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ABSTRACT: Nanopipettes are ﬁnding increasing use as nano
“test tubes”, with reactions triggered through application of an
electrochemical potential between electrodes in the nanopipette
and a bathing solution (bath). Key to this application is an
understanding of how the applied potential induces mixing of the
reagents from the nanopipette and the bath. Here, we demonstrate
a laser scanning confocal microscope (LSCM) approach to
tracking the ingress of dye into a nanopipette (20−50 nm
diameter end opening). We examine the case of dianionic
ﬂuorescein under alkaline conditions (pH 11) and large applied
tip potentials (±10 V), with respect to the bath, and surprisingly
ﬁnd that dye ingress from the bath into the nanopipette is not observed under either sign of potential. Finite element method (FEM)
simulations indicate this is due to the dominance of electro-osmosis in mass transport, with electro-osmotic ﬂow in the conventional
direction at +10 V and electro-osmosis of the second kind acting in the same direction at −10 V, caused by the formation of
signiﬁcant space charge in the center of the oriﬁce. The results highlight the signiﬁcant deviation in mass transport behavior that
emerges at the nanoscale and the utility of the combined LSCM and FEM approach in deepening understanding, which in turn
should promote new applications of nanopipettes.

N

models also make a number of assumptions that have not yet
been tested adequately. In particular, original nanopore
simulation geometries focused on nanoporous membranes,
where the pore wall was eﬀectively inﬁnitely thick and was
represented with a surface charge boundary condition.18 When
equivalent models were applied to nanopipettes, this
assumption was retained, despite nanopipette walls being of
ﬁnite thickness.17,19 A signiﬁcant capacitance may be generated
across thin nanopipette walls when there is a large potential
diﬀerence between the inside and outside of the nanopipette.
When included in simulations, this ﬁeld appears to aﬀect the
potential at the wall, and accumulation of net charge at the
oriﬁce is observed.20 Such charge accumulation can give rise to
electro-osmosis of the second kind,21 resulting in an EOF
velocity that has an almost quadratic dependence on voltage,
rather than the expected linear dependence.20,22 Herein, we
uncover and visualize these phenomena by employing
experiments with relatively large applied potentials and large
wall surface charges (high pH). These conditions are also

anopores and nanopipettes are gaining in popularity as
nanoscale electrochemical devices, from use as nanosized
“test tubes” to carry out reactions in conﬁnement,1−6 to
nanoscale sensing,7−9 and nanoparticle analysis.10,11 For
conical pores, the geometry ensures that usuallybut not
always4 (depending on the solvent/electrolyte system)most
of the potential applied across the nanopore drops inside the
oriﬁce, with a resulting intense electric ﬁeld in this region. In
principle, this ﬁeld can then be used to accumulate or deplete
ionic species within the pore, providing a fascinating way of
controlling the composition of microscopic regions of solution.
This ability to manipulate ion ﬂuxes has been demonstrated to
great eﬀect in the study of crystal nucleation and growth,
where conditions can be created where a solid phase forms
inside the nanopore as the ﬁlling solution becomes saturated
with respect to the target solute.1,12,2,3,13 The current response
during precipitation can be analyzed to reveal, for example, the
induction time,13 the size of the nucleated particle,14 and even
particle charge.15
To use the applied potential to control reaction conditions
within a nanopore, it is essential that the local electric ﬁeld and
ion distribution are understood. Most understanding in this
area comes from ﬁnite element method (FEM) simulation of
the continuum Poisson−Nernst−Planck model,1,3,4,13,16 with
the Navier−Stokes equation also added to account for electroosmotic ﬂow (EOF)17 and speciation reactions to account for
solution equilibria.16 While providing signiﬁcant insight, these
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Figure 1. Strategy for visualizing ﬂux into nanopipettes. (A) Schematic of the setup. (B) Representative images at diﬀerent focal planes of a KClﬁlled 30 nm diameter nanopipette without dye immersed in a KCl bath containing Fl2−. The image determining the 0 μm focal plane is shown
enlarged with two regions of interest (ROI) marked. All image frames represent 6.05 × 6.05 μm2. (C) Current−time and ﬂuorescence intensity−
time transients recorded during application of a potential pulse sequence (shown) at each of the marked focal planes. Magniﬁed traces around 180,
240, and 420 s are presented in Figure S3 (SI).

were used to excite ﬂuorescein and rhodamine B solutions,
respectively. Images were formed by scanning at 8 kHz, with
128 pixels per line and 32 scans per line averaged. Voltage was
applied between Ag/AgCl quasi-reference counter electrodes
(QRCEs) in the nanopipette and bath, controlled via
homemade electronics, and the output was recorded
synchronously with the ﬂuorescence data using the microscope
external digital acquisition interface. Further experimental
details are reported in the Supporting Information (SI section
S2).
FEM modeling was carried out using COMSOL v5.5 based
on the coupled Poisson, Nernst−Planck, and Navier−Stokes
equations, with charge continuity extending into the nanopipette walls.17,18,20 Further details of the model, including the
geometry and boundary conditions, can be found in the
Supporting Information (SI section S5).

typical of those used in many mineral precipitation
reactions.3,23
Numerical models developed for nanopipettes, and some of
the phenomena they predict, are often validated through
experimental measurement of the ionic current as a function of
applied potential24,25 and in some cases with ex situ
characterization of the product formed inside the nanopipette.2,13 Such validation is rather limited, however,
particularly when nonlinear, spatially dependent phenomena
such as electro-osmosis of the second kind are predicted. A
variety of in situ techniques have been explored to provide
deeper insight into the transport and behavior of species in
nanopores.26−28 Epiﬂuorescence microscopy was used to track
the release of dye molecules from a nanopipette immersed in
an agarose bath.27 It is more challenging to track the
movement of dye molecules inside a nanopipette, although
epiﬂuorescence was again used to map the distribution of dye
within a nanopipette at steady state at diﬀerent signs of applied
potential, elegantly showing the occurrence of concentration
polarization for nanopipettes with both positive and negative
wall charge.26 This approach has been extended to biomolecule
trapping at the tip of nanopipettes.28
Here, we are interested in the time-dependent dynamics of
mass transport into nanopipettes. We use fast time-resolved
laser scanning confocal ﬂuorescence microscopy (LSCM) to
track the movement of anionic ﬂuorescein into nanopipettes
and interpret the results with detailed FEM modeling. Our
results support the idea that the walls exhibit signiﬁcant
capacitance at large applied potentials and that electro-osmosis
of the second kind can have a signiﬁcant eﬀect on the overall
ﬂow at the oriﬁce.

■

RESULTS AND DISCUSSION
Most reports of ﬂuorescence imaging utilizing pipettes involve
either the pipette lying in the focal plane26,28,29 or intersecting
the optical axis at an angle.27 Instead, we aimed to image in the
plane perpendicular to the long axis of the nanopipette (Figure
1A) such that the confocal volume samples more of the
internal solution and less of the bath, increasing our sensitivity
to changes within the nanopipette. To validate this approach,
nanopipettes were ﬁrst ﬁlled with 100 mM KCl containing 10
μM dye, either anionic ﬂuorescein (Fl2−, solution titrated to
pH 11.3) or cationic rhodamine B (Rh+, solution titrated to
pH 3.3) and held in the optical axis of an inverted microscope
with a 40× objective (Figure S2Ai). The focus was adjusted by
observing the wide ﬁeld until a single bright spot was just
observed, taken to be the tip of the nanopipette, designated as
the 0 μm plane. A series of laser-scanned images (512 × 512
pixels, 14.82 × 14.82 μm2) were then recorded from diﬀerent
focal planes, starting below the tip of the nanopipette and
moving up at intervals of 0.49 μm (oversampling). Maximum
intensity projection of the resulting stack enabled the vertical
nanopipette to be visualized in both air (Figure S2B) and
solution (Figure S2C). Localization of the observed
ﬂuorescence signal was conﬁrmed by imaging a nanopipette
ﬁlled with Rh+ and immersed in a bath of Fl2− (Figure
S2Aii,Di−iii).
To understand mass transport into the nanopipette (in
contrast to previous studies of concentration polarization26 or

■

MATERIALS AND METHODS
Dye (ﬂuorophore) solutions were prepared at a 10 μM
concentration in 100 mM KCl and titrated to pH 11.27 using
KOH (ﬂuorescein) or pH 3.3 with HCl (rhodamine B). This
ensured the dyes were in a well-deﬁned ionization state, with
pH 11.3 further chosen to replicate the upper ranges of CO32−
mineralization solutions of interest in crystal nucleation
studies.23 Quartz nanopipettes of a typical diameter of 20−
50 nm (Figure S1) were fabricated (see S2, SI), ﬁlled with
electrolyte solution, and mounted in a droplet of dye solution
in a Petri dish on a Leica TCS SP5 inverted laser scanning
confocal microscope. Excitation wavelengths of 490 or 550 nm
B
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delivery27 which focus on the movement of dye solution into
the bathing solution), we change to using a nanopipette ﬁlled
with 100 mM KCl at pH 11 without any dye, immersed in a
bath of the same solution but containing 10 μM Fl2− (Figure
1A). Initially focusing on a small area at the tip of the
nanopipette, we observe an absence of ﬂuorescence (“shadow”), against which any ingress of dye into the near-tip region
of the nanopipette could be detected via an increase in the
ﬂuorescence (Figure 1B). Time-dependent measurements
were made at diﬀerent focal planes while a set sequence of
potentials, E, was applied to the nanopipette QRCE (Figure
1C). For focal planes close to the tip where the shadow region
comprised only a small fraction of the image, it was possible to
further isolate two signals (Figures 1B, S3): that from within
the shadow region of interest (ROI 01) and from outside the
shadow region (ROI 02), enabling the extent of localization of
any changes to be determined. The potential sequence, E,
current, I, and ﬂuorescence intensities from the diﬀerent ROIs
and focal planes are shown in Figure 1C.
Relatively large potentials were applied to the QRCE in the
nanopipette with respect to the QRCE in the bath to provide
the best chance of observing changes within the nanopipette,
with the exact range (±10 V) limited by the equipment used.
The current recorded during the potential sequence was
observed to be highly rectiﬁed, with negligible current
observed at +10 V (I+) but signiﬁcant current at −10 V (I−,
I−/I+ > 300 at the longest times). Current rectiﬁcation is a
well-known phenomenon in nanopores, where the potentialdependent redistribution of ions leads to enhanced transport
rates (current) at one sign of potential and results from the
interplay between the pore wall charge and the pore shape.25,30
This was reproduced qualitatively for transients recorded at all
image planes and is also evident in cyclic voltammograms, with
and without the dye present (Figure S4, section S4). Also
observed for the pulse to +10 V and from +10 to 0 V (where
the long-time currents are very small) are clear short-lived
spikes in current associated with the transition between applied
voltages, with a sign corresponding to the direction of the
change in potential.
At the tip focal plane (0 μm), the trend in current correlated
closely with the changes observed in ﬂuorescence intensity: a
relatively stable signal at 0 V appeared unchanged on stepping
to +10 V and back. Based on consideration of migration alone,
the electric ﬁeld of the tip would be expected to exert a
signiﬁcant force on the divalent Fl2−, drawing it into the
nanopipette and causing an increase in ﬂuorescence. However,
the relatively high pH of the solution in the nanopipette means
that the nanopipette walls present a large negative charge to
solution from signiﬁcant deprotonation of the silanol groups
present at the surface of the quartz (pKa ≈ 7.5),31 generating
signiﬁcant EOF out of the nanopipette (vide inf ra). If electroosmotic ﬂux is greater than electrophoretic ﬂux (migration), as
suggested by the +10 V result, then a negative nanopipette
potential (−10 V) might be expected to generate signiﬁcant
ﬂow into the nanopipette, leading now to an increase in
ﬂuorescence from the transport of Fl2− into the end of the
nanopipette. However, a signiﬁcant decrease in ﬂuorescence is
actually observed synchronously with the onset of large
negative current on stepping the nanopipette QRCE potential
to −10 V. This ﬂuorescence returned when the potential
returned to 0 V, and the decrease and recovery were
reproduced on a subsequent step in potential to −10 V and
back to 0 V. Thus, the system cannot be understood in terms
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of a simple linear relationship between potential and mass
transport. While rectiﬁcation of EOF is known25,32 and is
attributed to the same ion accumulation mechanism that is
responsible for the current rectiﬁcation, as we show later, the
situation in this case is more complex.
Similar trends were observed from focal planes 10 μm below
the 0 μm plane up to those 20 μm above it, noting that the
change in ﬂuorescence with applied potential pulses decreased
with distance into the nanopipette due to the available
concentration of Fl2− at each plane; the concentration was
largest outside the nanopipette (the source) and decreased
further into the nanopipette due to the conical geometry. The
dramatic decrease at −10 μm arises, at least in part, because
the EOF is so strong that it displaces Fl2− directly beneath the
oriﬁce (vide infra), although we cannot rule out completely
that this focal plane may include the oriﬁce, which is too
narrow to resolve, also contributing to the strong intensity
modulation. This displacement must have a signiﬁcant radial
component as well, with a decrease observed in ROI 2, despite
it being ∼2 μm away from the oriﬁce.
Curiously, above 20 μm into the nanopipette, a new feature
is observed on the ﬂuorescence−time proﬁles: a transient
increase in f luorescence upon stepping the nanopipette QRCE
from 0 to −10 V. Given that the residual Fl2− concentration at
this distance into the nanopipette might be expected to be
negligible, the only change possible would be an increase. A
transient spike in ﬂuorescence is also observed for ROI 1 in the
0 μm plane following the step from −10 to +10 V (Figures 1C,
S3C). Two origins for these transient increases in ﬂuorescence
are suggested: (1) EOF up the walls of the nanopipette
transiently transports Fl2− into the pipet, before it is expelled
via migration; (2) in the course of establishing the potential
diﬀerence between the inside and outside of the nanopipette,
an electric ﬁeld is generated across the walls that transiently
modiﬁes the Fl2− concentration near the walls on the outside
of the nanopipette (wall capacitance), which is detected as a
change in ﬂuorescence.
To understand these changes in ﬂuorescence intensity, FEM
modeling of the mass transport in the nanopipette was carried
out. The model was similar to that used previously,17,20,33
solving the coupled Poisson, Nernst−Planck, and Navier−
Stokes (P−NP−NS) equations simultaneously but explicitly
considering charge conservation inside the nanopipette walls.
The geometry used was that of a typical nanopipette used in
this study, with an oriﬁce diameter of 30 nm and further
dimensions obtained from periodic measurements along the
length of the nanopipette using scanning transmission electron
microscopy (Figure S1). Based on its low concentration, initial
simulations did not include Fl2−. Steady-state solutions at ±10
V were obtained and used as the initial condition for
subsequent time-dependent simulations of the potential steps
(starting with zero applied bias as the initial condition led to
numerical instability). The Fl2− distribution could then be
found by simulating its ﬂux using the Nernst−Planck equation
and assuming reasonably that Fl2− does not modify the electric
ﬁeld or convection from the KCl-only solution (based on the
very low Fl2− concentration). The exception to this was the E
= +10 V, σ = −25 mC m−2 steady-state case (Figure 2B),
where Fl2− was included in the full P−NP−NS model to
ensure the concentration of any accumulation remained
physically reasonable. Two diﬀerent values of nanopipette
surface charge, σ, were simulated, a low value (−10 mC m−2),
typically reported in neutral solutions,33 and a larger value
C
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Figure 2. Simulated Fl2− distribution for nanopipette potential, E =
−10 V (A) or +10 V (B). Wall charge σ = −25 mC m−2. Scale bar 500
nm.

(−25 mC m−2) to represent the greater surface charge in the
alkaline solution. Simulations of higher values of surface charge
were attempted but did not converge. We note that the high
pH means that the charge density could be even more
negative, in excess of −50 mC m−2,31 although such high
charge density poses a problem for PNP simulation, both
theoretically (the absence of ﬁnite ion sizes in simple PNP
models leads to unphysical concentrations) and practically
(simulations often do not converge under such extreme
conditions, as we found), and so, the lower value of −25 mC
m−2 employed can be used to give qualitative insight.
The steady-state Fl2− concentration distributions for both
−10 and +10 V (nanopipette QRCE potentials) are shown in
Figure 2 for the σ = −25 mC m−2 case (the σ = −10 mC m−2
case is shown in Figure S6). The simulated distributions at
−10 V are qualitatively similar at both values of the surface
charge, with a signiﬁcant (∼2 μm, Figure S6C) region of the
external bath near the oriﬁce depleted of Fl2−. This agrees
qualitatively with the experimental observation of a decrease in
ﬂuorescence when −10 V is applied (Figure 1C), even in
regions away from the oriﬁce. The steady-state Fl 2−
concentrations at +10 V show greater sensitivity to the surface
charge, with negligible Fl2− past the ﬁrst 200 nm of the
nanopipette in the −25 mC m−2 case (Figure 2B) but
signiﬁcant concentrations remaining 50 μm into the nanopipette in the −10 mC m−2 case (Figure S6B). As no increase
in ﬂuorescence was detected experimentally upon stepping the
potential to +10 V, it is evident that the higher surface charge
is the more appropriate description of the nanopipette wall, as
expected based on the solution pH. The current simulated
under these conditions (Figure S7, I− = 36 nA) is of the same
order of magnitude as seen in experiment; however, the
simulated rectiﬁcation ratio (I−/I+ ≈ 2) is much smaller (I−/I+
> 300 in Figure 1), supporting the presence of a much higher
surface charge in experiments. Curiously, a small region of
intense Fl2− accumulation appears in the model, a few radii up
from the oriﬁce inside the tip (Figure 2B). Despite the large
accumulation (1.06 mM), the small spatial extent of this region
and the signiﬁcant self-quenching expected at this concentration34 are consistent with the absence of any ﬂuorescence
increase observed experimentally at this plane under these
conditions.
To understand the origin of the similar concentration
proﬁles at both +10 and −10 V and the small accumulation
zone at +10 V, the space charge distribution and solution
velocity magnitude were examined (Figure 3). For both
potentials, accumulation of K+ at the nanopipette walls is clear,
as indicated by the positive space charge (red color, Figure

Figure 3. Simulated space charge distribution (A,C) for a wall charge
of −25 mC m−2 and the resulting ﬂow velocity (B,D). (A,B) −10 V
applied to the nanopipette. (C,D) +10 V applied to the nanopipette.

3A,C). This space charge is responsible for conventional
electro-osmosis and acts to drive solution into the nanopipette
at negative nanopipette potentials and out of the nanopipette
at positive potentials. Signiﬁcantly, however, there exists
regions of negative space charge in the center of the oriﬁce at
both signs of potential (blue color, Figure 3A,C). Theoretically, EOF can also be generated by this excess charge, where
it is known as electro-osmosis of the second kind,21 as seen in
the solution velocity magnitude plots (Figure 3B). It occurs in
the opposite direction to that induced at the wall, leading to
counter-ﬂow at the oriﬁce and some f luid recirculation. In the
+10 V case, an additional buildup of charge is seen, with a
region of positive space charge developing above the negative
space charge in the oriﬁce (Figure 3C). The eﬀect of this
additional charge is to counteract the eﬀects of electro-osmosis
of the second kind into the nanopipette, such that ﬂow is now
overwhelmingly out of the nanopipette. In both cases, this
outward ﬂow decreases the Fl2− concentration within the
capture zone of the nanopipette such that the rate of inward ﬂux
by either advection (due to EOF at −10 V) or migration (at
+10 V) is much less than the rate of outward ﬂux. This leads to
a steady state with negligible Fl2− inside the nanopipette, as
observed in experiments (Figure 1C).
The additional region of positive space charge in the center
of the nanopipette at +10 V also explains the observed
accumulation of Fl2− predicted in Figure 2B. Together, the
simulations also explain the observed transient increases in
ﬂuorescence on stepping from −10 to +10 V, with migration in
the newly established electric ﬁeld drawing Fl2− into the
nanopipette before EOF is fully established (SI section S6,
Figure S8).
These results are signiﬁcant in that they place upper limits
on the ability to control ion accumulation and the electric ﬁeld
inside the nanopipette in electrokinetic mixing experiments,
with mixing inside the nanopipette negligible at these high
applied potentials. The P−NP−NS model, supported by the
D
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experimental observations, also suggests that an extremely large
electric ﬁeld is generated in the nanopipette oriﬁce (Figure
S9). The eﬀect of large electric ﬁelds on chemical reactivity is a
ﬁeld of increasing interest,35 and we note that this system
provides a relatively straightforward way to apply such a ﬁeld.
The model also suggests the presence of recirculation loops at
the oriﬁce, as previously predicted20,33 and demonstrated.22
These have been examined as molecular traps for accumulating
material prior to analysis and oﬀer an alternative trapping
mechanism to dielectrophoresis.28,29
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CONCLUSION
The method presented allows investigation of ion ﬂux inside
small-diameter nanopipettes with high temporal and spatial
resolution. We ﬁnd that a dianionic dye will not enter a smalldiameter nanopipette when large-magnitude (10 V) potentials
of either sign are applied to the nanopipette. Finite element
method simulations suggest this arises as a result of electroosmosis of the second kind, which serves to counteract the
eﬀect of conventional electro-osmosis. Transient spikes in
ﬂuorescence observed on stepping the potential are reproduced in time-dependent simulations and highlight the
sensitivity of solution composition at the oriﬁce and near the
walls of nanopipettes to changes in potential. This method
aﬀords greater insight into studies of the pH-, voltage-, and
nanopipette-size-dependence of electro-osmosis, knowledge of
which is important in designing studies utilizing electrokinetic
mixing in nanopores.
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