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Solid-state nanopore analysis of alcohol-soluble
molecules†
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We report on a modified solid-state nanopore measurement

scheme to probe alcohol-soluble proteins. Taking advantage of

the intrinsic alcohol solubility of LiCl as an electrolyte, we show

that the devices can be operated in azeotropic mixtures of ethanol

and water. We first characterize nanopore conductivity across a

range of ethanol content as a function of both nanopore diameter

and salt concentration, showing ionic response that can be under-

stood through established models. Then, as a demonstration of

resistive-pulse sensing, we measure and interpret electrical trans-

locations of zeins, a class of alcohol-soluble maize protein.

Introduction

Despite their presence in a wide range of organisms,1,2

alcohol-soluble proteins are an understudied class of mole-
cule. This is due chiefly to the relative lack of techniques that
are able to investigate them; because most biomolecules are
hydrophilic, most assessments are consequently designed to
function only in water-based environments, thereby requiring
denaturation of water-insoluble molecules for study.
Accordingly, the roles and properties of these proteins have
been investigated far less than their water-soluble counter-
parts. However, in recent years, a particular consequence of
alcohol-soluble proteins has gained visibility with the rise in
prevalence of Celiac’s disease and gluten intolerance.3 Here,
grain storage proteins rich in proline and glutamine (‘prola-
mins’, collectively) that are only soluble in high-concentration

alcohol solutions cannot be fully degraded by enzymes in the
gut due to their hydrophobicity. The resulting peptide chains
are subsequently transported through the gut lumen where
they cause an immune reaction. The ensuing inflammation
further permeabilizes the lumen, thus enabling additional
invasion and amplification of the response. Prolamin detec-
tion and assessment in particular could therefore enhance
food safety, help elucidate the mechanisms of disease, and
contribute to the development of treatments. Beyond this
specific case, however, there are also a range of other proteins
that exhibit new properties in alcohol, including improved
stability and activity4 or increased transmembrane transport,5

as well as many synthetic nanoparticles that are soluble pri-
marily in alcohol.6–8 Therefore, new approaches to detecting
molecules directly in alcohol solutions are needed.

Here, we accomplish this using solid-state (SS-) nano-
pores,9,10 an emerging analytical platform for molecular detec-
tion. In the general approach, a thin membrane with a single,
nanometer-scale opening stands between two basins of ionic
solution. A trans-membrane applied voltage provides an
electric field that both transports charged molecules through
the pore and sets up a measurable ionic current. Interruptions
to this current, also known as resistive pulses, mark trans-
location events and careful analysis of their shape and
duration can be used to infer properties of individual passing
molecules. This technology has been used to study a wide
range analytes, including biomolecules like DNA,11,12 RNA,13,14

and proteins,15–17 as well as synthetic nanoparticles18–20 and
other small molecules.21

SS-nanopore measurements, typically performed in electro-
lytic water solutions, have already been demonstrated in a
range of alternative solvents. For example, glycerol–water mix-
tures22 and two-phase systems23 have each been used to alter
the translocation speed of DNA. However, these changes in
solution properties do not enable the study of non-traditional
molecules like alcohol-soluble proteins. Similarly, ionic liquids
have been used to achieve single nucleotide resolution
measurements in small MoS2 nanopores.24 Here again,
though, high fluid viscosity was the central enabling property.
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While hydrophobic ionic liquids25 could in principle support
the study of non-traditional molecules, this has not been
demonstrated. Furthermore, it is not obvious that they would
be amenable to use in the system, especially in terms of
wetting the inside of a nanometer-scale pore.

We therefore implemented SS-nanopores directly with
alcohol-based solvents. The chief hurdle to this approach is
that the electrolytes most often used with the platform (KCl,
NaCl) have extremely low solubilities in alcohol, precluding
the central metric of the approach. However, due to the more
covalent nature of the LiCl bond, it in particular is known26 to
have exceptional solubility in a range of alcohols that include
ethanol and methanol. This offers a potential pathway to carry
out conventional measurements with the system using solu-
tions that can support alcohol-soluble proteins. Here, we use
this simple observation to expand the functionality of SS-nano-
pores to high concentration azeotropic mixtures of ethanol
and water.

Results & discussion
SS-nanopore ionic conductance in high-percentage alcohol

To develop the versatility of SS-nanopores as a measurement
platform in high-concentration alcohol solutions, their ability
to support predictable ionic flux first had to be established,
since this is essential to resistive pulse sensing in general.
Consequently, we first investigated trans-pore ionic current in
azeotropic mixtures of ethanol and water. Fig. 1a shows a
schematic of the measurement setup, which is identical to
other conventional investigations with the system.27 For these
measurements, 3 M LiCl was employed as an electrolyte. This
particular concentration was chosen to be near the maximum
solubility of the salt in pure ethanol28 (i.e. the lowest solubility
expected for our array of measurements). Even upon varying
the concentration of ethanol relative to water in the mixture,
we observed that the SS-nanopore exhibited robust, linear

current–voltage characteristics (R2 > 0.99) over the entire inves-
tigated range (Fig. 1a, top inset) with a sharp decrease in
measured conductance as ethanol content was increased.
We also observed only minor differences in the SS-nanopore
conductance noise spectra between solutions either with or
without ethanol (c.f. ESI Fig. S1†).

Expanding this same measurement across a series of indi-
vidual nanopores of increasing size, we found a consistent
non-linear relationship between pore diameter and conduc-
tance (Fig. 1b) across all ethanol conditions, similar to what
has been measured in water-based solutions elsewhere.29

Accounting for the access regions, the measured conductance
of a SS-nanopore can be expressed30 as

G ¼ σbulk
4Leff
πd2

þ 1
d

� ��1

; ð1aÞ

where σbulk is the bulk conductivity of the solution, d is pore
diameter, and Leff is effective thickness of the membrane at
the pore. Following a convention that accounts for the shape
of the pore cross-section,30 we used 10 nm for Leff and then fit
to the 0% ethanol data by varying σbulk (Fig. 1b, black dashed
line). From this, we obtained a value for the bulk conductance
of LiCl in water of 16.5 S m−1, very close to the literature
value28 of 17.2 S m−1. Repeating the same fit procedure for the
remaining ethanol mixtures (Fig. 1b, dashed lines), we found a
strong reduction in the effective σbulk as ethanol content
increased. Indeed, plotting the fit parameters across all con-
ditions indicated an exponential decrease in the value (Fig. 1c,
black), highlighting the strong dependence of ionic current-
carrying capacity on mixture ratio.

For a more complete characterization of SS-nanopores with
azeotropic solutions, we next explored the relation between
ionic conductance and salt concentration. We began by
measuring salt dependence using KCl in water (Fig. 2, open
symbols) and observed a non-linear relationship that was
nearly identical to previous extensive characterization by
Smeets, et al.27 To analyze this data, eqn (1a) must be

Fig. 1 (a) Schematic of the ethanol–water ionic flux measurement, where fluid (blue) ratio is varied. Dashed lines represent electric field. Top inset:
Current–voltage characteristics of a typical SS-nanopore (diameter 6 nm) in ethanol–water mixtures containing 3 M LiCl. Ethanol percentages are
0% (grey), 20% (red), 40% (orange), 60% (light green), 80% (dark green), and 100% (blue). Bottom inset: transmission electron micrograph of a typical
SS-nanopore, fabricated using the same technique. Scale bar is 10 nm. (b) SS-nanopore conductance vs. diameter as a function of ethanol content.
Open symbols are experimental data and dashed lines are fits to eqn (1a) (see text for details). (c) Black symbols: apparent solution bulk conductivity
(σbulk) derived from the fits in (b). Red symbols: change in σbulk derived from the analysis in Fig. 2, corresponding to right axis only.
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expanded to account for the ionic dependence of solution bulk
conductivity, σbulk, as

27

G ¼ σbulk
4Leff
πd2

þ 1
d

� ��1

¼ ðμcat þ μanÞnsalteþ μcat
4S
d

� �
4Leff
πd2

þ 1
d

� ��1

; ð1bÞ

where nsalt is the number density of ions (note that this can be
expressed in terms of molarity using nsalt/(An × 1000), where An
is Avagadro’s number), e is the elementary charge, S is the
surface charge density of the pore walls, and μcat and μan are
electrophoretic mobilities of the cation and anion, respectively.
Applying this model to our KCl data, we used values28 of 7.35 ×
10−8 m2 V−1 s−1 for μcat, and 7.63 × 10−8 m2 V−1 s−1 for μan, and
again used 10 nm for Leff. The salt dependent value of S was
calculated using the combined expression31

S ¼ 2εεokBTκ
e

� �

� sinh
1
2
ln

�S
eΓ þ S

� �
þ 1
2
ðpK � pHÞ lnð10Þ � eS

2kBTC

� �

ð2Þ

where ε and εo are permittivities of the solution and of free
space, respectively, kBT is thermal energy, κ is the inverse of
the Debye screening length (κ2 = 2e2nsalt/kBTεεo), Γ is the
density of chargeable surface sites, pK is the equilibrium con-
stant, and C is Stern layer capacitance. Note that this
expression incorporates the membrane zeta potential, as
described elsewhere.31 Since the silicon nitride used as the
membrane material here will feature a native oxide layer at its
surface, we then used values from ref. 27 for silicon dioxide
and allowed d to vary as a free parameter. This yielded a best

fit (Fig. 2, grey line) value of 6.8 nm, in good agreement with
the target diameter from fabrication of 8 nm.

Subsequently replacing the electrolyte in the system with
LiCl while retaining water as the solvent produced a qualitat-
ively similar trend of conductance (Fig. 2, black closed
symbols). We found that the quantitative differences could be
well-described by simply substituting 3.9 × 10−8 m2 V−1 s−1 as
the value28 of μcat for the new Li cation, but keeping all other
variables (including d ) the same (Fig. 2, black line). This
demonstrated the robustness of the model for water-based
solutions.

We next performed the same measurement in both a
1 : 1 mixture of water in ethanol (Fig. 2, red symbols) and in
absolute ethanol (Fig. 2, blue symbols). For each of these, we
observed downward shifts in nanopore conductance across the
investigated salt concentration range relative to water.
Examining the expressions above, the most obvious variable to
adjust to account for the change in solution composition
would be permittivity, ε, in eqn (2). However, substituting
literature values32 for either alternative fluid did not yield
differences in the trend significant enough to explain the data
(ESI Fig. S2†).

We therefore turned to two additional factors that could
also be expected to play a role. First, the presence of ethanol
can increase the association of Li+ and Cl− ions in solution, as
has been demonstrated experimentally;33 while remaining
soluble, associated ions would not contribute to ionic trans-
port, thereby reducing the measured ionic current. This could
be represented in the model as an apparent reduction in nsalt.
Second, the electrophoretic mobilities of ions that do dis-
sociate could be diminished due to the solvation properties of
the fluid. This effect would manifest as a change in μcat and
μan in eqn (1b). For simplicity, we assume here that the change
in μcat and μan is equivalent, i.e. that each is scaled by a
common factor, γ. Returning to the data, we therefore allowed
both nsalt and γ to vary as free parameters, with all other values
kept constant. The resulting fits showed good correlation with
the experiments (Fig. 2, red and blue lines). Interestingly, both
of the free parameters themselves appeared to change monoto-
nically with ethanol content, and each at a similar rate (Fig. 2,
inset). Using the resulting nsalt and γ, the variation of effective
σbulk could be determined, yielding relative values that agree
well with our initial diameter-dependent measurements
(Fig. 1c, red diamonds) and demonstrating the consistency of
our data.

SS-nanopore detection of hydrophobic proteins

With a detailed description of LiCl ionic conductance using
ethanol–water mixtures in SS-nanopores, we next focused on
utilizing the platform to analyze alcohol-soluble proteins. For
the initial demonstration, we chose as a standard molecule
α-zein protein, the chief component of a class of alcohol-
soluble maize prolamins that constitute the major storage
protein group in the corn endosperm.34 Zeins have been a
subject of study in the food industry, and zein-based nano-
particles are attractive as potential drug-delivery vehicles due

Fig. 2 SS-nanopore (pore diameter 6.8 nm) conductance as a function
of ionic concentration under various conditions. Open black symbols
are KCl in water; closed black symbols are LiCl in water; red symbols are
LiCl in a 1 : 1 mixture of ethanol and water; and blue symbols are LiCl in
absolute ethanol. Lines are fits to the experimental data using eqn (1b)
and (2) (see text). Inset: Relative change in the values of nsalt and γ (i.e.
multiplier of μcat and μan) required for LiCl fits.
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to their biocompatibility and hydrophobicity.35 Recently, it has
also been suggested that, similar to the more familiar wheat-
based gliadins, zeins could be linked with Celiac’s disease,36

making them a target of interest for immunogenic research.
α-zein consists predominantly of a 22 kDa protein that com-

prises37 9-10 anti-parallel α-helices joined by glutamine-rich
loops and forms a quasi-cylindrical structure about 16 nm in
length (Fig. 3a). While small, this is within the range of sizes
that can be probed by SS-nanopores. For our experiments, pre-
purified and lyophilized zein protein was resuspended in solu-
tion under heat and gentle mixing (see ESI† for details). To
confirm the suitability of this molecular target to our measure-

ment approach, we initially performed gel analysis. First, we
resuspended the raw material in a 1% SDS solution to
denature and solubilize all proteins present. On gel, we
observed a dominant band at the expected 22 kDa size for
α-zein (Fig. 3b, lane 2). Additional lighter bands could be
attributed to other isoforms (e.g. γ-zein38) and some minor
dimer formation. We next resuspended in pure water using the
same methods. Under these conditions, we found by gel that
no proteins were soluble (Fig. 3b, lane 3), confirming the
hydrophobic nature of all components of the original zein
isolate. Finally, we resuspended the material in two different
azeotropic mixtures (90% and 60% ethanol (v/v)) before

Fig. 3 (a) Cartoon of α-zein translocation through a SS-nanopore. Protein dimensions are indicated. (b) SDS-PAGE gel analysis of α-zein (22 kDa,
red arrow) resuspended in SDS (lane 2), pure water (lane 3), 90% ethanol (lane 4), and 60% ethanol (lane 5). The protein is only insoluble in water. (c)
Typical SS-nanopore current traces (in 3 M LiCl and 60% (v/v) ethanol, pore diameter 9 nm) with α-zein introduced to cis- chamber and either posi-
tive or negative voltage (500 mV) applied to the trans- chamber. Translocation events are observed only toward positive polarity. (d) Event rate for
10 μM α-zein as a function of applied voltage, showing linear dependence and eventual saturation. Solid line is a linear fit up to 700 mV and dashed
line is approximate saturation rate. Each data point represents rate measured from a 150 s uninterrupted trace. (e) Mean event amplitude (depth) as a
function of applied voltage. The individual data points represent the center of a Gaussian fit to an amplitude histogram and error bars are standard
deviations. The red line is an exponential fit to the data. Inset: normalized event amplitude histograms from 200–800 mV (right to left). (f )
Exponential decay constants derived from fits to event duration histograms as a function of applied voltage. No voltage dependence is observed.
Inset: example event duration histogram (400 mV) and fit. For (e) and (f ), from 200–800 mV, n = 190, 1008, 1764, 3225, 3823, 5172, and 5027,
respectively.
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running on denaturing gel. For each of these, a protein pattern
emerged that was identical to that found in the SDS
case (Fig. 3b, lanes 4 and 5), indicating that the protein isolate
(predominantly α-zein) is indeed soluble under both ethanol
concentrations. This result agreed well with previous reports of
zeins in high ethanol solutions.34

Having established the alcohol solubility of our α-zein, we
proceeded to perform SS-nanopore analysis on the material,
using 3 M LiCl as an electrolyte to maximize signal-to-noise
ratio. In an effort to minimize evaporation as a variable, and
because α-zein solubility at 60% (v/v) ethanol is indistinguish-
able from that at a 90% (cf. Fig. 3b), we chose to use the lower
alcohol concentration in our measurements. Fig. 3c shows
example ionic current traces collected on a typical nanopore at
both positive and negative polarity. The charge of α-zein is
slightly negative,39 but is not well characterized in ethanol/
water mixtures, and so the direction of translocation could not
be easily predicted a priori. Our measurement yielded events
exclusively with positive voltage applied to the trans chamber,
indicating that the net electrical force17 was toward a positive
bias. We also note that significant events were observed only
with high protein concentration; indeed, measurements
typically required concentrations in at least the μM range. This
is about an order of magnitude higher than previous SS-nano-
pore studies of protein translocation in conventional
fluids17,40 and may suggest that either (i) a small driving force
acts on α-zein under our conditions; (ii) that delivery of
proteins to the pore mouth is reduced by altered diffusive
kinetics in ethanol azeotropes; and/or (iii) that the majority of
translocations are undetectable, as has been reported for
hydrophyllic proteins in aqueous conditions.41

To explore this measurement further, we analyzed trans-
location event characteristics. We first noted that the event rate
varied linearly with applied voltage up to a point, after which
it saturated (Fig. 3d). This was in qualitative agreement with
previous reports40 and consistent with drift-dominated translo-
cation dynamics. Examining event amplitude, we observed
single, defined populations of mean depth over a large range
of investigated voltage (200–800 mV, Fig. 3e, inset).
Significantly, as applied voltage was increased, the measured
histograms shifted towards smaller depths. This reduction was
found to follow an exponential trend (Fig. 3e) and was gener-
ally suggestive of event chopping, driven by short translocation
times.41 Indeed, analysis of event dwell times showed small
duration events with exponential distributions (ESI Fig. S4†
and Fig. 3f, inset). We note that the majority of the observed
events are less than the 33 μs duration below which distortions
would be expected41 for our filter conditions (20 kHz).
Consequently, the resulting decay constants represent maxima
rather than quantitative duration values. But, importantly, the
distributions did not vary with applied voltage (Fig. 3f),
further suggesting that the detected events represent only the
slowest translocations as described above. This is likely
enabled by strong stochastic interactions between the α-zein
and the pore walls and indicates that temporal resolution still
plays an important role, as it does in more conventional

solvents.41 Nevertheless, these results clearly demonstrate for
the first time an ability to detect alcohol-soluble molecules
using SS-nanopores.

Conclusion

In conclusion, we have reported on resistive-pulse sensing in
azeotropic ethanol/water mixtures using SS-nanopores, accom-
plished by taking advantage of the intrinsic alcohol solubility
of LiCl as an electrolyte. We first characterized LiCl ionic flux
through individual nanopores over the full range of ethanol
content, determining its dependence on both salt concen-
trations and pore diameter. We observed trends in conduc-
tance related to each of these factors that could be understood
using established models with simple adjustments. We next
used the system to measure α-zein, a model protein with solu-
bility only in high-concentration alcohol solutions. Analysis of
electrical translocations indicated only the slowest trans-
locations could be resolved, similar to results in traditional
solvents.41 High bandwidth measurements would provide
improved resolution, as they have elsewhere,40 but detection of
a molecular target that could not be probed in a conventional
platform was clearly demonstrated. This work will enable SS-
nanopores to be employed in measuring a host of traditionally
challenging alcohol-soluble proteins,1,2,42 and can be
expanded further to probe alcohol-soluble synthetic
nanoparticles6–8 as well. This will create a powerful comp-
lement or alternative to existing analytical techniques like
dynamic light scattering and electron microscopy.
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