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MATERIALS SCIENCE

lon transport and ultra-efficient osmotic power
generation in boron nitride nanotube porins

Zhongwu Li', Alex T. Hall?, Yaqing Wang’, Yuhao Li', Dana O. Byrne3’4, Lyndsey R. Scammell®,
R. Roy Whitney?, Frances I. Allen*$, John Cumings?, Aleksandr Noy

Nanotube porins form transmembrane nanomaterial-derived scaffolds that mimic the geometry and functionality
of biological membrane channels. We report synthesis, transport properties, and osmotic energy harvesting per-
formance of another member of the nanotube porin family: boron nitride nanotube porins (BNNTPs). Cryo-trans-
mission electron microscopy imaging, liposome transport assays, and DNA translocation experiments show that
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BNNTPs reconstitute into lipid membranes to form functional channels of ~2-nm diameter. lon transport studies
reveal ion conductance characteristics of individual BNNTPs, which show an unusual C'’* scaling with ion concen-
tration and pronounced pH sensitivity. Reversal potential measurements indicate that BNNTPs have strong cation
selectivity at neutral pH, attributable to the high negative charge on the channel. BNNTPs also deliver very large
power density up to 12 kW/m? in the osmotic gradient transport experiments at neutral pH, surpassing that of
other BNNT-based devices by two orders of magnitude under similar conditions. Our results suggest that BNNTPs
are a promising platform for mass transport and osmotic power generation.

INTRODUCTION

Biological membrane channels play a crucial role in various process-
es related to energy conversion and molecular separation in living
systems, regulating the transport of ions and molecules across mem-
branes (I, 2). Nature has mastered manipulation of the geometry,
chemical functionality, and transport mechanisms in these channels
to achieve astonishingly efficient and selective transport characteris-
tics (3). The remarkable performance of biological membrane pores
has spurred the development of biomimetic and bioinspired nano-
channels, which include protein, peptide, DNA-based channels, and
other synthetic analogs that aim to replicate the unique transport
characteristics of their biological counterparts (4, 5). Many bioin-
spired nanofluidic channels have shown fascinating ion transport
properties (6). Quasi-zero-dimensional nanopores in atomically
thin MoS, have demonstrated strong ion gating and selective trans-
port performance due to their inherent surface charge (7, 8). Two-
dimensional graphene nanochannels show ion selectivity that goes
beyond mere steric sieving effects (9).

Nanofluidic channels tailored for specific ion transport dynam-
ics also open exciting possibilities for harvesting the energy of os-
motic gradients and converting it to electric power (10, 11). Osmotic
power is generated when a strongly ion-selective fluidic channel con-
nects two reservoirs of different salinity. Spatial confinement and
surface charge are the two critical factors that determine osmotic
power generation performance of a membrane pore (12, 13). Chan-
nels wider than Debye length cannot deliver the required ion selec-
tivity. A high surface charge of the nanochannel wall is also crucial
because it creates conditions for co-ion exclusion that enhances the
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channel selectivity and osmotic current. It is not unexpected that
nanopores and nanochannels that combine high surface charge and
strong spatial confinement have been at the forefront of osmotic en-
ergy harvesting efforts. One-dimensional nanotube scaffolds, such
as carbon nanotubes (CNTs) and boron nitride nanotubes (BNN'Ts),
represent a particularly compelling scaffold for creating such plat-
forms. These materials offer the multiple advantages of precise ge-
ometry that defines strong spatial confinement, robust structure, and
clean regular surfaces with defined chemical and electronic charac-
teristics, which in turn can determine transport and ion rejection
behavior (6). In particular, BNNTs have stood out in these efforts
because of their unique surface morphology and massive surface
charge (14-19), stemming from the boric acid chemical ionization
equilibrium (20-22).

Pioneering work by Siria et al. (15) demonstrated BNNT’s poten-
tial for osmotic power generation by showing that devices made with
BNNT, with diameters ranging from 30 to 80 nm, can achieve out-
puts as high as ~4 kW/m?, which surpassed that of traditional ion
exchange membranes used in reverse electrodialysis (<5 W/ m?) (12,
23, 24). Recent work by Pendse et al. (17) also showed that the mem-
branes composed of 30-nm-diameter BNNTs can generate high os-
motic power under the salt concentration gradient. Cetindag et al.
(18) also reported that macroscopic arrays of aligned BNNTs in 3- or
12-nm diameter in a salt concentration gradient produced osmotic-
power densities up to ~10 kW/m? per pore. However, these studies
mainly focused on micrometer-long BNNTs with large diameters that
operated under extreme conditions, such as very high pH levels and
salinity gradients, which remain impractical. In contrast, shorter
BNNT channels would offer numerous advantages, including re-
duced electrical and transport resistance (13, 25). The critical role
of the channel length in achieving higher osmotic power output
has been demonstrated when a nanopore in single-layer MoS, (8)
achieved exceptionally high osmotic power characteristics. While in-
corporating very short nanotube channels in a measurement platform
is difficult, the nanotube porin platform provides a particularly facile
approach. This strategy, which embeds short segments of nanotubes
in lipid bilayer membranes, was first demonstrated with CNT porins
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(CNTPs) (26, 27). BNNTS represent another potential candidate for
creating bioinspired membrane channels, particularly those with
high surface charge to enable enhanced selectivity and efficient os-
motic power conversion.

Here, we report the synthesis of BNNT porins (BNNTPs) and their
incorporation into lipid membranes to expand the nanotube porin plat-
form. Cryogenic transmission electron microscopy (cryo-TEM) imag-
ing and liposome transport assays confirm that BNNTPs incorporate
into the lipid bilayers and create passive transmembrane pores. Single-
channel conductance measurements using droplet interface bilayers
(DIBs) reveal that BNNTPs have distinct ion transport properties and
ion conductance scaling. Notably, we found that these nanotube porin
species exhibit strong cation selectivity above pH 4, which allows them
to achieve very high osmotic power generation density of ~12 kW/m?
under just a 10-fold salinity gradient at neutral pH, a performance that
is two orders of magnitude higher than what has been reported for
other BNNT systems under similar conditions.

RESULTS
We created BNNTPs using modified lipid-assisted sonochemical
cutting of macroscopically long multiwall BNNTs (Fig. 1A), in an

adaptation of the procedure that we previously reported for CNTP syn-
thesis (28). Our approach diverges from the conventional surfactant-
assisted BNNT dispersion techniques (29, 30), which would introduce
substances that potentially compromise the stability of lipid mem-
branes. Instead, we opted to disperse BNNTs from their initial “puft-
ball” form in a suspension of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) lipids. This suspension, as revealed by helium ion microscopy
(HIM) imaging (Fig. 1Aii), contained micrometer-long BNNTs that
still show some degree of aggregation. Subsequent probe sonication,
followed by removal of longer BNNT fragments by centrifugation, fur-
ther separated the BNNTs from the bundles and eventually created no-
tably shorter BNNT segments coated by lipid molecules, i.e., BNNTPs
(Fig. 1Aiii), which could then be incorporated into liposomes
(Fig. 1Aiv). High-resolution transmission electron microscopy
(HR-TEM) analysis (Fig. 1B and fig. S1), indicates that the BNNTPs
have an average inner diameter of ~2.1 nm. This dimension is consis-
tent with the average height of ~2.8 nm observed via atomic force
microscopy (AFM) (fig. S2), accounting for the typical double to
triple-walled structure commonly found for as-synthesized BNNTs.
As expected for the BN nanotube surface, zeta-potential measurements
indicated that as-synthesized BNNTPs have strong negative surface
charge (fig. S3), consistent with the literature reports (15, 18).

B 20 C 20
15+ 15
2 82
5 10- 510
o o
O (@]
5- 54
0 0
01 2 3 4 5 6 7 8 0 20 40 60 80 100
Inner diameter (nm) Length (nm)
D E F
0 15 BNNT tilt 05
~ BNNTPs (ug/ml
20 4 30 angle (deg) S04] ® 0 s (ug/mi) . -
L 0.15 -
> = 03 )
159 ® 034 m 06 ?‘“
® < 15
< 60 2. .1 = 30 =
310 £027 4 6o X
O 8 o)
75 N 0.1+ g
51 T RS
............ E n
) N £ 00
0 T T T + 90 =z T T T
0 5 10 15 20 100 200 300
Counts Time (s) BNNTPs (ug/ml)

Fig. 1. Synthesis, characterization, and incorporation of BNNTPs. (A) Schematic showing BNNTP preparation. i. Schematic of uncut BNNTs and a photograph of raw
BNNTs in “puffball” status. ii. HIM imaging of dried BNNTs after dispersing with lipids in water and a photograph of uncut BNNT-lipids solution. iii. Schematic of cut, lipid-
stabilized BNNT segments and a photograph of a cut BNNT suspension. iv. Schematic showing BNNTP incorporation into liposomes. (B) Histogram of the inner diameters
of cut BNNT fragments measured with HR-TEM and a Gaussian fit to the data. Most BNNTPs show two to three walls. Inset: HR-TEM image of a single BNNTP. (C) Histogram
of the lengths of the BNNTPs inserted into the lipid membrane and a Gaussian fit to the data. Inset: Cryo-TEM image of single BNNTP incorporated in the liposome bilayer
(top) and individual BNNTPs (bottom). (D) Radius plot of the histogram of BNNTP tilt angles measured relative to the axis normal to the bilayer plane. (E) Time traces of the
normalized fluorescence intensity of self-quenching CF dye after additions of BNNTPs to different concentrations. (F) Initial slopes of CF dye fluorescence intensity plotted
as a function of BNNTP concentration. Dashed line is a linear fit to the data. Inset: Schematic illustration of CF dye leakage assay for qualitatively probing channel size
formed by BNNTPs.
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Cryo-TEM imaging of BNNTPs reconstituted into large unila-
mellar vesicles (LUVs) provided further insights into their struc-
ture. Cryo-TEM images showed short BNNT fragments seamlessly
integrated into the lipid bilayers (Fig. 1C, inset and fig. S4). Statisti-
cal analysis of the cryo-TEM images revealed that the lengths of the
cut BNNTs incorporated into the lipid vesicles followed a normal
distribution, with an average of 38.4 & 2.2 nm. This is longer than
the cut CNTs (~10 nm) (28), a difference attributed to the multiwall
nature of BNNTSs, yet markedly shorter than the lengths typically
achieved through surfactant-assisted cutting (29). Despite their
length greatly exceeding the typical ~5-nm lipid bilayer thickness,
the BNNTPs predominantly orient themselves perpendicularly to
the plane of the membrane. A histogram of the membrane tilt angles
(Fig. 1D) shows that most BNNTPs exhibit only minimal tilt, devi-
ating by only about 5° from the membrane normal.

We assessed the incorporation, and pore-forming activity of the
BNNTPs, with a 5(6)-carboxyfluorescein (CF) dye leakage assay
(31) (Fig. 1, E and F). This assay is based on monitoring the fluores-
cence of a CF dye, a ~1-nm molecule that is sequestered in the vesicle
lumen in a self-quenching concentration above 50 mM. If CF mol-
ecules trapped inside the LUV escape through channels larger than
1 nm (fig. S5), they immediately dequench, leading to an increase in
fluorescence intensity. When we added BNNTPs to CF-encapsulating

LUVs, we observed a strong increase in fluorescence, indicating that
CF dyes were escaping out of the vesicles. The initial slopes of the
fluorescence intensity kinetic curves correlated directly with the
quantity of BNNTPs added (Fig. 1F), strongly indicating that BNN'TPs
were indeed inducing the dye leakage. These experiments confirm
that BNNTPs spontaneously incorporate into the lipid vesicles and
form channels of larger than 1-nm size, an observation that is fully
consistent with the TEM results.

We explored the ion transport in BNNTPs with a DIB setup (32,
33). In these experiments we placed two liquid droplets each en-
cased in a monolayer of 1,2-diphytanoyl-sn-glycero-3-phosphocho
line (DPhPC) lipid and filled with buffer into an oil bath. We then
carefully brought the two monolayer-encased droplets together us-
ing a micromanipulator to form a small patch of lipid bilayer in the
droplet contact zone (Fig. 2A). Each droplet also contained a small
electrode that allowed us to record transmembrane ion current. This
setup also allowed us to monitor the bilayer formation by observing
capacitance current under a triangular voltage wave (fig. S6). From
these measurements, we estimated the typical diameter of the bilayer
patch at the droplet interface to be ~100 to 300 pm. Once formed,
the bilayer was very stable even under a high voltage of 200 mV and
was able to tolerate abrupt stepwise voltage changes (fig. S6). We
further validated the performance of our DIB system by detecting
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Fig. 2. lon transport in individual BNNTPs. (A) Schematic illustration for single-channel recording of BNNTP conductance where an interface lipid bilayer formed be-
tween two droplets (top) and optical microscope image of hanging droplets with bilayer at the interface (bottom). (B) Representative conductance traces showing incor-
poration of BNNTPs into the lipid bilayer for 1 M KCl at pH 7.5. Control trace was recorded in absence of BNNTPs. (C) Histogram of BNNTP conductance values for 1 M KCl
at pH 7.5. Dashed blue line is a Gaussian fit to the data. (D) lon conductance of individual BNNTPs measured over a range of KCl concentrations at pH 7.5. Dashed line in-
dicates fits to a power law. Inset: lon conductivity versus KCI concentration for BNNTPs and bulk solutions (35) at pH 7.5. Dashed lines are best fits of the data to a power

law. The ion conductivity of BNNTPs was determined from the ion conductance withx = G( % + ‘lj ), where G is the conductance, L is the length, and d is the inner diam-

eter of BNNTPs. (E) lon conductance of individual BNNTPs measured over a range of pH for 1 M KCl. Dashed line is a guide to the eye.
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the incorporation of a-hemolysin (a-HL) protein channels into the
lipid bilayer (fig. S7). The ion conductance of a-HL in these experi-
ments, ~0.98 nS in a 1 M KCl solution at pH 7.5, agrees with values
reported in literature under similar conditions (34).

After introducing BNNTPs into the DIB system droplets, we ob-
served a series of conductance jumps, corresponding to spontane-
ous incorporation of these porins into the membrane (Fig. 2B). A
histogram of the conductance step values measured in these experi-
ments (Fig. 2C) reveals a prominent peak at ~179 pS followed by a
series of smaller conductance peaks at approximately double and
triple of this value. While there were occasional conductance jumps
registering higher than these values, these occurrences were rela-
tively infrequent. Thus, we conclude that the main peak of the histo-
gram corresponds to BNNTP single insertion events and the events
with larger conductance values correspond to insertion of the BNN'TP
dimers and primers resulting from the aggregation of BNNTs. The
conductance of BNNTPs was lower than values we reported previ-
ously for the slightly narrower (~1.5-nm diameter) and shorter
CNTPs (26). This observation is not unexpected given not only the
length difference but also the notable difference in surface proper-
ties, which could also influence ion transport behavior.

The relationship between the ion conductance of BNNTPs and
ion concentration (Fig. 2D and figs. S8 and S9) reveals additional
details of ion transport in BNNTPs. We observed a clear power-law
dependence of BNNTP conductance on ion concentration, charac-
terized by an exponent value of o ~ /4. This value deviates notably
not only from the linear conductance dependence on ion concentra-
tion typically expected in bulk solutions (Fig. 2D, inset) (35), but
also from the one-third and two-thirds power-law exponents re-
ported for CNT channels (36, 37).

Conductance characteristics of nanochannels can be complicat-
ed. Channels with fixed surface charge typically exhibit a conduc-
tance saturation at lower ionic strengths, indicating a transition
from a bulk-dominated to a surface-dominated transport regime
(38), where the ion transport becomes primarily driven by counter-
ions accumulating near the charged surface. Secchi et al. (36) showed
how this behavior can be modified by charge regulation at the chan-
nel wall, producing a scaling law of & ~ /3 in long wide CN'Ts.
Manghi et al. subsequently expanded this model to include electro-
osmotic coupling producing the a ~ */3 dependence observed in
larger diameter CN'TPs (37, 39). Further, Queralt-Martin et al. (40)
reported that biological channels exhibit a range of power-law scal-
ing exponents, from Y10 to */s. Cui et al. (41) found that the ion
conductance in ~2.2-nm-diameter CNTs has a o ~ '/3 scaling for
KCl while a & ~'/, for NaCl and o ~ !/} for LiCl. Not only these ex-
ponents, but almost any power-law exponent ranging from 0 < a < 1,
have been observed (42). Thus, the observation of a relatively low
value of o ~ !/4 for BNNTPs at low ion concentrations is not unex-
pected, indicating that ion conductance is strongly determined by
the charge on the BN surface of the nanotube. We estimated the
surface charge on the BNNTP surface using a charge regulation
model (36, 43) that assumes surface charge density versus salt con-
centration scaling of 6(C) x c (fig. S10), as simple fixed charge
model resulted in a poor fit. The surface charge density values derived
from this fit exhibited an increase with ion concentration, reaching
higher absolute values than the previously reported surface charge
densities for BNNTSs with larger diameters of 30 to 80 nm (15, 19).
We attribute these higher values to higher reactivity of the highly
curved BNNTP walls.

Lietal, Sci. Adv. 10, eado8081 (2024) 6 September 2024

However, the observation of a power-law dependence of the ion
conductance at high ion concentrations (up to 3 M) in BNNTPs is
unusual. Normally, screening of surface charges at the channel wall
leads to a reduction in channel selectivity and the emergence of bulk
conductance characteristics. In our experiments, BNNTPs present-
ed an intriguing deviation from this norm. This behavior is also
qualitatively different from the conductance saturation that we pre-
viously observed in 0.8-nm-diameter CNTPs where the ion conduc-
tance saturated above 0.25 M (44). This unusual persistence of the
power law scaling in BNNTPs might stem from the high surface
charge density of the narrow BNNTPs that may lead to the domi-
nance of the surface conductance pathway at all ion concentrations
that we have studied. This high surface charge could potentially lead
to robust ion accumulations and attractions within the crowded
channels, thereby increasing channel resistance. This behavior con-
trasts with the conductance properties of the weakly charged, smooth-
er CNTs (36, 37), as well as those of BNNTs of larger dimensions
(15). We also found reduced ion conductivity in BNNTPs compared
to the bulk solution value (Fig. 2D, inset), supporting this hypothesis.

We have also explored ion conductance dependence on solution
pH values. When we adjusted the 1 M KCl solution pH from 3 to 7,
the conductance of BNNTPs gradually increased. Intriguingly, as we
increased the pH further, BNNTP ion conductance did not increase
monotonically but instead showed a maximum at neutral pH values
(Fig. 2E and fig. S11). A similar phenomenon was observed in two-
dimensional charged graphene nanochannels (43). Several factors
could be responsible for this suppression of ion transport in BNNTPs
at high pH. We speculate that increased ion trapping in the highly
charged BNNTP channel walls could be responsible for this effect
(45, 46). Other possible explanations could include the facilitated
formation of ion pairs in small confined channels (47, 48), an inter-
play between entropy and hydration energy in layered liquid struc-
tures (49), or the polarization of BNNT walls (50). This complexity
necessitates further simulation work to fully unravel the underlying
mechanism.

Verifying the precise pathway of ion transport is an important
component of nanofluidic transport experiments. For the BNNTP
system, it is also essential to confirm that ion transport occurs through
the nanotubes themselves, rather than any gaps between the tube
and the membrane (51). To verify this behavior, we studied the trans-
location of 50-nucleotide-long single-stranded DNA (50-nt ssDNA)
oligomers through BNNTPs. Because of the high negative surface
charge of the BNNTP wall, we had to conduct the experiments at
ultrahigh KCI concentration of 3 M. When DNA was added to the
cis droplet of our setup, which was grounded (Fig. 3A), we observed
rapid conductance blockades indicating that individual ssDNA mol-
ecules were passing through the BNNTPs. While these blockades
were prominent in 3 M KCl solutions at pH 7.5, we did not detect no-
table blockades at lower ion concentrations, which again was likely
due to the repulsion between the negatively charged DNA and the high-
ly negatively charged BNNTP wall that was insufficiently screened at
this ion concentration. The conductance blockade values exhibited a
normal distribution, centering around ~139 pS (Fig. 3, B and C),
which corresponds to ~68% of the baseline BNNTP conductance.
Given the physical dimensions of ssDNA, which has a diameter of
~1.2 nm, we estimated that this conductance blockade value corre-
sponds to an effective ion transport diameter of ~1.5 nm. Compared
to the average ~ 2.1-nm-diameter of BNNTPs established from the
HR-TEM data, this value also implies the presence of an immobile
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Fig. 3. DNA translocation through BNNTP ion channels. (A) Schematic showing
the translocation of ssDNA through a BNNTP in the lipid bilayer. Conductance trace
showing multiple transient blockades caused by 50-nt ssDNA translocation through
the BNNTPs with magnified view (bottom). The top trace shows the control record-
ed in absence of BNNTPs. (Buffer: 3 M KCl, pH 7.5). (B) Histogram of conductance
blockade levels for ssDNA translocation events and the dashed blue line is a Gauss-
ian fit to the data (left). Histogram of dwell times for ssDNA translocation events
and the dashed blue line is a log-normal fit to the data (right). (C) Contour plots of
the conductance blockade versus dwell time.

ion layer of roughly 0.3 nm attracted to the charged walls, which is
again consistent with the overall picture of a highly charged BNNT
surface. The dwell times of DNA translocation followed a log-normal
distribution, centering around ~1.55 ms, again confirming that the
observed current blockades originated from the ssDNA chains tran-
sitioning through the BNNTP channel in the membrane. The aver-
age translocation time corresponds to an average DNA translocation
speed of ~30 nt/ms, a rate that is comparable to that of biological
nanopores (52). We observed a tight grouping of the ssDNA trans-
location events in the parameter space in the contour of conduc-
tance blockade versus dwell times (Fig. 3C), indicating a promising
sensing ability of BNNTPs.

To explore the transport properties of BNNTPs further, we mea-
sured their ion selectivity using reversal potential experiments. These
measurements involved exposing different sides of the BNNTPs to
an ion concentration gradient across the two droplets (Fig. 4A, in-
set). Initially, as a control experiment, we verified that when both
droplets contained identical ion concentration solutions, the BNNTP
current-voltage (I-V) curves exhibited linear characteristics inter-
secting the origin (fig. S12). When we introduced asymmetric ion
concentrations across the droplets, we observed a clear shift in the
I-V curves (Fig. 4A and fig. S12), indicating that BNNTPs were in-
deed ion selective. Notably, the values of the zero-current potential
were quite consistent across multiple experiments on membranes
containing different numbers of BNNTPs, indicating that such ion
selectivity was quite uniform across the BNNTP samples. The
observed osmotic current values also agree with the values ex-
pected for ion current induced by osmotic forcing in a reverse

Lietal, Sci. Adv. 10, eado8081 (2024) 6 September 2024

electrodialysis—dominated transport regime (24, 53), caused by
high surface charge and strong Debye layer overlap in small-
diameter BNNTPs.

Consistent with our expectations for a nanochannel with nega-
tively charged walls, BNNTPs showed notable preference for K™ ions
over Cl™ ions at pH 7.5 (Fig. 4B). This cation permselectivity in-
creased with decreasing ion concentration, ranging from ~0.3 at a
high concentration of 3 M to nearly complete (1.0) at a lower con-
centration of 0.1 M. Particularly noteworthy was the behavior at con-
centrations below 0.2 M, where BNNTPs exhibited near perfect
cation (K*) selectivity. BNNTPs exhibited a K*/Cl~ selectivity ratio
(SR) of 7.4 at pH 7.5 at the typical seawater salinity level of 0.6 M
(Fig. 4B, inset). This level of selectivity is notably higher compared
to that of biological a-HL nanopores (SR ~ 0.8) (54) and CNTPs
(SR ~ 1.5) (37) of similar diameter. Even in environments with high-
er KCI concentrations, such as 1 M and 3 M when the Debye length
is slightly smaller than the radius of the BNNTPs and the surface
charges should be strongly screened, BNNTPs continue to show a
clear, though weaker, preference for K* ion selectivity over Cl™ ion
(Fig. 4B). This sustained ion selectivity could be attributed to the
induced diffusio-osmosis within the charged channels, as discussed
in previous studies (15, 18, 41).

Given the high surface charge of the BNNTP wall, we can attri-
bute this high K* ion selectivity of the BNNTPs to the Donnan ex-
clusion effect. To validate this hypothesis, we conducted selectivity
measurements at different pH levels, while keeping the salt concen-
trations constant (Fig. 4C and fig. S13). We observed a strong de-
pendence of both the K* ion transference number and K*/CI~ ion
permselectivity on the pH of the solutions. The K*/Cl™ ion selectiv-
ity increased with pH, exhibiting the most substantial change be-
tween pH 3 and pH 5, and stabilizing in a plateau-like dependence
across a wide pH range from 5 to 10. Specifically, the K* ion selectiv-
ity observed in neutral and basic conditions transitions to Cl~ ion
selectivity in acidic solutions. This marked pH dependence parallels
similar behaviors reported in biological OmpF channels (55, 56),
suggesting that the charged groups on the surface of the channel
were being titrated. Supporting this notion, simulation studies (20-
22) have indicated that the source of surface charges on BNNTs can
be traced to the chemisorption of hydroxyl groups (OH™) on the BN
surface, BN; + H,O = BN;-OH™ + H™, following a reaction mech-
anism similar to that of boric acid, as described by the Henderson-
Hasselbalch equation (57, 58). This observation implies that the
ionization of boric acid groups is indeed responsible for the ob-
served K" ion selectivity in BNNTPs. Fitting the K* ion transference
number dependence on the pH values to a pH calibration equation
(Fig. 4C) further confirms this conclusion, producing a BNNTP pK,
(where K, is the acid dissociation constant) value of ~3.7. This value
is notably lower than the pK, ~ 5.5 found for BNNTs with larger
diameters of 30 to 80 nm (15, 20), suggesting enhanced reactivity of
the charge groups in more confined channels and highlighting dis-
tinct surface properties of the BNNTPs.

The exceptional ion selectivity of BNNTPs holds high promise
for advancing osmotic power generation approaches. In our study,
we measured the maximum power output achievable by BNNTPs
(fig. S14) and found that it can reach ~0.05 pW, depending on the ion
concentration gradient and pH levels. To contextualize this finding,
we assessed the osmotic power generation relative to the cross-
sectional area of a single BNNTP (Fig. 4D and figs. S14 and S15),
a common figure of merit in osmotic power research. Our results
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Fig. 4. lon selectivity and osmotic power generation in BNNTPs. (A) -V curves for different number of BNNTPs inserted into the membrane recorded for trans (1 M)/cis
(0.1 M) KCl at pH 7.5. Inset: Schematic of the reversal potential measurements with asymmetric salt concentrations in two droplets. Transference number, permselectivity,
and selectivity values were determined from the zero current potentials after subtracting the corresponding electrode redox potential. (B) K* ion transference number
and K*/CI™ ion permselectivity values at pH 7.5 plotted as a function of the Debye length for different KCl concentrations in the high-salt droplet. Dashed line is a guide
to the eye. Inset, K*/Cl™ ion selectivity values at pH 7.5 as a function of the KCI concentration. (C) K* ion transference number and K*/Cl™ ion permselectivity values plotted
as a function of pH, where the KCl concentrations in the high-salt droplet and low-salt droplet are held at fixed values (1 M /0.1 M KCl). Dashed blue line is best fit of K*
transference number to a pH titration function:t, = B, + B, %, where By and By are constants. (D) Osmotic power generation performance of BNNTPs compared
with the reported larger BNNTSs in terms of power density for different pH and salinity gradients. The power density values are calculated on the basis of power per unit
pore surface area. The power density values of other larger BNNTs previously reported are taken from Siria et al. (15) (L ~ 1 pm, d = 80 nm), Pendse et al. (17) (L ~ 50 pm,

d=30nm), and Cetindag etal. (18) (L ~5 pm, d =3 nm,and d =12 nm).

indicate that the power density of BNNTPs can attain levels as high
as ~12 kW/m?, with an energy conversion efficiency of ~16% (the
theoretical maximum is 50%). Notably, this performance surpasses
that of other BNNTs with larger sizes. For instance, the power den-
sity of BNNTPs exceeds that of BNNTSs of 5 pm long and 12 nm in
diameter by ~1.5 times and those 5 pm long and 3 nm in diameter by
~3 times (18). The power density is also ~3 times higher than BNNTs
that are ~1 pm long and 80 nm in diameter (15) and ~2 orders of
magnitude greater than BNNTSs that are ~50 pm long and 30 nm in
diameter (17). It is important to note that MoS, nanopores (8), with
their atomic thickness of ~0.6 nm, showed even higher single-pore
power densities (~100 kW/mz), which could be attributed to their
ultrathin structure. However, it is also important to consider the con-
ditions under which these measurements were made. The power
densities for larger-size BNNTS in previous studies (15, 17, 18) were
obtained under extreme conditions of a 1000-fold salinity gradient at
a high pH of 11. In contrast, our measurements for BNNTP power
generation were conducted under a more moderate and practically
feasible 10-fold salinity gradient at a neutral pH of 7.5, making our
findings potentially more relevant for practical applications in har-
vesting blue energy. When comparing performance under identical
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conditions of a 10-fold salinity gradient at neutral pH, the power
generation of BNNTPs is notably higher, up to two orders of magnitude
greater than that of larger BNNTs. We can then estimate that a mem-
brane with just ~0.03% pore density should be able to achieve power
density that meets the commercialization benchmark of ~5 W/m?
(12, 23, 24).

DISCUSSION

In summary, we have successfully fabricated BNNTPs and demon-
strated their spontaneous incorporation into lipid membranes to cre-
ate biomimetic nanochannels for efficient ion and molecular transport.
Our ~38-nm-long BNNTPs exhibit superior ion conductance com-
pared to macroscopically long BNNTs and demonstrate a C'/* scaling
characteristic with ion concentration. Compared to CNTPs of similar
dimensions, these ~2.1-nm-diameter channels show very high levels
of cation selectivity, attributable to their high surface charges at neu-
tral pH. This selectivity also results in exceptionally high osmotic
power generation density, reaching up to ~12 kW/m? at neutral pH
with just 10-fold salinity gradient. This performance surpasses
existing power densities of traditional ion exchange membranes
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(12, 23, 24) by several orders of magnitude and exceeds the effi-
cacy of larger BNNTSs by ~2 orders of magnitude under similar con-
ditions (15, 17, 18).

Our results not only highlight the unique properties of BNNTPs
but also point to the complex dynamics of ion transport through
nanoscale channels. Understanding this dynamics is crucial for the
advancement of nanofluidics and could have notbale implications
for the development of next-generation membrane technologies. Our
research underscores the utility of BNNTPs for harvesting “blue”
energy from natural salinity gradients. Even though BNNT syn-
thesis technology advances and ongoing reductions in membrane
fabrication costs point to increased feasibility of large-scale energy
conversion using BNNTPs (59, 60), the real-world applicability and
commercial viability will still need to be evaluated by detailed tech-
noeconomic analysis (53, 61, 62). Last, the ease of incorporating
BNNTPs into lipid membranes opens avenues for their application
in physiological environments, enhancing the energy efficiency of
biohybrid interfaces, implants, synthetic tissues, and microrobotic
systems.

MATERIALS AND METHODS

Materials

The purified bulk BNNTs were provided by BNNT LLC, USA. BNNTs
were synthesized with the high-temperature high-pressure method that
preferentially produces two to three walled nanotubes. Both DOPC and
DPhPC were sourced from Avanti Polar Lipids Inc., USA. 5(6)-CE, po-
tassium chloride (KCl), sodium chloride (NaCl), tris base (tris), EDTA,
Hepes, and a-HL from Staphylococcus aureus, alongside hexadecane,
low-melt agarose gel, Sepharose CL-6B, and Triton X-100, were sourced
from Sigma-Aldrich, USA. Short ssDNA oligonucleotides (50-adenine)
were purchased from Integrated DNA Technologies Inc., USA.

BNNTP fabrication

BNNTPs were synthesized using a methodology adapted from the es-
tablished protocols for CNTP synthesis (28). In brief, 36 mg of DOPC
lipids in chloroform was added to a 20-ml glass scintillation vial. The
chloroform was then evaporated for a duration of 10 min on a rotary
evaporator, and the sample was dried overnight in a vacuum desiccator
to ensure complete removal of residual solvent. Following this, ~0.8 mg
of unprocessed BNNT material and 14 ml of deionized (DI) water were
added to the vial and mixed with the dried lipid film. The resultant mix-
ture underwent stirring at a speed of 1200 rpm for 4 hours, followed by
1 hour of bath sonication to ensure effective BNNT dispersion. The mix-
ture was then processed with a probe sonicator (QSonica) for 16 hours
to ensure BNNT fragmentation. Cut BNN'Ts were then centrifuged at
10,300g for 1 hour at 20°C using an Allegra X-30R centrifuge (Beckman
Coulter). After centrifugation, the supernatant, rich in BNNTPs, was ex-
tracted with a glass pipette and stored at 4°C.

Preparation of liposomes and

BNNTP-incorporated liposomes

To prepare the liposomes, we placed 2 mg of lipids dissolved in chlo-
roform into a glass vial. The solvent was then evaporated under an
air stream and underwent further drying overnight in a vacuum
desiccator. Afterwards, 1 ml of buffer was added to the desiccated
lipid film to achieve a final lipid concentration of 2 mg/ml after a
30-s bath sonication. For preparations that incorporated BNNTPs,
we first dried BNNTP stock solution in a vacuum desiccator and
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then rehydrated the resultant BNNTP film with 1 ml of buffer with
a 30-s bath sonication. This rehydrated BNNTP solution was then
used for hydrating the lipid film with a 30-s bath sonication. The
mixtures were then incubated at ambient temperature for 30 min.
To facilitate the formation of LUVs or BNNTP-incorporated LUV's
(BNNTP-LUVs), we subjected the samples to 7 freeze-thaw cycles,
involving rapid freezing in liquid nitrogen and subsequent thawing
at 50°C. Afterwards, the samples were extruded through 100- or
200-nm pore-sized polycarbonate membranes 21 times using a mini
extruder (Avanti Polar Lipids).

TEM sample preparation

Ten-microliter aliquots of BNNTP stock solution were dispensed onto
EMS Holey Carbon-coated 200-mesh copper TEM grids placed on top
of quantitative filter paper. The TEM grids were dried overnight in a des-
iccator. Cryo-TEM samples were prepared by first glow discharge clean-
ing Quantifoil Holey Carbon support grids with a PELCO easiGlow
system. Then, 10-pl aliquots of BNNTP-LUV solution were applied to
the cleaned grids in a Gatan Cryoplunge 3 system. Blotting with filter
paper and plunging into liquid ethane was handled automatically by the
Cryoplunge 3 system. Blotting time varied from 3 to 5 s. Cryo-TEM
samples were loaded into a Simple Origin Model 215 cryo transfer hold-
er held below 100 K and inserted into the TEM for cryo-TEM imaging.

TEM imaging and analysis

All imaging was conducted using a JEOL JEM-2100F transmission elec-
tron microscope operated at 200 kV. Conventional TEM images were
formed using a Gatan ORIUS SC1000 charge-coupled device (CCD)
camera at magnifications ranging from x40,000 to x1,200,000 with
a binning factor of 2. Cryo-TEM images were formed using the ORIUS
or Gatan Ultrascan 1000 CCD camera equipped with a Gatan Energy
Filter (GIF). The energy filter width was held at 20 eV to improve image
contrast and resolution. Images were formed on the ORIUS camera at
magnifications between X30,000 and X40,000 with no camera
binning. Images were formed on the Ultrascan camera with energy fil-
tering at pre-GIF magnifications of between X5000 and x6000. In
all cases, defocus values ranged from 1 to 2 pm. In-house codes were
used for measurements of BNNTP length and membrane insertion
angle. Image denoising and contrast enhancement were also per-
formed using an in-house code. As the BNNTP images are two-
dimensional projections, the measured lengths represent a lower limit of
the true length and inclined angles are not accessible.

HIM imaging

Following 2-min sonication, 10-pl aliquots of BNNT-lipid aque-
ous solution (uncut tubes) were drop cast onto silicon substrates
and dried in air. The HIM imaging was performed at 25 kV using
a Zeiss ORION NanoFab multibeam ion microscope using a 0.5-pA
He ion beam with a nominal probe diameter of 0.5 nm. Images
were acquired using an Everhart-Thornley detector, collecting sec-
ondary electrons generated by the scanning ion beam. Typical ac-
quisition parameters were a field of view to 5 to 15 pm, a scan
dwell time of 1 ps, a scan size of 2048 X 2048 pixels, and a line av-
erage of 8.

AFM imaging and analysis

AFM images were acquired using tapping mode in air on a Multi-
Mode 8, Nanoscope IV system (Bruker) using RTESPA-150 probes
(150-kHz nominal frequency and a 5 N/m spring constant) from the
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same vendor. For sample preparation, 40 pl of BNNTP stock solu-
tion was deposited onto freshly cleaved mica substrates, incubated
for 30 min at room temperature, rinsed with DI water, and subse-
quently dried overnight in a vacuum desiccator. The AFM imaging
reliably represented the true height (or diameter) of the BNNTPs.

CF dye leakage assay

For this assay, we prepared ~200-nm-diameter DOPC LUV using a
buffer containing 50 mM 5(6)-CF, 10 mM Hepes, and 100 mM NaCl
at pH 7.5. Unencapsulated CF dye was removed using size exclusion
chromatography on a Sepharose CL-6B column. We collected 2-ml
fractions using a buffer of 10 mM Hepes and 100 mM NaCl at pH
7.5 as the eluent (NaCl buffer). In a typical experiment, 50 pl of the
CF-encapsulating LUV suspension was diluted into 2 ml of NaCl
buffer to establish a concentration gradient for the CF dye. After
~10's, a solution of BNNTPs was injected into the suspension under
gentle stirring. The fluorescence emission of CF was monitored at a
wavelength of 517 nm with an excitation at 492 nm using a fluorom-
eter (FluoroMax-4, Horiba Inc). At around 350 s, a 20-pl solution of
10% v/v Triton X-100 was added to rupture the LUVs and release
the dye. The resulting transport trace was quantified by normalizing
the fluorescence intensity according to Eq. 1.

F, —F,
Fy=—+2 (1)
F, - F,
where Fy represents the fractional emission intensity, F; is the fluo-
rescence intensity at time ¢, F; is the intensity after Triton X-100
addition, and F is the initial fluorescence intensity.

Single-channel recording of BNNTP conductance

BNNTP conductance was evaluated in a DIB setup. Briefly, lipid bi-
layers were formed between two aqueous droplets immersed in
hexadecane oil and lined with the lipid monolayer, using the “lipid
in” technique (32, 33). DPhPC LUV (~100-nm diameter) were pre-
pared in a KCl buffer containing 10 mM tris and 1 mM EDTA. Two
100-pm-diameter Ag/AgCl electrodes with ball-ended tips were
made hydrophilic by coating with low-melt agarose in KCI buffer
(3% w/v). Electrodes were affixed to micromanipulators (NMN-21,
Narishige) mounted onto an inverted optical microscope (Leica
DMil) and connected to a patch-clamp amplifier headstage input
and ground. Droplets of LUV solution (~300 nl) were carefully
placed on the electrodes in the hexadecane oil bath using a micropi-
pette. After a 5-min incubation, the droplets were gently brought
together to form a bilayer. Bilayer formation was confirmed by mon-
itoring membrane capacitance upon application of a triangular volt-
age waveform. For these experiments, BNNTP stock solutions were
first dried, then dispersed in KCl buffer using 5-min bath sonica-
tion, and then introduced to the LUV solutions at ~1% v/v concen-
tration just before droplet formation. The insertion of BNNTPs into
the lipid bilayers and the associated ion transport were monitored
by real-time current measurements under an applied potential
range of 100 to 200 mV. As a positive control, the conductance of
a-HL was measured using diluted o-HL stock solutions (0.5 mg/ml
reduced to 1 pg/ml) in the LUV for droplet formation. All currents
were recorded using an Axopatch 200B patch-clamp amplifier cou-
pled with a 1550B data acquisition system (Molecular Devices), op-
erating at a sampling frequency of 20 kHz and a low band-pass filter
frequency of 1 kHz.
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DNA translocation measurements

For these experiments, a 50-adenine (50-A) ssDNA was premixed into
the BNNTP-LUV solutions, made with 3 M KCl, 10 mM tris, and 1 mM
EDTA at pH 7.5, reaching a final concentration of 100 pM. The ssDNA
was placed only into the cis droplet of the DIB setup. DNA transloca-
tion events were observed by applying a steady 150-mV bias across the
bilayer and monitoring the conductance between the droplets at a high
sampling frequency of 250 kHz with a low-pass filter set to 1 kHz.

Reversal potential measurements for ion selectivity
determination and osmotic power generation

We measured the reversal potential in the DIB setup by using LUV
solutions with different KCl concentrations in the two droplets
as described in the text. The tips of the Ag/AgCl electrodes were
coated with agarose gel matched to the KClI concentration in each
droplet. Following the incorporation of BNNTPs, we measured
transmembrane current in 10-mV increments to obtain I-V char-
acteristics and determine zero current voltages. The reversal po-
tential was then calculated by subtracting the theoretical redox
potential of the electrodes from these zero current voltages. We
computed the theoretical redox potential using the Nernst equa-
tion (Eq. 2).

RT Acis (2)

Vogor = -1
redox F n

atrans

where R is the gas constant, T is the temperature of the solutions, F
is the Faraday constant, and a is the activity of the ionic species (35).
The reversal potential value was then converted into the transference
number for the BNNTPs (Eq. 3) (8, 63) using the Henderson equation

Vi = (2, — 1) Sl 2 3)

atrans

where Vi denotes the measured reversal potential, and ¢, is the K*
ion transference number. We calculated the K*/Cl™ ion permselec-
tivity of BNNTPs from transference numbers (Eq. 4).

_ b~ Brbu (4)

N
L=t pu

where P is the permselectivity, and ¢,y is the K* ion transference
number in the bulk solution. Last, the K¥/Cl™ ion SR was deter-
mined using Eq. 5.

)

The maximum osmotic power (Pp,y) generated by BNNTPs was
calculated from the measured values of single BNNTP conductance
G at the trans concentration (12) and the experimentally determined
reversal potential value Vg (Eq. 6).

p _ 1

max — Z VéG (6)
We calculated the power density (Pmaxdensity) by normalizing the
single pore power to the BNNTP pore area (Eq. 7).

4p

max (7)

Pmaxdensity = d?
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where d is the inner diameter of BNNTPs. The efficiency nmax cor-
responding to the maximum power generation was determined
using Eq. 8.

(21, -1)°

= (8)
nmax 2

Supplementary Materials
This PDF file includes:
Figs.S1to S15
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