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Abstract

Chapter 1: Analytical and Electroanalytical Applications of Filamentous

Bacteriophages

Filamentous bacteriophage is one of the most highlighted biomaterial, thanks to
its unique properties: 1) Easy modification of its major coat protein with genetic
engineering and bioconjugation, 2) The regularity of the virions along with large
population and fast generation time, and 3) The high aspect ratio, 7 nm in width and
880 nm in length, which make it an excellent biomaterial for nanomaterial

applications.

First, filamentous bacteriophages are applied as a scaffold of antibody
immobilization for bead-based 3D suspension multiplex immunoassay. The size and
the fluorescence signal of virus-tethered gold microbead is measured at a DC
impedance-based flow cytometer. The large quantity of antibody loading and flexible
movement of filamentous virus enabled signal enhancement, elevating sensitivity by
up to 5.7-fold compared to the beads without virus. This system successfully
accomplished multiplex immunoassay involving four biomarkers: prostate specific
antigen, cardiac troponin I, myoglobin, and creatine kinase MB in undiluted human

serum.

Second, filamentous bacteriophages are genetically engineered to display 3,4-
dihydroxyl-L-phenylalanine (DOPA) onto the major coat protein, where cobalt
oxide-based oxygen evolution catalyst (Co-OEC) are deposited spontaneously. It
was demonstrated that the catalyst formed on the virus shows improved durability
and decrease oxidation state compared with electrodeposited Co-OEC. The DOPA-
displaying virus proposes unconventional way of generating electrocatalysts by

introducing DOPA as a nucleation site as well as a dopant for Co-OEC.
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Chapter 2: Development of Sensitivity-Tunable lon Sensing Platform based on

Reverse Electrodialysis

Reverse elecrodialysis (RED) is a salinity gradient-based power generation
system, of which the output voltage is proportional to the 1) concentration difference
between river water and seawater, and 2) the number of stacks comprising RED.
Inspired by those features mentioned above, RED-based ion sensing platform is
proposed. The cation exchange membranes and anion exchange membranes
constituting traditional RED are substituted to home-made ion- selective membranes
and reference membranes, which generate sample dependent and independent
potential, respectively, and the sensitivity is freely modulated by changing the
number of stacks. This sensing platform is integrated with a colorimetric detection
system based on polyaniline, which is a well-known electrochromic dye,
electrodeposited on one bipolar electrode to display sample concentration-dependent
colors. Combined with the colorimetric detection system, the RED-based ion sensing
platform serves as a power generator as well as an ion concentration selective signal
producer, which realize self-powered and disposable ion sensor with tunable

sensitivity.

Keywords: Filamentous Bacteriophage, Bead-based immunoassay, Multiplex
analysis, Oxygen evolution reaction catalyst, Reverse electrodialysis, bipolar

electrode, ion sensor, sensitivity

Student number: 2014-21240
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Chapter 1. Analytical and Electroanalytical

Applications of Filamentous Bacteriophages

1.1 Introduction

Since phage display technology was first reported by George P. Smith in 1985, it
has played an important role in antibody development. Filamentous bacteriophages
are virus of bacteria, and its well-known strains (M13, f1, fd) has almost identical
biological and structural characteristics. [1] Filamentous bacteriophage are defined
by its long and rod-like shape (~6 nm in width, 880 nm in length), where single-
stranded DNA is enclosed by capsid, which is composed of the ~2700 copies of
major coat protein (p8), along with few copies of minor coat protein. [2] Filamentous
bacteriophage received great attention as a new nanomaterial due to its
characteristics: 1) Capsid is easily modified by genetic engineering, exposing high
copies of functional groups by p8-targeted engineering, or site-specific exposure by
minor coat protein engineering. 2) The regular, controllable length and width of
filamentous bacteriophage with high aspect ratio, along with easy amplification and
purification of the virion copies. 3) Biocompatible, highly stable and robust nature
of filamentous bacteriophage. Many applications with filamentous bacteriophage are
reported, taking advantages of those features mentioned above. The large surface
area of filamentous bacteriophage is actively exploited at the early stage of material
application, for example, as anodic material for lithium ion battery, [3] enhanced
electrocatalyst for water reduction, [4] flexible nanogenerator, [5] and so on. As a
biocompatible material with easy incorporation of various functional group,

bacteriophage was used as a cell guidance, [6] scaffold for bone regeneration, [7]
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and so on. Chemical functionalization of virus requires mild and facile
chemoselective reaction. [8] Chemical functionalization on filamentous
bacteriophage frequently utilize amino group (N-terminal and lysine), and carboxyl
group (glutamic acid and aspartic acid) of major coat protein. For more selective and

specific reaction, tyrosine, and serine or threonine is involved in chemical reactions.

Filamentous bacteriophage is used in analytical and electroanalytical applications
as a vaccine carrier, recognition molecule, and cancer cell imaging. M13 is coated
with metal precursors and used as a template for enzymatic glucose biosensing, [9],
[10] and engineered to expose specific peptides to recognize various bacteria
including salmonella, and human serum albumin. [11]-[13] The combination of
simple, cheap electrochemical method and high specific and easy mass production
of filamentous bacteriophage is considered as a good approach. [14] Although
application of filamentous bacteriophages over last decades have been splendid, it
needs collaborative approach for the future of the filamentous bacteriophage-based

system.

1.2. Multiplex immunoassay using virus-tethered gold micro-bead

by DC impedance-based cytometry

1.2.1. Introduction

The importance of on-field analysis is growing, and high-throughput and portable
bioanalytical system is on demand. [15], [16] Multiplex and bead-based suspension
array can effectively realize the merits of intrinsic testing. There are several
challenges remaining, for competitive multiplex immunoassay methodology,
including effective prevention of nonspecific adsorption, enhanced sensitivity, and

2



smaller instrument for point-of-care use. It is known that self-assembled monolayer
(SAM) can prevent non-specific binding, when it is combined with hydrophilic
functional groups such as polyethylene glycol (PEG). [17]-[19] The PEG-SAM on
gold microbead is shown to prevent non-specific binding compared to commercial

polymer beads in human serum.

The microfluidic chip-based readout device is widely used as bead-based
suspension immunoassay, instead of traditional fluorescence-activated cell sorting
(FACS), especially for point-of-care application [20]-[22]. Although the chip itself
is favorable for miniaturization, the light scattering compartment requires sizable
space and sophisticated alignment. It was previous reported that the size of the bead
could be measured with DC impedance instead of scattered light, and showed fully

integrated chip-based instrument, which showed enhanced portability. [23], [24]

Filamentous bacteriophage is immobilized on the surface of gold micro-bead in
orientation-controlled manner, by genetically engineering its viral terminal (p3).
Immobilization of filamentous bacteriophage with its viral terminus (p3 or p7 protein)
is especially intriguing, in that the free movement of filaments is guaranteed and the
side of the filamentous structure, which corresponds to most of the surface area of
virus, is maximally available. In this work, filamentous bacteriophage is
immobilized on the surface of gold micro-beads in an orientation-controlled manner,
and verified its feasibility in a multiplexed immunoassay with a miniaturized DC
impedance-based microfluidic flow cytometer as a detection system. The enhanced
antibody loading on virus-tethered bead is compared with beads without virus. Four
human oriented proteins, i.e. cardiac troponin I (cTnl), creatine kinase MB (CK-MB),
prostate specific antigen (PSA), and myoglobin is analyzed in undiluted human
serum. With the combination of beads with two different size (10 and 15 um) and

two different fluorophore, four antigens are distinguished simultaneously. (Fig. 1-1)
3
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Fig. 1-1. Schematic process of multiplex immunoassay targeting four antigens.



1.2.2. Experimental

1.2.2.1. Materials

Sfil and Notl were purchased from New England Biolab (Ipswich, MA, USA).
Biotin PEG thiol was purchased from Polypure AS (Oslo, Norway). Biotin, biocytin
Alexa Fluor 488, Alexa Fluor 488-azide, NHS-PEG4-azide, goat anti-rabbit Alexa
Fluor 610-PE, chicken anti-rabbit Alexa Fluor 488, streptavidin conjugated with
horseradish peroxidase (SAV-HRP), sea block blocking buffer were purchased from
ThermoFisher Scientific (Waltham, MA, USA). Mouse 1gG, 3,355
tetramethylbenzidine (TMB)-liquid substrate system, bovine serum albumin (BSA),
PSA from human serum, streptavidin, tetracycline (Tet), Human serum from human
male AB plasma, poly(ethylene glycol) with Mn 8000, NaCl >99.5 % were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Dibenzocyclooctyne-sulfo-
N-hydroxysuccinimidyl ester (DBCO-sulfo-NHS) was purchased from Click
Chemistry Tools (Scottsdale, AZ, USA). Creatine kinase (CK)-MB antibodies,
cardiac troponin | (cTnl) antibodies, myoglobin antibodies, prostate specific antigen
(PSA) antibodies, donkey anti-goat alexa fluor 488, rabbit anti-fd, donkey anti-sheep
alexa fluor 488, cardiac troponin | protein, myoglobin protein were purchased from
Abcam (Cambridge, England). CK-MB protein was purchased from Fitzgerald
(Acton, MA, USA). Electrocompetent TG1 was purchased from Lucigen (Middleton,
WI, USA). fd-tet vector was purchased from Invitrogen (Carlsbad, CA, USA). Gold
layered on poly(methylmethacrylate) (PMMA) microspheres with two different
diameters (10 um and 15 um) were purchased from Nomadien. Dulbecco’s
phosphate-buffered saline (DPBS) (pH 7.3) was purchased from Welgene (Korea).
Amicon ultra centrifugal filter with MWCO 10 kDa was purchased from Millipore
(Billerica, MA, USA). Slide glasses were purchased form Marienfeld (Lauda-

Kdnigshofen, Germany). Hexamethyldisilazane (HMDS), AZ4620 and AZ400K
5



were purchased from Merck (Kenilworth, NJ, USA). UV aligner was purchased from
Midas System (Daejeon, Korea). Buffered oxide etch (BOE) 6:1 solution was
purchased form J. T. Baker (PA, U.S.A.). Furnace (CRF-M15) was purchased from
DAIHAN Scientific (Korea). 3-(trimethylsilyl) propyl methacrylate (TMSMA),
diallyl dimethylammonium  chloride (DADMAC), 2-hydroxy-40-(2-
hydroxyethoxy)-2-methylpropiophenone, N,N’-methylene-bisacrylamide, and
potassium chloride was purchased from Sigma-Aldrich (St. Louis, MO, USA). Ar
laser (150m) was purchased from LASERPHYSICS (UT, U.S.A.). Optical filters
were purchased from Thorlabs (Newton, NJ, USA.). Photomultiplier tubes (PMT)
were purchased from Hamamatsu (Shizuoka Pref., Japan). Syringe pump (KDS 200)
was purchased from KD Scientific (Holliston, MA, USA). 100 um diameter
capillaries (Polymicro Technologies) were purchased from Molex (Lisle, IL, USA).
NanoPort Assemblies were purchased from IDEX Health & Science (Oak Harbor,

WA, USA)
1.2.2.2. Filamentous bacteriophage with acceptor peptide (AP)

The fd-tet vector was cut by Sfil and Notl and the inserts were created by
polymerase chain reaction (PCR) using two primers, AP-F (5 ' -CGG CCA TGG
CAG GTCTGAACGACATCT TCG AGG CTC AGAAAATCG AAT GGC ACG
AAG GCTCCGGTG C-3")and AP-R (5'- GGC CGC ACCGGAGCCTTCGTG
CCATTCGATTTT CTG AGC CTC GAA GAT GTC GTT CAG ACC TGC CAT
GGC CGG CT-3 ). After the vector construct was verified by DNA sequencing, it
was transformed into electrocompetent TG1 cells and plated on lysogeny broth (LB)
containing 20 ug mL-1 of tetracycline (tet). After 1 day, single colony was selected
to be grown in 400 mL of NZY/tet (20 pg mL-1) growth media overnight at 37 °C.
E. coli were removed from cell culture media by centrifugation at 12,000 g for 10

minutes. The supernatant was thoroughly mixed with 1/5 volume of PEG/NaCl and
6



incubated at 4 °C to be centrifuged at 16,000 g for 20 minutes the next day. The
precipitated phages were resuspended in PBS buffer (pH 7.3) and their concentration

verified by spectroscopic method.
1.2.2.3. Optimization of azide conjugation

50 mg of mouse IgGs was incubated with 0.2 mM, 0.5 mM, or 1 mM of NHS-
PEG4-azide for 1 hour. The unreacted NHS-PEG4-azide was removed using
centrifuge filtration for four times, and 0.5 mg of azide-modified antibody was
conjugated to ~1000 DBCO-immobilized SAV beads for 3 hours at RT. The
antibody-modified microspheres were incubated with 0.5 mg of anti-mouse from
rabbit Alexa 594 for 30 minutes and then washed 3 times with PBS. It was identified
that the difference of MFI between 0.2 mM and 0.5 mM was within the detecting
instrument’s error range, and the MFI of the 1 mM azide sample was 12.4 % lower

than the MFI seen for the concentration of 0.2 mM and 0.5 mM.
1.2.2.4. DBCO conjugation on microbead

~35,000 beads were incubated with 0.25 mM (SAV beads) or 2 mM (virus-beads)
of DBCO-sulfo-NHS for 30 minutes at RT. The unreacted chemicals were washed
away with DPBS, and azide-modified antibodies were conjugated with DBCO-
modified beads for 3 hours at RT.

1.2.2.5. Surface modification of gold micro-bead

1 mg of Au-layered microspheres (~500,000 beads) were incubated with 1 mM of
biotin-terminated deca(ethylene glycol) thiol SAM in ethanol for 1 hour. The beads
were washed with DPBS 3 times and stored at 4 °C. ~35,000 beads were incubated
with SAVs (20 mg) for 40 minutes. The unreacted SAVs were washed three times

with DPBS. The SAV-beads were either conjugated with various azide-modified
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antibodies after reaction with DBCO-sulfo-NHS, or conjugated with virus. For virus
conjugation, the SAV-beads were blocked with 1 % BSA for 10 minutes, at RT, and
further incubated with 5.0 x 1012 phage virions for 16 hours, at 4 °C.

1.2.2.6. Immunoassay

After antibody modification, SAV-beads or virus-beads were blocked with
undiluted sea block blocking buffer for 10 minutes at RT. The blocking buffer was
removed by centrifugation, and various concentrations of antigen in undiluted human
serum were incubated with the beads for 10 minutes at RT. For multiplex
immunoassays, three other antigens at a concentration of 1 mg mL-1 were co-
incubated with the target. The beads were washed with DPBS for 3 times, and 0.5
mg of primary antibodies against the target was incubated with the beads for 5
minutes at RT, followed by washing with DPBS for 3 times. For multiplex
immunoassays, 0.5 mg of primary antibodies against the three other antigens was
co-incubated. After 0.5 mg of anti-goat 488 and anti-sheep 488 fluorescent
antibodies were incubated with the beads for 5 minutes and washed away, 0.5 mg of
anti-rabbit 610 PE antibody was incubated with the beads for 5 minutes at RT, and

the fluorescence was analyzed with microfluidic chip.
1.2.2.7. Fluorescence microscopy

Fluorescence was monitored using IX71 (Olympus) equipped with DXM-1200C
CCD camera (Nikon). Au microspheres in 5 pl of PBS were spotted onto glass
microscope slide. At least 20 microspheres were chosen and the mean fluorescence

intensity (MFI) was analyzed using NIS-Elements software version 2.30 (Nikon).



1.2.2.8. Fabrication of a microfluidic chip

A microfluidic glass chip was fabricated by similar photolithographic techniques
to those described in our previous reports. [23], [25] Briefly, glass slides were
immersed in piranha solution (H2SO4:H20 = 3:1) for 30 minutes, then rinsed with
deionized (DI) water and dried with an air blow gun. HMDS was spin-coated onto
cleaned slides at 7000 rpm for 30 seconds. The HMDS-coated slides were placed on
a hot plate at 120°C for 3 minutes. Afterwards, the photoresist (PR) AZ4620, was
spin-coated onto the surface of the slides using a spin coater at 7000 rpm for 30
seconds. The PR-coated slides were placed on a hot plate at 100°C for 1.5 minutes.
The slides were aligned under a film photo mask, and exposed to UV light (365 nm,
18 mJ cm—2) for 22 seconds with a UV aligner. The UV-exposed slides were
developed using AZ400K developer. The slides were then cleaned with DI water and
dried with an air blow gun. Next, the slides were hard-baked at 150°C for 15 minutes.
After cooling to RT, the slides were etched for 33 minutes using 6:1 buffered oxide
etch (BOE) solution. The non-patterned slides were drilled for creating inlet and
outlet holes using 1Imm drill bit, followed by thermal bonding to the patterned glass

in a furnace.

Polyelectrolyte gel plugs were fabricated inside the microfabricated channels for
measuring DC impedance changes, as described in our previous reports. [23], [25]
Briefly, the surfaces of the microfluidic channels were coated with TMSMA to
improve adhesion of the polyelectrolyte gel plugs. Next, the microfluidic channels
were filled with a monomer solution that consisted of DADMAC, 2% photoinitiator
(2-hydroxy-40-(2-hydroxyethoxy)-2-methylpropiophenone), and 2% cross-linker
(N,N’-methylene-bisacrylamide). The desired polyelectrolyte gel plug area was

exposed to UV light (365 nm) under the film photo mask. Then, polyelectrolyte gel



plugs were fabricated only in the UV-exposed microfluidic channels, and the

remaining monomer solution was removed with 1 M KCI.
1.2.2.9. Chip-based immunoassay

An external custom-made circuit generated a 0.8 VV DC bias applied between two
Ag/AgCI electrodes and detected the impedance change between the polyelectrolyte
gel plugs on the microfluidic chip. The DC impedance-analyzing circuit removed
the DC component, and then the impedance signal was amplified by operational
amplifier components. For the simultaneous measurement of fluorescence and DC
impedance, an Ar laser (488 nm) was focused on the detection region in between the
polyelectrolyte gel plugs by an objective lens (40 x, Nikon). The fluorescence signal
was optically filtered by 530/43 and 620/52 nm band-pass filters and detected by
PMT. The impedance and fluorescence signals were transmitted through the DAQ
card (USB-X-6356, National Instruments) with 10 kHz sampling rates. The signals
of beads were saved and matched by using a self-programmed LabVIEW (LabVIEW
2015, National Instrument) program. The averages and standard deviations of each
concentration were calculated by triple measurement of the mean fluorescence

intensity.

The beads and PBS were withdrawn from the outlet by a syringe pump (KDS
200, KD Scientific Inc.) with a flow rate of 10 mL min—1. To generate bottom sheath
flow, DPBS solution in a reservoir was located back of the sample inlet. The syringe
pump and microfluidic chip were connected by 100 pm diameter capillaries with

Nano Port Assemblies (Upchurch).

10



1.2.3. Result and Discussion

1.2.3.1. Characterization of virus-tethered gold micro-bead

Virus-tethered god micro-beads are prepared similar to the previous report on
fabrication of biomimetic architectures on gold micro-beads. (Figure 1-2) [26] In this
work, detailed characteristics of virus-beads are identified to figure out the role of
virus filaments on the multiplexed immunoassay application. Furthermore, several
technical improvement was made including substituting Staudinger ligation to
strain-promoted azide-alkyne cyclic addition using dibenzocyclooctyne (DBCO)
and azide, which is much faster than Staudinger ligation, for bio-orthogonal chemical
ligation between antibodies and phages. In addition, in vivo biotinylation of p3 was

further optimized to make in vitro biotinylation obsolete. [27]
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Fig. 1-2. Surface modification process of virus-tethered gold bead.

a e Vi rué—bead ' '
600 _o— SAV-bead

4001 .

MFI

200+ .

0 1 2 3
DBCO-sulfo-NHS (mM)

b -.-
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Fig. 1-3. Optimization of the concentration of DBCO-sulfo-NHS.

a. optimization between virus-beads and SAV-beads. b. fluorescence of SAV-beads

(upper panel) and virus-beads (lower panel)

12



First of all, | optimized the concentration of DBCO-sulfo-NHS for maximal
covalent modification of amine groups on SAV- and virus-loaded microbeads,
respectively. As expected, when | measured the degree of chemical modification
using Azide-Alexa Fluor 488, the fluorescence plateaued at higher concentration of
DBCO-sulfo-NHS in the case of virus-tethered microbeads (2 mM) when compared
to SAV-microbeads (0.25 mM), which have less amine groups available for DBCO-
sulfo-NHS conjugation (Fig. 1-3 a). Given that the fluorescence intensity increases
linearly before saturation, the virus-beads have roughly five-times more DBCO
terminals available for azide-fluophore conjugation compared to SAV-beads. When
both beads were maximally treated with azide-conjugated Mouse IgGs, the
fluorescence difference between SAV-bead and virus-bead was decreased to 3.3 fold

(Fig. 1-4 a).

The amount of antibody loading on SAV-beads and virus-beads was reconfirmed
using absorption spectrometry. HRP-conjugated anti-mouse 1gGs were captured by
mouse 1gG-conjugated SAV-beads or virus-beads, followed by incubation with
3,3',5,5'-tetramethylbenzidine  (TMB)-hydrogen peroxide solution for the
measurement of absorbance at 370 nm. [28] The number of HRP-conjugated
antibodies on beads were estimated to be 0.97 pg for SAV-beads and 3.62 pg for
virus-beads (3.7 fold difference) by the correlation between the absorption and the
concentration of the HRP-antibody. The difference between SAV- and virus-beads is
similar to the one obtained using antibody-fluorophore (3.3 fold) and smaller than
the one using azide-fluorophore (5 fold), supposedly due to the size difference

between azide-fluorophore (~1 kDa) and antibody-fluorophore (~150 kDa).
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Fig. 1-4. Comparison of SAV-bead with Virus-bead, when antibodies are

conjugated maximally.

a. The MFI from anti-mouse IgG Alexa fluor 488 of SAV-beads and virus-beads after
mouse-lgG was maximally conjugated on each bead. b. The mouse-IgG conjugated
SAV-bead (upper panel) and virus-bead (lower panel) were visualized with anti-

mouse IgG Alexa Fluor 488.
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1.2.3.2. Detection of specificity using DC-impedance based chip cytometry

The feasibility of conducting suspension array-based multiplex detection was
investigated with four different antigens (cTnl, CK-MB, PSA, and myoglobin) in
untreated human serum, and the sensitivity was compared between virus-bead and
SAV-bead. Micro-bead in diameter of 15 um was used for ¢Tnl and CK-MB, and
Alexa Fluor 488 and Alexa Fluor 610-R-PE was used to define the concentration of
each antigen, respectively. Alexa Fluor 488 and Alexa Fluor 610-R-PE share the
excitation wavelengths, which make it easier to simplify the detection part of chip-
based flow cytometer with single lightsource. Likewise, for myoglobin and PSA |
chose 10 pum beads in common, and Alexa Fluor 488 and Alexa Fluor 610-R-PE,
respectively. Thus the combination of the two different fluorescence channels and
the two different bead sizes is sufficient for the multiplex detection of four different

biomarkers.

For simultaneous measurement of bead size and fluorescence, | monitored DC
impedance changes at the spot between two polyelectrolytic gel plugs in the the
microfluidic network, where the laser focal plane is also located (See Fig. 1-1).
Given the dimension of the microchannel, it is possible for more than one smaller
microbeads can pass together to give greater false-positive impedance signals and
vice versa. Therefore, | analyzed impedance distribution profiles of the two different
types of microbeads and individually gated to rule out size overlaps occurring
between 0.3 and 0.5 of apparent impedance (Fig. 1-5). To improve our previous work
and others, | implemented an asymmetric inlet to reduce particle clogging and a dual-
inlet producing bottom layer flow to minimize beads sedimentation at the sample
inlet. [29], [30] With this setup, the efficiency of bead loading could rise, especially

for 15 um beads (data not shown).
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Fig. 1-5. Histogram of the impedance obtained from two different diameters of

Au-micro-beads.

To discriminate the population of singlet beads for each diameter, the impedance of

beads was gated as 0.1~0.3 and 0.5~1.0 for 10 um and 15 pm, respectively.
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Fig. 1-6. Representative DC impedance change and fluorescence signals from

multiplex immunoassay of four different antigens in human serum.

A Impedance signals included in blue and darker blue zones correspond to 10 um
and 15 pm beads, respectively. The impedance peaks (black) synchronized with
either Alexa Fluor 488 (green) or the Alexa Fluor 610-R-PE (red) fluorescence
signals, indicating one of four antigens, i.e. (A) PSA, (B) myoglobin, (C) CK-MB,

(D) cTnl. The background signals were trimmed out for simplicity.
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Fig. 1-6 shows one of the typically observed data of ADC impedance and dual
fluorescence signals, which is the result of multiplex immunoassay of four different
antigens in one pot. The ADC impedance depends on the size of the bead passing
between polyelectrolyte gels, smaller amplitudes for 10 pm bead and bigger
amplitudes for 15 um bead. Each impedance signal is synchronized with one of
fluorescence signal peaks, with either Alexa Fluor 488 or Alexa Fluor 610-R-PE,
and the amplitude of the fluorescence signal corresponds to certain concentration of
antigen that could be calculated from calibration curve. For example, the first bead
from Fig. 1-6 that appears around 152.7 second shows impedance peak of 10 pm and
fluorescence signal of 610-R-PE, indicating that it’s a bead with anti-PSA antibodies
conjugated, with the fluorescent intensity matching for certain concentration of PSA
in serum. The collective result of multiplexed immunoassay is analyzed in section

1.2.3.4.

1.2.3.3. Signal-enhancement in virus-bead based immunoassay

The calibration curves for four different antigens that were acquired from
microfluidic chip is shown in Fig. 1-7. The number of beads collected for each
concentration of antigen was fixed to 100 to secure both time and accuracy of
immunoassay. The distributions of fluorescence in relation to the concentration of
each four antigens of virus-beads are shown in Fig. 1-7 a-d and that of SAV-beads
are shown in Fig. 1.7 e-h. The center of the distribution of fluorescence gradually
increases within the detection region, and the standard deviation of virus-bead and
SAV-bead was 5.72 % and 5.29 % of MFI on average, respectively. In every antigen,
the fluorescence signal was notably enhanced in virus-tethered beads compared to

SAV-modified beads, and the effect of filamentous virions on beads was most
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striking in cTnl with 5.7-fold increase of senitivity (calculated by slope from the
linear range of the calibration curve). Even for other antigens, sensitivities are
increased 1.7, 2.6, and 3.8-fold for CK-MB, PSA, and myoglobin, respectively. The
differences in enhancement by virus-beads among antigens may originate from the
intrinsic properties of protein-protein interactions such as binding constant, size, and
structure. [31], [32] SAV-beads with PSA antigen below the concentration of 3 ng
mL-1 was not able to be distinguished from the background. The signal enhancement
of virus-bead compared to SAV-bead is especially powerful when the fluorescence
intensity is buried by the instrumental background noise in low-concentration range,
as it is shown in PSA. It is noteworthy that the enhancement of assay performance
by virus-beads is greater than the augmentation in antibody loading on virus-beads
(see Fig. 1-4). The non-linear assay enhancement of virus beads could be due to the
flexible and free movement of filamentous structures of virus, which mimics the

heritage of natural evolution found in a variety of biological systems.
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Fig. 1-7. Sandwich-immunoassay profiles are presented for four different

antigens.

The right-most column (i, j, k, I) shows the calibration curve derived from
fluorescence histogram of SAV-bead (black) and Virus-bead (red). The distribution
of fluorescence according to the different concentration of antigen in human serum

is presented for virus-bead (a, b, c, d) and SAV-bead (e, f, g, h)
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1.2.3.4. Feasibility of multiplex immunoassay using Virus-Tethered Gold

Microspheres by DC Impedance-based Flow Cytometry

Fig. 1-8 shows the calibration curve for each antigen in the presence of other three
antigens in human serum, which evaluates the validity of this system in the situation
of multiplex immunoassay. The deviation of MFI between the calibration curves
with and without other three antigens is 4.8 % in average. As it was verified that the
dense PEG-SAM on gold-layered microspheres could effectively prevent non-
specific adsorptions on the beads, the low percentage deviation is likely to result
from the protection of the bead with PEG-SAM. [33] For multiplex immunoassay,
four different virus-tethered microspheres conjugated with PSA, myoglobin, ¢Tnl,
and CK-MB were incubated with randomly chosen concentration of those four
antigens in one single pot. The result was analyzed with 3D coordinate system for
Alexa Fluor 488, Alexa Fluor 610-R-PE, and impedance (Fig. 1-8 b). It is clear that
virus-beads with PSA and myoglobin, which is 10 um in diameter are well
distinguishable from virus-beads with CK-MB and cTnl, which are 15 pm in
diameter. Virus-beads capturing myoglobin and cTnl showed no spillover to Alexa
Fluor 610-R-PE emission region, and virus-beads for CK-MB and PSA shows little
signals in Alexa Fluor 488 emission wavelength. The concentration of each antigen

and the percentage error are presented in Table 1-1.
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Fig. 1-8. Multiplex immunoassay profile in human serum

a. Sandwich immunoassay profiles with virus-beads from multiplex detection
environment in human serum for each antigen. b. The result of multiplex
immunoassay with virus-beads in human serum with the combination of four

different concentration of antigens are presented in 3D-scatter plot.

Table 1. The concentration of four antigens that tested for multiplex

immunoassay with virus-bead in human serum

Antigen CK-MB cTnl PSA myoglobin
10 300

Concentration [ng mL™?] 100 3

MFI from calibration
0.4534 0.3922 0.4557 1.555
curve [A.U.]
MFI measured [A.U.] 0.4327 0.3875 0.4849 1.493

Percentage error [%] 4.565 1.198 6.407 3.987
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1.2.4. Conclusion

Multiplexed and miniaturized immunoassay system is essential for futuristic
point-of-care diagnostics. Bead-based immunoassay system is a promising candidate
because of its requirement of small sample volume and flexibility. However, securing
portability of the whole detection system needs unconventional effort. Moreover, the
non-specific adsorption on the surface of microbeads, pandemic but rarely
mentioned, should be effectively prevented, which otherwise seriously deteriorates
multiplexed immunoassays. Much simpler readout-control device equipped with
powerful functionalities is another prerequisite for suspension array to be more

reliable solution for increasing demand of immunosensing.

In this paper, | have proposed an improved immunoassay system employing
specially designed gold-virus beads and chip based flow cytometer that provides
electric as well as fluorescence signals. Introduction of filamentous virus on PEG-
SAM-modified gold layered microspheres leads to substantial advance in the
sensitivity of immunoassay. The resistance of PEG-SAM to non-specific adsorption
enables multiplex immunoassay of four different human-oriented proteins in
undiluted human serum, while the flexible thread-like probes and enlarged surface

area owing to the filamentous structure on the beads resulted in enhanced sensitivity.

Combined with the enhanced sensitivity of virus-immobilized bead arrays, the
microfluidic DC impedance detection system based on ion current through
polyelectrolyte gel plugs greatly reduces the volume of the detection units,
necessitating only one optical unit and thereby reinforcing the portability,
producibility, and cost-effectiveness. The introduction of size variation and

biomimetic materials upon sensor arrays for multiplex immunoassay with fully
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operational microfluidic flow cytometer shed a new perspective on VD tools with

genuine point-of-care analysis systems.
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1.3. Chemically Deposited Cobalt-Based Oxygen-Evolution
Electrocatalysts on DOPA-Displaying Filamentous

Bacteriophages

1.3.1. Introduction

Stimulated by recent issues on environmental pollution and climate change due
to fossil fuels, H, has emerged as the most promising carbon-neutral energy source.
One fascinating strategy for H, production is (photo)electrochemical water splitting
in which the oxygen evolution reaction (OER) determines the whole cell efficiency
as it involves a more complex mechanism than the hydrogen evolution reaction
(HER). [34], [35] As non-precious metal based-oxygen evolution catalysts, such as
transition metal oxides, become increasingly important, numerous oxygen-evolving
catalysts (OECs) including Co-based materials have been tested under relatively

benign conditions at low overpotentials. [36]-[38]

Biotemplated nanomaterials are attractive candidates because they provide
programmable functional interfaces with well-defined sizes and shapes. A variety of
biomaterials, such as bacterial whole cells, flagella, fungi, algae, and viruses, have
been introduced for this purpose. [39] In particular, filamentous bacteriophages
(phages) have attracted significant attention. [3], [40] Phages are 880 nm in length
and 7 nm in width, which comprises replicas of ~2700 major coat proteins (p8)
encapsulating single-stranded DNA with minor coat proteins (p7, p9, p6 and p3)
anchored at each end of thread-like protein capsid. [2] The coat proteins can be easily
modified by genetic engineering, which leads to the customization of structures and

surface functionalities of the virus particles. Reportedly, catechol group, well known
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for its strong affinity to a broad range of inorganic materials, [21], [41], [42] can be
expressed on the major coat protein p8 to act as a strong nucleation center for Au,

Ag, Pt, and bimetallic CoPt and FePt. [43]

In this work, | propose catechol groups and tri-glutamates to be introduced onto
the major coat proteins of phages to promote the spontaneous deposition of Co-based
electrocatalysts. Such 3,4-dihydroxyl-L-phenylalanine DOPA-phages are expected
to facilitate Co-oxide precipitation to form Co(OH).. The Co-based catalysts adhered
to DOPA-phages through electroless deposition (Co/DOPA-phages) may have
different structures and thus different performance from those of the electrodeposited
Co-OEC (Ed-Co). Electrochemical analysis and X-ray photoelectron spectroscopy
(XPS) prove the genetically engineered phages to be a superior template for Co-

based OER catalysts equipped with distinctive features and assured quality.

1.3.2. Experimental

1.3.2.1. Materials

BsrG I, BamH |, NEBuffer 3.1, polymerase, dNTP and Gibson assembly reagents
were purchased from New England Biolab. TG1 and fd-tet vector received from
Lucigen and Invitrogen, respectively. Tetracycline (Bioreagent), Tyrosinase from
mushroom, Poly(ethylene glycol) with Mn 8000, NaCl >99.5%, Nitrotetrazolium
Blue chloride (NBT) (powder, electrophoresis grade), Glycine 99%, Boric acid
99.5%, Co(NO3)299.999%, Nafion 117 (~5% in a mixture of lower aliphatic alcohols
and water), and KOH pellets 85% were purchased from Aldrich. 300 kDa size

cellulose ester (CE) membrane was from Spectrum Laboratories, Inc.
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1.3.2.2. Electrochemical Methods

All electrochemical experiments were carried out using CH Instruments 660A
and 750A, BASi Pt-wire counter electrode and Ag/AgCl (3 M) reference electrode.
Electrode potentials in this work, vs. NHE, were converted from Ag/AgCl (3 M)
basis using E(NHE) = E(Ag/AgCl) + 0.209 V. Overpotentials were calculated with
n (Overpotential) = E(NHE) - (1.23 - 0.0592 x pH). A GC RDE electrode (0.1963
cm?) was polished with 0.3 pm and 0.05 pm alumina powders for 90 s each and
sonicated for 30 s with deionized water before every experiment and used as a
working electrode unless otherwise stated. All the CVs were acquired after 20 cycles
of fast scan (100mV s?) including the region of water oxidation (0.78 V ~ 1.98 V vs.
RHE) to stabilize the catalyst

1.3.2.3. Fd-tet Phage Engineering.

To introduce TyrGluGluGlu (YEs3) at the end of the major coat protein of fd-tet,
the fd-tet phage vector was cut by BsrG | and BamH |. The inserts were created by
polymerase chain reaction (PCR) using primer 1-4. (Table 2) The obtained PCR
products were purified and ligated with the vector cut by BsrG | and BamH | using
Gibson assembly to yield fd-YEs, which was used to transform electrocompetent
TG1 and plated on lysogeny broth (LB) containing 20 pg mL™* of tetracycline (tet)
for selection. The DNA sequence was verified by DNA sequencing facility of
Macrogen Inc. The Tyrosine to DOPA conversion efficiency of 20 colonies was
further tested by NBT-Glycine assay. Among those colonies, p8 amino acid sequence
of AYE3S which matches to GCGTATGAAGAGGAATCT showed the highest
conversion efficiency from tyrosine to DOPA, around 85%. This is the genotype of

the DOPA-expressing phages (DOPA-phages) used in this paper.
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1.3.2.4. Phages Growth and Purification

TG1 cell containing fd-YEs DNA was grown in NZY/tet (20 pg mL™) growth
media overnight at 37 °C. E-coli cell was removed from cell culture media via
centrifugation at 12,000 g for 10 min. The supernatant was well mixed with 1/5
volume of PEG/NaCl and incubated at 4 °C to be centrifugated at 16,000 g for 20
min next day. The precipitated phages were resuspended with PBS buffer (pH 6.0)

and the concentration of phages were verified by spectroscopic method.
1.3.2.5. Tyrosine to DOPA Conversion Efficiency

500 U mL-1 of tyrosinase was co-incubated with the phages expressing YEs
(Tyr-phages) overnight at 25 °C and dialyzed using CE membrane of 300 kDa size.
One unit will cause an increase in A280 of 0.001 per minute at pH 6.5at 25 °C ina
3 mL reaction mix containing L-tyrosine. NBT-Glycine assay was performed to
identify the tyrosine to DOPA conversion efficiency based on the previous report.
0.5 mg mL* of NBT in 2 M potassium glycinate buffer (pH 10) was incubated with
various dilution of phages containing buffer for 1 h at 25 °C in dark. Absorption was
measured at 530 nm and the concentration of DOPA on DOPA-phages was calculated

from the absorption of DOPA at 530 nm.
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Table 2. Primers 1-4 used to create inserts.

Insert 1 Primer 1 5’-CGTATGCGCCTGGTCT-3’
(Forward)
Insert 1 Primer 2 5’-CTGCAGCGAAAGACAGCATC-3’
(Reverse)
Insert 2 Primer 3 5°-
CTGTCTTTCGCTGCAGNKTAYGAAGAGG
(Forward)
AANNKGATCCCGCAAAAGCGGCC-3’
Insert 2 Primer4 | 5°>-GGCCTTGATATTCACAAACG-3’
(Reverse)
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Fig. 1-9. Optimization of Co/DOPA-phages.

a. The OER activity of Co/DOPA-phages for a variety of incubation periods for
DOPA-phages in the precursor solution. b. The OER activity of Co/DOPA-phages as

a function of the amount of nafion solution.
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1.3.2.7. Electrodeposition of Co-OEC on GC Electrode

Co-OEC Catalyst film was grown on GC RDE in precursor solution (0.5 mM
Co(NOs3), in 0.1 M H3BOs + 50 mM KOH) with controlled potential electrolysis at
1.3 V (vs. NHE) under electrode rotation at 600 rpm. The duration for

electrodeposition was 5 min, which the current reached a plateau at ~ 4 mA cm2,
1.3.2.8. Tafel Plot

The data for Tafel plot was collected from 7 pA cm? to 1.4 mA cm? in
logarithmic current density, leading to potential increase of 0.15 V in 0.5 M borate
buffer (pH 9.75) with 1 M KNOs as a supporting electrolyte. For current density
lower than 10 pA cm, the constant current was applied more than 500 s to wait until
the potential becomes stable. For current density greater than 20 uA cm?, it took less

than 100 s for the potential to reach the steady state.
1.3.2.9. Determination of Faradaic Efficiency

Co/DOPA-phages immobilized 0.07 cm GC electrode was tightly sealed with
paraffin film and deaerated with 99.999% N, for 30 min. The amount of O, before
and after each experiment were measured with gas chromatography and subtracted.
The peak area of O, was calibrated using 99.999% N and 99.999% O, as 0% and
100% Oy, respectively. As 2 h after sealing passed, the partial pressure of O, without
applied potential was measured to be further subtracted from the amount of O,
produced from OER. The partial pressure of O, produced under constant
overpotential of 0.55 V on Co/DOPA-phages modified GC electrode was determined
after 2 h. The volume of the headspace (13.0 mL) and solution (43.0 mL) were
measured taking into account of the volume of electrodes and stirring bar. The partial
pressure of O, produced under OER was converted using the ideal gas law to yield

19.5 umol after corrected with O, dissolved in solution using Henry’s law. The
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charge passed through working electrode (7.95 C) was divided by 4 F to yield
Faradaic efficiency of Co/DOPA-phages to 89%.

1.3.3. Result and Discussion

The single-stranded DNA of fd-tet is engineered to express tyrosine and tri-
glutamates at the N-terminus of the p8 (Tyr-phages). | then treat tyrosinase to convert
the expressed tyrosine to DOPA. The DOPA conversion ratio is measured by nitro
blue tetrazolium (NBT)/glycine assay. The buffer for tyrosinase reaction is replaced
with deionized water using a cellulose ester membrane (300 kDa) to avoid any side
reactions. The final concentration of DOPA-phages is optically determined to be 2.6
x 10% virions mL™. Co-OEC is deposited onto the DOPA-phages by simply
immersing the phages in precursor solutions that are normally used for the
electrodeposition of Co-OEC in borate buffer (pH 9.2). [36] With the phages in a test
tube, Co-OEC begins to precipitate within 1 h (Fig. 1-9). | can observe the formation
of sediment on the Tyr-phages in ~4 h of incubation, which can be easily separated
from much slower, ~10 h, precipitation without the phages (data not shown). The
Pourbaix diagram for cobalt in aqueous solutions shows that Co?" ions are more
likely to exist as Co(OH), at ~pH 9. This indicates that the modified surface of

DOPA-phages enhances precipitation.

The scanning electron microscopy (SEM) and high-resolution transmission
electron microscopy (HRTEM) (Fig. 1-10) images show the overall structure and
surface morphology of Co/DOPA-phages. As expected, one-dimensional entangled

wires are present along the virus particles. The atomic structure of Co deposited on
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Fig. 1-10. TEM and SEM images and XP spectra of Co/DOPA-phages.

a. SEM image of Co/DOPA-phages. b. HRTEM image of Co/DOPA-phages. Inset

shows the corresponding FFT pattern. c. Co 2p XP spectra of Ed-Co (upper) and
Co/DOPA-phages (lower)
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DOPA-displayed phages is amorphous, as shown by the concentric diffraction
patterns observed in the fast Fourier transform (FFT) of the HRTEM image (inset in
Fig.1-10 b). Interestingly, the chemical states of cobalt deposited on DOPA-phages
analyzed by XPS differ from those of the Ed-Co, which is a widely used Co-based
OEC (Fig. 1-10 c). The satellite peak from Co/DOPA-phages at binding energies of
Co 2p3/2 (~786 eV) reveals that most of the cobalt ions are in the divalent state. [44]

To evaluate the OER performance of Co/DOPA-phages, the catalyst ink prepared
by mixing Co/DOPA-phages solution and Nafion solution was coated onto the glassy
carbon (GC) rotating disk electrode (RDE). Fig. 1-9 presents how the optimal
condition for preparing the catalyst ink was determined. All the electrolyte was
deaerated with 0.5 M borate buffer (pH 9.75). The full consecutive fast scan cyclic
voltammetry shows how as deposited Co/DOPA-phages are stabilized, particularly
through the precatalytic wave indicating change in oxidation states of metal cation
(Fig. 1-11). The magnified, first 2-cycles of voltammograms are shown in Figure 1-
12 a. At the first scan (red curve), two oxidation peaks are observed. The oxidation
peak that appears at the lower overpotential vanishes after the first cycle, whereas
the position and magnitude of the oxidation peak at the higher overpotential remain
unchanged (blue curve). According to the previous literatures, [45] these two peaks
can be attributed to the oxidation of Co(OH), to CoOOH and CoOOH to CoO,,
respectively. The oxidation peak is not found in the cyclic voltammograms for Ed-
Co (Fig. 1-13). The Raman spectra in Figure 3b corroborates the fact that Co(OH):
on Co/DOPA-phages can be electrochemically oxidized to CoOOH. The Alg
vibrational mode of CoOOH of the as deposited amorphous Co/DOPA-phages only
appears after potential cycling, during which oxygen evolution occurs whereas the

peak is shown at as-deposited Ed-Co. [46]
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Fig. 1-11. The 10-cycles of Cyclic voltammograms on GC RDE to stabilize
Co/DOPA-phages.

Scan rate is 100 mV st under 1600 rpm electrode rotation. The first (blue), the

second (green), and the tenth (red) cycles are shown.
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Fig. 1-12. Consecutive cyclic voltammograms of Co/DOPA-phages and he
Raman spectra of Ed-Co and Co/DOPA-phages.

a. scan rate is 100 mV s * under 1600 rpm electrode rotation. The first (red) and the
second (blue) cycles. b. The Raman spectra of as-deposited Ed-Co (blue line) and
Co/DOPA-phages (red line) in as-deposited state (upper) and after fast scan
including OER region (lower). The peak marked by green bar indicates the Alg

vibrational mode originated from CoOOH.
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Fig. 1-13. Consecutive cyclic voltammograms for OER using Ed-Co.

Consecutive cyclic voltammograms for OER using Ed-Co in dearated 0.5 M borate
buffer at scan rate: 5 mV s-1 under 1600 rpm electrode rotation (initial curve; blue,

2nd scan; green, 10th scan; red curve).
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Figure 1-14 shows OER performance of the Co/DOPA-phages deposited on the
GC RDE. The voltammograms were obtained after 10 cycles of fast scans. Overall
electrochemical behavior of Co/DOPA-phages is similar to that of Ed-Co (Fig. 1-14).
This indicates that the Co(OH). on DOPA-phages was irreversibly converted to
comparable states with Ed-Co, as shown in the oxidation peak that appeared at the
lower potential of the first CV scan (Fig. 1-12 a), and it follows the identical
transition of Co®*" to Co** as shown in Ed-Co during the water oxidation reaction.
Anodic peaks corresponding to Co**?*, preceding the catalytic current for water
oxidation, appear at 0.815 (+ 1.0 x 10?) V and 0.746 (+ 7.0 x 10 V (vs. NHE) for
Co/DOPA-phages and Ed-Co, respectively. It should be particularly noted that the
oxidative peak for Co®*?* at the Co/DOPA-phages-modified electrode is located at a
more positive potential (by 69 mV) than that of Ed-Co. This positive peak shift for
Co?* oxidation is also observed at the DOPA-phage-modified electrode in the
aqueous electrolyte containing Co?" ions (Fig. 1-15). By comparing the
voltammograms using Tyr-phages-modified and bare GC electrode, | can see that the
DOPA moieties are involved in the electrochemical conversion of Co?* to Co**. In
Figure 1-14a and Figure 1-15, the onset and half-wave potential for Co?* oxidation
on DOPA-phage-modified electrode are more positive than those of a bare GC
electrode. The oxidation from Co?* to Co** is hindered by DOPA. This is obviously
nothing to do with unintentional Fe incorporation, [46] as was verified by the XPS
experiments (Fig. 1-16). AKkinetic barrier of the insulating proteins is not responsible
either. If so, the onset of OER of Co/DOPA-phages should be appeared at more
positive potential region compared with Ed-Co, but it was not. This phenomenon
supposedly comes from the less positive formal potential of the catechol group of
DOPA compared with the Co%"?* couples (1.92 V vs. NHE at pH 0). The
voltammograms are well understood by the assumption that no oxidation from Co?*

to Co®" takes place unless the catechols are oxidized. It is highly probable that the
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catechols on a phage act as mediators that relay electrons from Co?* to the GC

electrode.

Co/DOPA-phages bring about subtle catalytic enhancement within OER at the low
overpotential region. The cathodic shifts of the waves in cyclic voltammograms were
13.0 (7.5) mV at 1 mA cm2 and 9.50 (+4.4) mV at 2 mA cm 2. The DOPA-phages
system does not involve any inorganic dopant, that might hinder Co?* oxidation
kinetics. Nonetheless, the OER responses of Co/DOPA-phages and Ed-Co appear to
be similar and their overpotentials for 10 mA cm are almost same (469 mV and

467 mV, respectively) as shown in the voltammograms (Fig. 1-14a).

The analogous potential shift for the metal cation in the catalyst layer has been
often observed in the previous literatures. [47]-[49] The introduction of different
kinds of metal cations to the nickel (oxy)hydroxide catalyst changes the oxidative
peak potential. For example, introduction of iron and manganese gives rise to
positive and negative potential peak shifts for Ni*/2*, respectively. [47] For the Fe-
doped NiOOH especially, which is the most-active known OER catalyst in alkaline
media, incorporation of Fe suppresses the Ni?* oxidation by partial charge transfer,
leading to a positive shift in the potential at which Ni*** redox occurs. Although the
active sites for OER in the NiFe-based catalyst are still controversial, it is widely
accepted that a partial charge transfer caused by dopant cations leads to activity
enhancement by changing the OER mechanism. [49] In addition, electronegativity
differences between the dopant and carbon-based catalyst, which assists the partial-
charge transfer, have been considered as an activity descriptor for the oxygen
reduction (ORR) and OER. [50] Our report shows that further optimization of the
molecular group present in the catalyst support could also affect the OER mechanism

and improve the performance.
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Fig. 1-14. Electrochemical activity of Co/DOPA-phages.

a. Cyclic voltammograms for the OER using Co/DOPA-phages (red), Ed-Co (green)-
modified GC RDE, and bare GC (blue) RDE in 0.5 M borate buffer at pH 9.75 (scan
rate of 5 mV s~ under 1600 rpm electrode rotation). b. Tafel plots for the Co/DOPA-
phages-modified GC RDE measured by applying a constant current under electrode
rotation at 1600 rpm. c. Cyclic voltammograms for a Co/DOPA-phages-deposited
GC electrode (scan rate of 5mV s™1) in 0.5 M boric acid under quiescent conditions
at pH 9.78, 9.36, 8.98, 8.54, 8.24, 7.80, and 7.42 (oxidation peaks from left to right).

d. pH dependence of the oxidative peak current density shown in c.
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Fig. 1-15. Electrocatalytic oxidation of Co?" ions dissolved in electrolyte on

phages-modified and bare GC electrodes.

The electrode with DOPA-phages gives higher oxidation current for Co®*/2* than the
bare GC electrode. The Tyr-phages modified electrode barely undergoes

electrochemical oxidation for Co3"2*,
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Fig. 1-16. The binding energies between 50~58 eV in Co/DOPA-phages and Ed-

Co.
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The XP spectra ensure that no Fe was incorporated to each catalyst sample. The
binding energy region of 3p was investigated instead of 2p to avoid disturbance

stemming from the Auger peak of Co which appears in the Fe 2p region.

As shown in Figure 1-14b, the Tafel slope is 65.3 (7.6 x 102) mV dec* for the
Co/DOPA-phages, which is similar to that of other Co-based OECs (~59 mV dec™
corresponds to 2.3 x RT F1). [51] This implies that Co/DOPA-phages catalysts
exhibit a reversible one-electron transfer prior to a chemical turnover-limiting step.
[51], [52] To elucidate if the oxidation of Co?" to Co®*" involves proton-coupled
electron transfer (PCET), | investigated the pH dependence of the preceding anodic
peak shown in the cyclic voltammograms for the OER (Fig. 1-14c). Surprisingly, a
plot of Ep,a vs. pH reveals a slope of 89.4 mV pH™ (Fig.1-14d), which is in contrast
to the value of ~60 mV pH™* normally observed for other electrodeposited Co- and
Ni-based OECs. [51], [53] The value of 89.4 mV pH™ is close to 90 mV pH™,
corresponding to the loss of one electron accompanied by the transfer of ~1.5 protons.
This suggests at an operative mechanism involving 2e /3H*, which was previously
proposed for the iridium oxide [54] and Ni-borate OECs. [53] Further structural
analysis of Co/DOPA-phages during the OER and investigation of in-depth
mechanism are underway using in situ spectroscopy techniques (e.g. Raman and X-

ray absorption near edge structure).

The faradaic efficiency for gaseous O, generation is 89% (see 1.3.2.9). The
heterogeneous film of Co/DOPA-phages retain its stable performance for 2 h under
a constant overpotential at 500 mV, showing 12.37 mA cm2 that corresponds to 99.6 %
of the initial current density (Fig. 1-18a). Under a constant current density of 10 mA
cm2, the potential decreases by 0.02% in 2 h (Fig. 1-18b). The stability remains
unchanged for 9 h with a 0.23% rise in the potential (Fig. 1-17), whereas the potential
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for Ed-Co is stable only for ~3 h. Even though the overpotentials for 10 mA cm2 at
the initial cyclic voltammograms (Fig. 1-14a) are similar between Co/DOPA-phages
and Ed/Co, the overpotential for Co/DOPA-phages is 40 mV lower than that of Ed-
Co after the two-hour electrolysis (Fig. 1-17). The abrupt potential rise for both
samples is due to detachment of the catalyst film from the RDE surface. The
biomaterial, DOPA-phages itself was not oxidized during the water oxidation

confirmed by the quantitative phage protein analysis after the OER (Fig. 1-19).
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Fig. 1-17. Durability test of Ed-Co and Co/DOPA-phages.

Durability test of Ed-Co and Co/DOPA-phages under constant current density of 10
mA cm 2. The electrode rotation rate was 1600 rpm and the electrolyte was deaerated
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Fig. 1-18. Stability of Co/DOPA-phages modified RDE.

a. Two-hour stability probed by the steady-state current density, which was obtained
using a Co/DOPA-phages modified RDE held at 1.16 V (vs. NHE), corresponding
to 500 mV of overpotential, and b. steady-state potential at 10 mA cm™2, respectively.
Rotation rate of the electrode was 1600 rpm and the electrolyte was deaerated 0.5 M

borate buffer (pH 9.75).
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Fig. 1-19. Stability of phage under OER condition.

The result of silver staining under a. 1.08 V and b. 1.73 V (vs. RHE). The amounts
of p8 major coat protein, which shows typical strong and dragging bands near 7 kDa,

are not significantly different from each other.
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1.3.4. Conclusion

In this study, | incorporated DOPA on the surface of the filamentous bacteriophage
on which Co-OEC was spontaneously precipitated. The Co/DOPA-phages catalyst
is compatible with mass production in solution phase with assured quality. The
catechol group of DOPA appears to serve as a dopant as well as an electron mediator,
playing two roles, i.e. stabilization of Co?" and slight enhancement of the OER
activity in a low overpotential region, probably by lowering the thermodynamic
potential of PCET pre-equilibrium. [36] Compared with the previous studies
utilizing electroless deposition technique, [21] the proposed Co/DOPA-phages
herein provide an unconventional way of creating electrocatalysts at specific
molecular moieties for the OER. The prominent OER activity under 10 mA cm2 and
long-term stability of Co/DOPA-phages suggest potential for further advancement
via denser and systematically ordered array of catechol groups and incorporation of
secondary conductive supports to enhance the conductivity. Further research effort
would unravel diverse functionalities of DOPA for promoting the Co-OEC
precipitation, tuning the interactions with metal centers through coordination, and
relaying electrons between the OER catalytic site and underlying electrode as a redox

mediator.

46



1.4. Genetic engineering of filamentous bacteriophage (fd) for the

application in SERS active probe.

1.4.1. Introduction

Filamentous bacteriophage has several capsids that are frequently utilized for
genetic engineering. Among those capsid, p8 account for the majority of the capsid.
However, the phage-displayed library depends on the quality of display, and the level
of display for different polypeptides vary greatly, depending on the length and the
sequence of peptides. [55], [56] P8 is composed of 50-residue amino acids and can
be divided into three compartments. The first 10 residue that are the closest to the
single stand DNA of filamentous bacteriophage, they contain lysine groups and
interact with the negative charge of DNA. The second 20 residue contains
hydrophobic group, and the outmost 20 residue of filamentous bacteriophage is

composed of

In this work, random libraries are introduced at the p8 of filamentous
bacteriophage for the expression of four foreign protein (one tyrosine and three
glutamic acid), and the expression efficiency is analyzed with the number of virions
and NBT assay. The sequence from library that produce target foreign protein most
efficiency is sequenced, and back transformated to produce target protein
reproducibly, and repeatedly. The filamentous bacteriophage with one tyrosine and
three glutamic acid is further utilized as a SERS template, which immobilized gold
nanoparticles spontaneously on it. The efficiency as a SERS template of phage with
YEEE on p8 and wild type was compared with the signal intensity from 4-

nitrobenzenethiol.
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1.4.2. Experimental

1.4.2.1. Genetic Engineering of Filamentous Bacteriophage

To introduce TyrGluGluGlu (YEEE) and acceptor peptide at the end of the major
coat protein of fd-tet, the fd-tet phage vector was cut by BsrG | and BamH I. The
inserts were created by polymerase chain reaction (PCR) using primer 1-4. (Table 3)
The obtained PCR products were purified and ligated with the vector cut by BsrG |
and BamH I using Gibson assembly, which was used to transform electrocompetent
TG1 and plated on lysogeny broth (LB) containing 20 pg mL™* of tetracycline (tet)
for selection. The DNA sequence was verified by DNA sequencing facility of
Macrogen Inc. The Tyrosine to DOPA conversion efficiency of 20 colonies was
further tested by NBT-Glycine assay. Among those colonies, p8 amino acid sequence
of AYEEES which matches to GCGTATGAAGAGGAATCT showed the highest

conversion efficiency from tyrosine to DOPA, around 85%.

Table 3. Primer 1-4 for the genetic engineering of filamentous bacteriophage

Insert 1 Primer1l | 5>-CGTATGCGCCTGGTCT-3’
(Forward)

Insert 1 Primer2 | 5>-CTGCAGCGAAAGACAGCATC-3’
(Reverse)
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Insert 2 Primer 3 5’-

GCTGTCTTTCGCTGCAGNKTAYGAAGAGG
(Forward)

AANNKGATCCCGCAAAAGCGGCC-3’

Insert 2 Primer 4 5’-GGCCTTGATATTCACAAACG-3’

(Reverse)

1.4.2.2. Phage Growth and Purification

TG1 cell containing DNA of filamentous bacteriophage was grown in NZY/tet
(20 pg mL?) growth media overnight at 37 °C. E-coli cell was removed from cell
culture media via centrifugation at 12,000 g for 10 min. The supernatant was well
mixed with 1/5 volume of PEG/NaCl and incubated at 4 °C to be centrifugated at
16,000 g for 20 min next day. The precipitated phages were resuspended with PBS
buffer (pH 6.0) and the concentration of phages were verified by spectroscopic

method.

1.4.2.3. Analyzing the Expression Efficiency with NBT Assay

500 U mL-1 of tyrosinase was co-incubated with the phages expressing YEEE
overnight at 25 °C and dialyzed using CE membrane of 300 kDa size. One unit will
cause an increase in A280 of 0.001 per minute at pH 6.5 at 25 °C in a 3 mL reaction
mix containing L-tyrosine. NBT-Glycine assay was performed to identify the
tyrosine to DOPA conversion efficiency based on the previous report. 0.5 mg mL™
of NBT in 2 M potassium glycinate buffer (pH 10) was incubated with various

dilution of phages containing buffer for 1 h at 25 °C in dark. Absorption was
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measured at 530 nm and the concentration of DOPA on phage was calculated from

the absorption at 530 nm

1.4.2.4. Spontaneous Immobilization of Gold Nanoparticles onto Phage and
Raman Measurement

5.5 x 102 gold nanoparticles with 5 nm in diameter are incubated with 4.3 x 10
phages expressing YEEE on p8. After 5 hours of incubation, the sediments were
carefully washed 3 times with DPBS, The sediments were incubated with 5 mM of
4-nitrobenzenethiol (NB) for 1 hour, and Raman spectra were obtained using a
homemade Ramboss Micro-Raman system spectrometer equipped with TE cooled
(-50 °C) charged-coupled device (CCD) camera (1024 x 128 pixels). The laser beam
was focused on a spot approximately 2 um in diameter through an objective lens of
100x magnification. The grating (1200 grooves mm) and the slit provided a spectral
resolution of 4 cm™. Calibration of the spectrometer was conducted with the Raman
band of a silicon wafer at 520 cm™. 633 nm He-Ne laser was used with the exposure

time of 10 seconds.
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1.4.3. Result and Discussion

To express 3,4-dihydroxyl-L-phenylalanine (DOPA) on filamentous
bacteriophage, YEEE peptide is engineered to be expressed on the N-terminus of p8
peptide of bacteriophage. At the same time, acceptor peptide is expressed on the N-
terminus of p3 to further immobilize filamentous bacteriophage on the micro-size
bead. For the maximum expression of YEEE on p8 of filamentous bacteriophage,
random library is introduced. DNA base triplets of tyrosine is TAT and TAC, so the
primer for tyrosine is designed to be TAY. For the DNA base before tyrosine, GNK
is encoded to facilitate the expression of tyrosine. After the DNA base triplets of

YEEE (TAYGAAGAGGAA), NNK is encoded for easy expression of p8.

The DNA cut and PCR product is analyzed with EtBr gel-electrophoresis (Figure
1-20). The two fragments of PCR inserts with 0.9 kb is generated with primer 1 and
2, and 0.4 kb is generated with primer 3 and 4 (Table 2). Figure 1-20 (b) shows the
PCR product from primer 3 and 4, with the concentration of 85.2 ng/ul, 42.3 ng/ul,
and 46.8 ng/ul. Figure 1-20 (c) shows the PCR product from primer 1 and 2, with
147.0 ng/ul in concentration. Figure 1-20 (a) is the result of DNA cut with BsrG1
and BamH1, with the concentration of 26.8 ng/ul, 29.4 ng/ul, and 10 ng/ul. The three
compartment Gibson assembly with these three fragments (figure 1-20 (a), (b), and
(c)) was failed, and the Gibson assembly was tried again with the freshly prepped,
higher concentration of DNA cut (Figure 1-21). The concentration of DNA cuts in
figure 1-21 (c) is 24.5 ng/ul for each well, which shows much brighter band from
EtBr gel electrophoresis, which means better quality of DNA cut. Figure 1-21 (a) is
27 ng/ul and Figure 1-21 (b) is 12.5 ng/ul. The three compartment Gibson assembly
was successfully conducted with these three DNA fragments (1-21 (a), (b), and (c)),
and the product was sequenced to confirm the insert of random sequences. Figure 1-

22 shows the result of sequencing, and N, K, Y, N, N, and K is successfully encoded
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Fig. 1-20. The PCR products and DNA cuts are analyzed with EtBr gel-

electrophoresis.
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Fig. 1-21. The PCR products and DNA cuts are analyzed with EtBr gel-

electrophoresis. The higher concentration of template DNA result in brighter

bands.
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Fig. 1-22. The result of sequencing of DNA with random sequences.
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at 1-22 (a), (b), (c), (d), (e) and (f), respectively. After the inserts are confirmed, the

filamentous bacteriophage with those random sequences are produced and purified.

The number of produced and purified filamentous bacteriophages are analyzed
with UV-visible spectrophotometer. The purified filamentous bacteriophages are
known to show its maximum absorbance at 269 nm, but the filamentous
bacteriophages before centrifugation showed broad and ambiguous peak around
~270 nm (figure 1-23 (a)). After the purified phages are centrifugated at 13,000 rpm
for 30 seconds, the supernatants are analyzed with UV-visible spectrophotometer,
which showed relatively clear peak around ~270 nm (figure 1-23 (b)). The number
of phages were decreased 1.4 % before and after centrifugation. | suppose the cell

debris from bacteria cell culture media is removed by centrifugation.

To analyze the YEEE expression efficiency on p8, randomly picked 10 different
colonies from library transformation were sequenced. As it is shown from table 4,
except colony #4, 9 colonies are confirmed to be successfully encoding random
sequences before and after YEEE. Except colony #4, the phage production efficiency
and tyrosine expression efficiency are analyzed with NBT/glycine assay. Among the
9 colonies, colony #2 (GCGTATGAAGAGGAATCT) showed the highest phage
production efficiency and tyrosine expression, which were 85 %, was used for the
genotype of YEEE phage. To analyze the acceptor peptides expressed on p3, phages
are first western blotted and then transferred to be analyzed with streptavidin-
horseradish peroxidase (streptavidin-HRP). Figure 1-24 shows the result, with (a)
and (b) shows streptavidin-HRP signal from phages from colony #1 and #2 (from
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table 4), respectively. The HRP signal is clearly observed for both (a) and (b), at the
protein size near ~70 kDa, which matches well with the sum of molecular weight of
p3 protein and acceptor peptide. Phages from colony #2 (Figure 1-24(b)) shows
higher concentration of acceptor peptide expressed onto p3 protein, which matches
well with the phage production efficiency analyzed with UV-visible

spectrophotometer and NBT/glycine assay.

Gold nanoparticles with 5 nm in diameter are immobilized on the surface of p8
protein, which further utilized as a SERS active probes. As it was shown from figure
1-25, phages with YEEE expressed on the p8 shows higher Raman intensity
compared to the wild type phages, which is probably due to the facile immobilization
of gold nanoparticles on p8 taking advantage of the electrostatic interaction between

gold and glutamic acids.
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Fig. 1-23. The absorption spectrum of filamentous bacteriophage (a) before and

(b) after centrifugation.
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Table 4. The result of sequencing of 10 randomly picked colonies of filamentous

bacteriophage.

# of random GNK TAY (Y) NNK
colony

1 GCT (A) TAT TCG (S)
2 GCG (A) TAT TCT (S)
3 GCT (A) TAC AAG (K)
4 - (Wild type) - -

5 GCT (A) TAT TCG (S)
6 GTT (V) TAC AGT (S)
7 GTG (V) TAC GCT (A)
8 GCG (A) TAC GCT (A)
9 GTT (V) TAC CCG (P)
10 GGG (G) TAC ACG (T)
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1.4.4. Conclusion

In this work, filamentous bacteriophage (fd) is genetically engineered to express
YEEE on p8, and acceptor peptide on p3. To facilitate the production of filamentous
bacteriophage, random libraries are introduced before and after YEEE sequence on
p8. DNA base triplet GNK is introduced before tyrosine, which also includes random
sequence, TAY, to maximize the effective production of filamentous bacteriophage.
DNA base triplet of NNK is introduced after glutamic acids. DNA base triplets of
GCGTATGAAGAGGAATCT, which can be translated into AYEEES is determined
to be shown the optimum expression of YEEE on p8 of filamentous bacteriophage.
Three compartment Gibson assembly was tried with various concentration and
quality of DNA. The quality and the concentration of cut DNA seems important for
the ligation of DNAs into target vector, along with careful purification process. The
genetically engineered filamentous bacteriophages were produced and purified. The
as-produced phages seem to contain protein debris from bacteria cell culture media,
which may be separated with short centrifugation process. The number of phage
virions before and after the centrifugation process shows little decrease, as it was
analyzed with UV-visible spectrophotometer. The filamentous bacteriophage with
one tyrosine and three glutamic acid is further utilized as a SERS template, which
immobilized gold nanoparticles spontaneously on it. The efficiency as a SERS
template of phage with YEEE on p8 and wild type was compared with the signal

intensity from 4-nitrobenzenethiol.
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Chapter 2. Development of Sensitivity-Tunable lon

Sensing Platform based on Reverse Electrodialysis

2.1. Introduction

Reverse electrodialysis (RED) was first developed in 1954 as a power generation
system, where the voltage output is proportional to the ionic concentration difference
between sea water and river water. [57] However, earlier versions of REDs fail to
serve as an independent power source, for their low power densities. [58] Therefore,
for the last decades, trials to augment their power densities have been continued and
achieved a meaningful degree of success. A number of publications reported
optimizations of constituents [59]-[63] including membranes and spacers, or
conditions [64]-[68] including flow rates, operating temperatures and solution
concentrations. Recently, REDs were reported to possibly make considerable
contribution to biofuel cells, [69] osmosis systems, [70] and photoelectrochemical
cells, [71] leading to hybrid power generators in which biocompatible and eco-
friendly extra voltage source assists. It was followed by miniaturization of REDs,
which was applied to a transdermal drug delivery system [72] and fully ionic circuits

for logic processing. [73], [74]

Inspired by cumulative voltage exclusively sensitive to specific ion owing to stack
of ion-selective membrane, here | propose a potentiometric ion sensing platform
based on RED, which is called multilayer ion-selective membranes (MISM). MISM
is composed of ion-selective membrane, where relevant ionophore embedded on
membrane gives ion selectivity, and dialysis membrane (DM) which allows electrical
and ionic conductivity between the reference and sample solutions. It operates in a
simple way that output voltage increases in proportion to the number of membranes

constituting the RED. That is a facile method to augment sensitivity that could
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exceed the one expected from conventional potentiometric sensors relying on single
ion-selective membranes, ideally the Nernst slope. Its sensitivity is tunable by means
of the number of membranes for MISM. In this new strategy, MISM does not only
act as an ion-selective sensing unit but also as a power source. It produces voltage
that contains the information of ion concentration, and also current to operate the
system for signal version. The power from a miniaturized MISM is enough to drive

data presenting system without any external power source including battery.

Integrating itself with colorimetric apparatus based on bipolar electrode (BPE),
MISM successfully transduces voltage signal to color change. Faradaic reactions
occur at the two poles of the BPE in an electrolyte channel along which an external
potential is applied. [75]-[77] No direct ohmic contact exists between BPE and
MISM in the proposed system requiring neither electronics nor battery.
Electrochromic dye on BPE can make it possible that ion-selective voltage from
MISM come to an end with colorimetric signal readout. Polyaniline (PANi) in this
work, which creates continuous gradient of four colors as a function of the applied
potential, [78] enables direct quantification of ion concentration with the naked eye.
The resulting self-powered data reporting system meets the key conditions for
portable, disposable, and easy to use for convenient on-site analysis. | rediscover
RED as a tunable ion sensing platform and purely ionic power source to suggest
MISM. In combination with appropriate transducers for multicolor readout, MISM

leads to an ultimate ion sensing system.

2.2. Experimental

2.2.1. Membrane fabrication

For NSM, AEMs stored in deionized water were dried completely (at least 15 min),
and cut into 1.5 cm x 1.5 cm or 3 cm x 6 cm. The PVC membrane was prepared by

mixing thoroughly 5.2 mg of nitrate ionophore, 47.0 mg of dibutyl phthalate, 0.3 mg
66



of tetraoctylammonium chloride and 47.2 mg of high molecular weight PVC in 5 ml
of tetrahydrofuran (THF). The solvent was transferred into a glass petri dish of 4 cm
in diameter, and evaporated until an oily mixture was obtained. AEM was dipped
into the oily mixture for 5 s so that semi-transparent membrane is formed. After
drying for 1 min RT, the obtained NSMs were stored at 4 °C in 10 mM NaNOs3

solution.

For CSM, The CSM was fabricated as follows. The membranes consist of 4.0 mg
of calcium ionophore (IV), 2.0 mg of sodium tetraphenylborate, 62 mg of 2-
nitrophenyl octyl ether, and 32 mg of PVC high molecular weight dissolved in 5 ml
THF. CEMs stored in deionized water were dried for 15 min and cut to 1.5 cm x 1.5
cm. The mixed solution was coated on CEMs in the same manner as the NSM. The

obtained CSMs were stored at 4 °C in 10 mM CacCl, solution.

DMs were stored in deionized water for nitrate calibration, and in 0.1 M NaNOs
solution for colorimetric sensor. Before assembling MISM, DMs were cut to 1.5 cm

x 1.5 cmand 3 cm x 6 cm and dried for 10 min.
2.2.2. MISM assembly

For nitrate calibration and sensitivity tests, | utilized U-shaped spacers by cutting
off a1l cm x 1 cm portion from a 1.5 cm x 2 cm square-shaped rubber. The spacers
separate the NSM and DM and act as a solvent chambers for operation. Each stack
of MISM s prepared by alternative stacking DMs and NSMs of size 1.5 cm x 1.5
cm between which the spacers are present. Plastic plates were added to the two ends
to prop the structure. The reference electrolyte and the analyte solution was
alternatively added to each chamber. To the first and the last chambers, an additional
1 mM NaCl was added to define the interfacial potential between the reference

electrolyte and the Ag/AgCI electrode. Before the first measurement, MISM was
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conditioned by voltage measurement with mixture of 10 mM NaNO; and 1 mM NacCl

solution.

For the colorimetric sensor, the MISM were prepared following a similar method,

but using 3 cm x 6 cm membranes and 2.5 cm x 5.0 cm spacers.
2.2.3. Potential measurement

Stacked MISMs is prepared following the above procedure. The detailed
conditions such as the type of membrane, the number of stacks, and the type of
solution constituting MISM are set according to the purpose of potential
measurement, and are mentioned in the main text. Two Ag/AgCI electrodes were
respectively put into the two chambers at the extremities of MISM. After addition of
the solution to the MISM, voltage of the MISM is measured for 30 s using a

potentiostat.
2.2.4. Selectivity

The selectivity coefficients were calculated from equation (1).

t Aano,~
Kpo3_‘ — a—; (1)

HCOs, SO4%, and ClI- were selected as the interfering ions (B) and single stack
MISM was used for selectivity measurements. The two end chambers were filled
with reference electrolyte as described above. The middle chamber was filled with a
mixture of NO3™ and each of the corresponding interfering ion. The concentration of
NO; was fixed to 2.0 x 10° M and the concentrations of interfering ions were varied
from 2.0 x 10° to 5.0 x 10° M where the potentials were obtained for each
concentration of the interfering ions. Next, potentials were recorded for NOs™ ions

only of the same concentrations in the absence of any interfering ion. With these
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values, the selectivity coefficients were determined by the matched potential method.
Interfering ions (= 2.0 x 10°-5.0 x 10 M) were added to the reference solution (=
2.0 x 10° M) until the potential change from interfering ion reached the potential
change caused by the primary ion. The selectivity of CSM based MISM was

measured in a similar manner. Na* and K* were used as interfering ions.
2.2.5. BPE-based colorimetric sensor fabrication

ITO-coated glass (7.5 cm x 2.5 cm) was washed with ethanol, acetone and
deionized water for 10 min, respectively. Then it was baked at 100 °C for 5 min.
HMDS was spin coated and baked at 110 °C for 1.5 min, and PR was spin coated
and baked at 100 °C for 1.5 min. PR was illuminated with UV light (365 nm) for 20
s while being covered with a patterned mask fabricated in the shape of the BPE
(rectangular, length 6 cm, width 0.1 cm). PR is dissolved in AZ 400K developer and
baked at 120 °C for 15 min. The ITO was etched using etchant (TE-100) for 15 min

at 80 °C. PR residues were removed by washing with acetone.

The mold for PDMS cover was fabricated as the followings. Silicon wafer was
cleaned with piranha solution (H2SO4:H,0; 3:1) for 20 min and dried at 200 °C for
2 min. After cooling, SU-8 was spin coated and baked at 65 °C for 2 min and at 95 °C
for 7 min. UV light was illuminated on SU-8 for 20 s being covered with a patterned
mask which was fabricated in the shape of the closed BPE channel (length 3.3 cm,
width 400 pum, height 90 um). SU-8 pattern was developed by treating with SU-8
remover for 2 min. The wafer was baked at 200 °C for 10 min, and at 65 °C for 5
min. Mixture of PDMS monomer and curing agent (10 : 1) was poured on the

patterned wafer after attaching it onto a dish and baked at 60 °C for 2 h.

Ag/AgCl paste first is applied on one end of ITO (width 400 um, length 2 cm,

thickness 30 um) and heated at 150 °C for 20 min, and PAN:i is electrodeposited on
69



the other end of ITO. For PANI electrodepostion, the ITO electrode was covered with
insulating tape with 0.1 cm in diameter, and constant voltage of 0.75 V (vs Ag/AgClI)
was applied to the ITO until total charge reached 1.2 x 10 C in 0.5 M aniline and
1.0 M H,S0O4 solution. After PANI deposition, polymerized PDMS from PDMS mold
was cut into 7.5 cm x 2.5 cm and aligned along with ITO patterned glass to be

attached onto it.
2.2.6. Membrane charge density calculation.

DM membrane potentials are determined using two Ag/AgClI reference electrodes
in the way shown in Fig. 2-3a. DMs were placed between two chambers of high and
low concentrations of KCI solutions. A pump circulates the solution via the inlets
and the outlets of the chamber, maintaining the concentration gradient. In detail, the
measurements were conducted at flow rate of 25 ml/min, tube diameter of 1 mm,
and chamber volume of 2 ml. Two salt bridges between the chamber and the 3 M
KClI solution minimize any potential fluctuation. The ratio between the high (C;) and
low (C) concentrations r = (C1/C,) was set to 10. When the membrane charge
density (6) is substantially smaller compared to C,, diffusion potential becomes the
dominating factor in determining the membrane potentials as the Donnan potential
becomes negligible. Thus, the cation transport number (t*+) can be calculated by the

steady state potential obtained at 20 mM and higher of KCI solutions.
2.2.7. Hue value and pixel intensity calculation

Photograph of PANi on patterned ITO glass was taken with digital camera and

central area with 0.9 mm in diameter was further analyzed as following.

First pixel values (R, G, B values) are obtained as an average of all pixels. Among

the three, the maximum value (max) and the minimum value (min) are determined.
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If max =R, then hue value =60 x ((G - B) + (R - min))
If max = G, then hue value = 60 x (2.0 + (B - R) + (G - min)).
If max = B, then hue value =60 x (4.0 + (R - G) + (B - min)).

If the obtained hue value is negative, 360 is added. The average of the three R, G,

and B values gives pixel intensity.

2.3. Result and Discussion

The structure of MISM is illustrated at Fig. 2-1. MISM consists of a series of
membranes, reference electrolyte and sample solution, which are arranged
alternatively. The membranes are either dialysis membrane (DM), which separates
reference electrolytes and sample solutions, or nitrate selective membrane (NSM),
which generates potential difference due to the salinity gradient between the
reference electrolyte and the sample. The potential difference across one NSM is
added up to that of the next NSM, and the total voltage is measured from two
Ag/AgCl electrodes which are independently in contact with the first and the last
reference electrolytes. One tack of MISM is composed of one pair of NSM and

dialysis membrane.

NSM is fabricated by embedding nitrate selective ionophores on anion exchange
membrane (AEM) mixed with poly(vinyl chloride) (PVC), a plasticizer and a
lipophilic additive. PVC is one of the most classic polymeric matrices for ionophore-
based ISEs, well-established, cheap, and easy to handle. A variety of commercially
available ionophores can be introduced instead of nitrate selective ionophores for
membranes with different selectivities. AEMs are made from robust materials thus

have long been used as electrodialysis membranes, which show good attachment to
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PVC, as shown by field emission scanning electron microscopy (FESEM) (Fig. 2-
2a).

Cation exchange membranes (CEMS) in conventional REDs must be replaced
with DMs, to make net emf depend on nitrate concentration in the sample. Therefore,
cellulose ester based DM serves as the reference membrane to separate the reference
electrolyte and the sample. DM needs no extra doping processes and gives

reproducible results.

| tested three different types of cellulose ester based DMs with varying pore sizes
for optimal reference membrane with low charge density. SEM images of three DMs
with different molecular weight cut-off (MWCO) (Fig. 2-2b, ¢, d) show that the size
and the density of the pores are proportional to MWCO of DM. The membrane
charge densities of DMs were calculated from equation (1), as it was previously
reported. [79] The experimental setup for the measurement of membrane charge
density has a chamber that is divided into two cells by given DM as shown in Fig.
2-3a. The potential difference across the DM between the dissimilar ion

concentrations in two cells was measured (Fig. 2-3 a, b, c).

_ 2(r-1)
r

(%) AE = (1-2t)Inr ti(1—t3) (C%) )

AE is the membrane potential, t.” is the cation transport number, @ is the membrane
charge density, r is the ratio between the high (C1) and low (C;) concentrations,

which was set to 10.
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Fig. 2-1. Schematic illustration of MISM and its electrical profile.

a. Structure of two-stacked MISM. b. Schematic presentation of single stack MISM

with relevant interfaces. c. Electrical potential profile of single stack MISM.

Fig. 2-2. FESEM images of Membranes

a. Cross-section view of NSM. Top view of b. 1,000 kDa DM, c. 100 kDa DM, and
d. 10 kDa DM.
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Fig. 2-3. Measurement of membrane charge density of DM.

a. Setup for measurement of DM charges. A dialysis membrane separates

concentrated and diluted cells containing aqueous KCI solutions. An external pump

keeps the concentration ratio between the two solutions constant. Ag/AgCl reference

electrodes were immersed into 3 M KCI solutions and connected to the two solutions

via a salt bridge. The diluted cell concentrations varies from 0.5 mM to 100 mM and

the concentration ratio between the concentrated chamber and the diluted chamber

is fixed to 10. b. DM potentials measured as a function of flow rate. Positive

correlation between the observed potential and flow rate was obtained at 5-30

mL/min. Membrane potential was saturated at 25 mL/min, which was selected for

measuring membrane charge density.

74



)
S

S 40
>
E _Q--=--0-=-=------ o E T i o]
= 04:° @ )
o 10 = 10
T ! g O
8-1015 ° 1
[=] I Q. 5
v 20 2 0
g-<'p g -104
g S o)
S 304 - - fitted [ - - fitted
§ P o AE s b o AE |
= 40 —————————— 201 ——————
0 20 40 60 80 100 0 20 40 60 80 100
Concentration of KCI (mM) Concentration of KCI (mM)
C d -
S 2 E 10
E <}
= B N s te] £
.8 -7 =
= 04 40 B
(] q c
© o S 0.8
Q 1 o
2 -2d >
© ! ©
=y
S ! ) 5}
£ - - fitted © .06
2 4 o AE |
0 20 40 60 80 100 g 10 kDa 100 kDa 1000 kDa

Concentration of KCI (mM)

Fig. 2-4 . Characteristics of DM with different MWCO.

Membrane potential of a. 1000 kDa, b. 100 kDa, c. 10 kDa DM by varying the
solution concentration (diluted side) and maintaining the ratio between the high and
low concentration to 10. Experimental values of E at high KCI concentrations were
plotted against 1/C to obtain the value of charge density (0). d. Membrane charge
densities of DMs with different MWCO.
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The measured potential was converted into membrane charge density from
equation (2), with obtained steady state potential and cation transport number.
Membrane charge density from three different MWCO of DM is summarized in Fig.
2-3d. The result is in good accordance with what was expected; lower MWCO of
DM, denser membrane, and larger surface area of membrane give rise to the higher
charge density. Membrane potential of DMs with different MWCO were measured
with 10 mM nitrate as a high concentration solution and 0.05 - 5 mM nitrate as a low
concentration solution. Among the three examined DMs, the voltage outcome from
the 1000 kDa DM showed the smallest absolute value and variation, which means
smallest potential disturbance between sample and reference electrolyte (Fig. 2-4).
Therefore, | chose the DM with MWCO of 1000 kDa as a reference membrane

throughout the study unless otherwise stated.

Figure 2-5a presents the potential vs. concentration plot of a single-stack device
with only one NSM-DM pair, revealing that a near-Nernstian response of 57.08 mV
decade? is observed over a wide concentration range of 6.1 x 10°® —7.0 x 1072 M.
The detection limit is evaluated as 4.1 x 10® M from the intersection of the two
extrapolated segments of the calibration curve. The effects of HCO3~, SO4>", and CI,
the most common anions of natural water, on the nitrate selectivity of the single-
stack MISM were probed using the matched potential method, [80] (Fig. 2-6b) and
the obtained selectivity coefficients (3.4 x 1073 7.7 x 1072 and 1.1 x 1073,
respectively) indicated that this system was well selective for NO3;~ over major

interfering ions in natural water.
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Fig. 2-5. Membrane potential of DMs with different MWCO

Solution concentration of one side was maintained to 10 mM NaNOs3, the other side

was varied from 0.05 mM to 5 mM NaNO:s.
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Fig. 2-6. Characteristics and emf enhancement of MISM.

a. Calibration curve for single stack MISM. b. Potential responses of NSM to HCOz',
SO4* and CI-. c. Potential-concentration response of MISM with different number of
stacks, from 1 to 7. The sensitivity of MISM increases as a function of the number

of stacks. d. Potential generated from 1 to 7 stack MISM. The background shows the

color generated from BFE-based potentiometric sensor.
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Fig. 2-7. Voltage distribution of 1 stack (top) and 2 stack MISM (bottom) for
nitrate concentration of 0.1 mM (red) and 0.12 mM (black).
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Besides being simple and disposable, the most intriguing trait of multilayer
structure is that potential differences created by individual NSMs are accumulated
to produce net emf in proportional to the number of NSMs as the NSM-DM pairs
are stacked alternatively (Fig. 2-1). This means that | can modulate the sensitivity by
simply choosing NSM-DM pairs stacks. The Nernstian slope of 57.1 mV decade™
for single stack increases to 388.1 mV decade™ for 7 stacks (Fig. 2-5¢), showing 6.8-
fold increase of sensitivity (Table 2). The potential values measured for each
concentration and number of stacks are represented in the table shown in Figure 2-
5d. Furthermore, the potential distribution of 0.1 mM and 0.12 mM nitrate measured
with 1 stack and 2 stack MISM is shown in Figure 2-6. For the 1 stack MISM, 80.0%
of total counts were included in the overlapped range, on the other hand, only 15.8%
of total counts were included for the 2 stack MISM. Therefore, increased sensitivity
facilitates the distinction between two adjacent concentrations, thereby achieving

higher resolution of the measurement.

Moreover, the increase in sensitivity applies for not only monovalent ions, but also
for multivalent ions, of which the potentiometric quantitation is commonly hindered
by low sensitivity. As a demonstration, Ca?*-selective membrane (CSM) based
MISM was fabricated by embedding Ca?*-selective ionophore into a CEM mixed
with PVC and plasticizer following the method used for NSM fabrication. While the
theoretical diffusion potential of a divalent ion is only 29.5 mV decade!, the
obtained CSM based MISM manifested a Ca®* sensitivity of 115 mV decade! for
four stacks (Fig. 2-7). This value largely exceeds the conventional value by a factor
of 3.90, representing a significant improvement in sensitivity. This result supports
that MISMs are not limited to the sensing of monovalent anions but can be used for

universal ion sensing with enhanced and tunable sensitivity.
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To check MISM stability and robustness, | conducted experiments on potential

equilibration and time-dependent fluctuation, revealing that the potential of a six-

stack cell reaches £1 mV of the stabilized value within 5 s after electrolyte injection

and decreases by only 1.3% after 30 s on average (Fig. 2-8). Figure 2-9 shows the

effect of sample pH (3.2-8.6; 2 x 10~* M nitrate solution) for a single-stack MISM,

demonstrating that the potential output remains stable and largely constant at pH

3.5-7.8 and critically decreases outside this range. Figure 2-9b reveals that only

insignificant MISM selectivity and potential deteriorations are observed within eight

days of dry storage under ambient conditions.

Table 5. Sensitivity of MISM as a function of the number of stacks. Nitrate

concentrations from 0.02 mM to 5 mM were used to plot the trend line for

sensitivity of each stack.

Sensitivity Sensitivity enhancement
Number of stacks

(mV decade™) compared to single stack

1 57.1 1.00

2 116.2 2.03

3 159.9 2.80

4 2155 3.77

5 270.5 4.73

6 320.8 5.62

7 388.1 6.80
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Fig. 2-8. emf enhancement of MISM with NSM and CSM

a. Potential-concentration response of CSM based MISM with different number of
stacks. The sensitivities of stacks were 30.8 mV decade™, 62.8 mV decade™, 84.6
mV decade?, 115 mV decade® for 1 to 4 stacks, respectively. b. Comparison of
sensitivity enhancement between CSM and NSM based MISM. The sensitivity of
CSM based 4 stack MISM is 53.3 % of that of NSM based 4 stack MISM, which is
attributed to the valence charge of the target ion of CSM based MISM, Ca?*, which

is twice of the valence charge of NO*. The error bars in a., b. represent + SD (n = 3).
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a. Effect of pH on emf for a sample solution. b. Daily OCP of MISM recorded for

0.02 mM nitrate solution with 0.1 mM chloride ions. The error bars in a. represent +

SD (n = 3).

83



BPE based colorimetric detection system visualizes potential difference
responsible for the nitrate concentration of sample from MISM. An Ag/AgCI is
immobilized on one end of the BPE to pin the redox potential (Fig. 2-10 b). On the
other end, | put electrochromic PANi that has four representative oxidation states
each bearing a different color for different applied potential: yellow, green, blue and
purple (Fig. 2-11). When the BPE system is connected to the MISM, the voltage
generated by the MISM alters the oxidation states of PANi film, producing a
characteristic color that corresponds to the potential generated from MISM. As a
result, one can directly assess the ion concentration of interest in the sample by just
looking the color change with naked eyes. Still, it needs no any extra power source
but only a small disposable membrane stack and PANi-painted BPE to conduct quick

and easy analysis on site.

A schematic diagram of the BPE-based multicolor detection system is shown in
Figure 2-10a. On one end of the BPE, electrochemical oxidation of PANi takes place
to induce color change relevant to the applied potential (AEeec ~ AEio).
Simultaneously, reduction of silver chloride occurs on the other end to retain the
current equality. BPE in this study is made of indium-tin oxide on a slide glass, which
is covered by polydimethylsiloxane (PDMS) with a patterned microchannel and a
reservoir. Both BPE and chip are transparent and robust materials that safely allow

to observe color changes (Fig. 2-10Db).
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Fig. 2-11. Structure and the color of BPE-based colorimetric detection system.

a. Schematic diagram of the BPE-based multicolor ion detection system. b. Three-

dimensional structure of the bipolar electrode chip. c. PANi color chart obtained

using a potentiostat. d. Hue values observed for different potentials applied by the

potentiostat.
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Fig. 2-12. Cyclic voltammogram of polyaniline that has four oxidation states
and respective colors.
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Figure 2-10c shows the colorimetric data at various BPE operation voltage. PANi
was electrodeposited at constant potential and the charge for electrodeposition was
optimized on the consideration of the response time of the sensor and clear color
visualization (Fig. 2-12). The observed color changes from yellow to purple, which
is distinct enough to directly determine the ion concentration level with the naked
eye by collating with the color chart. Furthermore, the so-obtained color profile can
be analyzed as well by converting the color change into hue values and pixel intensity.
While it requires extra device like smartphone equipped with camera, such
conversion can offer useful option to digitize the colorimetric information for more
accurate quantitative analysis (Fig. 2-10d). | can calculate hue value [81]
automatically on the basis of the mean pixel values (red, green and blue) of the image
taken from a camera. Hue values take on a number between 0 and 360, which
constitutes a continuous spectrum of color change from red to purple. In this
experiment, hue values of 35-75, 75-165, 165-235, and 235-310 were sorted yellow,
green, blue, and purple, respectively. Hue value changes gradually from yellow to
blue, where sharp increase was observed from blue to purple. As found in Fig. 4f,
pixel intensity can be used for further tuning the sensitivity even with black and

white CCD, which could be more sensitive.
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Fig. 2-13. Hue value, Pixel intensity, and color chart according to applied

potential.

a. Observed hue values under different potentials applied by a potentiostat. b. Hue
values and f. Pixel intensities based on the charges applied on PANi. c. Observed

colors with various potentials and charges.
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a. Combined structure of MISM (2 stack) and BPE-based multicolor and
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b. Corresponding potential

from different nitrate

concentrations from 6 stack MISM, with the color of the background indicates the

color generated from BFE-based potentiometric sensor. ¢. Depiction of obtained

color from a series of nitrate concentrations using 6 stack MISM.
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The BPE-based multicolor detection system was combined with a MISM to
construct a simple, disposable, and sensitivity-tunable ion sensor (Fig. 2-13a) (The
photographs of single stack MISM and BPE are shown in figure 2-17). As the range
of colors provided by PANi depended on nitrate concentration and the number of
stacks, the concentration range of interest could be easily modulated by changing the
number of stacks (Fig. 2-5d). To test the applicability of the fabricated system to
real-life samples, a six-stack MISM was employed for river water analysis. When
the six-stack MISM was connected to the BPE, the MISM-generated voltage was
divided according to the BPE/MISM resistance ratio. Optimization of MISM internal
resistance allowed us to effectively and reliably apply the MISM-generated voltage
to the BPE (for details of the optimization process, see Fig. S7). The membrane
surface area was one of the parameters optimized to reduce MISM internal resistance
and thus ensure effective voltage transmission to the BPE. The use of high membrane
areas resulted in increased currents and hence, in more rapid PANi color changes,
thus leading to shorter response times (Fig. 2-14d). To analyze the effect of unknown
ions on voltage distribution, MISM internal resistance was examined in the presence
of various concentrations of interfering ions. Taking into account the natural
abundance of chloride ions, | measured the resistance of the six-stack MISM in 0.05
mM nitrate solution in the presence of 0.05-1 mM chloride ions, revealing that a
13.9% change in resistance brought about a 0.187% change in the potential exerted
to BPE. Consequently, when the nitrate concentration increased from 0.02 to 5 mM,
the color changed from purple to pale yellow, which was well discernible with the
naked eye (Figs. 2-13b, c). Such color changes could be converted to the

corresponding hue values, as shown in Figure 2-15.

To test if the MISM sensing platform can be used as a portable device for field

tests of river water, | collected river water samples from two different spots and
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analyzed them with a six-stacked MISM after filtration through a 0.02-um filter
(Table 3). The obtained colors (blue and green) directly indicated that the nitrate
concentrations in both samples did not exceed the World Health Organization (WHO)
stipulated threshold values which is 0.8 mM (Fig. 2-13c). [82] The observed hue
values of 199.5 and 138.1 corresponded to nitrate concentrations of 0.06-0.1 mM
and 0.15-0.25 mM, respectively. To confirm the accuracy of this measurement, |
used ion chromatography to determine nitrate levels in the two samples, showing
that the obtained values of 0.061 and 0.211 mM were in good agreement with those
provided by the MISM-BPE system. Thus, the MISM-based on-spot colorimetric
analysis developed herein was concluded to be well suited for electronics- and

battery-free environmental and hygiene monitoring.

91



da Agl/AgCI Ag/AgCI b

(RE) (RE) 700
600+ . a
- e L
g s00] * T~
8 400
&
& 300+
8 2001
14
100
Diluted 0
01 i
Chloride concentration (mol.’m3)
= d
6000 ; : . . —100 0.8
_o——'-—'-_'_-_'-_'—_'-. LIJ
o
5000 " o ]
g « e S‘O]
= 40004 % 5 <
3 L T 0.61
£ 3000 ‘g =
2 2 5 0-51
@ 20004 S\ 90 @ o
' = J
1000 \. ] 04 151 e’ MISM
T = | —— 2545 om’ MisM|
T T v v —+85 2 0.31— r - T
0 2 4 [ 8 10 ° 0 20 40 60
Membrane area (cm?®) Time (s)

Fig. 2-15. Resistance of MISM

a. Scheme of membrane resistance measurement. Ag/AgCI reference electrodes
were immersed in both chambers to record the potential difference. Constant current
was applied to the MISM through Pt wires in the two chambers. The resistance of
the MISM was calculated from the IR drop due to the current applied. b. Measured
resistance for a series of chloride concentrations. c. Resistance and potential
transmitted to the BPE for various membrane areas. d. Time-dependence of the

potential for different MISM areas. The error bars in b, ¢ represent + SD (n = 3).
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Fig. 2-16. Hue value and colors of PANi corresponding to the nitrate

concentration.

a. Hue values for a series of nitrate concentrations. The background indicates the
color generated from BPE based potentiometric sensor. b. Colors of PANi generated
from six-stack MISM in response to a series of nitrate concentrations. The cropped

image is shown in Fig. 5c. The error bars in a. represent £ SD (n = 3).
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Table 6. Results of river water analysis

Spot A Spot B
lon chromatography—de_termined nitrate 0.0610 mM | 0.211 mM
concentration
MISM potential 695 mV 499 mV
Nitrate concentration determined from MISM 0.0764 mM  0.265 mM
potential
Color 4 B
Hue value 199 138
Nitrate concentration determined from hue value | 0.0717 mM = 0.262 mM

Fig. 2-17. Photographs of a single stack MISM and BPE microchip.

a. Front view of a single stack MISM. b. Top view of a single stack MISM c. Top
view of a BPE microchip.
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2.4. Conclusion

Herein, | adopted a non-stereotypical approach to RED systems to fabricate a
novel multicolor ion-sensing platform, showing that the use of MISMs, which are
modified RED systems employing ion-selective and ion-non-selective membranes,
greatly expands the scope of both conventional RED and ion-sensing technologies.
Moreover, MISMs were demonstrated to serve as power generators driving the entire
system and as selective signal producers for ion concentration in a given sample.
Potentiometric sensitivity practically exceeded the Nernstian slope and could be
modulated by simple variation of the number of NSM-DM stacks constituting the
MISM. MISM integration with a bipolar electrode (BPE) yielded a disposable,
convenient, and sensitive ion-sensing platform. The presence of a MISM obviated
the need for an external power source and gave rise to a continuous color gradient of
PANI film on BPE, enabling swift super-sensitive guantitation with the naked eye
and allowing hue value digitization for data storage and further analysis. Besides
nitrate, which was used as an example in this study, other ions can be targeted by
simply selecting the relevant ionophores. Moreover, the MISM-based ion-sensing
concept can also be implemented in the construction of parallel systems for multiplex
analysis, which reveals the immense potential of the RED technology for future

applications such as highly versatile self-powered ion sensors.
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