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Abstract

The lack of safe drinking water, access to medical treatment and equipment, and sus-
tainable energy are some examples of problems affecting the majority of developing nations
today, and are collectively responsible for over 15 million annual deaths globally. While tech-
nological advances have enabled developed countries to improve the average health quality
and overall life expectancy of their populations, the adoption of such technologies is cost-
prohibitive for countries with small healthcare budgets. One of the obstacles in achieving low-
cost and simple-to-use biotechnologies are versatile and robust fabrication methods. Therefore,
there is great demand for novel and feasible biomedical device technologies that can address

the current healthcare challenges of resource-limited nations.

In this thesis, a low-cost and rapid bench-top fabrication method is introduced to cre-
ate nano/microstructured electrodes (NMSEs) with applications in microfluidic cell sensing,
enhanced energy capture, and hemolytic agent detection. Metal deposition and viscoelastic
shape-memory polymers were used to rapidly create highly tuneable wrinkled electrodes with
electrochemical surface area enhancements of up to 650% and miniaturization down to 16%
from the original area. These shrunken metallic electrodes were transferred onto polydime-
thylsiloxane (PDMS) using a dissolvable photoresist liftoff technique. The result was a new, all
PDMS-based flexible microfluidic cell sensor, capable of detecting 3T3 fibroblast cells down
to 2x10° cells/ml and able to withstand flowrates of up to 100 mI./min. In a second project,
biofilms of Geobacter sulfurreducens were cultured onto wrinkled NMSEs with enhanced electro-
active surface area, which served as bioanodes in a microbial fuel cell. This enhanced microbial
fuel cell generated twice the power output of control devices containing planar electrodes in
lieu of the larger wrinkled variety. Next, we developed a phospholipid membrane-on-a-chip
platform for the electrochemical detection of membrane disrupting agents. We deposited a
coating of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) phospholipids on the sur-
face of the NMSEs to inhibit charge transfer between the redox reporter molecule in solution
and the electrode. Lytic compounds were hypothesized to disrupt the coating, such that the

exposed NMSE interface could facilitate the monitoring of the signal transduction from redox
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molecules in solution. A first round of experiments tested the DMPC-coated NMSEs against
commercially available sodium dodecyl sulfate (SDS) and Polymyxin-B (PmB), an antibiotic
known to cause membrane rupture through dissolution and pore formation. The results indi-
cated viable devices with limits of detection at 10 ppm and 1 ppm for SDS and PmB respec-
tively. Lastly, we added cholesterol to the DMPC phospholipids to create stable supported
membranes on NMSEs. The addition of cholesterol to DMPC increased the supported mem-
brane stability against SDS and PmB where pure DMPC membranes produce higher signal
recovery than cholesterol rich membranes. As a proof-of-concept, we tested the cholesterol
rich membranes against Pneumolysin (PLY), a hemolytic protein known to rupture cell mem-
branes. The LOD of SDS, PmB, and PLY was determined to be 500 ppm, 1 ppm, and 600
ppb respectively. All three electroanalytical devices produced using our shape-memory poly-
mer structuring technique exemplify the potential of this versatile platform to help address the

issues currently facing developing countries.
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TEST . 1tututeteteueuesentesesesasesesseseseseseseasesesesasessssesesesasessasesesasessnsnsesesesssenssesesesesssesesesessssssesesesanssssesesas 63
FIGURE 2.S3. FLUORESCENCE MICROSCOPE IMAGES OF THE WORKING ELECTRODE INSIDE
THE NF DEVICE AT DIFFERENT STAGES OF THE CELL ADHESION PROCESS COMPARED TO
THE BLANK ELECTRODE (TOP LEFT). IMAGES WERE TAKEN OF DIFFERENT AREAS OF THE
ELECTRODE. ALL IMAGES WERE TAKEN AT 10X MAGNIFICATION AND WITH IDENTICAL
ILLUMINATION AND ACQUISITION CONDITIONS. BRIGHT CIRCULAR AREAS REPRESENT
CESE LABELLED CELLS. .eevevtrteutrtetentetetniesentesentesentssesessesessesessesestssestssesensesentssesessesessesensesensases 64
FIGURE 2.S4. CYCLIC VOLTAMMOGRAM AND RELATIVE CHARGE PLOT COMPARING
ELECTROCHEMICAL SIGNALS DURING SENSING IN 5 MM K4[FE(CN)¢] SOLUTIONS OF 1X
PBS, DMEM, AND DMEM AFTER 1 HOUR INCUBATION AT CELL ADHESION CONDITIONS
(37°C AND 5% COy). (A) OVERLAID CYCLIC VOLTAMMOGRAMS OF DIFFERENT CONTROL
CONDITIONS WITH A POSITIVE INTTTAL SWEEP DIRECTION AS INDICATED BY THE ARROW.
(B) PLOT COMPARING RELATIVE CHARGE TRANSFERRED IN EACH CONDITION
(NORMALIZED TO PBS) SHOWING THAT THERE IS NO INFLUENCE OF DMEM ON THE
ELECTROCHEMICAL SIGNAL BEFORE AND AFTER 1-HOUR OF INCUBATION. THUS, ALL
ELECTROCHEMICAL CHANGES OBSERVED DURING SENSING CAN BE ATTRIBUTED TO

FIBROBLAST CELL ADHESION. 1. uvtttiutteetteeeeteeeeeseseessseessstessssessssesssseessssessssessssessssesssssessssesssees 65
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FIGURE 2.S5. PLOT OF 3T3 MURINE FIBROBLAST CELLS RELATIVE VIABILITY IN 1XPBS,
DMEM, AND WITH THE AU-PDMS ELECTRODE IN DMEM. THE RESULTS SHOW NO
QUANTITATIVE DIFFERENCE TO CELL VIABILITY BETWEEN THE DIFFERENT STORAGE
CONDITIONS. 1.etteutetenteeutetentestesseetentessestesensesseeseesessesseensensessesseensessessesseensensessessensensessesnaensens 66

FIGURE 2.56. SEM IMAGE OF GOLD FILMS BEFORE (A) AND AFTER (B) SHRINKING. ........... 67

FIGURE 3.1. SCHEMATIC OF FABRICATION PROCESS FOR GENERATING 2 MM DIAMETER
WRINKLED ELECTRODES. PRESTRESSED POLYSTYRENE DISKS (BLACK) WERE CUT FROM
COMMERCIALLY AVAILABLE SHEETS. AN ADHESIVE VINYL STENCIL MASK (RED) WAS
DESIGNED, PATTERNED, AND ADHERED TO THE POLYSTYRENE SUBSTRATES. THE
SENSING ELECTRODE PADS WERE MASKED DURING THE SEQUENTIAL SPUTTERING OF
GOLD FILMS, WHICH RESULTED IN SENSING ELECTRODES WITH THICKNESSES OF 50, 100,
200, AND 400 NM (SHADES OF ORANGE). THE ADHESIVE VINYL MASK WAS REMOVED AND
THE SUBSTRATES WERE SHRUNK AT 165 °C. THE FINAL AREA OF THE SUBSTRATE WAS 16%
OF THE ORIGINAL AREA, AND THE FINAL DIAMETER OF EACH SENSING ELECTRODE PAD
WAS 2.0 MM (60% REDUCTION IN X AND Y DIMENSIONS). ...cvouiuiinininiiniiniincsnsesnnnannes 73

FIGURE 3.2. CHARACTERIZATION OF STRUCTURED AU ELECTRODES THROUGH ELECTRON
MICROSCOPY. SEM IMAGES OF (A) POLYSTYRENE BEFORE AND AFTER SHRINKING, (B)
FLAT AU SPUTTERED ON POLYSTYRENE. (C) CROSS-SECTION SCHEMATIC OF THE
ELECTRODE SURFACE AFTER STRUCTURING, SHOWING THE PS SUBSTRATE (BLACK)
COATED BY A GOLD FILM (YELLOW) WITH THICKNESS T. THE WRINKLES ARE
CHARACTERIZED BY AN AMPLITUDE .4 AND A PERIODICITY THAT IS APPROXIMATED BY
THE PERSISTENCE LENGTH L. (D) SEM IMAGE OF THE CROSS-SECTION OF A 50 NM THICK
STRUCTURED FILM, AFTER FOCUSED ION BEAM MILLING. REPRESENTATIVE AMPLITUDE,
PERIODICITY AND THICKNESS OF THE WRINKLED FILM ARE HIGHLIGHTED IN THE IMAGE.
THE IMAGE HAS BEEN FALSE COLORED TO AID IN THE IDENTIFICATION OF THE GOLD
FILM (YELLOW) AND THE POLYMER SUBSTRATE (GRAY). TOP-DOWN SEM IMAGES FOR
WRINKLED AU ELECTRODE SURFACES FOR FILM THICKNESSES OF (E) 50, (F) 100, (G)

200, AND (H) 400 NM. IMAGES (A), (B), AND (E)—(H) ARE ALL PRESENTED AT THE SAME
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FIGURE 3.3. TOPOGRAPHICAL AND ELECTROCHEMICAL CHARACTERIZATION OF THE
STRUCTURED ELECTRODES. (A) RMS SURFACE ROUGHNESS MEASUREMENTS OBTAINED
BY OPTICAL PROFILOMETRY FOR AU FILMS OF DIFFERENT THICKNESSES BEFORE (CYAN)
AND AFTER (RED) WRINKLING. (B) PERSISTENCE LENGTH FOR THE WRINKLED SURFACES
AS A FUNCTION OF GOLD FILM THICKNESS. (C) TYPICAL CYCLIC VOLTAMMOGRAM
OBTAINED IN A 100 X 10—3 M H2SO4 REDOX SOLUTION USING A GOLD WORKING
ELECTRODE WITH A 2 MM DIAMETER FOOTPRINT BEFORE (CYAN) AND AFTER (RED)
WRINKLING, SHOW THE ENHANCED CHARGE TRANSFER DUE TO THE INCREASED
SURFACE AREA. (D) THE RELATIVE ELECTROACTIVE SURFACE AREA (NORMALIZED TO
THAT OF A FLAT ELECTRODE WITH A 2 MM DIAMETER FOOTPRINT) FOR PLANAR (CYAN)
AND WRINKLED (RED) ELECTRODES. ALL ERROR BARS REPRESENT THE STANDARD
DEVIATION OF MEASUREMENTS MADE ON N > 3 REPLICATE ELECTRODES. .....c.couveeee. 77
FIGURE 3.4. (A) A PICTURE OF 4 TWO-CHAMBER MICROBIAL FUEL CELLS WITH CATHOLYTE
(YELLOW) AND ANOLYTE (COLOURLESS) RESERVOIRS ON STIR PLATES. THE FIFTH
CONTROL MFC 1S NOT SHOWN. INSET SHOWS AN ACTIVE 2 X 2 ANODE ARRAY
(HIGHLIGHTED). NOT SHOWN IN THE INSET ARE THE PROTECTED CONNECTIONS MADE
TO EACH ACTIVE ANODE ARRAY. ALL MFCS WERE CONNECTED TO A BREADBOARD
ACROSS REXT. A MICROCONTROLLER MEASURED " ACROSS REXT AND STORED DATA ON
A COMPUTER. SEM IMAGES OF (B) A CLEAN WRINKLED ANODE BEFORE CATHODE
CONNECTION THROUGH REXT AND (C) A BIOFILM COVERED ANODE AFTER CATHODE
CONNECTION THROUGH REXT. THE INSET SHOWS MAGNIFIED REGION IN (II) SHOWING
INDIVIDUAL BACTERIA AND EPS. SCALE BARS ARE 100 MM (I AND II) AND 15 MM (INSET).
(D) SPECTRA FROM RESONANCE RAMAN SPECTROSCOPY OF WRINKLED ANODES
FORMED FROM AU LAYERS OF 400 NM THICKNESS, BEFORE (BLUE) AND AFTER
EXPERIMENT WAS COMPLETE (RED). ...cecininiiieieriiininieieieiineseseseseiesesesesesssissesesessssssesesesesens 78
FIGURE 3.5. THE AVERAGE VOLTAGE AND CURRENT VERSUS TIME DURING START UP FOR
ANODES USED IN THIS STUDY. ALL MEASUREMENTS WERE CONDUCTED ACROSS A 100 K2
EXTERNAL RESISTOR. CURRENT AND VOLTAGE RESOLUTION WERE 100 NA AND 10 MV,
RESPECTIVELY. INSET SHOWS THE COEFFICIENT OF VARIANCE (CV) BASED ON AVERAGE

VOLTAGE (I”AVE) AND THEIR STANDARD DEVIATIONS (I”STD). IN ALL CASES COLOR
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CODING FOLLOWS: 50 NM (BLUE), 100 NM (ORANGE), 200 NM (GRAY), 400 NM (YELLOW),
AND PLANAR (CONTROL) ANODES (GREEN). ....cveveuiuinininieiereininieiererestnisseseseseessssesesesessssenenes 79
FIGURE 3.6. (A) EXAMPLE OF INDIVIDUAL POLARIZATION (DASHED) AND POWER DENSITY
(SOLID) CURVES ACQUIRED FROM SEPARATE SAMPLES GROWN ON CONTROL (BLACK), 200
(BLUE), AND 400 (RED) NM WRINKLED ELECTRODES. (B) AVERAGE OF MAXIMUM POWER
DENSITY AS READ FROM AT LEAST THREE SEPARATE POWER DENSITY CURVES FOR EACH
ELECTRODE TYPE. ALL POWER DENSITY CURVES WERE OBTAINED FROM SEPARATE
SAMPLES AFTER 60 H OF GROWTH. THE VOLTAGE I, THE CURRENT I, AND THE POWER P
= I ARE OBTAINED BY VARYING THE RESISTANCE R.....ccccccooiviiiiiiiiiniiiiiiiccne 80
FIGURE 3.7. CONCEPTUAL MODEL OF THE G. SULFURREDUCENS BIOFILM (GREEN) AT A
WRINKLED ANODE SURFACES (GOLD) USED IN THIS STUDY. THE ANODE SURFACES WERE
GENERATED BY AU FILMS OF (A) 400, (B) 200, (C) 100, (D) 50 NM THICKNESS, AND (E)
UNSHRUNKEN FILMS. UPPER BACTERIAL LAYERS ARE NOT SHOWN. ....ccoverrrimiierenencnnnnne 81
FIGURE 4.1. SCHEMATIC OF THE SENSOR FABRICATION AND OPERATION. (A) MSES WERE
FABRICATED ON PRE-STRESSED POLYSTYRENE SUBSTRATES (CLEAR RECTANGLES), WHICH
WERE MASKED DURING GOLD DEPOSITION USING ADHESIVE VINYL STENCILS (RED).
AFTER SPUTTERING A THIN GOLD LAYER (YELLOW), THE STENCILS WERE REMOVED TO
REVEAL THE PATTERNED ELECTRODE. THERMAL SHRINKING OF THE SUBSTRATE
RESULTED IN STRUCTURING OF THE AU FILMS. (B) TO FORM LIPID MEMBRANE
PASSIVATION LAYERS THE MSES WERE MASKED TO ALLOW THE DEPOSITION OF LIPID
SOLUTION SOLELY ON THE SENSING PAD. THE LIPIDS WERE DEPOSITED FROM STOCK
SOLUTIONS AND THE SOLVENT WAS EVAPORATED, FORMING THIN LIPID FILMS THAT
WERE ANNEALED UNDER OPTIMIZED TEMPERATURE AND HUMIDITY CONDITIONS.
PRIOR TO SENSING, A MASK WAS APPLIED ON THE MSE PAD TO ENSURE A REPRODUCIBLE
MEMBRANE ~ SENSING  SURFACE. (C) SCHEMATIC OF THE 3-ELECTRODE
ELECTROCHEMICAL SENSING SET UP. THE DMPC-COATED MSE WAS USED AS THE
WORKING ELECTRODE (WE), WITH A PT WIRE AS THE AUXILIARY ELECTRODE (AE), AND
A STANDARD AG/AGCL AS A REFERENCE ELECTRODE (RE). (D) 3D OPTICAL

RECONSTRUCTION OF 20-NM-THICK FLAT AND 20, 50, 100, 200 AND 400 NM-THICK
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MICROSTRUCTURED AU FILMS. ALL OPTICAL IMAGES TAKEN AT THE SAME
MAGNIFICATION. w.eiuiuiiieiereuiietetetesestsiesesesesestses et ettt et s seses st esesesesessssesesesessssesesenesesssseseses 100
FIGURE 4.2. SENSING MECHANISM OF THE LIPID-BASED ELECTROCHEMICAL SENSOR. (A)
BARE MSES PRODUCE THE MAXIMUM ELECTROCHEMICAL SIGNAL FROM A REDOX
REPORTER IN SOLUTION (RED DOTS); INSET: TYPICAL CV CURVE. (B) DMPC MEMBRANES
DEPOSITED ON THE MSES PASSIVATE THE ELECTRODE SURFACE, PREVENTING REDOX
PROCESSES TO OCCUR; INSET: CV WITH NO SIGNAL. (C) WHEN THE SENSOR IS EXPOSED
TO A SOLUTION CONTAINING MEMBRANE-DISRUPTING FACTORS, THE MEMBRANE
DEGRADATION EXPOSES THE ELECTRODE SURFACE AND INCREASING REDOX SIGNALS
ARE MEASURED OVER TIME AS SHOWN IN THE INSET. GOLD SURFACE TOPOGRAPHY AND
LIPID LAYER DRAWINGS NOT SHOWN TO SCALE. c.veueuiuiininierereiiniererereseessesenesesesessesesenens 102
FIGURE 4.3. (A) TYPICAL CYCLIC VOLTAMMOGRAM OF A SOLUTION CONTAINING 2MM
KFECY SHOWING THE LINEAR REGRESSION USED FOR THE BASELINE CORRECTION OF
THE CATHODIC PEAK. THE PEAK WAS INTEGRATED AFTER THE LINEAR REGRESSION TO
OBTAIN THE TOTAL CHARGE TRANSFERRED FROM THE REDOX PROCESS. (B) RELATIVE
CHARGE TRANSFER PLOT OF 20 — 400 NM MSES COATED WITH 0.5 MG/ML DMPC AFTER
BEING EXPOSED TO A 0.1% SDS SOLUTION FOR 10 MINUTES. THE CHARGE TRANSFERRED
WAS NORMALIZED TO BARE ELECTRODES WITHOUT MEMBRANES (DOTTED LINE). BARS
REPRESENT THE MEAN VALUES AND ERROR BARS SHOWN ARE STANDARD DEVIATIONS
OBTAINED FROM N = 3 REPLICATES. ...ccotniiiiiiiiiiiiiiieieiiisiese et sse e ssssssesesesenns 104
FIGURE 4.4. THE DMPC MEMBRANE CONFORMATION ON MSES WAS ASSESSED THROUGH X-
RAY DIFFRACTION. (A) A 2D RECIPROCAL-SPACE MAP OF THE DIFFRACTION INTENSITY
OBTAINED FROM DMPC MEMBRANES DEPOSITED ON MSES. (B) TYPICAL DIFFRACTED
INTENSITY VS AZIMUTHAL ANGLE © PLOT. (C) LIPID PEAK INTENSITY SIGNAL OF DMPC
MEMBRANES VERSUS DIFFERENT LIPID CONCENTRATIONS OF THE SOLUTION DEPOSITED.
LINES REPRESENT DATA FOR MSES MADE FROM FILMS WITH DIFFERENT THICKNESSES,
WHICH LED TO DIFFERENT WRINKLE SIZES. (D) PLOT OF HERMAN’S ORIENTATION
PARAMETER VERSUS MSE FILM THICKNESS. .....cetiiniiiiieiiiiinieieieeisiereseeesisseseseessssenenes 107
FIGURE 4.5. CYCLIC VOLTAMMOGRAMS COMPARING CURRENT SIGNAL CHANGES IN DMPC

CONCENTRATIONS BETWEEN 20 NM AND 50 NM THICK WRINKLED GOLD ELECTRODES.
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ALL CV SCANS WERE PERFORMED IN 2 MM KFECY SENSING SOLUTION WITHOUT SDS.
(A) CYCLIC VOLTAMMOGRAMS OF MEMBRANES DEPOSITED FROM DMPC SOLUTIONS OF
VARYING CONCENTRATIONS ON 20 NM WRINKLED GOLD ELECTRODES. (B) CYCLIC
VOLTAMMOGRAMS OF MEMBRANES DEPOSITED FROM DMPC SOLUTIONS OF VARYING
DMPC CONCENTRATIONS ON 50 NM WRINKLED GOLD ELECTRODES. ....ccceoveveerrerennen 109
FIGURE 4.6. ELECTROCHEMICAL SENSING OF SDS AND PMB AT CONCENTRATIONS FROM 1
TO 1000 PPM IN PRESENCE OF 2 MM KFECY REDOX REPORTER. (A) CYCLIC
VOLTAMMOGRAM OVERLAYING SENSING RESPONSE TO SDS (IN CYAN), PMB (IN RED),
AND KFECY (IN YELLOW). (B) TOTAL CHARGE TRANSFERRED FROM SENSORS
INCUBATED WITH SOLUTIONS CONTAINING INCREASING CONCENTRATIONS OF SDS OR
PMB COMPARED TO CHARGE TRANSFERRED FROM BARE MSES (BLACK DASHED LINE).
TIMES REQUIRED FOR THE SENSOR TO REACH THE MAXIMUM ELECTROCHEMICAL SIGNAL
ARE NOTED ABOVE EACH BAR. REPORTED CHARGE TRANSFER VALUES ARE MEANS AND
ERROR BARS ARE STANDARD DEVIATIONS OF N = 3 REPLICATES....cceccveeeierreriesreeneenenns 112
FIGURE 4.S1. OPTIMIZATION OF VACUUM, ANNEALING, RELATIVE HUMIDITY AND
TEMPERATURE FOR LIPID MEMBRANE DEPOSITION. DMPC FILMS WERE MADE ON 20 NM
MSES BY DROP CASTING 15 ML FROM A 0.5 MG /ML STOCK LIPID SOLUTION. IN ALL CASES
SENSING WAS PERFORMED THROUGH CV IN 0.1% SDS SOLUTIONS IN PRESENCE OF 2MM
KFECY REDOX REPORTER. ALL CHARGE TRANSFERS ARE RELATIVE TO BARE AU SENSORS
WITH NO DMPC. (A) RELATIVE CHARGE TRANSFERRED FOR SENSORS PREPARED USING
SOLVENT EVAPORATION IN VACUUM FOR VARIOUS LENGTHS OF TIME, WHILE KEEPING
100% RH AND 24-HOUR ANNEALING AT 50°C. (B) RELATIVE CHARGE TRANSFERRED
FOR SENSORS PREPARED USING SOLVENT EVAPORATION IN VACUUM FOR 24 HOURS, AND
ANNEALING AT 100% RH AND 50°C OVER A VARIABLE LENGTH OF TIME. TRIALS WERE
ALSO PERFORMED ON NON-ANNEALED ELECTRODES, BUT SIGNAL LEAKAGE WAS
OBSERVED PRIOR TO EXPOSURE TO SDS. (C) RELATIVE CHARGE TRANSFERRED FOR
SENSORS PREPARED USING SOLVENT EVAPORATION IN VACUUM FOR 24 HOURS, AND
ANNEALING AT VARIABLE HUMIDITY FOR 24 HOURS AT 50°C. (D) RELATIVE CHARGE
TRANSFERRED FOR SENSORS PREPARED USING SOLVENT EVAPORATION IN VACUUM FOR

24 HOURS, AND 100% RH AND 24-HOUR ANNEALING AT VARIABLE TEMPERATURES. 120
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FIGURE 4.S2. SCHEMATIC REPRESENTATION OF (A) SDS AND (B) PMB MEMBRANE
DISRUPTION MECHANISMS. ...veuveutrtirverrerteresiessesseseesessessessesessessessessesessessessessssessessessessssessessoses 121
FIGURE 4.S3. A COMPARISON OF SIGNAL GENERATION OF 20 NM AU PLANAR ELECTRODES
(TEAL) AND MSE (MAROON) PASSIVATED WITH 0.2 MG /ML DMPC MEMBRANE. CYCLIC
VOLTAMMETRY WAS PERFORMED IN A 1000 PPM SDS AND 2 MM KFECY SOLUTION UNTIL
MAXIMUM MEMBRANE REMOVAL WAS ACHIEVED AT 10 MIN FOR EACH DEVICE. (A)
DMPC-MSES SHOWED FULL SIGNAL RECOVERY AT 10 MIN COMPARABLE TO CLEAN
MSES, WHERE PLANAR AU ELECTRODES WAS NOT ABLE TO RECOVER FULL SIGNAL. (B)
QUANTIFICATION OF CV PLOTS IN CHARGE TRANSFER SHOWING SIGNAL CLOSE TO FULL
SIGNAL GENERATION FROM MSE-DMPC DEVICES WHILE PLANAR-DMPC DEVICES
ONLY REGENERATED APPROXIMATELY 30% SIGNAL. FURTHERMORE, MSES SHOWED
APPROXIMATELY 27% HIGHER SIGNAL OUTPUT OVER BARE PLANAR AU ELECTRODES,
MAKING MSES THE FAVOURABLE OPTION FOR HIGH SENSITIVITY ELECTROCHEMICAL
SENSING APPLICATIONS. 1euvtecteeeteesteesreesseessessseesseessesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssesns 122
FIGURE 4.S4. EASA COMPARISON BETWEEN PLANAR AU ELECTRODE AND MSES. THE EASA
WAS OBTAINED USING CV SCANNING IN A 50 MM H,SO, SOLUTION. THE MSES
CONTAINS IMPROVED EASA COMPARED TO THE PLANAR ELECTRODES ALLOWING FOR
INCREASED SENSITIVITY IN ELECTROCHEMICAL DETECTION. ....cooivveteiereeesvereaerenesennnas 123
FIGURE 4.S5. FLUORESCENCE MICROSCOPY IMAGES OF 20 NM-THICK MSES WITH
MEMBRANES DEPOSITED FROM (A) 0, (B) 0.1 MG/ML, (C) 0.2 MG/ML, AND (D) 0.5
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FIGURE 5.1. BENCHTOP FABRICATION AND ELECTROCHEMICAL SENSING CONFIGURATION.
(A) PS SHEETS WERE CUT AND CLEANED WITH IPA, ETOH, AND H,O. A VINYL MASK
WAS PLACED ON THE SUBSTRATE AND 50 NM AU WAS SPUTTER DEPOSITED ONTO IT. THE
MASK WAS REMOVED TO REVEAL THE PATTERNED ELECTRODE, WHICH AFTER
SHRINKING AT 160°C YIELDED AN MSE. (B) MSES WERE MASKED AND A LIPID
SOLUTION WAS DEPOSITED ON THE WORKING PAD FOLLOWED BY ANNEALING AT 50°C
AND 100% RH. THE DROP-CAST MASK WAS REPLACED WITH A SENSING MASK TO

CONTROL THE EXPOSED SURFACE. THE MOC-ECB WAS PLACED IN A SENSING SOLUTION
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CONTAINING 2 MM KFECY AND SDS, PMB, OR PLY AT A PRESCRIBED CONCENTRATION.
CV WAS USED FOR ALL SENSING EXPERIMENTS......ccceeteteesrerrereeressessesseresassesseseesessessenseses 132
FIGURE 5.2. RELATIVE CHARGE TRANSFERRED PLOT OF MOC-ECBS CONTAINING 0 — 50
MOLY% CHOLESTEROL MONITORED IN (A) 500 PPM SDS SOLUTION OVER 20 MIN AND (B)
500 PPM PMB OVER 10 MIN. POINTS REPRESENT MEANS AND ERROR BARS ARE STANDARD
DEVIATIONS OF N = 3 REPLICATE EXPERIMENTS. ...cvectistieieiesresreeseessessesseesessessessesssensens 134
FIGURE 5.3. PLOT OF THE RELATIVE CHARGE TRANSFERRED (NORMALIZED TO BARE
ELECTRODES) IN MOC-ECBS PREPARED WITH 30 MOL% CHOLESTEROL EXPOSED TO (A)
SDS AND (B) PMB. SENSING SOLUTIONS WERE PREPARED IN 1X PBS AND CONTAINED 2
MM KFECY AS A REDOX REPORTER. TIME INDICATED IS THE INCUBATION PRIOR TO
SENSING. BARS REPRESENT AVERAGES AND STANDARD DEVIATIONS OF N = 3 REPLICATE
SEINSORS. 1.tteteeteeieeteenteesteesteesteesteesseesseesseesseessesssessseessesssesssesssesssesssessseessesssesssessseessesssesssesssesns 137
FIGURE 5.4. DETECTION OF §. PNEUMONLAE PNEUMOLYSIN (PLY) wiTH MOC-ECBS. (A)
OVERLAID CYCLIC VOLTAMMOGRAMS GENERATED FROM MOC-ECBS AFTER 2.5 MIN
EXPOSURE TO DIFFERENT PLY CONCENTRATIONS. (B) CALIBRATION CURVE
QUANTIFYING THE TOTAL CHARGE TRANSFERRED AFTER 2.5 MIN EXPOSURE TO
DIFFERENT CONCENTRATIONS OF PLY. THE LOD FOR PLY WAS DETERMINED TO BE 0.6
PPM. ERROR BARS REPRESENT THE STANDARD DEVIATION OF N = 3 REPLICATE
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FIGURE 5.S1. PLOT OF THE RELATIVE CHARGE TRANSFERR COMPARING ANNEALING
CONDITIONS FOR DMPC:CHOL. MEMBRANES CONTAINING 30% CHOLESTEROL. THE
MOoOC-ECBS WERE TESTED IN A 15 ML 1XPBS, 500 PPM SDS AND 2 MM KFECY SOLUTION.
THE RELATIVE CHARGE TRANSFER VALUES SHOWN WERE ACQUIRED AT THE 20 MIN TIME
POINT WHEN SIGNAL HAD REACHED A STABLE VALUE. ERROR BARS REPRESENT
STANDARD DEVIATION OF N =3 REPLICATE DEVICES. THE LOWER CHARGE TRANSFER OF
THE 100% RH SAMPLES INDICATE GREATER SENSOR PASSIVATION AND MEMBRANE
STABILITY. ADDITIONALLY, THE SMALLER ERRORS ALSO SUGGEST INCREASED SENSOR
REPRODUCTIBILITY ..vtuveutevteressenseseressessensesesessessensesessessensensesessensensessssessensessesassensessonsesessensensons 148
FIGURE 5.S2. DYNAMIC LIGHT SCATTERING (DLS) PLOTS (DERIVED COUNT RATE) AT

KNOWN CONCENTRATIONS OF (A) SDS or 1 — 50,000 PPM (CMC = 2200 PPM OR 7.5 MM)
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AND (B) PMB OF 1 — 50,000 PPM (CMC = 2300 PPM OR 1.6 MM). POINTS ON THE PLOT
REPRESENT MEAN VALUES WITH ERROR BARS AS STANDARD DEVIATION OF N =3......149
FIGURE 5.S3. BRADFORD ASSAY CALIBRATION CURVE USING BSA AS PROTEIN STANDARD TO
DETERMINE THE UNKNOWN PLY CONCENTRATION. THE PLY CONCENTRATION FROM
THE STOCK SOLUTION WAS DETERMINED TO BE 54 PPM....cccccvviirerieieresenreseneeessessensennes 150
FIGURE 5.54. OVERLAID CV PLOTS SHOWING THE KINETIC PROFILE OF 30 MOL%
CHOLESTEROL DOPED MOC-ECBS TESTED AGAINST (A) 0.2 PPMm PLY, (B) 1.0 PPM PLY,
AND (C) 2.0 ppM PLY. BOXED AND HIGHLIGHTED IN RED ARE THE INCUBATION TIMES
WHERE MAXIMUM SIGNAL WAS ACHIEVED. SENSORS EXPOSED TO 0.2 PPM PLY DID NOT
GENERATE FARADAIC CURRENT INDICATING INSUFFICIENT MEMBRANE LYSIS HAD
OCCURRED. 1..teutevtettstitestesestessessessesessessessastasessessessesessessessessestssessessessasessensessesessessessessesessessessens 151
FIGURE 5.S5. BLOOD HEMOLYSIS ASSAY USING SHEEP RBCS TO DETERMINE PLY HEMOLYTIC
ACTIVITY. THE DILUTION FACTORS ARE AS FOLLOWS: (1) UNDILUTED PNEUMOLYSIN, (2)
1:10, (3) 1:100, (4) 1:500, (5) 1:1000, (6) 1:2000, (7) 1:4000, (8) 1:8000, (9) 1:16000, (10)
1:32000, (+) CONTROL 100% LYSIS WITH 1% TRITON, AND (-) CONTROL 0% LYSIS WITH
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Acronyms

NMSEs Nano/microstructured electrode
uF Microfluidics

PDMS Polydimethylsiloxane

EASA Electroactive surface area
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine
SDS Sodium dodecyl sulfate

PmB Polymyxin-B

WHO World Health Organization
ECB Electrochemical biosensor

S:IN Signal-to-noise ratio

PL Photolithography

UME Ultramicroelectrode

UMEA Ultramicroelectrode array

BSA Bovine serum albumin

PR Photoresist

PS Polystyrene

SMP Shape-memory polymer

PVP Polyvinyl pyrolidone

EIS Electrochemical impedance spectroscopy
DPV Differential pulse voltammetry
CvV Cyclic Voltammetry

CA Chronoamperometry

CC Chronocoulometry

NPV Normal pulse voltammetry
DPV Differential pulse voltammetry
SWV Square wave voltammetry

NME Nanostructured microelectrodes
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CVD Chemical vapor deposition

LOD Limit of detection

NPG Nanoporous gold

w-NPG Wrinkled nanoporous gold

PC Polycarbonate

PE Polyethylene

LoC Lab-on-a-chip

PoC Point-of-care

WE Working electrode

AE Auxiliary electrode

RE Reference electrode

DMSO Dimethyl sulfoxide

DMEM Dulbecco’s modified eagle’s medium

CFSE 5(6)-carboxyfluorescein diacetate N-succinimidyl ester
EAB Electroactive biofilm

MFC Microbial fuel cell

SEM Scanning electron microscopy
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Our deepest fear is not that we are inadequate. Our deepest fear is that we are
powerful beyond measure. It is our light, not our darkness, that most frightens us.
Your playing small does not serve the world. There is nothing enlightened about
shrinking so that other people won't feel insecure around you. We are all meant to
shine as children do. 1t's not just in some of us; it is in everyone. And as we let onr
own lights shine, we unconsciously give other people permission to do the same. As

we are liberated from onr own fear, our presence antomatically liberates others.

Marianne Williamson
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1.1. INTRODUCTION

1.1.1. A Cry for Innovation

Lack of safe drinking water, sustainable medical access, and sustainable energy are some
examples of problems facing developing nations today. Such issues are responsible for 15 mil-
lion annual deaths globally. According to the World Health Organization’s (WHO) 2018 an-
nual statistics report, the global life expectancy could be increased by up to 5 years if we could
address these pressing health related issues. Primary barriers to medical access for developing
countries include: (1) limited access to remote villages; (2) limited financial support from the
government; and (3) lack of access and technical acumen for advanced medical tools and ther-
apies. Health issues are exacerbated by the lack of clean drinking water, which resulted in ap-
proximately 870 000 deaths in 2016 alone. For some regions in Africa, this number represents
a mortality rate four times greater than the global rate from similar causes.' A subset (100 000)
of these deaths are a result of unintentional poisoning caused by contaminated water sources
through pesticides, Kerosene, and household chemicals.' The regional mortality rates increase
when other health risk factors characteristic of developing countries are considered. The burn-
ing of contaminant-laced fuel is one example, which speaks to the need for clean and sustain-
able energy sources. The result is 3.8 million deaths from non-communicable diseases such as
stroke, heart disease, and cancer caused by household air pollution. Considerable work by gov-
ernments, researchers, and businesses is required to bring the quality of life of people in de-
veloping countties to a standard comparable to that of developed nations. To this end, the
WHO in advancing the global Sustainable Development Goals emphasizes the need to de-

velop new sustainable technologies more accessible worldwide.

1.1.2. Electrochemical Biosensors (ECBs)

Electrochemical biosensors (ECBs) are analytical devices that allow tracking chemical pro-
cesses by monitoring the exchange of electrons between two substances. They typically include
a biological recognition element, which has specificity for a target molecule (i.e. the analyte),>’

and which is coupled to an electrochemical transducer (i.e. the electrode).>**

Some examples
of bio-recognition elements are enzymes, antibodies, peptides, and nucleic acids.*>" Leland C.

Clark first introduced enzymatic ECBs in the early 1960’s in an easy to use electroanalytical

2
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handheld device for glucose monitoring in diabetic patients.*” The success of Clarks’ invention
helped to save many lives and changed the way researchers approach biosensor development
today. Electrochemical glucose sensors still dominate the biosensing market with over 60% of
the market share. This is unsurprising, since ECBs are advantageous over conventional sensors
due to their low fabrication cost, ease of use, rapid detection time, robustness, high specificity,
quantitative data output, and small sample volume requirements.>'*'" However, ECBs have
historically suffered from a lack of sensitivity compared to larger industrial scale technology,

which has hindered the advancement of new ECB technologies.

ECBs typically use planar electrodes as transducers because they are easy to fabricate and
have predictable electrochemical behavior (e.g. linear diffusion, uniform electric field, and ca-
pacitance). However, planar electrodes have relatively low signal-to-noise ratios (S:N) per unit
area and are difficult to miniaturize without losing sensitivity. Therefore, structuring ap-
proaches have been used to modify flat electrodes to increase their electroactive surface area
(EASA, which correlates with sensitivity) and tune their electrochemical properties.”™"” Ap-

proaches used to modify the electrode topography include the use of shape memory polymers

18-21 16,21,22

to create wrinkled metallic thin films, micro porous electrodes, nanoparticle electro-

»2* and electrochemical roughening."” Other alternatives to enhance sensitivity in-

deposition,
clude the use of photolithography techniques to reduce the electrode dimensions to extreme
ratios that result in ultramicroelectrodes (UMEs) and ultramicroelectrode arrays (UMEAS),
which exhibit a unique set of electrochemical properties different from macroscopic elec-

trodes. >

1.1.3. Nano- and microstructured electrodes (NMSEs)

Nano- and microstructured electrodes (NMSEs) are electrodes that have topographical
surface features with x-y-z dimensions that range from the nanometer to micrometer. Due to
their small feature size, NMSEs have increased electroactive surface areas compared to their
flat counterparts, and can be implemented in miniaturized platforms.'™ Some examples of
reported NMSEs include 3D nanoporous metallic electrodes,'***”" lithographically patterned

34,35

ultramicroelectrode arrays (UMEAs),”*>” 3D metallic nanorods,” and wrinkled metallic

films.'**"”**" The increased electroactive surface area allows electroanalytical chemists to design

3
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ECBs with enhanced electrochemical signal (typically measured as total current output) and
smaller footprints suitable for miniaturized platforms. In the case of surface functionalization
with DNA, antibodies, proteins, and other small molecules, electrode surfaces with increased

EASAs allow increased packing density of surface-bound bio-recognition elements.">*”

4042 22,43

Porous metallic electrodes made by de-alloying,” ™ electrodeposition,”™" sputter deposi-

“* and spray deposition' result in high electroactive surface area suitable for electro-

tion,
chemical applications. The fabrication of nanoporous 3D gold (Au) leaf electrodes has been
previously reported with metallic sheets of a silver:gold (Ag:Au) alloy, followed by chemical
etching of Ag in a concentrated nitric acid solution (HNOj3 (g). The acid dissolves the Ag and
leaves the inert porous Au structure behind (Figure 1.1). Large surface area nanoporous elec-

trodes made in this way have been used in electrocatalysis***’

and heavy metal sensing applica-
tions.™* Nanostructured porous Au electrodes have also been reported to exhibit improved
anti-biofouling properties against transport proteins when compared to flat electrodes.” Blood
transport proteins like human serum albumin (HSA) can cause electrode biofouling in devices
used for clinical sample monitoring. In biosensors, this results in false signal generation or
signal suppression , which makes them inaccurate. Small nanometre-sized pores in a 3D net-
work can be used to prevent such fouling, because they restrict the migration of larger proteins
into the porous network while still allowing access to small redox reporter molecules that gen-
erate the electrochemical signals.” Figure 1.2 shows a cartoon comparing the biofouling of
planar Au electrodes and the minimal fouling seen on a nanoporous Au electrode. Based on
the proposed mechanism, a prominent cyclic voltammogram signal would be maintained for

a nanoporous Au electrode while biofouling from albumin would cause signal suppression for

the planar Au electrode.
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Figure 1.1. Optical images of white-gold leaf (A) before and (B) after nitric acid de-alloying,
and (c, d, e) scanning electron micrographs of the nanoporous gold electrode at various mag-

nifications. Adapted from Reference 31.
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Figure 1.2. Diagram representing the biofouling of planar vs. nanoporous Au by albumin and
the resulting effect on electrochemical signals produced by each device. The cyclic voltammo-
gram shows that large redox peaks are observed for the nanoporous Au electrodes while the

peaks are supressed for planar Au due to biofouling. Adapted from Reference 22.

In contrast to porous electrodes, ultramicroelectrodes (UMEs) benefit from having ex-
tremely small electrode dimensions. UMEs are electrodes with a tip diameter smaller than a
critical dimension dictated by the electrochemical diffusion layer. Theoretical and empirical
experiments have confirmed that operational UMEs must have critical dimensions smaller
than 25 um.”>' The ratio of the diffusion layer to the electrode size of UMEs give rise to
interesting electrochemical properties such as increased signal-to-noise ratio (S:N), radial dif-

fusion, and steady-state kinetics. According to the Randles-Sevcik model, the Faradaic signal

current is proportional to U~ (scan rate'?) while capacitive current (i.e. “noise” current) is lin-
early proportional to U.” Therefore, when using macroscale electrodes at a faster U, the large
capacitive background current will overshadow the current of the Faradaic signal. This is not
the concern with UMEs, in which the Faradic signal current can be separated from the noisy

capacitive current. This results in the increased signal-to-noise ratios (S:N) that allow UMEs
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to be employed in environmental monitoring, for gas sensing, and in the detection of trace

heavy metal contamination in water.'***

In some instances, the low total current output can be challenging when trying to deter-
mine trace analyte concentrations, because the total signal intensity is low compared to that of
a macroelectrode. Accordingly, arrays of UMEs (UMEAs) were developed to obtain higher
total current output while maintaining the desirable microelectrode properties. Some groups
have utilized traditional photolithography techniques to produce flat Au UMEAs, which were
then modified with Au nanoparticles using electrodeposition.'” Such electrode enhancements
have been shown to preserve UMEA properties while enhancing the total electrochemical
signal output of the device and increasing the range of the linear response for copper (II)
detection.'” Others have combined the concepts of surface area enhancement of porous 3D
networks with UMEs to increase the efficiency of electrochemical devices.” Macroporous-
UMEs were produced by coating an Au-wire tip with monodisperse colloidal silica particles
followed by Au electrodeposition and removal of silica via hydrofluoric acid etching. An ex-
ample of the resulting macroporous-UMEs is shown in Figure 1.3. Some limitations to these
electrodes are their complex and expensive fabrication process, typically relying on traditional
photolithography. Furthermore, UMEs can be fragile due to their small feature sizes and can

be difficult to implement into medical devices that require robustness.
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Figure 1.3. SEM image of a cylindrical macroporous-UME adapted from Reference 53.

While the biosensing community has traditionally employed photolithographic techniques
to produce NMSEs, some researchers have proposed simpler and inexpensive fabrication tech-
niques as ways to make these systems more accessible. Recently, bench-top microfabrication
has captured the attention of the community as a low-cost alternative to traditional lithographic
techniques. Bench-top fabrication, or microfabrication, refers to a set of processes that are
simple enough for safe use on a laboratory bench to produce devices with critical feature sizes
ranging from the submicron to the centimeter scale. Such processes can involve, but are not
limited to, xurography, mask templating, computer numerical control machining, and additive
manufacturing. Over the past two decades, bench-top microfabrication has been often linked

54-56

to polydimethylsiloxane (PDMS) based soft lithography™ ™ and thermo-responsive polymer

12,57,58

structuring techniques where most, if not all, device assembly is performed on the bench-

top. Some examples of processes involving soft lithography are the fabrication of microfluidic

8
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37,58

based biosensors,” capillary assembly and micro contact printing of microparticles and mol-

ecules. ***" Additionally, flexible PDMS substrates were one of the first substrates used in
the fabrication of thermally-induced polymer nano/microstructuring of metallic thin films.”**
Despite the many strategies available for the fabrication of NMSEs, the remainder of this in-
troduction will focus only on low cost bench-top methods and their application to make elec-
trodes for biosensing and energy capture applications. The motivation behind this is the
proven simplicity and efficacy of these techniques, which means they can be directly used in
developing countries to decrease the overall cost related to the on-site fabrication of sensing
devices. With their increased sensitivity, portability, and low cost, NMSEs offer a versatile
platform for applications in biosensing, water purification, and sustainable energy capture. We
believe bench-top microfabrication offers an excellent alternative to traditional lithography

that is easily accessible to researchers in various disciplines, economically scalable, and feasible

for the rapid prototyping of novel sensing technology.

1.2.  HISTORY AND PRODUCTION OF WRINKILED NMSEs

1.2.1. Fascination with Wrinkles

The human fascination with wrinkled structures dates back to the ancient Egyptians, Chi-
nese, Indians, and Greek civilizations with the prevention and treatment of human skin wrin-
kles. Skin wrinkles appear when external stress is applied to the skin or as a result of muscle
movements. More specifically, the wrinkling of the skin is a result of the elastic modulus mis-
match between the epidermis and dermis layers.”” Because the skin is elastic, wrinkles tend to
disappear upon relaxation or removal of the applied stress. The increase in skin thickness from
sunlight exposure results in a large elastic modulus mismatch between the skin layers causing
more prominent large wrinkle formation. This buckling/wrinkling phenomenon of stiff thin
films on soft supporting materials has inspired researchers to design new wrinkled materials
for applications in tissue engineering, biosensing, flexible electronics, templating, and en-

hanced energy capture.
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1.2.2. Fabrication of wrinkled N-MSEs

Traditionally, NMSEs have been fabricated using photolithography techniques developed
and matured by the semiconductor industry to make integrated circuits. The technique is highly
tunable and allows the production of structures with feature sizes down to the nanometer
range.”™® Typical photolithography techniques rely on the use of photosensitive polymers
known in the industry as either negative or positive tone photoresists. Upon UV irradiation,
negative tone resists will polymerize becoming insoluble in the alkaline developing solution.
On the other hand, UV light will change the chemical structure in positive tone resists, thereby
facilitating its solubilisation in the developing solution. Photoresists come in a range of molec-
ular weights with higher molecular weight resist having higher viscosity. Higher molecular
weight resists can be used to produce thicker layers and deeper patterns. Once a photoresist
layer is patterned on a substrate, such as silicon wafer, metallic microelectrodes can be fabri-
cated using techniques such as electron beam vapor deposition,” plasma sputter deposition,'®"
ot electrodeposition.’*”>""”> However, photolithography techniques require the use of clean-
room facilities, expensive equipment, highly trained technicians, and typically many fabrication

steps. Therefore, researchers have recently explored simpler alternatives to microfabrication,

especially when the applications do not require nanometer-size features.

1.2.3. Silicone Rubber Thermal Compression

One of the original bench-top methods used to produce wrinkled thin films was to use
elastomeric PDMS as a thermo-responsive substrate.”>** In this approach, shown in Figure 1.4,
metallic films as thin as 20 nm were deposited onto thermally expanded PDMS using vapour
deposition. Subsequent cooling of the substrate resulted in a compressive stress in the system,
where the mismatch in stiffness between the film and the substrate caused the former to buckle
to relieve the applied stress. This resulted in the formation of ordered topographical structures
that could be controlled and oriented.”” An example of the controlled unidirectional Au wrin-
kles made through the thermally induced compression of PDMS substrates is shown in the

optical micrograph in Figure 1.5. In the application shown, the PDMS was also patterned with

10
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steps, which upon thermal relaxation caused a larger compression strain to be applied perpen-

dicularly to the top of the Au thin film. It has been reported that other features could be
patterned to tune the feature sizes and periodicity of the wrinkled films.*>*>""

le— 25-6.5 cm—]
~— Modified PDMS,

:\\\\ \\\\§ 1_-1:;\ o :t:—:ﬂ::‘; ::rf)s nm), Au (50

A _{1 then Au

Glass

Cool

30 um
je—
1) Remove from

and cool

Figure 1.4. Diagram highlighting the thermal contraction induced buckling procedure that

results in periodically wrinkled thin films. Adapted from Reference 62.

Figure 1.5. Optical micrograph of 50 nm thick Au wrinkled film on a PDMS substrate.

Adapted from Reference 62.
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One prevalent issue with PDMS-based microstructuring is the low interfacial adhesion
of thin films to the silicon elastomer. Typically, this can be solved by adding a layer of chro-
mium or titanium to the PDMS surface before depositing the metal of interest, albeit at the
expense of increasing the number of fabrication steps and overall cost. The low material ad-
hesion limits researchers from studying the intrinsic properties of the material of interest, since
each additional material added contributes to the stiffness and thickness resulting in different
wrinkle size and periodicity. The degree of shrinking of PDMS upon thermal relaxation is also
limited and does not offer a large benefit in terms of size reduction. Therefore, alternative
wrinkling methods that offer additional miniaturization benefits are desired to improve the

applicability of this structuring method.

1.2.4. Shape-Memory Polymer Structuring

The limitations imposed by shrinking ratio and adhesion have led to the consideration of
other thermally activated viscoelastic polymeric substrates to generate wrinkled films. In con-
trast to the buckling caused by the sequential thermal expansion and relaxation of the PDMS
substrates, thermo-responsive pre-stressed polystyrene (PS) sheets can produce highly tunable
biaxial and uniaxial compressive strain induced wrinkling.'>'**” PS sheets have been populat-
ized as children’s toys under the trademark “Shrinky Dinks”, which can be decorated or cut
into different designs before the polymer is baked in a cooking oven to induce shrinking. These
are commercially produced by heating PS above 190 °C, and extruding it through a slot die to
form 2.3 mm-thick slabs, which are further compressed between metal rollers and cooled to
yield 254 — 300 um thick pre-stressed PS sheets. The cooling process locks the stretched pol-
ymer chains in place. Once heated above the glass transition temperature (13) of 95 °C, the PS

shrinks back into a smaller and thicker slab similar to the one produced by the slot die.

Understanding how thin rigid films buckle on top of soft materials can translate into better
control over the periodicity of wrinkled structures and their size, as well as into methods to
accurately assess an unknown thin film’s physical properties. The theory behind the elastic

buckling of rigid films has been developed,” from which it has been shown that a film of
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thickness "‘Qsubjected to a small compressive stress produces petiodic wrinkles with a wave-
length _® 2—Qwhere—® —— ® and® are the Young’s moduli for the rigid film

and the substrate, respectively.'” For the case of Au on PS, the Young’s modulus is ~78 GPa
for Au and ~3.5 GPa for PS.”*” This mismatch in stiffness justifies the formation of wrinkles
on the Au film during the thermal shrinking of PS. Furthermore, large compressive stresses
can lead to hierarchical wrinkles, where the first generation of wrinkles undergo additional

wrinkling, something observed in the substrates depicted in Figure 1.6.

1.3.  APPLICATIONS OF NANO AND MICROSTRUCTURED
SURFACES

The past decade has experienced a surge of publications related to wrinkle thin film fabri-
cation using pre-stressed polymer substrates. In 2008, we saw the implementation of shape-
memorty polymers (SMPs) in microfluidics and stem cell research.”® One year later, SMPs were
used to produce structured metallic electrodes for potential biomedical applications and stud-
ying cell membrane dynamics.'” This work was further developed and led to the comprehen-
sive electrochemical characterization of wrinkled electrodes, which exhibited enhanced EASAs
as high as 665% and miniaturization down to 16% area compared to flat electrodes.'® Figure
1.6 highlights how the variation in thin film roughness is influenced by Au thickness and
shrinking temperature. These developments hinted at the promise of such structured elec-
trodes for use in electrochemical-based detection, energy storage, photovoltaics, and tissue

engineering,.
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Figure 1.6. SEM images of Au thickness and roughness in response to (A) wrinkle size, and
(B) shrinking at higher temperatures (which leads to rougher surfaces). Image (C) is a sche-

matic representation of the thin film structuring process. Adapted from Reference 18.

Since their introduction, NMSEs have found use in many electrochemical biosensors and
stretchable electronics applications. Nanostructured microelectrodes (NMEs, an alternative
name for NMSEs) have been fabricated using a combination of standard photolithography,
chemical vapor deposition (CVD), and electrodeposition, with the last governing electrode
topography and size through the manipulation of electrodeposition time, reagent concentra-
tion, supporting electrolyte, and most importantly electroplating potential (Figure 1.7). Such
nanostructuring significantly increases the EASA, resulting in highly sensitive NMEs suitable

for nucleic acid sensors capable of rapid detection (< 30 min).">”
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Figure 1.7. Comparison of the Pd NME nanostructuring produced using different electro-

deposition conditions. (A) Three differently structured electrode tips containing the NMEs.

(B) SEM images of differently structured NMEs. (C) Comparison of the electrochemical pro-
file of NMEs in 3 mM Ru(NHs)’* solution. Adapted from Reference 15.
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Fine nanostructuring produces electrodes with improved S:N ratios where the background
capacitance signal is much smaller than obtained with smooth electrodes. The improved S:N
also produces cyclic voltammograms that exhibit an ultramicroelectrode like profile. The limit
of detection (LOD) has been linked to the fineness of the nanostructuring in which finely
structured NMEs (20-50 nm feature sizes) produced an LOD of 10 aM, moderately structured
NMEs (100-300 nm feature sizes) had an LOD of 10 fM, and smooth structures exhibited an
LOD of 100 fM. In DNA-based sensors, fine structures allow higher accessibility of the target
molecules to immobilized DNA probes at the tips, which yields significant increases in hybrid-
ization efficiency. NMEs have also been adapted to multiplexed, label free immunosensing of
ovarian cancer biomarker CA-125.” The NME sensors provided the small size needed for
portability, while maintaining the LOD as low as 0.1 U/mL in human serum and whole

blood.*®

In addition to biosensing, wrinkled metallic electrodes have been used to make highly
stretchable and bendable electrodes for potential applications in stretchable electronics and
strain sensing. Wrinkled thin metallic films produced through heat induced polymer shrinking
offer a low cost alternative to carbon nanotubes, graphene, and nanoparticle-based flexible
conductors.” Using a dissolvable sacrificial layer as part of the fabrication step, planar Au films
can be shrunken to form wrinkled electrodes that is subsequently transferred from the poly-
styrene (PS) to a receiving substrate through a solvent-induced lift-off process. This process is
shown in Figure 1.8, where wrinkled Au films are transferred onto PDMS elastomer and silicon

wafer substrates.
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Figure 1.8. (A) Schematic of the fabrication process to make wrinkled metallic electrodes via
thermally-induced shrinking. Images showing the intermediate steps in the wrinkled electrode
transfer process onto (B) PDMS and (C) silicon wafer substrates. (D) SEM images of wrin-
kled electrodes made from different thickness Au films before and after lift-off and transfer

onto PDMS and Ecoflex. Adapted from Reference 96.

Wrinkling preserves the structural stability of Au films allowing them to be manipulated
by tweezers post lift-off without breaking. Wrinkled films transferred onto PDMS could be
stretched up to 130% strain while maintaining conductivity, whereas their planar counterparts
lost conductivity at < 5% strain. The random orientation of the wrinkles help to prevent crack
propagation across the metallic film allowing wrinkled electrodes to withstand higher applied

strains than the planar electrodes. Additionally, the PDMS wrinkled electrodes could be used
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to perform electrochemical sensing even under 30% applied strain, where similar signals were

obtained from unstrained and strained devices.

Other studies have combined nanoporous Au films and thermal polymer shrinking tech-
niques to produce highly tunable structured substrates for surface enhanced Raman scattering
(SERS).” In this work, the silver from leaves made of AussAges alloy was chemically etched
using 71% HNO:s, leaving behind a nanoporous gold (NPG) film (Figure 1.9 a-d). Subse-
quently, the NPG was transferred onto pre-stressed PS and heated to produce wrinkled na-
noporous gold (w-NPGs) films (Figure 1.9 e-h). The nanopores in the Au structures served as
electromagnetic “hot-spots” that amplified the Raman intensity of crystal violet and Rhoda-
mine 6G a 100-fold compared to flat films. Furthermore, higher SERS signals were observed
at the wrinkle ridges than at the valley, suggesting that SERS signals can be further enhanced
if the density of ridges is increased. This work presented a simple method to produce highly
tunable wrinkled porous substrates that exhibit SERS enhancements. Such large SERS en-
hancements should allow the production of highly sensitive assays for the detection of small
molecules. In addition, the miniaturization of such substrates could allow the integration of

other sensing techniques with electrochemistry.
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Figure 1.9. False-coloured SEM images of nanoporous gold (NPG) and wrinkled NPG (w-
NPG) films. Images of planar NPG films with pore sizes of (A) 12, (B) 26, and (C) 38 nm,
respectively. (D) A D38 nm pore size NPG flat film. (E) w-NPG films with 38 nm pore sizes.
w-NPG films with (F) 12, (G) 26, and (H) 38 nm pore sizes, respectively. Image adapted from
Reference 97.

Wrinkled metallic films have also been used as templates to fabricate superhydropho-
bic antimicrobial surfaces in consumer plastics.*” Superhydrophobicity is achieved when the
contact angle of a water droplet placed on the surface exceeds 150° and the sliding angle is less
than 10°. Due to their water resistance, structurally superhydrophobic surfaces prevent bacte-
tial growth without inducing bacterial resistance compared to chemically modified surfaces.”
Structural superhydrophobic modifications have been performed on polystyrene (PS), poly-
carbonate (PC), and polyethylene (PE). The antibacterial properties of these surfaces were
tested against the gram-negative bacteria Escherichia coli. Structured plastics showed a high an-

tibacterial activity when compared to their flat counterparts (Figure 1.10), with the flat plastics
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presenting significant bacterial growth (white spots) and structured plastics showing minimal
to no bacterial growth. Thus, using wrinkled patterns, Freschauf and colleagues were able to

produce antibacterial surfaces on consumer plastics without chemical modification.

PE

Structured

Flat

Figure 1.10. Images of E. coli growth on consumer plastics under 24-hour incubation where
the structured plastics did not show bacterial growth and flat plastics showed significant bac-

terial growth seen as cloudy white spots. Adapted from Reference 80.

Some drawbacks of MSEs are linked to their inherent roughness. The roughened topog-
raphy makes it difficult to accurately model their EASA and to characterize surface bound
species, such as supported lipid membranes and immobilized biomolecules, when compared
to their flat counterparts. Furthermore, structuring metallic films can result in increased hy-
drophobicity, a phenomenon that is linked to their nanometer and micrometer sized fea-
tures.'” In aqueous environments (which are typical of biosensing applications), this could
lead to the formation and entrapment of air bubbles in the troughs of each wrinkle, thereby
reducing the number of solution accessible regions on the electrode, and ultimately causing a

1 A simple way to eliminate air pockets is to pre-wet the

loss in the electrochemical signa
NMSEs with a low surface tension solvent, and then to rinse with water to replace the solvent.

However, this might pose an issue for electrodes functionalized with biomolecules, which may
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denature after exposure to the low surface tension solvent. An alternative solution is to pro-
duce super wetting surfaces by coating the structured surfaces with water-soluble polymers,
which allow water to penetrate into the crevices and expose the entire electrode surface to the
sample. A reported example of this is the use of polyvinyl pyrolidone (PVP) to coat Au
NMSEs.” Figure 1.11b shows the removal of air pockets from NMSEs following PVP coating.
The resulting hydrophilic NMSE showed 2-fold electrochemical signal enhancement for ap-

tamer-based sensing of kanamycin, compared to the bare electrode surface.
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Figure 1.11. Diagram showing (A) air bubble formation in aqueous solution on NMSEs and

(B) the absence of air bubbles post PVP coating. Adapted from reference 20.

The increased knowledge of how stiff materials behave on soft substrates upon the appli-
cation of a compressive stress, along with understanding of the surface properties of the re-
sulting materials, has enabled researchers to develop NMSEs for an assortment of sensing
applications. While NMSEs have been successfully used in stretchable electronics and material

templating, the most promising and direct application for NSME:s is in the development of
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electrochemical biosensing platforms. In ECBs, all of the beneficial attributes provided by the
NMSEs, such as electrochemical signal enhancement, size reduction, low-cost, high accessibil-
ity, and reproducibility, can be leveraged for the simple and inexpensive production of devices.
Nano/microstructured surfaces span across multiple disciplines and cover a broad range of
applications from electrochemical biosensing to stretchable electronics and even as templates
for polymer structural modification. With their low production cost and ease of fabrication,
SMP-induced nano/microstructured metallic thin films offer an excellent platform for the de-

velopment of novel point-of-care ECBs.

1.4. TYPES OF ELECTROCHEMICAL TECHNIQUES

There are many electrochemical techniques used for biosensing, such as electrochemical
impedance spectroscopy (EIS), differential pulse voltammetry (DPV), cyclic voltammetry (CV),
chronoamperometry (CA), and chronocoulometry (CC). Some techniques are sophisticated
and can be used to study molecular diffusion kinetics and biochemical signal transduction
mechanisms, while others are less complex and allow simple electronics to be used and minia-
turized for portable biosensing (e.g. the blood glucose sensor). Because these techniques are

useful for different applications, their advantages and limitations are discussed in turn below.

1.4.1.  Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a useful technique that can be employed
to measure electrical impedance by applying an alternating potential (AC) and measuring the
resulting current.”” To understand how EIS operates and the type of information that can be
extracted from EIS experiments, we must first understand the concept of electrical impedance.
Like resistance, impedance is a measure of how a circuit resists the flow of electric current.
However, impedance is slightly more complex than the Ohms law expression of resistance
where the electrical resistance (R) is the ratio of voltage (V) and current (I).

)
Impedance is frequency dependent and is represented by a magnitude and a phase shift where

a real response is in phase (TT PJwith the excitation wave and an imaginary response is @ Tt J
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out-of-phase. For example, an inductor elementis W Ttaht-of-phase and a capacitoris W T J

out-of-phase. The mathematical representation of this is shown in the equations below.
Excitation signal: O 'O O BT 060N ¢t Q

E. is the potential at time t, Eq is the amplitude, 7 is the radial frequency (radians/second),

and f is the frequency (hertz).
Response signal: O ‘00 ET 0 »
I: is the response signal, I, is the amplitude, and ' is the phase shift.

Using Ohms law expressed above for the ideal resistor, the impedance is now be represented

as a magnitude, @ and a phase shift, 1.

0 00ERToO & OEITO
‘0 "OC n oglio n
Using Eulet’s relationship in which Aogm W& Qi MQéhere N is the real and Jis the

imaginary component. We can now represent the above impedance as a complex function.
Excitation signal: O O A @&y 0o

Response signal: O "“OA @&y on

@] % GAP® o o&i Qirt
EIS has many advantages over DC techniques such as the ability to distinguish between two
simultaneous electrochemical reactions, identify diffusion limited reactions, and provide infor-
mation on electron transfer rates. These advantages make EIS a versatile technique used in a
wide range of applications such as metal corrosion, label free sensors, batteries, etc... More
specifically for electrochemical sensors, EIS is commonly used in eatly stage device develop-
ment especially found in antibody based biosensors,* ™ heavy metal detection,* aptasensors,*

¥ and in battery research.**
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Typical EIS experiments are performed by applying a small 1 — 10 mV sinusoidal potential
of fixed frequency and measuring the current response. This process is repeated for a wide

range of frequency sweeps and the impedance is calculated and plotted in a Nyquist or Bode

plot.
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Figure 1.12. An example of a Nyquist plot shows kinetic control regions at high frequencies

and mass transfer control regions at low frequencies. Adapted from Reference 52.

Many electroactive compound signals appear at the lower frequency ranges so large fre-
quency sweeps are needed for analysis, which can take many hours to complete and presents
a practical challenge when trying to implement into a point-of-care portable device. Addition-
ally, the complexity of components in an electrolytic cell such as the solution resistance and
double layer capacitance require data fitting to common circuit models. This presents a chal-
lenge in data handling complexity and accuracy, making EIS a difficult electrochemical tech-

nique for miniaturized portable biosensors.
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1.4.2. Square Wave Voltammetry

Another common type of electrochemical technique is pulsed voltammetry. The primary
advantage of pulsed voltammetry is its ability to effectively differentiate Faradaic (reversible
redox) currents from capacitive (charging or non-Faradaic) currents. This enables normal pulse
voltammetry (NPV), differential pulse voltammetry (DPV), and square wave voltammetry
(SWV) to achieve high sensitivity down to the ppb range when used in electrochemical sensing.
SWV offer faster experimental run times than NPV and DPV it can operate at high voltage
scan rates (1 V/s) where NPV and DPV are limited to 1 — 10 mV/s. This tresults in experi-
mental times of seconds for SWV over minutes for NPV and DPV. The shape of the potential
sweep for SWV is a combination of a square wave and a staircase wave as shown in Figure
1.13. Current is sampled at two points of the oscillating waveform, once at the end of the
forward scan (pulse direction is the same as scan direction) and once at the end of the reverse

scan. The current signal generated from a redox species is given by:™

nFAD}*C;

ip = .
Y (mt, )12

where y,_: differential current peak value, A = electrode surface area, Cy' = concentration of
the redox molecule, Dy = diffusion coefficient of the redox molecule, t, = pulse width, and
Yv _= dimensionless parameter which gauges the peak height relative to the limiting response

in normal pulse voltammetry.

By measuring the end pulse currents, the rapidly decaying non-Faradaic current is ex-
cluded from the signal current, yielding high signal-to-noise ratio (S:N) measurements.”>”"”"
This feature of SWV makes it an ideal electrochemical technique for rapid, sensitive, and quan-
titative detection in ECBs, where it typically achieves nanomolar limit of detection for redox

active compounds.”” Accordingly, SWV is finding increasing use in electrochemical immu-

noassays and aptamer-based biosensors.
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Figure 1.13. The SWV potential waveform combines a square and staircase wave. Adapted
from Reference 94.

1.4.3.  Cyclic Voltammetry

Cyclic voltammetry (CV) is a voltammetric technique that uses an applied voltage sweep
that cycles between two points at a steady scan rate (V/s) while the current is measured. A

typical cyclic voltammogram is shown in Figure 1.14.>
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Figure 1.14. A typical cyclic voltammogram of a reversible redox system. E,. = peak cathodic

potential, i, = peak cathodic current, E,, = peak anodic potential, i, = peak anodic current.

CV is used to study many different properties of the analyte of interest such as diffusion ki-
netics, electrochemical reversibility, electron transfer kinetics, and chemical intermediate de-
termination.” For example, the difference between E,, and E,. can be used to determine the

reversibility of the redox species of interest. For a completely reversible system ‘O 0O

for n electron process. Another indicator of a reversible system is the peak cathodic

current and peak anodic current should have the same magnitude. For electrochemical biosen-
sors, the response current is important in quantification of the compound of interest. The
response current in a cyclic voltammogram is related to the reactant concentration by the sim-

plified Randles-Sevcik equation. For a system at 25 °C, the response current is expressed as,

Q¢ ohp TETO0 60
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where "Qis the peak current (A), € is the number of electrons transferred in the redox process,
0 is the electrode area (cm?), O is the reactant concentration (mol/cm?), Ois the diffusion co-
efficient of the redox molecule (cm?/s), and U is scan rate (V/s).”> This makes CV a powerful
electroanalytical technique that is the most common way to: (1) study redox active systems; (2)
characterize electrochemical sensors; and (3) benchmark new electrode designs. However, due
to the large capacitive current that scales linearly with the scan rate U , CV experiments are
limited to slower scan rates to ensure the background capacitive current does not supersede
the Faradaic redox current, and the current must be integrated over the cathodic or anodic
peak to accurately quantify the concentration of the redox molecule. Hence, CV is challenging
to miniaturize onto handheld medical devices, since it requires data processing to derive relia-
ble quantitative data. Thus, simpler electroanalytical techniques are required and frequently

used for such downstream implementation.

1.44. Chronoamperometry

Chronoamperometry (CA) is an electroanalytical technique where a potential is stepped from
a baseline Vi to a secondary potential V,. The response current from this potential step is

measured over time and related to the reactant concentration by the Cottrell equation:

<q £ "0b 1O

n* 1o
where "Qlenotes the current (A), € is the number of electrons exchanged in the redox reaction,
"Ois Faraday’s constant (96485 C/mol), O is the electrode area (cm?), 0 is the reactant con-
centration (mol/cm’), Ois the diffusion coefficient (cm?®/s), and Ois time (seconds).”” One

major consideration when sampling current for quantification of an electrochemical reaction

is the influence of the capacitive current “Q caused by the initial potential step. The ‘Qis only
significant in the first few miliseconds of the potential step and is a function of —. One solution

to double layer capacitance, is to perform the experiment in the background electrolyte and
subtract the subsequent current from the signal obtained during real experiments. Alternatively,
only considering the last 90% step time of the ‘Q 0data is a faster and internal technique to

remove the double layer capacitance signal.
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CA is a rapid and simple electroanalytical technique that has miniaturization potential. It
is commonly found in applications such as biosensors, heavy metal detection, glucose sensors,
and electrode surface area determination, but it has also been used to electrochemically gener-
ate nanostructures on metallic surfaces in an effort to increase the EASA. While advantageous,
CA can be limited to situations where the sample matrix is well controlled. This is because the
reduction or oxidation of compounds in the matrix by the excess potential applied away from
the O will contribute to the total current measured. Therefore, most electroanalytical devices
use more sophisticated electrochemical techniques such as EIS and CV to better understand

the system under investigation, prior to using CA as the final rapid sensing technique.

1.5. CONCLUSION

Nano/microstructured electrodes (NMSEs) have gained popularity in the past two decades
for use as highly sensitive transducers for electrochemical biosensors (ECBs). Here, we define
NMSEs and discussed their variants, fabrication methods, and some of their applications. Con-
trollable wrinkle structures are interesting for their potential applications in nanotechnology,
cell biology, medical devices, solar cells, and biosensing. One promising method for producing
NMSEs was developed in the late 1990’s through heat induced expansion of soft silicone elas-
tomers that upon cooling were used to create wrinkled metallic thin films. Since then research-
ers have used shape-memory polymers (SMPs) with thermo-responsive properties as a low-
cost and rapid bench-top approach to producing highly controllable, uniaxially and biaxially
wrinkled metallic thin films. The maturation of wrinkling techniques has enabled researchers
to develop high surface area electrodes for extremely sensitive and portable ECBs. For bio-
sensing applications, electrochemical techniques offer high sensitivity, rapid detection, low-
cost, operational simplicity, and commercial scalability, as demonstrated by the success of
blood glucose sensors. Low-cost benchtop fabrication techniques provide a new level of ac-
cessibility to the production of wrinkled thin films. The applications of wrinkled films were
highlighted in electrochemical biosensors, microfluidic chips, and flexible electronics. The
miniaturization of wrinkled electrodes could enable researchers to accelerate the development

of portable sensing technologies and bring bedside medical diagnostic tools to the market.
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ABSTRACT

In recent years, efforts in the development of lab-on-a-chip (LoC) devices for point-of-care
(PoC) applications have increased to bring affordable, portable, and sensitive diagnostics to
the patients’ bedside. To reach this goal, research has shifted from using traditional microfab-
rication methods to more versatile, rapid, and low-cost options. This work focuses on the
benchtop fabrication of a highly sensitive, fully transparent, and flexible poly (dimethylsiloxane)
(PDMS) microfluidic (uF) electrochemical cell sensor. The puF device encapsulates 3D struc-
tured gold and platinum electrodes, fabricated using a shape-memory polymer shrinking
method, which are used to set up an on-chip electrochemical cell. The PDMS to PDMS-struc-
tured electrode bonding protocol to fabricate the pF chip was optimized and found to have
sufficient bond strength to withstand up to 100 mL/min flow rates. The sensing capabilities
of the on-chip electrochemical cell were demonstrated by using cyclic voltammetry to monitor
the adhesion of murine 3T3 fibroblasts in the presence of a redox reporter. The charge transfer
across the working electrode was reduced upon cell adhesion, which was used as the detection

mechanism, and allowed the detection of as few as 24 cells. The effective utilization of simple
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and low cost bench-top fabrication methods could accelerate the prototyping and develop-
ment of LoC technologies and bring PoC diagnostics and personalized medicine to the patients’

bedside.

Keywords: fibroblast; shape memory polymer; flexible biosensor; cyclic voltammetry; cell sen-

sor; xurography; stencil lift-off; on-chip electrochemical sensor

2.1. INTRODUCTION

Sustainable global healthcare is a long sought-after idea [1]. Innovation in modern
health care diagnostic techniques continues to improve patient outcomes, but the cost of bring-
ing the technology to patients worldwide increases concomitantly. Ever since the inception of
the portable glucose meter, scientists and engineers have been interested in lab-on-a-chip (LoC)
devices for point-of-care (PoC) detection as low-cost and portable solutions to health screen-
ing, diagnostics, and personalized medicine [2,3]. To fabricate such devices on a mobile plat-
form, LoC technology requires an all-in-one solution comprised of sensing and conducting

elements within a microfluidic channel of sub-millimeter dimension [4].

Microfabricated on-chip microfluidic electrochemical biosensors have the advantage
of being label-free, and offer high sensitivity and quantitative detection of analytes over a much
broader concentration range than their fluorescence or colorimetric counterparts [4—9]. Most
traditional microfabrication techniques are inherited from the semiconductor industry, where
lithography [10-12], thin film deposition [12,13], and etching are routinely employed [12,14].
These techniques are very effective at producing high-resolution patterns at the micro- to na-
noscale on a wide variety of materials. Yet, traditional microfabrication approaches can require
expensive equipment, access to cleanroom facilities, multistep processes, and often limit them-
selves to rigid and non-transparent substrates. Some alternatives to making on-chip pF bio-
sensors take advantage of soft silicone elastomers (e.g., poly (dimethylsiloxane)—PDMS)
bonded to glass, silicon wafers, or polystyrene sheets through bonding techniques such as
plasma oxidation and surface chemical grafting [13,15—18]. These methods offer a cost-effec-
tive bench-top alternative for the fabrication of pIF devices without the use of expensive clean-
room facilities. Furthermore, pF devices for applications such as conformal pressure sensors,

and flexible and transparent electronics, need to be implemented on soft and flexible materials,
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which sometimes cannot be processed through traditional methods. To overcome the limita-
tions of cost, time, material properties, and processing, non-traditional techniques are being
explored, including xurography [13,15,18], adhesive stencil lift off [15,18—20], shape-memory
polymers (SMP) [13,15,20-22], ink jet printing [23,24], paper-based microfluidic devices
[5,7,25-27], and 3D printing [28,29]. Despite the reduced resolution when compared to tradi-
tional microfabrication, these modern techniques offer lower costs and shorter turnaround

time, two important factors for rapid prototype development and commercial scalability.

Recently, SMPs have gained significant traction in the microfabrication community for
their ability to produce 3D micro/nanostructured surfaces on a variety of thin films (e.g., Au,
Pt, CNT, SiO», and TiO») [13,20,30-35]. The structured surfaces are produced through a com-
pressive stress applied by the SMP during shrinking once it is heated over its glass transition
temperature [21,36]. This technique has been shown to successfully structure gold films for
use as electrodes for electrochemical sensing [13,15,20,37] and as substrates for surface-en-
hanced Raman scattering [13,38—40]. The micro/nanostructures described in the literature
showed increased electroactive surface area for working electrodes, ideal for sensing within uF
devices. This simple bench-top fabrication approach presents an attractive route for the inte-

gration of highly sensitive electrochemical techniques into flexible LoC microfluidic devices.

This work presents a benchtop, low-cost, and rapid method for fabricating a highly
sensitive, all-PDMS, uF electrochemical sensor, and demonstrates its sensing capabilities
through the detection of the adhesion of murine 3T3 fibroblast cells—the most abundant cells
in connective tissue and critical components in wound healing—onto the surface of the elec-
trode. Commercial PDMS elastomer and pre-stressed polystyrene were used as the bulk sub-
strates for the pF device and to fabricate the 3D micro/nanostructured electrodes, respectively.
A salt-bridge-free three-electrode electrochemical pF device was fabricated to encapsulate the
structured gold working, auxiliary, and platinum reference electrodes for an all-PDMS pF sen-
sor. Cyclic voltammetry was employed to study the flow rate effects on charge transfer effi-
ciency of the structured electrodes. Finally, fibroblasts were incubated and adhered onto the
structured electrode and sensed using a redox reporter. This work demonstrates proof-of-con-

cept for a novel rapid prototyping method to fabricate a transparent flexible sensor possessing
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high sensitivity and reproducibility. We anticipate that further surface functionalization of the
structured electrodes will lead to inexpensive devices for the label-free detection of specific
cell types, DNA-aptamer binding, and electrochemical or fluorescence sensing for applications

in personalized precision medicine and PoC diagnostics.

2.2. MATERIALS AND METHODS

2.2.1. Electrode Fabrication
The structured electrodes used within the microfluidic device were fabricated using a

vinyl stencil lift-off and pre-stressed polystyrene (PS) shrinking method previously described
(Figure 2.1) [20]. Briefly, the PS sheets (Shrink Film, Graphix, Maple Heights, OH, USA) were
cut to the desired shape using a blade cutter (ROBOPro CE5000-40-CRP, Graphtec America
Inc., Irvine, CA, USA) followed by a 3-step wash with isopropyl alcohol, ethanol, and 18.2
MQ water under constant agitation at 60 rpm, and dried under a nitrogen (N) stream. The
clean PS sheets were spin-coated with a positive-tone photoresist (PR, Shipley 1818, Marlbor-
ough, MA, USA) layer with a 1.8 yum nominal thickness. The PR-coated PS sheets were then
baked on a hot plate at 90 °C for 3 min to remove residual solvent. The self-adhesive vinyl
(FDC-4300, FDC graphics films, South Bend, IN, USA) shadow masks were also patterned
using the blade cutter to the specific electrode dimensions for the working (WE) auxiliary (AE)
and reference electrodes (RE), which were set to 10.8 mm X 1.6 mm X 4.8 mm, 10.8 mm X
3.0 mm X 4.8 mm, and 10.8 mm X 3.0 mm X 4.8 mm (length X width X pad diameter),
respectively (Figure 2.S1). The adhesive vinyl masks were then transferred onto the clean PS
and served as stencils during the metal deposition process. Gold (99.999% purity, LTS Chem-
ical Inc., Chestnut Ridge, NY, USA) and platinum were deposited using a Torr Compact Re-
search Coater CRC-600 manual planar magnetron sputtering system (Torr International, New
Windsor, NY, USA) at deposition rates of ~1 A/s (100 nm) and ~0.1 A/s (150 nm), respec-
tively. Following this step, the vinyl stencils were lifted off and the PS sheets were placed in an
oven heated at 160 °C, which shrunk the PS substrates to ~16% of their original size by area
[15,20]. The structured metal films were lifted off from the PS by dissolving the PR in an
acetone bath under constant agitation at 80 rpm for 30 min. Once the electrodes were lifted

off from the PS, they were stored in acetone until further use.
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Figure 2.1. Schematic of the bench-top fabrication method for the patterning, structuring and
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lift-off of the working, auxiliary, and reference electrodes (WE, AE, RE). Electrodes were
patterned by cutting vinyl adhesive stencils (blue) to the desired shape and placing them on
photoresist (PR, maroon) coated pre-stressed polystyrene (PS, black). Gold (100 nm) and plat-
inum (150 nm) were sputtered onto the masked substrates followed by removal of the vinyl
stencils. The sputtered flat electrodes were then subjected to heat at 160 °C to shrink the PS
substrate down to 16% of its original area. The shrinking process resulted in Au and Pt mi-

cro/nanostructured electrodes, which were then lifted off by dissolving the PR in an acetone

bath.

2.2.2. All PDMS uF Device Fabrication
The pF channel mold was patterned using the blade cutter into a Bytac® PTFE surface

protection laminate (Sigma-Aldrich, St. Louis, MO, USA) adhesive film with 125 pm nominal
thickness. The patterned mold dimensions are shown in Figure 2.2a. 3D printed corrals defin-
ing the size of the PDMS uF layers (white, Figure 2.2a) were fabricated out of acrylonitrile
butadiene styrene polymer using a Replicator 2X Experimental 3D Printer (MakerBot Indus-
tries, Brooklyn, NY, USA). The PTFE adhesive channel mold and 3D printed corral were

placed on top of a 3-inch Si wafer and silicone tubing (Masterflex, Gelsenkirchen, Germany)
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was placed on top of the inlet and outlet reservoirs of the PTFE mold. A Sylgard-184 (Dow
Corning, Midland, MI, USA) elastomer and hardener were mixed in a 10:1 ratio, degassed for
20 min, and poured into the 3D printed corrals. The top PDMS layer (2, Figure 2.2a) was
placed first in an oven at 60 °C for 20 min followed by the bottom layer (1, Figure 2.2a) for
the remaining 20 min before both halves were taken out of the oven and allowed to cool to
room temperature. The structured Au [working (WE) and auxiliary (AE)] and Pt [reference
(RE)] electrodes were placed on top of PDMS Layer 1. PDMS Layer 2 was removed from the
3D mold, and both layers were treated with air plasma for 30 s (30 sccm air inlet flow and 600
mTorr pressure) at a high-power setting (30 W) in a PDC expanded plasma cleaner (Harrick,
Ithaca, NY, USA). The two layers were then bonded and left to fully cure at 60 °C for 1 h

(Figure 2.2b).
1) Cure 1
A 60°C/20 min
Cut 2) Place E
15’1‘2 mm Y Place Teflon Place Silicon Pour PDMS Electrode
X MM aspuas »

— __ —>
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Figure 2.2. Bench-top microfabrication process for making the all-PDMS on-chip pF elec-
trochemical biosensors. (A) A Teflon adhesive pIF channel mold was cut and placed inside a
3D printed device mold on top of a Si-wafer to ensure surface flatness. Silicon tubing was
placed at the inlet/outlet positions, and PDMS was pouted into the mold until full. The bottom

layer (1) was partially cured at 60 °C for 20 min followed by placement of the three electrodes.
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The top layer (2) was cured at 60 °C for 40 min and removed from its mold. (B) PDMS Layers
(1) and (2) were plasma treated for 30 s, bonded, and allowed to fully cure at 60 °C for 1 h.

2.2.3. Dead-End Pressure Test of PDMS Bond Strength

All dead-end pressure tests were performed in triplicate for each bonding condition. A
dead-end chamber with dimensions of 7 mm X 7 mm X 0.125 mm was made using patterned
square PTFE molds as described above. The dead-end devices were attached to a N (g) source
with an inline pressure gauge and placed in a beaker filled with water. The N, (g) flow was
increased until the water began to bubble, indicating that the device had burst through delam-

ination or mechanical failure (Video S1 and Figure 2.52).

2.2.4. Murine 3T3 Fibroblast Cell Culture

Murine 3T3 fibroblast cells were prepared through standard cell culturing procedures.
Briefly, Dulbecco’s modified eagle’s medium (DMEM, supplemented with 10% FBS, 1% L-
glutamine, 1% penicillin/streptomycin (Invitrogen, Life Technologies, Butlington, ON, Can-
ada)) was heated to 37 °C and 30 mL were pipetted into a 50 mL conical tube kept at 37 °C.
A Frozen cryovial of murine 3T3 fibroblasts (ATCC, Manassas, VA, USA) was rapidly thawed
by swirling the contents in a 37 °C water bath. To remove DMSO (Caledon Laboratory Chem-
icals, Georgetown, ON, Canada) from the cryovial contents, the contents were poured into
the media kept at 37 °C and centrifuged at 500g for 5 min. The supernatant was discarded, and
the cell pellet was re-suspended in 15 mL of supplemented DMEM and incubated overnight
in a T25 tissue culture flask (Sigma-Aldrich, Oakville, ON, Canada). Once the cells had grown
to the desired confluency, they were detached from the culture flask by adding a trypsin solu-
tion (TrypLE, Thermo Fisher, Waltham, MA, USA) at 37 °C for 3—5 min. To neutralize the
trypsin, an equal amount of DMEM was added (supplemented with 10% Fetal Bovine Serum
and 1% Penicillin—both from Thermo Fisher, Waltham, MA, USA). The cell solution was
then pipetted into a centrifuge tube and centrifuged at 500g for 5 min followed by extraction
of the supernatant. The cells were re-suspended with the desired amount of DMEM and
counted using a hemocytometer cell counter and a light microscope. Finally, the cell solution
was diluted to 2 X 10° cells/mL using DMEM and stored at 37 °C and 5% COx(g) until use in

the I cell incubation step.

45



Ph.D. Thesis — Sokunthearath Saem — McMaster — Chenzistry and Chemical Biology

2.2.5. CFSE Fibroblast Cell Staining
A solution containing 50 uM CFSE (5(6)-carboxyfluorescein diacetate N-succinimidyl

ester, Sigma-Aldrich, Oakville, ON, Canada) was prepared from a 1 mM stock and 0.1% FBS
in 1X PBS (phosphate buffer saline, 100 mM, pH = 7.4). Following this, 2 X 10° fibroblast
cells were added to 200 pL of the CFSE solution, gently mixed and incubated at 37 °C in the
dark for 1 h. After the incubation period, 200 uL. of 100% FBS was added to the mixture and
incubated at 37 °C for 10 min in the datk. The mixture was then centrifuged at 500g for 5 min
with the resulting pellet being washed 3 times with 10% FBS in 1X PBS solution. Finally, the

pellet was re-suspended to the desired concentration in DMEM.

2.2.6. Cell Viability Assay

The viability assay for Au-PDMS substrates was carried out with PrestoBlue (Invitro-
gen, San Diego, CA, USA) in a 48-well plate. To start, 10* fibroblasts in 1 mL. of DMEM were
plated in each of the 12 wells and incubated at 37 °C/5% CO; for 24 h to ensure optimal cell
adhesion. Among these, 4 wells contained Au-PDMS substrates, 4 were used to test 1 h 1X
PBS incubation, and the last 4 were used for the DMEM control. For the viability assay, the
media in all 12 wells was substituted with 180 puL of 1X PBS and 20 pL of 10x PrestoBlue
solution. After 30 min of cell incubation at 37 °C and 5% CO., the change in the fluorescence
of the samples was measured using a Cytation multi-well plate reader (Biotek Instruments Inc.,

Montreal, QC, Canada) with the excitation/emission wavelengths set at 535/615 nm.

2.2."7. Murine 3T3 Fibroblast Cell Sensing
The Au electrodes (WE and AE) in the PDMS pI device were preconditioned and

baselined through cyclic voltammetry (CV). A 100 mM H,SO, working solution and a 1X PBS
reference solution were pumped through the uF device in separate laminar streams at 0.1
mL/min using a PHD ULTRA™ Syringe Pump (Harvard Apparatus, Holliston, MA, USA).
The devices were preconditioned through 30 CV scans for the working electrode performed
from 0.0 to 1.4 V at a scan rate of 0.10 V/s using a CHIG00E electrochemical workstation (CH
Instruments, Austin, TX, USA). Following the preconditioning step, the entire pIF channel was
washed with 1X PBS for 5 min at 0.10 mL/min. Prior to cell incubation, a baseline CV scan
was performed on each pIF device, yielding the total current for the clean WE. A sensing solu-

tion of 5 mM Ku[Fe(CN)g] in DMEM was continuously pumped through the device at 0.1
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mL/min, and a 10 segment CV scan was performed from —0.4 to 0.2 V (with respect to the
RE) at a scan rate of 0.10 V/s. Once again, the device was washed by flowing 1X PBS for 5
min at 0.1 mL/min. Finally, a fibroblast solution containing 2 X 10° cells/mL in DMEM was
pumped through the pF stream flowing over the WE at 0.1 mL/min for 1 min and then
stopped to allow for fibroblast attachment onto the WE for 1 h at 37 °C and 5% COx(g). After
cell adhesion, the pIF device was flushed with the sensing solution, and CV scans were per-
formed as described above. Experiments were performed on three replicate devices to assess

reproducibility and the statistical significance of the results.

2.2.8. Fluorescent Microscopy Image Acquisition
The murine 3T3 fibroblast cells inside the uF channel were imaged using a Nikon

Eclipse LV100N POL epifluorescence microscope (Nikon Instruments, Mississauga, ON,
Canada) equipped with excitation and emission filters for FITC dye, and a Nikon MRP50102
10%/0.25 NA Pol objective. Images were acquired with a Retiga 2000R cooled CCD camera
(QImaging, Surrey, BC, Canada) and recorded with NIS-Elements AR software (Nikon In-
struments, Mississauga, ON, Canada). The images were taken at 200 ms exposure time, 2 X 2

binning, and a hardware gain of 10.

2.3. RESULTS AND DISCUSSION
2.3.1. Optimization of PDMS Device Bond Strength for uF Device Fabrication

A viable flexible pF sensing platform must match or surpass current uF solutions in
reproducibility, sensitivity, and reliability. The challenge in having a flexible all-PDMS uF sen-
sor is that its intrinsic mechanical flexibility can introduce delamination at the bonding inter-
face between the two PDMS layers of the uF device as it is being handled. In particular, the
PDMS device should be strong enough to withstand the pressures generated from pressurized
flow through the microfluidic channel. Therefore, the characterization and optimization of the
bond strength between the two layers of a silicone-based pF device is crucial for the production
of a reliable and flexible uF sensing platform. The bond strength of various bonding conditions
was quantified using a dead-end chamber pressure test. To perform such a test, triplicate de-
vices with dead-end chamber dimensions of 7 mm X 7 mm X 0.125 mm were made as de-

scribed in the Materials and Methods section, and the bond strength was measured by pres-
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surizing gas into the dead-end device until either the device delaminated or the PDMS layer/in-
let tubing burst. The burst pressure was actively monitored using an inline pressure gauge.
Performing the burst pressure test with the devices submerged in water provided an immediate
indication of the device failure, as the escaping pressurized gas produced vigorous bubbling in
the solution (Figure 2.3a, Video S1). Figure 2.3b shows a comparison of the burst pressure for
different PDMS—PDMS bonding conditions benchmarked against the standard PDMS—glass
interface, and a comparison of a device integrating a structured electrode 5 mm in width with

and without PDMS sealing at the electrode—PDMS interface.

The bonding conditions depicted in Figure 2.3b for PDMS devices without a struc-
tured electrode differ only in the combination of PDMS curing time (partially cured—PC vs.
fully cured—FC), with every treatment subjected to 30 s air plasma treatment prior to device
bonding. PC PDMS was made by subjecting the PDMS to 60 °C for 20 min and fully cured
FC PDMS was subjected to 60 °C for 40 min prior to bonding followed by a final curing step
at 60 °C for 1 h. The devices were allowed to form stable bonds at room temperature for 24
h after the initial bonding. FC-FC PDMS bonding exhibited an average burst pressure of
P X T T TkPa, which was ~50% lower than the FC—glass benchmark of 0 0 Ttp TkPa. The
FC-PC and PC-PC combination produced statistically equivalent dead-end burst pressures to
the benchmark, failing at 0 U TG Tand O P TTU TkPa, respectively. The increased bond
strength observed in the FC—PC and PC—PC compared to the FC-FC devices can be attributed
to having both hydrosilylation and dehydration reactions occurring at the interface. The hy-
drosilylation reaction is facilitated by a Pt catalyst found in the Sylgard-184 cross-linker and
occurs when free silicon hydride (SiRs-H) groups found in the Sylgard-184 elastomer base
crosslinks with the vinyl-terminated polysiloxanes found in the Sylgard-184 cross-linker. Hy-
drosilylation can only occur with the partially cured PDMS mixture, where silicone chains are
relatively mobile, while the condensation reaction occurs between two adjacent silanol (SiRs—
OH) groups, which will react to form Si—O-Si bonds and eliminate H,O as a by-product. By
exposing the two PDMS surfaces to plasma oxidation, we can generate surface SiR;—OH,
which will contribute to strengthening the PDMS-PDMS bonding interface over time. In ad-
dition, using the PC PDMS, the surface roughness effects on bonding are minimized, since

the PC surface is still moldable and can conform to the complementary bonding layer. In view
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of the bonding strength test results for all-PDMS layers, we chose to use the FC—PC combi-
nation for the fabrication of devices incorporating structured electrodes, since it has a compa-
rable failure pressure to the FC PDMS—glass benchmark, is relatively easy to handle, and has
higher reproducibility than the FC-FC combination. Optimization of the bonding with layers
containing structured electrodes was done using the same dead-end layout, but with the inte-
gration of a structured electrode that covered ~70% of one of the side walls (inset, Figure 2.3c).
This setup was chosen to test the disruption in bonding strength with an extreme case of
electrode-to-sidewall ratio. As anticipated, once a structured electrode was in place, the bond-
ing strength was much weaker (T80 T kPa, Figure 2.3c) than that observed with the all-
PDMS FC-PC combination. To overcome such weak bonding, we resorted to sealing the
device edges with freshly mixed PDMS after the initial bonding, with the intent to reinforce
the device bond at the site of the electrode. By sealing the device with the PDMS mix and then
curing, the device burst pressute increased >306-fold (0 @t T& kPa, Figure 2.3c) when com-
pared to the devices without sealing. This technique was then used on the pI¥ device, and the
burst flow rate was determined. With the PDMS sealing, the burst flow rate was determined
to be >100 mL/min (maximum capability of the syringe pump). Thus, the bond strength with
the optimized fabrication procedure is more than suitable for experimentation, where flow
rates >4 mL./min have been shown to detach murine 3T3 fibroblast cells incubated within uF

devices of similar dimensions without the use of fibronectin as an adhesion promoter [41].
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Figure 2.3. PDMS bonding strength characterization All PDMS curing was done in a 60 °C
oven with the following curing times as follows: fully cured (FC)—40 min; partially cured
(PC)—20 min. (A) Image of the burst pressure test with the intact dead-end pF device (left)
and the broken device (right). (B) Quantification of the burst pressure for different bonding
combinations of FC-FC PDMS layers, PC-FC PDMS layers, PC-PC PDMS layers, and FC
PDMS layer-glass. (C) Quantification of the burst pressure for a dead-end uF device with a 5
mm Au electrode in place. Graph compares devices without PDMS sealing around the device
vs. with PDMS sealing after bonding. The inset shows a sample image of the dead-end burst
pressure device with the Au electrode in place as would be seen in the uF device. All error bars

represent the standard error of the mean, » = 3.

Using FC-PC bonding and sealing procedure, all the subsequent PDMS uF devices
were made in accordance to the process depicted in Figure 2.2a. The challenges in fabricating
such devices with high reproducibility were in the careful placement of the three electrodes in
the appropriate configuration, and the successful bonding over the structured electrode sur-
faces. It was found that following the 20 min curing step for the bottom half of the pF device,

the three electrodes had to be immediately transferred from the acetone storage solution to
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the PDMS to take full advantage of the tackiness of the PC-PDMS for maximal electrode-to-
PDMS adhesion. Once the electrodes had made contact with the PC-PDMS, the adhesion
became too strong to remove the electrodes without destroying them. Since the transfer must
be done successfully in one attempt, placing the electrodes one by one would require very high
dexterity and precision to fabricate uF devices with acceptable reproducibility. To overcome
this challenge, a Teflon filter membrane was used as a base support for the configuration and
transfer of the electrodes in a single step. To ensure that the electrodes adhered to the Teflon
membrane and that the membrane did not stick to the PC-PDMS, the membrane was pre-wet
with a small amount of acetone (this also afforded transparency through the Teflon membrane
for optimal electrode configuration). The electrodes were then removed from the storage so-
lution using flat tweezers and placed on the membrane. At this stage, the electrodes could be
easily positioned into the appropriate configuration without damaging them. Once in position,
the electrodes were picked up by the Tetflon membrane and placed on top of the PC-PDMS.
Upon electrode to PC-PDMS contact, the membrane was then quickly removed. The final
steps in the assembly and bonding of the pIF devices were performed as described in the Ma-

terials and Methods section and depicted in Figure 2.2a.

2.3.2. Impact of Flow Rate on Electrochemical Sensing
Once the fabrication protocol for the pIF devices was optimized, we turned our atten-

tion to the electrochemical sensing stability within the devices. Throughout this study, we uti-
lized cyclic voltammetry (CV), a simple electrochemical technique that is commonly used to
quantify redox processes and can be leveraged to implement cell-sensing strategies. CV is a
diffusion-limited technique when the sensing of the redox process is performed in an unstirred
solution, such that the analytes are not disturbed as they are undergoing reduction-oxidation
cycles. Performing CV measurements in a flow cell, such as a uF channel, with variable flow
rates could mimic a stirred cell condition resulting in limitations to charge transfer efficiencies

across the working electrode, thus reducing the overall device sensitivity.

To perform on-chip electrochemical sensing and assess the impact of the flow rate on
electrochemical sensing, a salt-bridge-free three electrode system was fabricated to incorporate
Au WE and AE, and Pt RE in a Y-shaped bench-top fabricated PDMS uF device (cf. Figure

2.2b). The salt-bridge-free uI design exploits the laminar flow within the microfluidic channel
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to isolate the RE from the working sample solution, while still allowing the diffusion of the
supporting electrolyte across the laminar flow interface. The separation between the working
solution and the reference solution is critical in the stability of the potential output during
sensing through CV. Given that the structured Pt film is used as a hydrogen pseudo-reference
electrode, its half-cell potential is dependent on the concentration of hydronium ions (i.e., pH).
To prevent fluctuations in pH, a buffer solution (1xPBS, pH = 7.4) was pumped through the
reference inlet to be in constant contact with the RE, thus maintaining a constant reference

electrode potential.

To assess the impact of the working flow rates used for sensing on charge transfer, we
petformed a seties of CV measutements in the pF devices at flow rates from 0-0.5 mL/min.
The CV for each flow rate was obtained in a 5 mM K4[Fe(CN)4] in 1X PBS working solution
and a 1X PBS reference solution utilizing the laminar flow inside the uF channel to separate
the working and reference solutions (demonstrated in Video S2 using coloured solutions). Fig-
ure 2.4a shows an overlay of the cyclic voltammograms for the different flow rate conditions,
with cathodic peaks shifting from —0.22 to —0.18 V with respect to stopped flow (blue curve,
0 mL/min). To perform the stopped flow sensing, the solution was pumped into the pF device,
then the flow was stopped, and CV scans were then performed. The voltammogram shows a
change in CV curve shape from a classic “duck” shape to a sigmoidal shape from low to high
flow rates. The change in shape indicates that at higher flow rates we begin to reach a limit at
which the convection introduced by the laminar flow is much greater than the redox kinetics
of Ku[Fe(CN)e]. The result is non-uniform anodic peak current to cathodic peak current and
ultimately a change from a completely reversible process to a quasi-reversible process. Despite
the signal shifts, the integration of the reduction peaks (Figure 2.4b) provides a quantification
of the charge transfer, showing that there is an initial reduction in total charge to ~73% com-
pated to the stopped flow. Between the flow rates of 0.1 and 0.5 mL/min, there is no statistical
difference in charge transfer efficiencies. After confirming that the working flow rates (0.1-0.5
mL/min) did not negatively impact the electrochemical sensing capabilities of the PDMS uF
device, we chose the lowest working flow rate tested of 0.10 mL/min for the murine 3T3

fibroblast cell sensing. This minimized the risk of cell detachment, while maintaining a contin-
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uous flow within the pIF device. Minimizing cell detachment during the sensing period is es-
sential during the acquisition of the voltammograms, since any such event would cause a sig-

nificant increase in charge transfer efficiency at the working electrode.
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Figure 2.4. Assessment of the impact of flow rate on charge transfer efficiency. The cyclic
voltammetry experiments were performed using a 5 mM Ky[Fe(CN)¢] working solution at a
0.10 V/s scan rate. (A) Cyclic voltammograms showing changes in reduction and oxidation
peaks and down-right shifting of the voltammograms as flow rate increased from 0 to 0.5
mL/min with a positive initial scan direction as indicated by the arrow. (B) Quantification of
the total charge transfer in the cathodic peak for the different flow rates. Between flow rates

of 0.1 and 0.5 mIL./min, there is no statistical difference in charge transfer efficiency.

2.3.3. On-Chip Cell Detection

To evaluate the impact of DMEM on electrochemical sensing over the incubation time,
CV was performed immediately after being exposed to DMEM, and in DMEM after incuba-
tion for 1 h. We observed no statistical difference between the voltammograms obtained in
DMEM immediately after exposure and those obtained after 1 h of incubation (Figure 2.54).
Prior to on-chip cell detection, the murine 3T3 fibroblast cells were introduced into the uF
channel by pumping through a solution containing 2 X 10° cells/mL in DMEM at 0.1 ml./min

for 1 min, stopping the flow, and allowing the cells to attach to the WE by incubating them in
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the device for 1 h at 37 °C. The total volume of the device was ~2 ulL, which translates into
~4000 fibroblast cells within the device at any given time. The experiment was performed on
triplicate devices on the same day within a 4 h timeframe to minimize variability in cell adhesion
and sensing due to ageing of the cells. After cell incubation, the pIF was washed by pumping it
through DMEM at 0.1 mL/min for 2 min to remove any weakly bound or unbound cells from
the electrode surface. Using the minimal flow rate of 0.1 mL/min, the adhered murine 3T3
fibroblast cells were sensed in a DMEM working solution supplemented with 5 mM
K4[Fe(CN)g]. During cell sensing, the redox-reporter was monitored through CV, where Figure
2.5a presents a typical voltammogram showing the cathodic peaks for a device before (blue)
and after 3T3 cell incubation (red). The cells inside the pF device were monitored throughout
the adhesion steps with fluorescence microscopy and a live CFSE cell stain, which can be seen
in Figure 2.83. The figure shows images comparing the number of cells located on the Au—
WE before incubation, after incubation (washed), and after sensing vs. control plain Au—WE.
After sensing, the average number of cells counted on the WE (Ti) P& mm geometric area)

was ~24 cells.
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Figure 2.5. Fibroblast sensing in 5 mM K4[Fe(CN)g| solution at a 0.1 mL/min flow rate. (A)

Cyclic voltammogram of the detection of murine 3T3 fibroblast cells vs. control electrode. (B)
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Relative charge transferred by the working electrode during the detection of murine 3T3 fi-

broblast cell vs. the control electrode. All error bars represent the standard error of the mean,

n=3.

To quantify the adhesion of cells to the electrode, the cathodic peaks of the CVs were
integrated and the total charge transferred calculated. For the cathodic peak integration, the
baseline correction was done through a linear regression using two points seen on each cyclic
voltammogram (Figure 2.52). To avoid any integration bias, the first point was placed at the
initial leveling during the reduction sweep and the second point was placed at the base of the
reduction peak. Upon integrating the cathodic peaks (Figure 2.5b), a 61% loss of charge trans-
fer was recorded after incubation for the p T cell/ml solution. When the cell concen-
tration was reduced by an order of magnitude, the electrochemical signal did not change. We
attribute this to the low cell concentration in the seeding solution, where in the absence of
adhesion proteins like fibronectin, we would expect one or two cells to adhere to the electrode
area. This number of cells might be too low to produce a significant change in the electro-
chemical signal. The CV results show that the PDMS uF sensors were successful in detecting
cell adhesion from murine 3T3 fibroblast cells at a relatively low number of cells (~24) and in
a low sample volume. The sensitivity of the all-PDMS pF biosensor can be attributed to the
use of structured working electrodes. Micro/nanostructuring of deposited thin metal films
electrodes through the use of shape-memory-polymers has previously been shown to increase
the electroactive surface area per geometric area by ~600% when compared to their flat coun-
terparts [30]. Thus, the area blocked by any individual adhered cell is 6-fold higher than it
would be for a traditional flat electrode. While we have demonstrated the capability of detect-
ing murine 3T3 fibroblast cells, the described proof-of-concept detection approach is not spe-
cific. Our current efforts are directed towards the functionalization of the structured electrodes
with capturing agents that selectively bind targeted cells. This will lead to a reduction in sensing

time, improved sensitivity, and reproducibility.

2.4. CONCLUSION

This work demonstrates a novel, rapid, and cost-effective method for the integration

of 3D structured high surface area electrodes into all-PDMS pF devices. The use of xurography
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on vinyl, PTFE, and PS and 3D printing offers a simple approach for the rapid and inexpensive
prototyping and mold fabrication for pIF devices. The optimized PDMS—-PDMS bonding and
sealing conditions offer bond strengths that allow the operation of the microfluidic devices
under high flow rates and offer long-lasting encapsulation of the high surface area structured
electrochemical sensors. In addition, the uF devices showed sustained charge transfer that was
minimally disturbed by relatively low flow rates, as shown through cyclic voltammetry. The
on-chip electrochemical sensing capabilities of bench-top fabricated pIF devices were demon-
strated by sensing the adhesion of model murine 3T3 fibroblast cells, where the signal de-
creased ~61% after the adhesion of an average of 24 cells over the working electrode. This
highlights the excellent sensitivity of the structured Au electrodes. The bench-top fabrication
method presented in this work offers a rapid, reproducible, and highly sensitive prototyping
method that shows promise for the future prototyping of flexible devices for portable point-

of-care diagnostics and personalized medicine.

Supplementary Materials: The following materials are available online at

www.mdpi.com/link: Figure 2.S1, Table 2.51, Video 2.S1 and Video 2.S2.
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Figure 2.S1. Schematic of the dimension of the electrodes used in the microfluidic device. On

the left shows the relative size comparison of the electrodes prior to shrinking to after shrink-

ing (right).
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Figure 2.S2. Image of a broken dead-end uF device following the burst pressure test.
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Figure 2.S3. Fluorescence microscope images of the working electrode inside the NT device
at different stages of the cell adhesion process compared to the blank electrode (top left).
Images were taken of different areas of the electrode. All images were taken at 10x magnifica-

tion and with identical illumination and acquisition conditions. Bright circular areas represent

CFSE labelled cells.
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Figure 2.54. Cyclic voltammogram and relative charge plot comparing electrochemical signals
during sensing in 5 mM K4[Fe(CN)4| solutions of 1x PBS, DMEM, and DMEM after 1 hour
incubation at cell adhesion conditions (37°C and 5% COy). (A) Overlaid cyclic voltammo-
grams of different control conditions with a positive initial sweep direction as indicated by the
arrow. (B) Plot comparing relative charge transferred in each condition (normalized to PBS)
showing that there is no influence of DMEM on the electrochemical signal before and after 1-
hour of incubation. Thus, all electrochemical changes observed during sensing can be at-

tributed to fibroblast cell adhesion.
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Figure 2.S5. Plot of 3T3 murine fibroblast cells relative viability in 1xPBS, DMEM, and with
the Au-PDMS electrode in DMEM. The results show no quantitative difference to cell viability

between the different storage conditions.
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A

Figure 2.56. SEM image of gold films before (A) and after (B) shrinking.

Video S1. Video of how the dead-end burst pressure test was performed inside a beaker of
water. The dead-end channel was pressurized by N2 gas and the pressure was monitored until

the point of failure.

Video S2. Video demonstrating the laminar flow capability of the uF device in separating the
working (red) and reference (green) solutions with food colouring. In this video, the solutions

were pumped through the uF device at a flow rate of 0.20 mL/min.

© 2016 by the authors. Submitted for possible open access publication under the

terms and conditions of the Creative Commons Attribution (CC-BY) li-
BY

cense (http://creativecommons.org/licenses/by/4.0/).
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ABSTRACT

A method for producing hierarchical wrinkled gold surfaces is used to continuously
change characteristic microstructure dimensions of a bioanode in a microbial fuel cell, while
conserving the total electroactive surface area and material chemistry. Using this approach, the
effect of anode topography on power outputs from direct electron transfer from Geobacter
sulfurreducens biofilms can be isolated and studied without the competing effects associated
with additive manufacturing. Despite having the same electroactive surface area for all struc-
tured anodes, tall and well-spaced features perform best. Anodes with the shortest, most
closely packed structures, on the other hand, do not perform any better than planar surfaces
with the same footprint and lower electroactive surface area. It is postulated that large interfold

spacing provides better electrical contact between the biofilm and the electrode via improved
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bacterial packing density at the electrode surface. Rigorous attention to structural dimensions
rather than total electroactive surface area is proposed as an important direction for future
bioanode optimization in microbial fuel cells containing direct electron transfer electroactive

biofilms.

3.1. INTRODUCTION

A microbial fuel cell (MFC) is a bioelectrochemical device in which the oxidation of
organic molecules produces a usable electric current. MFCs are promising as next generation
clean energy technologies because they can produce electricity while achieving bioremedia-
tion.[1-5] In addition, they show potential as autonomous power sources for remote environ-
mental sensing applications[6] and even for implanted devices.[7] The electroactive biofilms
(EABs), which catalyze the oxidation reaction, are composed of microorganisms that can
transfer electrons to extracellular acceptors.[8] In a MFC, EABs are cultured directly on the
anode so that electron transfer to an external circuit is efficient. Common bacteria used as
EABs include Geobacter sulfurreducens,|9] Shewanella putrefaciens,|10] Desulfovibrio desulfuricans,[11]
and Rhbodopseudomonas palustris.[12] Biofilms from these bacteria benefit from the ability to di-
rectly transfer electrons through a bioconductive network of bacterial appendages and embed-
ded electroactive proteins, via physical contact with the anode.[13—15] To enhance MFC per-
formance, high-surface-area anodes have been introduced based on nanoconductive tex-
tiles,[16] graphene sponges,[17] and brushes.[18] In other approaches, additive fabrication
methods been used to decorate existing anode surfaces with conductive polymers[19] and na-
noparticles of different materials, sizes, and shapes.[20-23] Generally, structured anodes are
designed to increase the total surface area, but little effort has been made to isolate and rigor-
ously study the role of surface topography. This is likely because it is difficult to vary feature
geometries in a controlled manner, without introducing competing effects such as changes in

total surface area, exposed materials or surface chemistry.

Gold is an excellent anode material because it is highly conductive, biocompatible, and
electrochemically stable over a wide potential window.[14,24—27] Recently, a benchtop process
has been developed for the controlled buckling of thin gold films on top of shape-memory

polymer sheets, with demonstrated applications in point-of-care diagnostic systems.[28-31] As
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opposed to other approaches, this method produces chemically homogeneous surface struc-
tures (wrinkles) with continuous control over average peak-to-valley heights and distances be-
tween folds, based on the initial gold film thickness. The method also conserves the total sur-
face area, making it ideal for investigating the effect of anode topography on MFC perfor-
mance, without introducing side-effects. In this work, we have used these surfaces as anodes
tor G. sulfurreducens biofilms in an H-type dual chamber MFC setup. Variations in wrinkle mor-
phologies were achieved using Au layers with thicknesses between 50 and 400 nm, the largest
range reported to date. Despite all wrinkled surfaces having the same enhancements to total
exposed surface per geometrical area compared to control planar anodes, power density
strongly depended on wrinkled surface morphology. Tall, widely spaced structures generated
neatly twice the power output compared to planar anodes. However, no performance im-
provements were observed for wrinkled surfaces with small closely spaced structures. These
results were likely due to improved bacterial packing efficiencies at the gold surface for widely
spaced, or “open,” wrinkle morphologies. We propose that these findings can guide the opti-
mization of MFCs and other bioelectrochemical systems using direct electron transfer EABs
by focusing on their physical access to the anode surface, in addition to increased electroactive

surface area relative to the electrode geometrical footprint.

3.2. RESULTS AND DISCUSSION

3.2.1. Fabrication and Evaluation of Anode Surface
The structured anodes were fabricated using a benchtop method, in which gold elec-

trodes were patterned through a self-adhesive stencil followed by shrinking of the pre-stressed
polystyrene substrate (Figure 3.1). Pre-stressed polystyrene disks and the stencils were pat-
terned using xurography.[31] The stencils were adhered to the pre-stressed polystyrene (PS)
substrate and used to define the electrode shapes during the gold film sputtering. Individual
square masks were used to selectively shield some of the sensing pads during the successive
gold deposition cycles. This allowed us to produce sensing pads with final thicknesses of 50,
100, 200, and 400 nm (Figure 3.1, shades of orange) on a single chip. Then, the stencil was
peeled from the substrate, revealing 4 sets of 4 patterned electrodes with the targeted film
thicknesses. The substrates were subsequently heated at 165 °C, which caused the polystyrene

substrate to shrink and introduced the compressive stress that resulted in wrinkling of the gold
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film. The different electrode film thicknesses were used to tune the wrinkled electrode topog-
raphy from the nanometer to the micrometer range. Using these simple and inexpensive meth-
ods, devices were fabricated containing sets of sensing electrode pads with identical surface
(=0.8 cm2, corresponding to the flat gold film) and geometrical area (=0.13 cm2 after shrink-

ing), but different surface topographies that could be assayed in a single parallel experiment.

The surface topography of the shrunken Au films was quantified by optical profilom-
etry (for surface roughness) and scanning electron microscopy (SEM) (for wrinkle spacing).
First, it was noted that the polystyrene before and after shrinking (Figure 3.2A) and the un-
shrunken gold films (Figure 3.2B) showed smooth surfaces. By contrast, wrinkles formed upon
shrinking polystyrene substrates with Au films. Wrinkle dimensions of interest included the
root mean square (RMS) roughness (calculated as the root mean square of the peak and valley
amplitudes, A, of the structured surfaces), and wrinkle spacing (approximated by the persis-
tence length L), and their relation to Au film thickness (7). The relevant dimensions are shown
schematically (Figure 3.2C), and by SEM imaging of a cross-section of a wrinkled surface after
focused ion beam milling (FIB) milling (Figure 3.2D). Qualitative analysis of the electron mi-
crographs showed a progression of wrinkle spacing from sub-micrometer for 50 nm thick Au
films, to tens of micrometers for 400 nm thick films (Figure 3.2E—H), with a concomitant
increase in wrinkle amplitude. Our observations are consistent with reported trends,[31] and
demonstrate that the structured surfaces are a direct result of the compressive stress generated
by the polystyrene during shrinking, where the elastic modulus mismatch between the substrate

and the gold film causes the latter to buckle and wrinkle.
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Figure 3.1. Schematic of fabrication process for generating 2 mm diameter wrinkled electrodes.
Prestressed polystyrene disks (black) were cut from commercially available sheets. An adhesive
vinyl stencil mask (red) was designed, patterned, and adhered to the polystyrene substrates.
The sensing electrode pads were masked during the sequential sputtering of gold films, which
resulted in sensing electrodes with thicknesses of 50, 100, 200, and 400 nm (shades of orange).
The adhesive vinyl mask was removed and the substrates were shrunk at 165 °C. The final area
of the substrate was 16% of the original area, and the final diameter of each sensing electrode

pad was 2.0 mm (60% reduction in x and y dimensions).

Topographical maps obtained using optical profilometry allowed us to quantify the
RMS roughness as a representative measurement of the surface topography. Figure 3.3A com-
pares the measured RMS roughness for films before (cyan) and after (red) shrinking for the
different thicknesses tested. While the RMS roughness for all gold film thicknesses tested was
similar (=15 nm) before shrinking, after shrinking the amplitude and roughness of the films
increased with increasing film thickness. In addition, from a 2D fast Fourier transform analysis

of the SEM surfaces, the persistence length (DI) was calculated.[32] Figute 3.3B shows that
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the persistence length varied linearly with initial Au film thickness. The RMS roughness and
persistence length are relevant parameters for the growth of EABs since the topographical
features can directly impact the bacteria’s ability to access the anode surface, especially in the
valleys formed between wrinkles, which could affect the efficiency with which charge trans-

ferred to the electrode.

Finally, the electroactive surface area of the structured electrodes was assessed through
cyclic voltammetry. Figure 3.3C shows a side-by-side comparison of the voltammograms pro-
duced by flat and structured electrodes with a 2 mm diameter footprint. As anticipated, the
structured electrode presented a higher charge transfer profile than the flat electrode. Integra-
tion of the area under the cathodic peak of the voltammogram yielded the total charge trans-
ferred during the voltage sweep, which could be used to calculate the electroactive surface area
(cf. Experimental Section). A comparison of the electroactive surface area (Figure 3.3D)
showed that, within measurement error, all the structured electrodes, regardless of topograph-
ical feature dimensions, exhibited a similar increase to electroactive surface area (>600%) com-
pared to a flat electrode with a similar geometrical footprint. Thus, by using this benchtop
fabrication method, we could tune the anode surface topography without changing overall
footprint or introducing changes to the electroactive surface area or material homogeneity. In
this way, efficiencies in the total current collected from an EAB could be studied as a function
of topography without incurring common side-effects of other additive fabrication techniques

that could obscure these effects.

74



Ph.D. Thesis — Sokunthearath Saem:  MeMaster — Chemistry and Chemical Biology

Before | B

Figure 3.2. Characterization of structured Au electrodes through electron microscopy. SEM
images of (A) polystyrene before and after shrinking, (B) flat Au sputtered on polystyrene. (C)
Cross-section schematic of the electrode surface after structuring, showing the PS substrate
(black) coated by a gold film (yellow) with thickness % The wrinkles are characterized by an
amplitude A and a periodicity that is approximated by the persistence length L. (D) SEM
image of the cross-section of a 50 nm thick structured film, after focused ion beam milling.
Representative amplitude, periodicity and thickness of the wrinkled film are highlighted in the
image. The image has been false colored to aid in the identification of the gold film (yellow)
and the polymer substrate (gray). Top-down SEM images for wrinkled Au electrode surfaces
for film thicknesses of (E) 50, (F) 100, (G) 200, and (H) 400 nm. Images (A), (B), and (E)-

(H) are all presented at the same scale.

3.2.2. Measurements in Microbial Fuel Cells
Next, we examined the performance of wrinkled gold electrodes as anodes for MFC

applications using the setup shown in Figure 3.4A. We conducted parallel experiments using
five separate glass MFCs, which were all inoculated simultaneously with G. su/furreducens bacte-
ria from the same preculture. Each parallel experiment was repeated three times. In four of
the MFCs, the anode consisted of a 2 X 2 wrinkled anode array based on an initial Au layer
thicknesses: 50, 100, 200, and 400 nm. The last MFC contained the planar Au anode array as
a control. In all cases, a graphite cathode measuring 25 X 25 X 3 mm was immersed in a

phosphate buffer saline (PBS) solution containing potassium ferricyanide (30 X 10—3 m).
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First, we confirmed EAB growth on wrinkled and planar Au anodes by SEM and res-
onance Raman spectroscopy. Results presented in Figure 3.4 were obtained from 400 nm thick
wrinkled gold anodes, but similar results were observed for all thicknesses. Wrinkled and planar
Au surfaces were immersed in the anolyte, but not electrically connected to the external circuit.
After careful analysis of the SEM images similar to Figure 3.4B, we observed no evidence of
bacterial attachment or biofilm production. This was because electrically isolated wrinkled Au
surfaces could not serve as electron sinks, thereby preventing electrode respiration of the EAB.
After use as electrically connected anodes, SEM images similar to Figure 3.4C revealed that
dense biofilm layers blanketed the anodes, hiding the wrinkled surface, and demonstrating
good biocompatibility and biofilm growth. We also verified the growth of G. sulfurreducens bio-
films via resonance Raman spectroscopy which produced cytochrome fingerprints at 1310,
1367, 1589, and 1640 cm—1 (Figure 3.4D).[33] In comparison, a broad featureless background
was observed before Au surfaces were connected as MFC anodes through an external resistor

even if they had been previously immersed in the anolyte.
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Figure 3.3. Topographical and electrochemical characterization of the structured electrodes.
(A) RMS surface roughness measurements obtained by optical profilometry for Au films of
different thicknesses before (cyan) and after (red) wrinkling. (B) Persistence length for the
wrinkled surfaces as a function of gold film thickness. (C) Typical cyclic voltammogram ob-
tained in a 100 X 10—3 m H2SO4 redox solution using a gold working electrode with a 2 mm
diameter footprint before (cyan) and after (red) wrinkling, show the enhanced charge transfer
due to the increased surface area. (D) The relative electroactive surface area (normalized to
that of a flat electrode with a 2 mm diameter footprint) for planar (cyan) and wrinkled (red)
electrodes. All error bars represent the standard deviation of measurements made on » > 3

replicate electrodes.
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Figure 3.4. (A) A picture of 4 two-chamber microbial fuel cells with catholyte (yellow) and
anolyte (coloutless) reservoirs on stir plates. The fifth control MFC is not shown. Inset shows
an active 2 X 2 anode array (highlighted). Not shown in the inset are the protected connections
made to each active anode array. All MFCs were connected to a breadboard across Rext. A
microcontroller measured [ across Rext and stored data on a computer. SEM images of (B)
a clean wrinkled anode before cathode connection through Rext and (C) a biofilm covered
anode after cathode connection through Rext. The inset shows magnified region in (if) show-
ing individual bacteria and EPS. Scale bars are 100 um (i and ii) and 15 pm (inset). (D) Spectra
from resonance Raman spectroscopy of wrinkled anodes formed from Au layers of 400 nm

thickness, before (blue) and after experiment was complete (red).

To compare the effect of anode topography on MFC startup, we monitored voltage
outputs in time during the initial growth phase. Starting immediately after inoculation, the
voltages were measured across Rext at 10 min intervals for all MFCs and current was calculated
via directly from Ohm’s law. For all MFCs, voltage (and current) increased rapidly during the
first 35 h. Figure 3.5 shows average growth curves from three replicate MEC start cycles for
control and all wrinkled anode arrays used here. Lower lag time, slightly higher average currents
and voltages (17ave) were observed for wrinkled anodes compared to the control surfaces.
However, based on their standard deviations (I'STD), they were not statistically different.
Therefore, we concluded that the degree of anode wrinkling did not have a significant effect
on the rate of bacterial colonization and initial growth. After 35 h, MFC voltage outputs began

to plateau for all experiments in the range of 0.3—-0.6 V. Based on the calculated coefficient of
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variance (CV) for voltage (CV = I"'STD/17Ave) for all like anodes, MFC outputs with like

anodes also began to stabilize as the biofilm entered maturity.

0.6 -

0 1b 2'0 3'0

Time (h)
Figure 3.5. The average voltage and current versus time during start up for anodes used in
this study. All measurements were conducted across a 100 k€2 external resistor. Current and
voltage resolution were 100 nA and 10 mV, respectively. Inset shows the coefficient of vari-
ance (CV) based on average voltage (I7ave) and their standard deviations (I'STD). In all cases
color coding follows: 50 nm (blue), 100 nm (orange), 200 nm (gray), 400 nm (yellow), and

planar (control) anodes (green).

Power density curves were acquired from polarization measurements after =3 d, when
MFCs had reached stable operating conditions. Stability was determined by CV < 0.2 1in Vave.
Following other published approaches to observe the impact of electrode structuration on
MFC power outputs, we obtained power density measurements during operation.[21,34-30]
As an example, three data sets showing power density and polarization curves are given in
Figure 3.6A for MFCs containing wrinkled anodes made from 400 and 50 nm Au layers and
from planar control anodes (with resulting RMS roughness and persistence lengths given in
Figure 3.3). It can be seen that both Pmax and the maximum current density were largest for

wrinkled anodes made from 400 nm Au layers (>400 mW m—2 and 1 A m—2, respectively).
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On the other hand, these values were both smaller and statistically equal for the control and

the 50 nm wrinkled anodes.
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Figure 3.6. (A) Example of individual polarization (dashed) and power density (solid) curves
acquired from separate samples grown on control (black), 200 (blue), and 400 (red) nm wrin-
kled electrodes. (B) Average of maximum power density as read from at least three separate
power density curves for each electrode type. All power density curves were obtained from
separate samples after 60 h of growth. The voltage 1, the current I, and the power P = [T are

obtained by varying the resistance R.

Figure 3.6B shows the average Pmax from three independent measurements for each
anode type. It was seen that Pmax increased for wrinkled anodes made from thicker Au layers.

The wrinkled surfaces formed from 400 nm thick Au films had values of Pmax more than
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twice as large compared to unstructured gold anodes. A pairwise one-way ANOVA compari-
son showed statistical differences (95% confidence) between unstructured from 200 and 400
nm thick Au films. A significant difference of Pmax between wrinkled anodes made from 400
and 50 nm thick Au films was also observed. This was somewhat surprising since the total
electroactive surface area was the same for both wrinkled anodes. Moreover, there were no
significant differences in Pmax between the wrinkled anodes made from 50 nm thick Au films
and the flat controls. Clearly, the enhanced anode electroactive surface area, which was =6
times larger than control for all wrinkled surfaces, did not benefit power outputs to the same

degree.

Figure 3.7. Conceptual model of the G. sulfurreducens biofilm (green) at a wrinkled anode sur-
faces (gold) used in this study. The anode surfaces were generated by Au films of (A) 400, (B)
200, (C) 100, (D) 50 nm thickness, and (E) unshrunken films. Upper bacterial layers are not

shown.

81



Ph.D. Thesis — Sokunthearath Saem — McMaster — Chenzistry and Chemical Biology

In evaluating the origin of microstructure-based enhancements to Pmax, we assumed
that the thickness of the Au layers were not specifically responsible. Therefore, the key to
exploiting enhanced electroactive surface area for microstructured anodes for direct electron
transfer EABs should be related to their morphology. Since the Au layer thickness had a de-
terministic effect on both the RMS roughness (feature height) and persistence length (intersti-
tial distance between features), as seen in Figure 3.3A,D, the changes in performance were
assumed to be related to these parameters. Figure 3.7 shows neatly to scale renderings vis-a-
vis bacteria size and the wrinkle dimensions. As the persistence length was reduced for thinner
Au layers, randomly oriented bacteria could jam between the folds. This resulted in inaccessible
domains within the valley portions, thereby reducing direct bacterial access to portions of the
anode surface. A dashed line highlights the biointerface boundary where bacteria at the lowest
biofilm layer could directly touch some portion of the anode surface. It shows the development
of a progressive mismatch between the biointerface and the anode surface as persistence length
was decreased. For wrinkled surfaces formed from 50 nm thick Au films, the biointerface
became nearly flat, which would explain the similar Pmax compared to the control anodes. On
the other hand, Biointerfaces nearly conformed to the entirety of the wrinkled surface area for
those anodes formed from 200 and 400 nm thick Au films. In practical terms, a larger bioin-
terface area means more bacteria in contact with the anode. Considering bacteria as parallel
resistors, this can be understood to decrease charge transfer resistance.[37—40] In this context,
it can be seen that maximizing microfeature density as a route to increasing electroactive sur-

face area, may actually reduce MFC performance due to reductions in interfeature spacing,.

To our knowledge, this is the first literature example of wrinkled Au surfaces fabricated
from films with thicknesses >200 nm. However, future experiments may be designed to fur-
ther extend the thickness of the initial Au layers. This could result in differential effects in
terms of persistence length and height because, increases to the former should not result in
further improvements to bacterial surface density after complete surface coverage is achieved.
Thus, changes to performance beyond this point could be to be correlated to height only. In
addition, follow up work can investigate the long-term behavior of the wrinkled bioanodes in

terms of their voltage and power generation.[41,42]
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3.3. CONCLUSIONS

Wrinkled gold films were used for the first time as structured anodes for microbial fuel
cells. The approach of structuring gold films by the thermal shrinking of a prestressed polymer
support substrate produced structures with tunable wrinkle height and spacing in range of the
<1-8 pm, and 4-25 um, respectively. Because the exposed surface area and material homo-
geneity were maintained between the samples, the effect of surface topography on MFC power
could be investigated without interference from competing effects introduced by additive an-
ode fabrication techniques. It was determined that the anodes with tall, well-spaced features
performed best. It is proposed that large interfold spacing resulted in better bacterial packing
efficiencies at the biointerface, resulting in enhanced current collection efficiencies. This work
opens the way for future experiments that focus on the effect of anode structure dimension-
ality, rather than on total electroactive surface area. The approach can be beneficial for appli-
cations involving any direct electron transfer systems, including, but not limited to microbial

fuel cells.

3.4. EXPERIMENTAL SECTION
Structured Anode Fabrication: PS sheets (Graphix Shrink Film, Graphix, Maple Heights,

OH, USA) were cleaned in successive baths of isopropyl alcohol, ethanol, and water, and cut
into 53 mm diameter disks using a computer-driven blade cutter (Robo Pro CE5000-40-CRP,
Graphtec America Inc., Irvine, CA, USA). Self-adhesive vinyl sheets (FDC-4300, FDC graphic
films, South Bend, IN, USA) were patterned using the blade cutter into stencils describing the
shape of the electrodes and adhered to the polystyrene substrates. Gold was then deposited
from a 99.999% purity gold target (LTS Chemical Inc., Chestnut Ridge, NY, USA) using a
Torr Compact Research Coater CRC-600 manual planar magnetron sputtering system (New
Windsor, NY, USA) onto the masked polystyrene surface. Successive sputtering depositions
were performed, with certain electrodes being masked with adhesive vinyl to produce sensing
pads consisting of gold films of 50, 100, 200, and 400 nm thickness. After removing the vinyl
masks, the polystyrene films containing the patterned gold electrodes were shrunk at 165 °C
in a temperature controlled vacuum oven (Isotemp, Fisher Scientific, Ottawa, ON, Canada),
on aluminum weighing dishes lined with parchment paper. The final diameter of the individual

electrodes after shrinking was =2 mm.
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MEC Construction and Operation: Dual-chamber glass MFCs with 150 ml. capacity were
used in this study (MFC 100.25.2, Adams & Chittenden Scientific Glass, NY, USA). Each
chamber was joined by a 31 mm diameter glass bridge using a clamp. A cation exchange mem-
brane (CEM) (CMI-7000S, Membrane International Inc., NJ, USA) was immobilized between
the two glass bridges. The CEM was pretreated by successive exposure to deionized (DI) water
with 5 wt% NaCl (Caledon Lab Ltd., ON, Canada) for 12—18 h, followed by thorough washing
with DI water. Each compartment had two feedthrough ports, one with a large (22 mm) di-
ameter, for inserting the electrode, and a second with a small (8 mm) diameter used as a feed-
through for electrical connections. The cathode was made from standard graphite plate elec-
trode (GraphiteStore, Northbrook, IL, USA) with a size of 25 X 25 X 3 mm. Cathode elec-
trodes were polished and reused in the same MFCs for all experiments. Electrical connections
to both electrodes were protected with epoxy. Electrodes were placed at a distance 5 mm from
each side of the CEM to minimize variations in internal resistance for all MFCs. Ports were

sealed with supplied gas-tight cap, except for the wire feedthrough port which was sealed with
epOXy.

Bacterial Culture and Nutrients: G. sulfurreducens (wild type, strain PCA, ATCC 51573),
aliquots were stored in a —80 °C biological freezer (Thermo Scientific Revco EXF, Butlington,
ON, Canada). All preparatory steps were conducted in an oxygen-free environment in a glove-
box (10% H2, 10% CO2, and 80% N2). G. sulfurreducens was subcultured in nutrient medium
supplemented with 40 X 10—3 m sodium fumarate (Na2C4H20O4) as a soluble electron accep-
tor to support bacterial growth in solution. The nutrient medium consisted of sodium acetate
carbon source (CH3COONa, 10 X 10—3 m), NaH2PHO4 (3.8 X 10—3 m), NaHCO3 (30 X
10—3 m), KCl (1.3 X 10—3 m), NH4Cl (28 X 10—3 m) (all from Sigma-Aldrich, Oakville, ON,
Canada), a trace mineral supplement (ATCC MD-TMS, 10 mL L—1), and a vitamin supple-
ment (ATCC MD-VS, 10 mL L—1). The medium was sterilized before use by autoclaving at
110 °C at 20 psi for 20 min. Sodium fumarate was added through a sterilized filter in the

glovebox.

MFEC Preparation: Inoculation and Start-Up: The MFC anode chamber was inoculated with

125 mL of liquid, consisting of 4 mL of G. sulfurreducens subculture and the rest being nutrient
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medium. No fumarate was added to the anolyte solution in order to support growth at the
anode only. The catholyte and anolyte solutions, and their ionic strength, were matched to
those previously reported.|[9] Briefly, the cathode compartment was filled with 125 mL of a
PBS (10 X 10—=3 m, pH = 7.4); containing 30 X 10—3 m ferricyanide (as an electron acceptor).
All operations were conducted inside an anaerobic glovebox. Next, the MFC liquid ports were
sealed and the anode and cathode were connected through a resistor, Rext = 100 k€2. This was
chosen based on measurements of average internal resistances from previous experiments us-
ing the same setup and from literature reports with MFCs featuring small gold anodes.[43] All

reactors were operated at 24 £ 0.5 °C with gentle stirring in an oxygen-free environment.

Characterization: Optical Profilometry: Optical profilometry measurements were made us-
ing a Zygo NewView 5000 white light interferometer (Zygo Corporation, Middlefield, CT,
USA). Data were obtained for the gold films on PS substrates, before and after shrinking. Five
different areas on each substrate were imaged onto a charge coupled device camera using a
50X objective with 2X additional optical zoom, resulting in fields of view of 70 X 50 um, and
a pixel size of 112 nm. The topographical maps obtained through optical profilometry were
used to calculate the RMS roughness of each of the surveyed areas, from which an average
RMS roughness was calculated. For all images, a fast Fourier transform (FFT) bandpass filter
was applied to remove noise with cut-off frequencies of 183.35 and 558.79 mm—1. Image

analysis was conducted by MetroPro software (Zygo Corporation).

Scanning Electron Microscopy: SEM images of the gold electrodes were acquired with a
JSM-70008S system (JEOL USA Inc., Peabody, MA, USA) operating with an accelerating volt-
age of 2.5 kV, working distance of 6 mm, and low probe current of 30 pA. The SEM images
of gold electrodes were obtained before introduction to MFC anode compartment as well as
after exposure to anode compartment for both electrically connected and unconnected gold
surfaces. For SEM imaging of wrinkled gold surfaces after exposure to anode chamber, the
anodes were exposed to a fixation solution overnight (2.5% glutaraldehyde in PBS buffer). The
anode was then transferred to a solution with 1% osmium tetroxide for 1.5 h and rinsed in
phosphate buffer. Samples were then dehydrated in 50%, 75%, 95%, and 100% aqueous eth-

anol solutions for 15 min each, followed by room temperature drying overnight. Before taking
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images, a thin gold layer was sputtered onto the biofilms and electrodes (Nanotech Ltd., SEM-
PREP 2 Sputter Coater, Sandy, UK). Focused Ion Beam Milling: FIB milling was used to obtain a
crosssectional view of the structured surfaces. A Helios NanoLab 600i DualBeam microscope
(FEI, Hillsboro, OR, USA) combining an electronic column (SEM) and an ionic column (FIB)
was used to etch the sample using Ga ions. Initial large-scale milling was done at 30 kV/21 nA,
to create an opening in the bulk of the material, and a fine-scale finishing milling was done at

30 kV/2.5 nA, to clean the crosssection for imaging with SEM.

Persistence Length Caleulation: The persistence length, defined as the distance over which
a wrinkle maintained its original orientation, is a good approximation of the distance between
wrinkle features. Persistence lengths corresponding to the different film thicknesses were cal-
culated from the 2D FFT power spectra of the corresponding SEM images as previously de-
scribed.[32] Briefly, SEM images were cropped into 900 X 900 pixel images and analyzed in-
dividually. Fach image was adjusted for its brightness and contrast, after which the Canny
threshold method in MATLAB was used to determine the edges of the wrinkled structures,
which were rendered as a binary image. A MATLAB program was used to run a 2D FFT of
the binary image, from which the power spectrum and probability versus length scale (um)
plots were generated. The probability values were normalized to the maximum probability,
averaged for all SEM images, and analyzed for each data point. A probability versus log (length
scale) plot was used to identify the values corresponding to the highest probability, which were

used to determine the persistence length of the structured films.

Cyclic Voltammetry: Cyclic voltammetry was performed using an electrochemical work-
station (CHI 660D, CH Instruments, Austin, TX, USA) and a standard three-electrode set-up.
The electrochemical cell included a Ag/AgCl reference electrode, a Pt auxiliary electrode, and
sputtered gold films on polystyrene as working electrodes. To ensure that the planar geometric
surface area of the working electrode was consistent between samples before and after shrink-
ing, an adhesive vinyl mask was placed over the gold electrode with a 2 mm diameter circle
cutout to expose the active surface of the electrode. To determine the total electroactive sur-
face area of the samples, 10 voltammograms were acquired in a 100 X 10—3 m H2S04 solution

at a scan rate of 0.1 V s—1 and a voltage sweep range of 0.5-1.5 V. The cathodic peaks from
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the resulting voltammograms were integrated using OriginPro software to determine the total
charge transferred. The electroactive surface area was then calculated by dividing the total

charge by the surface charge density of a monolayer of gold (386 pC cm—2).

Electroactive Biofilm Analyses and Caleulations: Parallel electrical measurements of the volt-
age drop across an external resistor (Rext) were conducted for all five MFCs using a micro-
controller board (Arduino UNO, Digikey Electronics, Thief River Falls, MN). Measurements
were acquired at intervals of 10 min and the time-varying current was calculated using Ohm’s
law I = 17/Rext, where |7 was the time-varying voltage drop across Rext. Polatization cutves
were obtained with a commercial potentiostat (VersaSTAT 4, Princeton Applied Research,
Oak Ridge, TN) with automatic changes to Rext in the range of 25 to 250 kQ after a settling
time of 10 min. The power (P) of the MFCs was calculated using P = 1"2/Rext and power

density curves were generated showing P versus [ for different values of Rext.

Resonance Raman Spectroscopy: Analysis by resonance Raman spectroscopy was used to
verify the existence of c-type cytochromes within G. sulfurreducens biofilms on gold after the
experiments. Preparation included removal from the MFFC anode chamber, washing with ace-
tate-free medium and exposure to filtered air from a laminar flow hood for drying. Raman
spectra were recorded (LABRAM 800HR, Horiba JobinYvon, Villeneuve d’Ascq, France) with
a 100x/0.75NA long working distance objective in backscattering mode with excitation pro-
vided by an argon-ion laser at 514 nm. At this wavelength, resonant excitation of the cyto-
chrome Q-band (oriented in plane of the porphyrin ring) could be acquired.[44] The acquisi-

tion time was 30 s for all samples.
Acknowledgements

M.A.A. and S.S. contributed equally to this work. The authors would like to thank Luc
Trudel and Laurent Smith (U. Laval) for support in the preculture of G. sulfurreducens, Richard
Janvier for SEM imaging and preparation, and Benjamin Reig for help obtaining the FIB im-
ages. S.S. is the recipient of an Ontario Graduate Scholarship. J.M.M. and J.G. are the recipients
of Early Researcher Awards from the Ontario Ministry of Research and Innovation and the

Fonds de recherche du Québec— nature et technologies, respectively. J.M.M. is the Canada

87



Ph.D. Thesis — Sokunthearath Saem — McMaster — Chenzistry and Chemical Biology

Research Chair in Micro and Nanostructured Materials. This research was supported by fund-
ing through the Natural Sciences and Engineering Research Council and made use of instru-
mentation from the McMaster Manufacturing Research Institute, Canadian Centre for Elec-

tron Microscopy and the Centre for Emerging Device Technology.
Conflict of Interest

The authors declare no conflict of interest.

Keywords

direct electron transfer, electroactive biofilm, microbial fuel cells, wrinkled electrodes

REFERENCES
[1] H. Liu, R. Ramnarayanan, B. E. Logan, Environ. Sci. Technol. 2004, 38, 2281.

(2] B. E. Logan, Microbial Fuel Cells, John Wiley & Sons, New Jersey 2008.

[3] X.-Y. Yang, G. Tian, N. Jiang, B.-L. Su, Energy Environ. Sci. 2012, 5, 5540.

[4] B. Logan, Nature 2008, 454, 943.

[5] D. R. Lovley, Nat. Rev. Microbiol. 2006, 4, 497.

[6] B. Ringeisen, E. Henderson, P. Wu, J. Pietron, U.S. Patent Application11/ 308, 216, 2006.
[7] M. M. Mardanpour, S. Yaghmaei, Brosens. Bioelectron. 2016, 79, 327.

[8] M. Hernandez, D. Newman, Ce/l. Mol. Life Sci. 2001, 58, 1562.

[9] K. P. Nevin, H. Richter, S. Covalla, J. Johnson, T. Woodard, A. Orloff, H. Jia, M. Zhang,
D. Lovley, Environ. Microbiol. 2008, 70, 2505.

[10] H. J. Kim, H. S. Park, M. S. Hyun, I. S. Chang, M. Kim, B. H. Kim, Enzgyme Microb. Technol.
2002, 30, 145.

[11] C. S. Kang, N. Eaktasang, D.-Y. Kwon, H. S. Kim, Bioresour. Technol. 2014, 165, 27.

[12] A. E. Inglesby, D. A. Beatty, A. C. Fisher, RSC Adp. 2012, 2, 4829.

88



Ph.D. Thesis — Sokunthearath Saem — McMaster — Chenzistry and Chemical Biology

[13] D. R. Lovley, Energy Environ. Sci. 2011, 4, 4896.

[14] H. Richter, K. McCarthy, K. P. Nevin, J. P. Johnson, V. M. Rotello, D. R. Lovley, Langnuir
2008, 24, 4376.

[15] N. S. Malvankar, M. T. Tuominen, D. R. Lovley, Energy Environ. Sci. 2012, 5, 8651.

[16] X. Xie, L. Hu, M. Pasta, G. F. Wells, D. Kong, C. S. Criddle, Y. Cui, Nano Letz. 2010, 77,
291.

[17] X. Xie, G. Yu, N. Liu, Z. Bao, C. S. Criddle, Y. Cui, Energy Environ. Sci. 2012, 5, 6862.
[18] B. Logan, S. Cheng, V. Watson, G. Estadt, Environ. Sci. Technol. 2007, 41, 3341.

[19] Y. Qiao, S.-J. Bao, C. M. Li, X.-Q. Cui, Z.-S. Lu, J. Guo, ACS Nano 2007, 2, 113.

[20] Y. Fan, S. Xu, R. Schaller, J. Jiao, F. Chaplen, H. Liu, Biosens. Bioelectron. 2011, 26, 1908.
[21] J. E. Mink, J. P. Rojas, B. E. Logan, M. M. Hussain, Nano Lett. 2012, 12, 791.

[22] S. Inoue, E. A. Parra, A. Higa, Y. Jiang, P. Wang, C. R. Buie, J. D. Coates, L. Lin, Sens.
Actuators, A 2012, 177, 30.

[23] X. Tang, G. Zhang, Y. Zhao, Nanotechnology 2006, 77, 4439.
[24] A. L. Kane, D. R. Bond, J. A. Gralnick, ACS Synth. Biol. 2012, 2, 93.

[25] S. Choi, H.-S. Lee, Y. Yang, P. Parameswaran, C. I. Torres, B. E. Rittmann, J. Chae, Lab
Chip 2011, 717, 1110.

[20] C.-C. Lin, C.-H. Wei, C.-I. Chen, C.-J. Shieh, Y.-C. Liu, Bioresour. Technol. 2013, 735, 640.

[27] M. Sun, F. Zhang, Z.-H. Tong, G.-P. Sheng, Y.-Z. Chen, Y. Zhao, Y.-P. Chen, S.-Y. Zhou,
G. Liu, Y.-C. Tian, Biosens. Bioelectron. 2010, 26, 338.

[28] S. Saem, Y. Zhu, H. Luu, J. M. Moran-Mirabal, Sensors 2017, 17, 732.
[29] S. Sonney, N. Shek, J. M. Moran-Mirabal, Biomicrofluidies 2015, 9, 026501.

[30] Y. Zhu, J. M. Moran-Mirabal, Ady. Electron. Mater. 2016, 2, 1500345.

89



Ph.D. Thesis — Sokunthearath Saem — McMaster — Chenzistry and Chemical Biology

[31] C. M. Gabardo, Y. Zhu, L. Soleymani, J. M. Moran-Mirabal, Ady. Funct. Mater. 2013, 23,
3030.

[32] U. Gill, T. Sutherland, S. Himbert, Y. Zhu, M. C. Rheinstidter, E. D. Cranston, J. M.
Moran-Mirabal, Nanoscale 2017, 9, 7781.

[33] N. Lebedev, S. M. Strycharz-Glaven, L. M. Tender, Front. Energy Res 2014, 2, 34.

[34] H. Ren, S. Pyo, J.-I. Lee, T.-J. Park, F. S. Gittleson, F. C. Leung, J. Kim, A. D. Taylor, H.-
S. Lee, J. Chae, J. Power Sources 2015, 273, 823.

[35] H. Wang, G. Wang, Y. Ling, F. Qian, Y. Song, X. Lu, S. Chen, Y. Tong, Y. Li, Nanoscale
2013, 5, 10283,

[36] G. Chot, D. J. Hassett, S. Choi, Analyst 2015, 140, 4277.
[37] M. P. Zarabadi, F. Paquet-Mercier, S. J. Charette, J. Greener, Langmuir 2017, 33, 2041.

[38] H. Ben-Yoav, A. Freeman, M. Sternheim, Y. Shacham-Diamand, Electrochim. Acta 2011,
56, 7780.

[39] R. P. Ramasamy, Z. Ren, M. M. Mench, J. M. Regan, Biotechnol. Bioeng. 2008, 7107, 101.

[40] Z. Ren, R. P. Ramasamy, S. R. Cloud-Owen, H. Yan, M. M. Mench, J. M. Regan, Bioresour.
Technol. 2011, 702, 416.

[41] F. Yu, C. Wang, J. Ma, Electrochim. Acta 2018, 259, 1059.
[42] J. Shen, C. Wang, Y. Liu, C. Hu, Y. Xin, N. Ding, S. Su, Biocherz. Eng. ]. 2018, 129, 44.
[43] F. Qian, M. Baum, Q. Gu, D. E. Morse, Lab Chzp 2009, 9, 3076.

[44] N. Lebedev, S. M. Strycharz-Glaven, L. M. Tender, ChenPhysChem 2014, 15, 320.

90



Ph.D. Thesis — Sokunthearath Saem — McMaster — Chenzistry and Chemical Biology

Chapter 4 Benchtop-fabricated li-

pid-based electrochemical sensing plat-
form for the detection of membrane dis-

rupting agents

This chapter has been submitted as:

Sokunthearath Saem, Osama Shashid, Adree Khondker, Camila Moran-Hidalgo, Maikel C.
Rheinstddter, and Jose Moran-Mirabal.* (2019) Benchtop-fabricated lipid-based elec-

trochemical sensing platform for the detection of membrane disrupting agents. Submitted.

Author Contributions: SS and JMM planned the study. SS fabricated the lipid sensors, character-
ized the sensors, and optimized the methodology. OS performed cyclic voltammetry experi-
ments. AK and MCR performed the X-ray diffraction experiments. CMH performed the elec-

trochemical optimization experiments.

91



Ph.D. Thesis — Sokunthearath Saem — McMaster — Chenzistry and Chemical Biology

Benchtop-fabricated lipid-based electrochemical sensing plat-

form for the detection of membrane disrupting agents

Sokunthearath Saem,” Osama Shashid," Adree Khondker,! Camila Moran-Hidalgo," Maikel C.

Rheinstidter,’ and Jose Moran-Mirabal®*

"Department of Chemistry and Chemical Biology, ‘Department of Physics and Astronomy,

McMaster University, Hamilton, Ontario, Canada

Keywords: (biosensor, electrochemistry, DMPC, microstructured electrodes, hemolytic agents,

membrane disruption, cell death, benchtop microfabrication)

ABSTRACT

There are increasing concerns about the danger that water-borne pathogens and pol-
lutants pose to the public. Of particular importance are those that disrupt the plasma mem-
brane, since loss of membrane integrity can lead to cell death. Currently, quantitative assays to
detect membrane-disrupting (Iytic) agents are done offsite, leading to long turnaround times
and high costs, while existing colorimetric point-of-need solutions often sacrifice sensitivity.
Thus, portable and highly sensitive solutions are needed to detect lytic agents for health and
environmental monitoring. Here, a lipid-based electrochemical sensing platform is introduced
to rapidly detect membrane-disrupting agents. The platform combines benchtop fabricated
microstructured electrodes (MSEs) with lipid membranes. The sensing mechanism of the lipid-
based platform relies on the stacked membranes serving as passivating layers that when dis-
rupted; generate electrochemical signals proportional to the membrane damage. The MSE to-

pography, membrane casting and annealing conditions were optimized to yield the most re-
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producible and sensitive devices. We used the subsequent sensors to detect membrane-dis-
rupting agents sodium dodecyl sulfate and Polymyxin-B within minutes and with limits of de-
tection in the ppm regime. This study introduces a method with potential for the integration
of complex membranes on MSEs towards the goal of developing a Membrane-on-a-Chip sens-

ing platform.

4.1. INTRODUCTION

Bacterial pathogens, pesticides, and parasitic vectors are common risks that need to be
screened for in water by using reliable methods of detection, such as ELISA, chromatography,
and mass spectrometry. While these methods offer high precision and accuracy, they are ex-

pensive, require highly trained technicians, or are time consuming,” """

which precludes their
use in resource-limited environments.'”*™'" Thus, there is an increasing demand for diagnostic

tools that do not compromise affordability, sensitivity, and portability for applications in point-

105,106 109,110

of-care (PoC) diagnostics, personalized medicine,'"™'” food quality testing, and water
testing.''! Biosensors are attractive routes to address these needs because they leverage biore-
cognition elements to offer rapid and low-cost solutions for the detection of potentially harm-

ful agents and can be adapted to portable platforms.'*'"

The cell plasma membrane is a complex structure that separates the internal cellular
components from external environments. Apart from protecting the cell from its surroundings,
the plasma membrane mediates ions and small molecule transport, adhesion, motility, and the
uptake of larger foreign bodies through endocytosis. The membrane is primarily composed of
a phospholipid bilayer, within which sterols, carbohydrates, and proteins are embedded. These
additional components modulate the plasma membrane’s physicochemical properties and bi-
ological function. Perturbation of a biological membrane through small molecules and proteins
that destabilize the phospholipid bilayer can result in membrane damage, cell lysis, and death.
This series of events is of particular concern when the destabilizing agents are of synthetic or
pathogenic origin and they result in the lysis of cells. Existing biosensors for the detection of
synthetic lytic agents mostly rely on catalytic (e.g., enzyme inhibition) or affinity based systems

112-114,116—

(e.g., antibodies, aptamers, lectin, and bacteriophages). """ Moreover, lytic factors pro-

duced by human pathogens are of particular concern because the severity of bacterial infection
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increases dramatically for hemolytic bacteria, particularly in immunocompromised popula-
tions.'” Currently, the gold standard for diagnosing hemolytic bacterial infections is the blood
agar test, which relies on an overnight culture and visual inspection that make it time-consum-
ing and qualitative. Thus, the complexity of existing sensing systems for the detection of syn-
thetic lytic agents and the shortcomings of the blood agar test present a unique opportunity
for the development of innovative sensing solutions for the detection of lytic agents that are

low-cost, portable, rapid, and simple to operate.

The past few decades have seen a rapid expansion in the field of biosensors, with op-
tical and electrochemical methods as the dominant sensing techniques.'>"> This success is
best exemplified by commercial PoC glucose-testing amperometric sensors, which present key
advantages in miniaturization, rapid detection, quantification, and low production cost. Re-
cently, lipid-based electrochemical biosensors have been proposed for the rapid and quantita-
tive detection of harmful pathogens. A recent study used liposomes loaded with a redox me-
diator to detect hemolytic bacteria.”*"'** In this system, the liposomes burst upon exposure to
the lytic agent, which released the redox mediators to produce a quantifiable electrochemical
signal. While effective in a laboratory setting, this system requires multi-step kinetics before
signal acquisition, a large number of components, extensive sample preparation, and lacks
portability and sensitivity. More recent adaptation of lipid-based lytic sensors use supported
lipid bilayers (SLBs) or tethered bilayer membranes (tBLLMs) on conductive surfaces coupled
with electrical impedance spectroscopy (EIS) for the sensing of lytic compounds.'”™* How-
ever, existing systems use planar electrodes and in the case of tBLMs require surface immobi-
lization of a tethering agent which adds additional production time, complexity, and variability
to the biosensor. Additionally, most lipid-based sensing systems employ EIS as an electro-
chemical technique. Although sensitive, EIS can be time consuming due to the use of large
frequency sweeps, expensive and difficult to miniaturize, and often require complex data anal-
ysis and fitting for quantification.'”'"”’ The limitations in such lipid-based biosensing technol-
ogies for the detection of harmful lytic agents preclude their application for a growing biosens-
ing market. Therefore, there is a need for low-cost, simple to operate, and quantitative assays

to detect lytic agents efficiently and rapidly.
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This work presents a platform that exploits the natural barrier properties of lipid mem-
branes for the electrochemical detection of lytic agents. In this platform, simple and low-cost
benchtop microfabrication techniques are used to produce highly sensitive gold microstruc-
tured electrodes (MSEs),"’® which are then coated with model membranes composed of 1,2-
dimyristoyl-s#-glycero-3-phosphocholine (DMPC). The operating principle of the lipid-based
sensor is that while the DMPC membrane is intact, it passivates the MSE shielding it from
redox-active molecules in solution and preventing electrochemical signal generation. Exposure
to lytic agents permeabilizes the membrane, which reveals the MSE surface to the solution
containing redox active reporter molecules and subsequently resulting in the generation of an
electrochemical signal proportional to the concentration of the lytic agents. We have per-
formed sensing studies using this platform for the quantitative detection of an ionic surfactant
(sodium dodecyl sulfate, SDS) and an antimicrobial drug (Polymyxin-B, PmB). The fabrication
of the lipid-based sensors was optimized to produce the fastest response to lytic factors and
reduce the material cost. The optimized lipid sensors were able to rapidly (seconds to minutes)
and reproducibly detect SDS and PmB, with LODs of 10 and 1 ppm, respectively. The pre-
sented platform combines affordable bench-top fabrication techniques and electrochemistry
to offer a scalable and versatile method that could be used to rapidly detect lytic agents in
aqueous samples. Current efforts in our lab aim to increase the complexity of the lipid mem-
branes used in the sensors to endow them with selectivity towards specific classes of mem-
brane disrupting agents. We anticipate that this type of lipid-based sensor can be used in the
future within PoC devices where a range of lytic factors can be detected and quantified, even-

tually replacing current qualitative gold standards like the blood agar test.

4.2. MATERIALS AND METHODS

4.2.1. Structured Electrode Fabrication
All electrodes were fabricated on pre-stressed polystyrene (PS) films (Graphix Shrink

Film, Graphix, Maple Heights, OH, USA). PS films were washed with isopropanol (IPA), eth-
anol (EtOH), and p @& - WOA [ water baths (5 min each) under orbital agitation (60 rpm) and
dried under a nitrogen stream. Adhesive vinyl sheets (FDC-4300, FDC graphic films, South
Bend, IN, USA) were cut into stencils to define the electrode shapes using a Robo Pro

CE5000-40-CRP blade cutter (Graphtec America Inc., Irvine, CA, USA) equipped with a
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CBO9UA supersteel blade. The vinyl stencils (Figure 4.1A) were peeled and transferred onto
the clean shrink films, which were cut with the blade cutter into individual rectangular sub-
strates. The PS substrates were then placed in a Torr Compact Research Coater CRC-600
manual planar magnetron sputtering system (New Windsor, NY, USA), and 99.999% purity
gold (LTS Chemical Inc., Chestnut Ridge, NY, USA) was sputtered onto the PS substrates at
a rate of 0.5 A /s to the desired thickness. The argon plasma was generated using a 70 mA DC
current and a gas flow of 5 scem. After Au deposition, the vinyl stencils were peeled-off from
the substrates, revealing patterned gold electrodes. The electrodes (PS + Au film) were placed
in an oven at 160°C for 5 min to thermally shrink the PS substrate and structure the electrodes.

The microstructured electrodes (MSEs) were stored in a sealed container until further needed.

4.2.2. Lipid deposition
Immediately before lipid deposition, the MSEs were rinsed with IPA, EtOH,

p & - WA | water and dried under a dry nitrogen stream. The electrode surfaces were fur-
ther cleaned through exposure to UV/O; (185 nm and 254 nm, PSD-UV Benchtop UV-
Ozone Cleaner, NOVASCAN, IA, USA) for 15 min at room temperature, followed by a 5-
minute air plasma treatment (30 sccm air flow, 600 mTorr) in a PDC expanded oxygen plasma
cleaner (Harrick, Ithaca, NY, USA) operated in high power setting (30 W). DMPC (1,2-
dimyristoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids Inc, Alabaster, AL, USA) solu-
tions (0.05 — 0.5 mg/mL) were made using a 1:1 mixture of chloroform and 2,2 2-trifluoroeth-
anol (CHCI3'TFE) as a solvent. The electrodes were masked with a rectangular vinyl adhesive
mask that left only the circular working electrode area exposed (Figure 4.1B). Once masked,
the electrodes were placed on a hot plate preheated to 50°C for 5 min. Then, 15 pL of the
DMPC solution were deposited dropwise onto the circular electrode working pad. The elec-
trodes were left on the hotplate for 5 min to ensure complete solvent evaporation. The effect
of vacuum, annealing temperature and annealing time were studied to optimize the DMPC
lipid bilayer formation on the MSEs. Following DMPC deposition, the lipid-MSEs were an-
nealed at atmospheric pressure or in vacuum, at temperatures between 25 — 50°C, for vatious
lengths of time, and at various relative humidity conditions. The results of these optimization

tests are summarized in Supplementary Information Figure 4.S1. Briefly, we determined that
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vacuum, humidity, and annealing duration had insignificant contribution to the desired elec-
trode passivation effect. However, annealing at 50°C showed approximately 30% greater MSE
passivation compared to devices made at room temperature. Therefore, the optimal annealing
conditions of 50°C for 1 hour were used. After the annealing process, the electrodes were left
to cool in a desiccator for 10 min, and the drop casting mask was removed and replaced by a
sensing mask (Figure 4.1B). The electrodes were then used for electrochemical sensing with

the sensing mask in place.

4.2.3. Electrochemical sensing
Potassium ferrocyanide (KFeCy — Ky[Fe(CN)¢]-3H2O, Sigma-Aldrich, Oakville, ON,

Canada) was used as redox-active reporter to generate an electrochemical signal when per-
forming cyclic voltammetry (CV) measurements. All sensing solutions used in this study con-
sisted of 2mM KFeCy in 1x PBS (137 mM NaCl, 2.7 mM KCl, 8§ mM Na,HPO, and 2 mM
KHyPO,, pH = 7.4, Sigma-Aldrich, Oakville, ON, Canada). For initial membrane disruption
experiments, a variable amount of sodium dodecyl sulfate (SDS, Sigma-Aldrich, Oakville, ON,
Canada) was added to the sensing solution to achieve the desired SDS concentration. CV
measurements were performed using a CHI600E electrochemical workstation (CH Instru-
ments, Austin, TX, USA) in a three-electrode electrochemical cell setup, where the structured
electrode was used as the working electrode (WE), a platinum wire was used as auxiliary elec-
trode (AE), and an Ag/AgCl electrode served as the reference electrode (RE). During sensing,
all three electrodes were connected to the electrochemical work station and submerged in 15
mL of the sensing solution. The CV experiments were performed with a voltage sweep from
0 to 0.4 V at 0.1 V/s scan rate for 10 segments. A sensing solution with Polymyxin B (PmB)
(Sigma-Aldrich, Oakville, ON, Canada) was prepared and tested for membrane disruption in
the same way as SDS solutions. To completely remove leftover lipids after sensing and recycle
the electrodes, they were washed successively with IPA, EtOH, and p & - WA [ water, and

dried with a dry nitrogen stream. The clean electrodes were stored in a desiccator to be reused.

4.2.4. X-ray scattering
X-ray scattering data was obtained using the Biological Large Angle Diffraction Ex-

periment (BLADE) at McMaster University. BLADE uses a 9kW (45 kV, 200mA) CuKa ro-

tating anode at a wavelength of 1.5418 A. Both source and detector are mounted on movable
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arms, such that the sample stays horizontal during measurements. The beam was focused using
multi-layer optics through a 200 mm collimator resulting in a high intensity beam with mono-
chromatic X-ray intensities up to 10° counts/s and detected on a HyPix300 two-dimensional
detector. The sensors were scanned at a temperature of T = 28°C and ~50% relative humidity
(RH). The two-dimensional intensity maps were then used for quantification of lipid organi-
zation within the sample. A powder diffraction peak was observed ~1.5 A™, corresponding to
lipid-lipid distances within a lamellar phase. The spacing in real-space may be determined from
d = 2n/qr from Bragg’s Law. The peak intensity, proportional to the presence of organized
lipids upon the sample surface, was determined from radially integrating from 1.4 < q,|| < 1.6

for each sample.

4.3. RESULTS AND DISCUSSION

The sensing platform was implemented using model membranes, which simplified the
biological membrane down to its major component and allowed us to assess the impact of
different device and sample preparation parameters on sensor performance. In the experi-
ments reported we used membranes composed of DMPC, a phospholipid with two 14-carbon
aliphatic tails and a zwitterionic phosphocholine head-group that has been widely used as bio-
mimetic membranes."”*"” DMPC having fully saturated tails will also ensure that we can obtain
membranes with high packing density to ensure the best chance of MSE chip passivation. The
main concept behind the sensor platform, discussed in detail below, is that lipids deposited on
a structured electrode form a passivating layer that prevents a redox-active reporter added to
the sample solution from accessing the working electrode surface. This results in negligible
current generation during electrochemical sensing with an intact membrane. However, when
the DMPC membrane is damaged by a membrane disrupting agent (e.g. surfactants, drugs,
pathogen-derived hemolytic peptides) and holes are formed in the passivating layer, the redox
reporter molecules can diffuse to the electrode surface, generating an electrochemical signal.
The strength of the signal depends on the composition and concentration of the membrane
disrupting agent and the amount of damage caused to the membrane, as well as on the total
surface area of the working electrode used in building the sensor. The platform developed

takes advantage of lipid membranes deposited on high surface area structured electrodes and
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electrochemistry to provide rapid and highly sensitive detection of membrane destabilizing

compounds.

4.3.1. Electrode fabrication and characterization
Gold MSEs have increased electroactive surface area (EASA) and thus the signal de-

tected by the sensor, while at the same time decreasing the footprint of the sensing area. The
electrodes were fabricated using commercial thermo-responsive polymer substrates (pre-
stressed PS), as previously described" and as shown in Figure 4.1A. The final transverse di-
mensions of the shrunken electrodes were 40% of the original design (circular pad diameter
was reduced from 12.5 to 5 mm), which corresponds to an overall reduction to 16% of the
original area. The thermal shrinking of the underlying PS substrate caused the electrode sur-
faces to wrinkle and buckle, with the resulting feature sizes dictated by the thickness of the
gold films. SEM and optical images of the electrode surfaces before and after shrinking (Figure
4.1D) show the expected increase in wrinkle size for thicker gold films, which arises from the
stress imposed by the shrinking substrate and the mismatch in elastic modulus between the PS
and the rigid film."® The resulting electrodes showed submicron-sized wrinkles for 20-nm-thick
Au films and micron-sized wrinkles at Au thicknesses 2 50 nm. It must be noted that the
wrinkled features were only observed in substrates containing Au films, and that images of
bare PS substrates before and after shrinking showed that these substrates remained flat with
no observable topographical differences. We have previously reported a comprehensive study
on shrinking and wrinkling patterned electrodes and the enhancement of EASA contained
within a given footprint to > 600%, when compared to a flat counterpart.'*® This enhance-
ment can also be seen in the Supplementary Information, Figure 4.54 comparing the electro-
active surface area of planar Au electrode again the MSE. This EASA enhancement provides
an advantage for the implementation of on chip electrochemical sensors, since a working elec-
trode with 16% the footprint of a flat electrode will provide similar current output, offering
improved portability and sensitivity. Previous electrochemical results also suggest that, despite
the difference in the size of topographical features, there is no enhancement in the charge
transfer efficiency when the thickness of the starting Au films is increased, since thin and thick
films are compressed into similar final areas. Thus, to minimize the production cost of the

sensing devices ($0.08/device for 20 nm »s. $1.60/device for 400 nm) we elected to use 20 and
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50 nm thick gold films in the fabrication of the wrinkled electrodes used to demonstrate the

lipid-based electrochemical sensing platform.
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Figure 4.1. Schematic of the sensor fabrication and operation. (A) MSEs were fabricated on
pre-stressed polystyrene substrates (clear rectangles), which were masked during gold deposi-
tion using adhesive vinyl stencils (red). After sputtering a thin gold layer (yellow), the stencils
were removed to reveal the patterned electrode. Thermal shrinking of the substrate resulted in
structuring of the Au films. (B) To form lipid membrane passivation layers the MSEs were
masked to allow the deposition of lipid solution solely on the sensing pad. The lipids were
deposited from stock solutions and the solvent was evaporated, forming thin lipid films that
were annealed under optimized temperature and humidity conditions. Prior to sensing, a mask
was applied on the MSE pad to ensure a reproducible membrane sensing surface. (C) Sche-
matic of the 3-electrode electrochemical sensing set up. The DMPC-coated MSE was used as
the working electrode (WE), with a Pt wire as the auxiliary electrode (AE), and a standard
Ag/AgCl as a reference electrode (RE). (D) 3D optical reconstruction of 20-nm-thick flat and
20, 50, 100, 200 and 400 nm-thick microstructured Au films. All optical images taken at the

same magnification.
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4.3.2. Lipid-based sensor fabrication and principle of operation
The sensor fabrication process is shown in Figure 4.1B and explained in detail in the

materials and methods section. Briefly, the MSE was masked with a rectangular vinyl adhesive
and placed on a 50°C hotplate for 5 min. Fifteen microliters of the DMPC solution wete drop
cast onto the circular sensing pad. The coated electrodes were then annealed in an oven for 1
hour at 50°C to form stable lipid layers. The deposition mask was replaced by a sensing mask
with a 4 mm-diameter cut-out exposing the sensing pad. Figure 4.1C shows the 3-electrode

electrochemical setup with the DMPC lipid sensor as the working electrode.

The objective of this study was to create a sensing platform capable of detecting the
presence of membrane-disrupting agents in solution by using model DMPC membranes to
passivate the surface of gold MSEs. Cyclic voltammetry (CV) was used for the electrochemical
detection of membrane damage by factors such as SDS and PmB. The sensing mechanism of
the platform (Figure 4.2) relies on the electrochemical signal generated by a redox reporter
molecule (KFeCy) added to the solution containing the sample. In CV measurements, when
the voltage is cycled between 0 and 0.4 V on a bare MSE, the KFeCy reporter is oxidized and
reduced resulting in anodic and cathodic current peaks (Figure 4.2A, inset). When a DMPC
membrane is present on the MSE sensing pad, the KFeCy cannot access the Au surface to
undergo redox processes, thus suppressing the current signal (Figure 4.2B, inset). In the pres-
ence of a membrane-disrupting factor (Figure 4.2C) the DMPC membrane is stripped away
until the underlying Au is exposed, leading to the appearance of redox signal from the reporter.
The evolution of the current signal is dependent on the concentration of membrane disruptors
present in solution. Thus, the performance of the lipid-based electrochemical sensing platform
would be dependent on the maximum electrochemical signal achievable, the time required to

reach the maximum signal, and the lowest amount of analyte that could be detected.
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Time

Figure 4.2. Sensing mechanism of the lipid-based electrochemical sensor. (A) Bare MSEs
produce the maximum electrochemical signal from a redox reporter in solution (red dots);
inset: typical CV curve. (B) DMPC membranes deposited on the MSEs passivate the electrode
surface, preventing redox processes to occur; inset: CV with no signal. (C) When the sensor
is exposed to a solution containing membrane-disrupting factors, the membrane degradation
exposes the electrode surface and increasing redox signals are measured over time as shown in

the inset. Gold surface topography and lipid layer drawings not shown to scale.

4.3.3. Influence of wrinkle size on sensor performance
The effect of the wrinkle size of the MSEs on DMPC membrane conformation and

sensing ability was examined by depositing DMPC lipid membranes on electrodes fabricated
from 20 — 400 nm thick films. To ensure full passivation of the electrodes, irrespective of
wrinkle size, a DMPC solution with a concentration of 0.5 mg/mL (relatively high for the
purpose of this study) was used to prepare the lipid membranes. Prior to testing the sensors
against a membrane disrupting agent, each electrode was immersed in a 2 mM KFeCy solution
and a 10-segment CV scan was performed, which helped identify current leakage due to une-
venly deposited membranes. Once complete passivation was confirmed (Z.e., no current redox
signal formation observed), the DMPC-coated electrode was immersed in a sample solution
containing 2 mM KFeCy and 0.1% SDS, and sensing was done via CV. The anionic surfactant
SDS was chosen as a test compound because it can disrupt the DMPC membrane through a
detergent mechanism (Supplementary Information, Figure 4.S2). The speed of this action in-
creases (ze., reducing the time required for appreciable membrane disruption from hours to
minutes) with the concentration of SDS present in solution, which makes it an ideal compound

130

for use as a synthetic lytic factor™™ to test the membrane-based sensors.
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Signal arising from membrane disruption was quantified by the integration of the
charge transferred during the redox cycling in CV measurements. The membrane-coated sen-
sors were immersed in the SDS-containing solution and sensing was performed at room tem-
perature with no agitation for 10 minutes. As the membrane was disrupted by SDS and more
electrode surface became accessible the sweeping voltage in the CV reduced and oxidized the
redox reporter (z.e., KFeCy) producing cathodic and anodic peak currents that increased over
time until reaching a plateau. To obtain quantitative information from the voltammograms
obtained after 10-minute incubation, the cathodic peak was integrated (Figure 4.3A), from
which the total charge transferred during the reduction process could be calculated. To elimi-
nate any capacitive currents generated from non-faradaic processes and avoid integration bias,
a baseline correction was established through a linear regression to two points in the reduction
sweep where the current increased linearly with voltage (Figure 4.3A), as previously reported."
The total charge transferred for each DMPC sensor was normalized to that of its bare Au
counterpart (e.g, signals from 20 nm MSEs coated with DMPC sensor were normalized to 20

nm MSEs without DMPC), and all experiments were run in triplicate.
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Figure 4.3. (A) Typical cyclic voltammogram of a solution containing 2mM KFeCy showing
the linear regression used for the baseline correction of the cathodic peak. The peak was inte-
grated after the linear regression to obtain the total charge transferred from the redox process.
(B) Relative charge transfer plot of 20 — 400 nm MSEs coated with 0.5 mg/mL DMPC after
being exposed to a 0.1% SDS solution for 10 minutes. The charge transferred was normalized
to bare electrodes without membranes (dotted line). Bars represent the mean values and error

bars shown are standard deviations obtained from n = 3 replicates.

A comparison of the relative charge transferred for the DMPC-coated sensors made
from gold films of different thicknesses (Figure 4.3B) showed that sensors with smaller wrin-
kles led to higher and more reproducible signals given the lower standard deviations. Full
signal recovery (with respect to the bare electrodes) was observed for sensors made with 20
and 50 nm wrinkled surfaces, whereas sensors made with 100, 200, and 400 nm wrinkled sut-

faces showed slightly lower average signal recovery. Overall, it was observed that the 20 nm
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sensors produced the highest signal to variance ratio compared to all other gold thicknesses.
The lack of full signal recovery on sensors made from thicker gold films could be ascribed to
lipid entrapment in the grooves of the wrinkled gold films. The data shown in Figure 4.3B
suggests that, MSEs with smaller wrinkle spacing and height (i.e. thinner Au films) offer a
topography that results in DMPC lipid films that can be more easily removed by a membrane

disrupting agent, resulting in a more sensitive membrane-based sensor.

To further probe the membrane conformation on the MSEs, X-ray scattering expeti-
ments were performed on 20, 50 and 200 nm sensors coated with different amounts of DMPC.
Figure 4.4A shows a typical 2D x-ray intensity plot obtained from membranes deposited on
an MSE. Analysis of the diffraction data showed no significant signals at g-values of ¢,~0.11
A which would be related to membrane stacking along the out-of-plane (q,) axis. The absence
of lamellar Bragg peaks, which are intense in thick stacked membrane films,"" was attributed
to the presence of only a small number of stacked membranes (< 10) along with the high
variability in the orientation of the surface topography, which leads to less ordered planar
membranes. This would be consistent with the low amounts of DMPC added, which at the
lowest concentration would only yield ~10-bilayer-films (if perfectly stacked and uniformly
distributed) over the electrode surfaces. The radial pattern of intensity observed at g-values of
~1.5 A" and plotted in Figure 4.4B corresponds to the lipid tail peak (i.c., the average distance
between two acyl tails in the lipid membranes). This signal is proportional to the total amount
of lipids on the area sampled and was therefore used to evaluate the uniformity of lipid depo-
sition on the sensor. Figure 4.4C shows the total lipid content measured for MSEs coated with
increasing lipid amounts. It can be observed that 20 and 50 nm sensors show trends of in-
creasing intensity as more lipids were added, while the 200 nm sensor shows random behavior.
Furthermore, the observation that 20 nm MSEs exhibited a linear trend with respect to the
concentration of the lipid added implies that casting DMPC on the surface of these electrodes
results in a more uniformly distributed membrane film. The radial integration of the lipid peak
signal contained within the azimuthal angles 10 < 6 < 60 also allowed us to determine the
degree of orientation of the membranes by using Herman’s orientation (HO) function:

0 - Al & -

3
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where a value of H = 1 represents a perfectly oriented bilayer, whereas a value of H = 0.25
represents a membrane with randomly oriented lipids. Typical values for highly oriented la-
mellar lipid bilayers on flat silicon substrates have been reported in the range of H = 0.95-
0.98."2 The HO values for membranes deposited on 20, 50, and 200 nm MSEs increased with
increasing wrinkle size (0.65, 0.77 and 0.84 for 20, 50 and 200 nm respectively, Figure 4.4D).
The lowest HO value, corresponding to the least order and/or higher membrane curvature
was observed for 20 nm MSE. This suggests that the DMPC membranes formed on the sur-
faces with smaller wrinkles conformed better to the topography, which coupled to a more
uniform coverage of the electrodes lead to more randomly oriented lipid bilayers. These results
coupled to those obtained through electrochemical measurements indicate that sensors made
using 20 and 50 nm MSEs provide the most uniformly deposited membranes with the highest
signal to variance in the signal resulting from exposure to high concentrations of membrane
disrupting factors. Thus, 20 and 50 nm MSEs were used for all subsequent optimization and

sensing experiments.

106



Ph.D. Thesis — Sokunthearath Saem — McMaster — Chenzistry and Chemical Biology

B 9000

@
(=3
(=3
o

Intensity

7000

6000
0 20 40 60 80

Azimuthal Angle

N
)

11000
0.9
0 T
=
[~ =
= L
- -t
2 10000 8 -
s g 0.8
> = ;l
= o I
@2 c
s ]
2 £
< 9000 = 07
= o
§= _ o
s 20 nm
| = 50 nm
200 nm —1—
8000 0.6
0.1 0.2 0.3 0.4 0.5 20 50 200
DMPC Concentration (mg/mL) Au Film Thickness (nm)

Figure 4.4. The DMPC membrane conformation on MSEs was assessed through X-ray dif-
fraction. (A) A 2D reciprocal-space map of the diffraction intensity obtained from DMPC
membranes deposited on MSEs. (B) Typical diffracted intensity vs azimuthal angle © plot. (C)
Lipid peak intensity signal of DMPC membranes versus different lipid concentrations of the
solution deposited. Lines represent data for MSEs made from films with different thicknesses,
which led to different wrinkle sizes. (D) Plot of Herman’s Orientation parameter versus MSE

film thickness.

4.3.4. Optimization of membrane sensor response
The temporal response of the lipid-based sensing platform depends on the ability of

the redox reporter to reach the electrode surface after the passivating membrane is damaged.

Therefore, we sought to optimize the membrane deposition parameters to obtain the thinnest
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possible membranes while preserving complete passivation prior to exposure to the disrupting
agents. The rationale behind this approach was that a thinner DMPC membrane would require
a lower concentration of disrupting factors and less time for them to strip away the lipid mem-
branes, allowing a faster and more sensitive electrochemical response. First, the ability to fully
passivate 20 and 50 nm-thick MSEs was tested by depositing the membranes from solutions
with increasing lipid concentrations (0.05 — 0.5 mg/mL). To ensure that the fabricated DMPC
films were uniform, we started by using previously reported conditions for the deposition of
lipids from solution."”'** Briefly, the DMPC solution was drop cast onto the MSE and the
sensor was placed in a vacuum chamber for 24 hours followed by a 24 hours annealing at
100% RH and 50°C. These lipid membrane deposition conditions were used as a starting point

to optimize the passivation of the MSEs for sensing applications.

After membrane deposition and annealing, the current leakage was assessed by sensing
through CV in solutions containing 2 mM KFeCy, in the absence of disrupting agents. Figure
4.5 shows that at low lipid concentrations, the electrode surfaces were not fully passivated and
allowed the generation of current peaks (leakage current). As the lipid concentration in the
casting solution was increased, the surface was progressively less accessible and eventually be-
came completely passivated. Full passivation was achieved for 20 nm MSE:s at a lipid concen-
tration of 0.2 mg/ml., while 0.4 mg/ml were required for 50 nm electrodes. The observation
that electrodes with smaller wrinkles can be passivated by a smaller amount of DMPC can be
explained by the topography, where smaller grooves would be easier to fill with lipids and
result in a more even coating during drying and annealing. On the other hand, as the wrinkles
become larger (7.e., on MSEs made from thicker gold films) membranes have to cover topog-
raphies with deeper grooves, which leads to the non-uniform deposition of lipids and the for-
mation of aggregates entrapped within the grooves until enough material is deposited to coat
the tips of the wrinkles. These results are also consistent with our fluorescence and X-ray
diffraction observations that electrodes with smaller wrinkles aid in the production of more
uniform DMPC membranes. In view of the membrane deposition and uniformity results, we
opted to use 20 nm MSEs for subsequent optimization and sensing experiments. An additional
advantage of using 20 nm-thick gold films for the fabrication of the membrane-based sensors

was the concomitant reduction of the production cost per sensor to ~$0.08 CAD.
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Figure 4.5. Cyclic voltammograms comparing current signal changes in DMPC concentra-
tions between 20 nm and 50 nm thick wrinkled gold electrodes. All CV scans were performed
in 2 mM KFeCy sensing solution without SDS. (A) Cyclic voltammograms of membranes
deposited from DMPC solutions of varying concentrations on 20 nm wrinkled gold electrodes.

(B) Cyclic voltammograms of membranes deposited from DMPC solutions of varying DMPC

concentrations on 50 nm wrinkled gold electrodes.
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The DMPC membrane preparation was further optimized by studying the effect of
temperature, relative humidity, vacuum, and annealing time — variables that have been reported
to affect membrane integrity. All membrane sensors for this optimization were prepared using
20 nm MSEs and 0.2 mg/mIL DMPC solution and were immersed in a 0.1% SDS aqueous
solution containing 2 mM KFeCy for 10 mins to determine the membrane stability using CV.
In these experiments, the goal was to obtain the most stable membranes (Z.e., lowest relative
charge transfer value for each condition tested), which would translate into sensors with higher
reproducibility. No change in membrane stability was observed (Supplementary Information,
Figure 4.S1) when the sensors were prepared: i) using solvent extraction in a vacuum for dif-
ferent lengths of time (0, 1, 4, and 24 hours), while maintaining humidity (100% RH), temper-
ature (50°C), and annealing time (24 hours) constant; ii) annealing under different humidity
conditions (ambient, 98% and 100% RH), while maintaining the annealing time (24 hours),
annealing temperature (50°C), and vacuum time (24 hours) constant; or iii) using different
annealing times (0.5, 1, 6 and 24 hours), maintaining humidity (100% RH), temperature (50°C),
and vacuum time (24 hours) constant. The only factor that impacted membrane stability was
the annealing temperature, whete sensors prepared at 50°C produced the lowest charge trans-
fer response at 1 minute of exposure to SDS when compared to those annealed at 25, 30, and
40°C (Supplementary Information, Figure 4.S1), indicating a more stable membrane. While
50°C resulted in a slower response, it still yielded full signal recovery (as compared to a bare
electrode) at 10 minutes and, more importantly, presented the most reproducible passivation,
with fewer sensors showing leakage current. Thus, the sensor preparation conditions were
fixed for all subsequent experiments as no vacuum extraction and 1 hour annealing at 50°C

and ambient RH, which yielded reproducible stable DMPC membranes.

4.3.5. Electrochemical sensing of membrane disrupting factors
To demonstrate the capabilities of the lipid-based sensor platform, sensing experi-

ments were performed against two molecules known to degrade lipid membranes through a
detergent-like mechanism, an anionic surfactant (SDS) and a cationic antibiotic (PmB). SDS
was used as a model disrupting factor because its mechanism of action is well understood. On

the other hand, PmB is a cyclic cationic polypeptide antibiotic produced by the soil bacterium
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Paenibacillus polymyxa, which is capable of dissolving the hydrophobic regions of cytoplasmic

membranes.'*

SDS and PmB were effective in disrupting the membrane on the lipid-based sensor
yield close to full signal recovery at higher concentrations of lytic agents. Figure 4.0A shows
typical cyclic voltammograms obtained from sensing experiments performed in sample solu-
tions containing the highest concentration of SDS and PmB. Sensors tested in solutions con-
taining 1000 ppm SDS (cyan curve) or PmB (red) showed appreciable electrochemical signals
that increased over time and reached a maximum signal after 10 and 5 min, respectively. This
shows that the membrane was actively disrupted, allowing the redox reporter to access the
MSE surface, until a point where the maximum membrane removal possible was reached,
leading to a levelling off of the signal. On the other hand, sensors immersed in only 2 mM
KFeCy solutions (yellow) did not generate appreciable redox signal even after 60 min immer-
sion in the solution. This was expected, since the synthetic DMPC membrane passivating the
electrodes should not be dissolved or ruptured in the presence of the redox reporter molecule
which lacks lysing qualities. Further sensing experiments were performed in solutions contain-
ing SDS or PmB at concentrations ranging from 1 to 1000 ppm. In all cases, the electrodes
were left in the test solutions until the redox signal reached the maximum intensity, and the
total charge transferred in the cathodic peak was quantified as detailed above (Figure 4.6B).
The time for the sensors to reach the maximum signal varied with concentration and is re-
ported above each bar in the graph. As anticipated, SDS and PmB sensing experiments
showed an increase in signal generated as the concentrations of the membrane disruptors in-
creased. In particular, sensors incubated with PmB at a concentration of 1000 ppm showed
signals comparable to those generated by bare MSEs (dotted line), showing complete removal
of the passivating membrane. The sensors reliably detected PmB down to a concentration of
1 ppm, while SDS was reliably detected at concentrations down to 10 ppm. Since the sensors
did not yield reproducible electrochemical signals below these concentrations, the limit of de-

tection for SDS and PmB was established as 10 and 1 ppm, respectively.
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The DMPC membrane-based sensors produced higher signal and faster response for
PmB solutions than for SDS. This increased PmB response can be attributed to the difference
in the structure and the membrane disruption mechanism between SDS and PmB. Both mol-
ecules rely on electrostatic interactions with the DMPC head group to initiate membrane dis-
ruption. In the case of SDS, the binding event initiates the insertion of the hydrophobic tail
into the lipid bilayer, which destabilizes and displaces DMPC molecules from the membrane.
The insertion and replacement of lipids by SDS also causes an increase in the membrane flu-
idity. When enough lipids are displaced, the membrane loses its structural integrity resulting in
pore formation and ultimately in complete membrane removal (Supplementary Information,
Figure 4.52). The membrane disruption mechanism of PmB, on the other hand, has been de-
scribed using the carpet and the insertion Barrel-Stave models. Initially, PmB peptides inter-
act electrostatically with the DMPC head groups in the membrane, orienting themselves par-
allel to its surface and forming aggregates.”’ This leads to thinning of the lipid membrane and
compromised lipid bilayer integrity resulting water uptake. This process happens rapidly at
high PmB peptide to lipid concentrations, which explains the rapid response time for electro-
chemical sensing of PmB at 100 to 1000 ppm (Figure 4.6B). The PmB peptides then insert
themselves into the membrane to form pores as described by the Barrel-Stave model. Pore
formation causes increased membrane instability and increases the water uptake until the mem-
brane is completely disrupted."” Furthermore, the head group of PmB consists of 10 amino
acids, which makes it much larger than that of SDS, meaning that each PmB molecule can
displace more DMPC than SDS and PmB causes greater membrane destabilization than SDS.
Thus, the structural properties and mechanism for membrane destabilization explain why a
faster response and lower limit of detection are observed for PmB »s. SDS. In view of the
detection capabilities of this lipid-based platform, we propose that these sensors could provide
advantages in sensitivity, turnaround time, affordability, and portability over current gold-

standard assays for the detection of membrane disrupting agents.
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4.4. CONCLUSION

In this study, we developed an inexpensive electrochemical biosensor for the sensitive
and rapid detection of membrane disrupting agents by combining benchtop fabricated MSEs
with DMPC phospholipid membranes. DMPC phospholipid membranes were used to passiv-
ate the structured electrodes, preventing the interaction of a redox reporter with the electrode
surface while the membrane remained intact. When the sensors were incubated with solutions
containing a lytic agent (z.e., SDS, PmB), pores formed within the membranes that allowed the
reporter molecules to reach the electrode surface and undergo redox cycling, generating an
electrochemical signal. We evaluated relevant conditions in the sensor fabrication protocol (z.e.,
gold wrinkle size, membrane deposition and annealing conditions) and determined that the
deposition of DMPC membranes from 200 pug/mL solutions onto MSEs made from 20 nm-
thick Au films, followed by annealing at 50 C for 1 hour produced the most reproducible and
sensitive biosensors. Using the optimized conditions for biosensor fabrication, SDS and PmB
were detected within minutes down to concentrations of 10 and 1 ppm, respectively, highlight-
ing the excellent sensitivity afforded by the MSEs. This novel lipid-based electrochemical bio-
sensing platform offers fast detection times, low cost, reproducibility, and represents a first
step towards the realization of Membrane-on-Chip devices with potential for future applica-
tions in diagnostics targeted against infectious bacteria, field testing for harmful pesticides, and

antimicrobial drug testing.
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Fluorescence microscopy of lipid membranes

For fluorescence imaging of the deposited lipid membranes, DMPC solutions were
doped with 1 mol% of Lissamine™ Rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phos-
phoethanolamine, triethylammonium salt (LR-DHPE, Invitrogen, Carlsbad, CA, USA) from
2 0.25 mg/mL stock solution in chloroform. Fluorescence images were captured using a Nikon
Eclipse LV100ND advanced research-grade upright microscope (Nikon, Mississauga, ON,
Canada) fitted with a 10x CFI60 Plan Fluor Phase Contrast DLL objective (N.A. 0.3, W.D.
0.16 mm) and excitation/emission filters for Rhodamine dye. Images were taken with a mo-
torized stage at 2 pm z-step size and a high-resolution 3D reconstruction was rendered using
the Nikon NIS-Elements Documents software. 3D-reconstructed images were converted to a

heat map look-up table using Image-J.
Optical microscopy

White light, bright field electrode images were taken with a Nikon Eclipse LVIOOND
advanced research-grade upright microscope optical microscope (Nikon, Mississauga, ON, CA)
fitted with a 50x TU Plan Fluor air objective (N.A. 0.8, W.D. 1.0 mm), and a Nikon DS-Ri2
Camera with a resolution of 4908x3264 pixel and a pixel-size of 7.3X7.3 um. The images were

3D reconstructed using NIS-Elements Documents software at a z-step size of 1 pm.
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Figure 4.S1. Optimization of vacuum, annealing, relative humidity and temperature for lipid
membrane deposition. DMPC films were made on 20 nm MSEs by drop casting 15 uL from
a 0.5 mg/mL stock lipid solution. In all cases sensing was petformed through CV in 0.1% SDS
solutions in presence of 2mM KFeCy redox reporter. All charge transfers are relative to bare
Au sensors with no DMPC. (A) Relative charge transferred for sensors prepared using solvent
evaporation in vacuum for various lengths of time, while keeping 100% RH and 24-hour an-
nealing at 50°C. (B) Relative charge transferred for sensors prepared using solvent evaporation
in vacuum for 24 hours, and annealing at 100% RH and 50°C over a variable length of time.

Trials were also performed on non-annealed electrodes, but signal leakage was observed prior
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to exposure to SDS. (C) Relative charge transferred for sensors prepared using solvent evap-
oration in vacuum for 24 hours, and annealing at variable humidity for 24 hours at 50°C. (D)
Relative charge transferred for sensors prepared using solvent evaporation in vacuum for 24

hours, and 100% RH and 24-hour annealing at variable temperatures.
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Figure 4.S2. Schematic representation of (A) SDS and (B) PmB membrane disruption mech-

anisms.
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Figure 4.S3. A comparison of signal generation of 20 nm Au planar electrodes (teal) and MSE
(maroon) passivated with 0.2 mg/mL DMPC membrane. Cyclic voltammetry was performed
in a 1000 ppm SDS and 2 mM KFeCy solution until maximum membrane removal was
achieved at 10 min for each device. (A) DMPC-MSEs showed full signal recovery at 10 min
comparable to clean MSEs, where planar Au electrodes was not able to recover full signal. (B)
Quantification of CV plots in charge transfer showing signal close to full signal generation
from MSE-DMPC devices while planar-DMPC devices only regenerated approximately 30%
signal. Furthermore, MSEs showed approximately 27% higher signal output over bare planar
Au electrodes, making MSEs the favourable option for high sensitivity electrochemical sensing

applications.
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Figure 4.54. EASA comparison between planar Au electrode and MSEs. The EASA was ob-
tained using CV scanning in a 50 mM H,SO, solution. The MSEs contains improved EASA
compared to the planar electrodes allowing for increased sensitivity in electrochemical detec-

tion.
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Figure 4.S5. Fluorescence microscopy images of 20 nm-thick MSEs with membranes depos-

ited from (A) 0, (B) 0.1 mg/ml.,, (C) 0.2 mg/ml., and (D) 0.5 mg/mIL DMPC solutions.
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Chapter 5: Cholesterol Enriched

Membrane-based Electrochemical Bio-
sensor for the Detection of Waterborne

Lytic Agents

This chapter will be submitted as:
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Cholesterol Enriched Membrane-based Electrochemical Biosensor for the De-tection of

Waterborne Lytic Agents.
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devices and performed electrochemical sensing. OS performed humidity optimization experi-
ments and lytic sensing. NB performed the Bradford Assay for protein concentration deter-

mination.
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Cholesterol Enriched Membrane-based Electrochemical Biosen-

sor for the Detection of Waterborne Lytic Compounds

Sokunthearath Saem, Osama Shashid, Nadine Beganovic, and Jose Moran-Mirabal*

Department of Chemistry and Chemical Biology, McMaster University, Hamilton, Ontario,

Canada

ABSTRACT

The prevalence of waterborne pollutants and pathogens in developing nations present
a significant health risk to local residents. Compounds that disrupt the cell membrane are of
particular concern as affected individuals have severe reactions that can result in death. Cur-
rently, tests for membrane-disrupting agents (i.e. lytic agents) are performed offsite, require
expensive equipment or sample preparation, and are time-consuming. Affordable, robust, and
sensitive sensing alternatives are needed to make the quantitative determination of harmful
lytic agents accessible to resource-limited nations. Here, we studied the effect of cholesterol as
a dopant molecule on the stability of lipid membranes deposited on wrinkled gold microstruc-
tured electrodes (MSEs) and the ability of the membranes to serve as platforms to sense cho-
lesterol-dependent hemolytic agents. Supported biomimetic membranes composed of choles-
terol and 1,2-dimyristoyl-s#-glycero-3-phosphocholine (DMPC) were deposited on the MSEs
as passivation layers to prevent the interaction of redox reporter molecules in solution with
the electrode surface. Upon exposure to lytic agents, such as sodium dodecyl sulfate (SDS),
polymyxin-B (PmB), or pneumolysin (PLY), the membranes were disrupted and exposed the
MSE surface, allowing an electrochemical signal to be generated. Cyclic voltammetry showed
that addition of cholesterol to DMPC membranes increased the membrane stability against
SDS and PmB, but not against PLY. Sensing at different concentrations of the lytic agents
yielded limits of detection for the cholesterol rich membrane-based biosensors of 500, 1, and
0.6 ppm for SDS, PmB, and PLY, respectively. This study demonstrates the viability of mem-
brane-based electrochemical biosensors to quantitatively detect lytic agents in solution with
the potential to accommodate membranes of increasing complexity for sensitive and selective

membrane-on-a-chip sensing.
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5.1. INTRODUCTION

Waterborne pesticides and pathogens present a common risk in many parts of the
world and are most prevalent in developing countries. Compounds that disrupt the cell mem-
brane (i.e. lytic compounds) such as proteins expressed from infectious bacteria'~ and insecti-
cides” are of particular concern because they can cause hemolysis, or the rupturing of red
blood cells. Analytical techniques like HPLC and blood culture test are typically used to detect
lytic compounds. Although quite sensitive, they require expensive equipment, highly special-
ized technicians, and have long turnaround times. This makes accessibility to high quality an-
alytical tests challenging since testing is primarily performed offsite. Therefore, novel medical
devices that are affordable, sensitive, reproducible, robust, portable, and easy to operate are
needed. A popular platform for the detection of targeted analytes are electrochemical biosen-
sors (ECBs).” Inspired by the first commercial enzyme-based glucose sensor by Leland C. Clark

Jr., new ECBs are focused on the detection of other relevant analytes such as pathogenic bac-

10-12 13-15 10,

tetia,'""* cocaine,”” or methamphetamine.'>'” ECBs hold promise for use in point-of-care

diagnostics due to their ease of miniaturization, proven sensitivity, rapid detection, operational

simplicity, and versatility."**

The cell plasma membrane is a complex bilayer structure primarily made of phospho-
lipids, proteins that facilitate cross-membrane transport and cell communication, carbohy-
drates for cell-to-cell recognition, and cholesterol to provide membrane plasticity and in-
creased integrity. The plasma membrane protects the cell from its surroundings and regulates
small molecule transport between the intracellular and extracellular environment to ensure cell
viability.”** Therefore, perturbations that result in membrane pore formation or rupture (i.e.
lysis) could eventually lead to cell death. Their intrinsic attributes make lipid membranes inter-
esting components for use in ECBs as a biological recognition elements. Membrane rupture
by lytic compounds can be exploited to develop membrane-based ECBs. Previous studies have
used the rupture of vesicles loaded with redox reporters to detect lytic compounds via am-
perometric sensing.””* Others have used polymer supported lipid bilayers on planar conduc-
tive surfaces together with electrochemical impedance spectroscopy (EIS) to detect lytic com-

pounds.”~" Although effective, the use of EIS is not amenable to fast portable detection, as
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the technique requires complex equipment and sophisticated data analysis to achieve quantita-
tive results. Furthermore, the use of planar conductive surfaces presents a miniaturization chal-
lenge as reducing the electrode size would result in a reduction in signal and biosensor sensi-
tivity.

Over the past decade, our group has used the thermal shrinking of pre-stressed poly-
styrene as an inexpensive benchtop method to wrinkle thin metallic films and miniaturize elec-

trode designs.”

The wrinkling of gold electrodes using this approach results in a six-fold
enhancement of the electroactive surface area (EASA) over planar electrodes with a similar
geometrical footprint, which translates into higher current densities per unit area and therefore
increased sensitivity in ECBs. Recently, we reported the integration of stable biomimetic 1,2-
dimyristoyl-sz-glycero-3-phosphocholine (DMPC) membranes on wrinkled microstructured
electrodes (MSEs) without the need of synthetic polymer supports.”’” These lipid membrane-
MSE hybrids were used in proof-of-concept experiments to detect membrane disruption, es-
tablishing them as viable platforms for the development of membrane-on-chip ECBs (MoC-
ECBs). Yet, the model membranes used in this study lacked the complexity of plasma mem-
branes, which could alter the response of the MoC-ECBs and their selectivity towards lytic
agents. Therefore, to develop biosensors that more accurately mimic the plasma membrane

response, the complexity of the MoC-ECB platform needs to be increased by incorporating

other membrane-bound molecules.

Cholesterol is one of the main constituents of animal cell membranes, where it modu-
lates the membrane fluidity in a composition-dependent fashion and tunes the membrane per-
meability.”*' In mammalian cell membranes, cholesterol can be found at concentrations rang-
ing from 20 to 45 mol%, with an average of ~30 mol% for most mammalian cells.”** Some
lytic compounds have been found to require the presence of cholesterol to initiate the for-
mation of pores in the cell membrane.'™* For example, pneumolysin (PLY), a virulence factor
expressed by the gram-positive bacteria S#reptococcus pnenmoniae, is known to lyse red blood cell

(RBC) membranes in a cholesterol-dependent fashion that can be inhibited by the addition of
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exogenous cholesterol."*** The presence of PLY in clinical samples (e.g., urine, blood, spu-
tum) is indicative of S. pmeumoniae infection, which makes cholesterol an important component

for incorporation into MoC-ECBs.

Here, we fabricated MoC-ECBs with supported DMPC membranes containing in-
creasing cholesterol content. We studied the sensor response to three lytic compounds: the
anionic surfactant sodium dodecyl sulfate (SDS), an antimicrobial drug known to cause lysis
in phospholipid membranes (Polymyxin-B, PmB), and a hemolytic protein isolated from S7rep-
tococcus pnenmoniae (pneumolysin, PLY). We found that cholesterol stabilized the supported
membrane against SDS and PmB, but not against PLY. These lytic factors could be quantita-
tively detected, with limits of detection of 500 ppm for SDS, 1 ppm for PmB, and 0.6 ppm for
PLY. By further introducing complexity to the membrane-based sensors (e.g. proteins and
carbohydrates) their specificity towards pathogen derived lytic agents could be improved. We
anticipate that this supported membrane on a chip platform presents a viable option for the
quantitative detection of lytic compounds in solution, translatable to other relevant clinical

samples.

5.2. MATERIALS & METHODS

5.2.1. Microstructured Electrode (MSE) Fabrication
The benchtop fabrication and characterization of MSEs has been previously reported

in detail.™* Briefly, polystyrene (PS) sheets (Graphix Shrink Film, Graphix, Maple Heights,
OH, USA) were washed with isopropanol (IPA), ethanol (EtOH), and ultrapure p @ - LIO
A [ water for 5 min each under orbital agitation at 60 rpm and dried under a nitrogen stream.
Adhesive vinyl (FDC-4300, FDC graphic films, South Bend, IN, USA) electrode masks were
cut using a Robo Pro CE5000-40-CRP blade cutter (Graphtec America Inc., Irvine, CA, USA)
equipped with a CBO9UA blade. The vinyl masks were subsequently adhered onto the clean
PS to define the electrode shape. A Torr Compact Research Coater CRC-600 manual planar
magnetron sputtering system (New Windsor, NY, USA) was then used to deposit gold
(99.999% purity, LTS Chemical Inc., Chestnut Ridge, NY, USA) on the PS substrates at a rate
of 0.5 A/s, to a total thickness of 50 nm. Following Au deposition, the vinyl masks were

peeled-off from the substrate, revealing patterned electrodes. The electrodes were placed in an
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oven at 160°C for 5 min to induce thermal shrinking of the PS substrate resulting in micro-

structured electrodes (MSE).

5.2.2. Fabrication of Membrane-on-Chip Electrochemical Biosensors (MoC-
ECBs)

The MoC-ECB benchtop fabtication process is shown in Figure 5.1. Briefly, 1 mg/ml
DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids Inc, Alabaster, AL,
USA) and 0.5 mg/ml cholesterol (Avanti Polar Lipids Inc, Alabaster, AL, USA) stock solutions
were made using a 1:1 mixture of chloroform and 2,2,2-trifluoroethanol (CHCI:'TFE) as a
solvent. The two stock solutions were mixed at the appropriate ratios and diluted to obtain 0.5
mg/ml DMPC:Cholesterol solutions with 0, 15, 30, and 50 mol% cholesterol content. The
previously prepared MSEs were rinsed with IPA and plasma treated (30 sccm air flow, 600
mTorr) using a PDC expanded oxygen plasma cleaner (Harrick, Ithaca, NY, USA) operated at
high power setting (30 W). Then, an adhesive vinyl drop-cast mask was applied to the MSEs
and they were heated to 50°C on a hotplate. The DMPC:Cholesterol solutions were drop-cast
onto the circular MSE pad at 15 ul per electrode and kept on the hotplate for 5 min. Following
lipid deposition, the MoC-ECBs were placed in a humidified glass chamber to achieve 100%
relative humidity (RH) and annealed at 50°C in an oven for 1 hour. After annealing, the MoC-

ECBs were fully passivated and ready for use in electrochemical sensing experiments.

5.2.3. Recombinant pneumolysin expression, purification, and red blood cell ly-
sis
Pneumolysin (PLY) expression

E. coli BL21(DE3) pET33b(+)-rPly was cultured in 10 — 20 mL lysogeny broth (LLB) me-
dium containing 50 pg/ml. Kanamycin overnight at 37°C and under constant agitation at 225
rpm. The optical density at 600 nm (ODgo) was determined, followed by a dilution of the
overnight culture in fresh LB medium to an ODgy of 0.05. The diluted sample was cultured at
37°C and under constant agitation until an ODew of 0.4 — 0.8 was reached. PLY expression
was induced by adding to the culture isopropyl 8-d-1-thiogalactopyranoside (IPTG) to a final
concentration of 0.5 mM. The culture was further grown for an additional 3 hours at 37°C and
225 rpm. The final culture was pelleted at 4000 rpm for 10 min and 4°C. The supernatant was

discarded and the pellet was frozen at -80°C until the purification step.
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Cell disruption and protein purification

Cell pellets were suspended in 20 mL equilibrium buffer (1xPBS with 10 mM Imidaz-
ole) and the cells were disrupted using a cell disruptor (Constant Systems Ltd, Daventry, UK).
The cells were collected in a 50 mL tube and placed on ice. The cell debris was spun down at
10,000 — 13,000 rpm for 30 min at 4°C. The protein was purified from the supernatant via
FPLC using a His-Trap column at 4°C. SDS PAGE was performed to extract only the 53 kDa
PLY. Briefly, samples containing PLY were loaded onto SDS gels and ran at 200 V for 45 min
at room temperature. The subsequent gels were rinsed with water and 53 kDa PLY fractions
were pooled into a 50 mL tube and dialysis was performed overnight at 4°C. Aliquots of 100
pL of PLY were stored at -80°C.

5.2.4. Sodium Dodecyl Sulphate (SDS), Polymyxin-B (PmB), and Pneumolysin
(PLY) Solution Preparation
All sensing solutions were prepared in 1x PBS buffer (137 mM NaCl, 2.7 mM KCI, 8

mM Na,HPO,, and 2 mM KH,POs, pH = 7.4, Sigma-Aldrich, Oakville, ON, Canada) made
with ultrapure water. Potassium ferrocyanide (KFeCy — Ky[Fe(CN)¢]-3H2O, Sigma-Aldrich,
Oakville, ON, Canada) served as a redox reporter molecule, and was used at 2mM concentra-
tion in 1x PBS. The desired amount of sodium dodecyl sulfate (SDS, Sigma-Aldrich, Oakville,
ON, Canada) or polymyxin B (PmB) (Sigma-Aldrich, Oakville, ON, Canada) was added to the
KFeCy solutions to achieve the target concentrations. PLY stock solution (54 pg/mlL) was

thawed and diluted to the desired working concentration in the KFeCy solution.

5.2.5. Electrochemical Sensing
We used cyclic voltammetry (CV) as the sensing technique to monitor membrane dis-

ruption in the presence of SDS, PmB or PLY. CV measurements were done using a CHI600E
electrochemical workstation (CH Instruments, Austin, TX, USA) where the MoC-ECB was
used as the working electrode (WE), a platinum wire auxiliary electrode (AE), and an Ag/AgCl
reference electrode (RE). The CV experiments were performed with 0-0.4 V sweeps, at a scan
rate of 0.1 V/s and for 10 segments. The MoC-ECBs were rinsed with Milli-Q) water and
dipped into a 15 ml working solution along with the AE and RE. A background scan was
performed in neat 2 mM KFeCy solution to ensure that the electrodes did not contain defec-

tive membranes. Following this step, the MoC-ECBs were placed in the working solution of
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interest (i.e. containing desired amounts of SDS, PmB or PLY). To recycle the chips, any left-
over DMPC:Cholesterol on the MoC-ECBs was completely removed using a series of 5 min
(each) solvent exposure to IPA, EtOH, and ultrapure water, followed by drying under a N»

stream. The clean MSEs were stored in plastic dishes and reused to fabricate new MoC-ECBs.

5.3. RESULTS & DISCUSSION
5.3.1. Benchtop Fabrication of MoC-ECBs

The most common barriers to accessibility to clinical analytical techniques are cost, port-
ability, lack of operational knowledge, sensitivity, robustness, and reproducibility. The MoC-
ECB was designed with these variables in mind. To increase the sensitivity, portability, and
reduce cost we used a previously reported simple benchtop fabrication approach to produce
the MSEs (Figure 5.1A).”>” The MoC-ECBs were fabricated using commercial pre-stressed
PS sheets as the substrate. The thermally induced shrinking of PS reduced the dimensions of
the flat circular working Au electrode pad from 12.5 to 5 mm in diameter. The shrinking pro-
cess wrinkled the electrodes and resulted in a 6-fold increase in electrochemical active surface
area. This makes MSEs ideal for use in portable biosensing applications where increased sen-
sitivities, comparable to laboratory instruments is desired. MSE devices were fabricated from
50 nm-thick films to ensure device robustness for transport and device reusability, resulting in

fabrication costs of $0.20 per MSE.
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were cut and cleaned with IPA, EtOH, and H>O. A vinyl mask was placed on the substrate
and 50 nm Au was sputtered onto it. The mask was removed to reveal the patterned electrode,
which after shrinking at 160°C yielded an MSE. (B) MSEs were masked and a lipid solution
was deposited on the working pad followed by annealing at 50°C and 100% RH. The drop-
cast mask was replaced with a sensing mask to control the exposed surface. The MoC-ECB
was placed in a sensing solution containing 2 mM KFeCy and SDS, PmB, or PLY at a pre-

scribed concentration. CV was used for all sensing experiments.

We have previously shown that to achieve the most reproducible and sensitive ECBs, the
membranes deposited should be as uniform and stable as possible.” Therefore, the membrane
annealing protocol was optimized using DMPC:Cholesterol mixtures containing 30% choles-
terol. MoC-ECBs were prepared by annealing the membrane for 1 hour at 50°C in ambient or
100% RH. We observed that both annealing treatments produced membranes that completely
passivated the electrodes, as there was no leak current generated when the electrodes were
immersed in solutions containing the redox reporter KFeCy. The ECBs were then purposely
disrupted by exposure to solutions containing a high concentration (500 ppm) of SDS and

2mM KFeCy, and the CV signal evolution was monitored over time. This experiment was

132



Ph.D. Thesis — Sokunthearath Saem — McMaster — Chenzistry and Chemical Biology

aimed at evaluating the uniformity of the passivating membrane. After a 20-minute incubation,
ECBs annealed at 100% RH generated 50% of the signal produced by bare MSEs, while those
annealed at ambient humidity produced 70% (Figure 5.81). Additionally, devices prepared at
100% RH produced much lower variance. This suggests that the membranes annealed at 100%
RH are more stable and uniform than those prepared at ambient conditions. Our interpretation
is that the increased water content in a humid environment during the annealing step allowed
the cholesterol and DMPC molecules to have increased mobility and form more uniformly
packed membranes. This is significant because selecting the optimal annealing conditions en-
ables us to use the minimal amount of DMPC:Cholesterol solution to passivate the electrode

surface, which translates into faster signal generation from the membrane layer during sensing.

5.3.2. Biosensing Mechanism
Unlike many existing ECBs that rely on anchored biomolecules such as aptamers, anti-

bodies, and enzymes to capture the target of interest, MoC-ECBs use a membrane disruption
process (i.e. lysis) coupled with a redox active reporter molecule in solution to generate a quan-
titative signal in the presence of lytic compounds.” In typical CV experiments, a voltage is
swept to oxidize and reduce the species of interest and the current measured at the WE (in
this case the MSE) is proportional to the scan rate (V/s), redox molecule concentration, and
electrode surface area. In the case of a bare electrode, 100% of electrons generated via the
redox process flow through the electrode. However, once the surface of the electrode has been
blocked by the DMPC:Cholesterol membrane layer, no charge can flow between the redox
molecule and the electrode, which reduces the measurable signal practically to zero. In the
presence of a lytic compound (e.g. SDS, PmB or PLY), the membrane is progressively dis-
rupted and eroded, producing regions of exposed electrode surface that allow charge to be
transferred from the reporter to the electrode. The signal generated is proportional to the con-
centration of the lytic compound. Through this sensing mechanism, MoC-ECBs are capable

of rapidly and efficiently detecting factors that cause membrane disruption.

5.3.3. Cholesterol Effect on Membrane Stability

To determine the impact that cholesterol has on the sensing membrane stability, we fab-
ricated MoC-ECBs with membranes where the DMPC solution was doped with increasing

amounts of cholesterol, up to a maximum of 50 mol%. The ECBs were then challenged with
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solutions containing 500 ppm SDS and PmB, and CV was used to obtain the relative charge
transferred (normalized to bare MSEs) over time (Figure 5.2). In all instances, PmB was more
efficient at disrupting the DMPC:Cholesterol membranes than SDS, as evidenced by the signal
obtained for PmB being higher and the time required to reach the maximum signal (10 minutes)
being half of that for SDS. This indicates that PmB, an antibiotic that is used to treat bacterial
infections, can still disrupt cholesterol-containing membranes that mimic the those from eu-
karyotes and is more efficient at doing so than SDS. This can be explained by the fact that in
the presence of cholesterol, PmB has increased insertion into the membrane over SDS, which
leads to larger water uptake and eventual rupture in the membrane.”” Furthermore, the larger
head groups found in PmB can interact laterally with each other to form clusters and disturb
the DMPC packing resulting in an increased water permeation into the membrane core. In
contrast, SDS is a surfactant molecule with a much smaller head group compared to PmB,
where a larger amount of SDS is needed to destabilize the membrane and cause membrane

rupture.
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Figure 5.2. Relative charge transferred plot of MoC-ECBs containing 0 — 50 mol% cholesterol
monitored in (A) 500 ppm SDS solution over 20 min and (B) 500 ppm PmB over 10 min.

Points represent means and error bars are standard deviations of N = 3 replicate experiments.
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It was also observed that when exposed to either SDS or PmB, the presence of cholesterol
resulted in lower signals, suggesting that the membranes become more stable and less suscep-
tible to disruption. In the presence of SDS, as the cholesterol concentration was varied from
0 to 50 mol%, the relative charge transferred at 20 minutes was reduced from 68% to 40%
(Figure 5.2A). Similarly, when exposed to PmB, an increase in cholesterol content from 0 to
50 mol% resulted in a proportional reduction of the relative charge transferred at 10 minutes
from 100% to 52% (Figure 5.2B). These results show that the presence of cholesterol greatly
affects the ability of SDS and PmB to solubilize or form pores within the phospholipid mem-
branes. This is consistent with previous reports on the role of cholesterol in membranes, where
it serves as a membrane-stabilizing molecule by introducing conformational ordering in lipid
chains.”" DMPC is a lipid that exists in the ordered gel phase at room temperature. In the gel
phase, DMPC membranes are stiffer and exhibit minimal lateral mobility due to the high van
der Waals interactions between the fully saturated alkyl tails leading to a high degree of pack-
ing.* In the presence of increasing cholesterol, the DMPC membrane transitions into a liquid-
ordered phase that exhibits a mixture of solid-like properties of the gel phase but also contains
increased lateral mobility like that of the liquid-disordered phase. The increased in membrane
fluidity has been shown to minimize membrane deformation upon contact with lytic agents in
addition to reducing membrane indentation and thinning.*” Additionally, high cholesterol con-
centrations (>20%) have been proposed to increase membrane thickness due to the change in
cholesterol tilt angle from high to low compared to the bilayer normal.” This increase in mem-
brane thickness could help to explain why DMPC membranes with higher cholesterol content

are harder to rupture as seen in the lower signal production in Figure 5.2.

5.3.4. Sensing with MoC-ECBs
Sensing and determining the limits of detection (LOD) for MoC-ECBs when exposed to

membrane disrupting agents is important to evaluate their overall sensitivity and potential ap-
plicability. Since MoC-ECBs containing different amounts of cholesterol showed similar signal
evolution over time (i.e. membrane disruption kinetics), we chose to use membranes with 30
mol% cholesterol for sensing. This concentration is in line with the average cholesterol con-

42,43

centrations found in eukaryote membranes™" and would therefore more closely resemble

them. To determine the LOD, sensors were incubated for up to 60 minutes with solutions
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containing 2 mM KFeCy and SDS or PmB at concentrations ranging from 100 to 5000 ppm
and 1 to 500 ppm, respectively. Based on dynamic light scattering (DLS) measurements, the
critical micelle concentration (CMC) of SDS and PmB is 2200 ppm (7.5 mM) and 2300 ppm
(1.6 mM), respectively (Figure 5.52). Thus, the concentrations of SDS and PmB used in the
sensing experiments were, with the exception of the 5000 ppm SDS treatment, below the CMC

and these molecules interacted with the biomimetic membranes in monomeric form.

Consistent with the results from the cholesterol concentration series, PmB was more ef-
fective in disrupting the DMPC:Cholesterol membrane than SDS (Figure 5.3). The MoC-ECB
sensors were able to detect concentrations of PmB that were two orders of magnitude lower
than for SDS. In particular, the LOD for PmB was determined to be 3 ppm at 1min whereas
SDS was 200 ppm at 10 minutes of incubation. The LOD for these sensing experiments was
determined as the lowest concentration of the molecule at which a signal could be seen in the
cyclic voltammogram and the current peak could be integrated. It must be noted that sensors
exposed to SDS at 100 ppm did not produce any signal even after 60 min of incubation in the
sensing solution. As described above, the difference in sensitivity was attributed to the larger
size of the PmB molecules and the different modes of action through which they destabilize
the membrane. More specifically, both SDS and PmB will first interact electrostatically with
the head groups of the DMPC molecules in membrane, which facilitates the insertion of their
hydrophobic tail into the membrane. This has been previously observed in XRD experiments
supported by molecular dynamics simulations.*”* This process leads to increased membrane
curvature and permeability, which continues until the membrane is completely dissolved. In
the case of PmB, the widely accepted carpet model involves a charge-induced parallel associa-
tion between the PmB molecule and the zwitterionic DMPC head group.”* This continued
association causes increased stress on the membrane, which results in rapid membrane disrup-
tion. In addition, the Barrel-Stave model predicts that PmB inserts its hydrophobic tail into
the membrane bilayer leading to pore formation and resulting in membrane leakage.*”* It has
been proposed that a mixture of pore formation and dissolution of phospholipids occur when
PmB interacts with phospholipid membranes, whereas for SDS dissolution is the only mode

of membrane disruption.*””
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Figure 5.3. Plot of the relative charge transferred (normalized to bare electrodes) in MoC-
ECBs prepared with 30 mol% cholesterol exposed to (A) SDS and (B) PmB. Sensing solutions
were prepared in 1x PBS and contained 2 mM KFeCy as a redox reporter. Time indicated is
the incubation prior to sensing. Bars represent averages and standard deviations of N = 3

replicate sensors.
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To demonstrate the applicability of the sensors to sensing pathogen-derived molecules,
we tested the 30 mol% cholesterol-doped MoC-ECBs against the cholesterol-dependent cy-
tolysin pneumolysin (PLY) from Streptococcus pnenmoniae. The sensors were exposed to PLY at
concentrations ranging from 0.2 to 2 ppm and the temporal signal evolution was recorded
using CV (Figure 5.54). Sensors tested in 0.2 ppm PLY (Figure 5.S4A) showed no current
response even after 10-minute incubation, indicating no membrane rupturing was achieved
and that this concentration is below the LOD of the sensor. MoC-ECBs tested in 1.0 ppm
PLY solution (Figure 5.54B) generated a quantifiable current response with the maximum sig-
nal generated at 5 min. When the concentration of PLY was doubled to 2.0 ppm (Figure 5.54C),
the membranes were ruptured much faster where full signal generation was observed in 2.5

min.

A comparison of the cyclic voltammograms generated from MoC-ECBs after 2.5
minutes of exposure to different concentrations of PLY is shown in Figure 5.4A. The legend
labels in red correspond to PLY concentrations that did not produce currents that were large
enough to be quantifiable, yielding a LOD for PLY of 0.6 ppm. As shown in Figure 5.4b,
concentrations between 0.6 and 2 ppm could be reproducibly quantified and produced a linear
response (R* of 0.972). To evaluate our MoC-ECB’s sensitivity for detecting PLY compared
to the gold standard test, a hemolysis activity test was performed against sheep red blood cells
(RBCs). We used a 1% Triton solution in dialysis buffer as our positive hemolysis control
generating 100% lysis. Our negative control of 0% lysis used the dialysis buffer solution. The
hemolytic ability of PLY was tested against a concentrated PLY solution followed by diluted
PLY samples ranging from 1:10 to 1:32,000 as shown in Figure 5.85. The PLY concentration
was determined to be 54 ppm According to the Bradford Assay performed (shown in Figure
5.53). The LD50, equivalent to 1 hemolytic unit was determined to be at 1000 times dilution
or 54 ppb. To compare, our MoC-ECBs were able to detect PLY concentrations down to 600
ppb or ~ 10 times less sensitive than the gold standard hemolysis assay. The current hemolysis
assay requires many sample preparation steps, multistep centrifugation, expensive plate readers,
and long turn around times of up to 24 hours. In contrast, the external calibration curve
developed for PLY through our MoC-ECBs can be used to determine unknown concentra-

tions of PLY in solution. Furthermore, the 30% M-ECBs are able to achieve rapid detection
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in 2.5 min at 600 ppb (0.6 ng/mL) and as fast as a few seconds at higher concentrations of 1
ppm (1 pg/mL) and 2 ppm (2 pg/mL). These results are promising and demonstrate the po-
tential for M-ECBs as a platform to quantitatively detect lytic compounds in solution at a rapid

and simple way.
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Figure 5.4. Detection of S. pneumoniae pneumolysin (PLY) with MoC-ECBs. (A) Overlaid
cyclic voltammograms generated from MoC-ECBs after 2.5 min exposure to different PLY
concentrations. (B) Calibration curve quantifying the total charge transferred after 2.5 min
exposure to different concentrations of PLY. The LOD for PLY was determined to be 0.6

ppm. Error bars represent the standard deviation of N = 3 replicate experiments.

5.4. CONCLUSIONS

In this work, we fabricated membrane based electrochemical biosensors for the detec-
tion of lytic compounds in solution using simple and inexpensive benchtop methods. Micro-
structured electrodes (MSEs) made by the thermal shrinking of gold-coated polystyrene sheets
were passivated with cholesterol-doped DMPC membranes to yield membrane-on-chip elec-
trochemical biosensors (MoC-ECBs). The impact of cholesterol on the stability of the passiv-
ating membranes was evaluated by doping the membranes with 0-50 mol% cholesterol and
comparing their response to membrane disrupting agents. Increasing the cholesterol content
increased the stability of the membranes and made them more resilient against disruption.

Membranes doped with 30 mol% cholesterol were then used as biomimetic systems to sense
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SDS, PmB, and the cholesterol-dependent cytolysin PLY. Incubation with these lytic agents
ruptured the membrane and exposed the underlying electrode surface in a concentration de-
pendent manner, which allowed the generation of signal from a redox reporter in solution.
Using this sensing system, we were able to detect concentrations down to 500, 1, and 0.6 ppm
for SDS, PmB and PLY, respectively. This biomimetic membrane-on-a-chip device presents a
low-cost, quantitative, rapid, and reproducible alternative to detecting membrane disrupting
agents with the potential to include additional bio-functionality for the targeted quantitative
detection of human pathogens, waterborne pesticides, and pollutants, as well as to evaluate the

effect of drugs on membranes.
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Figure 5.S1. Plot of the relative charge transferr comparing annealing conditions for
DMPC:Chol membranes containing 30% cholesterol. The MoC-ECBs were tested in a 15 ml
1xPBS, 500 ppm SDS and 2 mM KFeCy solution. The relative charge transfer values shown
were acquired at the 20 min time point when signal had reached a stable value. Error bars
represent standard deviation of N =3 replicate devices. The lower charge transfer of the 100%
RH samples indicate greater sensor passivation and membrane stability. Additionally, the

smaller errors also suggest increased sensor reproducibility.
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Measurement of the Critical Micelle Concentration using Dynamic Light Scattering

(DLS)

The critical micelle concentrations of SDS and PmB in the sensing solution (2 mM
KFeCy in 1xPBS) was determined using a Zetasizer Nano ZS (Malvern Panalytical Inc.,
Westborough, MA, USA) instrument fitted with a Non-Invasive Backscattering (NIBS) optics
with a size resolution range between 0.3 nm to 10.0 pm. The DLS measurements were per-
formed at 25°C with a detection angle of 173° using a He-Ne LASER light source (633 nm) at
PmB and SDS concentrations ranging from 1 to 50,000 ppm.
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Figure 5.52. Dynamic Light Scattering (DLS) plots (derived count rate) at known concentra-
tions of (A) SDS of 1 — 50,000 ppm (CMC = 2200 ppm or 7.5 mM) and (B) PmB of 1 —
50,000 ppm (CMC = 2300 ppm or 1.6 mM). Points on the plot represent mean values with

error bars as standard deviation of N =3.
Bradford Assay for Pneumolysin Concentration Determination

The Bradford Assay was used to quantify the concentration of PLY protein. Bovine Serum
Albumin (BSA, Sigma-Aldrich, Oakville, ON, Canada) calibration standards were prepared
from a 2 mg/mL stock solution in 1x PBS. A serial dilution was performed in PBS solution
(pH 7.4) to obtain standards ranging from 5 to 1500 ppm. Each standard solution was vortexed

prior to preparing the following standard. For each cuvette, 20 uL. of each standard was added
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to a 1 mL mixture of 1:4 Coomassie Brilliant Blue G-250 (CBB, Thermo Fisher Scientific,
Burlington, ON, Canada) dye to Milli-QQ H»O. All standard samples were prepared in triplicate
and incubated for 5 minutes prior to analysis. Prior to each run, the spectrophotometer was
blanked at 595nm using 1 mlL. of 1xPBS. The absorbance of each replicate was measured at
595nm starting with the lowest concentration of 5 pg/mL to 1000 pg/mlL. The PLY solution
of unknown concentration was defrosted (from -20°C) and prepared identically to the calibra-
tion solutions in triplicate. A linear regression of the absorbance vs BSA concentration was

performed to obtain the concentration of the unknown PLY.
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R?=0.9915
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Figure 5.83. Bradford Assay calibration curve using BSA as protein standard to determine the
unknown PLY concentration. The PLY concentration from the stock solution was determined

to be 54 ppm.
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Figure 5.54. Overlaid CV plots showing the kinetic profile of 30 mol% cholesterol doped
MoC-ECB:s tested against (A) 0.2 ppm PLY, (B) 1.0 ppm PLY, and (C) 2.0 ppm PLY. Boxed
and highlighted in red are the incubation times where maximum signal was achieved. Sensors
exposed to 0.2 ppm PLY did not generate Faradaic current indicating insufficient membrane

lysis had occurred.
Hemolysis activity assay

A 1 mL volume of sheep red blood cells (RBCs) was added to a 1.5 mL tube and centri-
fuged at 2000 rpm for 5 min at room temperature. The supernatant was removed and replaced
with 1 mL of 1xPBS. This process was repeated 5 — 6x until the supernatant was completely
clear resulting in ~30% RBCs. The RBC suspension was diluted 1:10 with 1xPBS to obtain
~3% RBCs. 100 pL aliquots were added to the wells of 96-well round bottom plates. PLY was
added to the 3% RBC wells to achieve the desired concentrations as shown in Figure 5.S5 and
the plates were incubated at 37°C for 30 min. The OD of the supernatant was measured at 540
nm to determine the hemolytic activity. The LLDs shown in Figure 5.S5 is the concentration at

which 50% of blood cells are lysed and is equivalent to 1 hemolytic unit.
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Figure 5.S5. Blood hemolysis assay using sheep RBCs to determine PLY hemolytic activity.
The dilution factors are as follows: (1) undiluted pneumolysin, (2) 1:10, (3) 1:100, (4) 1:500, (5)
1:1000, (6) 1:2000, (7) 1:4000, (8) 1:8000, (9) 1:16000, (10) 1:32000, (+) control 100% lysis with

1% Triton, and (-) control 0% lysis with buffer.
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Chapter 6: Conclusions and Future

Outlook
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6.1. CONCLUSIONS

The lack of accessible healthcare technologies in developing countries makes it difficult
for people in these regions to live a long and healthy life. Some critical resources that are often
lacking in developing nations are safe drinking water, clean energy, and access to healthcare
diagnostics. This is largely due to the costly capital investment in laboratories, equipment,
highly trained technicians, and technical knowledge. Additionally, most developing countries
have significant populations in rural pockets that are far from each other. This presents a chal-
lenging logistical problem because most advanced healthcare technologies are centralized in
highly populated cities. Therefore, researchers have increased efforts to develop novel bio-
technologies with a large focus on making them comply with the ASSURED (a ordable, sen-
sitive, specific, user-friendly, rapid and robust, equipment-free, and deliverable to end-users)
criteria. One platform that shows promise are portable electrochemical sensors. More specifi-
cally, electrochemical biosensors (ECBs) that utilize biological compounds such as proteins,
DNA, antibodies, and phospholipid membranes as specific recognition elements and minia-
turized high surface area electrodes as electrochemical transducers. On example of a success
story is the electrochemical enzymatic glucose sensor first introduced by Leland C. Clark ]Jr.
and Champ Lyons. The sensor allowed patients with diabetes to monitor their blood glucose
levels throughout the day. This simple invention helped save the lives of many affected by
diabetes and still represents 80% of the biosensing market today. The success of the personal
glucose sensor has brought a new perspective to healthcare diagnostics and stimulated new
approaches in the design of medical devices. By taking the complexity out of the device oper-
ation and data analysis, people without technical training can perform high quality medical
testing in the comfort of their own home. Nowadays, researchers are developing new technol-
ogies with an emphasis on portability, ease of use, sensitivity, reproducibility, and robustness.
The contents of this thesis aim to contribute to this growing field of inexpensive, sensitive,

accurate and simple to use sensing devices.

Chapter 1 highlighted the limitations of existing sensing technologies from an accessibility

point of view for developing countries and reviewed approaches to produce high sensitivity,
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portable electrochemical sensors. Although current biotechnologies have high sensitivity, spec-
ificity, and reproducibility, the cost to own, operate, and maintain is much too high to be fea-
sible in resource-limited environments. Therefore, researchers have turned to low-cost micro-
fabrication approaches to make portable analytical technologies. Specifically, bench-top mi-
crofabrication is of interest due to its process simplicity, scalability, low-cost, and low barrier
to entry. Unlike traditional microfabrication techniques that require expensive cleanroom fa-
cilities, bench-top fabrication focuses on developing processes that are safe to perform on the
laboratory bench with high reproducibility, robustness, and portability. The development and
maturation of bench-top microfabrication techniques have already enabled low-cost and rapid
production of prototype devices for applications in drug discovery, stretchable electronics,
heavy metal detection, illegal drug screening, infectious disease detection, and tissue engineer-
ing, among many others. However, increasing portability implies that the physical footprint of
the devices produced must be much smaller. In the case of electrochemical biosensors, this
means that the sensitivity of the device can suffer. To improve the sensitivity and portability
of ECBs, research groups have attempted to modify the electrode surface to enhance electro-
chemical signal output during sensing. A simple way to enhance the electroactive surface area
(EASA) of an electrode is by introducing nano/microstructures; in one approach, this can be
achieved through-heat induced polymeric contraction of surface metallic thin films. Whitesides
and colleagues introduced a technique in the 1990’s where polydimethyl siloxane (PDMS) elas-
tomers were heated to induce thermal expansion followed by surface deposition of metallic
thin films such as gold, silver, and platinum. Others have used thermally-induced shrinking of
shape-memory polymers (SMPs) to create highly tunable nano/microstructured electrodes.
The shrinking and wrinkling in this process helps to reduce the electrode footprint by 84%,
with a concomitant increase the EASA by 600%,compared to devices with planar electrodes.
Further enhancement of the wrinkled electrodes has been explored with hierarchical
nanostructuring through electrochemical deposition and electrochemical nanoroughening.
These simple bench-top techniques for electrode miniaturization and enhancement have
helped to mitigate the sensitivity issues of portable devices and led to the development of many
new technologies in the fields of infectious diseases, oncology, tissue engineering, wearable

electronics, energy capture, among others.
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Chapter 2 introduced the use of the SMPs to produce microstructured electrodes (MSEs)
made of gold (Au) and platinum (Pt) for integration within an all-PDMS microfluidic (uF)
device for the electrochemical detection of adherent cells. To our knowledge, this device was
the first all- PDMS uF device that combined the high sensitivity of MSEs in an on-chip elec-
trochemical sensor. Through a series of bonding optimization experiments, we found that the
PDMS to PDMS-structured electrode bonding protocol to fabricate the uF chip had excellent
bond strength, able to withstand up to 100 mL/min flow rates. The sensing capabilities of the
on-chip electrochemical cell were demonstrated by using cyclic voltammetry to monitor the
adhesion of murine 3T3 fibroblasts in the presence of a redox reporter. Upon cell adhesion,
the charge transfer across the working electrode was reduced. This signal suppression was used
as the detection mechanism, allowing the detection of the binding of as few as 24 cells. This
all-PDMS uF sensing platform has the potential to incorporate other techniques such as fluo-
rescence microscopy to perform cross-method analysis. The platform demonstrates the po-
tential for low-cost bench-top fabrication as an effective method to develop LoC technologies

and bring PoC diagnostics closer to the patients’ bedside.

Sustainable energy is an increasing concern, especially in developing countries with limited
resources. Chapter 3 utilized the SMPs to produce hierarchical wrinkled gold surfaces as high-
surface area miniature bioanodes in a microbial fuel cell (MFC) for enhanced energy capture.
In this work, we studied the effect of the wrinkled anode topography on the power output
from the direct electron transfer process generated by Geobacter sulfurreducens biofilms, avoiding
competing effects associated with additive manufacturing approaches. The resulting structures
contained wrinkle heights and spacings in range of the <1 —8 um, and 4 — 25 pm, respectively.
The different wrinkle sizes made from varying Au thickness contained the same EASA. How-
ever, with respect to energy capture the tall and well-spaced features performed best. Anodes
with the shortest, most closely packed structures, did not perform any better than planar sur-
faces with the same footprint and 6-fold lower EASA. This result suggests that large interfold
spacing can accommodate increased bacterial packing density at the electrode surface. There-
fore, structural dimensions rather than total EASA is proposed to have greater contribution to
future bioanode fabrication in MFCs that utilize direct electron transfer from electroactive

biofilms.
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As mentioned in Chapter 1, waterborne pathogens and synthetic contaminants present a
large global issue. Of particular concern are compounds that disrupt the cell membrane (i.e.
lytic compounds). This limits the amount of safe drinking water available in developing nations
especially in times of drought. In Chapter 4 we developed an inexpensive electrochemical bi-
osensor for the rapid detection of membrane disrupting agents. 1,2-dimyristoyl-sz-glycero-3-
phosphocholine (DMPC) phospholipid membranes were used to passivate the MSEs, prevent-
ing the interaction of a redox reporter with the electrode surface while the membrane remained
intact. When the sensors were incubated with solutions containing a lytic agent (z.e., SDS, PmB),
the membrane dissolved allowing the reporter molecules to reach the electrode surface and
undergo redox cycling to generate an electrochemical signal. We optimized the sensor fabrica-
tion conditions (7e., gold wrinkle size, membrane deposition and annealing conditions) and
determined that the deposition of DMPC membranes from 200 pg/mL solutions onto MSEs
made from 20 nm-thick Au films, followed by annealing at 50 C for 1 hour produced the most
reproducible and sensitive electrochemical biosensors (ECBs). We were able to detect SDS
and PmB within minutes down to concentrations of 10 and 1 ppm, respectively, highlighting
the excellent sensitivity afforded by the MSEs. This membrane-based electrochemical biosens-
ing platform offers fast detection times, low-cost, and reproducibility, representing a first step
towards the realization of Membrane-on-Chip (MoC) devices with potential for future appli-
cations in diagnostics targeted against infectious bacteria, field testing for harmful pesticides,

and antimicrobial drug testing.

The membrane-based ECB developed in Chapter 4 is proof of concept of a working
platform for membrane-based detection that offers a high degree of portability and rapid turn-
around times that is lacking in current gold-standard techniques. However, real biological
membranes are much more complex and are made up of more than a single type of phospho-
lipid. In fact, biological membranes consist of a complex mixture of phospholipid variants,
membrane proteins, and carbohydrates to help regulate the flux of small molecules between
the internal and external cellular environments. This strict regulation helps to maintain cell
viability and allow cell proliferation. In Chapter 5 we increased the biomimetic membrane

complexity by introducing cholesterol. Cholesterol is known to modulate the membrane flu-
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idity, depending on the type of phospholipid content found in the cell membrane. We com-
bined cholesterol with DMPC to create highly stable supported biomimetic membranes on
MSEs. We employed the same sensing mechanism discussed in Chapter 4, where the signal
generated in the MoC-ECBs is proportional to the concentration of the lytic compound in
solution. We observed increased membrane stability when cholesterol was added to DMPC,
validated with cyclic voltammetry (CV) experiments where lower signal generation was ob-
served with increasing cholesterol content. Additionally, sensors prepared with 30 mol% cho-
lesterol were capable of detecting SDS down to 500 ppm, PmB down to 1 ppm, and pneumo-
lysin (PLY, a hemolytic virulence factor) down to 600 ppb. Using CV, we produced a calibra-
tion curve for PLY with an R value of 0.972 that can be used to quantify an unknown con-
centration of PLY. This MoC-ECB device offers a low-cost, quantitative, rapid, and reproduc-
ible alternative to detecting lytic agents with the potential to incorporate additional bio-func-
tionality for the targeted detection of human pathogens, waterborne pesticides, and pollutants,

as well as to evaluate the effect of drugs on membranes.

6.2. FUTURE OUTLOOK

This thesis presented the methodology to fabricate highly sensitive and miniaturized
wrinkled electrodes for electrochemical applications using a low-cost bench-top technique that
enables affordability, accessibility, sensitivity and portability. We have demonstrated some po-

tential applications of such electrodes in the first all PDMS Ut F electrochemical cell sensing,

in MFCs for enhanced energy capture, and in electrochemical biosensing as a membrane-based
ECBs. The future seems promising for this versatile fabrication platform as numerous materi-
als can be incorporated onto SMPs to form wrinkles, such as cellulose, graphene, carbon nano-

tubes, hydrogels, and polymer composites.

Chapter 2 presented an all PDMS cell sensor using NMSEs to enhance the electro-
chemical sensitivity. This was a good first proof-of-concept to highlight the bench-top fabri-
cation and implementation of an all in one electrochemical sensing device. However, this sen-
sor lacked specificity and relevant biological application. Moving forward, we can introduce
specificity to the platform through the use of biological recognition elements such as aptamers,

proteins, and antibodies to name a few. Using gold-thiol chemistry, we can immobilize these
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biorecognition elements on the surface of the working electrode to capture our analyte of
interest. One potential application is in developing microfluidic based electrochemical immu-
noassays for the detection of circulating tumor cells and cannabinoids in blood or other clini-
cally relevant samples. In this way, the sensor can be integrated in series to existing technolo-
gies used to draw patient blood while monitoring the effectiveness of the therapeutic treat-
ments. This technology would enable clinicians to deliver medical diagnostics to the patients’
bedside. Another option is to produce an array sensor consisting of 4 — 10 working electrodes
that can be functionalized with thiolated aptamers selective for range of small molecules for
illegal drug testing applications. This electrode array could be targeted to detecting the top 10
most trafficked drugs such a methamphetamine, cocaine, and cannabis. Additionally, the all
PDMS chips should allow the integration of additional analysis techniques such as fluorescence

microscopy and SERS as a form of cross-method analysis.

Electrochemical and polarization experiments in Chapter 3 determined that the in-
creased wrinkle sizes from the MSEs produced microbial fuel cells with power outputs two
times greater than the planar and smaller wrinkle size MSEs. This was attributed to the radial
accessibility that the bacteria has to the 2.5D topography allowing increased electron transfer
between bacterial biofilms and the gold anode surface. Since the wrinkle size is determined by
the stiffness mismatch between the underlying polymer substrate and the top gold thin films,
a larger mismatch can be used to produce larger wrinkle sizes. Therefore, to increase the wrin-
kle sizes proven to benefit power output in MFCs, we can either increase the top layer film
stiffness or modify the underlying polymer substrate to reduce the intrinsic stiffness. One lim-
itation to increasing gold thickness is that beyond the 400 nm thickness used, the gold begins
to crack upon shrinking as the compressive stress becomes too large to dissipate by wrinkling.
To avoid film cracking but still increase the wrinkle size, we can explore new shape-memory
polymeric substrates. Polyolefin shrink-wrap could offer a softer substrate that increases the
stiffness mismatch while also contain a larger shrinking ratio where previously reported values
are as high as 95%. The option to modify the substrate or film stiffness would enable us to
optimize for the best fabrication conditions to produce the largest possible wrinkle sizes for

MFC power capture enhancement.
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Chapters 4 and 5 introduced a novel supported membrane-based electrochemical bio-
sensor for the detection of lytic agents using NMSEs as solid membrane supports. We were
able to showcase the detection of SDS, PmB, and PLY with limits of detection in the range of
ppb to ppm in seconds to minutes. Cholesterol doping showed signal improvement in sensors
tested against cholesterol specific lytic agents like PLY but signal suppression for SDS and
PmB. This platform has extremely high potential for sensing applications in the area of porta-
ble lytic agent detection in water, urine, blood, and other clinically relevant samples. Although
we showed successful sensing using biomimetic membrane systems, we can begin to isolate
and deposit real cell membranes onto the NMSEs and use the membrane surface proteins as
selective capturing agents for targeted detection of clinically relevant analytes. For example,
intermedilysin is a cytotoxic protein expressed by Staphylococcus intermedins bacteria which re-
quires both membrane-bound cholesterol and CDD59 membrane protein found in human red
blood cells to form pores and lyse the membrane. Therefore, by using human red blood cell
membranes, we can produce ECBs capable of detecting hemolytic compounds specific to hu-
mans that would otherwise be undetected using the current gold standard blood agar test.
Mammalian cell membranes can also be isolated through artificial cell blebbing techniques and
integrated onto this platform. Similarly, bacterial membranes can be incorporated for antibiotic
drug screening applications. These membrane-based ECBs can also be used to evaluate and
benchmark the effectiveness of new surfactants against current commercial standards like SDS
or Triton-X. With the capability to change membrane types supported on the MSEs, a range

of validation tests can be designed.

In an attempt to consolidate fabrication processes and make them bench-top compat-
ible, we can explore alternative methods of metal deposition onto polymeric substrates and
replace the instrument-intensive, lengthy and costly sputter deposition step. One option is to
use polydopamine to coat the polymeric surfaces and through electroless metal deposition,
create metallic working electrodes. Polymerization of dopamine at a solid-liquid interface has
been shown to produce uniform thin polydopamine coatings on metallic, polymeric, and ce-
ramic surfaces. These polydopamine coatings can be used to nucleate metallic salts from solu-
tion to grow thin films. We can use this technique as a low-cost bench-top approach to making

metallic electrodes out of coppet, silver, or gold.
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We have shown electroactive surface area enhancement of planar gold electrodes by
~0x through our heat induced shrinking method. This results in a 2.5D wrinkled electrodes,
however the electroactive surface area can be further enhanced by introducing three-dimen-
sional nanoporosity or high aspect ratio nanostructures onto the wrinkled gold films. For ex-
ample, in the presence of sulfuric acid, high voltage and high frequency electrochemical pulsing
can be used to dissolve and redeposit the gold onto itself to create nanopores and nanostruc-
tures. This should increase the electroactive surface area as 2.5D wrinkles turn into hierarchical
3D porous networks. The nanopores and high surface area has been shown to increase packing
density of DNA and antibody-based ECBs. Since the sensitivity is often determined by the
number of DNA or antibody probes that can be immobilized on a electrode, having increased
probe packing density should increase the biosensor sensitivity. This would present a very cost-
effective bench-top approach to making hierarchically structured porous gold electrodes with-

out the traditional use of dual alloy deposition and metal stripping.

Last, some preliminary CV experiments performed on wrinkled electrodes made from
thin gold films (< 50nm) hinted at ultramicroelectrode properties. UMEs offer increased sig-
nal-to-noise ratio for electrochemical sensing due to their radial diffusion at the tips and small
size versus the large diffusion layer. We can exploit the controllable wrinkle spacing and height
produced using our shrinking method to fabricate UMEAs. Using an insulating material (e.g.,
photoresist, Parylene) we can fully passivate the surface of the MSEs. Upon air plasma oxida-
tion or reactive ion etching, we can etch away the insulating material to expose the tips of the
wrinkles. The exposed tips can be fabricated to contain tip spacing and size based on the gold
thickness and etching time. This could prove to be an excellent low-cost alternative to tradi-
tional photolithography used today to make UMEAs. These examples only capture a small
fraction of the potential applications involving structured wrinkled materials. The work in-
cluded in this thesis is an important start to demonstrating proof of concept applications for
the young and growing field of wrinkled devices with potential to impact the work of future

generations of researchers and consumers of successful biotechnologies.
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