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fluorescence for fluorophores†
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Richard D. Tilley *ac and J. Justin Gooding *ab

Understanding and controlling the fluorescence of dye molecules is essential for many applications

especially in biological imaging. Electrochemical-induced modulation of fluorescence provides the

capability to non-destructively control the fluorescent emission of fluorophores, allowing new avenues

to exploit for fluorescence imaging. This paper reports on the investigation of electrochemical-induced

fluorescence modulation, focusing on the effect of the fluorophore chemical structure and the buffer

composition. Of the twelve fluorophores investigated, it was observed that any variations in the chemical

structure results in differences in how the fluorescence is modulated with potential. Our results showed

that different core fluorescent structures exhibited distinctive modulation behaviours, the oxazine

fluorophore (ATTO 655) was stable in the non-fluorescent configuration causing a prolonged low signal

and the coumarin fluorophore (ATTO 390) possessed low response. Certain trends observed are related

to the impact of the chemical structure on the fluorescence modulation with potential. For example, the

low fluorescence modulation with potential for ATTO 390 suggests that the presence of the electron

withdrawing –N+R3 group facilitates significant modulation, while a lack of the –N+R3 group results in

low modulation. The unique response of ATTO 655 suggested the element at the radical site can affect

the stability of the radical- and leuco-states and influence the fluorescence modulation that occurs.

Additionally, the results show that buffer additives, such as oxygen scavengers and triplet quenchers,

affect the fluorescence modulation either by stabilising the non-fluorescent radical or leuco-fluorophore

structure, or improving photon emission. The quantitative characterisation of electrochemical

fluorescence modulation behaviours for various fluorophores provides a guideline for future application

of the fluorophores for sensing or imaging based on their performances.
Introduction

Fluorescence microscopy1,2 employs uorescent molecules,
such as uorophores, uorescent proteins, and quantum dots,
to give high quality images of biological samples. The image can
be enhanced by changing the emission properties of the uo-
rophores as we see with super-resolution light microscopy.3–5

There are a number of ways to affect the emission properties
that have been discovered including: (1) uorescence quench-
ing where molecules accept the energy from an excited uo-
rophore in the singlet state to prevent uorescence through
a nonradiative energy transfer,6 (2) triplet quenchers that
quench excited electrons in the slow emitting triplet state, (3)
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irregular uctuation in uorescence emission called uores-
cence intermittency (or blinking), (4) photobleaching where the
uorophore interacts with a chemical damaging species, such
as oxygen radicals, that damage the chemical structure and
prevent further uorescence and (5) in recent years, it has been
noted that electrochemical potential can be used to modulate
uorescence emission either decreasing or enhancing the
emission.7–9 The ability to control the uorescence emission
through a potentially non-destructive method such as electro-
chemistry, provides the capability to remove the need for uo-
rescence and triplet quenching species, to illicit control over
blinking, and to increase uorescence emission to improve
detection before photobleaching.

The range of uorescent molecules that have been reported
to undergo electrochemical induced uorescence modulation
have been as molecular uorophores like rhodamine 101 (ref.
10) and Alexa Fluor 647,11,12 and the proteins such as green
uorescent protein5 and mCherry protein.13 There has even
been a reported case where the combination of a uorescent
molecule and the protein Azurin, a metalloprotein capable of
undergoing redox controlled quenching, can result in dimming/
Chem. Sci., 2025, 16, 8959–8969 | 8959
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Fig. 1 (a) The sample is a glass coverslip coated with ITO. After adsorption of fluorophores to the ITO, the sample is connected to a potentiostat
as the working electrode, a platinum wire is the counter electrode and a 3.4 M KCl AgjAgCl reference electrode. (b) Using ATTO 647 as an
example, a fluorophore is fluorescent in the oxidised state but is non fluorescent when the fluorophore is reduced into the leuco-state. (c)
Electrochemical-induced fluorescence modulation of ATTO 647. ATTO 647 was adsorbed onto an ITO coated glass coverslip coated with poly-
L-lysine and a cyclic voltammetry program of −1 V to 1 V at 150 mV s−1 was applied in 1X Dulbecco's phosphate buffered saline buffer (pH 7.4).
Scale bars are 2 mm.
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quenching of uorescent molecules under oxidative potentials
and the inverse for reduction potentials.14 These examples
demonstrate a diverse range of effective uorescent species
where electrochemistry is important in uorescence micros-
copy. The coupling of electrochemistry with uorescence has
resulted in the development of electrochemical stochastic
optical reconstruction microscopy (EC-STORM),15 a method
used to further increase the spatial resolution of super-
resolution microscopy by controlling the blinking of uo-
rophores. Another example of utility is the work by Lu and co-
workers where uorescence modulation was used to detect
the presence of redox active molecules.7 The full capability of
electrochemically controlling the uorescence emission of u-
orophores has yet to be utilised.

Herein, the role the chemical structure plays on the
electrochemical-induced uorescence modulation of uo-
rophores, and the effect of the buffer composition, are explored.
The rst aspect of chemical structure will cover different uo-
rescent structure variations, such as rhodamine, cyanine, and
other uorophore families. The second aspect is buffer compo-
sition where the oxygen level is changed and the addition of
8960 | Chem. Sci., 2025, 16, 8959–8969
a triplet quencher is tested, as oxygen is reported to be respon-
sible for photobleaching uorophores,16,17 and a triplet quencher
removes triplet state transition to improve uorescence. The
experimental setup is displayed in Fig. 1a, where an indium tin
oxide (ITO) coated glass coverslip is connected to a potentiostat
and simultaneously viewed under a total internal reection
uorescence (TIRF) microscope. Fluorescence modulation is
a redox reaction where the oxidised state of a uorophore is
uorescent, but the reduced state (radical and leuco-state) of the
uorophore is non-uorescent as the –N+R3 group is reduced and
a hydrogen ion is accepted, as displayed in Fig. 1b with ATTO 647
as the example. The uorescence modulation is observed as
a dimming and brightening of uorophores, as shown in Fig. 1c.
Results and discussion
Structural analysis of uorophore's

The rst aspect to be explored is the susceptibility of different
chemical structures to the electrochemical induced uores-
cence modulation. The different chemical structures were
categorized by the uorescent core structures. The experiments
© 2025 The Author(s). Published by the Royal Society of Chemistry
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to determine a structures responsiveness were conducted in 1X
Dulbecco's phosphate buffered saline (pH 7.4) and applied
a cyclic voltammetry at −1 V to 0.3 V with a scan rate of 150 mV
s−1. Single molecule TIRF microscopy was employed to char-
acterise the uorescence at the single molecule level.
Fig. 2 The fluorophores ATTO 390 (coumarin), ATTO 488 (rhodamine),
(rhodamine), ATTO 590 (rhodamine), Alexa 647 (cyanine), ATTO 647 (c
660C (cyanine) and CF 680 (cyanine) are tested against a −1 V to 0.3 V c
saline buffer (pH 7.4) and presented as optical cyclic voltammogram
measurements over at least 6 cycles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
The uorescent core structures tested were coumarin (ATTO
390), acridine (ATTO 495), rhodamine (ATTO 488, ATTO 565,
and ATTO 590), xanthene (uorescein), carbopyronine (ATTO
647), carborhodamine (ATTO 647N), cyanine (Alexa 647, CF
660C, and CF 680), and oxazine (ATTO 655). The uorescence
fluorescein isothiocyanate (xanthene), ATTO 495 (acridine), ATTO 565
arbopyronine), ATTO 647 (carborhodamine), ATTO 655 (oxazine), CF
yclic voltammetry at 150 mV s−1 in 1X Dulbecco's phosphate buffered
s. Each optical CV was representative of at least 5 single molecule

Chem. Sci., 2025, 16, 8959–8969 | 8961
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Fig. 3 The reversible reduction reactions of ATTO 390 (coumarin),1,2

ATTO 647 (carbopyronine) (proposed), and ATTO 655 (oxazine).3,4 The
fluorophores enter a semi-reduced non fluorescent state and become
a radical, the fluorophore is stabilised by accepting a H+ ion under
a reducing potential to enter the leuco-state. The reaction is reversed
under a positive potential.
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output of a uorophore was collected versus time, as shown in
Fig. 1c. The time axis was converted to potential to directly
correlate the change in uorescence with potential, as pre-
sented in Fig. S1.† These plots are referred to as optical cyclic
voltammograms.

Twelve optical cyclic voltammograms are shown in Fig. 2 for
the twelve uorophores investigated. The normalised uores-
cence in Fig. 2 refers to how much the uorescence emission of
a single localised uorophore changed with respect to the u-
orophore's highest uorescent emission at 1 V within the cycle
between subsequent −1 V potentials. The normalised uores-
cence was calculated by dividing the photon count at any
potential within the complete cycle by the photon count at 1 V.
The equation is as shown in eqn (1).

Normalised fluorescence of cycle ¼ photon count at potential

photon count at 1V

(1)

All optical cyclic voltammograms in Fig. 2 are of a single
molecule that is representative of other uorophores with the
same change in uorescence response. The tracking of the
single molecules was conducted over multiple cycles (upwards
of 6) or until the uorophore was photobleached and recurrence
of a uorophore at the same x- and y-coordinates between cycles
conrmed that the uorophores were adsorbed onto the
surface. Of the twelve uorophores, the uorescence of eleven
are observed to modulated with the potential. The uorescence
of ten uorophores, all except ATTO 390 and ATTO 655, was
modulated gradually with the changing potential. The gradual
modulation of the uorescence indicates that the electro-
chemical potential is driving the reaction between the oxidised
uorescent structure and the reduced non-uorescent radical-
and leuco-structure with the magnitude of the uorescence
reecting the ratio of the two states at that potential.

ATTO 390 and ATTO 655 responded differently to the change
in potential than the other ten uorophores. ATTO 390 was the
coumarin cored structure that was minimally responsive to
potential as shown by the uorescence increase at −0.3 V but
primarily experienced photobleaching, as shown by the
disconnect in normalised uorescence at −1 V at the beginning
and end of the cycle. ATTO 655 was the oxazine cored structure
and became unlocalizable at the end of the anodic sweep. ATTO
655 remained unlocalizable for the cathodic sweep but was
reactivated at the start of the subsequent anodic sweep. The
unique response of ATTO 655 is speculated to be due to the non-
uorescent state being preferred over the uorescent state
under the potential range. The minimal electrochemical-
induced uorescence modulation pattern of ATTO 390, the
unique modulation of ATTO 655, and the subtle difference in
modulations of the remaining uorophores, show the uores-
cence modulation has a chemical structure dependency.

To complement the optical cyclic voltammogram's, the
reaction mechanisms of three uorophores are presented in
Fig. 3. In Fig. 3, the reaction mechanism for oxazine, coumarin,
and carbopyronine core structure are presented. The mecha-
nism for the oxazine uorophore was reported by van de Linde
8962 | Chem. Sci., 2025, 16, 8959–8969
and co-workers,18 and Lu and co-workers.7 The mechanism for
the coumarin uorophore was reported by Wang and co-
workers,19 and Pasciak and co-workers.20 The presented carbo-
pyronine uorophore mechanism is a proposed mechanism.
The reported reactions entail the uorescent structure being
reduced electrochemically into a non-uorescent semi-reduced
radical form, followed by a transition to a non-uorescent leuco
state by the acceptance of a H+ ion at the radical site, marked by
a pink circle in Fig. 2.

Fig. 3 provides speculations as to why ATTO 390 and ATTO
655 as coumarin and oxazine dyes exhibited different response
patterns. ATTO 390 will be discussed rst. Comparison of
chemical structures revealed that ATTO 390 lacks the electron
withdrawing –N+R3 motif. Note the majority of the responsive
uorophores tested possess the electron withdrawing –N+R3

motif which suggests the –N+R3motif is important for reduction
and oxidation of the uorophore within the tested potential
range of−1 V to 0.3 V. The –N+R3 motif accepts an electron from
the reorganisation of carbon double bonds upon reduction.
There are two pieces of information worth noting. The rst is
that literature reported that coumarin structure reduces at
potentials more negative than −1.3 V vs. AgjAgCl.19,20 However,
the literature reported coumarin to undergo dimerization, as
displayed in Fig. 3. That suggests that the coumarin uorophore
may not undergo the same reversible redox reaction as other
uorophores. The second is that ITO undergoes irreversible
reduction to metallic indium at values greater than −1.2 V vs.
AgjAgCl at pH 7 (ref. 21) meaning that the coumarin reduction
© 2025 The Author(s). Published by the Royal Society of Chemistry
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potential is beyond the functional potential limit. Fluorescein
isothiocyanate also lacks the electron withdrawing –N+R3 motif
but remains responsive to potential changes as shown by going
to and from a uorescence ratio of 1.0 to 0.5 through the anodic
and cathodic sweep. Fluorescein can readily transition between
a non-uorescent “closed” lactone conguration and a uores-
cent “open” quinoid conguration. The lactone conguration is
when the carboxylic acid group binds to the radical site.22 The
speculated reason for uorescein's responsiveness is due to
electrochemistry controlling the transition between the quinoid
and lactone conguration. Furthermore, a phenazine derivative
reported by Bezerra and co-workers, which lacked a –N+R3

motif, underwent electrochemical induced uorescence
modulation. The uorescence modulation was achieved in the
presence of a reducing agent of ascorbic acid, sodium
dithionite, or a donor species such as triethylamine.23 The
modulation of uorescein isothiocyanate and the phenazine
derivative suggests that electrochemical induced uorescence
modulation can occur in the absence of a –N+R3 motif but
a second reaction mechanism must be viable, or a reducing
agent must be present. Based on the discussion, ATTO 390 may
be capable of greater uorescencemodulation but the lack of a –
N+R3 motif, a reducing agent, and a second reduction mecha-
nism suggests that the potential range used in this paper could
not transition ATTO 390 into a stable reduced non-uorescent
radical state.

Next, we will discuss ATTO 655. A comparison of the chem-
ical structures revealed that ATTO 655 possesses a nitrogen at
the radical site, the other ten responsive uorophores possess
a carbon. ATTO 655 and ATTO 647 possess a similar 5-ringed
structure, but the radical site for ATTO 655 is nitrogen while for
ATTO 647 is carbon, suggesting that elemental composition of
the radical site affected the redox reaction displayed in Fig. 3.
First, the lone pair of nitrogen are more stable in the imine
conguration than the 2° amide conguration due to resonance
stabilisation from the nitrogen double bonded to the carbon,
however, the electrochemical potential can control the reduc-
tion to a 2° amide and stabilising the reduced conguration.
Secondly, the electronegativity of an element is related to
a radical's stability24 and affects the bond dissociation energy
required to remove a hydrogen. For example, the dissociation of
a hydrogen from a carbon atom in cyclohexadiene is
310 kJ mol−1 while from a nitrogen atom in dimethylamine is
397 kJ mol−1.25 The difference in bond dissociation energy and
radical stability are the suggested reasons for ATTO 655's
different behaviour. That is the radical-ATTO 655 is more stable
than radical-ATTO 647 and a greater oxidative potential is
required remove the hydrogen from the leuco-ATTO 655 and
restore uorescence.

Furthermore, a review by Chicas-Baños and Frontana-Uribe
reported that the potential and current required for dimeriza-
tion of a molecule through the electrochemical generation of
carbon and nitrogen centred radicals uctuates.26 The dimer-
ization through the generation of a carbon-centred radical was
reported to be achieved at 0.06 V vs. AgjAgCl,26 while for
a nitrogen centred radical the potential was 1.2 V vs. AgjAgCl.26,27
However, these reported values are from two different reactions
© 2025 The Author(s). Published by the Royal Society of Chemistry
which utilized different chemicals. The review demonstrated
that radical generation is different between two different
chemicals and can explain the different response between other
uorophores. This speculation requires further testing of uo-
rophores that possess elements of different electronegativity at
the radical site, elements such as boron, silicon, or
phosphorous.

The above speculations regarding ATTO 390 and ATTO 655
unique modulation patterns suggest two things. The rst is that
the existence of the electron-withdrawing group –N+R3 motif
facilitates the reduction within the operable range of ITO. The
second is that structural variations, either elemental variations
or different conjugation, changes the bond dissociation energy
required to remove a hydrogen or radicalise a uorophore and
results in different modulation patterns.
Inuence of buffer composition

The optical cyclic voltammogram's of Alexa 647, ATTO 647, and
ATTO 647N from Fig. 2 were overlaid, as seen in Fig. S2,† and
showed subtle differences between each uorophore.
Combining Alexa 647, ATTO 647, and ATTO 647N with ATTO
655 provided four uorophore candidates with different uo-
rescent core structures within the same far-red uorescent
channel to investigate how different buffer additives may affect
uorescence modulation performance of different uorescent
structures.

Molecular ‘triplet quenchers’ increase the photon emission
from uorophores by depopulating/quenching their long-lived,
slow-emitting triplet state. Oxygen is a uorescence28 and triplet
quencher29,30 but is simultaneously a photobleaching agent due
to generation of organic-reactive singlet oxygens which irre-
versibly degrade uorophores.16,31,32 Another triplet quencher is
(+/−)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid
(Trolox). The decrease of oxygen and addition of a triplet
quencher may possess additional benets for the electro-
chemical uorescence modulation which will be explored
within this section. The triplet quencher used in this section is
Trolox, which was chosen due to the work by Fan and co-
workers that demonstrated uorescence modulation in the
presence of Trolox.11 To attain different oxygen levels in the
buffer, the oxygen scavenger system known as ‘gloxy’ was used.
Gloxy uses the enzyme's glucose oxidase and catalase in the
presence of glucose to consume oxygen.17 Buffers containing
‘gloxy’would attain a lower molecular oxygen concentration and
are referred to as ‘low oxygen’. Buffers that do not contain an
oxygen scavenger system would possess a higher molecular
oxygen concentration and are referred to as ‘high oxygen’. Flu-
orophores in the far-red uorescent channel (Alexa 647, ATTO
647, ATTO 647N and ATTO 655) were used to assess how the
buffer composition can affect uorescence modulation. The
optical CV of ATTO 655 in Fig. 2 indicates that the potential
range of −1 V to 0.3 V was inadequate for ATTO 655 to undergo
sufficient transition between the non-uorescent and uores-
cent state, prompting an increase potential range for the
subsequent tests. For the following tests, a −1 V to 1 V cyclic
voltammetry at a scan rate of 150 mV s−1 was applied to the four
Chem. Sci., 2025, 16, 8959–8969 | 8963
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Fig. 4 (a) The mean photon emission at 1 V for Alexa 647, ATTO 647,
ATTO 647N, and ATTO 655 in the four buffer configurations of
differing oxygen level and Trolox presence. (b) The midpoint potential
from the anodic sweep of the−1 V to 1 V cyclic voltammetry at 150mV
s−1 for Alexa 647, ATTO 647, ATTO 647N, and ATTO 655 in four buffer
configurations, buffer one is high oxygen with no Trolox, buffer two is
low oxygen with no Trolox, buffer three is high oxygen with Trolox,
and buffer four is low with Trolox. The results are determined from all
localised fluorophores with the variance shown by the shaded regions
around each line. (c) Comparison of the midpoint potentials of the
anodic (black points) and cathodic (red points) sweep for each fluo-
rophore in the buffer configuration of low oxygen and containing
Trolox. *p # 0.05, **p # 0.01, ***p # 0.001.
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uorophores in the four different buffers at pH 7.4. The four
buffers tested different oxygen and triplet quencher congura-
tions. Buffer one was 1X Dulbecco's phosphate buffered saline
(high oxygen and no Trolox). Buffer two was 1X Dulbecco's
phosphate buffered saline and 2 mM Trolox (high oxygen and
Trolox). Buffer three was 1X Dulbecco's phosphate buffered
saline with gloxy (low oxygen and no Trolox). Buffer four was 1X
Dulbecco's phosphate buffered saline with 2 mM Trolox and
gloxy (low oxygen and Trolox). A combination of uorescence
emission against time, rst displayed in Fig. 1c, and optical
cyclic voltammograms, rst displayed in Fig. 2, are used to
attain quantitative comparison on the effect of the buffer
composition. All experimental results are depicted in Fig. 4 and
are determined from all localised uorophores within the 51.2
mm× 51.2 mm eld of view. The outputted uorescence used for
the results in Fig. 4 was normalised by the maximum uores-
cent photon emission from all localised uorophores.

To ascertain the impact of the buffer composition on a uo-
rophore's uorescent properties, such as emission and stability,
the mean photon emission rate at 1 V is used. The mean photon
emission rate at 1 V for a uorophore is calculated in two steps.
The rst step is to divide the total uorescent photon emission
of all localised uorophores by the number of localised uo-
rophores at 1 V for each cycle to attain the mean photon
emission at 1 V. The second step is to average the mean photon
emission at 1 V attained in subsequent cycles and divide by the
exposure time to attain the mean photon emission rate at 1 V
and the corresponding standard deviation between cycles. An
increase in the photon emission rate value means an improve-
ment in detection and the contrast between reducing and oxi-
dising potentials. A low standard deviation suggests greater
stability and longevity of uorophore between multiple cycles.

In Fig. 4a, the mean photon rate at 1 V is graphed for each
uorophore in each buffer. The photon emission rate for Alexa
647 in the high oxygen buffer with no Trolox, the low oxygen
buffer with no Trolox, the high oxygen buffer with Trolox, and
the low oxygen buffer with Trolox are 5.1 ± 2.0 photons m s−1,
6.6 ± 2.0 photons m s−1, 5.2 ± 0.14 photons m s−1, and 12 ±

0.58 photons m s−1, respectively. In the buffer with low oxygen
and Trolox, Alexa 647 attained the highest photon emission
rate, and the second smallest standard deviation, as shown in
Fig. 4a. The larger photon emission rate affirmed that Alexa 647
has improved uorescent properties, and the smaller standard
deviation affirmed that Alexa 647 was more stable and was
undergoing less photobleaching. The photon emission rate for
ATTO 647 in the high oxygen and no Trolox, high oxygen and
Trolox, low oxygen and no Trolox, and low oxygen and Trolox
buffers are 7.3 ± 0.77 photons m s−1, 5.5 ± 0.60 photons m s−1,
8.4 ± 0.84 photons m s−1, and 8.0 ± 1.9 photons m s−1,
respectively. These results were determined to not be statisti-
cally signicant, as shown in Fig. 4a, which affirmed that ATTO
647 did not attain an improved uorescent emission or stability
in the tested buffer compositions. The photon emission rate for
ATTO 647N in the high oxygen and no Trolox, high oxygen and
Trolox, low oxygen and no Trolox, and low oxygen and Trolox
buffers are 7.9± 4.8 photonsm s−1, 7.1± 2.0 photonsm s−1, 9.6
± 4.0 photons m s−1, and 7.4 ± 2.9 photons m s−1, respectively.
8964 | Chem. Sci., 2025, 16, 8959–8969 © 2025 The Author(s). Published by the Royal Society of Chemistry
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These results are also not statistically signicant, as shown in
Fig. 4a, which affirmed that ATTO 647N did not attain an
improved uorescent emission. The size of the standard devi-
ation suggests that ATTO 647N was suffering from photo-
bleaching. The photon emission rate for ATTO 655 in the high
oxygen and no Trolox, high oxygen and Trolox, low oxygen and
no Trolox, and low oxygen and Trolox buffers are 4.6 ± 1.2
photons m s−1, 5.4 ± 0.86 photons m s−1, 8.3 ± 0.76
photons m s−1, 8.5 ± 1.5 photons m s−1, respectively. The
improvement in photon emissions for the buffers that contain
Trolox is statistically signicant from buffers without Trolox.
The results collected conrm that ATTO 647N and ATTO 647 are
not drastically affected by the buffer composition, while Alexa
647 performed better in the low oxygen buffer with Trolox and
ATTO 655 performed better in a buffer with Trolox present.
[discuss mechanism].

The midpoint potential is when the ratio between the uo-
rescent and non-uorescent state is halfway between the
normalized maximum and minimum ratio achieved between
the observed potential range, which is−1 V to 1 V for this paper.
The midpoint point potential was used to indicate how buffer
composition affected the electrochemical induced uorescence
modulation behaviour. To measure the midpoint potential, the
sum of the uorescent photon emission from all localised u-
orophores was plotted into an optical cyclic voltammogram.
The optical cyclic voltammogram was smoothed using Origin-
Labs ‘Adjacent Averaging’ set to 25, normalized, and then the
optical cyclic voltammogram was separated into anodic sweeps
and cathodic sweeps. For each cathodic and anodic sweeps, the
midpoint potential was determined by using OriginLabs tting
program to t a Boltzmann sigmoidal to the data, as shown in
Fig. S3.† The Boltzmann sigmoidal was used to determine when
the photon emission sum of all uorophores reached halfway
between the maximum and minimum between −1 V and 1 V.
For the anodic and cathodic sweeps, four midpoint potentials
from the sweeps from four cycles were averaged and the stan-
dard deviation represented the consistency the uorophores
attained the averaged midpoint potential between the cycles.
The cathodic sweep increases the occurrence of the non-
uorescent structure and relates to the potential required to
reduce the uorophore structure to the non-uorescent leuco
structure. The anodic sweep increases the occurrence of the
uorescent structure and relates to the potential required to
remove the hydrogen from the radical site through oxidation
and restore the conjugation in the uorescent structure.

The anodic midpoint potential results are presented in
Fig. 4b, the cathodic midpoint potentials are in Fig. S4.† The
anodic midpoint potentials of ATTO 655 in the high oxygen with
no Trolox, low oxygen with no Trolox, high oxygen with Trolox,
and low oxygen with Trolox buffer compositions are 0.48 ±

0.061 V, 0.61 ± 0.059 V, 0.66 ± 0.030 V, and 0.90 ± 0.028 V,
respectively. The positive shi in the anodic potential indicates
the ratio between the uorescence and non-uorescent state
shied between the different buffers, either stabilising the
radical-ATTO 655 and/or increased the formation of the leuco-
ATTO 655. The anodic midpoint potentials of Alexa 647 in the
high oxygen with no Trolox, low oxygen with no Trolox, high
© 2025 The Author(s). Published by the Royal Society of Chemistry
oxygen with Trolox, and low oxygen with Trolox buffer compo-
sitions are 0.47 ± 0.14 V, 0.47 ± 0.10 V, 0.56 ± 0.048 V, and 0.41
± 0.087 V, respectively. The anodic midpoint potentials do not
change signicantly, indicating that the buffer composition did
not greatly affect the redox reaction of Alexa 647. The anodic
midpoint potentials of ATTO 647 in the high oxygen with no
Trolox, low oxygen with no Trolox, high oxygen with Trolox, and
low oxygen with Trolox buffer compositions are 0.31 ± 0.10 V,
0.35 ± 0.079 V, 0.45 ± 0.10 V, and 0.77 ± 0.076 V, respectively.
The shi in the anodic midpoint potential in the buffer of low
oxygen with Trolox for ATTO 647 suggested that the low-oxygen
and Trolox stabilised the radical- and leuco-ATTO 647. The
buffer affected the uorescence modulation of ATTO 647 by
shiing the ratio between uorescent and non-uorescent
structure. The anodic midpoint potential of ATTO 647N in the
high oxygen with no Trolox, low oxygen with no Trolox, high
oxygen with Trolox, and low oxygen with Trolox buffer compo-
sitions are 0.30 ± 0.083 V, 0.083 ± 0.14 V, 0.39 ± 0.044 V, and
0.34 ± 0.085 V, respectively. The lack of variation in the anodic
potential showed that ATTO 647N was not affected by the
addition of Trolox. However, the low oxygen buffer decreased
the stability of the radical- and leuco-ATTO 647N and affected
the uorescence modulation of ATTO 647N.

A notable observation is that in the two buffer compositions
of low oxygen with and without Trolox, the different anodic
midpoint potentials for three uorophores are statistically
signicant, as shown in Fig. S5.† In the buffer of low oxygen
with no Trolox, the anodic midpoint potentials of ATTO 655 and
ATTO 647N are statistically signicant from each other and
from the anodic midpoint potential of Alexa 647 and ATTO 647.
In the buffer of low oxygen with Trolox, the different anodic
midpoint potentials of ATTO 655 and ATTO 647 are statistically
signicant from each other and from the anodic midpoint
potentials of Alexa 647 and ATTO 647N. This observation of
different anodic midpoint potentials affirms that the radical
and leuco structure of the different uorophores have different
stabilities to each other and in different buffers, which
conrmed that the chemical and the buffer affected the
observed uorescence modulation.

The results have shown that the electrochemical induced
uorescence mechanism is affected by the oxygen concentra-
tion and the presence of the triplet quencher Trolox. Oxygen is
a uorescence and triplet quencher and a photobleaching
agent, the removal of oxygen inuences the mechanism in three
ways. The rst is to increase uorescence from uorophores
through removal of uorescence quenching. The second is to
prevent photobleaching of uorophores from oxygen radicals to
increase uorophore longevity. The third is that the removal of
oxygen stabilises the non-uorescent radical or leuco-state for
ATTO 655 and ATTO 647, increasing the prevalence of the non-
uorescent states. With regards to the addition of Trolox, the
suggested mechanism is that the uorophores triplet state is in
competition with the electrochemically reduced non-
uorescent states and the quenching of the triplet states with
increase the prevalence and stability of the electrochemically
reduced non-uorescent states.
Chem. Sci., 2025, 16, 8959–8969 | 8965
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Closer examination of the optical cyclic voltammograms
conducted in the buffer that contained low oxygen and Trolox,
the uorescence modulation in the anodic sweep and cathodic
sweep were comparable for both Alexa 647 and ATTO 647N, as
seen in Fig. S6a and c.† For ATTO 655 and ATTO 647, there is an
observed different point at which the normalised uorescence
diverged away from the x-axis between the anodic and cathodic
sweeps which indicated the transition between the uorescence
and non-uorescent states is affected by the sweep polarity, as
seen in Fig. S6b and d.† In particular, the anodic sweep the
nonuorescent reduced ATTO 655 became uorescent was atz
0.4 V but in the cathodic sweep the normalised uorescence of
ATTO 655 reached z 0 at z −0.2 V, shown in Fig. S6.† The
hysteresis between the cathodic and anodic sweep of ATTO 655
suggests that the leuco-state became stable and required
a greater oxidative potential to restore the uorescent structure.
Comparison of the cathodic and anodic midpoint potentials for
Alexa 647, ATTO 647, ATTO 647N, and ATTO 655 are plotted in
Fig. 4c and was used to conrm the separation between the
cathodic and anodic sweeps. The anodic and cathodic midpoint
potentials for Alexa 647 was 0.41 ± 0.087 V and 0.43 ± 0.034 V,
respectively, for ATTO 647N was 0.34 ± 0.084 V and 0.34 ±

0.085 V, respectively, and for ATTO 655 was 0.90 ± 0.028 V and
0.90 V ± 0.042 V, respectively. The separation between the
anodic and cathodic midpoint potentials for Alexa 647, ATTO
647N, and ATTO 655 were not statistically signicant. This
suggests that the ratio between the uorescent and non-
uorescent rates are directly correlated to the potential.
However, ATTO 655 possessed a different point at which the
normalised uorescence diverged from the x-axis between the
anodic and cathodic sweeps. For ATTO 655, the intensity
approaches 0 at around−1 V in the cathodic sweep and remains
non-uorescent until 0.66 ± 0.012 V in the anodic sweep. This
suggests that leuco-ATTO 655 is stable. The similar cathodic
and anodic midpoint potential indicates that once the long-
lived leuco-state is reversed, the ratio between the uorescent
state and the non-uorescent radical state became proportional
to the potential. ATTO 647 attained anodic and cathodic
midpoint potentials of 0.77 ± 0.076 V and 0.56 ± 0.13 V,
respectively, and the difference was determined to be statisti-
cally signicant. This result affirmed that for ATTO 647 the ratio
between the uorescent and non-uorescent state is dependent
on the sweep polarity. As the potential to reduce ATTO 647 to
a long-lived non-uorescent leuco-state is different than the
potential required to oxidise the leuco-ATTO 647 to restore
uorescence. The difference between the midpoint potentials
from the anodic and cathodic sweep for ATTO 647 provided
evidence that the leuco-ATTO 647 are more stable than the
leuco-Alexa 647 and leuco-ATTO 647N. The different stability is
speculated to be due to different dissociation energy required to
remove the hydrogen that was bound to the radical site due to
different chemical structure. More investigation into other u-
orophores and buffer compositions can provide insight into the
mechanism. All results collected conrm that the electro-
chemical induced uorescence modulation is subjected to
change based on the uorophores chemical structure and
buffer composition.
8966 | Chem. Sci., 2025, 16, 8959–8969
A nal remark, the anodicmidpoint potential conrmed that
the chemical structure and buffer composition affected the
uorescence modulation but can be supplemented with the
mean photon emission at 1 V. For example, in the low oxygen
buffer with Trolox, Alexa 647 and ATTO 647N have similar
anodic midpoint potentials which suggests the two structures
are modulated the same. However, Alexa 647 achieved a greater
mean photon emission at 1 V than ATTO 647N. Which suggests
that Alexa 647 underwent a greater total change of uorescence
than ATTO 647N and that the ratio between Alexa 647 and leuco-
Alexa647 was more responsive to the changing potential.
Conclusions

The results have shown that the structure and the buffer
composition affected the uorescence modulation of a uo-
rophore. Any structural variations will contribute to uores-
cence modulation of a uorophore, that can be used as
a ‘ngerprint’. The structural variations inuence the stability
of the radical state, and the energy required to reduce the u-
orophore structure, while change the bond dissociation energy
required to separate the hydrogen from the leuco-uorophore.
The greater the structural difference between two uo-
rophores, such as different uorescent core structure, the more
identiable the resultant pattern of modulated uorescence will
be with respect to the two uorophores. The investigation into
the structure has provided two key speculations. The rst is that
the presence of the electron withdrawing motif –N+R3 facilitates
uorescence modulation within the operable range of ITO, as
shown with ATTO 390 minimal observed response. The second
is that the elemental conguration of the radical site can greatly
affect the resultant pattern of modulated uorescence.
Elemental conguration will inuence the radical stability and
the bond dissociation energies of the hydrogen, as shown by
ATTO 655. Further experimentation on more uorescent
structures is required to conrm the mentioned speculations,
such as testing different elements at the radical site and
different electron withdrawing groups.

The buffer compositions can affect either the uorescent
properties and/or the electrochemical induced uorescence
modulation. The buffer containing low oxygen and Trolox pre-
sented two unique changes to the electrochemical induced
uorescence modulation. The rst is that the photon emission
rate at 1 V for Alexa 647 was greater than in the other compo-
sitions. The increased photon emission resulted in a greater
change in uorescence emission and was caused by destabil-
ising the radical- and leuco-state to make the uorescent state
more prevalent. The second is that for ATTO 647 and ATTO 655,
these two uorophores were shown to enter a stable non-
uorescent leuco-state which required the correct oxidative
potential to restore uorescence. The non-uorescent states
became stabilised as determined by the positive shi in anodic
midpoint potentials with the different buffers. Further experi-
mentation into different buffer compositions can provide
greater control over the electrochemical uorescence
modulation.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The excitation wavelength and power density of the lasers
used to excite the fluorophores

Fluorophore Laser lexcitation/nm Laser power density/kW cm−2

ATTO 390 405 0.12
ATTO 488 488 0.97
ATTO 495 488 0.10
ATTO 565 561 1.9
ATTO 590 561 1.9
Alexa 647 642 1.5
ATTO 647 642 1.5
ATTO 647N 642 1.5
ATTO 655 642 1.5
CF 660C 642 2.2
CF 680 642 2.2
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Methods
Materials and chemicals

Fluorophores ATTO 390, ATTO 488, ATTO 495, ATTO 565, ATTO
590, ATTO 647, ATTO 647, ATTO 655 (all from ATTO-TEC), Alexa
647 (ThermoFisher), CF 660C (Sigma-Aldrich) and CF 680
(Sigma-Aldrich) were purchased with NHS-ester functional
group and used as provided. Fluorescein isothiocyanate (Sigma-
Aldrich) was purchased and used as provided. 1X Dulbecco's
phosphate buffered saline buffer without magnesium and
calcium was purchased from Thermo Fisher and prior to usage,
solution was ltered using a 0.22 mm polyethersulfane
membrane lter. D-(+)-Glucose (Sigma Aldrich, $99.5%),
glucose oxidase from Aspergillus niger type X-S (Sigma-Aldrich),
catalase from bovine liver (Sigma-Aldrich), (±)-6-hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid (Sigma-Aldrich,
97%), 0.1% w/v poly-L-lysine solution (Sigma-Aldrich) and
anhydrous dimethyl sulfoxide (DMSO) (Sigma-Aldrich, $ 99%)
were used as received. 22 × 22 mm ITO coated glass coverslips
with a resistivity of 8–12 U per square acquired from SPI
Supplies.

Sample preparation

ITO coated glass coverslips were plasma cleaned using a Harrick
Plasma PDC-002 at 600 mtorr pressure set on high power. The
cleaned ITO coated glass coverslips were exposed to 100 mL of
a poly-L-lysine dilution, made by a 1 : 1 dilution of 0.1 w/v% poly-
L-lysine solution with 1X Dulbecco's phosphate buffered saline
buffer, for 30 min to coat the ITO coated glass coverslip with
poly-L-lysine. A 1 mg mL−1

uorophore solution in DMSO of all
uorophores was prepared. A 10−4 mg mL−1 dilution of each
tested uorophore is made by diluting the stock 1 mg mL−1

uorophore solution with 1X Dulbecco's PBS buffer. Prior to
imaging, the poly-L-lysine coated ITO coated glass coverslips
were exposed to 100 mL of the 10−4 mg mL−1

uorophore
dilution for 5 min to allow for uorophore adsorption onto the
surface, followed by being lightly rinsed with 1X Dulbecco's
phosphate buffered saline buffer to remove non-adsorbed u-
orophores. The sample with the uorophores adsorbed onto the
poly-L-lysine coated ITO coated glass coverslip were loaded into
a custom-made electrochemical Chamlide uidic cell made by
LCI (Live Cell Instrument).

Buffer preparation

Four buffers are prepared and used for experimentation
throughout this paper. Buffer one was 1X Dulbecco's phos-
phate buffered saline (without magnesium and calcium) at
pH 7.4. Buffer two was 1X Dulbecco's phosphate buffered
saline (without magnesium and calcium) and 2 mM Trolox at
pH 7.4. Buffer three was 1X Dulbecco's phosphate buffered
saline (without magnesium and calcium), 10% w/v glucose,
0.5 mg mL−1 glucose oxidase, 40 mg mL−1 catalase at pH 7.4.
Buffer four was 1X Dulbecco's phosphate buffered saline
(without magnesium and calcium), 10% w/v glucose,
0.5 mg mL−1 glucose oxidase, 40 mg mL−1 catalase, and 2 mM
Trolox at pH 7.4.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Fluorescence microscopy, single molecule imaging and
electrochemical induced photoswitching

The microscope used was a Zeiss Elyra PALM/SIM (Zeiss Axio
Observer.Z1) microscope with a single molecule localisation
microscope camera, EM CCD with Carl Zeiss™ Immersol™
Immersion 518F 25 °C 100× oil, with laser angle z 66° to
undergo total internal reection and a a Plan-Apochromat
100×/1.46 Oil DIC M27 Elyra objective lens. The microscope
possessed four uorescent channels. The channels are referred
to throughout this paper as the blue, green, red, and far-red
channel, the lasers used for the channels are 405 nm,
488 nm, 561 nm and 642 nm, respectively and the lters are BP
420–488 + LP 750, LP 495–575 + LP 750, BP 570–650 + LP 750 and
LP 655, respectively. The excitation laser and laser power
density for each uorophore is listed in Table 1.

The electrochemical techniques were controlled by a Bio-
Logic SP-200 potentiostat. The working electrode was the
functionalised ITO coated glass coverslip surface connected
using a spring-loaded gold coated pin, the counter electrode
was a platinum wire, and the reference electrode was a leak-free
3.4 M KCl AgjAgCl reference electrode purchased from Inno-
vative Instruments. The electrochemical technique performed
was cyclic voltammetry. The cyclic voltammetry parameters
were −1 V to 0.3 V and −1 V to 1 V, both were at a scan rate of
150 or 300 mV s−1 (scan rate was adjusted based on the pho-
tobleaching of the individual uorophores) and were recorded
for approximately 2–3 minutes. Unilluminated areas of the
sample were used for subsequent experiments.
Data analysis

Data analysis was accomplished with a two-step procedure. The
rst step used the Zeiss ZEN (Black Edition)33 soware to
localise the single molecule uorescent uorophores from the
recorded video and output the localisation events into a local-
isation data table. The Zeiss ZEN (Black Edition)33 soware
localised the uorophores using a peak intensity to noise value
of 4–6 (dependent on the uorophore and sample), a peak mask
size of 9, and was set to ignore overlap. Zeiss ZEN (Black
Edition)33 soware removed noise by accepting localisations
with a point spread function between to 110–500 nm,
Chem. Sci., 2025, 16, 8959–8969 | 8967
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localisation precision between to 1–110 nm, and chi square
between to 0–0.8. The second step used a Matlab34 script that
converted the localisation data table into a second table con-
sisting of the ‘frame number’, ‘time/s’, ‘E/V vs. 3.4 M KCl
AgjAgCl’, ‘mean photon emission’, ‘sum photon emission’ and
‘localised spots’. The second table's results were graphed using
the OriginLab35 graphing soware.
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