soft-
lithography (structuring polydimethylsiloxane (PDMS) via simple molding process)
and SAMs.® This technology have benchmarked the scheme of traditional ink stamps
(Figure 1-4a). In their very first work, one of the SAM molecules, alkanethiols, were
first located on the surface of PDMS gratings through wet and dry processes and simply
were stamped onto gold surfaces for the formation of patterned SAMs through a thiol-
gold binding mechanism. This technology was named “Micro-Contact Printing (LCP)”.
Due to the extreme simplicity and high reproducibility the technology has been widely
applied for patterning various types of biological materials from proteins to cells on
solid surfaces by pre-patterning SAMs with different functional groups.8%9-%3

Compared to lithographical patterning approaches, the uCP has significant advantages

for many researchers and industries because the process is low-cost, has no diffraction-
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based limitations, and has minimal components which may degrade biological
integrity. The process resolution remains in the sub 100 nm range due to the low elastic
modulus of PDMS (mechanical weakness) and low molecular weight of SAM
molecules (diffusion limited).® Potential improvements in the process resolution have
been demonstrated in recent reports.®

In efforts to further shrink down the minimum feature sizes and minimize the
potential loss of biological function during physical contact, atomic force microscopy
(AFM) has been demonstrated as an effective fabrication tool for nanoscale patterning
of biological molecules (Figure 1-4b).®8 Traditionally, AFM has been widely employed
for nanoscopic characterization of biological molecules on solid surfaces due to its
operational compatibility within bio-friendly environmental conditions (atmospheric
pressure, measurement in wet conditions, etc.). Aside from their use for nanoscale
topographical imaging, the high resolution probing/scanning capability was very
attractive for many researchers leading to the emergence of many different AFM-based
methods — Scanning Probe Lithography — to write nanoscale patterns of biomolecules
(e.g. nanografting,®” nanoshaving,® dip-pen lithography?).

A prominent example of scanning probe lithography methods, dip-pen
nanolithography (DPN) was developed by Mirkin and co-workers.>8 The technique
utilizes a water meniscus as a bridge between the “inked” AFM tip and the solid
substrate to transport and deposit molecules at precisely defined locations. This process
has been shown to be benign to biomolecules. While there is wide flexibility in the
diversity of “inks” and substrates that can be used with this technique, and despite its

high fidelity, achieving sub-50 nm patterns, DPN suffers from slow write speeds and
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the need for careful control over humidity.>® However, recent advancements in parallel
tip arrays and polymer pen lithography are improving the speed to generate
patterns.9¢

In summary, biofabrication technologies have rapidly evolved over the past two
decades based on biochemistry principles, processing methodologies learned from the
micro/nano fabrication industry, and instrumental science/engineering. The diversity
of biofabrication technologies have led to greater understanding of biomolecular
activities through on-chip characterizations, and is enabling rapid advancement of the
high-density, multiplexed bioarrays necessary for biosensing and diagnostic

applications.

1.3.2. TMV for Nanomaterial Synthesis and Device Fabrication

As briefly discussed in the motivation section, TMVs and their virus-like-
particle derivatives (TMV-VLPs) have received significant attention for the
development of bioelectronics due to the aforementioned beneficial characteristics (e.g.
multivalent and high density receptors, high structural stability, nanoscale high surface
area structures) compared to other types of biological molecules (antibodies, enzymes,
DNA, etc.). In this section, recent developments utilizing TMV particles for
microelectronics, energy storage devices, and biochemical sensing applications will be

reviewed.

TMV as structural template for nanoscale inorganic material synthesis

Fabrication of nanostructured semiconductors, metals, and polymers have been

one of the main-stream efforts across disciplines due to the unique properties which are
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beneficial for a wide range of applications including energy storage, biochemical
sensing, thermal management, hydrophobic surface coatings, etc.32%7°° In particular,
the high surface-to-area feature is an essential property for the development of
advanced miniature devices. Some of the most common processes used involve vapor-
liquid-solid reactions through the combination of catalytic particles on a substrate and

chemical vapor deposition or epitaxial methods.'%1% Other less expensive techniques

105 106

such as hydrothermal synthesis,*** thermal evaporation,'® sol-gel processes,'® and
electrodeposition'®’ have also been reported. Although all of these techniques have
demonstrated significant progress in the field, they often have to balance control over
structural properties, variability of yield, and alignment of structures with cost of
synthesis, equipment performance, and process compatibility with remaining
processing steps. The advancement in biotechnology allowing modification of
biological molecules through genetic engineering and chemical conjugation have
offered an alternative tool for synthesis of nanomaterials; using nature-derived self-
assembling biomolecules as a template for nanoscale materials and devices.'® In this
regard, the high-aspect-ratio cylindrical geometry and hollow 3-D structures of TMVs
(length: 300nm, inner diameter: 4 nm, outer diameter 18 nm) offer a unique structural
template for creating advanced bio-integrated materials and devices.

Early efforts include the formation of bioinorganic nanotubular
composites/nanowires consisting of a TMV central core and external coatings of silica,
iron oxides, or lead and cadmium sulfides.'® These work involved mineralization of

wild-type TMVs suspended in buffer solutions with heavy metal composites or silica

nanoparticles (Figure 1-6a,b). The work reported in 1999 by Mann and co-workers
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achieved the formation of CdS, Pd, SiO2, and Fe20s by introducing the appropriate
precursors into buffer solutions with suspended TMVs conditioned at mineralization
pH. The exceptional stability of TMV was crucial for the demonstration of nanowires
with different materials. For heavy metal composites (CdS, Pd, and Fe>O3) the specific
metal-ion binding properties of the exposed surface amino acids (glutamate and
aspartate surface groups) of TMVs are counted on for the formation of surface
composite materials. The formation of silica composites on TMV surfaces is largely
attributed to electrostatic interactions during TEOS based sol-gel reactions. The anionic
silicate species formed by hydrolysis of TEOS experience strong interactions with
positively charged TMV surfaces (large number of arginine and lysine surface groups)
at acidic pH (pH 2.5) and induce silica nanowire formation from the TMV particle
template.

In 2003, Kern and co-workers introduced use of the electroless metallization,
one of the heavily used standard metal coating processes in the IC industry.!® The
process is a solution based process which works at environmental condition (room
temperature, atmospheric pressure) and neutral pH. It is a two-step process; surface
activation with Pd or Pt ions followed by surface metallization with Ni, Co, etc. In their
work, they have genetically modified the outer-surface exposed amino acids of the
TMV coat proteins (replaced Ser-155 with Gly-155) to reduce affinity towards metal
ions, and was able to demonstrate spatially selective formation of metal wires only
inside the inner channel of the TMV structure forming ~3 nm nanowire with maximum
length of 600 nm (Figure 1-6¢,d). The longer length of the metal nanowire (without

gap) compared to a single TMV rod implied that the TMVs aggregate linearly with an
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uninterrupted central channel. The very exciting point of this work is that the
conductive nanowires can be built surrounded by proteins and the shape of the
inorganic materials can be controlled via genetic modification. These provide unique

tools and opportunities for the development of nanoscale bio-integrated devices.

L e P L, PO LR o M 2
Figure 1-5. TEM micrographs showing inorganic nanomaterials synthesized using TMV as
nanotemplate (scale bars: 100nm for all figures). (a) CdS and (b) Fe-Os-mineralized around outer surface
of TMV particles (Ni and Cu EDX spectrum in (a) is from TEM grid and specimen holder,
respectively).'% (c,d) Spatially selective deposition through genetic modification allowed nanowire ~3-
nm nanowire formation (c: Ni, d: Co) within the inner channel of TMVs using electroless
metallization.’® (d) Au and Ag (f) nano-composite materials were formed through chemical or
photochemical reduction methods (the arrows in f indicates discretely arranged Ag nanoparticles within
the central channel of TMV via photochemical reduction method).!*

| —

At a similar time point, Mann and co-workers have introduced the use of
chemical or photochemical reduction methods for controlled deposition and
organization of Pt, Au, or Ag nanoparticles.!** Chemical reduction of Pt or Au
containing precursors at acidic pH allowed the specific decoration of the external
surface of wild-type TMV rods with metallic nanoparticles less than 10 nm in size
(Figure 1-6¢). Photochemical reduction of Ag precursors at pH7 resulted in nucleation

and constrained growth of discrete Ag nanoparticles aligned within the 4 nm-wide inner
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channel. They also have used mutant TMVs to confirm the effect of amino acid chains
on the nucleation of metal ions, and concluded that the glutamic and aspartate acid
groups (anionic charges) were involved in site-specific deposition of Ag nanoparticles
at the inner channel.

A significant advancement towards reliable integration of TMVs with
microdevices was reported by Harris and his co-workers who enhanced the metal
binding properties of TMVs by genetically inserting cysteine groups at the N-terminus
of TMV coat proteins.*'? The thiol functional groups in cysteine have high metal
binding properties.!'? In particular, the covalent bonding available between thiol and
gold provides a strong mechanism for immobilization of the highly functional
nanoreceptors onto device surfaces. With the surface exposed cysteines, Au, Ag, and
Pd clusters were synthesized around the TMV scaffold with enhanced density and
versatility compared to wild-type TMVs.

Using the cysteine-modified TMV (TMV1cys), the first demonstration of using
TMV within a functional device component was demonstrated by Culver and
coworkers.114115 Introduction of TMV1cys onto Au-coated silicon substrates created
self-assembled TMV layers on solid surfaces. The self-assembly process followed by
electroless metallization (Pd activation + Ni or Co metallization) created densely
arranged conductive nanoarrays displaying high surface area from the high-aspect-ratio
TMV structure (Figure 1-7). In this work, a uniform coating of metal on TMV surface
was demonstrated for the first time compared to the particularized metal clusters shown
in previous works. Also, the concentration of TMV solution versus the density of final

metallized TMVs were characterized, finding > ~0.1 mg/ml as an ideal concentration
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range for efficient distribution of TMV samples for each TMV-based device
fabrications. Also, they have demonstrated Ni-coated TMV particles as potential high
performance electrodes for a NiO-Zn alkaline battery system. The TMV-templated Ni
electrodes (TMV/Ni) resulted in a ~ 10-fold increase in energy density compared to
planar Ni electrodes, confirming the applicability of TMV-templates for practical
device applications. The creation of robust conductive nanomaterials directed further
integration of the TMV/Ni into advanced microfabrication processes for creation of

advanced functional components.
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Figure 1-6. (a) Schematic representation of TMV1cys surface assembly and electroless metallization
process; the TMV1cys binds onto the Au surface (step 1), it is activated with Pd catalyst (step 2) and
finally for uniform nanostructured metal via electroless metallization (step 3). Scanning electron
micrographs of (b) Ni- and (c) Co- coated TMV1cys on Au substrates confirm formation of
nanostructured conductive materials. 114116
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A prominent application is the use of TMV/Ni as a nanostructured current
collector for the advancement of on-demand energy storage devices including Li-ion

batteries and supercapacitors.?#11"-11% Process integration with thin-film deposition
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technologies such as atomic layer deposition, physical vapor deposition (sputtering),
and electrodeposition allowed various types of electrochemical charge storage
materials (Si, RuOz, TiO2, V20s, Sn) to be uniformly deposited over the TMV/Ni
nanostructured element resulting in the definitive arrangement of charge storage
elements at nanometer scale. Figure 1-8a shows an example of ALD V205 electrodes
prepared on TMV/Ni template for Li-ion battery application. The core
(conductive)/shell (electrochemically active) arrangement, as shown in (Figure 1-8b),
is known as one of the most efficient arrangement for achieving effective use of the

electrode active materials towards high gravimetric energy densities. 20121
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Figure 1-7. Electron micrographs of TMV-templated energy storage electrodes (scale bars: 50 nm unless
specified). (a) The series of scanning electron microscopy images shows change in nanostructural
morphology (porosity, roughness) in different cycles of V,0s ALD.?* (b) Process integration with thin-
film deposition technologies, various types of core/shell structured charge storage electrodes have been
demonstrated (left: TMV/Ni/\V20s,2* center: TMV/Ni/Si,*?! right: TMV/Ni/TiO2,*" scale bars: 50 nm).

Additional applications of TMV templates for advanced micro/nano devices
include the fabrication of digital memory devices,?>*2* vapor chemical sensors,?®
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conductive anti-reflective surfaces,!?

etc. Yang and co-workers have reported the use
of a TMV-Pt composite as conductance-switching material towards the development
of electronic bio-memory devices.*? In their work, TMV-Pt composites were mixed
with a polymer binding material (polyvinyl alcohol) and sandwiched between two Al
electrodes. The TMV-based memory device was able to demonstrate write (2.5 V
pulse), erase (-1.5 V pulse), and read (0.6 V pulse) functions by switching the
conductance of the TMV-Pt composites up to 400 cycles. The first utilization of TMV
scaffolds for sensors was reported by Wang and co-workers.'?® TMVs were used as a
template for creating thin films of oligoaniline (OANI), a small molecule precursor of
its parent polymer polyaniline (PANI); a conductive polymer effective for sensing
volatile organic compounds (VOC). TMVs were found useful for arranging the small
molecules onto the sensor surface; the change in conductance of the film was monitored
when VOC was introduced into the custom designed sensing chamber.

In summary, the versatility of TMV’s biological structure along with genetic
modification technologies have been very useful for synthesis of a wide range of
nanostructured materials in the progress of a wide range of micro/nano device
developments. TMV is readily available at low-cost and its “non-infectious-to-

mammals” property 127128 direct great potential roles of TMVs as nanostructrual

elements for the construction of nanoelectronics and bio-hybrid devices.

TMV and TMV-VLPs as highly functional biorecognition elements

Very recently, TMV’s (or TMV-VLP’s) ultrahigh density arrangement of
surface receptors have received noticeable attention for utilization as recognition

elements for development of bio/chemical sensors.>212*-131 As introduced in Figure 1-
23



1, wild-type TMV displays a cylindrical high-aspect-ratio (16.7:1) structure - 300 nm
in length, 18 nm in diameter, and 4 nm in inner channel width. The high surface area
nanostructure is created by ~2130 identical coat proteins assembling around a single
RNA strand, and the dense arrangement of CPs translates into a 2.3 nm pitch between
the neighboring CPs.%% The physicochemical properties and stability of the TMV is
another intriguing and crucially important aspect for its practical use. Previous studies
have verified the wide stability window in various “harsh” environmental conditions
(temperatures up to 90 °C, pH range: 2-8, various polar solvents) for TMV’s biological
functionality.>®!3 In addition, the well-established surface immobilization mechanism
and the large pool of genetic modification*® or chemical conjugation®®® routes offer
exciting opportunities to apply TMV-derivatives as universal biorecognition elements
or immobilization templates for creating high-performance biochemical sensors.

One of the very first works utilizing TMV-derivatives as recognition element in
sensors was reported by our group in 2014.% In our work, a novel electrochemical
sensing mechanism was introduced for the detection of small molecules. Specifically,
TMV-VLP particles genetically-modified with specific peptides targeting a chemical
explosive, trinitrotoluene (TNT), was used as a high-density binding agent in solution.
Binding of TNT molecules to the body of the significantly larger TMV-VLPs
modulated the diffusion coefficient of TNT molecules in electrochemical reaction
(Figure 1-8). The concentration of TNT molecules was detected by measurement of
differential current (TNT sample measurement - control sample measurement) which
was reflected in reduction in electrochemical current measurement. While the sensing

was not demonstrated in air - critical for detection of explosives - the work has
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introduced interesting electrochemical sensing modality and demonstrated the
excellent functionality (selectivity, and high receptor density, label-free sensing) of

TMV-VLP as chemical recognition element.
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Figure 1-8. Schematic representation of electrochemical TNT sensing using TMV-VLPs binding agents
modulating diffusion coefficient of the analyte.*°

More recently, our group also have demonstrated the use of TMVs for
biosensing applications.'?>13* In the recent reports, TMV-VLP genetically modified to
express FLAG-tag (VLP-FLAG), a synthetic epitope tag, on its surface allowed the
demonstration of immuno-sensing using anti-FLAG-antibodies as target analytes.
While the C-terminus of the coat protein was modified with the target selective peptide,
the N-terminus of the protein was equipped with cysteine residues allowing robust
immobilization on device surfaces (N- and C-terminus of VLP CPs are exposed to the
outer surface, Figure 1-9a). The immuno-sensing capability of VLP-FLAG has been
demonstrated using two different transducers; an optical-ring resonator-based
refractive index sensing'® and inter-digitated electrode based electrochemical

impedance sensing platforms?® (Figure 1-9b). In both demonstrations, the
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functionality of VLP-FLAG has been confirmed by selectively inducing signal changes
(optical resonant frequency shift and change in impedance, respectively) due to the
presence of target analyte, anti-FLAG antibodies. Further optimization of the sensor
performance was conducted using the impedance sensing platform.'® By incorporating
an evaporation-assisted immobilization strategy, the very recent work by my former
colleague was able to demonstrate label-free immuno-sensing, achieving an
unprecedented detection limit of ~60 pM of anti-FLAG-antibodies with the impedance

sensing platform.
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Figure 1-9. (a) Schematic representation of VLP-FLAG displaying both FLAG-tag (functional group)
and cysteines on outer surfaces.’® The VLP-FLAG has been utilized as immuno-biorecognition
elements on impedimetric sensing plat forms as described in (b).}?® (c) Schematic of TMV-enzyme
chemical conjugation process using hetero bifunctional crosslinkers. TEM images at corresponding
synthesis stage show change in surface morphology of TMV due to molecular binding. (d)
Characterization of enzymatic sensing performance at different immobilization conditions show best
performance with full-length TMV-scaffolds.5?

Use of TMV1cys as an enzyme-immobilization template was introduced by

Wege and co-workers.'® The thiols on the cysteines provide a facile chemical
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conjugation route to link biorecognition element through chemical crosslinkers (Figure
1-9c). They have utilized the hetero-bifunctional crosslinker maleimide and biotin
connected through a polyethylene glycol (PEG) bridging arm. The maleimide readily
forms a covalent bond at pH7 with surface exposed thiols on TMV1cys. On the biotin-
end, enzymes (glucose oxidase (GOx) and horseradish peroxide (HRP)) conjugated
with streptavidins were functionalized, occupying at least 50% of cysteine residues on
TMV surface. As a follow-up work, Schéning and co-workers (in collaboration with
the Wege group) have recently integrated GOx conjugated TMV1cys (TMV-GOx)
onto Pt electrodes for the demonstration of enzymatic sensing.®? Using an
amperometric electrochemical sensing scheme, as is widely used for glucose sensors,
they have achieved a wide linear concentration range of 0.1 to 7.4 mM of glucose,
covering the range relevant to human blood samples at 4.9 nA/mM sensitivity per 1
mm? electrode area. Also, reproducibility of sensing performance was evaluated by
running 40 consecutive measurements over three days. Sensitivity remained constant
after two days and retained ~60% of original sensitivity after three days. Based on their
survey analysis, the enzymatic sensing performance of TMV-GOXx are comparable with
carbon nanotube (CNT)-based enzyme-electrodes in a similar electrode scheme,
emphasizing the strength of TMVs for the development of high performance
biorecognition elements. Additional interesting aspects of their studies include the
comparative characterization of TMV rod-length dependence (enzyme-only vs. CP
aggregates vs. full length) on sensing performance (Figure 1-9d). As expected, the GOx
immobilized on full TMV1cys rods resulted in enhanced sensing signals, with less

interruption from noise and faster response time (5 seconds).
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In summary, the unique geometrical and biochemical characteristic possessed
by TMV and its derivatives coupled with genetic modification and chemical
conjugation technologies bring exciting motivation and opportunities to exploit these
bionanoreceptors as smart biochemical recognition elements towards a wide range of
biosensing applications. The readily available primary functionalities - multivalent
receptors contributing to both immobilization and selective target recognition - of the

bionanoreceptors imply strong potential as universal biorecognition elements.

1.3.3. Three-Dimensional Materials for Bioelectronics

Including TMV nanoscaffolds, various types of three-dimensional (3-D)
structures with feature dimensions in the micro and nanometer scale regimes offer a
number of advantages for miniaturized devices and systems including enhanced active
surface area, improved packing/loading density and energy efficiency, etc. The obvious
beneficial impact of 3-D structures for microsystems drove development of MEMS
fabrication technologies such as the LIGA or deep-reactive-ion-etching (DRIE)'*®
processes to achieve true three-dimensional high-aspect-ratio geometries of device
components at micro/nanoscale. The recent appearance of 3-D printing technologies
(fused deposition modeling, sterolithography, polyjet printing, selective laser sintering,
two-photon lithography, etc.) provide alternative means for creating complex 3-D
structures with more degrees of freedom feature shapes (spherical, tetragonal, etc.) and
their arrangement.®” It needs to be noted here that, although current 3-D printing
technologies are more user-friendly, easy-to-implement, and require less
environmental control compared to MEMS fabrication, certain limitations such as poor

printing resolutions, need for supporting materials/structures, and narrow range in
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compatible materials (plastics, photo-curable polymers and resins, metals) have limited
their wide-spread use for development of active miniature devices. In efforts to broadly
adapt 3-D printing for micro/nano device fabrication, innovative strategies and
synthesis of advanced functional printable materials are under development, 37139140
The 3-D micro/nano manufacturing technologies (MEMS fabrication and 3D Printing)
are evolving continuously and advances in microsystems’ components are leveraging
the available resources to achieve unprecedented capabilities in a miniaturized
environment. While there are innumerable reports demonstrating the effectiveness of
3-D structures for a variety of applications (energy storage and harvesting devices,
micro heat management, textile sensors, photonic crystals, surface coating, etc.), the
literature review below will focus on some of the recent reports utilizing 3-D micro and
nano structures for the development of biochemical sensors with a strong emphasis on
their benefit for sensing performance. The principles and methodologies incorporated
in transducers used for biochemical sensors include electrochemical impedance
spectroscopy,'?®14! optical resonance spectroscopy,®*!3* electrochemical current
analysis,*3%1%2 mechanical resonance spectroscopy,'43!# etc. For the various types of
transducer elements, 3-D structural elements have played significant role for enhancing
sensing/transducing performances.

One prominent demonstration includes the use of 3-D nanostructured electrodes
for non-enzymatic glucose sensing primarily aimed at operating without the use of
enzymes (GOXx) and improving long-term reusability of the glucose sensors available
in the market. Nanostructured electrodes comprised of electrocatalytic materials,

including metals (Au, Pt, Pd, etc.), metal oxides (C0304, MnO2, NiO, CuO, RuOy, etc.),

29



alloys, (PtPb, PtRu, etc.), and other complexes, have shown non-enzymatic glucose
sensing performances with exceptional selectivity'* (Figure 1-10 displays examples of
3-D electrodes comprised of different materials for non-enzymatic glucose sensing). In
order to understand non-enzymatic and selective catalytic electrode reactions, different
models (e.g. activated chemisorption model, Incipient Hydrous Oxide Adatom
Mediator (IHPAM) model) have been adapted or introduced to explain the enabling
sensing mechanism.*#¢4” While there will be minute differences in mechanisms for
different electrode material types, general understanding is that 3-D nanostructures
provide well-spaced adsorption sites on the surface of the electrocatalysts with
geometry that contributes to the kinetic enhancement of the glucose oxidation process.
Also, the polycrystalline surfaces at the discontinuous morphology of nanostructured
electrodes (grain boundaries and edges) are more easily exposed to the solution than

the bulk surfaces, becoming more liable to undergo facile glucose oxidation process.

Figure 1-10. SEM images of 3-D micro/nano structured electrodes prepared for non-enzymatic glucose
sensors. (a) CuO nanowires formed on 3-D Cu foam via electrochemical anodization,** (b) Ni-Fe
nanocomposites formed on flexible carbon fiber paper via hydrothermal process,'*® and (¢) Au nanowires
grown by electrodeposition using porous anodic aluminum oxide template.>°

In addition to the enzymatic sensing applications, micro-, nano-, and
hierarchical- structure electrodes have been fabricated for a wide range of bio/chemical

sensing applications utilizing electrochemical systems.*%14® A recent report by Wang
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and co-workers has demonstrated a 3-D electrochemical immunosensor incorporating
non-covalently immobilized antibodies on free-standing macroporous graphene
foam.?! Leveraging the large surface-to-volume ratio geometry of their graphene
electrode structure for label-free sensing of tumor biomarker, carcinoembryonic
antigen (CEA), in serum samples with excellent performances (wide linear range of
0.1-750 nm/ml and low detection limit of 90 pg/ml). Also, Seo and co-workers have
demonstrated use of graphene-based micropillar arrays to detect the small aromatic
organic molecule, phenol.*® By incorporating physisorption-based immobilization of
a phenol sensitive enzyme, tyrosinase, onto the 3-D electrodes, the sensor achieved
ultrahigh sensitivity of 3.9 nA/uM (linear range: 50 nM-2 uM) with a detection limit at
50 nM phenol. The use of 3-D microstructures was also found to be useful for the
development of electrochemical impedance spectroscopy (EIS)-based sensors
(impedimetric biosensors). Traditionally, the impedimetric biosensors utilized
interdigitated electrodes (IDESs) patterned on planar surfaces.*?® The immobilization of
biorecognition elements and analyte binding events induced change in the dielectric
properties of the medium in between the separated electrodes resulting in a change in
impedance of the electrode system. 3-D configuration of such capacitive IDE systems
can enable enhanced sensor performance with a uniform distribution of electric fields
across the electrodes, larger electrode surface area, and formation of a volumetric
interface between the sensor electrode and analyte solution. Bratov et al. have
introduced an interesting 3-D IDE designed to enhance its sensitivity for biochemical
reactions taking place at the sensor surface.'® Specifically, they placed a dielectric

barrier structure in between IDEs to intensify current density within surface conductive
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layer, thereby inducing higher change in electrochemical impedance at the presence of
biochemical recognition events.'>>1% Their finite element model-based simulations in
excellent correspondence with experimental results establish a novel 3-D impedimetric
biosensing platform with high sensitivity.*>* Also, other groups have developed
fabrication process to build three dimensional electrode structures on IDE sensors (e.g.
micropillar arrays on IDEs,*>!® 3-D grating electrodes *°7), and preliminary
electrochemical characterization results show great potential for both non-faradaic and

faradaic biochemical sensing applications.
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Figure 1-11. Schematic illustrations and SEM images of different sensing schemes utilizing 3-D
components. (a) Schematic illustration of a 3D channel FET biosensor. The ZnO/TiO2 gate micropillar
arrays directly grown on graphene channel allows ultrafast and sensitive detection of protein analytes.
(b) Schematic illustration of biosensing using metamaterial. The green receptors are immobilized on the
surface of 3-D surfaces and binding of analyte induces change in parameters of reflected light.® (c)
Carbon micropillar arrays fabricated through pyrolyzing patterned photoresist was used as a high-
surface-area substrate for fluorescence-based protein detection (inset graph shows linear increase in
fluorescence intensity corresponding to analyte concentration).??
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3-D micro and nano structures also has proven their utility for biosensors
utilizing field-effect-transistor principles (bio-FET).1%81% For example, Lee and co-
workers have demonstrated fabrication of a graphene based bio-FET having vertically
aligned and highly dense TiO2-coated ZnO nanorods as transducing “gate” elements
(Figure 1-11a).® The functionality of the novel 3-D bio-FET device was tested for an
immuno-sensing application. By functionalizing prostate specific antigen (PSA)
antibody as a biorecognition element on the 3-D surfaces, they were able to achieve an
extremely large dynamic range of 107 and a sensitivity of 8 mV//dec (obtained from
charge neutrality point) for detection of PSA. More exciting results include
performance comparison with 2-D bio-FET confirming enhanced sensitivity (2.5
mV/dec to 8 mV/dec) and extremely fast response time (several tens of minutes~hours
down to ~1 min).

Additional transduction platforms utilizing 3-D device platforms include optical
sensing platform such as photonic crystal-based biosensors®>6%161 or fluorescent
biosensors?? as shown in Figure 1-11b and 11c, respectively. Combined, 3-D structural
components in micro and/or nanometer scales have proven an excellent ability to
enhance biochemical sensing performances. Fabrication strategies for creating
reproducible and robust 3-D structures and their physical and chemical compatibility
with working bio/chemical molecules per adapted transduction mechanisms are the key

considerations for successful demonstration of 3-D biochemical sensors/bioelectronics.

1.3.4. Enzyme-based Bioelectronics
As discussed in the introduction, enzymatic reactions integrated with

microdevices and systems offer great opportunities for the advancement of
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bioelectronics research and applications. The majority of developments have involved
the use of glucose oxidase (GOXx). In this section, technical backgrounds and future
challenges of the two major areas of enzyme-based bioelectronics - enzymatic

biosensors and EBCs - will be discussed in brief.

Enzymatic biosensors

Ever since Clark and Lyons introduced the first enzyme sensor employing
glucose oxidase (GOx) and an oxygen electrode for glucose monitoring, extensive
studies have been carried out to develop improved enzyme-based systems focused on
monitoring various levels of analytes including glucose, lactate, glutamate, and
cholesterol for a range of clinical applications.’®!%? Glucose is by far the most
extensively studied analyte. It continues to attract considerable attention due to its
importance in diabetes management, but also in glucose-based.

Over the generations of enzymatic sensor research toward more sensitive,
stable, and continuous monitoring systems, the sensing mechanisms, materials, and
electrode immobilization strategies have evolved to meet clinical requirements on
demand. Figure 1-12a illustrates the amperometric glucose sensing principles
developed along the course of research towards a more sensitive and stable system.°
It is categorized into three distinctive generations. The first generation of enzymatic
sensors employed oxygen as the electron acceptor, determining glucose concentration
by following either consumption of oxygen or the liberation of hydrogen peroxide. In
second generation, enzymes transfer electrons to artificial electron acceptors (also
referred to as electron mediators or redox dyes) instead of oxygen to avoid interference

from other redox species. The reduced mediators are monitored colorimetrically or
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electrochemically. The third (or current) generation sensors employ direct electron
transfer to the electrode, thus eliminating toxic artificial electron mediators and

avoiding errors due to variations in the concentration of oxygen in blood samples.

(a) . ® Tt
H,0, Generation E
E E
H,0
oxidized o - E
2 E
Glucose reduced il
d > " 3
Cofactor . 2" Entrapment Adsorption Covalence
FAD. NAD(P), POQ Mediator Generation

Glucono-

5 >y
S-lactone

- e
6 =
/
-
_\C

3 \
"

Generation

Cross-linking Affinity

Figure 1-12. Schematic representations of (a) enzymatic electrocatalytic reactions,’® and (b) enzyme
surface immobilization strategies (E: enzymes, P: insert proteins).54

One of the key components impacting enzymatic sensor performance includes
immobilization of enzymes onto electrode/transducer surfaces. It has been reported that
the appropriate immobilization strategies can result in improvement in sensor life-time,
sensitivity, and selectivity.% Hence, intensive efforts have been made to develop
successful immobilization strategies. As illustrated in Figure 1-12b the enzyme
immobilization techniques include use of simple physical adsorption, polymer/gel
binders (entrapment), cross-linkers, and affinity or covalent binding to device
surfaces.®* Each technique has pros and cons in terms of enzyme activity, analyte
diffusion, enzyme orientation, and level of complexity in immobilization processes.

The countless reports on enzyme-based sensors, reporting a range of fabrication
strategies to improve sensing performance, provides as a great benchmark for

assessment of this research. It is anticipated that utilization of TMV particles as stable
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and high-density enzyme carrier supports will allow significant enhancement in sensing

performance including sensitivity and long-term stability.

Enzymatic biofuel cells

EBCs are a type of fuel cell that utilizes enzymes as the electrocatalysts to
catalyze oxidation of fuel (substrates) on anodes and reduction of oxygen or peroxide
(oxidants) on cathodes for energy conversion to electricity. Due to the sustainable
nature of the energy harvesting mechanism, it is considered a promising resource for
the operation of low-power electronics or implantable devices.!* Both the enzymatic
sensors and EBCs share many identical system components impacting their
performance ranging from enzymes, substrates, mediators, and the charge transfer
mechanisms involved for collecting electrons from enzymatic reactions to electrodes.
However, a complete fuel cell system (Figure 1-13) adds slightly more intense
considerations onto system components (electron transfer mechanisms, pair of cathodic
and anodic enzymes, enzyme activity and immobilization density, etc.) in order to
increase the energy harvesting performance (energy and power densities), which has
no upper boundary for satisfaction.

Figure 1-13 describes the typical system components comprising EBCs. On the
anodic electrode (left), the mediated electron transfer (MET) mechanism is described
where the electrons generated from oxidation of substrates in the presence of the
enzyme reaches the electrode through mediators. On the other side (right), the direct
electron transfer (DET) mechanism is described for the cathodic reactions where the
electrons from the electrodes are delivered to the enzymes without the mediator. From

an energy harvesting perspective, researchers desire to eliminate mediators in order to
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increase operation potential window of EBCs. Also, the multiple charge transfer

reactions are not favorable which may limit the maximum operational power range.
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Figure 1-13. Schematic of an EBC utilizing a MET-based bioanode and a DET-based hiocathode.'¢

Interestingly however, although the DET mechanism has become the goal for
EBC development, most EBCs in literature continues to utilize MET, mainly because
the MET systems typically resulted in higher current densities, even though they have
higher potential losses and issues with mediator stability. This is attributed to the
stringent requirement in orientation and proximity of immobilized enzymes to the
electrodes for DET. In other words, DET system will only collect electrons from a sheet
of enzymes that are located very close to the electrode surfaces (<15 nm) while the
MET system could harvest from a volume of enzymes through mediators.'®® This
implies that, irrespective to the electron charge transfer mechanisms involved, it is
essential to induce high density catalytic reactions with robust enzyme immobilization

for advanced energy harvesting performance.
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1.4. Structure of Dissertation

Chapter 1 has presented the motivation and the literature reviews to provide the
aims and scope of this thesis research. The following three chapters will introduce the
major accomplishments achieved through out this work. Chapter 1 will present the
materials and strategies to demonstrate hierarchical construction of bio-integrated 3-D
devices along with the fundamental understandings behind the potential limitations
associated with material wetting properties. Chapter 3 will introduce the development
of an electrowetting-assisted 3-D biofabrication technology enabling programmable
and scalable patterning of biological molecules onto 3-D device substrates. Chapter 4
will introduce the development of an on-chip bioconjugation method for high-density
immobilization of enzymes using TMV particles as a robust template. The 3-D
biofabrication technique will be incorporated into the enzyme immobilization process
to demonstrate scalable and enhanced biomolecular activity on chip. Chapter 5 will

provide summary and conclusion of this thesis research with potential future research.
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Chapter 2: Integration of Biomacromolecules with High-
Aspect-Ratio Microstructures

Integration of biological molecules into microfabrication processes has been
extensively explored for the development of a wide range of micro-/nano-devices.
Their nature-inspired structural and functional versatility combined with advances in
biology and bioengineering has great advantages for creating tailored nanoscale
functionalities on devices for a numerous applications including energy storage and
sensing devices.'®* To further enhance the device functionality, the TMV nanoscaffolds
were integrated with gold micropillar array (uPAs) to create hierarchical structures.
This is one of the most effective ways to create high surface area electrodes, taking
advantage of building blocks with different length-scales.’*® However, TMV self-
assembly suffers from limitations on high surface area microstructures, showing
reduced bio-nanoparticle surface coverage on the vertical and bottom surfaces of high-
aspect-ratio (HAR) geometries.'®® In this the dissertation thus far, critical geometric
parameters of the microstructures that govern the virus assembly morphology have
been characterized, enabling the use of optimized bio-templated hierarchical
architectures. Additionally, the enhanced functionality of the high-surface-area
electrodes created by successful integration of TMV and microstructured electrodes
has been evaluated in a NiO based electrochemical charge storage system with a
detailed study of correlation between charge storage performance and change in

electrode morphology.
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2.1. Design and Fabrication of 3D Microdevice Component:
Micropillar Arrays

While high density microstructures are desirable due to the increased surface-
to-volume ratio of 3-D structures, the previous work reported by Gerasopoulos et al.*®
implies that biofunctionalization on such geometries may become limited by surface
tension of liquid at the microscale. In order to clearly understand the limiting principle,
Au-coated Si-based pUPA electrodes having different geometries have been designed as

model 3-D electrode structures.
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Figure 2-1. Schematics of (a) the four micropillar array substrates in different geometries and (b) the
dimension factors shown in cross-sectional view. (c) The plot shows the surface area enhancement
factors that could be achieved by modulating pillar and SARs.

A set of puPA electrodes having varying pillar densities have been designed, as
described in Figure 2-1. All pillars have been designed to have 10:1 aspect-ratio with

7 um diameter and 70 um height, while the spacing between the nearest neighboring

pillars were varied from 7 um to 21 pm. This results in spacing aspect-ratios (SARS)
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of 10:1, 7:1, 5:1, and 3.3:1 with the 70 um etched trench height (Figure 2-1b). The plot
shown in Figure 2-1c explains the role of the two parameters — spacing and pillar aspect
ratios — for determination of the surface area enhancement factor of the pPAs; The
theoretical surface area enhancement factor (E) was calculated based on the parametric
equation (E = I+ (z-dh)/s?) introduced by Gerasopoulos et al.?* The parameter d is the
pillar diameter, h is the pillar height, and s is the distance between nearest neighboring
pillars (center to center). Considering that the functional density and surface area of
TMV itself is predetermined by nature, it is important to load TMV particles onto high

density JUPAs to achieve greater functionality of the resulting hierarchical components.
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Figure 2-2. Microfarbication process flow for the Au-coated micropillar arrays.

The fabrication process for the uPAs is illustrated in Figure 2-2. A silicon
substrate has been patterned with a negative photoresist (NR-9 1500PY)) at a thickness
of ~1.5 um, and the trenches are etched using deep-reactive-ion-etching (DRIE,
UMHigh recipe at University of Maryland Nanocenter FabLab). The etch selectivity
between the photoresist and Si substrate was higher than 100, with only ~0.5 pm of the
photoresist etch mask removed after 70 um etching of Si (~0.55 um/DRIE cycle). The

etched wafer was diced into a chip scale with dimension of 1x1.7 cm? (1x1 cm? pillar
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array area), and both sides of the electrode were passivated with 500 nm PECVD SizN4
at 300 °C followed by sputter deposition of Ti (30 nm)/Au (120 nm).
2.2. TMV Self-Assembly on Micropillar Arrays Exhibiting Varying
Structural Density

As described in Figure 2-3, three approaches for nanotexturing the pPA
electrodes were investigated — (1) typical, previously published TMV self-assembly
and metallization protocol,!** (2) pre-treatment of the electrodes using isopropyl
alcohol (IPA), and (3) ultrasonication after the immersion of the electrode into TMV
solution. (1) The typical process involves overnight self-assembly of TMV particles
during immersion of the Au-coated electrode into 0.2 mg/ml TMV solution in 0.1 M
phosphate buffer (pH 7); an 18-hour incubation is allowed for surface self-assembly
via thiol-gold binding.*!* Subsequently, an electroless Ni metallization process follows
initial Pd surface activation. (2) For the IPA pre-treatment, the uPA electrodes were
rinsed and immersed in IPA for 5 minutes followed by the TMV self-assembly and
metallization. (3) For ultrasonication, the electrodes were immersed in the TMV
solution and placed in an ultrasonic bath for 5 minutes prior to overnight self-assembly
and metallization. The IPA treatment was intended to increase hydrophilicity of
surfaces with hydroxyl groups, which can lead to enhanced wettability of the array
structure. The ultrasonication is intended to facilitate TMV diffusion into the
microcavities between pillars by agitating the virus solution within the array structure.
The goal is to identify the threshold geometrical parameters at which limited
functionalization occurs and convert such limitation into a control parameter for

patterning TMVs onto 3-D structure surfaces.
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Figure 2-3. Illustration of TMV solution wetting on the Au-coated puPAs in three different approach; (a)

traditional method, (b) pretreatment of the electrodes with IPA for enhanced surface wettability, and (c)

ultrasonication to remove air medium through induced mechanical agitation.

The immobilization of TMV particles onto the different micropillar arrays were
first characterized using the standard method. Figure 2-4 shows a series of cross-
sectional scanning electron micrographs (SEMs) of TMV immobilized uPAs acquired
after electroless Ni metallization (the detailed protocol is explained in a previous report
by Royston et al.}*4). As clearly shown, while the pillars located at the edge of the
arrays display complete nanotexturing of their side-wall surfaces by the TMV
immobilization (Figure 2-4a — 4d), the pillars located at the center of the arrays showed
a gradual reduction of virus surface coverage towards the bottom of the pillars
correlated to decreasing SAR (Figure 2-4e-h). Uniform TMV assembly was achieved
only on pillar arrays with 3.3:1 SAR (Figure 2-4h). This, combined with the TMV
assembly profile from the edge towards the center of the pillar arrays (Figure 2-4i, 7:1
SAR), is evidence that the reduced TMV assembly density in the deep microcavities

can likely be attributed to the surface tension of the TMV solution on the structurally

hydrophobic pillar arrays (further discussed in Chapter 3).
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Figure 2-4. Cross-sectional SEM characterization of traditional TMV functionalization process on
micropillar arrays having different SARs. (a-d) Complete coverage of TMV are achived on the sidewalls
of the pillars located at the array edge. However, gradual decrease in TMV coverage is observed at the
lower part of the pillar surfaces located in the array center region with increase in SAR ((a,e) 10:1 SAR,
(b,f) 7:1 SAR, (c,g) 5:1 SAR, (d,f) 3.3:1 SAR, scale bars: 50 um unless specified). (i) The limited access
of TMV solution into the 7:1 SAR pillar arrays resulted in creation of TMV-nanotexture profile from
edge to the center.

Based on the identified limitations, efforts were made to induce enhanced
wetting of the microcavities with TMV solution. First, pre-treatment of the pPAs was
attempted with a low surface energy/tension liquid. Therein, the substrate was first
immersed in isopropyl alcohol (IPA) for 5 minutes to increase the surface wettability
and then transferred into TMV solution for the overnight self-assembly. Another
method investigated using ultrasonication was intended to induce mechanical agitation

thereby removing the air trapped underneath the liquid and introduce TMV solution
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into the cavities. For this, plastic containers with the micropillar array substrate
immersed TMV solution were placed in the ultrasonicator for 1 minute and left

overnight for self-assembly.
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Figure 2-5. SEM images taken from the TMV functionalize micropillar arrays (7:1 SAR) using (a) IPA
pre-treatment, and (b,c) ultrasonication.

The SEMs in Figure 2-5 show the results from pPAs (7:1 SAR) located at the
center of electrodes treated with IPA (Figure 2-5a) and ultrasonication (Figure 2-5b
and 5c¢). When compared with Figure 2-4f for the same SAR, an obvious improvement
of the virus coating is observed from both methods. However, a significant fraction of
pillars collapsed during ultrasonication due to the induced mechanical agitation (Figure
2-5¢). With the IPA pretreatment, while the extent of TMV coating on the deep surfaces
has improved, it showed poor conformality from top to bottom of the pillar surface —

low density of TMVs are observed at the bottom compared to more complex clusters
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toward the top (compared in the zoom-in SEMs). While the IPA treatment was effective
for SAR up to 5:1 (IPA treatment yielded homogeneous TMV coating for 3.3:1 and 5:1
SAR micropillar arrays, while 7:1 SAR geometry still showed poor coating at the
bottom (Figure 2-5a)), these results indicated the need for further study and
improvements for complete loading of TMVs onto high SAR micropillar arrays which

will be further addressed in Chapter 3.

2.3. Enhanced Electrode Functionality in Electrochemical Charge
Storage System

The performance of the hierarchical Ni electrodes assembled by combination of
TMV1cys and the uPA (SAR 5:1) electrodes has been characterized in NiO-based
electrochemical charge storage (ECS) system. This section will provide background
and motivation behind the application of TMV-uPA assembled hierarchical electrodes
for such ECS system as well as the characterization results for NiO forming process on
the hierarchical Ni surface and enhanced electrochemical charge storage performances.

ECS devices including Li-ion batteries and electrochemical capacitors have
received significant attention due to the rapidly growing electronics market (e.g.
electric vehicles, portable electronics, etc.) requiring charge storage devices with both
high power and energy densities.*®® Particularly, the recent development of faradaic
electrode materials in micro/nanoscale geometries is one of the most significant
advancements, where the high surface area-to-volume ratio coupled with facile charge
storage kinetics are essential for reaching the desired performance criteria.®”16’

Various transition metal oxides (Coz04, MNOz, NiO, etc.) and their composites
are very attractive candidates for the high performance ECS electrodes owe to their

excellent faradaic charge storage characteristics at economic costs. Among the
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potential candidates, NiO brings great interest with its excellent “battery-like” charge
storage behavior exhibiting very high theoretical gravimetric capacities of 359 mAh
g 'and 718 mAh g tin alkaline (NiO + OH < NiOOH + ¢, in 0 - 0.5 V vs. Ag/AgCl)
and Li* (NiO + 2Li" + 26" — Ni + Li20, in 0.005 - 3 V vs. Li-foil) electrolytes,
respectively.'®1° For this reason, many researchers have recently investigated the use
of NiO as electrode materials for both electrochemical capacitors and Li-ion batteries.
Luan et al.}"® have demonstrated an asymmetric supercapacitor device combining NiO
nanoflakes (cathode) and reduced graphene oxide (anode) grown on carbon cloth and
Ni foam, respectively. The asymmetric configuration allowed expansion of the
operation potential window up to 1.7 V in alkaline electrolyte (1 M KOH) with
remarkable areal capacitance (248 mF cm™2 at 1 mA cm2) benefiting from the high
surface area NiO electrodes. Also, nanoscale NiO has been investigated as an anode
material for Li-ion batteries in recent years for its high theoretical Li capacity compared
to conventional graphite anode materials. Characterized in half-cell configuration (vs.
Li-foil), many articles have reported reversible gravimetric energy density reaching or
exceeding its theoretical limit at 1C current rate, representing more than a 2-fold
increase compared to conventional carbon-based anode materials.*6%"%172 It should be
noted here that the charge capacities in previous ECS NiO reports have been evaluated
in different units depending on their targeted ECS systems (F g* or F cm™ for
electrochemical capacitors, and mAh g~* or mAh cm™2 for batteries). Considering a
recent report by Brousse et al.l”®, suggesting classification criteria for proper
categorization/characterization of electrode materials for electrochemical capacitors,

the charge capacities in this work are presented in pAh cm™ considering the NiO’s
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“battery-like” electrochemical signature.

Various methods for fabrication/synthesis of micro/nanoscale NiO electrodes
have been reported. In general, NiO was either directly synthesized on Ni or other
current collectors, or prepared in nanoparticle forms, which requires mixing with
polymer binders and conductive additives.'6%1"1174-179 Comparing the two methods, the
latter suffers from lack of electrical connectivity between the current collector and the
active material while the direct synthesis methods ensure continuous connection
between the two electrode components critical for efficient charge adsorption/transfer
mechanisms at the electrolyte/electrode interface. Using this approach, Wang et al.*"®
achieved 99% of NiO’s theoretical gravimetric capacity (355 mAh g * in 2 M KOH)
by annealing Ni(OH). precursors that were directly precipitated on Ni foam. The
uniform nanoscale active layer coating over the current collector is believed to be one
of the key factors in achieving high NiO-based ECS performances, compensating for
the low electrical conductivity of the NiQ.77:178.180

In the past decade, our group and collaborators have reported the use of
genetically modified TMV particles as nanostructured templates for various ECS
devices. Integrating the TMV process with microfabrication techniques, Ni-coated
TMVs (TMV/Ni) have served as nanoscale three-dimensional current collectors for Li-
ion battery and supercapacitor electrodes.?*17119.121 These nanoelectrode architectures
have relied on additional thin-film deposition steps for the formation of uniform ECS
layers on the TMV/Ni.

A NiO-based ECS system was selected for the evaluation of the hierarchical Ni

electrodes based on our expertise in evaluating ECS electrode materials. This also
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extends the library of TMV-based ECS electrodes by incorporating new
electrochemically active material (NiO) which has not been investigated before. The
formation of NiO layer on TMV/Ni surfaces were enabled by simple thermal annealing
process in a box furnace filled with air. The thermal annealing process is characterized
using X-ray photoelectron spectroscopy (XPS, Kratos AXIS 165 spectroscopy), and
transmission electron microscopy (JEM 2100 FEG-TEM) with scanning TEM (STEM)
and electron energy loss spectroscopy (EELS) capabilities. As-prepared electroless Ni
on TMV is metallic with residual oxides (NiO) and hydroxides (Ni(OH).) on its
surface.!* Thermal oxidation at high temperatures can result in removal of Ni(OH)
and increase in the NiO content as illustrated in Figure 2-6. For process optimization,
TMV/Ni electrodes are annealed at four different temperatures - room temperature, 200
°C, 300 °C, and 400 °C - in an air-filled box furnace. The temperatures were ramped at
a rate of 5 °C min! to the target temperatures and spontaneously cooled down to room

temperature after a 2-hour annealing step.
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Figure 2-6. (a) Top-down E image of TMV/Ni nanostructure and (b) schematic description of thermal
oxidation process for creating NiO-shell layer over TMV/Ni-core.

7 ¢ Yy - " .-A' *. . $ v
3 . - ) "o wo y
X ~ ! ’ N g -
A I T g S

.

49



XPS is a surface sensitive analysis method that allows clear observation of the
increase in NiO content on TMV/Ni surfaces with the increase in annealing
temperatures. Figure 2-7 compares the XPS spectrum of Ni 2ps2 and O 1s (electron
orbitals) from the four samples, and three clear indications of NiO formation are
observed from the spectrum analysis: (1) NiO formation over the Ni surface results in
the peak intensity/area percentage reduction and increase at 852.2 eV (Ni 2p3s, Figure
2-Ta-c) and 529.5 eV (O 1s, Figure 2-7e-f), respectively, with more abrupt change at
300 °C. (2) The plots in Figure 2-7d and 2-7h are unique spectrum configurations for
crystalline nickel oxide with the peaks revealed at 854.2 eV and 529.5 eV for Ni 2p3p.
and O 1s, respectively.!8! (3) The complete removal of the peak at 852.2 eV from Ni
2p32 indicates increased growth of NiO on/into the Ni at higher annealing

temperatures. 82
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Figure 2-7. XPS analysis of (a-d) Ni 2pz» and (e-h) O 1s from the TMV/Ni electrodes annealed at
different temperatures; (a, €) room temperature, (b, f) 200 °C, (c, g) 300 °C, and (d, h) 400 °C.
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The uniform formation of NiO on a TMV/Ni nanorod after the 300 °C annealing
process is verified by STEM in Figure 2-8a. The obtained high-angle annular dark-field
(HAADF) image clearly shows the TMV/Ni-core covered by NiO-shell via image
contrast variation reflecting the differences in atomic numbers of the constituent
materials. Also, the EELS analysis further confirms the core-shell nanorod structures
with Ni and O scanning profiles along the cross-section of the rod structure. The
resulting TMV/NIi/NiO nanorod electrode features ~ 130 nm final thickness,
predominately defined by duration of electroless Ni coating process (4 minutes), with
uniform coating of a thin NiO active layer having continuous electrical connection with
the underlying Ni current collector. The thickness of TMV/Ni/NiO nanorod electrode
is ~50% thinner than previously reported TMV templated electrodes (TMV/Ni/TiOx,
TMV/NI/Si, TMV/Ni/V.0Os, etc.), which required additional deposition of 30 to 60 nm-
thick active layers over TMV/Ni 24117121 This represents a significant advantage of the
annealing process resulting in minimal blockage of the spacings between TMV/Ni rods
during the active layer formation allowing full access of electrolytes into the open
nanocavities and active layers for optimal performances. The final electrode structure
is shown in the diagonal and cross-sectional SEM images in Figure 2-8b and c,
respectively. The fabricated Au-coated Si micropillars are approximately 70 um tall
with 7 um and 14 pm dimensions for pillar diameter and spacing between nearest
neighboring pillars, respectively. The hierarchical Ni/NiO electrodes are successfully
fabricated via formation of an ultra-high density TMV-based active network over the
high-aspect-ratio uPAs. As discussed earlier, the IPA treatment of the electrode surface

does not hinder structural stability of TMVs during their self-assembly process yet
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allows complete and uniform coating of the biological scaffolds along the micropillar
surfaces into the deep microcavities (Figure 2-8c). Based on our previous reports (up
to 7-fold increase in energy densities by TMV nanostructures),?* and the calculated
surface area enhancement factor (x4.5) from the micropillar arrays, nearly 30-fold
increase in areal charge capacity (uUAh cm™) is expected in electrochemical

performance characterization.
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Figure 2-8. STEM-EELS analysis and SEM images of the fabricated electrodes: (a) STEM image of a
TMV/NIi/NiO nanorod with EELS analysis. (b) Diagonal and (c) cross-sectional view of the hierarchical-
Ni/NiO electrodes.

All electrochemical characterization is performed using a potentiostat (Biologic
VSP-300) with a three-electrode-system (working: NiO electrodes, counter: Pt-foil
(1x1 cm?), reference: Ag/AgClin 1 M KCI) immersed in 2 M KOH aqueous electrolyte
(NiO + OH™ < NiOOH + ¢7). Optimal annealing temperature was characterized by

testing nanostructured-Ni/NiO (TMV/Ni/NiO on planar Au substrate) electrodes in
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galvanostatic charge/discharge cycles at 2 mA cm 2, and the reversible charge storage
behavior was characterized in cyclic voltammetry with a range of scan rates (10 — 100
mV s1). All electrochemical testing was performed within the 0 - 0.5 V potential
window vs. Ag/AgCI reference electrode. The electrochemical performance of the
hierarchical-Ni/NiO electrodes is evaluated in comparison with nanostructured- and
planar-Ni/NiO electrodes (the planar-Ni/NiO electrodes were prepared by electroless-
Ni metallization on planar-Au substrate, without TMV self-assembly, followed by the
300 °C annealing process). The differences in charge storage performance between the
three electrodes were analyzed in correlation with changes in both the double layer
portion of the charge capacity and electrode morphologies (examined using JEM 2100
FEG-TEM and Tescan XEIA FEG-SEM) — in correlation with the changes in
electrochemical impedance spectroscopy (EIS) — through charge/discharge cycling to
investigate the cause of nonlinear charge capacity increase phenomena observed during
the initial charge/discharge cycles.

Based on the XPS analysis results, nanostructured electrodes (TMV/Ni on
planar Au substrate) were annealed at temperatures above 200 °C (250 °C, 300 °C, 350
°C, and 400 °C). As shown in Figure 2-9a, the areal capacity of the electrode results in
a significant increase at 300 °C annealing condition (20.5 pAh cm™2) compared to the
250 °C annealing condition (4.3 pAh cm™2), while the electrodes annealed at higher
temperatures show degraded performance with 10.2 uAh cm™2 and 2.2 uAh cm™2 for
350 °C and 400 °C annealing conditions, respectively. The significant increase at the
300 °C annealing condition can be explained by the facile thermal oxidation process of

Ni at 300 °C.*3 The lower capacities measured from samples processed at temperatures
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above 300 °C can be attributed to both an increase in active layer thickness which limits
rate capability, and the growth of oxides on/into Ni layer resulting in loss of
conductivity of the electrode system. The cyclic voltammetry (CV) curves for
electrodes annealed at 300 °C, shown in Figure 2-9b, exhibit reversible faradaic
reaction with clear corresponding redox peaks for NiO confirming its battery-type

charge storage behavior within a wide range of scan rates (10 — 100 mV s™3).
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Figure 2-9. Electrochemical characterization of nanostructured-Ni/NiO electrodes; (a) Galvanostatic

discharge plots of the electrodes annealed at different temperatures. (b) CV curves of 300 °C-annealed
nanostructured-Ni/NiO.

In order to evaluate the increase in areal charge capacity of the hierarchical-
Ni/NiO, the NiO electrodes are prepared in three different electrode geometries (planar-
, anostructured-, and hierarchical-Ni/NiO). All electrodes are annealed at 300 °C for
two hours. The areal discharge capacity measured by galvanostatic charge/discharge (2
mA cm2) is compared between the three electrode types over the first 500 cycles. As
shown in Figure 2-10a, the electrodes are successfully cycled with no signs of
operational failure with the charge capacities ordered in expected hierarchy (planar <
nanostructured < hierarchical). However, a significant nonlinear capacity increase is
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observed over the 500 cycles for the nanostructured- and hierarchical-Ni/NiO (26 %
and 193 %, respectively), while the planar-Ni/NiO show minimal increase of 7 %.
Comparing the nanostructured- and planar-Ni/NiO, an approximately 10-fold increase
in areal capacity is achieved at the 500" cycle (24.3 pAh cm 2 vs. 2.5 pAh cm2), which
is a noticeable improvement from our previous report (7-fold increase).?* The increased
enhancement factor from 7 to 10 is assigned to the preserved TMV/Ni morphology

during the active layer formation step as discussed in previous section.
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Figure 2-10. Comparisons of initial capacity increase for the three different electrode geometries;
hierarchical, nanostructured, and planar. (a) Areal capacity of the three electrodes (hierarchical-,
nanostructured-, and planar-Ni/NiO) over the first 500 galvanostatic cycles at 2 mA cm™2. Discharge
plots from 2", 250™, and 500™ cycles with comparisons of estimated double layer and total charges in
(b) hierarchical, (c) nanostructured, and (d) planar electrodes. (e) Areal capacity increase of the
hierarchical-Ni/NiO at three different current densities (0.02, 0.2, and 2 mA cm2).
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For the hierarchical electrode, the initial capacity is measured lower than
expected. However, the capacity reaches a very high value of 81.4 pAh cm™2 after the
nonlinear increase by the end of the 500" cycle. This exceeds that of the
nanostructured- (24.3 pAh cm2) and planar-Ni/NiO (2.5 pAh cm™2) by 3.3 and 32.6
times, respectively. It is hypothesized that the capacity increase is due to the increase
in both active material (oxidized Ni) and surface area/mesoporosity during the
charge/discharge cycling.

To test the hypothesis, the change in active surface area for the different
electrode structures was examined during the initial capacity increase. From the
discharge plots in Figure 2-10b through 10d (displaying 2", 250", and 500" discharge
cycles per electrode types), the amount of double layer charge, which greatly depends
on the active surface area, is estimated from the potential range outside the major redox
potential window.'® Specifically, the double layer charge is calculated in the potential
range of 0.35 - 0.5 V for the three sample types, and the values are compared with the
total charge (0 — 0.5 V) at three different cycles (2", 250", and 500"). A similar
increasing trend between the double layer and total charge can be observed (Figure 2-
10b through 10d) from all three electrode types, which strongly supports the
assumption of the active area increase during the initial cycling. It is very likely that
the larger increase in areal capacity observed for the hierarchical versus the
nanostructured electrodes is attributed to the dual length-scale architecture of the
hierarchical electrode, particularly the micropillar morphology. The rate dependence
of the capacity increase of the hierarchical electrodes has also been examined. As

shown in Figure 2-10e, lower current densities show higher rate in the initial capacity
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increase per cycles due to the increased time of charge diffusion at the
electrode/electrolyte boundary. This result holds for all three electrodes as saturation
in the areal capacity increase is reached faster at lower current densities. The
hierarchical electrodes tested at 2 mA cm2 show excellent cycle stability up to 1500

charge/discharge cycles without any capacity fading (Figure 2-10e).

400 m
J 3
Figure 2-11. Electron microscopy images comparing TMV/Ni/NiO surfaces and structures after different
steps in the experimental process. (top) TEM images comparing thickness of NiO layers at three different
conditions: (a) pristine electroless Ni on TMV, (b) after 300 °C annealing of TMV/Ni, and (c) after 20
galvanostatic charge/discharge cycles of TMV/Ni/NiO at 2 mA cm™. (bottom) SEM images comparing
TMV/NI/NiO (d) before and (e) after 1000 galvanostatic charge/discharge cycles at 2 mA cm™2.

To further understand the capacity increase phenomena, changes in both the

NiO layer thickness and the nanostructure morphology during the initial cycles were

57



examined in electron microscopy images as shown in Figure 2-11. The TEM images
shown in Figure 2-11a through 11c compare the electrode surfaces after different stages
in the experimental process (Figure 2-11a: pristine electroless Ni, Figure 2-11b: after
300 °C annealing step, Figure 2-11c: after 20 charge/discharge cycles at 2 mA cm™2).
The thickness of the NiO layer was approximated by analyzing the apparent difference
in TEM image contrast between metal (Ni) and dielectric (NiO) layers. Comparing the
thickness of the red shadowed region between the dotted line boundaries, a significant
increase in NiO thickness can be observed from pristine Ni (residual oxide) to the
electrochemically cycled electrodes. This implies that there is an increase in active NiO
content not only during the annealing process but also during the initial electrochemical
cycling in KOH electrolyte. Specifically the Ni underneath the thermal NiO layer is
being electrochemically oxidized during charging and participates in charge storage
reactions in the subsequent cycles.!8418° The SEM images shown in Figure 2-11d and
11e compares the nanostructure morphology of the TMV/NIi/NiO electrodes (Figure 2-
11d) before and (Figure 2-11e) after a 1000 charge/discharge cycles. A significant
change in surface morphology along with an increase in diameter of the nanorod
electrodes are observed after the extended number of electrochemical cycling. The
observations combined suggest two mechanisms involved in the material activation
process during the initial cycling; 1) uniform growth of the NiO layer underneath the
annealed oxide layer (Figure 2-11c), and 2) formation of a complex mesoscale structure
within the NiO film (Figure 2-11e). Considering these observations in correlation with
the non-linear capacity increase phenomena, it can be inferred that the suggested

activation stages play a significant role increasing the charge capacity along the initial
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cycle. The non-linear increase, reaching saturation level, is possibly due to the

concurrent loss in nanostructure porosity by the expansion in diameter of nanorods.
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Figure 2-12. The Nyquist plots acquired from (a) planar-Ni/NiO and (b) nanostructured Ni/NiO during
the first 500 galvanostatic charge/discharge at 2 mA cm™. (c) The Randles circuit diagram used for
analysis of the Nyquist plots and (d) areal discharge capacity of the nanostructured- and planar-Ni/NiO
electrodes over the first 500 cycles acquired along with the EIS measurements.

The EIS analysis (0.25 V working electrode potential vs. Ag/AgCI with 20 mV
AC perturbation sweep from 1 Hz to 100 kHz) shown in Figure 2-12 also supports the
idea of complex activation of NiO during the initial cycling. The Nyquist plots can be
analyzed by looking at the two frequency regions where the plot generally displays
semi-circular plot configuration at high frequencies reflecting a combination of the bulk

electrolyte resistance (Rs), charge transfer resistance (Rct), and double layer capacitance
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(Cai), while the straight line in the lower frequency region represents diffusion-
governed electrochemical processes, interpreted by Warburg-impedance (Zw). The
Nyquist plot acquired from planar- and nanostructured-Ni/NiO electrodes are shown in
Figure 2-12a and 12b, respectively. The charge transfer resistance of the planar-Ni/NiO
is estimated to be ~35 Q from the arc-shape in the high frequency region (> 137 Hz)
using Randles-equivalent circuit (Figure 2-12c). Over the initial 500 cycles, there is no
noticeable change in the plot configuration which is in good correspondence with the
steady charge storage performance of the planar-Ni/NiO electrode (Figure 2-12d).
However, the plot acquired from the nanostructured-Ni/NiO (Figure 2-12d) shows a
significant change over the initial cycles. The overall impedance of the electrode is
largely reduced compared to the planar-Ni/NiO attributed to the increase in active
surface area by the TMV scaffolds. Also, the semi-circular plot configuration at the
high frequency region (> 867 Hz), is significantly depressed/diminished showing
almost a linear line in all consecutive measurements. This is an indication of low Rt of
the nanostructured-Ni/NiO better facilitating faradaic charge storage reactions.'8%187
More interestingly, the appearance of the arc-shape in the low-frequency linear lines
(< 137 Hz) become distinctive along with the increase in cycle numbers — implying
both the emergence of secondary charge transfer kinetics and reduction of the involved
Rct along with the activation phases of the NiO layer during the initial cycling.

These results combined strongly imply that the electrochemical formation of
NiO (or Ni(OH).) content and an increase of the mesoscale active network ultimately
cause the increase in active surface area resulting in enhanced charge storage

performance. Also, the non-linear increase and saturation of the charge capacity
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increase suggest that this electrochemically induced process is self-limited most likely
due to limited charge diffusion and reduced electrical conductivity as a result of the
active layer growth into the TMV/Ni-core. Combined results can provide further
understanding of previous reports showing similar capacity increase phenomena in
micro/nanostructured NiO electrodes for different ECS applications.169175176.179

The hierarchical-Ni/NiO electrodes were fabricated based on the TMV/Ni
robust nanostructure platform integrated with Si-based uPAs. The uniform formation
of thin NiO active layer is achieved by a simple thermal oxidation, and the formation
of TMV/Ni (core)/NiO (shell) nanorod is confirmed by STEM and EELS analysis. Both
the well-preserved nanostructural porosity of TMV/Ni after the annealing process and
the successful integration of TMVs with Si microstructures allowed unprecedented
charge capacity increase factors — x10 with the nanostructured electrodes, and x32.6
with the hierarchical electrodes compared to the planar ones — when compared with
other TMV-templated ECS systems reported previously. Also, the analysis and
discussions on the interesting charge capacity increase phenomena of the TMV/Ni/NiO
electrodes should be applicable for understanding the electrochemical behavior and
degradation mechanisms of other micro/nanostructured NiO electrodes investigated for
ECS applications. This work greatly expands the potential applications of TMVs for
next generation ECS devices with simple fabrication and excellent electrochemical
cycle stability. If the uniform formation of other transition metal layers can be achieved
over TMV surfaces, the annealing process can be further expanded for creating nano-

core (metal)/shell (metal oxide) electrodes to benefit additional advanced ECS systems.
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2.4. Chapter Summary

In this chapter, integration of TMV 1cys particles with pPAs displaying different
densities has been studied indicating critical dependence 3-D surface biomolecular
functionalization on density/aspect ratio of the device structures. The surface
pretreatment of the 3D electrodes with IPA have allowed uniform surface
functionalization with TMV1cys on pPAs displaying SARs up to 5:1 - indicating that
this method to, which increases the wettability of the 3D structured surface, is a route
for enhanced biofunctionalization. The performance of TMV-uPA assembled
hierarchical electrodes has been characterized in NiO-based ECS system demonstrating
a significant increase in charge storage performance. Combined results indicate that
development of methods to allow uniform functionalization of the biomacromolecules
on surfaces of densely arranged 3D structures - overcoming the limitations of
wettability - will allow biomaterial-based manufacturing methods for creating fully

scalable micro/nano device components.
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Chapter 3: Electrowetting-Assisted 3D Biofabrication

3.1. Wetting Properties of Micro-/Nano- Structured Materials
Considering biomolecules require storage in properly buffered liquid solutions

to maintain their biological function, it is crucial to understand the wetting properties
of device substrates for successful immobilization. Wetting is the ability of a liquid to
maintain contact with a solid surface resulting from intermolecular interactions when
both are brought together. This is a surface phenomenon at the molecular scale, and the
level of wetting is determined by the surface tension y balance formed at the
intersection of three immiscible phases (e.g. Ysolid-liquid, Ysolid-gas, Yliquid-gas)- 1he balance
of these three surface tensions at equilibrium is often characterized by measuring the
contact angle 0c of a sessile drop which translates into the wettability of the solid
material. Figure 3-1 describes the relationship between the three surface tensions and
the contact angle, and the Young equation (Eq. 3-1) provides a mathematical
interpretation of the force balance between the surface tensions at thermal
equilibrium.* The wettability of a material surface is defined by the measured contact
angle with ¢ = 0 © for complete wetting, 0. <5 ° for superhydrophilic surfaces, , 5° <
Bc < 90 ° for hydrophilic surfaces, , 90 ° < 6. < 150 ° for hydrophobic surfaces, 150 ° <
8c < 180 ° for superhydrophobic surfaces, and 6. = 180 °© for non-wetting. Wettability
heavily relies on the surface energies between the interfacing immiscible phases and
the roughness or microtextures of the solid substrate in contact with the liquid.*® In
particular, the superhydrophobic states with 6. above 150 ° are only achievable with
rough or micro-textured surfaces which have received significant attention due to their

extreme water-repelling and surface-cleaning capabilities.*®

63



Gas (or immiscible phase)

Yquuid»gas

y oA
. . c
quwd Y solid-liquid 7| Ysolid-gas

Figure 3-1. Contact angle (6c) formation of sessile drop on solid surface.

Ysolid—gas = Ysolid—liquid + Yliquid—gas Cos ec (Eq 3'1)

Figure 3-2 shows two distinct wetting states of a uPA substrate - an exemplary
microtextured substrate widely utilized for studying the effect of microtextures and
roughness on wetting.*®* The wetting of liquid on rough/textured surfaces involves the
balance between liquid penetration into the rough groove and entrapment of air bubbles
inside the groove underneath the liquid. The basis for studying equilibrium wetting on
rough surfaces was initially established by Wenzel,'*? Cassie, and Baxter.'®® The
Wenzel equation (Eq. 3-2) models the homogeneous wetting regime (Figure 3-2a) and
yields the Wenzel apparent contact angle 0" in relation to the Young contact angle 0c
via the surface roughness ratio r. The surface roughness ratio is defined as the ratio of
the true area of the solid surface to its nominal area. While this equation is applicable
when dealing with a heterogeneous wetting regime (Figure 3-2b), the Wenzel model is
not sufficient in understand the transitional wetting states. A more complex model was
introduced by Cassie and Baxter (Figure 3-2b) as shown in Eq. 3-3 (Cassie-Baxter
equation). They considered the heterogeneity of the surface material and wetting by
dividing the surface roughness ratio r into rs and f, which are the roughness ratio of the

wet surface area, and the fraction of solid surface area wet by the liquid, respectively.
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It should be noted here that the two equations (Eq. 3-1 and Eq. 3-2) become identical

when f =1 (rf = r), and both equations are correct only if the liquid drop is sufficiently

large compared with the typical roughness scale.%

Yliquid-gas Niquid-gas
Vsolid-liquid ~ © "

u 0.
Ysolid-gas ".,\Ysolid-liquid ,’%id-gas
— - B —— -
(a) Wenzel Model (b) Cassie-Baxter Model
Figure 3-2. Wetting on puPAs. (a) Wenzel and (b) Cassie-Baxter Model.

cos 6" =T - cos 6 (Eq. 3-2)

cos O =r-f-cosBc+f-1 (Eq. 3-3)

3.2. Electrowetting Technique for Droplet Manipulations

While the hydrophobic nature of densely and heterogeneously arranged
microtextures has proven beneficial for certain applications (self-cleaning optical
surfaces, water-repellent coatings, etc.),'%>1% these features become major obstacles
for successful functionalization of biorecognition elements onto high surface area
devices by limiting the introduction of biomolecules into deep microcavities. More
significantly, structural hydrophobicity is even present when there is a hydrophilic
surface chemistry (e.g. metals used for transducer electrodes)® 2% and it becomes
more challenging to induce a transition in wetting state (e.g. Wenzel state to Cassie-

Baxter state) when the structures are designed with a higher density and aspect ratio.?*
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Different methods have been investigated for controlling transitions between
the Cassie-Baxter and Wenzel states. For instance, Lafuma et al. have applied a
pressure load onto a sessile drop of water sitting on a square lattice of triangular spikes
(2 um height and spacing) comprised of a complex UV-curable mixture of
perfluoracrylates and non-fluorinated acrylates.'® By using a plate to apply pressure
onto the sessile drop, they were able to achieve ~20° shift in contact angle with an
applied pressure of 200 Pa. The contact angle hysteresis measurement of ~100°
(compared to 5° for original sessile drop) supported their argument that the wetting
state had made the transition from Cassie-Baxter to Wenzel state. Another effort to
induce increased structural wettability was achieved by Nakae et al. using a surfactant
(sodium dodecyl sulfate (SDS)). SDS is a synthetic organic compound widely used in
cleaning and hygiene products (detergent).?%? Mixing SDS with the liquid drop lowers
the surface tension, allowing it to spread better on solid surfaces. While this enhanced
structural wetting, the method is not compatible with biofabrication processes, as it will
cause denaturation of the biomolecules.

(@) ()
5 I Gas

Capacitive layer, C

n!'hqmcl—gas ﬂthmd-gzs

Liquid Vsolid-liquid Yaoid-gas

Solid: conductive substrate Solid: conductive substrate
Figure 3-3. Electrowetting: (a) equilibrium and (b) steady-state droplet configurations.
One interesting method used for material wettability transitions is the use of electric
potential to induce a transition in structural wettability, widely known as

electrowetting.>°2% Due to the high controllability over manipulation of a liquid droplet
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on solid surfaces, it is utilized for a wide range of applications including liquid-based
optical components,?®42% display technologies,?*?°” LOC microfluidics (digital-
microfluidics),?%%2% and, most relevant to this work, for micro/nano-textured surface
wetting.3*219211 Figure 3-3 describes the electrowetting process on a homogeneous
substrate. A liquid droplet with a typical size of 1. mm or less is placed on a conductive
substrate, and the application of an electric potential \V drives a reduction in solid-liquid
surface tension ysolid-liquid inducing a decrease in contact angle and spreading the liquid
over the surface. This is widely understood as a capacitive effect as described in
Lippmann’s derivation (Eq. 3-4), where y solic-liquid iS the effective surface tension at the
solid-liquid interface under the applied voltage, and the capacitance C = goer/dn Where
go is permittivity of free space, and &r and dn are each the permittivity and thickness of
the double layer, respectively. The applied voltage V spontaneously builds an electric
double layer at the solid-liquid interface consisting of charges on the metal surface and

a cloud of oppositely charged counter-ions on the liquid side of the interface.

¥ solid-liquid = Ysolid-liquid — C - V//2 (Eq. 3-4)

CcOS eec = CO0S ec + (C . VZ)/(Z . 'Yliquid-gas) (Eq 3-5)

Incorporating the effect of applied voltage into the Young equation (Eg. 3-1),
the steady-state contact angle can be derived as shown in Eq. 3-5. The contact angle
thus decreases rapidly upon the application of a voltage. It should be noted that the
equation is only applicable within a voltage range below the onset of electrolytic

processes.?% Also, all thermodynamic derivations explaining electrowetting neglect the

effect of gravity, considering that the Bond number (Bo = \/gApRZ/yliquid_gas) -
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measuring the strength of gravity with respect to surface tension, g : gravity
acceleration, Ap: density difference between the two phases (e.g. gas and liquid), R:
characteristic length scale of the liquid geometry - is smaller than unity under ambient

conditions.?®

Table 3-1. Summary of experimental reports of electrowetting on 3-D micro/nano substrates.

. . Contact Angle
Reference 3-D Substrates Liquids Applied Voltages Transition
212 Hydrophobic film coated Si {0.01 M 22V (DC) 160 ° 10 110 °
nanoposts cyclopantanol
50 V (DC) for water
211 . . DI water, ' 155 °to 98 ° (DI water)
Aligned CNT films on Cu 0.03 M NaCl ’1\1(;2!' (DC) for 0.03M 155 ° 10 50 ° (NaCl)
Teflon-coated SU-8
213 microposts on Au-coated 0.01 M KClI 130V (DC) 152°t0 114 °
glass substrate
214 | parylene-coated CNT DI water 80 V (DC) 109 © to ~95 °
210 C4Fs-coated Si hanowires on | 100 mM KCI in| 150 Vtrms (300 Vppat 1 | 164 °to 106 ° (oil)
SiOz substrate both air and oil | kHz) 160 ° to 137 ° (air)
Teflon-coated ZnO nanorods
215 O DI water, 170°to 151 ° (DI water)
on indium-tin-oxide (ITO) 0.3 M NaCl 40V (DC) 155 % t0 77 ° (NaCl)
substrate
216 ﬁa?grg?ggfegi?one 4 CNT o D Water, 43V (DC) for DI water | ~170 © to ~L04 ° for both
anop PP 0.IMNaCl |15V (DC) for 0.1M NaCl | liquids
Si substrate
. . Glycerol +
217 CaFs-coated Si nanopillar NH.CI + DI 21V (DC) 170°t0 ~110 ©
arrays water

In applying these electrowetting principles, a number of researchers have

accomplished demonstrations of wettability transitions in 3-D structured materials

including Si nanoposts, epoxy microposts, and carbon nanotubes (CNT), as

summarized in Table 3-1. Evidently, all examples feature hydrophobic surface

chemistry (e.g. fluorocarbon coating, CNT), and the addition of the micro/nano

structures leads to superhydrophobicity. Due to the implementation of hydrophobic

material coatings (insulating dielectrics) or the limited conductivity of CNT nanowires,
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most of the work required using voltages above the electrolytic reaction boundary to
induce a sufficient wettability transition. While lower voltages are expected to function
on exposed conductive substrates, applying electrowetting for biofabrication demands
careful consideration of the effect of applied voltage levels to the integrity of
biomolecules to validate electrowetting biocompatibility. Additionally, the
effectiveness of AC voltage signal demonstrated by Verplanck et al.?'? is promising for
biofabrication as it might help to significantly reduce the electrolytic reaction upon

wetting of solution into micro/nanocavities.

3.3. Surface Wettability Characterization of the Micropillar Arrays
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Figure 3-4. Comparison of apparent contact angle measurements of 10 ul sessile drops of TMV1cys
solution (0.2 mg/ml in 0.1 M PB solution) on Au-coated (a) planar and (b) uPA (SAR=10) electrodes.
(c) The experimentally measured contact angles (8*) follow theoretically expected trend while there is
increasing disparity with lower SARs.

As an initial step, the structurally hydrophobic properties of Au-coated UPAS
are characterized via contact angle measurements of 10 pl sessile drops of the
TMV1cys solution on Au-coated planar (Figure 3-4a) and pPA electrodes (Figure 3-
4b). While the planar Au surface exhibits a hydrophilic nature with a 65° contact angle,

the uPAs yield more hydrophobic characteristics as indicated by a 132° contact angle
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(Cassie-Baxter state). This is close to the theoretically expected value (136°), calculated
based on the Cassie-Baxter equation (Eq. 3-6), where 6* is the apparent contact angle
on the pPAs, ¢s is the fraction of the solid in contact with the TMV1cys solution, and

0o is the contact angle on the planar Au substrate.

cos 0* =—1 + ¢s (1+ cos o) (3-6)

Figure 3-4c plots both theoretically expected (derived from Cassie-Baxter
equation (Eqg. 3-6) with 60=65° and ¢s calculated from the pillar geometry) and
experimentally acquired contact angles (6*) indicating that the hydrophobicity of the
MPAs decreases with an increase in SAR. The disparity between the two can be
attributed to the gentle pressure applied when loading the droplet onto the pPAs via
syringe tips and hydrophilic surface (Au) inducing liquid pinning onto the pillar tips.?*8
Such a wetting state is only valid when there is no external disruption force due to the
hydrophilicity of the Au surface. Once the Cassie-Baxter state is disrupted with an
external force (e.g. mass loading), a faster transition of the wetting state — indicated by
the droplet spreading into the cavities (transitioning to the Wenzel state) — is observed
with the lower SAR pPAs. It becomes a significant challenge to introduce the solution
into narrower cavities (SAR > 7) that do not easily transition to a Wenzel state,
attributed to less pressure loading per each spacing segment. In other words, the wider
spacing reduces ¢s which as a result increases the fraction of the liquid droplet that is
supported by the micropillars.32'® The TMV1cys droplets on such high SAR pPAs are

readilly movable with no traceable liquids remaining on the electrode surface.
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3.4. Application of Electrowetting for 3D Biomaterial-Device
Integration

(@)

(b) , Au-coated
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Figure 3-5. Schematics of the TMV droplet on uPAs (top) with optical microscopy from the top of the

MPAs interfacing with droplet edges (bottom). The (a) Casie-Baxter state and (b) the Wenzel state of the
droplet is clearly observed in the microscopy images (focusing at edge-on pillar tips) taken before and
after electrowetting, respectively (scale bars: 10pum).

Figure 3-5 describes the initial effort to demonstrate the effectiveness of
electrowetting for introducing TMV solution into the micropillar cavities. A 10 pl
droplet of TMV solution was located on top of the uPAs and a planar electrode was
placed on top sandwiching the droplet in between the two electrodes. A 3-D printed
structural component was used to separate the two electrodes with 1 mm spacing, and
a DC power supply (Agilent E3681A) was connected to supply electrowetting voltage.
While it was difficult to monitor the wetting process due to the top electrode blocking
the light, it was identified that applying a DC 0.6 V for 1 minute would induce sufficient

wetting to allow complete immobilization of TMVs onto 7:1 SAR pPAs. The optical
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microscope images in Figure 3-5 are taken from the wetting edges of uPAs — focused
at pillar tips — before and after the electrowetting. Before applying the voltage, the clear
surface tension boundary is observed at the pillar tips, indicating the liquid is in the
Cassie-Baxter state with the surface in an upward arc shape of liquid surface due to the

hydrophilic surface chemistry. After electrowetting, the boundary at the tip disappeared

indicating the liquid was introduced into the microcavities.

Figure 3-6. Cross sectional SEM images of the nanostructured TMVs on the uPAs (7 1 SAR) (a)
Electrowetting allowed near-complete TMV coverage along the deep sidewalls compared to the (b)
result using the traditional method. (c) The clear functionalization boundary is observed at the wetting
edge demonstrating the discrete nature of the method.

This was further characterized via cross-sectional SEM as shown in Figure 3-6.
A complete and uniform coverage of TMVs on pillar side walls is achieved at the center

of the uPAs (Figure 3-6a), a significant improvement over the traditional method
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(Figure 3-6b) and the IPA treatment method. More interestingly, a clear immobilization
boundary was observed on a single pillar sidewall located at the wetting edge (Figure
3-6¢). This indicated that the wetting of the 3-D structure can be locally controlled
utilizing the surface tension created by the densely arranged pillar surfaces as a control

parameter for lateral spreading of the liquid.
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Figure 3-7. Fluorescent microscopy from (a) electrowetted TMVs on uPAs (SAR 7:1), and (b) non-
electrowetted TMVs on planar Au substrate. (¢) Comparison of normalized average green fluorescence
intensity between (a) and (b).

The biochemical activity and increased immobilization density was
characterized using a fluorescent labeling agent (fluorescein-5-maleimide) targeting
thiols on TMV surface. Fluorescent microscope settings were identical for both images
(e.g. magnification, exposure time, etc.). As shown in Figure 3-7, the electrowetting-
processed TMVs retained excellent biochemical activity. The 5-fold increase in
fluorescence intensity compared to the TMVs on planar Au substrates directly indicates
the increased biochemical reactivity/density due to the underlying uPAs (SAR 7:1).
This increase factor measures slightly below the theoretically expected value of 6.3

(refer to Figure 2-1c). Potential reasons for this result are 1) wider focal depth for the

3D structure compared to the planar substrate, and 2) possible emission losses within
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the volume of the uPAs. While this initial effort has demonstrated the effectiveness of
the electrowetting, a rigorous modification in the experimental configuration was
necessary to allow both 1) characterization of the electrowetting process and 2) better
utilization of the localized functionalization to be able to pattern the hierarchical
arrangement of TMV particles onto a single uPA substrate for arrayed or multiplexed

bioelectronics applications.
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Figure 3-8. (a) An overview of the custom-built system for 3-D electro-bioprinting (3D-EBP) , and (b)
cross-sectional schematics describing the electrowetting-induced structural wettability transition;
introducing TMV1cys into the deep microcavities.
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A custom-built set up was developed to characterize and implement 3-D
electro-bioprinting (3-D EBP) of TMV1cys solutions onto high-density (SAR 10:1)
MPA electrodes. Figure 3-8a illustrates an overview of the developed system
comprising six major elements: 1) TMV1cys solution, 2) Au-coated Si uPA electrode,
3) stainless-steel nozzle with its tip coated with a hydrophobic film (polyimide), 4) AC
function generator (Agilent 33220A), 5) XYZ micromanipulator (Velmex modules),
and 6) optical microscope with high-speed image capture capability (Redlake
MotionPro HS-3). The electrowetting process is conducted in air at room temperature.
The TMV1cys solution functions as a “biological ink” to functionalize and pattern the
MPAs. As mentioned before, the TMV1cys used in this work is genetically modified
with cysteines, which contain thiol groups (-SH), on their surfaces. This allows
TMV1cys macromolecules to self-assemble onto Au surfaces through Au-thiol binding,
and achieve uniform metallization over their nanoscale structure through electroless
plating.!** This is critical for the successful demonstration of this approach, allowing
characterization of functionalization morphology and biochemical activity after the
electrowetting process via SEM and fluorescent labeling. The pPA electrode serves as
a 3-D substrate in the system. The hydrophobicity provides physical control over the
wetting and patterning process by limiting the substrate wetting at thermal equilibrium.
The Au layer coated over the Si pillar structure functions as the electrode for the
electrowetting process, as well as a means for the functionalization of TMV1cys
through the Au-thiol binding mechanism. Considering the hydrophobicity of the
substrate, it is challenging to accurately position the TMV1cys solution on the pPAs,

and even more problematic when the volume of the solution is in the micro-liter range.
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This is overcome by the use of a modified metallic nozzle and the XYZ
micromanipulator positioned over the substrate. Specifically, the hydrophobic film
(polyimide) coating around the outer surface of the metallic nozzle enables formation
of a semi-spherical hanging drop of the biological solution. This key modification
enhances control over the amount of solution dispensed during each electrowetting step
(~1 pl/electrowetting). Without the coating, the dispensed liquid would immediately
roll upward to the outer metallic surface, hence preventing control over the size and
amount of the solution used for the electrowetting step.

The cross-section of the electrowetting step is depicted in Figure 3-8b. As
shown in the left figure, the TMV1cys solution at the nozzle adopts the Cassie-Baxter
state when it is loaded onto the pPAs. When the voltage is applied, an instant transition
in surface wettability is induced, driving the TMV1cys solution into the microcavities
transitioning to the Wenzel state.*® This allows uniform self-assemby/functionalization
of TMV1cys onto the surfaces of the deep microstructures. In order to apply the
electrowetting voltage at the solid-liquid interface formed at the tip of the pillars, an
AC function generator is directly connected to the pPAs and the stainless-steel part of
the nozzle. Using the horizontally positioned microscope, the dynamics of the
electrowetting are characterized by monitoring the apparent contact angle for a range
of applied voltage levels. The frequency of the applied voltage was kept at 10 kHz to
avoid bubble generation from electrolysis of water (as this was observed when working
with DC voltages in the preliminary experiments discussed above).

For these experiments pPAs featuring an SAR of 10:1 were used to control

structural hydrophobicity for electrowetting and to achieve high-density TMV1cys
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immobilization per device footprint. First, the electrowetting voltage is characterized
by monitoring the change in droplet configuration (TMV1cys solution) upon wetting
and measuring the steady-state contact angle at different applied voltages. Figure 3-9
compares the steady-state contact angles of TMV 1cys droplets on planar Au (Figure 3-
9a) and Au-coated pPA substrates (Figure 3-9b). The applied AC voltages are varied
from 0 to 1.2 Vrws featuring O minimum level with peak-to-peak amplitude varying
from O to 2 Vep at 10 kHz, and the steady-state contact angles are measured 3 seconds
after surface impingement (no noticeable spreading is observed at this time point). As
expected, the droplet on a planar Au substrate shows hydrophilic contact angles for all
applied voltage levels with slightly lower measures at increased voltages. However, a
droplet impinging onto the pPA substrate shows a slower and more gradual decrease
in contact angle as the voltage is increased, demonstrating the higher dependancy of its

wettability to the electrowetting voltage compared to its planar counter part.

(a)

Figure 3-9. Comparisons of steady-state contact angles on Au-coated (a) planar and (b) pPA (SAR=10)
electrodes (scale bars: 1 mm). Images were taken 3 seconds after applying the specified electrowetting
voltages.

Figure 3-10 shows the change in contact angles monitored over time, until it

reached steady-state, to characterize the electrowetting dynamics. As shown, there is
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an abrupt change in contact angle of the liquid drops impinged onto a planar surface,
reaching the steady-state contact angle within a second (Figure 3-10a). The steady-state
angles line up with very small differences corresponding to the level of applied voltage
(the 180° is plotted to indicate the abrupt change — it is the tangent angle for the
hemispherical droplet right before impingement). Figure 3-10b plots the change in
contact angles on the uPAs. The primary observation is that the higher voltage induced
a faster change in contact angle due to the increased applied capacitive energy at the
solid-liquid interface (Eq. 3-5). In addition, the electrowetting on uPAs shows three
distict dynamic regions over time. First, an abrupt change in contact angle is induced
upon the application of voltage due to an instant reduction of the surface tension at the
solid-liquid interface. However, this is not as abrupt as observed on the planar surface
as the radial spreading is hindered by the surface tentions formed at the pillar side wall-
liquid interfaces. As a result, a semi-linear region (indicated by the straight dotted lines
on the graphs) is followed where the wetting boundary spreads gradually in the radial
direactions as the liquid reaches the bottom surface. Ultimately, this transitions into a
saturated region as the contact angle approaches a steady state, in which the wetting
does not involve a change in contact angle; the spreading of liquid in radial direction
continues within the microcavities based on visual observation, attributed to capillary
pressure.?’ Overall, this characterization confirms that the wetting within 3-D
structures can be controlled by adjusting the voltage amplitude and duration of
electrowetting, thereby demonstrating the capability to control the biofunctionalization

of 3-D substrates.
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The electrowetting voltage 1.2 Vrms at 10 kHz was identified as optimal for
TMV1cys solution wetting, as determined from the steady-state contact angle
measured from the planar Au and the uPA substrates in Figure 3-10c. Basically, the
voltage level that reached a similar contact angle between the two substrates was
chosen, as this is considered to be an indicative of complete wetting. Lower
electrowetting voltage levels (<1.2 Vrms) would leave exposed pillar surfaces at the
bottom of the microcavities (similar to those shown in Figure 2-4). Also, the AC
voltage signal significantly helped minimize electrolysis, and therefore bubble
generations during electrowetting; when observed with the microscope, there was no
observable bubble generation with the AC voltage, while a DC 1.2 V created noticeable
bubbles on the electrode surfaces and within the TMV1cys droplet during the

electrowetting process, which can hinder successful biofunctionalization.
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Figure 3-10. Comparisons of change in contact angle over time at different electrowetting voltages on
Au-coated (a) planar and (b) UPA (SAR=10) electrodes. (c) The comparison of steady-state contact
angles measured from planar and UPA electrodes indicate 1.2 Vrus as the complete wetting voltage.

The morphology of electrowetting-processed TMV1cys on HPAs was
characterized using SEM after electroless Ni metalization. The cross-sectional images
confirm complete and uniform TMV1cys nanotexturing of the pPAs (Figure 3-11a).

Compared to the previous method using complete immersion of the substrates into a 1
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ml TMV 1cys solution bath (Figure 2-4e), this is a significant improvement considering
the excellent uniformity of the TMV1cys coating at the lower portions of the pPA
surfaces. Figure 3-11b shows the uPAs that are exposed to a TMV1cys droplet without
electrowetting. Isolated TMV1cys macromolecules coated with Ni are only observed
at the top surfaces of the pillars while most of the micropillar surfaces remain
uncovered. This indicates that the Cassie-Baxter state of the droplet is stable throughout
the overnight self-assembly process and raises the significance of the electrowetting-
assisted process as an enabling technology. Figure 3-11c shows the uPAs located at the
wetting edge. Similar to the results obtained from our initial approach, and
corresponding with the optical microscope image shown in Figure 3-12 (taken from the
wetting edge), a clear functionalization boundary is formed on the sidewall of
micropillars located along the wetting edge. The initial limitation from the structural
hydrophobicity plays a critical role in locally confining TMV1cys functionalization on
the 3-D substrate by limiting lateral spreading of liquid with reduced radial capillary
pressure. This is a result of the increased sum of solid-liquid surface tensions owing to
the densely arranged vertical pillar sidewalls. Additional top-down SEM images
(Figure 3-11d) showing the tops of TMV1cys assembled micropillars further
demonstrates the beneficial utility of electrowetting principles for creating uniformly

biofunctionalized hierarchical device components.
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Figure 3-11. SEM images of uPA electrodes (SAR=10) with Ni-coated TMV1cys nanostructures (scale
bars: 40 um unless specified). (a) The electrowetting allowed a complete TMV1cys coverage along the
deep micropillar side-walls compared to the (b) non-electrowetted pPAs. (c) A clear functionalization
boundary formed along a single pillar surface at the wetting edge. (d) Top-down view of the pPAs
showing a uniform TMV 1cys coverage across the electrowetting processed pPAs.
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Figure 3-12. A clear wetting boundary observed in a magnified cross-sectional view of the micropillar
arras.

As a final characterization, the biochemical activity of TMV1cys assembled by
electrowetting was evaluated via the fluorescent labeling as introduced in the earlier
section. . Figure 3-13a and 13b compares the fluorescence emitted by labeled TMV1cys
macromolecules on planar Au and pPA substrates, respectively. A significant increase
in the fluorescence intensity, similar to the case with applying DC voltage discussed
above, is achieved with the hierarchically arranged TMV1cys on the uPAs, attributed
to the increased nanoreceptor density within the functionalization area. Specifically,
the image analysis indicated a ~7-fold increase in intensity (Figure 3-13c), a significant
enhancement enabled by successful TMV1cys integration with the high-density
microstructures. Similar to the results show in Figure 3-7, the enhancement factor
achieved is slightly less than the theoretically expected value of 8.9 (derived based on
the pWPA geometry, Figure 2-1c) due to the aforementioned potential reasons.
Furthermore, in efforts to demonstrate the patterning capability of the developed
biofabrication system (Figure 3-8a), 3x3 hierarchical TMV1cys arrays on 7x7 mm?
MPA substrates were fabricated (Figure 3-13d). As indicated by the error bars in Figure
3-13c, the TMV1cys arrays fabricated through the electrowetting process show

excellent uniformity in biochemical activity. Combined results demonstrate the
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advantages of the electrowetting-assisted 3-D biofabrication technology for building

multiplexed and high-throughput bio/chemical sensing/analysis platforms.

100

50

Fluorescence Intensity, a.u.

TMV-1cys TMV-1cys

"9 ’o o only on pPAs
Figure 3-13. Fluorescent microscopy characterization confirming biochemical activity of TMV1cys after
electrowetting. Comparing TMV1cys on (a) planar and (b) pPAs, (c) a 7-fold increase in fluorescence
intensity is achieved (n=9) with excellent functionalization uniformity and pattern fidelity across the (d)
3x3 arrays of hierarchical bionanoreceptors.

3.5. Development of Automated and Programmable 3D
Biofabrication Technology

The 3D-EBP developed in the above section has been integrated with a state-
of-the-art commercial 3D bioprinter (3D-Bioplotter, Envision TEC) by simply
connecting a function generator (Agilent 33220A) to the printing nozzle and the
substrate as described in Figure 3-14. The built-in graphical user interface allowed
highly automated and programmable 3D-EBP with precise control over nozzle pressure,
printing distance, array size/density, and solution temperature. As the 3D-Bioplotter is
mainly designed for printing materials carried in hydrogels (e.g. gelatin, alginate, corn

starch, etc.), the controllable pressure and time ranges for ink extrusion at the nozzle
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are optimal for higher viscosity fluids compared to the buffer solution used in this work.
Through multiple iterations at the lowest extrusion time and pressure ranges, the
optimal process parameters have been determined as 0.3 second extrusion at 0.1 bar
with a 100 um distance from the nozzle to the substrate. It should be noted here that
these parameters strongly depends on the nozzle size and the viscosity of the ink

solution.

enerator
« Connects to print-nozzle i i
and substrate eSS e e e e EE R :
« Continuously applies
10kHz sinewave at 1.2 Vims J |

+ Nozzle pressure
* Printing distance
* Solution temperature

Figure 3-14. (a) Overview of the programmable 3D-bioprinting system integrating 3D-EBP with a
commercial bioprinter. (b) lllustration of TMV solution impinging onto the uPA from teflon-modified
needles. The solution impinging onto the uPA surface without electrowetting (left) keeps a spherical
shape without further access/spreading into the microcavities (Cassie-Baxter state), while the droplet
impinging with electrowetting (right) selectively wets the underlying cavities (Wenzel state).

In this initial demonstration, a 32-gauge stainless steel needle (inner diameter:
100 pum, outer diameter: 260 um) was utilized with a hydrophobic modification at the;
the tip was dipped into Teflon solution (Teflon™ AF 400S1) and cured at 180°C for
3mins. A syringe was connected during the curing step to continuously flow air through
the tip preventing blockage during the curing process. As aforementioned, the
hydrophobic coating at the tip was critical to isolate the droplet forming towards the
substrate during extrusion (Figure 3-14b). Compared to the previous modification
using polyimide tape, the dip-coating based modification with Teflon solution resulted

in a very thin film thickness (~1 um). This was significantly beneficial for reducing the
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droplet size hanging downward at the tip before impinging onto the substrate. The
electrowetting voltage was continuously applied during the printing process by
seamlessly integrating the function generator to the metallic -nozzle and -printing bed
without hindering the printing operation. Based on the characterization results
discussed in section 3.4, a sinusoidal voltage signal of 1.2 Vims at 10 kHz was applied
to induce uniform and localized wetting of the TMV1cys ink into the pPAs. All
processes were conducted at room temperature with ambient humidity. Both the print-
bed and the bio-ink cartridges were kept at 10°C to extend the stability of TMV1cys
particles throughout multiple printing processes. The bio-printed electrodes were
incubated overnight in a humid chamber for self-assembly of TMV 1cys particles onto

the electrode surface through thiol-Au binding.*!*

Dangling
TMV droplet

! TMV droplet arrays

in Wenzel state

| TMV droplet
in Cassie-Baxter state
Figure 3-15. Optical images comparing the TMV1cys solution droplets on uPA electrodes (SAR 10:1).
(@) No electrowetting: hydrophobic nature of the uPA electrodes limits the droplet printing onto the uPA
surface resulting in a failure in printing process. (b) Electrowetting: continuous application of

electrowetting voltage during the printing process allows successful patterning of uniform droplet
volumes on the pPA electrodes.

Figure 3-15 compares the printing processes on pPA electrodes (SAR: 10)
under two different conditions emphasizing electrowetting as an enabling method.

When the printing process is conducted without applying the electrowetting voltage
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(Figure 3-15a), the extruded droplets at the printing nozzle do not settle onto the uPA
surface, and instead accumulate at the nozzle until falling onto the surface due to
gravity (the droplets loaded onto the uPA surface do not penetrate into the cavity).
However, with the application of the electrowetting technique (Figure 3-15b), the 3D-
EBP allowed consistent dispensing of ~1 uL of the bio-ink (0.2 mg/mL TMV1cys
solution in 0.1M phosphate buffer solution) onto the uPA electrodes throughout the
programmed array patterns by successfully introducing the bio-ink into the designated
micro-cavities. The spacing between the droplets has been set to 1 mm to prevent
adjacent droplets from merging. Particularly for creating discrete patterns, the liquid
merging between neighboring droplets becomes problematic for lower SAR pPA
electrodes as they are more susceptible to lateral spreading during the electrowetting
process (further discussed in the next section). However, the merging event can be
utilized for creating continuous patterns on the 3D substrate.

In order to characterize the TMV1cys printed on the UPA electrodes using SEM,
an electroless Ni coating (identical to the process introduced in previous sections) was
performed after the overnight incubation step. As shown in Figure 3-16a, all pPAs
featuring different SARs/densities were successfully coated with the TMV1cys at the
printed spots. The top-down SEM images taken at the droplet boundaries confirm the
localized patterning of the TMV1cys within the 3D substrate with more surface
functionalized particles identified on the printed side (left from the light-blue line)
compared to the non-printed area (right from the light-blue line). However, it should
be noted that the TMV1cys density on the pPA electrodes with higher SAR is

noticeably less compared to that observed from the lower SAR electrodes. This can be
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attributed to limited TMV 1cys diffusion from top to bottom of the electrodes for dense
microstructures. Also, compared to the previous efforts in the earlier sections, the
reduced volume of the droplet-per-print seems to play a critical role for this result.
Compared to the pPAs without electrowetting (Figure 3-16b), the nanoparticles
assembled on the lower bottom of the pillar surfaces in Figure 3-16a (SAR 10:1)
confirm that the ink solution has successfully reached the bottom surface with

electrowetting, indicating that the use of higher concentration ink can help increase the

biofunctionalization density on high SAR uPA electrodes.
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Figure 3-16: Process evaluation using SEM. (a, cross-section view) TMV1cys particle coating on all
sidewalls of the pPAs has been achieved (observed as surface textures). (a, top-down view) Also, clear
functionalization boundary has been observed at the wetting edges (blue-dotted line) of each of the uPAs
highlighting the pattern fidelity enabled by structural hydrophobicity. (b) The clean surface of the uPAs
processed without electrowetting further emphasizes electrowetting as an enabling technique for bio-
printing. (c) The pattern sizes ranged from 0.89mm? to 0.37mm? (N=5) following the hydrophobicity
levels of the uPAs. (scale bars: 10um).

The dependence of the pattern/spot sizes on the SARs/pillar densities have been
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characterized by estimating semi-circular pattern boundaries observed from top-down
SEM images. Figure 3-16¢c compares the pattern sizes measured from the pPA
electrodes with different SARS at the respective contact angles - representative of their
hydrophobicity levels. The lower SAR pPA electrodes resulted in a larger pattern size
due to the facile spreading of the bio-ink into the microcavities with the electrowetting
(under the identical process settings, which is in a good agreement with our previous
investigation. The statistical analysis using five different locations of a printed array
show a high consistency in pattern size per SARS, emphasizing the excellent uniformity

and repeatability of the 3D-EBP process.
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Figure 3-17: Characterization of fluorescence intensity from (a) TMV1cys functionalized on planar Au
and pPA electrodes displaying SARs ranging from 3.3 to 10 (scale bars: 100um). (b) A significant
increase in functionalization density is achieve with the uPAs as reflected in the increase in fluorescence
intensity (N=5).

As the electrowetted TMV1cys on uPAs enhances bionanoreceptor density by
surface area enhancement (SAE) factors anticipated from the 3D electrode geometries,

the focus of the fluorescence intensity characterization was on achieving scalable

nanoreceptor density per different SARs of the uPAs. Figure 3-17a compares top-down
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fluorescent microscopy images taken from the printed spots on different electrode
geometries. Under an identical exposure time, TMV1cys printed on pPA electrodes
resulted in a significantly higher fluorescence intensity compared to the planar
electrodes with an excellent patterning fidelity (Figure 3-17a, bottom-right), due to the
underlying microstructure. However, there is a noticeable discrepancy between the
change in increment factor of the fluorescence intensity and the SAE factor calculated
based on the uPA geometry (Figure 3-17b). This is attributed to the lower density of
TMV1cys on the high SAR UPAs as supported by the SEM characterizations in Figure
3-16a, indicating that control over bio-ink concentration may need optimization to
obtain highly controllable functional scalability of the resulting nano/micro/bio-

integrated components.

3.6. Chapter Summary

In this chapter, the limited wetting property of the uPA to aqueous TMV1cys
solution has been characterized in comparison with theoretical expectations. The
characterization of TMV1cys assembly on Au-coated Si-pPAs having different
micropillar densities has identified structural hydrophobicity as a key limiting factor
for 3-D biofunctionalization. A major breakthrough of this study was achieved by
adopting electrowetting principles, which circumvented structural hydrophobicity
limitations to enable the controlled patterning of 3-D assembled bionanoreceptors on
high-surface-area microstructures. Results from this study demonstrate the potential of
electrowetting technologies to serve as robust platforms for the biofabrication of
micro/nano/bio integrated 3-D devices and systems. These findings offer new

possibilities for developing advanced 3-D components beneficial for a range of
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microdevice applications including micro energy storage/harvesting, biochemical
sensing, micro thermal management, water-repellent surfaces, etc.

The simple principles, readily available system components, and the minimal
volumes of biological solutions have allowed further integration with an existing
bioprinting system demonstrating a fully automated, scalable, and readily adaptable
biomanufacturing technique available for a wide range of applications. While the
presented demonstration utilizes a particular biomaterial of interest to our work
(TMV1cys), this manufacturing technology is applicable for integrating other
micro/nanomaterials (DNA, proteins, cells, carbon nanotubes, graphene, etc.), stored
in agueous media, onto conductive hydrophobic electrodes. Possible applications
include developing energy storage/harvesting devices, biochemical sensors, optical
metamaterials, heat management devices, superhydrophobic surfaces, and more.
Overall, the innovative 3D biomanufacturing process generates excellent opportunities
for advancing on-demand bio-integrated devices, opening up unprecedented

possibilities in micro/nano/bio integrated fabrication technologies and platforms.
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Chapter 4: Conjugation and Catalytic Activity of Enzymes on
™V

Prior to introducing the strategy adapted for immobilizing enzymes via TMV,
previous works using TMV as a template for molecular assembly has been reviewed to
identify potential bioconjugation routes suitable for this work. Table 4-1 (pp. 93)
summarizes some of the major TMV modifications demonstrated over the past 15
years, providing diverse references showing TMV modification processes for a range
of applications. Evidently, the genetic engineering and chemical conjugation strategies
have interconnected critical roles that can vastly utilize TMV for implementation
towards advanced nano- and micro- systems. For example, genetic engineering, which
uses mainstream molecular biology techniques (e.g. recombinant DNA, polymer chain
reaction, transformation into host cells, etc.), allows direct replacement or insertion of
an alien amino acid group (e.g. cysteine) into the primary amino acid sequences
(consisting of a chain of 158 amino acids), directing 100% modification of the viral
coat-proteins. Also, small peptides specific to a target-of-interest can be expressed on
surfaces ideal for developing biorecognition elements, vaccines, or targeted drug
molecules. However, the scope of the compatible modifications are limited due to size
restrictions and interaction stabilities between the neighboring amino acids, as the
TMV coat proteins would not fold and bind correctly when the conditions are
compromised.?*® Alternatively, chemical conjugations offer a wide range of tools and
mechanisms to broaden the spectrum of potential functionalities and applications. The
covalent binding sites available on either wild-type or genetically-engineered TMVs
(e.g. Lys (amines), Tyr (aromatic carbons), Cys (thiols) allow direct or indirect

conjugation of desired proteins onto TMV surface. However, the necessity for
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cumbersome post-processing after purification of TMV particles and the complexity
when optimizing conjugation steps are potential drawbacks compared to the genetic

modification strategies.

4.1. On-Chip Chemical Conjugation Leveraging Genetically
Engineered TMV

Among the range of TMV modification methods (Table 4-1), some of the
prominently utilized modification strategies involve a combination of multiple
techniques: genetic modification with inserted cysteines followed by chemical
conjugation through thiol-maleimide reaction as described in Figure 4-1. The reaction
can be induced in a buffered solution (pH6.5 - pH7.5) at room temperature and requires
no catalytic reaction.??® Given the reliability, efficiency, selectivity, and simplicity, the
thiol-maleimide reactions have been a primary means of bioconjugation for several
decades. However, while the application of cysteine-modified TMV has been widely
demonstrated for the synthesis of inorganic materials, the use of thiol-maleimide
conjugation for creating TMV-based biorecognition elements has only been
demonstrated very recently by Koch and her co-workers by conjugating enzymes with
hetero-bifunctional cross-linkers (CL).>21%¢ Also, this previous work will be used as a
benchmark for an on-chip bioconjugation process developed in this work with respect

to the electrochemical performance.

pH 7.5-7.5

0

Cysteine-modified TMV Maleimide Thioether bond

Figure 4-1. Conjugation of cysteine-modified TMV with maleimide through thioether bond.
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Table 4-1. Modification strategies for TMV or TMV-VLPs in a wide range of research areas.

biomolecule with ZnP
donor and FbP acceptor

-N/A

REfreEs Areas of Application TMV Modification
Research pp Genetic Engineering Chemical Conjugation
110 Metal (Co, NI) nanowirel _ pep1aced Gly-155 with Ser-155 | - NIA
synthesis
112 Inorganic Metal (Au, Ag, Pd) - Inserted Cys on positions 2 and | N/A
nanomaterial | nanocomwire synthesis | 3
synthesis Metal (Co, Ni)
24,114,115 nanostructure - Inserted Cys on position 3 - N/A
fabrication
Chemophore-based liaht - Thiol-reactive chemophores onto
221,222 . pnore gnt Replaced Ser-123 with Cys-123 |  Cys-123 via maleimide-thiol
Light harvesting biomolecule ;
. reaction
harvesting Light harvestin
223 nanomaterial g 4 - FbP onto Cys-127 via maleimide-

thiol reaction

brain vasculature

224 Fluorescent labeling - Inserted Cys on position 3 ) F_Iuoresc_ent_ mole_cules on_to Cys
via maleimide-thiol reaction
130 Explosive chemical - Inserted T_NT bir}ding pe_ptide
sensing on C-terminus with terminal - N/A
TAG amber stop codon
Biorecognition - Inserted FLAG-epitope on C-
129,134 | elements Antibody sensing terminus with terminal TAG - NIA
amber stop codon
- Inserted Cys on position 3
- Glucose oxidase and horse radish
52,136 Enzymatic sensing - Replaced Ser-3 with Cys-3 peroxide onto Cys using
maleimide-biotin crosslinker
- Tnl-antigen onto Cys-3 via Sn2
displacement reaction
. - Tn4-antigen onto Cys-3 via
225 TMV. nanoparticle -, alkyne-n”?aleimide c)r/osslinker and
carrying tumor- - Inserted Cys on position 3 CUAAC reaction
Vaccine associated antigen (Tn) - Tn-antigen onto Tyr-139 via
development diazonium coupling and CUAAC
reaction
TMV nanoparticle - Antigenic proteins (OmpA,
226,227 carrying multiple . DnaK, and Tul4) onto Lys via
protective antigens for |~ Inserted Lys on N-terminus EDC and NHS assisted catalytic
F. tularensis reaction
Photodynamic therapy . e 1o
228,229 for treatment of - Replaced Thr-158 with Lys-158 |~ é?(;i?;or onto amines via “click
Melanoma cancer Y
- Anticancer drug doxorubicin onto
Glu-97 and -106 of inner cavity
pH responsive drug- using hydrazone bond
230 Drug delivery delivery for cancer -N/A - Cyclic Arg-Gly-Asp onto
therapy external surface through
diazonium coupling and CUAAC
on Tyr-139
. - Cyanine5 dye onto Glu-97 and -
50 Antlcancer_drug 106 on internal cavity via
(phenanthriplatin) -N/A carbodiimide coupling and
delivery CUAAC
ggﬁ;ﬂﬂ;ﬁﬁilﬁ; - Conjugation of Gd(DOTA) onto
231 paramagnetic “N/A Tyr (external surface) and Glu
gadolinium ions (Gd) (interpal channel) via dizon_ium
Bio-imaging | chelated with DOTA coupling and CuAAC reaction
Nanocarrier for - Imaging dye (BF3-NCS) onto
55 intravital imaging of -N/A exposed amines or hydroxyl

groups on Tyr 139

- CUAAC: Copper(l)-catalyzed azide-alkyne cyclo-addition reaction (“click” chemistry) 22,

- The numbers after the amino acids indicate sequence of the primary amino acid chain of TMV CP (LTR reading), comprised
of 158 amino acids.
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Figure 4-2. lllustrations outlining the on-chip TMV-GOx bioconjugation process.

Figure 4-2 illustrates the on-chip bioconjugation process developed in this work
for GOx immobilization via TMV1cys: I) self-assembly of TMV1cys on Au surface by
introducing 20 ul TMV1cys solution (0.2 mg/ml in 0.1 M phosphate buffer, pH7)
covering surface area of ~7 mm?2. The electrode sample was incubated overnight at
room temperature for the self-assembly. This was followed by successive introductions
of I1) a CL (EZ-Link™ maleimide-PEG11-biotin) and 111) streptavidin-conjugated GOXx
(GOx-STR). Each conjugation step lasted 5 hours at room temperature and the
electrode surface was rinsed 3X in PBS after each step to remove any unreacted/excess
molecules. It should be highlighted that the GOx immobilization in this work is
conducted directly on the device surface to leverage the robust and high density
TMV1cys self-assembly on Au surfaces. This differs from the previous work,5%1%
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where the conjugation steps were conducted prior to electrode immobilization. The
simple conjugation reactions (thiol-maleimide binding and biotin-streptavidin binding)
requiring only proper control over pH levels at room temperature in the absence of any
catalytic reagents allowed facile bioconjugation process on-chip where control over
reaction conditions (e.g. mixing between solutions, species concentrations) is not easily
obtainable.

The GOx immobilization density can be varied depending on the density of self-
assembled TMV1cys and conjugation efficiencies between the thiol-maleimide
(thioether bond) and biotin-streptavidin (bio-affinity) binding. In the previous work by
Backer et al.,>> maximum conjugation efficiency of 50% was achieved (50% of surface
cysteines on TMV being conjugated with GOXx) by optimizing the molar concentration
ratios between the reaction molecules. The key factor in achieving maximum
occupancy of GOx on TMV1cys surface is maintaining the high molar concentrations
of the binding molecules (e.g. CL or GOx-STR) compared to that of the binding
substrate (TMV1cys or TMV1cys/CL depending on the conjugation steps), in the
conjugation solution. However, this was not a viable approach in this case as the molar
concentration of the surface functionalized molecules could not be quantified.
Alternatively, consistent concentrations of TMV1cys (0.2 mg/ml in 1X PBS, pH7) and
CL (2.5 mg/ml in 1:9 DMSO:PBS) has been used while the concentration of GOx were
varied. The molar mass of a TMV1cys particle is about ~40 MDa with ~2130
thiols/particle. The 0.2 mg/ml of TMV1cys translates into 5 nM concentration of
TMV1cys, and ~10.7 uM for the surface exposed thiols. Considering the molar mass

of the CL is 922.09 Da, the molar concentration of the CL used in the conjugation step
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is 2.71 mM, which in result exceeds a recommended concentration ratio of 1:20 for
maximum binding reaction (note that the amount of self-assembled TMV1cys is less
compared to its original solution). The GOx-STR comes in 1 mg/ml concentration (in
PBS, pH7.2) when purchased. Considering the 135 kDa of GOx-STR molar mass (80
kDa for GOx + 55 kDa for STR). This translates into 7.4 uM of GOx-STR molar
concentration in its original solution. Since this concentration is on the order to that of
TMV1cys solution during self-assembly, different concentration ranges has been used
for the on-chip bioconjugation process to investigate the need for higher molar
concentration GOx-STR.
4.2. Characterization of Enzymatic Activity On Chip via
Colorimetric Assay

Prior to electrochemical characterization of the TMV/CL/GOx electrodes, a
colorimetric assay was performed to confirm enzymatic activity of GOx immobilized
via the on-chip conjugation method. As described in the sequential stoichiometry
equations below (Eqg. 4-1 and 4-2), H>0: is a byproduct of glucose oxidation catalyzed
by GOx and can be measured by introducing a reporter enzyme, horseradish peroxidase
(HRP), with a chromogenic substrate. Luminol, which is widely known as a
chemiluminescence substrate emitting weak light (A = 425 nm) upon HRP catalyzed
reaction, is used as the chromogenic substrate in this work; the reduced product of the
luminol, 3-aminophtalic acid, results in a color change of the reaction solution and the

optical absorption can be correlated with the level of enzymatic reaction.
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GOx reaction: B-D-Glucose + O, - D-gluconolactone + H20- 4-1)

HRP reaction: Luminol + H2O> - 3-aminophthalic acid + hv + N2 (4-2)

The enzymatic reactions for the colorimetric assay was carried out in 1 ml
polystyrene cuvette: 1) the reaction mixture was prepared by adding 10 ul of HRP
(prepared 1X PBS, 100X dilution) and 1 ul of luminol (prepared in DMSO, 1000X
dilution) solutions into 980 ul of 1X PBS (pH7.2). 2) After immersing the electrodes,
10 ul of glucose solution prepared in a 100X higher concentration of the targeted level
was mixed and left suspended for 15 minutes to allow production of H2O>, inducing a
color change with the oxidized luminol (3-aminophtalic acid) via HRP. After 15
minutes, the electrodes were removed from the reaction mixture and 700 pl of the
reacted solution was transferred to a quartz crystal cuvette to perform optical UV-Vis

absorption spectroscopy in the wavelength (1) range of 250-600nm.
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Figure 4-3. Baseline UV-Vis absorption spectra acquired from reaction solution for the colorimetric
assay: (a) Signature absorption spectra for luminol, HRP and their mixture. (b) The tight overlapping of
the absorption spectrum from HRP/luminol mixture over a superpositioned spectra independently
acquired from HRP and luminol solutions.
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Luminol and HRP have specific absorption peaks at Auminot = 302 nm and 352
nm and Axre = 400 nm, respectively. Figure 4-3a shows a baseline scan (without
glucose-GOx reaction) to confirm those peak positions from the reaction solution. The
overlap of the two absorption spectrums (Figure 4-3b) from 1) a solution mixed with
both luminol and HRP (green line) and 2) a superposition of the spectrums acquired
independently (red diamond) is shown to support that further change in the absorption
spectra is due to the oxidation of luminol in the presence of H,O>.

Figure 4-4a shows the change in absorption spectrum with the enzymatic
reaction on electrodes at different glucose concentrations. Compared to the
experiments for Figure 4-4, luminol concentration was increased by 1.5X (100 uM to
150 uM) and the HRP concentration was reduced by 30% (2.3 uM to 0.7 pM) to reduce
the overlap from HRP peak at Are = 400 nm and to increase the absorption response
from 3-aminophtalic acid at Az-aminophtalic acid = 390 nm, respectively. As clearly shown,
the absorption intensity from luminol at both A = 302 nm and 352 nm is decreasing as
it is being oxidized to 3-aminophthalic acid. Also, an increase in absorption intensity
above A = ~370 nm is observed corresponding to the yellowish color change of the
reaction solutions as shown in Figure 4-4b. The 10 mM glucose concentration did not
fall into the incremental trend (Figure 4-4c), corresponding to the results in the luminol
absorption regime, where higher absorption intensities were measured at both A = 302
nm and 352 nm, this is considered to be due to the deviations in the density or activity
of the immobilized enzymes. Based on these results, absorption at Az-aminophtalic acid =

~390 nm was selected for further analysis.
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Figure 4-4. Colorimetric assay with Au/TMV1cys/CL/GOx electrode at different glucose concentrations:
(a) Oxidation of luminol results in decrease in optical absorption at A = 302 nm and 352, while there is
an increase in absorption at the wavelength range above A = 370 nm. (b) Optical images of the analyzed
reaction mixtures showing yellowish color with different color density corresponding to the glucose
concentration. (c) Relative change in absorption with respect to 0 mM glucose concentration sample to
show corresponding opposite-trend change between at peak locations associated with maleimide and 3-
aminophthalic acid (yellowish color).

In order to confirm effectiveness of the TMV 1cys and the chemical conjugation
strategy for GOx immobilization, the colorimetric assay was performed with six

different electrodes:

E1l: Bare Au (Au);

E2: TMV1cys self-assembled on Au (Au/TMV1cys);

E3: TMV1cys conjugated with CL on Au (Au/TMV1cys/CL);

E4: Non-specifically bound GOx on Au (Au/GOx);

E5: Non-specifically bound GOx on Au/TMV1cys (Au/TMV1cys/GOX);

E6: Chemically conjugated GOx on Au/TMV1cys/CL (Au/TMV1cys/CL/GOX);
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The absorption intensity acquired is shown in Figure 4-5a. The electrodes
samples (E1-E3) as negative controls showed no relative change in optical density
compared to a baseline measured without any electrodes immersed. Compared to the
positive controls injected with GOx (E4 and E5) the GOx immobilized onto the Au
surface via TMV1cys (E6) showed a higher colorimetric response resulting in higher
optical density. This confirms that the TMV1cys and the crosslinking chemistry was
effective for robust and high-density immobilization compared to the non-specifically
bound GOx samples. The luminol concentration in this case was further
increased/adjusted compared to the initial response characterizations (Figure 4-3) by a
factor of 4 to increase the absorption intensity response range to better observe the

differences between the electrode samples.
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Figure 4-5. Colorimetric assay of electrodes prepared in different conditions to (a) confirm effectiveness
of the on-chip bioconjugation method and (b) investigate dependence of GOx-STR concentration used
in the bioconjugation step to electrode enzymatic activity.

As mentioned in section 4.1, the relatively low molar concentration of the GOx-
STR solution (7.4 uM) brings a consideration for maximizing the GOx immobilization
as its concentration is comparable to the surface exposed thiols on TMV1cys solution

(~10.7 puM) used in the self-assembly step. In order to understand this potential
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limitation, the Au/TMV1cys/CL/GOx samples were prepared with different GOXx
molar concentrations following the protocol described in section 4.1. Fortunately, the
absorption intensity acquired from the different electrodes shown in Figure 4-5b
indicated that the enzymatic activity on the electrodes results in a saturation at its
increase above GOx-STR concentration of ~2 uM. Based on this result, 3.7 uM of
GOx-STR (50% dilution of the original stock) was used as an optimal concentration

for the on-chip conjugation step.

4.3. Scalable Enzymatic Activity On-Chip

The on-chip bioconjugation method has been combined with the electrowetting-
assisted 3D biofabrication technique (3D-EBP) developed in Chapter 3 towards the
demonstration of an enhanced and scalable enzymatic activity on bioelectronic devices.
As illustrated in Figure 4.6, 3D-EBP was used for introducing TMV1cys onto the Au-
coated Si pPA electrodes, allowing for a uniform coating over the 3-D surface. This
also generated a pathway for additional molecules to be introduced in the sequential
conjugation steps for GOx immobilization. All process steps are thus identical as
introduced above except the use of 3D-EBP at the initial wetting of the TMV1cys
solution into the uPA cavities. In order to evaluate the scalable enzymatic activity on
the electrodes due to the 3-D microdevice structure, two different uPA electrodes
featuring surface area enhancement (SAE) factors of 3 (pillar spacing: 21 um) and 6.3
(pillar spacing: 10 um) has been utilized (pillar diameter and height is 7 um and 70 pum,
respectively, and see section 2.1 for the details on SAE calculation) to compare with

the results from planar Au electrodes.
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Figure 4-6. Illustration of the 3D-EBP incorporated bioconjugation process on Au-coated Si uPA
electrodes.

The colorimetric assay was performed as described above with 2.3 uM HRP,
150 uM luminol, and 10 mM glucose in 1 ml PBS (pH7.2) solution with the electrodes
immersed for 15-mins at room temperature. Considering the different droplet spot sizes
per substrate wettability when introducing the TMV1cys via 3D-EBP (see Figure 3-
16c¢), specific absorption intensities have been derived for a proper evaluation, which
divides the original absorption intensity acquired from the reaction solution by the foot-
print area occupied by the droplet after 3D-EBP (the foot-print areas were calculated
using an image processing software, ImageJ). It should be noted that this method
assumes the absorption intensity (below 1) is linearly proportional to the enzymatic
reaction rate occurring at the electrodes, and this can be supported by the corresponding
increase in the absorption intensity versus glucose concentration shown in Figure 4-4c.

Figure 4-7 compares the SAE factors of the different electrodes with the
corresponding increase in specific absorption intensities achieving scalable enzymatic
activity on chip. Compared to the TMV1cys/CL/GOx on planar electrodes, the uPA

electrodes amplified the enzymatic reaction rates by factors of 4 and 5.5 with the uPA
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electrodes featuring SAE factors of 3 and 6.3, respectively. This is significant,
providing a highly scalable process for designing enzymatic reaction rates or the
immobilization densities on chip that is easily applicable for a broad range of
applications (biomimetic material synthesis, bioenergy harvesting, biosensors, etc.).
The deviations between the two factors (SAE and incremental factor of the specific
absorption intensity) can be attributed to the 1) variations in TMV1cys self-assembly
density per electrode geometry (Figure 3-16a), and 2) the potentially limited
diffusion/access of the conjugation molecules (CL, GOx-STR) into the high-aspect-
ratio microcavities. Optimizations with respect to solution concentrations per
SAE/geometry and droplet mixing on the chip can further help advance the developed
technology, provided that the essential process for 3-D bio-device integration is viable

for creating functional and scalable bioelectronics components.
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Figure 4-7. Scalable enzymatic activity on-chip enabled by 3D-EBP process on puPA electrodes (the
ratios in parenthesis on the x-axis labels indicate pillar diameter/pillar spacing).
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4.4. Understanding Electrode Kinetics with TMV/CL/GOXx
Conjugations

While the TMV provide an excellent template for high-density GOXx
immobilization, it is important to understand how the electron transfer kinetics are
affected by the passivation of non-conducting proteins. As discussed in section 1.3.4,
different charge transfer mechanisms (e.g. mediated electron transfer, direct electron
transfer) have been investigated for enzyme-electrode systems. An effective charge
transfer mechanism is mainly determined by the arrangement of GOx with respect to
the electrode surface. Particularly, a close proximity between the GOx and the
conductive element is important for efficient charge transfer. High-surface-area
conductive nanomaterials such as carbon nanotubes for gold nanoparticles have been
widely utilized as electrode materials to increase both the current density and potential
that GOx will interface at close proximity (with and without specific chemical
conjugation).6323 Combining the nanoscale electrode materials with the TMV-
assembled GOx is an attractive approach for enhancing the performance of enzyme-
based bioelectronics through more regular and high-density arrangement on the
enzyme onto the conductive elements. However, considering the scope of this work,
the electrochemical characterizations introduced in this chapter will focus on 1)
investigating the effect of biomolecules immobilized on the Au surface on the charge
transfer Kinetics, 2) identifying the primary charge transfer mechanism, and 3)
achieving scalability in the electrochemical performance with the incorporation of the
microscale electrodes (Au-coated Si-uPAs). All electrochemical characterization was

performed at room temperature in 1X PBS, pH7.2.

104



As a first step, the impact of TMV1cys self-assembly onto planar Au electrodes
on charge transfer kinetics has been investigated using cyclic voltammetry (CV, scan
range: -0.1 - 0.6 V vs. Ag/AgCl, scan rate: 100mV/s). The characterization was
performed in a beaker-level testing set-up with a three-electrode configuration
(reference: Ag/AgCI, counter: Pt, working: TMV self-assembled Au electrodes).
Potassium ferri/ferrocyanide (1 mM KsFe(CN)s®"# in 1X PBS (pH 7.2) was used as an
electrolyte. The redox current at the Au electrode is a result of the redox reaction of

redox-couples ([Fe(CN)6]> and [Fe(CN)s]*).
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Figure 4-8. Impact of TMV1cys self-assembly to electrode kinetics: (a) Top-down SEM images of Au
electrodes with different densities of self-assembled TMV1cys particles (scale bar: 5um, the images are
taken after electroless Ni coating). (b) Cyclic voltammograms acquired from the four different electrodes
in 1 mM Fe(CN)6% solution in 1X PBS (pH7) and (c) analysis of the change in peak potential separation
and oxidation peak current density showing shift in electrode kinetics from a diffusion-limited to a rate-
determined process (N=3).

Figure 4-8a shows top-down SEM images of the Au electrodes with different
densities of TMV 1cys particles, achieved by using different solution concentrations in

the self-assembly step. Electroless Ni metallization was performed after
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electrochemical characterizations for SEM imaging, and this further highlights the
robustness of the TMV structure and their binding to the gold electrodes. Figure 4-8b
and 4-8c show the cyclic voltammograms at different TMV 1cys surface densities and
the electrode charge transfer-associated parameters, respectively. The correspondence
of both the incremental peak potential separations and the decrease in current peak
intensities, at the same scan rate (100 mV/s), to the surface density implies a decrease
in electrode kinetics; the rate of electron transfer at the electrodes is likely reduced due
to the surface passivation with TMV1cys. The range of the peak separations and the
comparable levels between the oxidation and reduction peak intensities imply that the
charge transfer reaction is in a quasi-reversible regime, indicating that the resulting
currents are predominately governed by the rate of electron transfer rather than a
diffusion-limited process (Nernstian).?3* Compared to previous studies, using smaller
organo-thiol molecules for formation of self-assembled monolayers (SAM) of
respective organic molecules, the result indicates that there are “pin-holes” between the
assembled TMV1cys particles or via the central channels of TMV 1cys, allowing redox
species to access electrode surface for reactions; complete coverage achieved using the
smaller thiol molecules results in no electrochemical current response. 323

The electrochemical characterization with GOx conjugation was performed as
shown in Figure 4-9a. Notably, the conjugation of GOx onto TMV1cys via CL resulted
in a further decrease in charge transfer kinetics with a wider separation in the redox
peak potentials (Au: 87 mV, Au/TMV1cys: 604 mV, and Au/TMV1cys/CL/GOx: 830
mV vs. Ag/AgCl) and a decrease in peak current levels. This is attributed to further

blocking of the pinholes reducing the rate of electron transfers at the electrode surface
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(Figure 4-9b). It should be noted here that the scan range for the CV needed to be
broadened to -0.5 - 0.7 V in comparison to the results shown in Figure 4-8b to be able
to observe the redox peak configuration beyond the -0.1 - 0.5 V potential window. Also,
a lower scan rate of 5 mV/s was needed as the electrode kinetics became more rate-
determined; the redox peaks could not be clearly identified at higher scan rates. Based
on the change in electrode kinetics with TMV1cys/CL/GOx conjugations, the
experiments in the following section, consisting of characterizing the electrochemical
conversion of the enzyme-based catalytic reaction, were carried out by focusing at

redox potentials around -0.3 V (cathodic reaction) and ~0.5 V (anodic reaction) vs.

Ag/AgCIL.
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Figure 4-9. Impact of TMV1cys/CL/GOx conjugations on Au electrode to the electrode reaction Kinetics:
() Cyclic voltammograms acquired from Au, Au/TMV1cys, and Au/TMV1cys/CL/GOx electrodes 1
mM Fe(CN)6%/# solution in 1X PBS (pH7) showing increase in the redox peak separation and decrease
in the redox current levels with respect to the on-chip GOx conjugation steps. (b) Illustrations of the
increase in the biomolecules (TMV1cys and GOXx) with the sequential bioconjugation steps decreasing
the accessibility of reactive species (e.g. Fe(CN)e*'*) to the electrode surface causing relatively slower
electrode charge transfer.
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45. Electrochemical Conversion of Enzymatic Reactions for
Biosensing and Energy Harvesting
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Figure 4-10. (a) Electrochemical characterizations (a) determining MET as an effective charge transfer
mechanism and (b) demonstrating the change in redox current response corresponding to the glucose
concentrations (10 uM -10 mM). (c) A calibration curve is generated using absolute reduction current
peaks to highlight the excellent glucose sensing capability (N=3).

In order to obtain electrochemical conversion of the enzymatic reactions, the
Fe(CN)6*"* redox couple was used as an electron mediator to convey enzymatic
reaction-generated electrons to the Au electrodes (mediated electron transfer, MET).
This was necessary as the direct electron transfer (DET) mechanism was not possible
as indicated in Figure 4-10a - without the mediator molecule, no redox current peaks
were observed in the CV curve in the presence of glucose. This is attributed to the use
of planar Au as an electrode material which does not create a desirable arrangement of
GOx on the conductive element — the cofactor/redox center, flavin adenine dinucleotide
(FAD), of GOx should be directly accessible by the conductive medium with a stringent
theoretical distance requirement (<1.5 nm).2%

With the MET, an electrochemical response in CV corresponding to the glucose
concentration was achieved, as shown in Figure 4-10b, confirming successful
electrochemical conversion of the enzymatic reaction. Figure 4-10c plots a calibration

curve of the absolute reduction current corresponding to the glucose concentration
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levels (10 uM — 10 mM) demonstrating the excellent performance of the
Au/TMV1cys/CL/GOx electrodes as glucose sensors. It should be noted that the
reduction current was selected for determining the sensing capability as the oxidation
currents showed rate-determined behavior with limited current levels compared to the
reduction currents. Particularly, the results can be compared with a recent similar work
by Backer et al.,>? where they demonstrated glucose sensing with post-immobilization
of TMV1cys/CL/GOx on Pt electrodes (see section 4.1 for more details). In comparing
the current density at the same glucose concentration, more than a 20-fold increase in
current density (~3.4 pA/mm? vs. ~0.13 uA/mm? at 10 mM glucose concentration) is
achieved with this on-chip immobilization approach. The significant difference is most
likely due to 1) the increased GOx immobilization density with high-density self-
assembly of TMV1cys on Au surface and 2) the advanced generation of glucose
sensing mechanism (2" generation of glucose sensors relying on MET) incorporated
in this work, whereas the previous work relied on direct reduction of H20,, produced
from the enzymatic reaction, on Pt electrodes (1% generation of glucose sensors).

The MET mechanism with the Fe(CN)6%/+ mediator is outlined in the following
equations (Eq. 4-1 through 4-7). Equations 4-1 through 4-4 describe the electrode
reactions for the reduction current. The first two (Eq. 4-1 and 4-2) describes the
catalytic reaction via the cofactor of GOx, FAD, oxidizing glucose into gluconic acid
and generating H20,. The following two equations (Eq. 4-3, and 4-4) describe the
mediated cycling reaction where the ferricyanide (Fe(CN)e*) is reduced at the
electrodes, then replenished to ferrocyanide (Fe(CN)s* by H20,. Considering that the

change in the redox current peaks is observed at the potential positions for the CV
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acquired with Fe(CN)s>™* only (shown in Figure 4-10a), it can be implied that the
reduction current is mainly governed by the mediated reaction rather than a direct
reduction of H,02 on Au.'® The increase in the oxidation current corresponding to the
glucose concentration, observed in potential range above 0.3 V vs. Ag/AgCl, is also
associated with the mediated cycling reaction as outlined in Eq. 4-5 through 4-7, which

is the standard MET mechanism considered as the 2" generation glucose sensing.°

Reduction reactions:

GOx (FAD) + Glucose > FADH; + Gluconic acid (Eq. 4-1)
FADH; + O, = FAD + H20; (Eq. 4-2)
Fe(CN)s* + Ho03 + 2H+ > Fe(CN)e® + 2H,0 (Eq. 4-3)
Fe(CN)e> + 2 > Fe(CN)s* (charge transfer reaction) (Eq. 4-4)

Oxidation reactions:

GOx (FAD) + Glucose > FADH; + Gluconic acid (Eq. 4-5)
FADH, + 2Fe(CN)s®> = FAD + 2Fe(CN)s* + 2H* (Eq. 4-6)
2Fe(CN)s* > 2Fe(CN)e> + 2e” (charge transfer reaction) (Eq. 4-7)

The Au/TMV1cys/CL/GOx was assembled with a Pt electrode to investigate
bioenergy harvesting performance. In general, the GOx immobilized electrode
functions as an anode providing electrons to a connected load, and Pt can be used as a
cathode taking electrons in its oxygen reduction reaction (ORR).%*” The anodic reaction
can be better understood by the oxidation reaction described in Eq. 4-5 - 4-7. The
hydrogen ions generated in this reaction (Eq. 4-6) are provided to the Pt cathode for the
ORR reaction generating H20 (Eq. 4-8) by taking electrons from the load.
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Oxygen reduction reaction on Pt:

Oz + 4H* + 4e” > 2H,0 (Eqg. 4-8)

The bioenergy harvesting performance of the Au/TMV1cys/CL/GOx (anode) -
Pt (cathode) assembled enzymatic-biofuel-cell (EBC) has been characterized in a
beaker cell with 1X PBS (pH7.2) in room temperature (Figure 4-11a).
Ferri/ferrocyanide (1 mM Fe(CN)g>+) and 10 mM glucose were included to facilitate
the anodic electrode reactions, and the ambient dissolved oxygen was used as the fuel
for the cathodic ORR reaction on Pt. The biofuel cell was connected to different
resistive loads and the corresponding change in voltage across the load was measured
using a potentiostat (Biologic VSP-300) to obtain a polarization curve, describing the
power performance of the EBC. Considering the electrode reduction potential for O>
on a Pt electrode (vs. Ag/AgCl) is ~0.61 V (at neutral pH), the open-circuit potential
(OCP) of the assembled biofuel cell is anticipated to be within a ~ 0.1 — 0.15 V range
considering that the oxidation reaction of the GOx electrode occurring at around 0.5 V
vs. Ag/AgCI. This was evident in the results shown in Figure 4-11b: the open-circuit
potential (OCP, with no resistive load connected) is measured to be ~ 149 mV and
shows a typical response of decreasing OCP/load potential with increasing current due
to the limited charge flow kinetics in fuel cell systems.® The glitches in Figure 4-11b
are due to switching of resistors during the continuous measurement. When converted
into the polarization curve shown in Figure 4-11c, the EBC generated a maximum
power density of 0.86 pW/cm? at a current density of 10.2 pA/cm?. It should be noted
that the surface area for the areal density calculation is the Au electrode surface area

immobilized with TMV1cys/CL/GOXx.
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Figure 4-11. Characterization of Au/TMV 1cys/CL/GOx electrodes as an anode for bioenergy harvesting
applications. (a) Cross-sectional schematic of the assembled EBC illustrating charge flow directions and
the characterization method. (b) A plot of OCP over time with successive replacement of the load
resistors for characterizing power performance, and the (c) polarization curve plotted based on the OCP
measurement.

Compared to the previously reported works using high surface area conductive
nanomaterials,?*® both the OCP and the power density - the standard measures for EBC
performance evaluation —resulted in a low range. This is attributed to a couple of major
reasons: 1) a lack of nanoscale conductive material in the electrode system which can
widen the OCP by reducing the oxidation potential of the anodic electrode via
facilitated electron charge transfer from the enzymatic reactions and 2) the wide
distance between the electrodes, which increases the resistance for hydrogen ion
diffusion across the electrodes in the electrolyte. However, knowing that the EBC
assembled with Au/TMV1cys/CL/GOx produces this polarization curve, the results
achieved are significant in that they allow optimization of the EBC systems
components to be pursued, including 1) combination of conductive nanomaterials for
enhanced electron transfer, 2) replacement of Pt with oxygen reducing enzyme

electrodes for increasing the OCP, and 3) miniaturization of the system with an ion-

selective membrane to reduce the internal resistance. More significantly, with the
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scalable enzymatic activity on a 3-D electrodes, demonstrated in section 4.3, the EBC
performance can be enhanced in a controllable fashion by incorporating the geometry-

controlled 3-D electrodes with 3D-EBP technique developed in Chapter 3.

4.6. Chapter Summary

In this chapter, an on-chip bioconjugation method has been developed for GOx
immobilization using TMV1cys as a robust high-density molecular assembler. The
thiol-Au binding mechanism available with the surface exposed thiols on TMV1cys
allowed careful rinsing of unbound molecules after each conjugation step, which was
critical for reproducible and reliable performance of the enzyme electrodes, as the
control over concentration ratios between the reacting molecules is not feasible in this
approach. The colorimetric assay using HRP and luminol confirmed the on-chip
process to be effective, showing higher enzymatic activity for the
Au/TMV1cys/CL/GOx compared to the positive controls. Particularly, compared to a
recent work where a different immobilization method was used with the same
bioconjugation chemistry, the developed method provides a more efficient
biofabrication strategy by leveraging the optimized sample volumes/concentrations and
by relying on the specific binding mechanisms between the biological template and the
device surface. The on-chip conjugation strategy is also compatible with the
electrowetting-assisted 3D biofabrication technique developed in Chapter 3, allowing
for scalable enzymatic activity on a variety of device surfaces. In addition, the
electrochemical characterization using the Au/TMV1cys/CL/GOx electrodes provides
the fundamental understandings behind the charge transfer mechanisms for

electrochemical conversion of the enzymatic reaction towards high performance
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enzyme-based bioelectronics. Combined results should provide a powerful scalable
approach for manufacturing enzymatic activity-controlled devices for a range of
applications, including biochemistry research, sustainable chemical manufacturing,

and energy harvesting solutions.
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Chapter 5: Concluding Remarks
5.1. Summary

In this thesis research, an innovative biomanufacturing technology, 3D-EBP,
has been developed enabling highly selective and scalable biomolecular assembly on
3-D device components. The successful integration of microscale 3-D device structures
created via conventional microfabrication techniques with a nanoscale molecular
assembler (TMV) enabled hierarchical and modular material assembly approach for
creating highly functional and scalable bio-integrated microsystems components. Si-
based uPA has been adapted as a model 3-D device structure throughout this work as
it allows facile modulation of device functionalities and biomaterial interfacing
properties via rational arrangement of highly ordered geometrical features. Cysteine-
modified TMV (TMV1cys) has served as the biomolecular assembler based on its
excellent functional features including the high surface area structure, densely arranged
surface receptors, environmental robustness, and self-assembling property onto metal
surfaces.

Initial efforts have focused on investigating the dependence of geometrical
characteristics to the self-assembly of TMV1cys on the surface of Au-coated uPAs
displaying different structural densities. The comparative studies have revealed that the
self-assembly of TMV1cys on pPAs, particularly for high density pillar arrangements
on the surfaces located at the deep microcavities, is limited causing failure to provide
uniform surface functionality for reproducible device performance. Through a careful
analysis of the surface morphology and functionalization profile within the

microcavities of different pillar densities, a limited wetting property is present. In such
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3-D micro/nano structured surfaces this has been identified as the key limiting factor
for biomaterial integration with high surface area micro/nanodevices. In order to,
evaluate the material assembly approach for high performance and scalable device
performance, hierarchical electrodes assembled via combination of TMV1cys and
uPAs of lower pillar densities have been characterized in a NiO-based electrochemical
charge storage system, demonstrating a significant enhancement in both power and
energy performances, and expanding the versatility of TMV1cys as a high-surface-area
nanotemplate for assembling a wide variety of energy storage materials. The combined
results indicated that an enabling method to overcome the limiting wetting property
will allow biomaterial-based manufacturing methods to create fully scalable
micro/nano device components.

Based on the understandings of the fundamental limitation behind the 3-D
device-biomaterial integration, the surface wettability of the uPAs has been
characterized using droplets of TMV1cys solution. The results combined with the
theoretical derivation based on the Cassie-Baxter equation, indicated that the wetting
property can be controlled by varying the uPA geometries. The 3D-EBP technology
has been developed by leveraging this controllable factor in which the limited wetting
property of the uPA allowed selective injection of the TMV1cys droplets into the
microcavities, using a capacitive surface wettability-control technique, known as
electrowetting. The droplets confined within the cavities then allowed localized self-
assembly of the TMV1cys onto the wetted surfaces, enabling patterning of the
biomacromolecules on the 3-D device substrate. The electrowetting technique, which

modulates the surface wettability by applying electric potential at the solid-liquid
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interface, was essential in the development of 3D-EBP. The characterizations of the
structural and chemical features of TMV1cys post 3D-EBP strongly confirms that the
biofabrication technique is compatible with the biomacromolecule, and no significant
disturbances to its functional integrity were observed. The proof-of-concept
demonstrations of the automated and programmable 3D-EBP, via a simple system
integration with a commercial bioprinter, further emphasize the significance of the
technology which has strong potential to generate excellent opportunities for advancing
on-demand 3-D bio-integrated devices and systems.

The last part of this research has focused on demonstrating scalable biocatalytic
activities on chip by conjugating glucose oxidase (GOXx) onto the molecular assembler,
TMV1cys. Relying on the robust self-assembly of TMV1cys on metal surfaces (e.g.
Au), an on-chip chemical bioconjugation method has been developed for high density
immobilization of GOx on TMV1cys via a heterobifunctional crosslinker (CL). The
3D-EBP has been applied to perform the bioconjugation process on uPA electrodes
towards demonstration of scalable enzymatic activities on chip. The close
correspondence of the enzymatic activities (measured via colorimetric assays) with the
surface area enhancement (SAE) factors (derived based on the uPA geometry) strongly
supports the successful incorporation of the developed biofabrication technology,
enabling high controllability over the biocatalytic activity on chip. This fundamental
understanding, derived from the electrochemical characterizations, behind the change
in electrode Kinetics associated with the TMV1cys/CL/GOx immobilization
demonstrated both the biosensing and bioenergy harvesting capabilities. Particularly, a

significantly higher redox current density was achieved compared to a recently
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published work®2. This strongly implies that the on-chip bioconjugation strategy was
effective for high density enzyme immobilization via TMV1cys. Combining the
enhanced and scalable enzymatic activity on chip with incorporation of the 3D-EBP,
the developed methods provide a robust and readily employable strategy for advancing

a range of enzyme-based bioelectronics and platforms.

5.2. Future Works

Enhancing electrochemical performance

While the TMV1cys provides an excellent template for high density
immobilization of enzymes, the electrochemical conversion of the enzymatic activity
into electrical currents is limited due to the lack of a proper interface between the
catalytic reaction core and the conductive element. Future efforts in hosting conductive
nanoparticles such as carbon nanotubes or Au nanoparticles into the TMV/CL/GOx
conjugates can directly optimize electrochemical conversion of the enhanced and
scalable enzymatic activity on chip, which is ultimately needed for demonstrating
advanced enzyme-integrated bioelectronics performance. Alternatively, charge transfer
mediating agents can be heterogeneously incorporated with GOx on TMV surface by
targeting different functional receptors (e.g. Lys, Tyr) located at the inner channel using
a different chemical conjugation route. This may allow channeling of the electrons,
generated in the enzymatic reaction, to the electrode surface provided that the electron
path/tunneling is available through the coat-protein layer. Lastly, for enhancing the bio-
energy harvesting performance, incorporating oxygen reduction enzymes (e.g. laccase,
bilirubin oxidase, ascorbate oxidase) instead of the Pt used in this work can increase

the load potentials with higher oxygen reduction potentials. Combined with an
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optimized fuel cell package providing continuous flow of fuels (glucose, oxygen) and
a proton exchange membrane, the enhanced enzymatic activity on chip achieved in this

work with 3D-EBP will translate into a biofuel cell generating practical power outputs.

Microfluidic system development incorporating enzymatic cascade
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Figure 5-1. Exploded illustration of the potential microsystem integrating multiple 3-D
enzymatic cascade forests in microfluidics for energy harvesting.

The ability to immobilize enzymes in a highly controlled fashion can be applied
for developing microscale enzymatic cascade system on chip. Enzymatic cascades are
essential in nature and are applied in a wide range of engineered applications.® Within
a cell, the sequential catalytic reactions are critical in the production of numerous
compounds and processes needed for producing energy and transferring signals. For
research fields and industry, enzymatic cascade can provide an efficient and sustainable
system for synthesis of new materials, therapeutics and energy. As the function of these
cascades is known to highly depend on patterning of these participating enzymes with

nano/micro scale precision, the 3D-EBP combined with the on-chip enzyme
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immobilization technique brings an exciting opportunity for scalable patterning of
enzymes with both micro and nanoscale precisions. Figure 5-1 illustrates a potential
microfluidic energy harvesting system embedded with sequentially arranged enzymatic
cascade forests. System packaging and optimization of control over the flows of
mediators and fuels may be challenging, but more efficient bioenergy harvesting can

be achieved by further inducing the oxidation of the fuels over the cascading reactions.

5.3. Conclusion

The revolutionary advancement in the development of miniaturized devices and
systems equipped with novel functions derived from biomaterials made possible
numerous applications, including biochemical sensors, gene delivery platforms, and
bioenergy production, that ultimately lead to a greater understanding of biomolecular
activities through on-chip characterizations. Over the past two decades, these
advancements have accompanied a rapid evolution of bio-device integration strategies
that permit the controlled deposition and patterning of functional biomaterials onto
device surfaces. Particularly, recent efforts have demonstrated the integration of
biomaterials with 3-D transducers as those structures at micro- and nano- scales,
offering numerous beneficial properties compared to their two-dimensional
counterparts providing enhanced performance or advanced modes of operation for
bioelectronics at miniaturized scales.

This thesis research presents an innovative biofabrication technology, 3D-EBP,
by identifying and addressing a fundamental challenge associated with an inherent
wetting property of microdevice structures. The successful demonstration towards the

development of next-generation enzyme-based bioelectronics, enabling scalable and
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enhanced biocatalytic reactions on a chip, opens up new possibilities not only for the
enzyme-based sensors and energy harvesting devices, but also for developing advanced
bioanalytical platforms or biomimetic systems incorporating a three-dimensionally

arranged bio/nano/micro environment.
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