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ABSTRACT: The lipid soluble fluorophore Nile Red (9-diethylamino-5-benzo[a]phenoxazinone) is used to fluorescently and elec-
trochemically label an organic-in-water emulsion, where the organic phase is an ionic liquid [P6,6,6,14][FAP]/toluene mixture. The
optical detection of the individual droplets is enabled facilitating the in-situ tracking and sizing of the suspended particles (average
diameter = 530 nm, interquartile range = 180 nm). Through the use of a combined thin-layer optical/electrochemical cell, the irre-
versible accumulation of the droplets at an optically opaque carbon fibre electrode (diameter ~ 7.5 um) can be monitored. Potenti-
ostatic control of the system enables the fluorescence of the surface bound particles to be electrochemically switched via control of
the redox state of the dye. Subsequent measurements of the individual particle fluorescence intensities as a function of the applied
electrode potential enables construction of an effective — dynamically recorded — cyclic voltammogram of an individual particle.
The confined volume voltammetry (ca. tens of attolitres) yields insight into the asymmetry of the kinetics of the redox switching
process, where it is proposed that the reformation of the fluorescent Nile Red becomes chemically “gated” in the organic phase.

The electrochemical detection of single entities is a rapidly
developing research frontier? in which, to date, a host of sys-
tems have been successfully investigated including, but not
limited to: electrocatalytic molecular amplification by solid
nanoparticles®, direct stochastic nanoparticle redox measure-
ment,' photochemical charge transfer from nano-
semiconductors,” indirect particle detection through diffusion-
al blocking of a Faradaic process,’ detection of soft colloidal”®
and biological®*® systems and, the magnetic control* and ac-
cumulation® of nanoparticles. Concomitant with these ad-
vancements an increasing amount of work is focused upon the
combination of these electrochemical single entity detection
procedures with optical techniques. Notable examples include:
the combined fluorescence detection of single microparti-
cle/electrode impacts,™® spectroelectrochemical*® and surface
plasmon microscopy™ measurements of individual surface
adhered silver nanoparticles, holographic 3D particle tracking
of silver nanoparticle electrochemical dissolutions™®"" and, the
combined electrochemical and electro-chemiluminescence
detection of single impacts of emulsion droplets.”® The use of
optical techniques aims to provide additional and complemen-
tary information regarding the character of the particle beyond
its electrochemical identification.

Ultimately the motivation driving many of these single entity
investigations is a desire for the attainment of stochastic in-
formation about a population so as to yield insight into the
heterogeneity of a sample. However, the vast majority of the
single entity electrochemical detection procedures are predi-
cated upon the use of chronoamperometry so as to temporally
decouple the capacitive charging of the substrate electrode
from the response of the generally far smaller single entity.
Upon arrival and in many cases electrical contact of the single

analyte at the electrode surface, a step or spike (blip) in the
current-time transient is recorded. The magnitude of this elec-
trical signal may™ yield analytically useful information regard-
ing the properties of the nano- or micro-scale material. Alt-
hough the information is recorded stochastically, the use of
chronoamperometry means that the response of each particle is
only measured at a single electrode potential. Hence, obtaining
a measurement of the electron transfer kinetics requires multi-
ple measurements to be performed at a series of different elec-
trode potentials and for the average particle response to be
calculated as a function of the applied potential.**** In such a
manner the electrochemical kinetic information of a single
particle is unobtainable and only the ensemble response may
be measured. Recent work from some of the authors has
demonstrated how the electrocatalytic cyclic voltammetric
response of a single palladium coated carbon nanotube can be
measured so as to obtain insight into the electron transfer ki-
netics of the single entity.”” This methodology may provide a
route by which newly synthesized nanomaterials can be char-
acterized in the absence of a need to rigorously account for the
mass-transport related complications arising from measure-
ments made at an ensemble or composite of nanoparticles.”*
However, for other systems the development of alternate
routes to stochastically obtain the response of single particle as
a function of the applied potential is desirable.

The electrochemistry of redox active microdroplets and emul-
sions has an extensive history.”® Both Marken® and Scholz*"®
have provided seminal contributions towards the measurement
and understanding of the voltammetry of immobilised non-
electrolyte containing oil phase microdroplets. In this experi-
ment electron transfer occurs at the three-phase boundary be-
tween the electrode, organic and aqueous phase. The coupling



of the measurement of the electrochemistry of these picolitre
and sub-picolitre sized droplets with optical techniques is best
exemplified by the work of Nakatani and co-workers. > This
work demonstrates how by using laser techniques single drop-
lets may be trapped and attached to an electrode surface. Sub-
sequent measurement of the absorption spectra allows deter-
mination of the kinetics and thermodynamics of ion transfer
across the organic/aqueous phase boundary.

In many experimental cases the coupling of electrochemical
and optical techniques has been found to be partially limited
by the requirement of using transparent or semi-transparent
electrodes, such as indium tin oxide**? or thin-film gold™*".
In contrast, epifluorescence techniques, where illumination
and observation occur from the same side of the sample, do
not suffer such limitations allowing the measurements to be
performed at optically opaque electrodes. *** Many highly
fluorescent dyes are commercially available and have found
extensive use in the life science for imaging. One example are
the phenoxazinone based dyes which include resorufin, used
in cell vitality tests and Nile Red* a commonly used lipid
soluble dye for cell membrane imaging.

This article presents a combined electrochemical and fluores-
cence imaging study of an ionic liquid/toluene in water based
emulsion dyed with Nile Red. First, the use of fluorescence
imaging and particle tracking® enables the stochastic sizing of
the emulsion. Second, the ability to image the particle adjacent
to and at a carbon fibre electrochemical interface is evidenced
and the irreversible adsorption of the droplets to the surface
exemplified. Third, the electroactivity of the emulsion is evi-
denced, and it is shown how the fluorescence intensity is sen-
sitive to the electrochemically controlled redox state of the dye
dissolved in the droplet. Finally, the work turns to demonstrate
how the measurement of the fluorescence intensity of the indi-
vidual surface bound droplets as a function of the electrode
potential allows the effective voltammetric response of an
individual particle to be constructed from the optical data. This
technique allows the dynamic electrochemical response of an
ultra-small confined volume (ca. tens of attolitres) to be exper-
imentally recorded, yielding chemical information that is
complementary and additional to that obtained from the en-
semble electrochemical response.

EXPERIMENTAL SECTION

Chemicals. Trihexyl(tetradecyl)phosphonium tri-
fluorotris(penta-fluoroethyl)phosphate, [P6,6,6,14][FAP], was
donated from Merck. Nile Red (99%) (9-diethylamino-5-
benzo[a]phenoxazinone) was purchased from Acros Organics
part of Fisher Scientific UK Ltd (Loughborough, UK) and
both and were used as received without further purification.
All other chemicals used were of analytical grade and were
purchased from Sigma-Aldrich. Aqueous solutions were made
using ultrapure water (Millipore, resistivity not less than 18.2
MQ cm at 25°C).

Emulsion Synthesis. The ionic liquid/toluene-in-water emul-
sion has been described previously.>*® However, notably in
this work the ionic liquid [P6,6,6,14][FAP] has been used in
place of its bistriflimide analogue and was mixed with the
toluene in a volume ratio of 2:3. The fluorescent dye Nile Red
(12 mM) was dissolved in the ionic liquid/toluene mixture
prior to its addition to the water. Upon addition of the Nile

Red containing organic solvent mixture to the water (1:50
volume ratio), the solution was vortexed for approximately
one minute and then sonicated as previously described. This
procedure resulted in the formation of a stable suspension
(observable agglomeration/precipitation only after 5 days).

Optical Setup and Analysis. Optical measurements were
made on a Zeiss Axio Examiner.Al Epifluorescence micro-
scope using a 20x air objective (NA = 0.5, EC Plan-Neofluar)
or 40x oil-immersion objective (NA = 0.7-1.3, plan-
Apochromat) and Zeiss filter set 15 (excitation band pass
546+12 nm, emission low pass 590 nm) (Carl Zeiss Ltd.,
Cambridge UK). Image acquisition was provided by a Hama-
matsu ORCA-Flash 4.0 Digital CMOS camera (Hamamatsu,
Japan), providing 16-bit images with 4 megapixel resolution.
Images were acquired with an exposure time of 10ms.
Throughout the work microscope images were acquired at a
rate of 10 frames/s. Synchronisation and triggering of the
camera was provided externally, see the ‘electrochemical
equipment’ section for more information. Camera exposure
control and most image analysis was provided by the software
Zen 2 (blue edition, Carl Zeiss Ltd., Cambridge UK). Con-
struction of the fluorescence measured voltammetric responses
required calculation of the 1% time derivative of the particle
fluorescence intensity. The mean intensity is measured and
averaged over the entire image of the particle and normalized
against its initial value at the start of the voltammetric scan.
Smoothing of the 1% time derivative was achieved using a 2™
order Savitzky-Golay filter, points window size equals fps(Hz)
x 100 / scan rate(mV s™). Further information on the proce-
dure is provided in the Sl section 7.

Fluorescent particle tracking was enabled via the use of the
Python package Trackpy 0.3.2.*" This package provides an
implementation of the Crocker, Grier*® algorithm. Removal of
static features in the optical images was achieved through a
background subtraction, where the time-average microscope
image was calculated and subsequently subtracted from each
individual frame. Independent validation of the software and
microscope setup was enabled via the dark-field tracking and
sizing of 50 nm silver nanoparticles, see Sl section 1 for fur-
ther information.

Cell Design. The design for the combined electrochemi-
cal/optical cell was adapted from that previously used for 3D
nanoparticle tracking,'® the schematic of which can be seen in
the Scheme 1. The cell consists of two carbon fibre electrodes
in a cavity between a glass slide and coverslip with the volume
sealed using parafilm. The thickness of the cell is in the range
of 200-300um. The cavity is filled via two capillary pipette
tips with diameters less than 300 um (GELoader, Eppendorf,
Stevenage UK).

Electrochemical Equipment. Macro-electrode experiments
were performed on a glassy carbon (GC) electrode (radius =
1.5 mm, CH Instruments, TX, USA) using a computer con-
trolled p3Autolab potentiostat (Metrohm Autolab B.V.,
Utrecht, The Netherlands). A saturated calomel electrode
(SCE, BAS inc, Japan) or silver wire (Goodfellow, Cam-
bridge, UK) was used as the reference or pseudo-reference
electrode respectively. The cell was completed using a plati-
num mesh (Goodfellow, Cambridge, UK) as the counter elec-
trode.
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Scheme 1: Cell design used for the combined opto-
electrochemical measurements.

Combined opto-electrical measurements were performed using
a two electrode setup (cell design described above), where a
7.5 um diameter carbon fibre wire electrode (Goodfellow,
Cambridge, UK) was used as the working electrode. The com-
bined counter/reference electrode comprised of a carbon fibre
electrode coated in a thin layer of silver epoxy (RS Compo-
nents Ltd, UK). Potentiostatic control was provided by an in-
house built device, as developed previously for nanoimpact
experiments.*® Control of the working electrode was provided
by a highly stabilised (1 kHz bandwidth) classic adder poten-
tiostat, where the working electrode potential is nominally
controlled in increments of 60 V. The analog-to-digital and
digital-to-analog conversion was provided by two USB-6003
DAQs (National Instruments, TX, USA).. Control of these
devices were performed by a script written in Python 2.7 with
a graphical user interface and real-time electrochemical data
visualization based upon the packages provided in the
Enthought Tool Suite (Enthought, TX, USA). This script also
provides the external timing/trigger signal (via a USB-6003) to
the microscope camera, hence providing synchronization be-
tween the optical and electrical, measurement and control sys-
tems (oscilloscope measured delay of less than 1.1 ms between
the timing of the potentiostat connection and the initial optical
image acquisition, subsequent camera image triggering is
hardware timed by the USB-6003). Measurement of the cur-
rent at the working electrode was achieved using a low cur-
rent-amplifier DDPCA-300 (Femto Messtechnik GmbH, Ber-
lin, Germany). At a gain setting of 10° V/A the bandwidth of
the output amplified signal is 150 Hz. The resulting analog
signal was oversampled at a stream rate of 5 kHz.

RESULTS AND DISCUSSION

This work starts by characterizing the size of the fluorescent
emulsion droplets in solution via single particle tracking anal-

ysis. In the thin-layer optical cell it is demonstrated how the
droplets can be visualized adjacent to and at an opaque carbon
fibre microelectrode, evidencing the accumulation of the drop-
lets at the electrochemical interface. The work then shifts to
considering the electrochemical response of these emulsion
droplets. First, the ensemble voltammetric response of the Nile
Red stained emulsion droplets are studied at a macro elec-
trode. Second, in the combined opto-electrochemical cell the
reduction and oxidation of individual surface bound particles
in response to the applied electrode potential is monitored
optically. Third, cyclic voltammetric experiments are per-
formed on the surface bound particles demonstrating how ef-
fective cyclic voltammograms of the individual particles can
be reconstructed from the fluorescence microscopy images.
The article finishes by discussing and highlighting aspects of
the redox chemistry of Nile Red in these confined volumes
revealed by the single particle voltammetry technique.

Fluorescent Single Particle Tracking Analysis. Nile Red is a
highly fluorescent solvatochromic dye.** As the polarity of the
solvent increases, the absorption and emission spectra exhibit
a bathochromic shift to longer wavelengths. Moreover, the
fluorescence quantum efficiency of the species decreases in
hydrogen bond donating solvents.*’ The solvatochromic sensi-
tivity of the dye predominantly arises due to the relatively
large dipole moments associated with the ground (8.2+1.0 D)
and excited (10.0+1.0 D) electronic states of the molecule.**
Experimentally, in toluene the absorption maxima (Aya) for
Nile Red occurs at 524 nm, with the emission spectra maxima
shifted by 63 nm to 587 nm. In water the absorption shifts to
584 nm and the fluorescence is found to be significantly
weaker but centred at 666 nm.”” In terms of their solvato-
chromic shifting of adsorption maxima, ionic liquids tend to
behave as moderately polar solvent environments.*

The ionic liquid/toluene emulsion was synthesized as de-
scribed in the experimental section and containing 12 mM of
the dye in the emulsion droplets (assuming the dye is solely
partitioned to the organic phase). The UV-vis spectrum of the
resulting emulsion was recorded, as anticipated the adsorption
spectra exhibits a significant amount of scattering due to the
presence of the droplets, as evidenced by the high background;
however, a clear peak attributed to the absorption of the Nile
Red is observed at 548 nm (data shown in Sl section 2). This
shift in the absorption maxima is consistent with the more
polar environment present in the mixed ionic liquid/toluene
organic phase as compared to pure toluene.

Fluorescence imaging of the emulsion was achieved through
the use of an epifluorescence microscope. The as synthesized
emulsion was diluted 100-fold with 50 mM HCI. This acidi-
fied suspension was filled into a thin layer optical cell and its
contents imaged. Clear visualisation of the emulsion droplets
was possible, where in the field of view a large number of
bright fluorescent points are observable. A series of images of
the emulsion droplets were captured at a rate of 10 frames per
second over a 17 second time period. The resulting image
stack was analysed, providing an estimation of the trajectory
of each individual droplet within the field of view. Due to the
relative thickness of the cell it was possible to image the drop-
lets significantly away from the cell walls and hence minimise
any possible influence arising from near wall hindered diffu-
sion of the particle at the interface.*
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Figure 1: Estimated particle size distribution of the Nile Red
stained ionic liquid/toluene-in-water emulsion droplets, as
measured from the single particle trajectories. Inlay depicts
the ensemble mean-squared-displacement plot from which the
ensemble average particle size is determined to be 530 nm
(red line: MSD plot fitting using the 2"4-5™ lag time points *),
the particle size interquartile range is determined to be 180
nm.

Sl section 3 presents a representative image of the particles in
solution and the resulting trajectories analysed over the period
of the acquisition. These images are two dimensional (X,y)
representations of the particle positions, movement of the par-
ticle perpendicular to the field of view (z), leads to the parti-
cles moving in and out of focus. Consequently, over the course
of the series of acquired images particles may appear and dis-
appear from the field of view. Analysis of the 2D trajectory
enables the diffusion coefficient of each particle to be estimat-
ed. The mean-squared-displacement (MSD, m?) as a function
of time (t, s) of a particle in two dimensions is related to its
diffusion coefficient (D, m® s™) via the following equality:®

MSD = 4Dt

In this work particle trajectories containing less than 30 posi-
tions are discarded due to the relatively low accuracy of the
associated measured diffusion coefficient. From these individ-
ual measurements of the particle diffusion coefficients the
particle sizes may be determined through the use of the
Stokes-Einstein equation:
D kgT
3nnd

where kg is the Boltzmann constant (1.38x10% m? kg s™* K™,
T is the temperature (K),  is the viscosity of water (8.9x10™
pas, at 25°C) and d is the particle diameter (m). Figure 1 pre-
sents the estimated particle size distribution as measured from
a total of 243 individual particle trajectories. The data has
been weighted to account for the differing particle trajectory
lengths see (SI Section 1 for further details on the analysis
procedure). Notably the particle size distribution exhibits a
positive skew, with the modal droplet diameter being between
400 and 500 nm. The droplets average diameter is estimated to
be 530 nm (interquartile range = 180 nm). Hence the volume
of the average droplet is approximately 80 attolitres. Having

tracked and estimated the size of the droplets in the solution
phase the work now turns to consider the interaction of the
Nile Red dye stained emulsion with the carbon fibre electrode
in the absence of an applied potential.

Droplet Accumulation at a Carbon Fibre. Beyond visualisa-
tion of the droplets in solution the thin-layer optical cell allows
observation of the Nile Red stained emulsion adjacent to and
at a carbon fibre interface. The ability to image particles at a
solid and opaque interface is one of the significant advantages
of the use of epifluorescence techniques. Importantly, dark-
field imaging, either in two or three dimensions (holographic)
suffer from lower signal noise ratios associated with light scat-
tering from the adjacent substrate. This can be even more
problematic in the case of the use of thin-layer gold films
where the morphology and hence scattering intensities at local
surface defects may alter when a potential difference is ap-
plied to the interface."’
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Figure 2: Fluorescence microscope images of a carbon fibre
wire submerged in the Nile Red stained ionic liquid/toluene
emulsion (1:100 dilution, 50 mM HCI) as a function of time a)
0, b) 10 and c) 30 minutes, all scales are the same as in c). Note
the contrast of the microscope images have been inverted for
clarity. d) depicts the full-width-half-maximum of the intensi-
ty profiles of 66 surface bound droplets measured over a 90
pm length of carbon fibre.

Figure 2 a), b) and c) depict a series of three zoomed images
of a carbon fibre submerged in the emulsion (dilution 1:100,
50 mM HCI) at times of zero (a), ten (b) and 30 (c) minutes
after the filling of the optical cell. The grey scale image has
been inverted for clarity such that the bright emulsion droplets
appear as dark points in the image. In Figure 2 a) the carbon
fibre wire is clearly visible with a number of emulsion droplets
already affixed to its surface. Note the wire is only observable
as a silhouette against the relatively bright fluorescence back-
ground, consequently fluorescence imaging of the wire prior
to filling the cell with the fluorescent suspension is not feasi-
ble. In Figure 2 a) the initial position of these droplets on the
carbon fibre wire predominantly reflects the flow in the thin-
layer cell whilst being filled. Once filled the particles move,
by virtue of Brownian motion, within the volume and random-
ly collide with the carbon fibre. Upon collision the particles
are seen to adhere to the wire and remain fixed to its surface.
This accumulation of the droplets from solution to the wire is
clearly apparent in the timed images shown in Figures 2 a), b)



and c). It should however be commented that these long ob-
servation times (30 min) on one area of the electrode lead to
the droplets becoming — to an extent — photo bleached, hence
the observed intensity of some of the particles present in the
first image has decreased over the time course of the accumu-
lation. S| section 4 provides an example of a single particle
being tracked in solution and then colliding with the wire and
becoming fixed. Once attached to the surface none of the par-
ticles under observation have been found to leave the inter-
face.

After collision and attachment to the interface, the intensity
profiles of the particles on the surface can be measured. For
the present optical system (NA = 0.5, emission low pass filter
= 590 nm) the diffraction limited full-width-half maximum
(FWHM) of the points intensity profile is approximately ~800
nm in water assuming a wavelength of 600 nm. Conversely,
for a sphere significantly above the resolution limit of the im-
aging system and assuming that the fluorophores are uniform-
ly distributed within the droplet volume, then the measured
FWHM is equal to 3°%/2 times the particle diameter. For a
particle of diameter 520 nm the expected FWHM of the image
is ~865 nm. Figure 2 d) depicts the measured FWHM of the
intensity profiles of particles (n = 66) situated on a 90 um
length of a carbon fibre wire submerged in the emulsion. Er-
rors in the measurement of the FWHM arise due to the image
pixelation; moreover, due to the curvature of the wire some of
the particles will be less in focus. However, the size of a parti-
cles intensity profile as measured via its FWHM gives some
insight into the droplet dimensions when situated on the wire.
For a more in depth discussion of the relationship between the
droplet size and the measured intensity profile FWHM see Sl
section 5. From Figure 2d) it is notable that the majority of the
observed surface bound particles are close to the diffraction
limit of the imaging system. Although the two measurements
(single particle tracking and FWHM of the intensity profile) of
the particle size distribution are not directly comparable, the
sizes of the particle measured in the image are consistent with
those obtained from the tracking analysis. Consequently, it is
concluded that upon adsorption of the particles no appreciable
coalescence occurs for the surface coverages presently under
study. Noting the precise droplet shape at the interface will be
sensitive to the wetting properties of the emulsion at the car-
bon fibre surface. Having demonstrated the accumulation of
the droplets at a carbon surface, the work now reports the en-
semble electrochemical response of the emulsion at a macro-
electrode.

Emulsion Ensemble Electrochemical Response. A macro
glassy carbon electrode was submerged in the ionic lig-
uid/toluene emulsion (1:100 dilution, 50 mM HCI) and the
cathodic voltammetric response recorded between 0.4 and -0.3
V vs. a pseudo silver reference electrode. The resulting volt-
ammetry recorded in the presence (12 mM) and absence (0
mM) of Nile Red in the emulsion is depicted in Figure 3. A
reversible voltammetric feature centred at -0.09 V vs. Ag is
observed. The inlay of Figure 3 depicts the voltammetric re-
sponse as a function of scan rate and the peak current is found
to vary linearly with the experimental scan rate. Hence, alt-
hough significant reduction is still occurring at high over po-
tentials (cf. -0.3V vs Ag) the voltammetric feature is conclud-
ed to be predominantly surface bound. Moreover, variation of
the concentration of the Nile Red dissolved in the emulsion is

found to scale the magnitude of the voltammetric wave (SI
section 6). Hence, in light of these observations and the results
of the previous section it is concluded that the voltammetric
feature likely corresponds to the redox of Nile Red dissolved
in the emulsion droplets adhered to the macroelectrode sur-
face.
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Figure 3: Voltammetric response of the emulsion (1:100 dilu-
tion, 50 mM HCI) at a glassy carbon macroelectrode (radius
=1.5 mm) in the presence (red) and absence (black) of 12 mM
Nile Red in the emulsion droplets, measured at scan rate of
100 mVs™. Inlay depicts the same voltammetric wave record-
ed at scan rates ranging from 0.05-0.4 Vs,

In order to further illuminate the Nile Red redox process, the
voltammetric response of the emulsion at the macro glassy
carbon electrode was measured as a function of pH against a
saturated calomel electrode (see Sl section 6). The position of
the voltammetric wave is found to vary with ~60 mV/pH;
hence, it is concluded that during the course of the electro-
chemical reaction an equal number of protons and electrons
are transferred. In light of the molecular structure of Nile Red
it seems likely that the reversible redox reaction corresponds
to the two-electron, two-proton process proposed in Scheme 2.
Moreover, the sensitivity of the reaction to the solution phase
pH strongly evidences that protons are being transferred into
the emulsion droplets so as to protonate the reduced electro-
chemical species. The article now turns to consider the elec-
trochemical and optical behaviour of the emulsion droplets at
a carbon fibre electrode under potentiostatic control.
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Scheme 2: Proposed redox product and mechanism for the
reduction of Nile Red in the ionic liquid/toluene emulsion
droplets.

Redox Controlled Fluorescence Switching. In-situ accumu-
lation of the droplets results in a random array of micron and
sub-micron sized particles adhered to the electrochemical in-
terface. The developed system allows the synchronisation of



the optical and electrochemical data acquisition systems. Dou-
ble step chronoamperometry was performed at the carbon fibre
wire electrode where the potential was initially stepped to -0.2
V vs Ag for 20 s; following this the electrode was stepped
anodically to and held at +0.2 V for a further 20 s. Microscope
images were concomitantly acquired at rate of 10 frames per
second. Figure 4 depicts the combined electrochemical and
optical results. The measured time current profiles (Figure 4 a)
predominantly show the current associated with the capacitive
charging and discharging of the carbon fibre electrode. Figure
4 b) shows three representative images of the carbon fibre wire
during the course of the chronoamperogram. The fluorescence
intensity of the surface bound particles is clearly seen to
switch off and on as a function of the applied potential.

Analysis of the microscope images allows quantitative infor-
mation regarding the fluorescence intensity of individual par-
ticles as a function of time to be obtained. Overlaid on the
electrochemical response of the carbon fibre wire are the
measured fluorescence intensities for three arbitrarily selected
surface bound Nile Red dye emulsion droplets (Figure 4 a).
The values presented are obtained by averaging the digital
microscope image intensity over the entire observable area of
the each particle for each frame in the time series. The result-
ing mean intensity versus time plots for the individual parti-
cles are subsequently background corrected and normalized
against their initial intensity at beginning of the chronoam-
perometric experiment. As can be seen from the figure, appli-
cation of the reductive electrode potential (-0.2 V vs. Ag) re-
sults in a rapid decrease in the particle fluorescence intensities.
The magnitude of these fluorescence intensities decreases to
less than twenty percent of their initial values after ca. 10 sec-
onds of the reductive electrode potential being applied. Even
after 20 seconds of the reductive potential being applied the
particles are still observable in the microscope images albeit
with lower fluorescence intensities.

After the reductive chronoamperometric step the electrode
potential is increased to a value of +0.2V vs Ag. Upon appli-
cation of the relatively oxidizing conditions the fluorescence
intensity of the droplets is found to increase (Figure 4 a).
However, even after 20 seconds of +0.2 V being applied the
fluorescence intensity of the particles only returns to less than
80% of its original value. Notably the magnitudes of the fluo-
rescence intensity profiles shown for the oxidative step do not
appear to have reached a steady value even after 20 seconds.
Hence, it is apparent that the kinetics of the forward and re-
verse fluorescence switching process — as measured via the
individual particle intensities — differ within the microdroplet
environment. This question of the kinetics of the redox switch-
ing process will be returned to more fully in the following
section. First however, this work reflects on the fact that the
measured intensity profiles of the particles as a function of the
applied potential provide complementary but not identical
information to the measured electrochemical flux. Specifical-
ly, the fluorescence intensity is sensitive to the local solvent
environment and both the redox and protonation state of the
fluorogenic substance. Hence, additional information is con-
tained in the imaged intensity profile; however, complete in-
terpretation is a more complex task. Second, the ionic lig-
uid/toluene environment is highly viscous where the pure ionic
liquid has a reported viscosity of 0.464 Pa s. As an example of
this viscosity the diffusion coefficient of ferrocene in pure

[P6,6,6,14][FAP] has been reported as 8.6+0.2x10™* m* s*.®
lon pairing in ionic liquids is known to have a profound effect
on the diffusion coefficients of species in such solvents.*’ Giv-
en the relatively large dipole moment of the Nile Red, even
with the toluene in the emulsion droplets, it is not unreasona-
ble that the diffusion coefficient of the fluorophore in the indi-
vidual droplets may be very low. Consequently, mass-
transport of the Nile Red within the droplet environment may
play a significant role in the observed kinetics of the process.
For example if the diffusion coefficient of the Nile Red in the
droplet is as low as 1x10™ m? s™ then the time taken for a
molecule to diffuse a distance (~v/Dt) of a micron will be in
the order of a second. The article now continues by demon-
strating how the electrochemical switching of the fluorescence
intensity may be studied dynamically as a function of the ap-
plied electrode potential.
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Figure 4: Double step chronoamperometry at a carbon fibre
microwire electrode (step 1 -0.2 V vs. Ag for 20 s, step 2 +0.2
V vs. Ag for 20 s). a) depicts the electrochemical current
(black) recorded at the entire carbon fibre electrode; overlaid
are the fluorescence mean intensity plots (red, blue and grey)
for three arbitrarily selected surface bound droplets. The op-
tical intensities have been normalized against their initial val-
ues at t=0s. b) shows a series of images of a section of the car-
bon fibre wire during the course of the chronoamperometric
experiment. The fluorescence intensities of the surface ad-
hered droplets can clearly be seen to switch as a function of
the applied electrode potential. Note the contrast of the micro-
scope images has been inverted for clarity.

Fluorescence Monitored Single Particle Voltammetry. A
number of factors are found to limit the sensitivity of electro-
chemical measurements of Faradaic currents. Two important
factors are the small magnitude of the elementary charge of an
electron and the presence of capacitive processes associated
with the charging of an electrochemical interface. The vast
majority of single entity electrochemical studies achieve de-
tection via the measurement of the chronoamperometric re-
sponses. Here a potential is applied to the electrode and during
the course of the experiment a single entity be it a cell, nano-
particle or emulsion droplet, may arrive at and collide with the
electrode. In this way the electrochemical response of the sin-
gle entities are temporally decoupled and have improved reso-
lution above the capacitive charging of the electrode. Alt-
hough this procedure is beneficial in increasing the signal-to-
noise ratio, extraction of kinetically useful information com-
monly requires a series of chronoamperometric measurements
to be performed at different potentials. From this series of
recorded transients the average response at each potential can
be analysed; hence, information about the ensemble kinetics



may be obtained. Although each measurement is itself record-
ed stochastically on a single entity, information regarding the
electrochemical kinetics of and at individual particles is not
obtainable. By measuring the fluorescence intensity of indi-
vidual emulsion droplets the progress of the electrochemical
reaction in the small volume (cf. tens of attolitres) can be mon-
itored. Moreover, the differential of mean particle intensity as
a function of time yields an indirect measurement of the elec-
trochemical flux. Such measurements are not directly sensitive
to the capacitive charging of the electrode and do not suffer
issues relating to the measurement of the flux of small charg-
es.

The potential on a carbon fibre electrode submerged in the
ionic liquid/toluene emulsion (emulsion dilution 1:100, 50
mM HCI) was initially swept cathodically from 0.4 —-0.3 V vs
Ag, the scan direction was subsequently reversed and the po-
tential swept back to +0.4 V vs Ag. During the course of the
cyclic voltammetry both the current and the optical response
of the surface bound droplets was monitored. Figure 5 depicts
the combined optical and electrochemical (inlay) responses of
the system at a scan rate of a) 100 mV s™ and b) 10 mV s™.
The optical intensities for three individual particles are pre-
sented in Figure 5 as their 1% time derivative. Sl section 7 pre-
sents the directly measured intensities normalized against their
initial intensities. At both 100 and 10 mVs™ a clear quasi-
reversible redox wave is observed in the electrochemical re-
sponse of the wire (Figure 5 a) and b) inlays). The redox pro-
cess is centred around ~0.0 V vs. the Ag pseudo reference
electrode. Notably in the electrochemical response at the lower
scan rate (10 mV s™) a significant number of spikes are ob-
served during the course of the cyclic voltammogram the
magnitude of which increase at more cathodic potentials,
small numbers of comparable features are also observable in
the voltammetric response at 100 mV s™. These bursts of cur-
rent are ascribed as relating to the arrival of Nile Red dyed
droplets to the working electrode during the course of the elec-
trochemical experiment. The length of the working electrode
in the optical cell is approximately ~10 mm. Due to the length
of the carbon fibre electrode, the electrochemical noise of the
system exhibits a peak-to-peak value of approximately 200
pA. As a consequence of the magnitude of this noise, direct
electrochemical single entity detection of the arrival of the
droplets to the electrode surface is only feasible for the largest
particles present in solution. Second, with the use of a 20x
objective the field of view is approximately 665 pum across
hence only ca. 15% of the working electrode is observable in
the microscope image at any one time, this issue becomes
even more apparent with the use of higher magnification.
Hence, even though the arrival of a particle may be electro-
chemically recorded the event itself may occur outside of the
optical field of view. This issue is further compounded by the
inability to in-situ image the underside of the carbon fibre
wire.

Having monitored the fluorescence intensities of three surface
bound emulsion droplets during the course of the electrochem-
ical experiment their first time derivatives were calculated and
plotted against the applied electrode potential, the results of
which are shown in Figure 5. As previously discussed, alt-
hough the single droplet fluorescence intensities are sensitive
to more than just the redox state of the Nile Red dye, at its
simplest the time derivatives of the single particle fluorescence

intensities can be viewed as single droplet “cyclic voltammo-
grams” measured via the fluorescence intensity. Figure 5
clearly shows the redox switching of the fluorescence as a
function of the applied potential and the position of these sin-
gle droplet fluorescence measured voltammograms are in ex-
cellent agreement with that recorded electrochemically for the
entire electrode i.e. both processes are found to occur at ~0.0
V vs Ag. Consequently, the differing ‘voltammetric’
waveshapes observed at 10 and 100 mVs™ can be readily un-
derstood as reflecting the change in the diffusion regime with-
in the droplets as a function of the experimental time (scan
rate). To explicitly restate this point, at 100 mVs™ insufficient
time is given for all of the Nile Red present within the droplets
to diffuse through the droplet to the electrochemical interface
and undergo reduction, conversely at the lower scan rate of 10
mV s nearly all of the redox active material present in the
particle is reduced. Hence, the individual particle voltammet-
ric responses at 10 mVs™ exhibit reductive wave-shapes that
are highly indicative of thin-layer diffusion within the drop-
lets.
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Figure 5: Fluorescence monitored electrochemical flux of
three individual droplets from the measurement of the 1% time
derivative of the normalised mean particle intensity as a func-
tion of the applied electrode potential at a scan rate of a) 100
mV s and b) 10 mV s™'. Inlays depict the corresponding elec-
trochemical measurement for the entire carbon fibre elec-
trode.




As discussed previously in relation to the single particle fluo-
rescence responses during the chronoamperometric electro-
chemical measurements, there is a distinct asymmetry to the
kinetics of the reduction and oxidation processes as measured
via the droplet fluorescence intensities. For the cyclic voltam-
metry even at 10 mV s the fluorescence intensities of the
measured particles at the end of the scan are still increasing
however they attain approximately only 70% of their original
magnitude. This asymmetry is clearly observable in the recon-
structed voltammograms present in Figure 5, where in both
cases the magnitude of the anodic peaks are significantly
smaller than the associated reductive wave. First, the observed
results are not consistent with irreversible chemical or photo-
chemical decomposition of the reduced product, as evidenced
by the relatively slow increase of the particle intensities to-
wards the end of the cyclic voltammetric scan. This slow in-
crease in the particle intensity indicates that the reformation of
the Nile Red is slow and not irreversible (see Sl section 7 for
raw data). Second, this observed asymmetry in the single
droplet voltammetry highlights how the presented technique
may beneficially provide new and complementary information
regarding electrochemical processes occurring in individual
confined volumes.

This article finally turns to briefly and non-exhaustively con-
sider the plausible physical origin of this observed asymmetry
in the reduction and oxidation processes as measured via the
single particle fluorescence intensity. On the basis of the pres-
ence of the ionic liquid in the emulsion droplets it is credible
that the asymmetry arises due to the differing diffusion coeffi-
cients of the oxidised and reduced species in the organic
phase. Previous work has demonstrated how for the oxy-
gen/superoxide anion system the diffusion coefficients differ
by approximately a factor of 30 due to the relatively strong
ion-pairing between the formed superoxide and the ionic lig-
uid cation.”” Sl section 8 presents a simple simulated model of
a thin-layer (1 um) electrochemical cell under a linear diffu-
sion regime where the reduced species has a diffusion coeffi-
cient an order of magnitude below than that of the oxidized.
Qualitatively this simulated voltammetric response exhibits
similar characteristics to those observed in the single droplet
voltammetry. However, as demonstrated by the ensemble elec-
trochemical response of the emulsion at the glassy carbon
macroelectrode, the position of the redox wave is sensitive to
the pH of the aqueous phase. Consequently, it is unlikely that
the reduced product is charged and, as such, although its di-
pole moment will differ from of the parent molecule, it is un-
likely that the diffusion coefficient of the reduced and oxi-
dized species differ so dramatically in the absence of ion-
pairing with the electrolyte (ionic liquid). As an alternate ex-
planation the sensitivity of the redox response towards the
aqueous solution phase pH may give an indication towards the
origin of the observed kinetic asymmetry. Specifically, assum-
ing the reduction process corresponds overall to a two-
electron, two-proton reduction then seven possible intermedi-
ates exist (as may be summarized in a so-called ‘scheme of
squares’)*®*® and the exact mechanistic pathway taken will be
sensitive to the individual pK,s of the intermediates. Moreo-
ver, due to the changing electrode potential, for such systems
the forward and reverse paths need not be the same.® Hence,

the reformation of the parent Nile Red molecule may become
chemically “gated” by a requirement to deprotonate.

CONCLUSIONS

For the synthesized Nile Red labelled ionic liquid/toluene-in-
water emulsion the average droplet diameter is determined to
be 530 nm (interquartile range = 180 nm) as measured by sin-
gle particle tracking analysis. Electrochemically the Nile Red
is proposed to undergo a two-electron, two-proton reduction
where the product is non or weakly fluorescent. At the single
droplet level the kinetics of the reduction and oxidation pro-
cess is found to be asymmetric, as monitored by the change in
the single particle fluorescence intensities. This technique of
monitoring the electrochemical flux indirectly via the droplet
fluorescence provides a route by which kinetics of an electro-
chemical reaction can be dynamically probed in an attolitre
volume.
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