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Nanobubble-controlled nanofluidic transport

Jake Rabinowitz', Elizabeth Whittier', Zheng Liu?, Krishna Jayant1'2*,

Joachim Frank? Kenneth Shepard'3*

Nanofluidic platforms offering tunable material transport are applicable in biosensing, chemical detection, and
filtration. Prior studies have achieved selective and controllable ion transport through electrical, optical, or chemical
gating of complex nanostructures. Here, we mechanically control nanofluidic transport using nanobubbles. When
plugging nanochannels, nanobubbles rectify and occasionally enhance ionic currents in a geometry-dependent
manner. These conductance effects arise from nanobubbles inducing surface-governed ion transport through
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interfacial electrolyte films residing between nanobubble surfaces and nanopipette walls. The nanobubbles in-
vestigated here are mechanically generated, made metastable by surface pinning, and verified with cryogenic
transmission electron microscopy. Our findings are relevant to nanofluidic device engineering, three-phase inter-

face properties, and nanopipette-based applications.

INTRODUCTION

Surface-pinned nanobubbles (1), nanoscale air pockets residing at
liquid-solid interfaces, defy physical (2, 3) and thermodynamic (4)
predictions of instantaneous dissolution. Experimental recordings
attribute long nanobubble lifetimes to liquid oversaturation with
gas (5, 6), small three-phase contact angles (1), contact line pinning
(7), and gas accumulation at three-phase interfaces (8, 9). Across
these mechanisms, a common feature is the reduction of the gas-phase
concentration gradient between the nanobubble surface and the
bulk gas-saturated solution.

In nanofluidic channels, surface-pinned nanobubbles present many
applications. These nanobubbles can impede (10), gate (11, 12),
rectify (13, 14), or enhance (15) ion transport; elsewhere, they can
drive selective mass transport (16, 17). These prior efforts manipu-
late nanobubbles using chemical, electrical, optical, and/or evapo-
rative techniques. Inspired by biological ion channels (18), much
related work has enhanced nanofluidic transport capabilities by
modifying nanochannel walls to manipulate surface wettability or
ionic double layer properties (19-24). In broader application domains,
nanobubbles are relevant to water treatment (16, 25), mineral re-
covery (26), energy harvesting (27), electrochemistry (28), targeted
imaging and drug delivery (29), and plant biology (30).

Here, we study how nanobubbles control nanofluidic transport.
In our experiments, metastable nanobubbles plug nanopipette channels
and divert electrolyte flows through interfacial electrolyte films.
Negatively charged nanobubble surfaces induce ion concentration
enrichment and depletion in these films to rectify ionic currents
(31, 32). Enrichment and depletion occur at concentrations up to
3 M KCl, where (rectifying) nanobubble-plugged pipettes are clearly
distinguished from (linear) nanobubble-free pipettes. Supporting
this depiction, nanobubble presence inside nanopipettes is con-
firmed by cryo-electron microscopy (cryo-EM) using the transmission
electron microscope. In the forward rectifying direction, nanobubbles
enhance ionic currents (15) when sufficiently strong concentration
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enrichment drives nonlinear electroosmotic flows (33-35). Long-
term monitoring of nanobubble-plugged nanopipettes confirms
nanobubble metastability and slow growth, which are further sup-
ported by a numerical model.

RESULTS

Nanobubble detection and cryo-EM verification

We first measured ionic currents through a set (n = 42) of uniformly
prepared nanopipettes filled with neutral-buffered 3 M KClI (fig. S1).
In such highly concentrated electrolyte, electroosmotic flow and the
ionic double layer minimally influence ion transport (31, 35). Thus,
electrophoresis and bulk electrolyte properties determine the nano-
channel’s current-voltage response.

Under these conditions, properly wetted nanochannels as small
as a few nanometers in aperture present linear current-voltage re-
sponses (35, 36). However, 57% of our measurements yielded rectified
current-voltage responses (fig. S1). We attribute these data to the
presence of nanobubbles inside the nanopipettes, which results in
incomplete nanochannel wetting and surface-governed ion transport.

The rectifying nanopipettes all share the same direction of ion
current rectification and are generally more resistive than the linear
nanopipettes (fig. S1, inset). The rectification behavior is consistent
with negatively charged nanobubble surfaces (26, 37) restricting anion
flow and inducing voltage-dependent ion concentration enrich-
ment or depletion (15, 32, 35, 38, 39). The increased resistances are
consistent with nanobubbles excluding electrolyte and reducing the
effective size of the nanopipette tip (10-14). These results persist
across many different nanopipette and nanobubble sizes (fig. S1).

Nanobubble metastability is confirmed by the reproducibility of
rectified jonic current measurements over consecutive voltage sweeps.
Because changing nanobubble configurations are evident in altered
ionic current measurements (15), overlapping recordings in our work
show these nanobubbles to be stable for at least the minute-long
measurement time scale.

We further confirmed nanobubble occupancy inside nano-
pipettes using cryo-EM. Between ionic current recording and EM
imaging, nanopipette tips were grid-mounted and cryogenically frozen
to preserve the as-measured nanofluidic systems (fig. S2) (40-42).
Because the EM signal is dependent on mass density, nanobub-
bles in micrographs appear lighter than liquid and solid materials.
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A micrograph of a representative nanobubble-plugged nano-
pipette and its rectified ionic current measurement are shown
(Fig. 1A). The conical nanopipette extends downward from the top
of the micrograph. Gaseous nanobubbles (lightest regions), solid
glass walls (darkest regions), and liquid electrolyte are depicted. The
lower nanobubbles (directly inside the pipette tip) have diameters
of ~9 nm; the top nanobubble (pinned to the left side of the inner
channel) is 7 nm in diameter. Ionic currents displayed in Fig. 1A
(and throughout) are averaged from consecutive recordings, with
error bars showing SDs.

Micrographs of control nanopipettes are provided (Fig. 1, Band C).
A representative nanobubble-free nanopipette and its correspond-
ing linear ionic current measurement are shown (Fig. 1B). An air-
filled nanopipette is shown as an additional control (Fig. 1C). Other
nanobubble micrographs are provided to illustrate the reproduc-
ibility of the imaging procedure (Fig. 1D).

Electronic characterization of nanobubble-plugged
nanochannels
We are precluded from definitively correlating EM-recorded nano-
bubble geometries with ionic current measurements because of the
possibility that nanobubble configurations change between ionic
current measurements and imaging. Instead, we analyzed several
electronic measurements made for different nanobubble configurations
to determine how nanobubble sizes influence nanofluidic transport.

In these measurements, we used a simple procedure to modify
nanobubble configurations within a single nanopipette. This procedure
allows for direct comparison of ionic transport in nanobubble-
plugged and nanobubble-free conditions and across varying nan-
bubble configurations. The method relies on the stochastic competition
between surface tension and hydrostatic forces to yield partially
wetted (e.g., nanobubble-plugged) nanopipettes.

We begin experiments by filling nanopipettes with electrolyte while
holding the tips exposed to air. Under these conditions, surface tension

keeps the nanoscopic and hydrophobic tips filled with air, as evi-
denced by the immeasurably small conductivity when such nano-
pipettes are immersed in equivalent electrolyte baths (fig. S3). With
removal and reimmersion of these pipettes into the electrolyte,
hydrostatic pressure drives additional electrolyte into the tip, while
surface tension competes to maintain air voids. The mechanical
competition is stochastic, typically creating nanobubbles with vary-
ing sizes and occasionally wetting the nanochannel completely.

We demonstrate nanobubble generation and influence on nano-
fluidic transport with a representative series of nanobubble-plugged
(trials 1 to 3) and nanobubble-free (trial 4) ionic current measure-
ments for a single nanopipette in 3 M KCI (Fig. 2A). We observed
size-dependent changes to the nanopipette’s fluidic response when-
ever nanobubbles were present, demonstrating that any nanobubble
plug modifies the transport behavior as compared to a properly
wetted nanochannel. The rectifying and linear current measurements
were repeatable while maintaining pipette-electrolyte immersion
and modifiable with pipette removal and reimmersion. The wide
variation in rectifying transport characteristics (trials 1 to 3) shows
the strong dependence of nanofluidic transport on the nanobubble
size. The constant resistance in trial 4 is consistent with the expected
value for a nanobubble-free nanochannel given the electrolyte resis-
tivity and the nanopipette geometry (fig. S4).

Varied ionic currents across different nanobubble configurations
(Fig. 2A) allow us to infer relative nanobubble heights (Fig. 24, inset).
If we assume that nanobubble radii are equal to that of the inner
nanochannel, the long and narrow tip geometry results in the ionic
current primarily depending on the nanobubble’s height. Larger
nanobubbles exclude more electrolyte and provide more area for
surface-governed transport, respectively, increasing the nanopipette’s
resistance and ion rectification ratio. We quantify ion current recti-
fication by defining a rectification ratio (RR) as the larger over the
smaller current magnitudes at £0.9 V. Progressing from trials 1 to 4,
nanopipette resistances and rectification ratios show correlated
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Fig. 1. Nanobubble-induced ion current rectification. (A to C) Cryogenic transmission electron micrographs and corresponding ionic current measurements for (A) a
nanobubble-plugged nanopipette, (B) a nanobubble-free nanopipette, and (C) an air-filled nanopipette. (D) Additional nanobubble micrographs.
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Fig. 2. Electronic characterization of a nanobubble-plugged nanochannel. (A) lonic currents through a single nanopipette in 3 M KCl, with relative nanobubble sizes.
(B) Nanobubbles induce surface-governed ion transport through interfacial electrolyte films (thickness, de)) enriched with cations by the nanobubble surface charge (ong).
(C) Finite element simulation of ion transport in (A). (D) Normalized current noise spectra for nanobubble configurations in (A). (E) Equivalent circuit representation of
nanofluidic model in (B). The interfacial electrolyte resembles a voltage-dependent resistor. The nanobubble resembles a shunt capacitor. (F and G) AC impedance mea-
surements (symbols) for nanopipette configurations in (A), fit to single-element parallel R-C circuit transfer functions (lines).

reductions (table S1), as improved nanochannel wetting decreases
electrolyte exclusion and ion concentration enrichment/depletion.
Therefore, nanobubble heights decrease across trials 1 to 3 before
complete nanopipette wetting is observed in trial 4.

A model for the nanobubble-plugged nanopipette depicts electro-
lyte transport through a thin interfacial film (thickness, d,j) between
the nanobubble and the nanochannel wall (Fig. 2B). The nanobubble’s
negative surface charge (oxg) enriches the interfacial electrolyte
with cations (red color) and rectifies currents by restricting anion
transport. This anionic transport restriction results in voltage-
dependent concentration enrichment (depletion) when anions are
driven to exit (enter) the nanopipette (31). Because the enrichment
and depletion effects occur in high ionic strength conditions, it is
likely that the interfacial electrolyte thickness is comparable to the
experimental Debye length (<0.5 nm in 3 M KCl). Induced charge
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redistribution along the nanobubble surface (32, 33, 35) further ex-
acerbates this voltage-dependent ion enrichment and depletion.
The enrichment and depletion effects are rapid, as the nanopipette’s
current response is independent of the voltage sweep rate up to 1 V/ms
(fig. S5).

Ion transport simulations (Fig. 2C) support our nanobubble height
depictions (Fig. 2A) and nanofluidic model (Fig. 2B). We simulate
ionic currents by solving the coupled Poisson-Nernst-Planck equa-
tions through a conical nanochannel with dimensions as in fig. S4.
After fitting the model to match the linear transport in Fig. 2A, we
replicate experimental trends by simulating current-voltage responses
with increasingly large nanobubbles in the center of the nanopipette
(Fig. 2C; simulation details in fig. S6 and table S2). These simulations
support the electrolyte exclusion model by predicting that larger
nanobubbles induce greater current reductions. They likewise
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support the concentration enrichment and depletion model by pre-
dicting that more highly charged nanobubbles and thinner interfa-
cial electrolytes yield larger ion rectification ratios (fig. S7).

The simulation accuracy indicates that electroosmosis minimally
influences the ionic current measurements in Fig. 2A. Consistent
with prior modeling of concentrated and uniform electrolytes (31, 35),
this result leaves ion transport to be governed by electrophoresis,
electrolyte exclusion, and concentration enrichment/depletion.
Although results below suggest that electroosmosis cannot always
be neglected, the continuum approach cannot model these electro-
osmotic flows because the interfacial electrolyte is not sufficiently
thicker than the mean free path of a water molecule (0.28 nm).

Current noise measurements (Fig. 2D) for the nanobubble con-
figurations of Fig. 2A further support our geometric nanobubble
descriptions. Nanobubble presence increases the nanopipette’s flicker
noise power and cut-off frequency (Fig. 2D and table S1) (10). Prior
analysis of nanopore flicker noise attributes this phenomenon to
ion adsorption/desorption in response to surface charge fluctuations
(43). We infer physical nanobubble properties from the noise mea-
surements using Hooge’s relation, 3 = % where S; is the current
noise power, I is the average current magnitude, fis the frequency,
o is inversely proportional to ion count, and B is inversely propor-
tional to surface trapping frequency (36).

Hooge parameters relate the current noise measurements to our
proposed nanobubble heights. Larger nanobubbles more drastically
lower the available ion count, inducing greater increases in noise
power (higher a). Larger nanobubbles also introduce more surface
area for ion adsorption/desorption, inducing slower frequency-
dependent reductions in noise power (lower B) (Fig. 2D and table S1).

Other characteristics of these noise spectra are consistent with a
nanobubble-plugged channel. The nanobubble-induced noise spec-
tra show voltage dependencies (fig. S8) due to the voltage-dependent
surface charge distributions (33, 35). In other words, surface charge
polarization alters the available ion count (a) in the interfacial elec-
trolyte and the ion adsorption/desorption properties (). At large
voltages (1 V), nanobubbles induce low-frequency current drift and
random telegraph noise (fig. S9). These conductance fluctuations
may arise from a nanopore effect in which dielectric image charges
alter ion solvation properties (44). In support of this idea, we note
that a thin electrolyte residing between solid and vapor dielectrics
would yield a relatively large ratio of image charge density to ion
density.

An equivalent circuit model for the model nanofluidic pathway
(Fig. 2B) depicts the nanobubble-plugged region as a parallel R-C
network (Fig. 2E). Within this physical circuit, the nanobubble is
modeled as a capacitor (Cyp) and the interfacial electrolyte (approxi-
mated as a cylindrical shell) is modeled as a voltage-dependent re-
sistor (Ryg). This R-C network repeats in series for the possible case
of multiple nanobubbles. Above and below the nanobubble(s), bulk
electrolytes in the nanopipette interior and tip present additional
resistances. In parallel to these resistances, the pipette sidewalls
present distributed capacitances to the grounded bath electrolyte.

AC impedance measurements (Fig. 2, F and G, symbols) agree
with impedance simulations (Fig. 2, F and G, lines) incorporating
the relative nanobubble heights in Fig. 2A. During impedance sim-
ulations, we use directly measured resistances (Ro) and single-pole
R-C transfer functions (listed) to fit capacitances (Cp) to the experi-
mental systems (table S1). Capacitances reduce across trials 1 to 4,
revealing nanobubbles to be shunt capacitors (fig. S10) consistent
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with their small size. Because a nanobubble is connected in series
and presents a considerably smaller capacitance than a nanopipette
tip (Cyp), impedance magnitudes are reduced and phase shifts are
increased for nanobubble-plugged nanopipettes (Fig. 2, F and G,
and table S1). Larger nanobubbles necessarily reside further inside
the nanopipette, such that tip capacitance shunting is proportional
to the nanobubble heights depicted in Fig. 2A. Accurate representations
of the experimental systems with single-unit R-C equivalent circuits
suggest that even in the possible presence of many nanobubbles, the
largest nanobubble dominates the net response of the nanochannel.

We completed our characterization of nanobubble-plugged nano-
channels by investigating the pH-dependence of ion current rectifi-
cation in these systems. Prior works have shown the ability to tune
the rectifying behavior of nanochannels by inducing surface modi-
fications through pH-dependent chemistry (20, 23). Here, we assess
nanobubble surface charge in acidic and basic 3 M KCl, noting that
the nanobubble charge arises from surface hydroxide adsorption
(37) and has been shown to become positive at low pH (26). Under
drastically reduced hydroxide conditions (pH 2), our confined nano-
bubbles remained negatively charged (fig. S11), indicating a very high
affinity for hydroxide adsorption. Under drastically increased hy-
droxide conditions (pH 12), nanobubble charge density was in-
creased to yield an improved rectification ratio of 8.2 in 3 M KCl
(fig. S11).

Nanobubble-enhanced ion conductance

These confined nanobubbles can increase ionic currents in the for-
ward rectifying direction (15). Across a range of electrolyte concen-
trations (3 M to 5 mM), nanobubble-plugged nanopipettes exhibited
increased forward-direction conductivities as compared to values
measured in the nanobubble-free states (Fig. 3). These nanobubble
configurations continue to impede ion currents in the reverse direc-
tions to further enhance rectification ratios.

With the same measurement procedure as shown in Fig. 2A, we
observed nanobubble-enhanced ion conductance in 3 M KCI (Fig. 3A).
These recordings depict three disparate nanobubble configurations
(trials 1, 2, and 4) along with two overlapping nanobubble-free con-
figurations (trials 3 and 5). The rectification ratios are noted, with
small-signal conductances provided (fig. S12). In trials 2 and 4, nano-
bubbles enhanced ion conductivities for negative voltages larger
than —0.25 V and drove larger currents than the nanobubble-free
conditions (Fig. 3A, inset). For these nanopipettes, we define a con-
ductance enhancement factor as the ratio of the maximum
nanobubble-plugged conductance to the maximum nanobubble-
free conductance. Trials 2 and 4 achieved conductance enhancement
factors of 1.20 and 1.15, respectively.

We attribute nanobubble-induced current enhancement to non-
linear electroosmotic flows driven by ion concentration enrich-
ment. When sufficiently strong concentration enrichment occurs,
the resulting concentration gradient will induce a spatially inhomo-
geneous Debye length (31) that causes electroosmotic flows to scale
exponentially with applied voltage (35). In the case of conductance
enhancement, such flows contribute supplemental ionic currents in
excess of those lost because of electrolyte exclusion. These flows are
also uninhibited along the nanobubble surface, where the gas-liquid
interface obviates the no-slip boundary constraint (45). In the re-
verse direction of rectification, concentration depletion drives the
same electrokinetic effects to further impede flows and increase the
ion rectification ratio (35).
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Fig. 3. Nanobubble-induced ion current enhancement. (A) lonic currents through a single nanopipette in 3 M KCl. Inset: Nanobubbles enhance current magnitudes.
(B) lonic currents through a single nanopipette in 140 mM KCl. At the lower ionic strength, the nanobubble induces stronger current enhancement and rectification. (C) lonic
currents through a positively charged nanopipette in 140 mM KCl resemble a bipolar nanofluidic diode with polarity determined by the presence or absence of a nanobubble.
(D) lonic currents through a single nanopipette in 5 mM KCl demonstrate further increases in current enhancement and rectification with greater electrolyte dilution.

The conductance enhancement results in Fig. 3A support our
physical description based on trial 2, showing stronger conductance
enhancement and a greater rectification ratio than trial 4. Further
comparison with trial 1 makes clear that only certain nanobubble
configurations yield this effect. We speculate that these configura-
tions include two closely spaced nanobubbles (e.g., Fig. 1D) or a nano-
bubble pinned to only one side of the nanopipette (e.g., Fig. 1A).

The physical model for conductance enhancement predicts the
effect to be stronger in less concentrated electrolyte, where similarly
charged surfaces induce relatively stronger concentration gradients.
Because comparing absolute conductances across electrolyte con-
centrations is difficult, we verify this prediction by comparing recti-
fication ratios and conductance enhancement factors across varying
electrolyte concentrations.

Stronger conductance enhancement and ion current rectifica-
tion were achieved for a nanobubble in 140 mM KClI (Fig. 3B;
small-signal conductances in fig. S12). Under these conditions, a
conductance enhancement factor of 1.7 and a rectification ratio of
11.3 were recorded. These results clearly indicate the presence of a
nanobubble, which might have otherwise been obscured by the fact
that small enough nanopipettes naturally rectify currents when
completely wetted with 140 mM KClI (31, 35).

The intrinsic nanopipette rectification in 140 mM KCl allows us
to substantiate nanobubbles as the source of the conductance en-
hancement. In a new experiment, we coated a nanopipette interior
with poly-1-lysine (46) to positively charge the inner walls and in-
vert the nanobubble-free rectification (Fig. 3, B and C, closed symbols).
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Upon introducing a nanobubble, the nanopipette reverted back to
favoring negative current (Fig. 3C, open symbols). The net response
of the system resembles a bipolar diode that favors positive current
without nanobubbles (driven by the positive wall charge) and nega-
tive current with nanobubbles (driven by the negative bubble charge).
The nanobubble-plugged response again shows stronger rectification
than the nanobubble-free response, as well as a conductance en-
hancement factor of 1.4 (small-signal conductances in fig. S13). Com-
pared to Fig. 3B, we attribute the lower rectification ratio and
conductance enhancement in Fig. 3C to the competing influences of
the positively charged wall and the negatively charged nanobubble.

With further dilution, a nanobubble in 5 mM KCl yields even
stronger conductance enhancement and rectification (Fig. 3D; small-
signal conductances in fig. S14). Under these conditions, a conductance
enhancement factor of 4.6 and a rectification ratio of 17.3 were re-
corded. We note that this experiment used a larger pipette to more
clearly contrast the nanobubble-induced and nanobubble-free re-
sponses, as the intrinsic nanopipette rectification is strengthened in
5 mM electrolyte.

We directly compare the concentration dependence of nano-
bubble conductance enhancement using a dimensionless ratio of
surface (x°) to bulk (xY) conductance. At each concentration, we
subtracted the nanobubble-free conductance from the nanobubble-
enhanced conductance to calculate the minimum surface conduc-
tance contributed by the nanobubble (47). These values represent
minima because they do not include nanobubble-induced losses in
bulk conductance resulting from electrolyte exclusion. We then
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calculated normalized conductance ratios by dividing the surface
conductances by the same bulk conductances (x°/x"). Surface-to-
bulk conductance ratios of 0.2, 0.95, and 3.6 were observed for the
unmodified nanopipettes in 3 M, 140 mM, and 5 mM conditions,
respectively. Our minimum reported ratio in 5 mM conditions is
comparable to that observed in surface charge-governed transport
through a nanopore (48).

Nanobubble metastability model
Reproducible and geometry-dependent measurements in Figs. 1 to
3 demonstrate these nanobubbles to be stable for at least minutes
and unperturbed by electric fields. Long-term monitoring of
nanobubble-plugged nanopipettes reveals slow nanobubble growth.
We measured 5 days of nanobubble growth based on steadily
reduced ionic currents (Fig. 4A; postmeasurement nanopipette
micrograph in fig. S15). Initially, a nanopipette filled with 3 M KCl
exhibited a rectification ratio of 1.3 and an average resistance of 54
megohms. Thereafter, ionic measurements were recorded, while
the system was otherwise unperturbed. Over 5 days, the average re-
sistance consistently increased to exceed 1 gigohm, while rectifica-
tion ratios remained between 1.4 and 1.7 (fig. S16). We estimated
the dynamically recorded nanobubble heights (Fig. 4A, inset) by

repeating the finite element procedure in Fig. 2C for the relevant
nanopipette geometry and ionic current data (fig. S17).

Repeating the same experiment with a new nanopipette, a larger
initial nanobubble (fig. S18; RR = 2.7, R,y = 116 megohms) grew
more quickly. Specifically, the resistance and rectification ratio
largely increased within 30 min (fig. S18, inset). The nanobubble
continued to grow over the next hour, with the resistance settling to
a higher value (Rayg = 600 megohms) and the rectification ratio
lowering to match the initial value (RR = 2.8).

Nanobubble growth is most readily achieved within gas over-
saturated liquid (I, 6). Other reports of growing nanobubbles
required drying and cavitation (49, 50). It is thus unexpected to ob-
serve nanobubble growth in our open system with free gas exchange
and minimal volume losses in fluid reservoirs. We explain this
growth with a dynamic equilibrium model for nanobubble-electrolyte
gas exchange (8). In this model, gas efflux that occurs at the nano-
bubble’s spherical caps is counterbalanced and exceeded by gas
influx through its intermediate cylindrical region (Fig. 4B). Larger
nanobubbles grow more quickly because higher aspect ratios pro-
vide greater ratios of influx to efflux.

Assuming that Henry’s law and Laplace pressure remain valid
for nanobubbles below 10 nm in radius (I, 28, 50), we describe the
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depends on the interfacial electrolyte thickness (dashed and dotted curves).
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dissolved gas concentration at the nanobubble surface (ceurf) as
Csurf = HiPxg, where Pyp is the internal nanobubble pressure and Hy
is the Henry’s law constant. We neglect small hydrostatic forces to
assume the bulk electrolyte pressure (P,) equal to atmospheric
pressure (Fig. 4C). We then use a pressure balance at the spher-
ical nanobubble cap to define Pyp = P + APL, where AP is the
two-phase Laplace pressure difference. For a spherical interface,
APy, = 2ysin(@ng)/rng (51), where @np is the three-phase contact
angle, ryp is the nanobubble radius, and v is the air-water surface
tension.

Py and ¢y therefore depend on the nanobubble geometry (fig.
S$19). Experimentally, the small nanopipette radius constrains ryp to
ensure that cguf > Cear = HiPatm, Where cqy is the saturated air con-
centration. This concentration gradient drives gas efflux through
the spherical nanobubble caps. The efflux is likely minimized by
small @ng (1), as indicated by the small APy, (green lines) equating
P (black curve) and Pyg (blue line) (fig. 4C).

When @np < 30°, the different interfacial geometries result in a
Laplace pressure difference across the cylindrical nanobubble region
(APp, = y/rng) that exceeds APy in the spherical cap region. These
conditions bring the interfacial electrolyte under tension, as shown
by the larger APy, at the nanobubble’s center (Fig. 4C). For a suffi-
ciently thin interfacial electrolyte, the tension is exacerbated by the
attractive disjoining pressure (APp) between the nanobubble sur-
face and the nanopipette wall (fig. S20) (51-53).

Because of being under tension, the gas solubility of the inter-
facial electrolyte increases (54) to support nanobubble growth
(Fig. 4C, red dashed curve). Multiple additional factors may
contribute to gas enrichment in the interfacial electrolyte:
Nanobubbles hold highly dense gas (9), nanochannel confinement
can bring a bulk fluid under tension (49, 50, 55), and hydro-
phobic interfaces promote gas enrichment (56) and deplete water
density (57).

Finite element modeling and gas law relations enable us to esti-
mate the dissolved gas concentration in the interfacial electrolyte
(note S3). For simplicity, we assumed axially oriented nanobubble
growth with one spherical cap pinned at the nanopipette opening
(49). The ideal gas law relates the nanobubble’s dynamic height
(Fig. 4A, inset) to its gas accumulation during growth, while a finite
element model quantifies efflux through the nanobubble caps. This
efflux is primarily determined by @ng, mostly occurs through the
pinned cap (fig. S21), and is considered to remain constant because
of the nanobubble height remaining small with respect to the nano-
pipette length (several centimeters). We quantified gas influx through
the interfacial electrolyte as the sum of the spherical cap efflux and
the gas accumulation underlying growth. Last, we determined the
gas concentration at the nanopipette wall based on a radial concen-
tration gradient across the interfacial electrolyte.

The model predicts that the interfacial electrolyte needs to hold
only slightly more dissolved air than is present at the nanobubble
surface. In the small @np regime, we observe a linear relationship
between cyrrand g (Fig. 4D, black line), where cqy¢is plotted after
normalization by the saturated gas concentration (cs,). Slow growth
and high aspect ratio dimensions ensure that at the nanopipette
wall, the dissolved gas concentration needs to be only 0.05 to 0.25%
greater than at the nanobubble surface (Fig. 4D, dashed red curves).
This excess gas concentration scales with the interfacial electrolyte
thickness because more gas is required to maintain an equivalent
gradient across a thicker film.
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DISCUSSION
Our study characterizes ion transport through nanobubble-plugged
nanopipettes and nanobubble metastability under these conditions.
We demonstrate composite nanochannels with tunable ionic cur-
rents and ion rectification ratios, atomically thin electrolyte films,
and effective apertures comparably sized to biological ion channels.
We also demonstrate the capability of nanobubbles to enhance nano-
channel conductivity in the forward rectification direction, which
we attribute to nonlinear electrokinetic phenomena. To attain these
results, we developed a mechanical technique for easily fabricating
these systems by generating nanobubbles inside nanopipettes.
Crucially, more precise nanobubble formation and dissipation is
required to engineer these promising transport properties into ion-
ic sensors, pumps, or filters. Dynamic and controlled nanobubble
manipulation may be possible with nanochannel surface function-
alization, localized electrochemical activity, or targeted ultrasound
stimulation. Better understanding of the transport effects studied here
are also relevant to applications relying on ionic currents through
nanopipettes, including patch clamp electrophysiology (58, 59) and
scanning ion conductance microscopy (59, 60). By observing long-
term nanobubble growth without an external source of gas over-
saturation, we also present a system that may provide additional
insight into three-phase interface dynamics.

MATERIALS AND METHODS

Nanopipette fabrication and modification

Nanopipettes were fabricated from fire-polished quartz capillaries
with outer diameters of 1.0 mm, inner diameters of 0.5 mm, and
filaments (Sutter Instrument, no. QF100-50-7.5), using a P-2000
laser-based micropipette puller (Sutter Instrument). Nanopipettes
were pulled with the single line program: Heat 850 | Fil 5 | Vel 55 |
Del 145 | Pul 195. Certain nanopipettes were modified by filling
pipette interiors with a 1 weight % solution of poly-L-lysine (Sigma-
Aldrich, no. P1399) in deionized (DI) water and subsequently
baking them in a 95°C oven until the filling solution evaporated.
This treatment coated inner nanopipette walls to be positively
charged.

Electrolyte preparation and characterization

Electrolytes were prepared by adding KCI (Thermo Fisher Scientific,
n0.7447-40-7) to ultraviolet (UV)-treated DI water (18 megohms/cm;
Evoqua) and filtering through 0.2-um pore filters (Thermo Fisher
Scientific, no. 566-0020). Electrolyte pH was raised to 7 (or 12, where
indicated) via dropwise addition of 1 M KOH (Thermo Fisher Scien-
tific, no. P250). Electrolyte pH was reduced to 2 (where indicated)
via dropwise addition of 37% HCI (Thermo Fisher Scientific,
no. A144C-212). Electrolyte pH was measured with indicator strips
(Millipore, no. 109535). Resistivity of 3 M KCl was determined by
measuring the resistance across an electrolyte-filled capillary of
known dimensions (Sutter Instrument, no. QF100-50-7.5).

Mechanical nanobubble generation and modification
Nanobubbles were generated upon backfilling nanopipettes with
electrolyte and immersing nanopipettes in electrolyte baths. Nano-
bubble configurations were manipulated by repeated removal and
reimmersion of nanopipettes into electrolyte baths. For longevity
tests, nanopipettes remained undisturbed inside the electrolyte
baths for the durations of the measurement sets.

7 of 9

0202 ‘v'T JaqWanoN uo /610 Bewasualos saoueApe//:dny wol) papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

Electronic characterization

Electronic measurements were performed by applying voltages to
Ag/AgCl wire electrodes (A-M Systems, no. 781500) inside nano-
pipettes and measuring ionic currents through Ag/AgCl disk elec-
trodes (A-M Systems, no. 550025) in electrolyte baths. Electrodes
were connected to an Axon MultiClamp 700B amplifier through an
Axon CV-7B headstage. Electronic signals were recorded by a data
acquisition (DAQ) card (National Instruments, no. PCle-6353) at
200 kS/s. Through the DAQ, a PC sent voltage waveforms to the am-
plifier and received current outputs. Current data were analyzed
using custom MATLAB programs. For DC conductance measure-
ments, triangle waveforms (-1 to 1 V) were applied at speeds of
1V/s,10 V/s, 100 V/s, and 1 V/ms. Waveforms were applied six times,
with three starting at —1 V and three starting at 1 V. Reported ionic
currents represent the means and SDs measured across these inputs.
For AC impedance measurements, 20 mV pj_pk sinusoid waveforms
were applied at increasing frequencies. Impedance magnitudes were
based on the peak to peak current differences. Phase angles were
based on the temporal delay between the peaks of the voltage and
current sinusoids. For noise measurements, constant voltages were
applied for 5 s, with the first half discarded as settling time. Noise
data were smoothed with moving average filters across N points,
with N={1, 10, 25, 100} for frequency decades {1-10, 10-100, 100-1000,
1000+}. Noise spikes at harmonics of the 60-Hz grid frequency were
removed by hand.

Cryogenic transmission EM

After electrical testing, nanopipette tips were hand-mounted onto
transmission EM (TEM) grids (Ted Pella, no. 1GC50) with edges
secured by UV-curable epoxy (EPO-TEK, no. OG133-8). The
nanopipette-mounted grids were rapidly plunged into liquid nitrogen-
cooled liquid ethane (-183°C) with a Vitrobot IV (FEI) using 100%
humidity conditions. Cryogenically frozen grids were quickly trans-
ferred to a storage box and held in liquid nitrogen until imaging.
Micrographs were acquired with the K2 Summit direct electron detec-
tor (Gatan) on a Tecnai F20 (FEI) operating at 200 kV. To prevent
nanopipette damage from the incident electron beam (as evidenced
by melting of the nanopipette tip), very low dose rates (0.1 to 0.5 e~
pixel ' s7!) were used along with quick operation to localize and focus
on nanopipette tips. Images were recorded as stacks of 40 frames
with a total exposure time of 4 s and a dose rate of 2 e~ pixel ' s
Single micrographs were summated from frame stacks using the
average algorithm in Digital Micrograph software (Gatan).

Finite element modeling

Tonic currents and nanobubble gas exchange were simulated with the
finite element approach (COMSOL Multiphysics 5.4). Automatically
generated model reports will be made available upon request. All
finite element simulations were considered sufficiently optimized
when further mesh refinement no longer altered the ensuing
solutions and mass continuities were preserved across domain
boundaries. Extensive overviews of the governing physics and model
implementations are included in the Supplementary Materials.

Scanning EM

Certain nanopipettes were inspected under scanning EM (SEM) to
verify that tips did not break during testing and to fit finite element
models to experimental nanopipette geometries. Before inspection,
these nanopipettes were baked in a 95°C oven until the filling elec-
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trolyte evaporated. Scanning electron micrographs were acquired with
the direct electron detector on a Sigma Field Emission SEM (Zeiss)
operating at 1 kV. Small working distances (<2 mm) permitted
nanoscopic imaging resolution at 1 kV without metal coating of
pipette tips.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/46/eabd0126/DC1
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