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Novel Biofuel Cell Based on High Surface Area Enzymatic Microelectrodes
~ Final Report ~

The goal of this project was to fabricate a biofuel cell that will be mediator-less and will have
high power output (i.e., more than 100 pW/cm?).
We proposed to reach this goal by combining two approaches:
1) Use Catalase as the working oxidizing enzyme — increase theoretical power density and
increase oxygen concentration in the cell
2) Increase the enzyme concentration on both anode & cathode using high surface area
micro-gold electrodes.

The use of Glucose Oxidase (Gox) together with catalase (Cat) will enable the biofuel
cell to operate on glucose as the sole fuel source. The direct immobilization of catalase and
laccase directly on micro wires will eliminate the use of electron mediators in their various forms
and will render the system more simple and applicable for implantable applications. The proof of
concept of Gox and Cat immobilized on the same solid matrix and working in concert to produce
oxygen from glucose was shown in the past for other applications[1, 2].

The project was divided into four distinct segments:

1. The fabrication and characterization of gold microfiber electrodes
2. Immobilization of redox enzyme on the electrode

3. Electrochemical characterization of anode and cathode half cells
4. Construction of a biofuel cell.

The progress made in the project will be reported using the above segments as guidance.

1. Fabrication and characterization of gold microfibers

We have become interested in the synthesis of gold microfibers because the high aspect ratio
of these fibers ensures high surface area of the resulting material. The fabrication of microfibers
of gold could be achieved through various techniques [3, 4] as well as through electrospinning.
Electrospinning has been used recently to produce fibrous materials for a variety of applications
from filtering[5, 6] to tissue scaffolding[7, 8]. Typically, fibers are spun by applying a high
voltage (typically over 5 KV) to a drop of a polymer solution. The polymer drop is charged, and
due to electrostatic repulsion from the source, the drop is elongated towards a grounded target. If
the viscosity of the polymer solution is high enough; the drop does not break into a spray but
rather stretches via a whipping process until it hits the grounded collecting plate. The solvent
evaporates in the air during the stretching process, thus resulting in a nano to micrometer scale
fiber diameter (based on solution viscosity, applied voltage and other parameters).
The majority of fibers are polymer based or polymer-inorganic composites such as silica [9, 10]
or titania fibers [11]. Several reports have demonstrated the use of electrospinning for the
fabrication of thin metal fibers [12-14]. These fibers are made by the electrospinning of a
mixture of a water insoluble polymer solution and a metal precursor, and subsequent electroless
deposition of metal on the fiber. The metal precursor then nucleates seeds for the growth of a
metal coating. Continuous gold fibers have been produced in this way, and have been
characterized to be polycrystalline and conductive [13, 15]. In this project, we use a gold fibrous
material as an electrode on which an enzyme is immobilized and used as a biosensor. We
demonstrate that this gold microfiber electrode shows reversible electrochemical properties and
also is an excellent scaffold for enzyme immobilization.




In this project, we have succeeded to fabricate gold fiber by a three step process that
included the electrospinning of a poly(acrylonitrile) polymer blended with gold chloride salt,
then a step of reducing gold chloride to metallic gold by a mild reducing agent (NaBH4) and
them deposition of gold nanocrystals by electroless deposition. The resulting material was
characterized using electron microscopy using scanning and tunneling electron microscopes, and
also by X-ray diffraction and nitrogen adsorption.

The process of the fabrication of the fibers was as follows: a solution containing PAN 8%
(w/w) and HAuUCIs 10% w/w was prepared by dissolving the solids in DMF and heating at 80°C
until the solution was clear. Electrospinning was performed using an in-house built instrument
consisting of a power sources (Gamma High voltage, FI), and syringe pump (World Precision
Instruments, Fl). Electrospinning voltage was 20 KV, the polymer flow rate was 0.5 ml/hr, and
the tip-to collector distance was 8 cm. the fibers were collected on Al foil or on a gold rod
rotated by a motor (in-house built set up) at 3000 rpm. Fabrication of gold microfibers: The
resulting fibers were first reduced by 1 mM NaBHj4 solution until no Hz evolution was apparent,
washed with dilute HCI and then H2O. Then, gold was electroless deposited on the fiber by
dipping the fiber in an aqueous solution containing 0.02 mg/ml hydroxylamine hydrochloride
and 0.1 mg/ml HAuCl4. The fiber was incubated in the solution for 10-30 minutes and then
moved to a fresh solution. This was repeated 10 times.

Figure 1 shows the scanning electron microscope (SEM) image of the fibers after the
electrospinning and after the electroless deposition process. The as-spun fibers contained defined
domains of HAuCls (Figure 1A). These domains were created during the evaporation of the
solvent which resulted in partial crystallization of the gold chloride salt and phase separation.
The gold chloride was reduced initially by NaBHa, a process leaving small metallic gold regions
on the fibers. These small metallic clusters served as the nucleation seeds for the electroless gold
deposition process that followed. During the electroless deposition process, Au*® was reduced by
the mild reducer hydroxylamine to form metallic gold [12, 16, 17]. In the presence of a
nucleation seed (the gold particle in the fiber) the gold was deposited on the seed and growth of
the gold microcrystal was observed (figure 1B, C). From the SEM images we observed that the
gold microcrystal were ordered, and formed linear crystalline arrays. The proximity of the gold
microcrystals indicated that the material is metallic.

Figure 1. a- SEM of as-spun PAN-HAuUCIls polymer; B- SEM of the same polymer after
electroless deposition of gold using secondary emission detector; C: SEM of fiber after
electroless deposition of gold using backscatter detector.



Transmission electron microscopy (TEM) reveals more information on the
microcrystalline nature of the gold crystals and their continuity. For TEM imaging the fibers
were imbedded in epoxy resin and section to micro meter thin slices. Since the fibers have no
particular order, we were able to image both vertical and horizontal sections of the fibers, figure
2. These images reveal that the gold crystals are deposited on the surface of the polymer core in a
densely packed fashion and that the nanoparticles of the gold are crystalline and were deposited
with no preference in orientation. This was expected since the fiber core was an amorphous
polymer. The average size of the gold particles encrusting the polymer fiber was 93.1 £27.7 nm.
The remaining gold particles in the core of the fiber that were not exposed to the electroless
deposition process remained small and had an average size of 22.3 £6.6 nm. The d spacing that
was measured for the gold crystals was d = 2.38 A, and the lattice constant from the {111}
planes was 4.12 A, in good agreement with the parameters measured for gold crystals in the
literature [18].

Figure 2: TEM images of horizontal (left panel) and vertical (right panel) cross section of a gold
fiber.

The bulk crystallinity of the sample was evaluated using x-ray diffraction (XRD) on a
bulk sample (~ 100 mg). Figure 3 shows the XRD pattern of the fiber sample compared to a gold
standard. Four characteristic diffraction peaks corresponding to the (111), (200), (220) and (311)
planes of a face-centered cubic gold crystal were identified, and were correlated to standard
metallic gold diffraction.

The bulk surface area of the fibers was measured from the nitrogen adsorption isotherm,
and was found to be 3.15m?/gr. In comparison, the BET surface area of the PAN fibers 8% w/v
without gold chloride was found to be 12.3 m?/gr, and the surface area of the as-spun material
was found to be 0.7 m?/gr.
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Figure 3: X-ray diffraction pattern of the fiber (top) compared to gold metal standard (bottom).
Numbers in brackets indicate the appropriate crystal lattice plane.

In order to assess the suitability of the fiber electrode as a platform for electrochemical
biosensor we determined the electrochemical behavior of the gold microfiber. The reversible
electron transfer of ferrocene methanol, a common reversible redox probe, was investigated on
the gold microfiber. The data conformed to the Randles-Sevcik equation[19]

3 11

Eq. 1 | = kn2FAD 2y2

Where k=2.6710° (c/mol v'*2) | n is number of transferred electrons, F = 96485 c/mole, A is the
electrode surface area, cm?, D= 6.7 107[20] cm?/sec and v= scan rate.

As expected, the peak current increased with scan rate. Figure 4 shows the plot of the peak
current as a function of the scan rate as compared to the results obtained with a polished planar
gold disc electrode. The linearity of both anodic and cathodic peak current with the square root
of the scan rate indicated that the redox process was governed by diffusion, and that the
reversibility of the probes was similar to a bulk gold electrode.
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Figure 4. Anodic and cathodic currents as a function of the scan rate, measured on a gold fiber
electrode (a) and on polished gold disc electrode (b) in 1 mM ferricyanide solution in 0.1 M KCI.

In summary: this milestone was completed successfully. The process was optimized to produce
reproducible micron sized fibers, with metallic and electrochemical characteristics of bulk gold.

2. Immobilization of redox enzymes on the electrode

Several redox enzymes were immobilized on the gold fibers using conventional crosslinking
chemistry using a self-assembled monolayer of cystamine as the chemical anchor to gold. The
scheme of the immobilization is depicted in figure 5. Glucose oxidase (Gox) was crosslinked to
the amine monolayer using glutaraldehyde. The enzymatic activity of the immobilized Gox was
assayed using o-dianisidine assay directly on the enzyme-fiber assembly[21]. The coverage of
the enzyme electrode was found to be ca. 0.005 units/cm?, which corresponds to ca. 8.6% of
surface coverage (based on the Gox footprint of 80 nm? [22]). Other methods of covalent
immobilization were investigated: coupling of the enzyme by EDC to a carboxylic acid
monolayer, cross linking with DSS or BS®. The enzyme density achieved by the cystamine-
glutaraldehyde method was the highest.

A typical procedure for the enzyme immobilization was as follows: the fibers were incubated
in 0.1 M cystamine for 3 hr, washed with H.O and the incubated for 1 hr in 5% (w/w)
glutaraldehyde. The fibers were rinsed with water and then incubated in Glucose oxidase (from
aspergillus niger), (10 mg/ml in phosphate buffer 0.1 M pH 7.0) overnight at 4°C. The electrodes
were rinsed thoroughly with phosphate buffer until no Gox activity could be assayed in the
washing buffer (typically, 5 washes).

In a similar fashion, other redox enzymes like fructose dehydrogenase, laccase and
bilirubin oxidase were immobilized to the surface of the gold fiber. The activity of each enzyme
was assayed after the immobilization to ascertain that the immobilization did not impair the
biochemical activity of the enzyme.
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Figure 5: the scheme of the immobilization of enzyme to the gold fiber surface

In_summary: this milestone was accomplished successfully. We have established an
immobilization scheme that yields a stable and active monolayer of enzyme on the gold electrode
surface. It is, however, desired to increase the enzyme concentration, and this will be
accomplished in the future by either using multi layers of enzymes or by further increasing the
surface area of the gold fibers.

3. Electrochemical characterization of anode and cathode half cells

Each half cell that constructs the biofuel cells is essential an amperometric biosensor. For
example, Gox immobilized on the gold fiber surface can function as a glucose sensor. As such,
the response of the immobilized enzyme to glucose should be measure by recording the catalytic
current resulting from glucose oxidation. Since the electron transfer between the FAD in the
active site of Gox to and from the electrode surface is inefficient, an electron transfer mediator is
needed to assist in shuttling the electrons between the active site and the gold fiber. In this case,
we used ferrocene methanol as the mediator. The catalytic cycle of glucose oxidation and active
site regeneration by the mediator is depicted in
figure 6. Ec+

Glucose
Figure 6: The electron transfer mechanism of
Glucose oxidase assisted by an electron mediator,
during the electro-oxidation of glucose.
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When a Gox-immobilized electrode was challenged with increasing glucose concentrations,
the resulting cathodic peaks were recorded, figure 7. The response of the enzyme electrode to
glucose concentration was linear in the range of 0.2-30 mM glucose (figure 7, inset), which is
also the clinically relevant glucose concentration range. The current- glucose relationship was
used to calculate the Michaelis constant of the immobilized enzyme. Using least squares analysis
and fitting of the Michaelis equation to the data above, we found that the Km = 10 mM. This
value is in good agreement with Kv of immobilized Gox in similar systems[23], and is
approximately 10 times larger than the Km of Gox measured in solution (typically, 1 mM). The
reason for the increased K is the slower diffusion of the substrate, glucose, to the immobilized
enzyme relative to the uninhibited diffusion in a homogeneous system. The limit of detection of
glucose using this sensor was 0.1 mM.
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Figure 7: cyclic voltammetry of Gox immobilized on gold fiber electrode, in 0.05M phosphate
buffer pH=7.0, containing 2.5x10* M ferrocene methanol. Scan rate = 5 mV/sec. Inset: the

calibration graph of the response of the electrode to increasing glucose concentrations, measured
for the peak of the cathodic peak.



The amperometric response of the glucose sensor to glucose can be used to optimize the
amount of fiber that is used in each sensor. The hypothesis is that the more gold fiber will be
used on the electrode, the more enzyme will be immobilized and thus the higher the current that
can be generated for a defined glucose concentration. Figure 8 shows the relationship between
the fiber weight (directly proportional to the surface area) and the current measured for glucose
concentrations up to 20 mM. The results show that, as expected, the current is proportional to the
amount of fiber that is used.
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Figure 8: The amperometric response of different gold fiber weight with varying glucose
concentrations. Measured in PB pH= 7.0 scan rate = 5 mV/sec, ferrocene methanol 2.5x10* M as
mediator.

The immobilization procedure was performed on other redox enzymes like fructose
dehydrogenase, laccase and bilirubin oxidase. Fructose dehydrogenase showed a similar linear
relationship between fructose concentration and the cathodic currents measured, figure 9. The
electron mediator used in this case was also ferrocene methanol. The concentration of ferrocene
methanol used in the study was 5x10* M. The FDH-gold fiber electrode exhibits a proportional
response to fructose concentrations in the range of 0.1 mM-1.5 mM, Figure 9. The calculated
limit of detection was 11.7 uM, which was in agreement with reported values of ferrocene
mediated fructose sensors (7 uM [24, 25]) The Michaelis constant (Kwm) of the immobilized FDH
on the fiber electrode was calculated from the electrode responses and was found to be 5 mM,
With Imax = 142 pA (Imax is equivalent to Vmax). This value is in good agreement with Ku for
immobilized FDH in similar systems [23, 26], and is 50% than the Km of FDH measured in
solution (typically, 10 mM).
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The reducing enzymes laccase and bilirubin oxidase were also immobilized using the
same immobilization chemistry. The electrochemical analysis of these enzymes is performed
using buffer saturated with the substrate- oxygen, and using a different mediator- in this case
2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS). Figure 10
portrays a typical electrochemical analysis of laccase immobilized on the fiber electrode. In this
case the observed peak is anodic due to the reduction process that occurs in the cell. Figure 10A
also shows the capability of laccase to receive the electrons directly from the electrode without
the mediator, as observed from the small catalytic peak after the addition of oxygen. However,
the direct electron transfer is not as efficient as with a mediator, which greatly enhances the
observed current, figure 10 B.

The response of laccase to O» concentration was measured using a similar laccase
immobilized on gold fiber electrode and different O2 concentrations, as measures with an oxygen
sensor (Orion 4 star oxygen probe). It is fairly difficult to maintain constant O, concentrations
that are not saturation, so the calibration is not perfectly linear. However, the trend of increase
anodic current with increased O concentration is clearly evident from the results, figure 11.
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Figure 10: A- laccase from t. versicolor immobilized on gold fibers. Blue curve- in Ar saturated
citrate buffer pH = 4.5, Red curve- after saturation with O.. B: laccase electrode after addition of
ABTS 10 uM to O saturated citrate buffer. Scan rate 5 mv/sec.
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Figure 11: anodic peak currents of laccase immobilized on gold fibers challenged with increased
O2 concentrations. Oz measured by independent oxygen probe. Performed in citrate buffer 0.1M
pH = 4.5. Scan rate = 5 mV/sec.

The last enzyme that will be reported is catalase. This enzyme is a heme protein, and is
responsible in nature for the scavenging of hydrogen peroxide that is formed as a byproduct in
several biochemical processes. H20> can be damaging to proteins, thus catalase is responsible for
the rapid disintegration of H2O, to O, and water. This enzyme is known by its efficient electron
transfer to carbon electrodes[4, 27], but the electron transfer to gold metals is less reported[1,
28]. We found that catalase adsorbs strongly to the gold fiber surface and no chemical
immobilization is needed. When catalase is adsorbed on the gold fiber electrode and H2O> is
added to the buffer- it is possible to immediately detect O, bubbles formed on the surface. The
anode design that is unique in this project is a combination of catalase- Gox immobilized on the
surface of the gold fiber, where Gox will oxidize glucose to gluconic acid subsequently followed
by the regeneration of the FAD active site by the reduction of O> to H.O2. H.O> will then be
consumed by catalase and transformed into O. and H2O and two electrons that will be transferred
to the electrode. Figure 12 shows the amperometric response of catalase adsorbed on the gold
fiber electrode. When only catalase is present- no special peaks are observed. Addition of Gox
and glucose- does not change the observed cyclic voltammogram. Only the saturation of the
solution with oxygen, the co-substrate of Gox, starts the cascade of enzymatic reactions and
leads to the appearance of the desired catalytic current with a peak at -0.4 V (figure 11, purple
trace).
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Figure 12: cyclic voltammogram of catalase adsorbed on gold fiber. Blue trace- catalase in
phosphate buffer 0.1 M pH = 7.0; green- addition of 10 mg/ml Gox; red: addition of 20 mM
glucose; purple- same solution, after saturation with O». Scan rate = 100 mV/sec.

In summary: this milestone was accomplished successfully. All redox enzymes that were of
interest to the study were characterized electrochemically using a 3-electrode half cell
electrochemical set up. The response of each enzyme to its substrate was measured and analyzed
in terms of limit of detection, linear response range, Km, and ultimate buffer and mediator
composition. Catalase was adsorbed on the surface of the electrode successfully and the direct
electron transfer to the gold electrode was observed when Gox, glucose and O. were added to the
enzyme.

4. Construction of a biofuel cell

The successful immobilization and electrochemical characterization of both oxidizing
and reducing enzymes on the fold microfiber electrode led to the next step, namely to combine
two half cells into a biofuel cell. The scheme of the wiring of a full cell is depicted in figure 13.
Typically, the two electrodes, anode and cathode, are connected to a multimeter through a
variable resistor. The potential that is produced in the cell is measures in several external
resistances loading and the resulting current is calculated using Ohm’s law. The power output is
calculated from the potential and current at each resistance. The peak power is the maximal
power density of the specific cell. In cases where a mediator is involved, a physical separation
between the anode and the cathode is needed to avoid the poisoning of the enzymes by the other
enzyme’s mediator. In this case- a nafion membrane, made from a polysulfonated polymer is
dividing the two half cells, and thus each half cell contains the electrode. The mediator and can



be saturated with oxygen or completely Argon purged, according
to the specific enzyme used. Since direct electron transfer was
not established at this point, we have tested the enzyme
immobilized electrodes in a membrane separated setup. an
example biofuel setup included an anode with immobilized | |
fructose dehydrogenase, working in Mcllvain buffer pH = 4.5,

using methylene blue as mediator (0.3 mM), and a cathode with i

bilirubin oxidase immobilized on the gold fiber electrode, with
ABTS as mediator (0.3 mM) and phosphate buffer 0.1M pH =

7.0 saturated with oxygen. The two half cells were separated by a ﬂ
0.9 mm thick nafion membrane.

Cathode

@

Figure 13: a scheme for the wiring of a biofuel cell

The response curve of the biofuel cell is depicted in figure 14. The peak power output of
this cell was a little over 6 uW, and when taking into account the surface area of the working
electrodes, the power density was 20 pW/cm?. This peak power output was measured at 0.5 V.
the maximum current output was 13 pA. the power was constant for over 2 hours, and after 24
hours, only 20% decrease in the power was observed. Similar results are observed using laccase
on the anode or Gox on the cathode.
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Figure 14: biofuel cell power output measurement. Anode: Fructose dehydrogenase on gold
fibers, in Mcllvain buffer pH = 4.5, with methylene blue 0.3 mM and fructose 0.2 M. cathode:
bilirubin oxidase immobilized on gold fiber electrode, in phosphate buffer 0.1 M pH = 7.0,
saturated with Oz, and 0.3 mM ABTS. ¢- voltage; m- power.



In summary: preliminary results showing a biofuel cell from the enzyme electrodes that were
developed is shown, the cell produced power for a prolonged time without the regeneration of
the substrate and without a significant of loss of activity. The power generation is lower than the
desired goal (100uW/cm?).

During the first year of this project, we have succeeded to fulfill almost all the project
goals as specified in the proposal. A platform for the immobilization of enzymes was developed
in the form of electrospun fibers that were transformed into gold microfibers. We have
established the immobilization technique for all redox enzymes of interest in this study and show
that ability to assay the enzymes both biochemically and electrochemically. The enzyme
electrodes were analyzed as independent biosensors. A biofuel cell prototype was built and tested
using pairs of anode and cathode enzyme electrodes that were developed. Each pair was
characterized by it maximum power out pot and maximal voltage output. We have succeeded to
achieve maximum power output of 20 uW/cm?, which is lower than what we anticipated. We
plan to reach and even exceed our initial power output goal by increasing the amount of enzyme
on the electrode, use a gold-carbon composite material and increase the available surface area of
the fibers by using hollow fibers.
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