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of Chemistry Water—air nanointerfaces are essential components of multiphase electrochemical processes in various
energy-related applications, including water electrolysis, hydrogen fuel cells, and CO, electrochemical
reduction. Deep insights into the critical properties of the interfaces are much sought after but very
challenging to obtain due to their highly dynamic, transparent, and nanoscopic nature. A new approach
has been proposed for constructing stable water—air nanointerfaces using FIB-fabricated Janus
nanopore electrodes. The curvature of the nanointerfaces can be controlled electrochemically, ranging
from positive (nanodroplets) to negative (nanoconcaves/nanobubbles) ones. The morphologies of
different nanointerfaces were fully characterized with AFM. Single-molecule collision events of charged
dye molecules, recorded with fluorescence imaging, were used to probe the intrinsic properties of the
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nanointerfaces. The role of surface curvature in the collision frequency was also elucidated. We believe
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Introduction

Nanoscopic water-air interfaces, including nanobubbles and
nanodroplets, are involved in numerous fundamental physical
and chemical processes.™” A deep dive into the fine structure
and properties of the nanointerfaces would significantly benefit
research in related areas, such as water-splitting,** hydrogen
fuel cells,” and CO, electrochemical reduction.?® The interfaces
are extremely small, optically transparent, and inherently
unstable, making them very difficult to characterize. Addition-
ally, water-air interfaces in electrochemical processes, which
occur at multiphasic boundaries and are influenced by highly
dynamic electrochemical reactions,'®" present an even greater
challenge to study.

Methods have been proposed to study spontaneous and
randomly generated interfacial nanobubbles in water. AFM is
the most widely used tool for the study of interfacial
nanobubbles.”>™* However, due to its interaction with
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thus guiding the rational design of various energy-related systems.

nanobubbles and limited time resolution, AFM is difficult to
use for studying high-speed dynamic processes, such as elec-
trochemical ones. Nanoelectrodes are another popular tool for
studying electrochemical nanobubbles." White and coworkers
studied the nucleation and evolution of nanobubbles on
nanoelectrodes by measuring blockade currents.’*>* However,
direct morphological information is hard to obtain with elec-
trochemical measurement. Microscopic techniques have been
adapted to study surface nanobubbles, providing morpholog-
ical information.** Zhang et al.>® used a single-molecule imaging
approach to study the growth dynamics of H, nanobubbles at
the electrode surface in the water splitting reaction, and the
method has been further extended to study various types of
interfacial nanobubbles.”*?® Wang et al** used a single-
molecule imaging approach which visualized the growth
kinetics of individual H, nanobubbles that are generated at
single CdS nanoparticles during photocatalysis.

In contrast, characterization studies of interfacial water
nanodroplets have rarely been reported due to the unstableness
of water nanodroplets in air, which results from high water-air
exchange at the interface. The current studies on nanodroplets
either focus on nanodroplets formed in another immiscible
liquid,*** or at the high-boiling point in air.*>*® Recently,
Kanoufi et al.*” presented a comprehensive characterization of
the scanning electrochemical cell microscopy (SECCM)
meniscus probe in operation using in situ interference reflec-
tion microscopy (IRM). However, the nanodroplets must be in
contact with a solid surface, resulting in a loss of information
from the original water-air interface.
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Essentially, nanobubbles and nanodroplets are the same
water—air interfaces with different curvatures. Producing such
a nanointerface with controlled curvatures will be necessary for
studying its intrinsic structure and properties. On the other
hand, single-molecule analysis can provide differences between
individual molecules that are difficult to capture in ensemble
behaviors, which has been widely used to probe interfacial
properties.®**° For instance, electrochemically generated
nanobubbles can be labeled with single fluorescent molecules
since the interface-trapped dye generates more stable and
bright fluorescent signals.>® Thus, the properties of the inter-
faces could be obtained by analyzing the single-molecule fluo-
rescence behaviors.

Herein, electrochemically regulated water-air
interfaces were constructed with Focused-Ion-Beam (FIB)-
fabricated Janus nanopore electrodes. The nanopores confine
the interfaces while applied potentials control the surface
curvatures with electrostatic forces between the charged inter-
face and the electrode. Nanodroplets can be produced with
electrostatic repulsion, and nanoconcaves (enantiomers of
nanobubbles) can be obtained with electrostatic attraction from
the nanopore electrodes. The morphologies of the interfaces
with various curvatures were directly detailed with Atomic Force
Microscopy (AFM). Two cyanine dyes with different charges,
negatively charged Cy5.5 and positively charged +Cy5, were
chosen to probe molecular behavior under various conditions.
Surfactants, SDS, and CTAB are further used to modify the
nanointerface charge. The fluorescence recording of single-
molecule collision results elucidates the pivotal role of nano-
interface charging states and curvature in single-molecule
interaction dynamics. Such previously unobtainable informa-
tion on the water-air interfaces could be used to facilitate
developments in intricate multiphasic electrochemistry.

nano-

Experimental section
Chemicals

All chemicals were directly used as received from the manu-
facturer and included sulfo-cyanine5.5 (Cy5.5, 100%, Sigma-
Aldrich), cyanine 5-N-hydroxysuccinimide (+Cy5, 100%,
Sigma-Aldrich), sodium dodecyl sulfate (SDS, Molecular
Biology, Sangon Biotech), cetyl trimethyl ammonium bromide
(CTAB, Molecular Biology, Sigma-Aldrich), phosphate buffered
saline (PBS, 1x, pH 7, Macklin), acetic acid sodium acetate
buffer solution (CH;COOH-CH;COONa buffer, 1 mol L', pH
4, Macklin), 2-amino-2-methyl-1-propanol buffer (AMP bulffer,
0.5 M, pH 10, Macklin), standard solutions of sulfuric acid
(H,SO,4, pH 1, 0.5 M, Macklin), standard solutions of potas-
sium hydroxide (KOH, pH 14, 1 M, Macklin), 1H,1H,2H,2H-
perfluorodecanethiol (CF;(CF,),CH,CH,SH, 97%, Macklin),
1H,1H,2H,2H-heptadecafluorodecyl  (C;3H;3F1;05Si, 98%,
Macklin), ethanol (CH3;CH,OH, =99.8%, Aladdin), and
deionized water (DI water, Chemical Technology (Shenzhen)).
Silicon chips with a freestanding silicon nitride window
(TE100D, thickness of silicon nitride film: 200 nm, window
size: 1 x 1 mm) were purchased from Suzhou in situ Chips
Technology Co., Ltd.
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Instruments

A dual-focused ion beam (FIB; Helios 600i, FEI, America) with
a scanning electron microscope (SEM) was used to fabricate the
nano-ring electrode arrays. An electron beam evaporation
system (TF500, HHV, Britain) was used to evaporate gold (Au)
and platinum (Pt) layers on the silicon nitride film window. A
helium ion microscope (HIM; ORION NanoFab, Zeiss, America)
was used to characterize the detailed morphology of nano-ring
electrodes. An Atomic Force Microscope (AFM, MFP-3D stand-
alone, Oxford, England) was used to characterize the
morphology of nanodroplets. A microscope (ECLIPSE Ti2-E,
Nikon, Japan) with an oil immersion objective (CFI Apochro-
mat TIRF 60XC, Nikon; numerical aperture [NA]: 1.49) with an
external 1.5x magnification on the microscope, white light
source (Nikon), 640 nm laser (GATACA SYSTEMS, Vortran,
America) and corresponding laser longpass set (TRF 49914-ET -
640-647 nm, Nikon, Japan), and high-speed and high-sensitivity
scientific complementary metal-oxide semiconductor (SCMOS;
Kinetix, Teledyne Photometrics, China) was used for operando
optical imaging of the fluorescence response. The voltage was
generated by using an electrochemical workstation (Vertex.-
One.EIS, Ivium, Germany) and applied across the working
electrode (nano-ring electrode) with respect to the Ag quasi-
reference counter electrode.

Fabrication of nano-ring electrode arrays

As shown in Fig. S31,1 a nanoring electrode array was prepared
in three steps. Initially, a 50 nm Au or Pt layer was evaporated on
the front of a silicon chip (the front is a silicon nitride film layer
and the back is a silicon carrier) employing electron beam
evaporation equipment (HHV, TF500) to ensure good conduc-
tivity of electrodes and high-precision FIB processing condi-
tions. Subsequently, the self-assembled monolayer (SAM) of
1H,1H,2H,2H-perfluorodecanethiol (C10H5F17S) was modified
on the surface of the Au or Pt layer to make its surface hydro-
phobic and prevent the solution from leaking out of the nano-
pores. Specific modifications will be detailed in the next section.
Finally, the silicon chip was inverted so that its backside was
facing up, and an area of approximately 25 x 25 pm was
selected at the back side of the silicon nitride film window and
the nanopore array was milled using a dual-beam FIB (FEI,
Helios 600i) at an ion-beam current of 80 pA with the aid of
a built-in scanning electron microscope for visual reference.
The silicon nitride film window with a conductive layer (Pt or
Au) forms perforations when irradiated with the ion beam. The
final nanopore array consisted of four 1 x 5 nanopore arrays
200, 240, 280, and 320 nm in diameter with a spacing of 5 um,
with each 1 x 5 array horizontally aligned with a spacing of 5
pm. In this way, a nano-ring electrode array is formed. Alter-
natively, uniform 5 X 4 Au nanopore electrode arrays were
prepared using the same method.

Conductive layer modification

Conductive layer modification was mainly performed using
a self-assembled monolayer (SAM). Silicon nitride film windows

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with a conductive layer (Pt or Au) were ultraviolet (UV)-irradiated
for 30 min to induce hydroxylation at the conductive layer
surface. Each pretreated chip was then immersed in a solution of
CF;(CF,),CH,CH,SH in ethanol (95%) for 12 hours, such that
a monolayer containing fluoroalkyl groups was produced on the
conductive layer surface. The fluoroalkyl groups decreased the
surface energy, yielding a hydrophobic surface.

Construction of a nanodroplet electrochemical cell

A 100 um-thick coverslip was used as a support substrate to
carry the nanodroplet electrochemical cell. In addition, another
important function of this thin coverslip is to be coupled to the
optical microscope with a high NA objective (short working
distance (200 pm)), thus ensuring high optical imaging reso-
lution. The construction of nanodroplet electrochemical cells is
shown in Fig. S32.1 First, double-sided conductive nonwoven
tape with 3-mm-diameter perforations was glued to the cover-
slip surface. Second, the front side of the silicon chip prepared
with nano-ring electrode arrays adhered to the conductive
nonwoven tape, wherein the silicon nitride film window was in
the perforated region of the conductive nonwoven tape. Due to
the Au layer on the front of the silicon chip, the electrical
connection between the conductive non-woven tape and the
nano-ring electrode array is realized. Here, the conductive non-
woven tape not only serves as an electrical connection but also
anchors the silicon chip to ensure its structural stability during
subsequent electrochemical testing. Moreover, the thickness of
the conductive non-woven tape used in this structure is 30 um,
which is also to meet the requirements of high-resolution
optical imaging. Third, the fluorophore solution is added to
the recessed area on the back of the silicon chip. The solution
penetrates the nanopores and comes into contact with the Au
layer on the front of the silicon chip to achieve electrical
connection. At the same time, nano-droplets are formed on the
Au film side (the solution is blocked by the hydrophobic SAM
and does not leak) and a water-air interface is formed at the
position of the nanopore on the front of the silicon chip. Finally,
the wire from the conductive nonwoven tape is connected to the
working electrode of the electrochemical workstation, and the
counter and reference electrodes of the electrochemical work-
station are connected with a silver wire to be inserted into the
exposed liquid. In this way, a nanodroplet electrochemical cell
is formed in which the working electrode is an Au nano-ring
electrode array and the quasi-reference counter electrode is
a silver wire. Note that the size of the nanodroplets in this
structure as well as the size of the water-air interface can be
controlled by adjusting the size of the nanopore.

Optical imaging device

As shown in Fig. S33,t the laser beam is incident at a 30° angle
and focused on the nanodroplet surface of the silicon chip,
exciting fluorescent molecules in the nanodroplets to emit
fluorescence and the electrochemical response of different
fluorescent molecules is tracked under different conditions.
Due to the limited penetration depth, incident light at 30° can
weaken background fluorescence to some extent, thereby

© 2025 The Author(s). Published by the Royal Society of Chemistry
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improving imaging resolution. The reason for not continuing to
increase the incident angle is that higher incident angles make
it difficult to effectively excite fluorophores. The camera used
has a temporal resolution of 50 ms and a corresponding frame
rate of 20 fps. In addition, all Au nano-ring electrode arrays were
first applied with a potential of —0.2 V and then switched to
0.2 V, unless otherwise stated.

Image analysis

The image information of the electrochemical response of
fluorescent molecules was processed using Image J software. In
addition, Image J software was used to extract the fluorescence
intensity signal during the electrochemical response of fluo-
rescent molecules, and then the Matlab self-programming code
was used to extract peak height, peak width, and frequency
information from the fluorescence intensity signal.

Results and discussion

The water-air nanointerface can be constructed at a nanopore
on a gold (50 nm)/silicon carbide (200 nm) Janus membrane
with a gold side hydrophobically modified. The Au nanoring
electrodes are created on SizN, membrane-supported gold
films, modified with a hydrophobic SAM (self-assembled
monolayer), and then milled to form nanopores. Therefore,
the inner wall of the nanopore is bare gold. A nanodroplet or
nano-concave of water could form with an aqueous solution on
the Si;N, side (Fig. 1A). Direct contact of the solution with Au
nano-ring electrodes realizes electrochemical regulation of the
nanointerface morphology (Fig. 1B). Since gold's potential zero
point (PZC) is 0.5 V (vs. SHE),**** the Au nanoring electrode is
negatively charged with no potential applied. Taking the AMP
buffer (pH 10) as an example, the water-air interface is nega-
tively charged due to OH™ adsorption at the interface.* The
nanodroplet would show a convex morphology under the elec-
trostatic repulsion of the Au nanoring electrode (above Fig. 1B).
At —0.2 V (vs. Ag QRE, —0.054 V vs. SHE, the calibration of the
QRE is provided in Fig. S1f), the negative charge on the Au
nanoring electrode increases. The increased -electrostatic
repulsion leads to the further growth of nanodroplets (the
middle of Fig. 1B). At 0.2 V (vs. Ag QRE, 0.346 V vs. SHE), which
is less than the PZC of Au, the Au nanoring electrode is still
slightly negatively charged, leading to weaker electrostatic
repulsion on the water-air interface, and the nanodroplet
surfaces are thus flatter (the bottom of Fig. 1B). Unless other-
wise noted below, the potentials are relative to the Ag electrode.

Fig. 1C shows a 3 x 3 nanopore array, extracted from the full
5 x 4 array (the full 5 x 4 array is shown in Fig. S271). The use of
the nanopore array ensures parallel optical detection and
analysis. The diameter of each nanopore in the nanopore array
is about 280 nm, as shown in the upper right image. The
morphology of a single nanopore captured by HIM from the
SizN, side with a 52° angle shows an inverted truncated cone
shape, as shown in the lower right image.

The nanointerface morphology was detailed with AFM
(Atomic Force Microscopy, Fig. S3t), which verifies the

Chem. Sci., 2025, 16, 7203-7214 | 7205
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Fig. 1 Evidence for applied potential regulation of the nanointerface curvature: (a) schematic of constructing a nanointerface through
a nanopore. (b) Theoretical prediction of the nanointerface curvature at different potentials. (c) HIM characterization of nanopores for the
generation of nanointerfaces. Detailed AFM characterization of the nanointerface curvature with (d) no electrolyte, and AMP electrolyte at (e) no
potential, (f) —0.2 V, and (g) 0.2 V. Detailed height of nanointerfaces for AFM characterization with (h) no electrolyte, and AMP electrolyte at (i) no
potential, (j) —0.2 V, and (k) 0.2 V. The red dashed line is a reference line that allows for a clearer comparison of the height of the nanointerfaces

under different conditions.

hypothesis above (Fig. 1D-K and S4f). Unlike the imaging
experiments, the devices shown in Fig. S31 had an upward
configuration to facilitate AFM characterization of the nano-
interfaces for obtaining the curvature and the height informa-
tion. Fig. 1D-G depict the morphology of nanointerfaces at the
same nanopore array under each condition, while Fig. 1H-K
show the corresponding height information. With no electrolyte
(Fig. 1D and H), nanopores with a depth of about 40 nm can be
observed, demonstrating the accurate construction of the
nanopore array. With the addition of electrolytes and the
absence of potential (Fig. 1E and I), nanodroplets 15 nm in
height can be observed. By applying a potential of —0.2 V
(Fig. 1F and ]), the nanodroplets maintain a height of about
15 nm. The lack of further growth of the nanodroplets may be
due to the limitation of the surface tension of the water-air
interface.** At a potential of 0.2 V (Fig. 1G and K), the height of
the nanodroplets generally decreases, with a few exceptions
(mid-row Fig. 1H), suggesting heterogeneity among individual
nanodroplets. Overall, the potential on the ring electrode has

7206 | Chem. Sci, 2025, 16, 7203-7214

a significant modulation effect on the water-air nanointerface,
which lays the foundation for realizing an electrochemically
regulated single-molecule detection platform.

Two commercially available cyanine-based dyes (Cy5.5 and
Cy5-NHS) having similar fluorescence properties and distinct
charge properties were utilized to detect single molecules at
nanointerfaces. As shown in Fig. S5A and S5B.T Cy5.5 is nega-
tively charged due to the sulfo-groups, and Cy-NHS is positively
charged. Please note that although the NHS group could react
with the buffer molecule AMP in a pH 10 solution, the resulting
molecule Cy5-AMP is still positively charged (Fig. S5CfY).
Therefore, for simplicity, the positively charged fluorophores,
either Cy5-NHS or Cy5-AMP, are denoted as +Cy5 in the
following text.

The schematics in Fig. 2A show the imaging process of single
molecule collision at the nanointerface, specifically nano-
droplets under this condition. A 640 nm laser with an incident
angle of 30° could illuminate the interface sufficiently while
reducing the excitation of bulk solution fluorophores on the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Operando photoelectrochemical study of the collisions of Cy5.5 and +Cy5 at different pH values and different sizes of nanopores. (a)

Schematic of a fluorophore inserted into the nanointerface excited by

a laser. Example optical imaging result of Cy5.5 in pH 10 (AMP buffer)

electrolyte under (b) no potential, (c) —0.2 V, and (d) 0.2 V conditions; the scale bar is 5 um. Curves of fluorescence intensity of (e and f) Cy5.5 at
(e) —0.2Vand (f) 0.2 Vand (g and h) +Cy5 at (g) —0.2 V and (h) 0.2 V over time at different pH values. Statistics of average collision numbers of (i)
Cy5.5 and (j) +Cy5 at the nanointerface formed on the 280 nm diameter nanopores at various pH values and different potentials. Temporal

continuity exists between —0.2 V and 0.2 V under the same conditions,

SizN, side. The fluorophores adsorbed to the nanointerfaces
will be briefly captured by the gas-liquid interface, which
provides a highly favorable environment for fluorescence
emission, resulting in fluorescence bursts. The favorable
conditions for fluorescence emission at the gas-liquid interface
have been widely studied.>**”?** Conversely, the rapidly moving
fluorophores near the interface produce constant low-intensity
background fluorescence. The distinct difference between
fluorescence bursts and background fluorescence enables
single-molecule detection.

Fig. 2B-D show fluorescence imaging results of AMP buffer/
air interfaces (pH 10) on nanopore arrays, appearing as bright
spots, with no, —0.2 V, and 0.2 V potential applied on the gold
ring electrode. Without a potential being applied, the fluores-
cence intensity of individual nanodroplets is low and remained
constant (Fig. 2B). At —0.2 V, several nanodroplets have signif-
icant fluorescence bursts (Fig. 2C). The nanodroplets marked by
yellow boxes are the ones that show fluorescence bursts. At
0.2V, several nanodroplets also showed fluorescence bursts, but

© 2025 The Author(s). Published by the Royal Society of Chemistry

where —0.2 V is applied first, followed by 0.2 V.

the number of nanodroplets with fluorescence bursts decreased
relative to —0.2 V (Fig. 2D). Voltages as small as —0.2 Vand 0.2V
are used to modulate the nanointerface curvature, ensuring that
the fluorescence mechanism of the fluorophores is not affected,
in contrast with the previous electrochemically regulated single-
molecule fluorescence with a much larger potential range.*>*

As discussed above, the observed background fluorescence
at each nanopore in Fig. 2B-D comes from the free-moving
fluorophores near the interfaces. Under the condition of no
applied potential (Fig. 2B), the fluorescence background of
some nanodroplets seems to be higher than that under the
condition of +0.2 V (Fig. 2D). The difference is mainly because
the nanointerface curvature is greater under the no-voltage
condition than that at +0.2 V, as shown in the AFM results in
Fig. 1. It can also be found that the background fluorescence
intensities of the 20 nanodroplets in Fig. 2B exhibit certain
disparities, which should be due to the heterogeneity of the
individual nanodroplets. This is consistent with the AFM
characterization of the nanointerfaces curvature in Fig. 1. To

Chem. Sci, 2025, 16, 7203-7214 | 7207
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achieve fluorescence detection, the nanopore sizes must be
close to or greater than the diffraction limit (Fig. S61). A square
wave scan (—0.2 V5 s, +0.2 V 5 s, 12 cycles) was conducted to
ensure reproducible detection before each recording. No fluo-
rescence burst can be observed if no potential is applied.

The single-molecule collision behaviors at constant poten-
tials in different pH solutions were analyzed. Fig. 2E demon-
strates the fluorescence intensity of a representative
nanointerface at a 280 nm nanopore of electrolyte Cy5.5 (1 M)
as a function of time in pH 0, 4, 7, 10, and 14 solutions, with
—0.2 V applied. The HIM results of nanopore electrode arrays of
different sizes are shown in Fig. S7.t The corresponding
imaging data shown in Fig. S8 and S10Af depict a typical elec-
trochemical recording. Interestingly, the fluorophores showed
no collision behaviors in the pH 0 and pH 4 environments. It
has been reported that pH 4 is the isoelectric point of the water-
air interface.* It has been reported that pH 4 is the isoelectric
point of the water-air interface, indicating that the interface
exhibits electrical neutrality under this specific pH condition.
The result shows that the negatively charged Cy5.5 cannot enter
this uncharged interface. Being close to the isoelectric point,
the nanointerface is slightly positively charged by the adsorp-
tion of H' from the electrolyte at pH 0 (ref. 51 and 52) while
slightly negatively charged at pH 7 with extra OH at the
interface.”® No (pH 0) or minimal (pH 7) collision behavior of
Cy5.5 can be observed. The difference could be due to the
repulsion of the negatively charged compact layer (opposite to
the surface charge) of the interface in pH 0 solution for nega-
tively charged Cy5.5.>*7** At pH 10, the interface carries a nega-
tive charge due to a sufficient amount of OH™. A pronounced
single fluorophore collision behavior can be observed starting
at around 50 s. Before the recording, a square wave of —0.2 V
and +0.2 V was applied. The onset period should be the
formation of a stable interface.***” At pH 14, there were no
collisions between the fluorophores and the interface. This
might be due to the unfavorable condition of the Cy5.5
fluorescence.*®*

Fig. 2F shows the fluorescence intensity change of Cy5.5 at
different pH values over time at 0.2 V. The corresponding
imaging data can be found in Fig. S91 while Fig. S10Bf shows
representative electrochemical data at 0.2 V applied to different
pH solutions of Cy5.5. A similar and less frequent single-
molecule collision behavior can be observed at pH 10. No
collisions can be found under other pH conditions (Fig. 2I). We
could conclude that the surface charge density could determine
if a charged dye molecule could collide with the interface.®* The
less detected single-molecule event shows that under similar
surface charging conditions, the nanodroplet's curvature,
which is larger at —0.2 V and smaller at +0.2 V, affects the
collision behavior. The decrease in the number of Cy5.5 colli-
sions with the interface in the case of a nanoconvex at 0.2 V
should be mainly due to a decrease in the curvature of the
gas-liquid interface of the nanodroplets and not because of the
potential modulation.

The detailed single-molecule collision behaviors were
further studied. As shown in Fig. S11A,T the collision events of
Cy5.5 with the nanointerface at —0.2 V and pH 10 on 280 nm
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nanopore electrodes could be categorized into three types: (1)
single molecule collisions with a peak width of 50 ms (Fig.-
S11BY); (2) a few molecules colliding with the interface at the
same time with a peak width of 100-200 ms (Fig. S11C¥); (3)
a large number of molecules colliding with the interface at the
same time with a peak width of 250 ms and above (Fig. S11D¥).
Fig. S12% illustrates the statistics of the relative heights of
different types of collision peaks versus the collision numbers in
20 nanodroplets. The majority of events show narrower peaks
and small peak height, indicating that single-molecule colli-
sions dominate the interaction between Cy5.5 and the nano-
interface. However, it is also clear that wider peaks usually
correspond to higher fluorescence burst intensities, suggesting
the collision of multiple fluorophores with the nanointerface in
a short period of time.

Fig. 2G shows the single-molecule collision behavior of
positively charged +Cy5 fluorophores at nanointerfaces in
varying pH solutions at a constant potential of —0.2 V. Fig. S13}
depicts the imaging results, and Fig. S15A1 shows a represen-
tative electrochemical recording. Similar to the Cy5.5 case, no
fluorophores collide with the interface at pH 4, the isoelectric
point of water. In contrast, there are certain collision events at
pH 0 for +Cy5, and at pH 7 and pH 10, the collision numbers of
+Cy5 with the water-air interface significantly increases. The
difference should be that fewer charges of +Cy5 carry (1)
compared to Cy5.5 (47) which could allow easier insertion into
the charged interface. The collision count of +Cy5 at pH 10 is
higher than that at pH 7. This is due to the more negative charge
adsorbed at the water-air interface which electrostatically
attracts the positively charged +Cy5. At pH 14, similar to the
Cy5.5 situation, no detection could be observed. The single-
molecule collision behaviors of +Cy5 at +0.2 V (Fig. 2H and
S14, S15Bt) have no significant trend difference from that at
—0.2 V (Fig. 2]). The statistics of the average collision numbers
of dye molecules with the water-air interface in nanodroplets
formed on nanopores of other diameters are presented in
Fig. S6.1 Generally, the single-molecule collision behavior is
consistent under the same pH and electrochemical conditions,
and with larger nanopores, the number of collision events could
increase.

As discussed above, the surface curvature of the nanointer-
face of the nanodroplet is greater at —0.2 V than at +0.2 V. The
+Cy5 molecule is not able to differentiate between the two,
whereas Cy5.5 can clearly distinguish between them. Carrying
more charges, the latter fluorophore should be more sensitive to
the charging structure of the nanointerface. One might specu-
late that the charges on the flat interface are more closely
packed, repelling multiple charged molecules. The structure of
the charged interface plays an essential role in modulating the
collision behavior, which is more pronounced in the case of
multiple-charged molecules.

Given the significant role of surface charge, surfactants such
as SDS and CTAB are utilized to modify the morphology of the
nanointerface at varying potentials.”*»** Zhang's research
group analyzed the interaction between surfactant SDS and the
surface of nanobubbles in detail, showing that surfactant SDS
affects the fluorescence intensity and residence life of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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fluorophores by influencing bubble properties (size, shape, etc.)
and gas-liquid interface structure (surfactant charge and
hydrophilicity), without significantly affecting the fluorescent
molecules themselves.?® Furthermore, the interaction between
CTAB and the nanobubble interface is similar to that of SDS,
which mainly affects the interaction between fluorescent
molecules and the interface by influencing the bubble surface
charge and bubble structure. Still, it has no significant effect on
the fluorescence molecules themselves.*

Fig. 3A, S16A and S16Df show the AFM characterization of
nanointerface morphology in the AMP electrolyte with 40 uM of
SDS without applying potential. Fig. 3A shows an enlarged view
of a selected portion from Fig. S16A.f The water-air nano-
interface appears as nanodroplets with an average height of

View Article Online
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about 15 nm, similar to the morphology with no SDS in Fig. 1. A
significant increase in the height and size of nanodroplets after
applying —0.2 V can be observed (Fig. 3B and S16B, S16Ef).
Certain nanodroplets even split into several smaller ones, which
might be the artifact of a broken droplet caused by AFM
tapping. The formation of large nanodroplets results from the
electrostatic repulsion between the Au nano-ring electrode and
the negatively charged surface, as shown in Fig. 3D. At 0.2 V,
which is 0.2 V below the PZC of gold, the height of the nano-
droplets recovered to 15 nm in the AMP electrolyte containing
40 pM SDS (Fig. 3C and S16C, S16F}). The reduced negative
charge on the Au nanoring electrodes at the potential makes
their electrostatic repulsion to the water-air interface weaker, as
depicted in the schematic in Fig. 3E.

d AMP buffer / SDS
pH =10

W

i) AMP buffer / CTAB
pH=10
+ t 4
+ +

10 nm

e) AMP buffer / SDS
pH =10

“‘V‘/
10 n..,]_

2pm

e

)] AMP buffer / CTAB
pH=10
+
e

2 um

Fig. 3 AFM characterization of the effect of surfactants on the nanointerfaces curvature in AMP buffers. AFM characterization of the nano-
interfaces after the addition of (a—c) 40 uM SDS at (a) no potential, (b) —0.2 V, and (c) 0.2 V, and (f-h) CTAB at (f) no potential, (g) —0.2 V, and (h)
0.2 V; the insets show the specific height of each nanodroplet. Schematic of nanointerfaces subjected to electrostatic forces from Au nanoring
electrodes after the addition of (d and e) SDS at (d) —0.2 V and (e) 0.2 V and (i and j) CTAB at (i) —0.2 V and (j) 0.2 V.
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A new nanointerface morphology, nanoconcave, an enan-
tiomer of nanobubbles, can be observed with a CTAB-
containing solution. Fig. 3F, S17A, and S17D} show the AFM
characterization of nanointerface morphology in the AMP
electrolyte with 40 uM of CTAB with no potential, showing
nanoconcaves with a high degree of curvature. The open-circuit
potential of gold in the buffer solution containing CTAB is
—0.006 V vs. SHE (the calibration of gold is provided in
Fig. S187), which is more negative than the PZC of gold (+0.5 V
vs. SHE), indicating that the gold electrode is negatively
charged. The negative charges on the Au nanoring electrodes
electrostatically attract the positive charges on the water-air
interface. At —0.2 V vs. Ag QRE (—0.054 V vs. SHE), a nano-
concave morphology can also be obtained with an average
depth of about 8 nm (Fig. 3G, S17B, and S17Et), which also
resulted from the electrostatic attraction between the nano-
interface and the electrode (Fig. 3I). The anomaly that the depth
of the nanoconcaves in no potential case is more prominent
than at —0.2 V might be due to the influence of electro-
migration.®>*® However, with +0.2 V applied (0.346 V vs. SHE),
the curvature decreases (Fig. 3H, S17C, and S17Ff), which is
consistent with our theory (Fig. 3]).

The surfactant-modified nanointerfaces are further utilized
for single-molecule detection. Fig. 4A shows fluorescence
intensity versus time curves of imaging results (Fig. S197) for
Cy5.5 during the collision with different concentrations of SDS
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at pH 10 and —0.2 V. As the SDS concentration increased, the
collision numbers between Cy5.5 and the water-air interface
lowered. In this case, the dominant factor should be electro-
static repulsion between the negatively charged interface and
the negatively charged molecules. The statistical results in
Fig. 4C directly depict the negative correlation between SDS
concentration and collision counts. Interestingly, with higher
SDS concentration, the collision number increases with time.
With high SDS concentration, the repulsion from the electrode
could be stronger. The size of the nanodroplet is thus larger
than the nanopore. For a spherical-shaped nanodroplet with
a high surface negative charge, the diffusion layer®” could
effectively exclude the negatively charged species within,
resulting in a lower detection frequency of Cy5.5.

The single-molecule collision behaviors of Cy5.5 with
different concentrations of SDS at pH 10 and 0.2 V are shown in
Fig. 4B and S20.f The collision numbers decrease as the SDS
concentration increases (Fig. 4C). Unlike the monotonic
decreases in collision numbers with increased concentration of
SDS in the —0.2 V case, the collision counts peaked at 20 uM
SDS, and the counts are significantly higher in more concen-
trated SDS solutions with +0.2 V applied. A temporal depen-
dence of the collisions under this condition is not apparent. As
shown in Fig. 3C, the diameters of the nanodroplets are similar
to those of the nanopores. The electrostatic repulsion between
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Fig. 4 Collision of Cy5.5 with the water—air nanointerfaces in AMP buffers containing different surfactants at pH 10 and —0.2 V and 0.2 V.
Fluorescence intensity versus time curves of Cy5.5 during the collisions with the nanointerfaces in the AMP buffers containing different
concentrations of (aand b) SDS at (a) —0.2 Vand (b) 0.2 V and (d and ) CTAB at (d) —0.2 V and (e) 0.2 V. Statistics of the average collision numbers

of Cy5.5 with the nanointerfaces in the AMP buffers containing different

concentrations of (c) SDS and (f) CTAB at —0.2 V and 0.2 V. Temporal

continuity exists between —0.2 V and 0.2 V under the same conditions, where —0.2 V is applied first, followed by 0.2 V.
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Fig. 5 Collision of +Cy5 with the water—air nanointerfaces in AMP buffers containing different surfactants at pH 10 and —0.2 V and 0.2 V.
Fluorescence intensity versus time curves of +Cy5 during the collisions with the nanointerfaces in the AMP buffers containing different
concentrations of (a and b) SDS at (a) —0.2 Vand (b) 0.2V and (d and e) CTAB at (d) —0.2 V and (e) 0.2 V. Statistics of the average collision numbers

of +Cy5 with the nanointerfaces in the AMP buffers containing different
continuity exists between —0.2 V and 0.2 V under the same conditions,

the interface and the dyes should be the dominant factor for low
collision frequency in high-concentration SDS solutions.

The nanoconcave is also used as a single-molecule detection
platform. Fig. 4D, E, S22, and S231 show single-molecule colli-
sion behaviors of Cy5.5 in different concentrations of CTAB at
pH 10 and at —0.2 V and +0.2 V. Due to the electric attraction
between the CTAB-modified nanointerface and Cy5.5, with 20
UM CTAB, numerous collision events can be observed and
become undistinguishable at an even higher concentration (40
uM). This is also clearly reflected in the statistical results of the
average collision numbers in Fig. 4F. A significant temporal
dependence of collision counts can be found in 20 uM and 40
uM CTAB solutions, with turning-on behaviors at —0.2 V and
turning-off behaviors at +0.2 V. As mentioned above, a square
wave was applied to the nanointerface before the recording. The
temporal dependence should be due to the formation process of
a stable water-air interface. The nanoconcave at —0.2 V should
be a favorable water-air interface for dye insertion. In contrast,
flatter ones at +0.2 V are not an ideal environment for such
processes. The phenomena are similar to those in the case of no
surfactant. The absence of detection (60 uM and 80 uM) should
be due to the increased concavity of the interface into the
nanopore, which blocks fluorescence detection.

Fig. 5A, B, S25, and S261 show single-molecule collision
behaviors of +Cy5 in different concentrations of SDS at pH 10
and at —0.2 V and +0.2 V. As shown in the statistical results of
the average collision numbers in Fig. 5C, the collision count at
—0.2 V is slightly higher than that at 0.2 V. At the same time, the

© 2025 The Author(s). Published by the Royal Society of Chemistry

concentrations of (c) SDS and (f) CTAB at —0.2 V and 0.2 V. Temporal
where —0.2 V is applied first, followed by 0.2 V.

SDS concentration did not affect the collision events between
+Cy5 and the water-air interface. This should be because the
nanodroplets could not exclude dyes of opposite charges. The
relatively low charge of +Cy5 makes insertion into charged
water-air interfaces easier. The nanodroplets at —0.2 V are
relatively larger (Fig. 3B and C), resulting in a slightly higher
detection frequency.

Fig. 5D, E, S28, and S29f show the single-molecule collision
behaviors of +Cy5 in CTAB electrolyte solution (pH 10). Similar
to the Cy5.5 situation, temporal-dependent collision behaviors
can be observed. At —0.2 V, the collision events appear at later
stages, and the on-set times are more delayed with higher CTAB
concentration. In contrast, there are still collision events at
higher concentrations of CTAB (60 and 80 uM). This is also re-
flected in the statistics of the average collision numbers in
Fig. 5F. The temporal difference in collision behavior is similar
to that in the previous situation. A more curved interface that
favors single-molecule collision takes a particular time to be
formed. The decreasing collision frequency with increased
CTAB concentration should be due to electrostatic repulsion
between the same positive charge of CATB and +Cy5.

Conclusion

In this study, a novel way to construct water-air interfaces was
proposed, and the nanointerface properties were studied with
single-molecule fluorescence. For the first time, AFM charac-
terized the morphology of water-air nanointerfaces with diverse
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morphologies. The electrostatic interaction between the
charged nanointerface and the electrodes, which the applied
potentials can regulate, determines the curvature of the nano-
interfaces: repulsion generates nanodroplets and attraction
forms nanoconcaves. The nanointerfaces are probed by
recording the collision behaviors of single fluorescent dyes,
Cy5.5 (negatively charged) and +Cy5 (positively charged). The
transient trapping of the single molecules during the collision
could result in fluorescence bursts at the interface. SDS and
CTAB were used to modify the surface charges of the interfaces
further. An interesting phenomenon was unveiled that
uncharged interfaces (at the isoelectric point) don't permit
single-molecule insertion into the interfaces. A sufficient
amount of charges at the interfaces, whether the same type or
opposite, is necessary for collision behavior, although the
electrostatic force might affect the collision frequency. Curved
nanointerfaces instead of flat ones are preferred for single-
molecule collisions. Stable water-air interfaces are con-
structed and studied with electrochemical regulation and
single-molecule analysis. This study could help build next-
generation single-molecule detection techniques as well as
provide research means and theoretical support for water-air
nanointerfaces for various applications in the fields of electro-
chemistry and energy.
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