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Abstract

Indium-tin oxide (ITO) is used in a variety of applications due to its electrical
conductivity and optical transparency. Moreover, ITO-coated glass is a com-
mon working electrode for spectroelectrochemistry. Thus, the ITO substrates
should exhibit well-understood spectroscopic characteristics. Here, we report
anomalous potential-dependent luminescence emission from three structurally
dissimilar electrofluorogenic probe on ITO-coated glass. The three probes, flavin
mononucleotide, resorufin, and Nile blue, show the expected fluorescence
modulation between their oxidized, emissive forms and their reduced, nonflu-
orescent forms at low laser irradiance and/or high concentrations. However,
at high irradiance and/or low concentration, the emission intensity increases
at reducing potentials, contrary to expectations. In addition, a strong interplay
between probe molecule concentration and laser irradiance is observed. We
attribute the anomalous behavior to a combination of (1) irradiance-dependent
ITO carrier dynamics, and (2) interaction of the fluorescent probe with ITO at
reducing potentials resulting in a charge transfer state with altered emission
behavior. Thus, the potential- and irradiance-dependent behavior of ITO and
the resulting charge transfer state may not only interfere with the observation
of potential-dependent fluorescence from redox probes but can completely
reverse the polarity of the potential-dependent luminescence, especially at high
irradiance and low concentration.
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1 | INTRODUCTION

Spectroelectrochemical studies are valuable because they
can provide rich mechanistic information about processes
and phenomena occurring at the electrode-electrolyte
interface, which cannot be obtained from traditional
electrochemical measurements.[!! Spectroelectrochem-
istry has been employed to understand atomic/molecular
mechanisms in electron transfer in a variety of technically
relevant areas including bioelectrochemistry, energy
conversion, and energy storage..?] Advances in optical
microscopy and spectroscopy, such as super-resolution
imaging and surface-enhanced Raman scattering, have
enabled spectroelectrochemical experiments at the
nanoscale and with single entities (e.g. single particles
or molecules).l*] For example, Zhang and coworkers
have observed single redox events on porous silica-coated
indium-tin oxide (ITO) electrodes using single-molecule
fluorescence microscopy, in which a single electrofluoro-
genic redox probe (resorufin) modulates its fluorescence
between high and low emission intensity based on the
applied potential.[*] Chen and coworkers have used a simi-
lar system to study photoelectrochemical water splitting at
TiO, nanorods dispersed on ITO with spatial and temporal
resolutions of ~30 nm and ~15 ms, respectively.!>! In addi-
tion, a number of groups have studied the electrochemical
behavior of individual nanoparticles.[6] For instance, Wil-
lets and coworkers used dark-field microscopy to observe
the electrodissolution of single Ag nanoparticles,!”! using
the correlation of scattering intensity and nanoparticle
size to track electrodissolution in real time.

Spectroelectrochemistry can also be applied to micro-
bial systems.[®] The spectroelectrochemistry of bacterial
systems is significant, because it can provide a detailed
understanding of the electron transfer process, potential-
dependent conformation, and redox state of the enzymes
within the microbe, and it also enables ultrasensitive
detection of metabolites secreted by the microbes. "]
For example, Lynk et al. combined electrochemical
and surface-enhanced Raman scattering to detect both
Gram-positive and Gram-negative bacteria based on their
nucleotide breakdown products.['°]

Many spectroelectrochemical experiments performed
at the nanoscale and with single entities use ITO as the
working electrode.[*>6"!1] ITQ is an optically transparent
conductive oxide widely used due to its unusual combi-

nation of conductivity and transparency. ITO is an n-type
semiconductor in which the combination of large bandgap,
E; ~ 4 eV, and low electrical resistivity, p ~ 10™* Q cm,
are accompanied by high transmission throughout much
of the visible and near-IR regions,!'?) making it a nearly
ideal substrate for spectroelectrochemical studies, such
as fluorescence, electrogenerated chemiluminescence,
and Raman scattering, at both bulk- and single-molecule
levels.[*! Additionally, ITO can be coated on glass using
vapor deposition, solution processing, and sputtering
methods and is available commercially, making it a
desirable and easily accessible material for use as an
electrochemical substrate, as well as in solar cell panels,
thin-film photovoltaics, and other smart technologies.'*]

Given the wide range of scientific and technological
uses of ITO, it is important to understand its luminescence
behavior in spectroelectrochemical experiments. Here,
we use wide-field fluorescence imaging to show that the
fluorescence response of electrofluorogenic redox probes
near an ITO electrode changes as a function of applied
potential and excitation laser irradiance. In one class of
electrofluorogenic redox probes, the molecules are fluores-
cent in the oxidized state, but are much less fluorescent in
the reduced state, so their fluorescence can be modulated
between high and low emission states by applying suitable
electrochemical potentials.'>] Surprisingly, under certain
conditions with ITO electrodes, we observe just the oppo-
site. This inverted response is observed with three different
redox probes: flavin mononucleotide (FMN), Nile Blue
(NB), and resorufin, which are excited at different wave-
lengths, suggesting that ITO plays an important role in
the anomalous response. A systematic analysis shows that
the potential-dependent fluorescence response, whether
canonical or anomalous, is determined by an interplay
between laser irradiance and the electrofluorogenic redox
probe concentration. We attribute this behavior to a combi-
nation of irradiance-dependent ITO carrier dynamics, and
interaction of the fluorescent probes with ITO at reducing
potentials resulting in a charge transfer state with altered
emission behavior. The work presented here shows that
the background contribution from the ITO not only
interferes with observation of the potential-dependent
fluorescence behavior of the redox probes but is capable
of completely reversing the polarity of the potential-
dependence, especially at high irradiance and low
concentration.
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2 | MATERIALS AND METHODS Pt (CQ_ g-Ag/AgCl (RE)

2.1 | Chemicals and materials K —

FMN, resorufin sodium salt, NB, potassium nitrate
(KNO3), sodium phosphate dibasic heptahydrate, sodium
phosphate monobasic monohydrate, and phosphate buffer
saline solution (PBS, pH 7.4) were purchased from Sigma-
Aldrich. Indium-tin-oxide coated glass coverslips (ITO, #1
thickness, 22 X 22 mm, 15-30 Q/sq resistivity) were pur-
chased from SPI Supplies. A two-part silicone elastomer,
polydimethylsiloxane (PDMS) was acquired from Polymer
Sources, Inc. Silver conductive epoxy was obtained from
Electron Microscopy Sciences. All chemicals were used as-
received without further purification. Aqueous solutions
were prepared using deionized (DI) water (p = 18.2 MQ)
from a Millipore Milli-Q system.

2.2 | Bacterial growth medium

Myxococcus xanthus (M. xanthus) wildtype DK1622 was
used in this study.'®! Cells were streaked from frozen
(—80°C) and maintained on CTT medium (1% Casitone,
10 mM Tris-HCI [pH 8.0], 8 mM MgSO,, 10 mM KH,PO,
[pH 7.6]) solidified with 1.5% agar.!'”] Liquid cultures were
grown at 32°C in CTT broth with vigorous shaking. Cells
at log-phase (optical density at 600 nm [ODg] ~ 2) were
harvested and washed three times and resuspended in PBS
prior to analysis.

2.3 | Sample preparation

ITO coverslips were cleaned in acetone, isopropyl alcohol,
and DI water in an ultrasonicator for 15 min each and then
dried with N,. A copper wire was attached to the coverslip
using a silver conductive epoxy to provide electrical con-
tact, and a 5-6 mm diameter PDMS well was attached to the
ITO surface using Devcon 5-min epoxy. FMN, resorufin,
and NB solutions were prepared in aqueous 0.2 M KNOs,
which serves as the supporting electrolyte.

2.4 | Spectroelectrochemistry

The ITO-based spectroelectrochemical cell was mounted
on an Olympus IX-71 inverted microscope equipped with
a 100x objective (Olympus immersion, NA = 1.45). A
schematic diagram of the spectroelectrochemical appara-
tus is shown in Figure 1. A 100 pL aliquot of the redox
probe solution was then added to the PDMS well, and Pt
and Ag/AgCl wires were placed in the well to serve as the

Potentiostat

EM-CCD

FIGURE 1
fluorescence apparatus used for spectroelectrochemical

Schematic diagram showing the wide-field

measurements

counter and quasi-reference electrodes, respectively. All
electrodes were then connected to a CH750E potentiostat
(CH Instruments). Laser excitation was provided at 458,
532, and 643 nm for FMN, resorufin, and NB, respectively,
and emission was collected through the objective and
passed through a dichroic filter before being imaged onto
a Peltier-cooled EMCCD camera (Andor iXon EMCCD for
FMN, Princeton instruments PhotonMax 512 EMCCD for
resorufin, and ProEM 512 for NB studies). Movies were
recorded using an integration time of 0.1 or 0.05 s.

3 | RESULTS AND DISCUSSION
3.1 | Potential-dependent fluorescence of
Mpyxococcus xanthus

Our initial goal was to understand the redox properties
of M. xanthus, a soil-dwelling Gram-negative bacterium,
by using flavin-derivatives as molecular sentinels. Flavo-
proteins are common electron carriers important to
metabolism in bacteria and other organisms that utilize
flavin-based electron carrier molecules, FMN and/or flavin
adenine dinucleotide, with population estimates suggest-
ing approximately 3 x 10* flavins expressed in mature cells,
many in the outer membrane where they would ostensibly
be available to participate in redox reactions.!'8! Flavins
are redox active, such that under reducing potential FMN
(fluorescent) undergoes a 2H't/2e” transfer to FMNH,
(nonfluorescent). Scheme 1 shows the structure of the
isoalloxazine chromophore of FMN, which is fluorescent
in the oxidized state, FMN, but much less so in the reduced
state, FMNH,. Thus, the fluorescence behavior of flavins
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SCHEME 1 FMN reduction/oxidation

can be used to follow their redox state. Figure 2A shows the
fluorescence image of a single M. xanthus bacterial cell on
an ITO electrode, exhibiting inherent fluorescence, arising
predominantly from flavins. Interestingly, the emission
is spatially heterogeneous within the cell, with stronger
fluorescence observed at the poles than at the center.

In order to follow redox activity of cell membrane-
resident flavins, fluorescence intensity changes were
tracked during potential sweeps in the range 0.6 V >
Egppr > —0.6 V versus Ag/AgCl in 0.1 M PBS electrolyte.
The cyclic voltammogram, Figure 2B, shows a typical non-
Faradaic response in the +0.6 to —0.2 V range, with the
current increase beyond —0.2 V being attributed to the
onset of oxygen reduction. As shown in Figure 2C, fluo-
rescence intensity was also monitored from a single bac-
terial cell as a function of time/potential and compared
against the applied potential waveform. We plot these data
as a normalized intensity contrast, I,,,4,, = [I = Lin 1/ [Tnax —

I,,,i»] in order to draw attention to the potential-dependent
intensity modulation. The corresponding raw intensity—
potential trace data are shown in Supporting information
Figure S1A. In all three potential sweep cycles, the fluo-
rescence intensity peaks at the extreme reducing poten-
tial (—0.6 V) and drops at the oxidizing potential (+0.6 V).

A

This observation is opposite to the expected potential-
dependent fluorescence behavior of FMN/FMNH,. In
order to confirm this unexpected observation, potential
step experiments were performed, in which the potential
was stepped from 0.0 to 0.6 V and back in 0.1 V incre-
ments, holding for 10 s at each step. Supporting infor-
mation Figure S1B shows that the fluorescence intensity
decreases when the potential is stepped toward more posi-
tive/oxidizing potentials. Reversing the potential and step-
ping towards more negative/reducing potentials produces
an increase in fluorescence intensity, consistent with the
potential sweep experiments in Figure 2.

In order to understand the unexpected potential-
dependent fluorescence behavior of M. xanthus on ITO,
we performed cyclic potential sweep fluorescence mea-
surements (0.0 V > E,,;; > —1.0 V) of 10 uM FMN in
0.2 M KNOs; in the presence of an ITO working elec-
trode, as shown in Figure 3 (top panel). At low irradi-
ance (3.5 W/cm?, red trace in Figure 3), the normalized
intensity contrast is constant at potentials more positive
than —0.6 V, after which it decreases, consistent with
the expected behavior based on the reduction of FMN to
FMNH,. During the reverse scan, I, increases in the
range —1.0 to —0.6 V, then becomes essentially constant
between —0.6 and 0.0 V, consistent with FMNH, being
reoxidized to FMN. While this behavior is consistent with
the theory and previous reports,'>!°] it is opposite to the
behavior observed in M. xanthus on ITO.

Next, potential sweep experiments were performed on
FMN at ITO under the same solution conditions but with
increased laser irradiance. At an intermediate irradiance
(32 W/cm?, green trace in Figure 3), I, exhibits a com-
plex behavior—increasing from —0.6 to —0.75 V, but then

FIGURE 2 (A)Wide-field fluorescence

O

Potential
(V vs. g-Ag/AgCl)

image of single M. xanthus cell acquired with
Aexe = 458 nm (35 W/cm?). Scale bar = 5 um.
(B) Cyclic voltammetry of M. xanthus on ITO
electrode. (C) Applied potential waveform
(top) and corresponding normalized
fluorescence intensity contrast-time trace
(bottom) for single M. xanthus on ITO
electrode over three potential cycles 0.6 V >
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= intensity variations are modest compared to the overall
Q 00 . . . . ) .
- intensity—ranging from ca. 29% of the maximum intensity
% ? 0.3; at 3.5 W/cm? to approximately 10% at 176 W/cm?. The
% S 06 low irradiance data in Supporting information Figure S3A
o % 0.9t are consistent with the corresponding normalized low
S o~ irradiance data in Figure 3, showing a negative dI/dV
= o lobe at the most negative potentials. Furthermore, the
s § intermediate irradiance data in Supporting information
g — 3, Figure S3B show the origin of the biphasic behavior is
o > o clearly the hysteresis between the negative- and positive-
'153 :‘% ; going branches of the I(V) curves. Finally, in contrast
e 2 > to the low irradiance behavior, the data in Supporting
T B 3 information Figure S3C exhibit a strong positive dI/dV
c§> 38 o lobe at the most negative potentials, as expected based on
pd 2 the normalized high irradiance data in Figure 3.
F I5)
oo, . .13
0 6 2D 20 40 50 e 3.2 | Cyclic potential sweep fluorescence
Time (s) measurement of resorufin and Nile Blue
FIGURE 3 Applied potential waveform (top) and

corresponding normalized fluorescence intensity contrast- time
traces (bottom) in a cyclic sweep fluorescence experiment for 10 uM
FMN in 0.2 M KNOs;. Response is recorded over three potential
cycles 0.0 V> E ) > —1.0 V versus Ag/AgCl scanned at 100 mV/s
at three different laser power densities - 3.5 (red), 32 (green), and
176 W/cm? (blue). All fluorescence intensities normalized to the
maximum value for that potential scan

rapidly decreasing as the scan continues to more nega-
tive potentials out to —1.0 V, followed by a sharp increase.
The same biphasic behavior was observed in the two sub-
sequent potential cycles. Further increasing the excita-
tion irradiance (176 W/cm?, blue trace in Figure 3), clearly
shows anomalous behavior; I, increases during the
negative-going portion of the scan to —1.0 V, peaking at the
most negative potential, then decreases during the reverse
scan from —1.0 V to 0.0 V. Clearly, the response of the
FMN/ITO system changes phase going from low to high
laser irradiance, with behavior at intermediate irradiance
appearing to be an admixture of the low and high irra-
diance cases. The corresponding cyclic voltammogram of
FMN, Supporting information Figure S2, shows that the
electrochemical current response is independent of irradi-
ance within experimental variation, specifically not show-
ing the anomalous behavior observed in the cyclic sweep
fluorescence experiments at medium and high irradiance
values.

It is instructive to compare the behavior of the raw
(unnormalized) emission intensity for varying excitation
irradiance, as well its potential-dependent derivative,
dl/dV. As shown in Supporting information Figure S3,
it is apparent that the observed potential-dependent

In order to further explore the unexpected cyclic sweep flu-
orescence behavior of the M. xanthus/ITO and FMN/ITO
systems, similar measurements were performed using two
different fluorophores that can be excited at different
wavelengths—resorufin (1, = 532 nm) and NB (4, =
643 nm). The experiments were carried out using 10 uM of
the fluorogenic probe in 0.2 M KNOs. Consistent with the
behavior of FMN, at low laser irradiance, I,,,,,, decreases
during the negative-going scan, reaching a minimum
intensity at the negative end of the potential range, sub-
sequently increasing during the reverse, that is, positive-
going, scan for both resorufin and NB (Figure 4A and B,
red traces, Supporting information Figures S4A and S5A).
At high irradiance (Figure 4A and B, blue traces, Sup-
porting information Figures S4C and S5C), both probes
show an anomalous response, that is, maximum inten-
sity at the negative end of the potential range, similar to
that observed for FMN. In addition, at intermediate irra-
diance values both probes exhibit biphasic behavior (Fig-
ure 4A and B, green traces, Supporting information Figures
S4B and S5B), near E,p, = —0.9/—0.8 V. The observation
of similar irradiance dependence of the cyclic potential
sweep fluorescence across all three fluorophores (Figures 3
and 4) suggests that the underlying mechanism respon-
sible for the behavior is independent of excitation wave-
length and the fluorogenic probe. Also, similar to FMN,
the corresponding cyclic voltammograms of resorufin and
NB (Supporting information Figure S6) do not show signif-
icant variation with laser irradiance.

To obtain more perspective on the behavior at inter-
mediate and high irradiances, the cyclic potential sweep
fluorescence measurements were repeated with different
concentrations of NB (100, 500, and 1000 uM) at the three
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A Resorufin B Nile blue the canonical response, but low concentrations (10 and
5 5 02 100 uM) show the more complicated biphasic response.
2 00 =2 _0'4 Last, at 188 W/cm?, all four concentrations show inverse
£203 £2 fluorescence potential response, with the 1000 uM solu-
L L .06 L 506 . . . .
g g 09 e G 05 tions exhibiting the beginnings of a biphasic response.
> 09 @ > 09 > Taken together, these results clearly show that the flu-

0.6 = 0.6 = orescence response is determined by a combination of
2 03 g > o3 8 . . .
%~ o0 3 G~ 00 3 laser irradiance and probe concentration. The unnormal-
£ ; 0.9 N g ; 0.9 @ ized I(V) and dI/dV data corresponding to conditions in
T3 82 § 9 g 32 § Figure 5 are shown in Supporting information Figure S7.
N T U c O
SE 00 3 % £ 00 3
E8 oo > E 8 oo >
2 o6 2 2 s 2 .

03 = 0 s 3.3 | Photoluminescence of ITO

A 5 , S

00 3 00 =8

0 5 10 15 20 25 30 35
Time (s)

0 10 20 30 40 50 60
Time (s)

FIGURE 4 Applied potential waveform (top) and
corresponding normalized fluorescence intensity contrast— time
traces (bottom) of (A) 10 uM resorufin in 0.2 M KNO; and (B) 10 uM
Nile Blue in 0.2 M KNO; over three potential cycles scanned at

100 mV/s at three different laser power densities as indicated

laser irradiance values used in Figure 4B. The results
in Figure 5 show an interesting relationship between
redox probe concentration and irradiance. First, at low
irradiance (4.2 W/cm?), irrespective of concentration, the
canonical response (I,,,,,,, minimized at the negative end
of the potential scan and maximized at the positive end) is
observed. Second, at intermediate irradiance, 33 W/cm?,
high concentration solutions (500 and 1000 uM) show

Potential

O 02 O -02
_ o _ o
T 4 8L o4
= O = O
&< g <
L L -06f L 506
g 4 g 4
% 08 g -08
2 09 2 09
0.6 0.6
) 0.3} 2 03
[V [ N~
R e ER
Ea g /
o= 06 oS = 06
88 os) \ M | BB os
g‘g 0.0f . ) g‘g 0.0
50 o9} 1 5009
b4 0.6 zZ 0.6
0.3 0.3
0.0, ) ] 0.0 )
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (s) Time (s)
FIGURE 5

Given that the anomalous fluorescence response is inde-
pendent of excitation wavelength and electrofluorogenic
probe, the role of the ITO electrode was explored using
cyclic potential sweep fluorescence measurements in
electrolyte alone, that is, without electrofluorogenic
probes. Employing PBS buffer and scanning over the
range +0.6 V> E ;) > —0.6 V (Figure 6, red trace, and
Supporting information Figure S8A) reveals that I,
increases during the negative scan (+0.6 V to —0.6 V)
reaching maximum intensity at the most negative poten-
tial followed by a decrease on the reverse scan (—0.6 V to
+0.6 V). To address the possibility of low-level fluorescent
contaminants in the PBS, 0.1 M phosphate buffer was
freshly prepared and subsequently UV irradiated for 7 days
in order to photobleach any fluorescent contaminants, but
the response (Figure 6, green trace, and Supporting infor-
mation Figure S8B) was unchanged. Last, the fluorescence

Lg 0.2 6@ 0.2
< T <
S 04 8 04
< R4
& 06 ,g & 06f
g 2=
® .08 s ® 08
2 09 2 09
0.6 0.6
2 03 > 0.3
D - ] @ ~ L
23 oof NV, M M g3 0.0
-« .09 «— . 09}
=8 ovsf =& 0.6
T . T .
N J N@ 03
®E 00 ] ®E 00
E O - — 17 E O
5 O 09 186 O 0.9¢
Z 06 pd 0.6}
0.3 0.3
0.0 0.0}

0 5 10 15 20 25 30 35
Time (s)

0 5 10 15 20 25 30 35
Time (s)

Applied potential waveform (top) and corresponding normalized fluorescence intensity contrast—time traces (bottom) for

cyclic potential sweep fluorescence experiments executed on different concentration of Nile Blue in 0.2 M KNOj;. Data are presented over
three potential cycles scanned at 100 mV/s at three different laser irradiance values: 4.2 W/cm? (red); 33 W/cm? (green); and 188 W/cm? (blue)
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0.6
0.3+
0.0t
0.3}
06k
0.9}
0.6}

Potential
(V vs. g-Ag/AgCl)

Normalized
intensity contrast (a. u.)

oop ., . oo
0 10 20 30 40 50 60 70

Time (s)

FIGURE 6 Applied potential waveform (top) and
corresponding normalized luminescence intensity contras—ttime
traces (bottom) of 0.1 M PBS (red), 0.1 M UV-photobleached
phosphate buffer (green), and 0.2 M KNO; (blue) over three
potential cycles scanned at 100 mV/s. 1., = 458 nm (35 W/cm?)

behavior was also obtained for ITO in photobleached
0.2 M KNOj; (Figure 6, blue trace, and Supporting infor-
mation Figure S8C), and a similar behavior was observed.
These experiments show that the potential-dependent
fluorescence behavior is independent of the background
electrolyte, leaving only ITO itself as the source of the
potential-dependent I,,,,,, behavior. It is also important
to note that the cyclic voltammograms (Supporting infor-
mation Figure S9) obtained in the absence of fluorophore
show a typical capacitive response, confirming that ITO
is not damaged by the laser radiation. Moreover, the scan-
ning electron microscope images of ITO taken before and
after the experiment (Supporting information Figure S10)
show no apparent change in the morphology, confirming
that the ITO is not affected by the reducing potentials.
The potential-dependent change in the ITO photolumi-
nescence is clear, but the relative change in the signal is
<4% over all three electrolytes. Even at high irradiance
and scanning to the most negative potential, —1.0 V (Sup-
porting information Figure S11), the fractional change for
ITO photoluminescence is less than the fractional change
observed for any of the fluorogenic probes (FMN ~10 %,
resorufin ~8.6 %, and NB ~38 %). Thus, it is clear that,
while it may play a minor role, the potential-dependence
of ITO photoluminescence is not solely responsible for
the anomalous potential-dependent emission behavior
observed with the fluorogenic probes. However, we note

that the luminescence observed from M. xanthus shows the
same approximately 4 % change in the signal (Supporting
information Figure S1A), so it is likely dominated by the
potential-dependent ITO photoluminescence, rather than
an anomalous response of the FMN.

3.4 | Redox probe
spectroelectrochemistry—concentration
dependence

While modulation of the ITO background can explain
some of the anomalous spectroelectrochemical behavior,
it is insufficient to describe all of our data, leading us
to consider how the probe emission is affected by the
combination of excitation irradiance, concentration, and
potential. The potential-dependent emission intensity
of redox probes is clearly dependent on both concentra-
tion and irradiance, with the inverted behavior at low
concentration-high irradiance distinct from that at high
concentration-low irradiance, as shown, for example, in
Figure 5. We begin the concentration-dependent analysis
by recognizing that all three dyes—FMN, resorufin, and
NB—may adsorb at the ITO surface. Hypothesizing a
Langmuir-like isotherm suggests that at low concentra-
tion there is a surface population, Iy, which is determined
by a surface dissociation constant, K, and which, in turn,
gives a characteristic ratio of surface-associated to free
redox probe, I's/I'r (Supporting information Figure S12A).
As the solution concentration increases, the number of
surface bound species increases as well, until saturation
is reached, after which the surface population becomes
independent of solution concentration (Supporting infor-
mation Figure S12B). At this point, further increases in
concentration simply increase the population of free redox
probe, I'r, with no change in the surface-associated popu-
lation, I's (Supporting information Figure S12C). Turning
to the potential dependence at high concentrations, we
would expect it to be dominated by the behavior of free
solution species, that is, responding to the canonical
dependence of quantum efficiency on the oxidation
state of the dye—namely, high emission intensity under
oxidizing conditions and vice versa.

3.5 | Redox probe
spectroelectrochemistry—irradiance
dependence

Consistent with the adsorption isotherm hypothesis
introduced above, at low solution concentration, some
fraction of the dye population becomes surface-associated,
and it is reasonable to assert that the observed behavior



Chemistry
Europe

European Chemical

Research article

80of9 Electrochemical Science Advances

doi.org/10.1002/elsa.202100094

is a combination of the intrinsic luminescence of ITO, as
illustrated in Figure 6, and the interaction of the charge
carriers in ITO with the surface-associated dye molecules.
Understanding the potential-dependence of the intrinsic
ITO emission begins with the absorption spectrum in
Supporting information Figure S13, which shows strong
absorption at A < 400 nm due to the bandgap transition, 20!
and a broad absorption feature in the 500-650 nm range
that is assigned to a combination of donor-like and
acceptor-like defect states.?’! The broad low-energy
emission peak ranging from 500 to 650 nm, Supporting
information Figure S13, overlaps the molecular emission of
all three redox probes studied here and has been attributed
to deep-level defects such as surface and oxygen defect
(Vo) donor-like states and oxygen-indium vacancy pair
(Vo-Vin) acceptors.l??] Furthermore, the unique conduc-
tion characteristics of ITO are associated with the presence
of band tail states which arise in conjunction with the
degenerate electronic character of the material.[>*! When
a reducing/negative potential is applied, the Fermi level
is raised, which, because ITO is degenerate, increases the
carrier concentration and, consequently the photolumi-
nescence emission, consistent with the observations of
intrinsic ITO luminescence in Figure 6..>*! Conversely, at
oxidizing/positive potentials the carrier density decreases
as does the photoluminescence intensity.

A complete explanation of the potential-dependent
luminescence in the presence of electrofluorogenic redox
probe must incorporate the interaction of the dynamic
population of charge carriers in ITO with the surface-
associated dye molecules, behavior which is most evident
at low dye concentration and high irradiance. Not only
does the normalized emission intensity contrast increase
at negative potentials, but as shown in Supporting informa-
tion Figure S3C, the absolute intensity does as well. Since
this is opposite to the response one would expect based
on the redox state of the dye, it suggests that the emission
is dominated by surface-associated dye molecules, which
exhibit a different potential/irradiance response than free
dye. Irradiation of the ITO has the effect of increasing
the available carriers, as does scanning the potential neg-
ative (raising the Fermi level). The simplest explanation
would invoke charge transfer to the surface-associated
dye molecule, thereby altering the electronic state of the
molecule, similar to the chemical enhancement mecha-
nism in surface-enhanced Raman scattering.[?’! Thus, at
high laser irradiance, emission from the adsorbed por-
tion of the population is dominant and emission intensity
increases. Supporting this hypothesis, Supporting informa-
tion Figure S14 shows that the cathodic to anodic peak-
to-peak separation for NB increases with scan rate at all
concentrations and all laser irradiances, indicating elec-
trochemical irreversibility. The formation of the surface-

associated adsorbed redox probe is consistent with the
observed electrochemical irreversibility.

4 | CONCLUSIONS

Under conditions of low irradiance and/or high redox
probe concentration, cyclic potential sweep fluorescence
measurements of three different -electrofluorogenic
probes—FMN, resorufin, and NB—at ITO working
electrodes show reduced fluorescence intensities at
more reducing potentials, consistent with the expecta-
tions based on the intrinsic luminescence efficiencies
of oxidized and reduced forms of the dyes. However, at
high irradiance an anomalous potential dependence is
observed, especially at low concentration. At intermediate
laser irradiances, a more complex behavior is observed
in which the system exhibits a biphasic response at low
concentrations before converting back to the canonical
behavior at high concentration.

These observations suggest a model in which there
are two distinct populations of dye molecules: (1) a
freely diffusing population which dominates at higher
concentration and gives rise to the canonical emission
potential dependence, and (2) a surface-associated pop-
ulation in close electronic communication with the ITO
working electrode. This latter population can respond to
applied potential and irradiation through the formation
of a charge transfer state whose electronic structure
is distinct from free dye molecules. This combination
of potential/irradiation-induced changes in the carrier
dynamics of ITO, thus, gives rise to the noncanonical
emission behavior in which dye luminescence intensity is
a maximum at the most negative potentials.

These results should be useful in guiding others
implementing low-concentration potential-dependent
fluorescence experiments employing ITO as a working
electrode. Additionally, the tentative identification of a
charge transfer state as the emitting species on ITO at
reducing potentials should open new avenues to explore
the interaction between conducting metal oxide electrodes
and dye molecules, which could be useful in engineering
applications such as dye-sensitized solar cells.
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Figure S1. (A) Cyclic potential sweep fluorescence for the data shown in Figure 2C. (B) Potential
step fluorescence time trace of a single M. xanthus cell. Potential was stepped from 0 to 0.6 V and
back to 0 V with 0.1 V step and held for 10 s at each step. Applied potentials are labeled in red.

The electrochemical cell was held at open-circuit potential (ocp) over the last 30 s.
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Figure S3. Cyclic potential sweep fluorescence (black) and fluorescence derivative, di/dV, (blue)

of 10 uM FMN in 0.2 M KNOs with an ITO working electrode for three laser irradiance values.
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of 10 uM resorufin in 0.2 M KNO3 with an ITO working electrode for three laser irradiance

values.
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Figure S7. Cyclic potential sweep fluorescence (black) and fluorescence derivative, di/dV, (blue)
for different concentrations of Nile Blue in 0.2 M KNO3 with an ITO working electrode for three

laser irradiance values.
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Figure S9. Cyclic voltammograms of an ITO electrode in 3 different electrolytes: 0.1 M PBS

(green), 0.1 M photobleached PBS (red), and 0.2 M KNO:s.
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KNOselectrolyte over three cycles at 100 mV s*. (C) Corresponding cyclic voltammograms.
The bright spots in panel A are tentatively assigned to impurities on the ITO surface, which are

removed during potential cycling.
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in 0.2 M KNOs as a function of scan rate at different laser irradiance values (black 4.2 W cm™,

blue 33 W cm, red 188 W cm-2).
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