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Materials & Methods
Solutions of 0.5 mM phosphatidyl choline (Avanti Polar Lipids, Inc.) with chain lengths of 12 (1,
2-dilauroyl-sn-glycero-3-phosphocholine), 14 (1, 2-dimyristoyl-sn-glycero-3-phosphocholine), 16
(1,2-dipalmitoyl-sn-glycero-3-phosphocholine),
18
(1,2-distearoyl-sn-glycero-3phosphocholine), and 20 (1, 2-diarachidoyl-sn-glycero-3-phosphocholine) in 0.2 M
phosphate/citrate buffer, pH 6.5, were investigated electrochemically with a three electrode setup.
The working electrode consisted of either a platinum disk (geometric surface area 0.2 cm2) or a
biocathode consisting of bilirubin oxidase (BOx) immobilized with anthracene-modified carbon
nanotubes and tetrabutylammonium bromide (TBAB)-modified Nafion® (Sigma Aldrich) on
Toray carbon paper (Fuel Cell Earth). The counter electrode was platinum mesh and the reference
electrode was saturated calomel (SCE).
Biocathode preparation
The biocathodes were adapted from a previously reported protocol. 1.5 mg of BOx (E.C. 1.3.3.5,
Myrothecium sp., Amano Enzyme) was suspended in 75 μL of 0.2 M citrate/phosphate buffer, pH
6.5, then added to 7.5 mg of anthracene modified MWCNTs. The mixture was repeatedly vortexed
(1 min) and sonicated (15 s), four times. Finally, 25 μL of TBAB-modified Nafion® was added to
the mixture and vortexed and sonicated one more time. The final mixture was brushed onto three
Toray carbon paper electrodes (approximately 33 μL per 1 cm2 electrode) and left to dry for 2
hours.
Cyclic voltammetry
5 mV s-1 cyclic voltammetry (Digi-Ivy, Inc., DY2300) was performed from 0.7 to 0.1 V vs SCE
with the biocathodes. Each phosphatidyl choline (PC) chain length was examined by sparging a
10 mL solution of 0.5 mM PC in buffer with N2 (g) for 5 minutes before immediately performing
CV on the quiescent solution. Then, the same 10 mL solution was sparged with O2 (g) for 5 minutes
after which a CV was immediately performed on the quiescent solution. Finally, CV was
performed while stirring the solution at 400 rpm. The effect of sonicating 0.5 mM PC20 was
investigated by the same procedure as above, except that the solution was sparged with O2 (g)
while sonicating at 30% amplitude for 9 second pulses with 1 second rest between pulses, for a
total of 5 minutes. After sonication, the solution was sparged with O2 (g) for an additional 1 minute
before immediately performing a scan of the quiescent solution. A solution of PC20 was heated to
60 °C before sonication by the same procedure and then examined.
O2 residence times
The residence time of O2 in 0.8 mM solutions of various phospholipids in 0.2 M pH 6.5 buffer was
investigated, including the various chain length phospholipids, L-α-phosphatidylcholine (L- α PC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dipalmitoyl-sn-glycero-3phosphothioethanol (DPTE), 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPPC), and 1,2distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy{polyethylene glycol)-2000] (DSEA).
Amperometry was performed at -0.3 V vs SCE for a platinum disk electrode rotated at 500 rpm in
quiescent solutions. For each solution, 10 mL were sparged with N2 (g) for 5 minutes before
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beginning the measurement. Then, the solution was allowed to equilibrate under a N2 (g) blanket
for 1000 seconds before it was sparged with O2 (g) for 5 minutes. Then, the solution was allowed
to equilibrate again under a N2 (g) blanket. The time required for the current to decrease by half
from its value at the end of the O2 (g) sparge is taken as the O2 residence time. All solutions were
measured in triplicate, and the platinum electrode was polished with 0.05 µm alumina powder and
rinsed with 18 MΩ deionized water between each measurement.
Amperometry was performed at 0.1 V vs SCE for biocathodes in 0.8 mM solutions stirred at 400
rpm. The same procedure of sparging 10 mL of solution with N2 (g) for 5 minutes, equilibrating
under a N2 (g) blanket for 1000 seconds, then sparging with O2 (g) for 5 minutes and again
equilibrating under a N2 (g) blanket was followed. Upon removal of O2 from solution, the current
would have an immediate drop before relaxing to a steady decrease. Therefore, the time required
for the current to decrease by half from its value 20 seconds after the end of the O2 (g) sparge is
taken as the O2 residence time. Triplicate electrodes were measured for each solution.
Dynamic Light Scattering (DLS)
Dynamic light scattering (Wyatt Technologies DynaPro NanoStar) measurements were taken for
solutions of 0.1 mM phospholipids that were either sonicated after degassing, or sonicated while
sparged with O2 (g), following the same sonication procedure described above.
Fluorescence microscopy
0.25 cm2 squares of Toray paper were prepared as described above for the biocathodes
(approximately 8.3 µL per square), as well as 0.25 cm2 squares of unmodified Toray paper.
Biocathode and unmodified Toray paper squares were soaked for two hours in solutions of 18:112:0 1-oleoyl-2 (12 [(7-nitro-2- 1,3-benzoxadiazol- 4-yl)amino] dodecanoyl)-sn-glycero-3phosphocholine (NBD-labelled PC18); 0.5 mM 1-aminopyrene and 0.5 mM PC16; 0.5 mM PC16;
and 0.5 mM 1-aminopyrene. Each square was removed from its soaking solution and placed on a
drop of buffer on a cover slip. Fluorescence laser scanning confocal microscopy (Nikon A1)
images were obtained with a 405 nm diode laser, 488 nm Argon gas laser, 561 nm Sapphire diode
laser, and 638 nm diode laser. Separate photo multipliers tubes enabled simultaneous acquisition
of the 4 resulting fluorescent channels, where emission was measured for the 4 lasers at 450, 525,
595, and 700 nm, respectively. Controls of squares that had not been soaked in any solution were
studied, as well as the solutions by themselves.
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Experimental Results
CV of non-sonicated phospholipids
There is very little catalytic signal for CVs of N2 sparged solutions. The bioelectrocatalytic signal
increases for quiescent CVs taken in O2 saturated buffer and increases even further in phospholipid
solutions proportional to the phospholipid chain length. For buffer and PC12, the quiescent CVs
have lower current than the stirred CVs, which is commonly observed for biocathodes. The
quiescent and stirred CVs have statistically indistinguishable currents for PC14, PC16, and PC18.
The quiescent CVs have higher current than stirred CVs for PC20. Table S1 lists peak current
densities for CVs of quiescent and stirred buffer, non-sonicated PC12-PC20, and sonicated PC20.
Capacitance can vary when high surface area materials are being used, therefore statistics for n =
3 electrodes are provided, and current densities are corrected by the baseline capacitive current.
Table S1. Peak current densities from quiescent and stirred CVs taken immediately after sparging
solution with O2, measured at 0.1 V vs SCE, corrected by the baseline.
Solution

Peak current density, jp / mA cm-2
O2-Saturated, Quiescent

Peak current density, jp / mA cm-2
O2-Saturated, Stirred

0.31 +/- 0.07
0.48 +/- 0.04
0.52 +/- 0.04
0.66 +/- 0.07
0.80 +/- 0.20
1.06 +/- 0.17
1.36 +/- 0.21
da

0.51 +/- 0.16
0.64 +/- 0.08
0.50 +/- 0.08
0.67 +/- 0.09
0.78 +/- 0.06
0.69 +/- 0.32
1.13 +/- 0.08
dh

Buffer
PC12
PC14
PC16
PC18
PC20
PC20 Sonicated

Effect of sonication on CV
CVs of sonicated PC20 have even higher maximum current densities, although the morphology of
the quiescent CVs indicate that there is more mass transport limitation (see Figure S1), where the
peak current density occurs around 0.25 V, and then the current density decrease slightly rather
than remaining steady as in the non-sonicated CVs where enzyme turnover is limiting rather than
mass transport.
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Figure S1. Overlay of 5 mV s-1 CVs for a biocathode in quiescent N2 (g) sparged 0.5 mM sonicated
PC20 in buffer (black line), quiescent O2 (g) sparged 0.5 mM sonicated PC20 in buffer (red line),
and stirred O2 (g) sparged 0.5 mM sonicated PC20 in buffer (blue line).

Oxygen residence times
All oxygen residence times were measured for sonicated solutions of phospholipids. Oxygen
residence time from the rotated platinum disk amperometry (see Figures S2 and S3) was almost
twice as long for sonicated PC20 (920 ± 70 s) as for buffer (460 ± 50 s). Table S2 lists maximum
current densities and retention time for buffer and all screened phospholipids. Oxygen residence
time from the stirred biocathode amperometry (see Figures S4 and S5) was more than 6 times as
long for sonicated PC20 (1800 ± 200 s) as for buffer (270 ± 100 s). Table S3 lists maximum current
densities and retention time for buffer and PC12-PC20.

Figure S2. Overlay of current versus time for a rotated (500 rpm) platinum disk in quiescent
solutions of buffer (black line), 0.8 mM sonicated PC12 in buffer (red line), 0.8 mM sonicated PC14
in buffer (light blue line), 0.8 mM sonicated PC16 in buffer (pink line), 0.8 mM sonicated PC18 in
5

buffer (green line), 0.8 mM sonicated PC20 in buffer (dark blue line). O2 (g) is sparged from 1000
to 1300 seconds, then each solution is allowed to equilibrate under a N2 (g) blanket.

Figure S3. Retention time, the time required for the current to decrease to half of the maximum
current reached during O2 saturation, for platinum disk electrodes in solution rotated at 500 rpm.

Table S2. Maximum current density reached from O2 sparge and residence time, the time required
for the current to decrease to half maximum, for platinum disk electrode rotated at 500 rpm.
Solution
Buffer
PC12
PC14
PC16
PC18
PC20
L- PC
DOPE
DPTE
DPPC
DSEA

Maximum current density,
jmax / mA cm-2

Retention time, t1/2 / s

0.92 +/- 0.07
0.86 +/- 0.07
0.93 +/- 0.15
0.87 +/- 0.14
0.97 +/- 0.25
1.10 +/- 0.09
1.27
0.12
0.07
0.84
1.28
p

460 +/- 50
470 +/- 70
490 +/- 30
590 +/- 90
880 +/- 90
920 +/- 70
408
425
452
538
463
h
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Figure S4. Overlay of representative current versus time for biocathodes in stirred (400 rpm)
solutions of buffer (black line), 0.8 mM sonicated PC12 in buffer (red line), 0.8 mM sonicated PC14
in buffer (light blue line), 0.8 mM sonicated PC16 in buffer (pink line), 0.8 mM sonicated PC18 in
buffer (green line), and 0.8 mM sonicated PC20 in buffer (dark blue line). O2 (g) is sparged from
1000 to 1300 seconds, then each solution is allowed to equilibrate under a N2 (g) blanket.

Figure S5. Retention time, the time required for the current to decrease to half of the current
measured at 1320 s, for biocathodes in solution stirred at 400 rpm.

7

Table S3. Maximum current density reached from O2 sparge and residence time (the time required
for the current to decrease to half current) for biocathodes in solution stirred at 400 rpm.

Solution
Buffer
PC12
PC14
PC16
PC18
PC20

Maximum current density,
jmax / mA cm-2

Retention time, t1/2 / sec

0.91 +/- 0.15
0.73 +/- 0.20
0.82 +/- 0.10
0.88 +/- 0.17
0.94 +/- 0.14
1.14 +/- 0.15
dh

0270 +/- 100
0400 +/- 070
0470 +/- 120
0820 +/- 280
1900 +/- 400
1800 +/- 200
dh

Effect of heating solutions before sonication
Because the melting temperatures of PC16, PC18, and PC20 are higher than room temperature, the
effects of heating the solutions to 60 °C before sonication were studied. The peak current densities
of the quiescent O2 saturated CVs are much lower than for non-sonicated solutions (see Figure
S6). Considering the morphology of the CVs, this is due to mass transport limitations. Stirred CVs
for the heated, sonicated solutions are more similar to/slightly higher than stirred CVs for nonsonicated solutions. Residence times are even longer for stirred biocathodes with the heated,
sonicated solutions (2800 s for heated, sonicated PC20) than for solutions sonicated at room
temperature (see Figure S7). Stirring overcomes the mass transportation problem encountered with
quiescent CVs.

Figure S6. Overlay of 5 mV s-1 CVs for a biocathode in quiescent N2 (g) sparged 0.5 mM heat
sonicated PC20 in buffer (black line), quiescent O2 (g) sparged 0.5 mM heat sonicated PC20 in
buffer (red line), and stirred O2 (g) sparged 0.5 mM heat sonicated PC20 in buffer (blue line).
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Figure S7. Overlay of representative current versus time for biocathodes in stirred (400 rpm)
solutions of buffer (black line), 0.8 mM sonicated PC12 in buffer (red line), 0.8 mM sonicated PC14
in buffer (light blue line), 0.8 mM sonicated PC16 in buffer (pink line), 0.8 mM sonicated PC18 in
buffer (green line), 0.8 mM sonicated PC20 in buffer (dark blue line), and 0.5 mM heat sonicated
PC20 in buffer (purple line). O2 (g) is sparged from 1000 to 1300 seconds, then each solution is
allowed to equilibrate under a N2 (g) blanket.
Fluorescence imaging
To further elucidate the reason for observation of higher ORR currents in the presence of
phospholipids, fluorescence images were taken using NBD-labelled PC18 to see if phospholipid
aggregation occurs on the electrode surface. Figure S8 is an image taken at 60x magnification of
a 0.5 mM solution of NBD-labelled PC18 in buffer. Very small (on the order of 0.5 µm diameter),
uniformly dispersed, fluorescent spots can be observed. Figure S9 is a 10x magnification image of
a Toray paper square that was soaked in a solution of 0.5 mM NBD-labelled PC18 for two hours,
then removed, rinsed with deionized water, and placed on a drop of buffer for imaging. Here,
uniformly dispersed, ~5 µm diameter fluorescent spots are observed. The increase in size indicates
that some aggregation occurs on Toray paper. Uniform dispersion of the spots suggests a uniform
layer of phospholipids is present at the surface. Biocathodes have inherent fluorescence (see
Figures S10-S13) which overpowers the NBD-labelled phospholipids, so it was not possible to
observe directly whether phospholipid aggregation occurs on the biocathode surface. However, it
can be inferred from behavior with unmodified Toray paper that phospholipid adsorption and
aggregation also occur at the biocathode surface.
Figures S14-17 are images of biocathodes soaked in PC16. There is possibly a shadow from
aggregate phospholipids blocking some of the biocathode fluorescence, but it has not been
confirmed.
Figures S18-S20 are images of Toray paper soaked in 1-aminopyrene and PC16. Figures S21-S27
are control images of 1-aminopyrene in solution, 1-aminopyrene and PC16 in solution, and Toray
paper soaked only in 1-aminopyrene.
An image of unmodified Toray paper that was soaked only in buffer can be found in Figure S28.
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Figure S8. Fluorescence micrograph of 0.5 mM NBD-labelled PC18 in buffer at 60x magnification
with fluorescence from 638 nm laser. Scale bar is 10 µm.

Figure S9. Fluorescence micrograph of unmodified Toray paper soaked in 0.5 mM NBD-labelled
PC18 in buffer at 10x magnification with fluorescence from 638 nm laser. Scale bar is 100 µm.
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Figure S10. Fluorescence micrograph of biocathode soaked in buffer at 10x magnification with
fluorescence from 405 and 488 nm lasers. Blue indicates 405 nm fluorescence and green indicates
488 nm fluorescence. Scale bar is 100 µm.

Figure S11. Fluorescence micrograph of biocathode soaked in buffer at 10x magnification with
fluorescence from 405 nm laser. Scale bar is 100 µm.
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Figure S12. Fluorescence micrograph of biocathode soaked in buffer at 4x magnification with
fluorescence from 405 and 488 nm lasers. Blue indicates 405 nm fluorescence and green indicates
488 nm fluorescence. Scale bar is 500 µm.

Figure S13. Fluorescence micrograph of biocathode soaked in buffer at 4x magnification with
fluorescence from 405 nm laser. Scale bar is 500 µm.
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Figure S14. Fluorescence micrograph of biocathode soaked in 0.5 mM sonicated PC16 in buffer
at 10x magnification with fluorescence from 405 and 488 nm lasers. Blue indicates 405 nm
fluorescence and green indicates 488 nm fluorescence. Scale bar is 100 µm.

Figure S15. Fluorescence micrograph of biocathode soaked in 0.5 mM sonicated PC16 in buffer
at 10x magnification with fluorescence from 405 nm laser. Scale bar is 100 µm.
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Figure S16. Fluorescence micrograph of biocathode soaked in 0.5 mM sonicated PC16 in buffer
at 4x magnification with fluorescence from 405 and 488 nm lasers. Blue indicates 405 nm
fluorescence and green indicates 488 nm fluorescence. Scale bar is 500 µm.

Figure S17. Fluorescence micrograph of biocathode soaked in 0.5 mM sonicated PC16 in buffer
at 4x magnification with fluorescence from 405 and 488 nm lasers. Blue indicates 405 nm
fluorescence and green indicates 488 nm fluorescence. Scale bar is 500 µm.
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Figure S18. Fluorescence micrograph of Toray paper soaked in 0.5 mM 1-aminopyrene and 0.5
mM sonicated PC16 at 10x magnification with fluorescence from 405 and 488 nm lasers. Blue
indicates 405 nm fluorescence and green indicates 488 nm fluorescence. Scale bar is 100 µm.

Figure S19. Fluorescence micrograph of Toray paper soaked in 0.5 mM 1-aminopyrene and 0.5
mM sonicated PC16 at 10x magnification with fluorescence from 405 nm laser. Scale bar is 100
µm.
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Figure S20. Fluorescence micrograph of Toray paper soaked in 0.5 mM 1-aminopyrene and 0.5
mM sonicated PC16 at 10x magnification with fluorescence from 488 nm laser. Scale bar is 100
µm.

Figure S21. Fluorescence micrograph of 0.5 mM 1-aminopyrene in at 10x magnification with
fluorescence from 405 and 488 nm lasers. Blue indicates 405 nm fluorescence and green indicates
488 nm fluorescence. Scale bar is 100 µm.
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Figure S22. Fluorescence micrograph of 0.5 mM 1-aminopyrene and 0.5 mM sonicated PC16 in
buffer at 10x magnification with fluorescence from 405 and 488 nm lasers. Blue indicates 405 nm
fluorescence and green indicates 488 nm fluorescence. Scale bar is 100 µm.

Figure S23. Fluorescence micrograph of 0.5 mM 1-aminopyrene and 0.5 mM sonicated PC16 in
buffer at 10x magnification with fluorescence from 405 nm laser. Scale bar is 100 µm.
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Figure S24. Fluorescence micrograph of 0.5 mM 1-aminopyrene and 0.5 mM sonicated PC16 in
buffer at 10x magnification with fluorescence from 488 nm laser. Scale bar is 100 µm.

Figure S25. Fluorescence micrograph of Toray paper soaked in 0.5 mM 1-aminopyrene in buffer
at 10x magnification with fluorescence from 405 and 488 nm lasers. Blue indicates 405 nm
fluorescence and green indicates 488 nm fluorescence. Scale bar is 100 µm.
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Figure S26. Fluorescence micrograph of Toray paper soaked in 0.5 mM 1-aminopyrene in buffer
at 10x magnification with fluorescence from 405 nm laser. Scale bar is 100 µm.

Figure S27. Fluorescence micrograph of Toray paper soaked in 0.5 mM 1-aminopyrene in buffer
at 10x magnification with fluorescence from 488 nm laser. Scale bar is 100 µm.
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Figure S28. Fluorescence micrograph of Toray paper soaked in buffer at 4x magnification with
fluorescence from 405 and 488 nm lasers overlaid with transmission microscopy image. Blue
indicates 405 nm fluorescence and green indicates 488 nm fluorescence. Scale bar is 500 µm.
Dynamic Light Scattering (DLS)
Data for particle radii found from DLS are listed in Table S4. It can be concluded from the data
that PC18 and PC20 form large aggregates.
Table S4. Average radii for the main peak of DLS measurements, solutions were prepared either
by sparging with O2 during sonication or degassing before sonication.
Solution
PC12
PC14
PC16
PC18
PC20

Mean peak radius, r / nm
O2-Saturated

Mean peak radius, r / nm
Degassed2

0155 +/4
0158 +/9
0300 +/- 40
2700 +/- 900
2800 +/- 1100
da

0128 +/- 7
0129 +/- 6
0100 +/- 40
1800 +/- 600
1500 +/- 300
dh
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FAD-GDH Bioanode Controls
The effect of phospholipid solutions on the FAD-dependent glucose
dehydrogenase/naphthoquinone-modified LPEI (FAD-GDH/NQ-LPEI) bioanodes was
determined using cyclic voltammetry in the presence and absence of 100 mM glucose and 0.5 mM
PC20 (Figure S29).

Figure S29. Representative CVs of FAD-GDH/NQ-LPEI bioanodes in the presence and absence
of 100 mM glucose and in the presence of 0 mM PC20 (A) or 1 mM PC20 (B). Experiments were
performed on 1 cm × 1 cm carbon felt electrodes using 200 mM citrate/phosphate buffer, pH 6.5,
at 25 °C.
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