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In operando visualization of local electrochemical reactions provides mechanical insights into the dynamic
transport of interfacial charge and reactant/product. Electrochemiluminescence is a crossover technique
that quantitatively determines Faraday current and mass transport in a straightforward manner. However,
the sensitivity is hindered by the low collision efficiency of radicals and side reactions at high voltage.
Here, we report a site-selective heat boosting electrochemiluminescence microscopy. By generating
a micron-scale heat point in situ at the electrode—solution interface, we achieved an enhancement of
luminescence intensity up to 63 times, along with an advance of 0.2 V in applied voltage. Experimental

results and finite element simulation demonstrate that the fundamental reasons are accelerated reaction
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Accepted 2nd August 2023 rate and thermal convection via a photothermal effect. The concentrated electrochemiluminescence not
only boosts the contrast of single cells by 20.54 times but also enables the site-selective cell-by-cell

DOI: 10.1039/d35c02298f analysis of the heterogeneous membrane protein abundance. This electrochemical visualization method
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Introduction

In situ/operando methods based on electrochemistry have
brought deep insights in advancing renewable energy tech-
niques, including new batteries, electrocatalysts, water elec-
trolysis, etc." The real-time analysis of interfacial and
composition changes under given reaction conditions helped
us to exclude some misunderstandings of the mechanism
arrived at by bulk analysis. Among various methods, electro-
chemiluminescence (ECL), a light emission process triggered by
electrochemical reactions, stands out because of its unique
merits. Thanks to the conversion of electricity to luminescence,
ECL has very high sensitivity, a near-zero optical background
and fast temporal response to electrical stimulation. The past
two decades have witnessed its prosperity in analytical fields of
biosensing, environmental detection, medical diagnostics, etc.,>
showing both its extremely high scientific potential and
commercial value. With an electron-multiplying charge coupled
device (EMCCD) camera and simple lens groups, electro-
chemiluminescence microscopy (ECLM) not only inherits the
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has great potential in the highly sensitive and selective analysis of local electron transfer events.

advantage of the conventional ECL technique, but is also
endowed with high spatial resolution by a simple configuration,
becoming the leading technique in operando visualization of
electrochemical processes.>™°

Cell membrane, as a special interface, contains abundant
biological information where a panoply of receptors can
recognize the external stimuli and initiate the internal
responses.”* There is no doubt that developing the imaging
techniques of the cell membrane plays a pivotal role in
understanding the mechanisms of many physiological
processes including cell-cell communication,"* activation of
signaling pathways,*® cell migration,™ disease progression,*
etc. Previous imaging methods mainly resorted to fluores-
cence, such as total internal reflection fluorescence micros-
copy (TIRFM),***” confocal laser scanning microscopy
(CLSM),*®** etc. However, the autofluorescence of cells leads to
a decrease in the signal-to-noise ratio and the labeling tag is
relatively limited. Surface plasmon resonance microscopy
(SPRM) does not require a labeling process, but its lateral
resolution is restricted by the propagation of evanescent
waves.**** Electrochemical techniques such as scanning elec-
trochemical microscopy (SECM) can achieve high spatial
resolution but temporal resolution is sacrificed, thus they are
not suitable for real-time detection of cell morphology.* In the
context of the need to ensure both high sensitivity and
spatiotemporal resolution, ECL methods have attracted a lot of
attention. In comparison to fluorescence microscopy, ECLM is
more surface-confined because of the limited lifetime of
radical species, and thus it reveals more detailed information

© 2023 The Author(s). Published by the Royal Society of Chemistry
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about the cell basal membrane.**** In recent years, this tech-
nique has been widely used to analyze membrane protein
distribution,> determine membrane protein contents,*® image
a single biomolecule on cell membranes,*” observe cell matrix
adhesion and cell junctions,*®?* etc.

Nevertheless, one of the fatal problems of this technology is
the lack of a strong luminescence system. Although there has
been a lot of work devoted to the development of new ECL
systems after Leland et al.* proposed the Ru(bpy);>*/tri-n-pro-
pylamine (TPrA) system, the synthesis process is often complex
and the luminescence is difficult to be captured by the EMCCD.
No work has yet been done to fully exceed the luminescence
intensity of the standard Ru(bpy);>"/TPrA system at suitable
concentrations, so this luminescence system is still mainly used
in the ECLM field. However, this system has several drawbacks:
(i) it needs to reach a voltage above 1 V vs. Ag/AgCl to trigger the
ECL emission, which may have a great impact on the cell
membrane morphology; (ii) it is still a weak light system, having
much room for improvement; (iii) it has problems in imaging
entities that are relatively far from the electrode because of the
surface-confined property.

It is urgent to develop optimization modalities. The factors
that influence the final ECL signals in this system include: (i)
the kinetics of electrode reactions; (ii) the lifetime of radical
cations; (iii) the distribution of reactants. Previous approaches
such as shortening the distance between the luminophores and
the co-reactants by an intramolecular electron transfer strategy
can effectively enhance the luminescence intensity,* but are
still limited by the modification concentration. Some studies
based on the photoelectric effect propose a new type of ECL
named the photoinduced electrochemiluminescence (PECL),
which can advance the trigger voltage through an applied
energy conversion of luminescence to electricity.**>** However,
this phenomenon is limited to semiconductor electrodes. Here,
we boosted the ECL emission of the classic ECL system by
inducing local heat through a laser module. Amazingly, the
original Ru(bpy),>*/TPrA system with the strongest lumines-
cence still shows 63-fold increase in ECL intensity. The trigger
potential was also advanced by 0.2 V, which is firstly reported
via photothermal ECLM. And the ECL emission layer around
the heating spot became thicker. This method improves the
ECL technique through all three factors mentioned above. The
local high temperature not only accelerates the ECL reaction
rates and advances the overpotential, but also causes thermal
convection. Benefiting from the spatial resolution of micros-
copy, we directly observed the existence of thermal convection
and determined its importance in boosting ECL for the first
time. Both experimental and finite element simulation show
that the thermal convection facilitates the contact between
reactants, further promoting the ECL reactions. We also iden-
tified that the main influencing species of thermal convection
are the co-reactant and its downstream products. Meanwhile,
the phenomenon shows site-selective ability and therefore good
controllability. With the movement of the laser beam, the
enhanced ECL region changes in real time, allowing the
imaging or the photothermal treatment of the specified cells.
Inspired by all these improved properties, we utilized this heat
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boosting ECL microscopy (HT-ECLM) to image the suspension
cells CEM instead of the commonly used adherent cells which
are closer to the electrode surfaces as the imaging objective.
Finally, 20.54 times higher contrast images of these suspension
cells with short exposure time were achieved. The HT-ECLM
strategy proposed in this work broadens the ECLM applica-
tions in bioimaging, providing a new opportunity in both cell
and material fields.

Results and discussion
Heat boosts the ECL intensity below the trigger potential

Through assembling the laser module in a homemade ECLM,
we focused a 730 nm laser on a GCE surface and manipulated
the laser intensity. The two added short-pass 700 nm filters and
a band-pass 595/645 nm filter (see details in the Instrumenta-
tion and General Technologies section) assisted us in excluding
the interference between the 730 nm laser and ECL from
Ru(bpy)s>* with the emission peak at 620 nm to the maximum
extent. Generally, we employed a three-electrode system con-
taining a GCE as the working electrode, a platinum electrode as
the counter electrode and Ag/AgCl as the reference. In the
presence of the applied potential from 0 to 1.4 V, the 620 nm
ECL emission from 1 mM Ru(bpy);>* and 100 mM TPrA will pass
through the water-immersion objective (x60, NA = 1.1) and is
recorded by the upright EMCCD (Fig. 1A).

When carefully adjusting the laser intensity to 36.18 pW
pum 2 which cannot be collected by the EMCCD (see details
about optimizing the laser intensity in Table S1 and Fig. S1;t the
laser intensity was measured after the objective), we found that
the place where the laser illuminated showed a brighter spot
than other blank spaces and moved in real time with the laser
beam, showing great site selective ability. The bright spot also
exhibited good stability over 3 h, i.e., it could be collected as
long as the ECL reactions were in progress and the laser
remained on. The focal plane was on the electrode surface.
Concomitantly, the brighter spot appeared at c.a. 0.85 V, earlier
than the initial voltage (c.a. 1.05 V) of the ECL system (Fig. 1B),
and the maximum light-emitting voltage is consistent with the
blank space, as shown in Fig. 1C and S27. We define the gain
factor as:

gain — Lpeax — Thackground (1)
Tyackground — Loffiet
to describe the ECL enhancement degree in the laser heating
region (LHR) quantitatively. Here, I,c,i Stands for the mean ECL
intensity obtained using the EMCCD at LHR, Iyackground T€pre-
sents the average ECL intensity at the blank region without laser
heating, and I indicates the intrinsic signal acquired with
the EMCCD, always around 402.092 (a.u.). As illustrated in
Fig. 1D, the maximum of gain reached 63 times at 0.95 V (the
ECL gain at different laser intensities is shown in Table S27). In
addition, the value of the gain is much higher at low potential,
implying that the laser has a stronger influence at this point,
mostly due to the absence of ECL in the blank region. We also
noticed that under these experimental conditions where the
oxidative-reduction pathway dominated and the catalytic
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Fig. 1 Observation of heat boosting electrochemiluminescence (HT-ECL). (A) Schematic image of the HT-ECL device. (B) Successive ECL
images of the spot heated by laser in 10 mM PBS (pH 7.4) containing 1 mM Ru(bpy)s2* and 100 mM TPrA with the applied potential from 0 V to
1.4V ata scan rate of 10 mV s Laser intensity is 36.18 pW pm 2. Scale bar (white) is 10 um. Exposure time: 200 ms. (C) ECL—potential curves of
the place irradiated by laser and the place without laser illumination in 10 mM PBS (pH 7.4) containing 1 mM Ru(bpy)s2* and 100 mM TPrA. The

voltage was cyclically scanned from 0 Vto 1.0 V ata scan rate of 10 mV s

-1

. (D) Diagram of the gain changing with the applied voltage from 0.85 V

to 1.4 V. Gain indicates the enhancement of ECL intensity in the laser heating spot compared to other places.

pathway occurred at a higher voltage (c.a. 1.3 V), the range of
LHR also increased as the voltage was raised. Upon fitting with
the Gaussian function, the full width at half maximum (FWHM)
of LHR varies with the applied voltage, reaching 3.159 pm at
0.95 V and a maximum of approximately 5.598 um at 1.15 V
(Fig. S31).

To verify that the HT-ECL was indeed caused by the heating
process, we used separate Ru(bpy),>*, TPrA and PBS solution of
the same experimental concentration (i.e., 1 mM for Ru(bpy),*",
100 mM for TPrA, 10 mM for PBS) to exclude the possibility that
the laser itself changed with the potential. As seen in Fig. S4,} to
collect the laser spot, we had to elevate the power density over
331.6 W um > (70 mA), higher than the experimental power
density of 36.18 and 49.44 uW pm > (45 and 55 mA) afore-
mentioned. Nevertheless, we could only observe that the laser
bright spot weakened with increasing voltage or stayed
unchangeable with change in the voltage (the lower panel in Fig.
S47), probably correlated with the effect of electrode electron
loss process on laser intensity®® and the destruction on the
electrode surface. Moreover, the FWHM collected here was
2.524 um, which was smaller than that in the ECL electrolyte
and considered as the size of the laser spot itself. Neither
Ru(bpy);>" nor TPrA solution undergoes the same phenom-
enon, revealing that this observation is closely associated with
ECL reactions.

9076 | Chem. Sci., 2023, 14, 9074-9085

Simulation of temperature regulated ECL

For a typical ECL system where Ru(bpy);>" acts as the lumino-
phore and TPrA acts as the co-reactant, the ECL pathways are
shown in Fig. 2A and Scheme S1.1 Simply put, at low potential
(around 0.83 V), TPrA is first oxidized into the cation radical
TPrA™". This TPrA™ species can firstly generate TPrA™ by depro-
tonation which then reacts with Ru(bpy);** to form Ru(bpy);";
secondly, it can oxidize Ru(bpy);" into an excited state which
finally leads to ECL emission. This pathway is named the low
oxidation potential (LOP) pathway. Another light-emitting route
is the so-called oxidative-reduction route, where Ru(bpy);>" is
also oxidized into Ru(bpy);** on the GCE surface at a higher
potential (start at c.a. 1.05 V, maximum at c.a. 1.2 V, at room
temperature), and subsequently Ru(bpy);*" participates in
a luminescence emitting reaction with TPrA',

Although there have been several reports about photoin-
duced ECL before,*® stating that the advance of potential in the
ECL system is due to the holes photogenerated by laser in
a semiconductor electrode triggering the ECL reaction, they
cannot provide a suitable explanation for our system since the
GCE is such a good conductor. Therefore, we made our own
speculation that the local enhancement of ECL intensity is due
to the localized heating process. To be specific, when a laser
beam was added on the GCE surface, the temperature would
increase locally to generate a temperature gradient, which

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 The mechanism and simulation of HT-ECL. Scheme (A) lllustration of the HT-ECL phenomenon results from thermal convection. The two
squares on the right show the two pathways of the ECL reaction. In 1 mM Ru(bpy)s>* and 100 mM TPrA, both pathways will happen. At potentials
lower than around 1.0 V, the LOP route dominates. When the potential is above 1.0 V, the oxidative-reduction route becomes the main pathway
to emit light. (B) Temperature distribution on the electrode surface simulated by COMSOL software. (C) Side view image of Ru(bpy)s>** simulated
by COMSOL software. The red arrow indicates the place where laser irradiates and the laser heating area is locally magnified.

would then induce thermal convection. However, it's difficult to
measure the exact temperature change at the LHR due to the
minute influence range; we used COMSOL simulation to
explore the effect of temperature on the reaction. As seen in
Fig. 2B, the temperature in the central region of laser heating
reached about 60 °C, while the edge remained at 20 °C. Mean-
while, the simulation result proved that this temperature
difference is sufficient to cause thermal convection and
enhance the ECL layer (Fig. 2C, and details in the ESI, COMSOL
simulationt).

According to the Arrhenius expression k = Ae™ ™", where E,
is the activation energy, k is the velocity constant, R is the molar
gas constant, T is the reaction temperature, and 4 is the pre-
exponential factor, the reaction rate increases when the
temperature rises, which enhances the local ECL, and reduces
the overpotential to advance the trigger potential.37 Also, the
elevated temperature enhances the diffusion coefficient, which
promotes the extension of the ECL layer. The thermal convec-
tion drives the aggregation of reactants thereby facilitating the
reaction between TPrA™ and luminophores. Thus, it is neces-
sary to compare the contributions of various factors that change
during the heating process to the enhancement of the final ECL
signal. Firstly, we posit that the stability of radicals remains
essentially unchanged or slightly decreases with increase in
temperature, as the existing literature indicates a decrease in
the luminescence efficiency of the ECL and barely no change in

E,/RT

© 2023 The Author(s). Published by the Royal Society of Chemistry

photophysical and photochemical properties with temperature
rise.*®* Thus, we will primarily compare the impact of convec-
tion, diffusion, and electron transfer kinetics on the ECL
enhancement. Initially, we generally heated the solution and
GCE to 60 °C, where no local temperature gradient was gener-
ated. Consequently, the temperature effect only brought about
changes in diffusion and electron transfer rates. Upon
normalization, an increase of 1.07-fold and 2.26-fold was
observed in the current density of Ru(bpy);>* and TPrA,
respectively. Subsequently, we applied convection using
a rotating disk electrode (RDE), with the rotation speed of
1314 rpm corresponding to the convective velocity near the laser
spot (for the detailed calculation process refer to eqn S1 and
S$21). For Ru(bpy);*>*/TPrA, the observed increases in current
density were 2.48-fold and 2.95-fold, respectively (Fig. S57).
Thus, we found that the impact of convection was slightly
greater than that of diffusion and electron transfer. Moreover,
convection exhibited pronounced effects on both Ru(bpy);>*
and TPrA, while under the condition of overall heating, the
change in Ru(bpy);>” was relatively smaller. It is possibly
because Ru(bpy);>* undergoes an outer-sphere reaction while
TPrA undergoes an inner-sphere reaction, making TPrA more
susceptible to electrode variations.**** Although both diffusion
and electron transfer rates increase with the heating process, we
believe that the former has a greater influence on the ECL
reaction, as it is predominantly diffusion-controlled.”* A

Chem. Sci., 2023, 14, 9074-9085 | 9077
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comparison between the two was accomplished through
COMSOL simulations. When the temperature was set at 60 °C,
we independently increased the diffusion coefficient or the
electron transfer rates associated with the Butler-Volmer
equation (Fig. S10t). According to the simulation results,
increasing the diffusion coefficient had a much more signifi-
cant impact on the luminescent layer than solely increasing the
electron transfer rate. In conclusion, we found that in the HT-
ECL system, the effect of convection was slightly greater than
that of diffusion, and the effect of diffusion was greater than
that of the electron transfer rate. Moreover, both simulation
(Fig. S11 and S12t) and experimental data indicated that the
changes in TPrA were greater than those in Ru(bpy),**, sug-
gesting that TPrA may be the primary species influenced by the
selective heating process, which will be further discussed in
subsequent sections.

Thermal convection promotes the ECL reactions

In corroboration of our opinion, we built a microscopy setup to
observe laser-induced thermal convection by fluorescence.
(Setup details in Fig. S13AT and Instrumentation section.) The
lower dichroic mirror (reflection: 705-900 nm; transmission:
532-690 nm) and 2 short-pass 700 nm filters were used to
ensure that 730 nm laser could be focused on the electrode
surface and not be recorded by the EMCCD above. The upper
dichroic mirror (reflection: 415-470 nm; transmission: 490-720
nm) serves to excite and transmit the fluorescence of Ru(bpy);>*.
1 mL electrolyte containing Ru(bpy);*"-doped silica nano-
particles (RuDSN) was put into the electrolytic cell. Subse-
quently, the laser and light source were turned on and the
position change of RuDSN was recorded over a period of time.
Although the motion trajectory of RuDSN is not always guar-
anteed to be in the objective focal plane resulting in a large
blurred pattern and some particles might settle on the elec-
trode, stopping the movement because of the influence of
gravity, we could still notice that RuDSN started to gather from
all directions towards the center heated by laser (a typical
particle is marked in Fig. 3A). Furthermore, the average move-
ment of RuDSN within 1 second is 8.23 pm. The longest influ-
ence distance exceeded the viewing range, i.e., more than 127.46
pum (from the border to the center of the laser irradiation in Fig.
S13Ef). Movement of particles hints at the direction of
convection (tracking trajectories are marked in Fig. 3B by
different colors), proving the virtual existence of thermal
convection.

Later, we introduced Nafion into our ECL system. Nafion,
a perfluorosulfonated ionomer, can form a polymer electro-
lyte membrane (PEM) with voids and certain permeability,**=°
which is often used for entrapping ionic species or immobi-
lizing modified materials. Therefore, after modifying Nafion
onto the GCE surface, the diffusion and convection of ECL
molecules will be greatly decreased. Given that Nafion could
probably reduce the conductivity, a drop of 0.05% Nafion
ethanol solution (v/v) was suspension coated on the GCE
surface. Although the Nafion may increase the distance
between the electrode and the object, the bare areas of the

9078 | Chem. Sci., 2023, 14, 9074-9085
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electrode surface could still be discovered and thus helped to
maintain the focal plane on the electrode surface. After
complete evaporation of the solvent, the bright field image of
Nafion on GCE was obtained using the EMCCD. As Fig. S147
shows, the originally smooth surface became rough. Then, we
compared the change of ECL on Nafion modified GCE before
and after laser was on. Because of poor conductivity, the area
covered by Nafion film was shaded black in the ECL field. As
expected, the addition of the laser did not cause enhancement
of the ECL, most likely due to the poor mobility of the inter-
mediates in the Nafion film and thus the lifetime of inter-
mediates was exhausted (Fig. 3C-E).

Co-reactants are the main species affected by the
photothermal effect

As mentioned earlier, we contemplated that TPrA and its
electrode products (TPrA™", TPrA) are the species primarily
affected during the local heating process. It is mainly
proposed for two reasons. First, the ECL layer is mainly
dominated by the concentration distribution profile of TPrA™*
except in the catalytic pathway; Second, the inner-sphere
electrode reactions (TPrA) should be more dependent on the
electrode materials than the outer-sphere electrode reactions
(Ru(bpy);*"). In order to compare the difference of electrode
reactions of Ru(bpy);>* and TPrA, we also performed several
experiments as seen in Fig. S15.f That is to say, when
a temperature gradient is aroused locally, its influence on the
oxidation rate and convection rate of TPrA might be larger
than that of Ru(bpy),>". To verify this idea, we first altered the
concentration of Ru(bpy);>" from 50 pM to 10 mM, keeping
the concentration of TPrA at 100 mM, to observe the gain of
HT-ECL intensity. It is found that when the concentration of
Ru(bpy);>" is lower than 1 mM, the gain of HT-ECL increased
with the increasing concentration. But after reaching 5 mM
and 10 mM, this trend disappeared (Fig. 4A). It can be
attributed to the different routes of ECL. At low concentra-
tions of Ru(bpy);>*, the dominant ECL route is the LOP route
and oxidative-reduction route, in which TPrA™ decides the
ECL layer. When Ru(bpy);>* concentration reaches a higher
level, the catalytic pathway will occur, where Ru(bpy);>* is
oxidized to Ru(bpy);*" at the electrode, and then Ru(bpy);**
oxidizes TPrA into TPrA™" and reacts with TPrA" to generate
the excited state. At this situation, Ru(bpy);** will decide the
ECL layer. Because TPrA and its downstream species are more
influenced, the gain of HT-ECL is much higher at the
Ru(bpy);>" concentration of 1 mM than at 5 mM and 10 mM.
When Ru(bpy);>" is at a lower concentration (i.e., 50 pM, 100
uM), the HT-ECL intensity will be limited by very scant
luminophores in solution leading to a low value of gain. Thus,
increasing the luminophore concentration from 50 uM to
1 mM also augments the HT-ECL intensity, showing the
upward trend of gain. We also conducted experiments by
keeping the concentration of Ru(bpy);** at 1 mM and varying
the concentration of TPrA from 1 mM to 200 mM (Fig. S167).
The results revealed a progressive enhancement in the gain

factor with increasing TPrA concentration, eventually

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 HT-ECL is promoted by thermal convection and inhibited by the depletion of intermediates. (A) Successive FL images showing the
movement of RUDSN in 10 mM PBS (pH 7.4). A typical particle is marked by a green circle, the orange solid circle with red dots in the middle
represents the position of the laser. Exposure time: 10 ms. Scale bar (white) is 20 pm. (B) The movement trajectories of seven particles are
indicated by lines of different colors, and the arrows show the direction of movements. The trajectory is tracked by imaged software. Exposure
time: 10 ms. Scale bar (white) is 20 pm. (C—E) the HT-ECL images of GCE modified by Nafion in 10 mM PBS (pH 7.4) containing 1 mM Ru(bpy)s>*
and 100 MM TPrA at 0.9 V (C), 1.0 V (D), 1.1 V (E), respectively. The dotted blue circle indicates the laser position where the HT-ECL should have
appeared. Exposure time: 200 ms. Scale bar (white for C, black for D and E) is 20 um.

reaching a maximum value of 42-fold enhancement. The
reaction pathway of ECL is mainly determined by the applied
voltage and the relative concentrations of Ru(bpy);** and
TPrA. In cases where TPrA is relatively dilute, the catalytic
pathway predominantly controls the ECL, resulting in a lower
enhancement of HT-ECL. As the TPrA concentration
continues to increase, the oxidative-reduction and LOP
pathways gradually assume dominance, thereby yielding
a higher HT-ECL enhancement. Furthermore, as mentioned
above, gain is much higher at low potential (c.a. 0.95 V) for all
concentrations, when Ru(bpy);>" has not yet begun to be
oxidized by the electrode but it has already reached the onset
oxidation potential of TPrA, providing additional evidence.
As known, free-moving molecules are more easily driven by
thermal convection than fixed ones. Thus secondly, we changed
co-reactants to nitrogen doped carbon dots entrapped by mes-
oporous silica nanoparticles (NCDs/MSN) through electrostatic
attraction. Although NCDs exhibit lower reaction efficiency
compared to TPrA, we still observed enhancement phenomena
when NCDs were dissolved in a solution containing 1 mM
Ru(bpy);>* (Fig. S17). Thus, NCDs/MSN not only contain
abundant amine moieties to ensure efficient ECL intensity but
have worse mobility. (Characterization details in Fig. S18 and
S197). After dispensing NCDs/MSN on the electrode surface and
putting into the solution containing 1 mM Ru(bpy);*', it is
noticed that the HT-ECL phenomenon was absent in the vicinity
of these co-reactant particles under the same experimental
conditions, indicating the importance of free-moving co-

© 2023 The Author(s). Published by the Royal Society of Chemistry

reactants (Fig. 4B). Then we employed Ru(bpy);(PFe), which had
poor solubility in aqueous solution to prepare Ru(bpy);>" sedi-
ment (RuS) on GCE in a solution containing 100 mM TPrA (Fig.
S207). Fig. 4C reveals that the HT-ECL still took place when laser
heated the area near the RuS at 1.2 V, but the advance of onset
potential disappeared. It can be attributed to the minor disso-
lution of RuS so that there were still several freely moving
luminophores in solution, but the content was too low to trigger
the ECL reaction at a lower potential. In comparison, the HT-
ECL only emerged when TPrA could move freely, further veri-
fying our aforementioned point of view.

Subsequently, we fixed the luminophores on beads of
different sizes to investigate the enhancement effect of HT-
ECL when the LOP pathway dominates (corresponding FL
images are shown in Fig. S21}). When observing the 1.5
micrometer beads, we found that despite most of the
Ru(bpy);>" being immobilized on the beads, there was still
Ru(bpy);>" leaking into the solution, resulting in the HT-ECL
phenomenon at the blank electrode. When the HT-ECL region
was close to the 1.5 micrometer beads, the ECL gain of the
beads increased from 1.53-fold before irradiation to 3.41-fold,
and the HT-ECL region appeared to “submerge” the beads
(Fig. S2271). This may be because the HT-ECL range in the
blank region is larger than the size of the beads. The
normalized ECL intensity showed a slight increase in the
luminescence range, and the luminescence intensity of
neighboring beads also increased, demonstrating the wide-
spread influence range of HT-ECL (Fig. S231). As for the 5
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Fig. 4 The main affected species of the heating process are TPrA and downstream species and the enhancement in the LOP pathway. (A)
Histogram of gain as a function of applied voltage and emitter concentration. The applied voltage is from 0 V to 1.4 V at the scan rate of 10 mV s ™%,
The concentration of TPrA remains at 100 mM. (B) The ECL image (upper side) and the HT-ECL image (down side) of NCD/MSNs in 10 mM PBS
(pH 7.4) containing 1 mM Ru(bpy)s2*. The blue circle highlights the laser position where HT-ECL should be observed. The comparison between
HT-ECL and ECL image indicates no discernible difference between the ECL and HT-ECL image. Exposure time: 500 ms. Scale bar (white) is 20
um. (C) The ECL and HT-ECL images of RuS in 10 mM PBS (pH 7.4) containing 100 mM TPrA. The image (1) indicates the ECL image of RuS at the
potential of 1.2 V, and the other images disclose the HT-ECL images at the applied potential of 1.0 V (2), 1.1V (3), 1.2 V (4), respectively. The blue
circles reveal the place where the HT-ECL will occur. As seen, the place marked by the blue circle in the only ECL image (1) shows no HT-ECL
enhancement, while the HT-ECL images (2—4) show obvious HT-ECL enhancement. Exposure time: 200 ms. Scale bar (white) is 20 pm. (D) (Top)
The corresponding HT-ECL image (left) and ECL image (right) for the same Ru(bpy)s2* labeled 5 um SiO, beads in 10 mM PBS (pH 7.4) containing
100 mM TPrA. Applied voltage: 1.3 V. Exposure time: 800 ms. Scale bar: 5 pm. (Bottom) The corresponding HT-ECL and ECL gain for the target

bead in the upper image. (E) The normalized ECL intensity along the target bead in (D).

micrometer beads, their size was larger than the HT-ECL
range in the blank region, so the “submerging” phenom-
enon did not occur (Fig. 4D). However, we still observed an
increase in luminescence intensity from 2.09-fold before local
heat activation to 5.42-fold, accompanied by an expanded
luminescence range (Fig. 4E). For the 10 micrometer beads,
the luminescence intensity increased from 1.08-fold to 2.61-
fold, and there was also a certain degree of expansion in the
luminescence range (Fig. S241). These experiments confirm
that in the LOP pathway, the luminescence range indeed
increases, and the luminescence
a significant enhancement.

intensity experiences

Achieving high-contrast ECL images of the single suspension
cell by HT-ECLM

All in all, we believe that HT-ECL is a newly discovered
phenomenon with higher intensity and a thicker light-
emitting layer than pure ECL. We therefore expect to apply
this phenomenon in biological imaging to further expand the

9080 | Chem. Sci., 2023, 14, 9074-9085

application of ECLM. Recently, ECLM on single cell studies
has been mainly limited to the electrode surface to observe
cell membrane proteins,* cell adhesion migration,*® cell
basal membranes,**** etc., due to the short lifetime of the
intermediate radical. Although there are also papers that
extend the ECL layer to image the upper surface of cells using
the catalytic pathway,*** the poor specificity and weak signal
still restrict its further development. Therefore, we selected
suspension cell CEM as a model cell to image, and tried to
observe whether HT-ECL could enhance the ECL imaging
quality. We first labeled the luminophores on the cell
membrane of CEM according to the reported method?*> (the
detailed labeling process could be found in Materials and
methods), and obtained the ECL image as shown in the
middle part of Fig. 5B. Although this labeling method ach-
ieves positive mode of ECL images, which means that the
observation target shows bright ECL emission while the
background is black (see the detailed ECL mechanism in
Scheme S1f%), the signal is always weak. Thus, previous

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Exposure time is 1 s. (Bottom) corresponding ECL and HT-ECL intensity along the CEM cell. (D) The statistical gain of HT-ECL (n = 20), ECL (n =
20) and SL (n = 20). The numbers indicate the average values of gain. The error bars suggest the standard deviation.

articles had to elevate the collection parameters (e.g.,
increasing the exposure time) to get better images.*"*>?
Compared to the adherent cells often used in other arti-
cles, the suspension cells are located remotely from the
electrode surface, so the ECL signal will be further decreased
at a low exposure time (c.a. 1 s) (middle image in Fig. 5B and
the left side of Fig. 5C). Then the laser heated a spot near
a CEM cell, and when a voltage of 1.4 V was applied, the
luminescence intensity at the cell was significantly enhanced
(schematic illustration in Fig. 5A). Note that at this time the
signal collected was the sum of the cell HT-ECL and scattering
luminescence (SL) of the laser. In order to precisely focus on
the HT-ECL, we use the HT-ECL + SL images recorded in the
presence of applied voltage to subtract the sole SL images
obtained when voltage was off (see Materials and methods for
the detailed processing method). As shown in the right image
of Fig. 5B and C, the HT-ECL of CEM has indeed been greatly
improved in comparison with pure ECL. In addition, for
ruling out the possibility that the separate SL intensity
changes with the voltage leading to this enhancement
occurrence, we performed the same experimental operation
and image processing steps on the cells without labeling
luminophores. It was found that for the SL signal alone, the
intensity decreased with the increase of the charge density,
causing a black pattern emerging at the cell region after
image processing (Fig. S25t), which is obviously opposite to

© 2023 The Author(s). Published by the Royal Society of Chemistry

the phenomenon of HT-ECL. Next, we quantitatively
compared the effectiveness of HT-ECL, ECL, and SL on cells
with the previously defined gain factor in this paper. It is
concluded that for 20 unlabeled cells, the gain values of SL are
all negative with the average of —0.854. The gain value of HT-
ECL ranges from 5.754 to 19.733, with the median of 11.4 and
20.54 times higher than the gain value of ECL from 0.132 to
1.641 with 0.555 on average (Fig. 5D). It is corroborative that
the gain of HT-ECL is much higher than that of ECL, which
further proves the superiority of the HT-ECL method.

Furthermore, the HT-ECL method was employed on
adherent MCF-7 cells (Fig. S267), which also exhibits improved
imaging contrast. However, the degree of enhancement is 4.38
fold, relatively smaller in comparison with CEM due to their
proximity to the electrode surface and inherently higher ECL
intensity.

Conclusions

We have discovered the local HT-ECL phenomenon of the
model ECL system Ru(bpy);>"/TPrA by ECLM. The HT-ECL
showed a higher ECL intensity (c.a. 63 times at 0.95 V),
thicker ECL layer and lower trigger potential (c.a. 0.85 V) of
ECL reactions at the place heated by a laser. By employing
RuDSN to directly observe the thermal convection and
modifying the Nafion film on the GCE surface to deplete the

Chem. Sci., 2023, 14, 9074-9085 | 9081
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lifetime of radicals, along with the COMSOL simulation, we
attributed the HT-ECL to the thermal convection and local
heat gradient, and the effect sequence is convection > diffu-
sion > electron transfer process. Moreover, experiments with
NCDs/MSN immobilizing the co-reactants and RuS immobi-
lizing the luminophores, respectively, have indicated that the
main influenced species were TPrA and its downstream
electrochemical products due to the different types of elec-
tron transfer process between co-reactants and lumino-
phores. This HT-ECLM helped us to greatly improve the
image contrast of suspension CEM cells at a relatively low
exposure time (1 s). As a newly discovered phenomenon in the
imaging domain, we expect that HT-ECL attracts more
attention and continues to broaden the application of ECLM.
For example, owing to the high site-selectivity of HT-ECLM,
a precise PTT and microscopic thermal biology might be
achieved. Moreover, because the heating process was induced
by a photothermal effect, which has various applications in
materials science, we also believe that the HT-ECLM might
become a significant tool to evaluate material performances
involved in the photothermal conversion process.

Experimental section
Instrumentation and general technologies

Fourier transform infrared spectroscopy (FT-IR) spectra were
recorded with a Vector 22 spectrometer (Bruker Corporation,
America). The bulk ECL measurements were performed with
an MPI-E detection system (Xi'an Remex, China) with a three-
electrode system, which consisted of Ag/AgCl (saturated KCl)
as the reference electrode, Pt as the counter electrode, and
GCE as the working electrode. Electrochemical measure-
ments were performed on a CHI 660D workstation (CH
Instruments Inc., Shanghai, China). Scanning electron
microscopy (SEM) micrographs were obtained with a Model
JSF-7800F scanning electron microscope. High-resolution
TEM micrographs were recorded on a JEM 2800 trans-
mission electron microscope. Ultraviolet-visible (UV-vis)
absorption spectra were obtained using a UV-3600 spectro-
photometer (Shimadzu).

Optical imaging measurements were all carried out on
a homemade upright ECL microscopy setup, including
microscope configuration and an electrochemical work
station. The microscope configuration contained a numerical
aperture (NA = 1.10) water-immersion objective (Olympus
LUMFLN X60) and an EMCCD camera (Photometrics, Evolve
512 Delta), a filter group, an imaging lens and an additional
laser module. When imposing the applied potential on the
three-electrode system, ECL emission from Ru(bpy);>* passed
through a bandpass filter 595/645 nm and were recorded with
an EMCCD, which could be triggered by a potentiostat
through a TTL signal. The laser module consisted of a laser
diode with the center wavelength of 730 nm (HL7302MG,
Thorlabs Inc. Shanghai), a current controller (LDC205C,
Thorlabs Inc. Shanghai) to drive the laser diode at constant
current from 0 mA to 100 mA and a temperature controller
(TED200C, Thorlabs Inc. Shanghai) to drive thermoelectric
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cooler (TEC) elements, respectively. Unless specified, the
current used was 45 mA, corresponding to 36.18 uW pm™?,
measured with a PM100D Thorlabs optical power meter
console with a S121C Thorlabs sensor. The detailed rela-
tionship between laser power density and current can be
found in Table S1.T When laser was turned on, the laser beam
would first pass through a long-pass 725 nm filter to initially
purify the laser wavelength into 730 nm, and then a filter
group was also added, comprising a long-pass 700 nm filter
and a dichroic mirror (reflection band 705/900 nm; trans-
mission band 532/690 nm) and 2 short-pass 700 nm filters
along with the bandpass filter 595/645 nm for ECL emission
to further eliminate distractions. The corresponding bright
field (BF) images and fluorescence (FL) images were obtained
using the same microscope device with different filter groups.
For BF images, the filter group contained a 400-700 nm
reflection mirror. For FL images, the filter group contained
a dichroic mirror (reflection band 415/470 nm; transmission
band 490/720 nm) to reflect the white light source (LED
flashlight), bandpass filter 430/490 nm for excitation, and
bandpass filter 595/645 nm for emission, respectively.

Image analysis

The image analysis and processing were performed using
Matlab and Image] software. To obtain the HT-ECL, ECL, and
SL images of the CEM cell, the typical processing method is as
follows: first, the initial image sequence of 1 s was recorded
with the EMCCD and opened in Image]. Second, the voltage
data processed using Matlab was in one-to-one correspon-
dence with the image sequence, so as to determine the image
sequence with voltage applied and the sequence without
voltage applied. Third, 20 original images with 1.4 V applied
were superimposed by Image] to improve the signal-to-noise
ratio followed by subtracting the same superimposed
images without voltage applied. For final HT-ECL, ECL, and
SL images, the processing methods are exactly the same to
acquire rigorous comparative results.
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Abbreviations

HT-ECL Heat boosting electrochemiluminescence
ECL Electrochemiluminescence

LHR Laser heating region

SL Scattering luminescence

ECLM Electrochemiluminescence microscopy
TPrA Tri-n-propylamine
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