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ABSTRACT: Methods to detect low concentrations of small
molecules are useful for a wide range of analytical problems
including the development of clinical assays, the study of
complex biological systems, and the detection of biological
warfare agents. This paper describes a semisynthetic ion
channel platform capable of detecting small molecule analytes
with picomolar sensitivity. Our methodology exploits the
transient nature of ion channels formed from gramicidin A
(gA) nanopores and the frequency of observed single channel
events as a function of concentration of free gA molecules that
reversibly dimerize in a bilayer membrane. We initially use a
protein (here, a monoclonal antibody) to sequester the ion channel activity of a C-terminally modified gA derivative. When a
small molecule analyte is introduced to the electrical recording medium, it competitively binds to the protein and liberates the gA
derivative, restoring its single ion channel activity. We found that monitoring the frequency of gA channel events makes it
possible to detect picomolar concentrations of small molecule in solution. In part, due to the digital on/off nature of frequency-
based analysis, this approach is 103 times more sensitive than measuring macroscopic membrane ion flux through gA channels as
a basis for detection. This novel methodology, therefore, significantly improves the limit of detection of nanopore-based sensors
for small molecule analytes, which has the potential for incorporation into miniaturized and low cost devices that could
complement current established assays.

Methods to detect small molecular analytes (<600−700
molecular weight1) have found important use in

applications including the development of new pharmaceut-
icals,2 the elucidation of complex pathways in biological
systems,3,4 and the detection of biological warfare agents.5

For example, methods to monitor the presence of small
molecules involved in bacterial signaling pathways, biofilm
formation, and virulence6 or related to diseases such as heart
failure, cancer, and neurodegenerative disorders7,8 could
provide valuable insight into understanding their function in
a biological system.9 Additionally, the detection of small
molecule analytes could serve a vital role for identifying
biological species (i.e., bacteria, viruses, or spores) in potential
contaminated areas (i.e., air, water, food, or even human).10,11

While ELISA,12,13 electrochemical,3,14,15 and surface spectros-
copy-based16,17 methods have been developed to detect the
presence of small molecules in various types of samples, new
sensing platforms are still needed to improve sensitivity,
selectivity, portability, and cost.
To date, very few examples utilizing the insertion of

transmembrane ion channels into lipid bilayers have been
reported for the detection of small molecules, with most
examples employing the use of natural nanopores formed by α-

hemolysin as the channel sensing element for detection of, e.g.,
cocaine,18 antibiotics,19 ATP-binding aptamers,20 and second
messenger inositol (IP3).

21,22 For example, Bayley and co-
workers reported a method for detecting multiple neuro-
transmitters23 simultaneously in real-time as well as enan-
tiomers of drug molecules24 using natural α-hemolysin. Once
incorporated in the membrane, α-hemolysin forms a
permanently open pore and detection of analytes is achieved
through modulation of ion flux through the channel. We25,26

and others,27−29 on the other hand, have previously reported
the use of gramicidin A (gA) peptides to detect molecular
analytes in solution through modulation of macroscopic
transmembrane current flux or through sensitized photo-
inactivation30 of gA channels. As opposed to permanently
open nanopore channels like α-hemolysin,31,32 gA partitions
strongly into bilayers33,34 and reversibly dimerizes to form
transient nanopores. The frequency and conductance of gA
channel events depends on various environmental parameters
and can be quantified using single channel recordings.25,35
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Furthermore, gA is commercially available in gram scale
quantities and synthetic modifications can be made to the C-
terminus while retaining its ion channel properties.36−41

Gramicidin A can, therefore, be readily customized for
detection of a variety of specific analytes.36,42−44

We previously reported that single channel recordings of
engineered gA derivatives25 could be used to detect the
presence of enzymes such as alkaline phosphatase (AP) and
anthrax lethal factor (LF) by monitoring the enzymatic
conversion of substrates that were covalently attached near
the opening of a gA nanopore.42,45 We further demonstrated
that high concentrations of proteins or protein inhibitors could
be used to modulate macroscopic ionic currents across bilayers
through synthetic gA nanopores.9,30,36 Here, we build upon
these studies and report a novel method for the sensitive
detection of small molecule analytes based on monitoring the
frequency of single ion channel events from modified
gramicidin channels. We exploit antibody−antigen interactions
to suppress the ion channel activity of a derivative of gA that is
modified with the antigen (i.e., the target small molecule
analyte) at its C-terminus. Introduction of a sample of the free
analyte in solution to a standard bilayer setup containing the
gA−antibody complex restores ion channel activity upon
competition of the analyte with the gA derivative for binding
to the antibody. Detection of the analyte is accomplished using
two methods: (1) measuring the total flux of charge transported
across the membrane or (2) measuring the frequency of single
ion channel events as a function of concentration of analyte.

This ion channel-based platform offers several advantages for
the detection of small molecules compared to methods that are
not based on ion channels: (i) this system utilizes the
amplification characteristics of ion flux through a modified
single ion channel to achieve high sensitivity,27,42,46,47 (ii) this
approach employs high affinity antibody−antigen interactions
to tailor detection toward a targeted small molecule analyte,
(iii) the ion channel-based platform requires small volumes (μL
to mL) and quantities (picomolar to nanomolar concen-
trations) of ion channel peptides to achieve low cost,48 and (iv)
the bilayer sensor setup is amenable to miniaturization making
it possible to incorporate this small molecule detection assay
into portable devices.49−54

■ EXPERIMENTAL SECTION

Synthesis of gA-Fluorescein. A detailed description of the
synthesis and characterization of gA-fluorescein is provided in
the Supporting Information.

Formation of Planar Lipid Bilayers. Planar lipid bilayers
were formed by the “folding technique” over an aperture with a
diameter of ∼110 μm in a Teflon film as described previously.20

The recording electrolyte was 100 mM CsCl buffered with 1
mM HEPES at pH 7.0. Briefly, a solution containing 25 mg
mL−1 1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine (Di-
PhyPC) in pentane was spread at the air−water interface of
the electrolyte solution in both compartments of the bilayer
setup. Three mL of the total volume of 4 mL of electrolyte
solution was aspirated in each bilayer compartment into a

Figure 1. Schematic for the detection of small molecule analytes (red filled cirlces) using engineered ion channel-forming peptides derived from
gramicidin A (gA). Introduction of an antibody that binds to small molecules attached covalently to gA (orange filled circles) sequesters ion flux
across a membrane. Upon introduction of a small molecule that competes with the gA derivative for binding to the antibody, two channel properties
can be measured: (a) the total ion flux (i.e., the total transported charge per time interval) and (b) the frequency of observed single channel events;
the magnitude of both of these channel properties is dependent on the concentration of gramicidin derivatives able to form conducting ion channels.
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syringe, followed by dispensing the electrolyte solution back
into each compartment. This cycle of raising and lowering the
liquid levels was repeated until we obtained a bilayer that had a
minimum capacitance of 70 pF and was stable (i.e., no
significant current fluctuations above the baseline noise level) at
±100 mV of applied potential for at least 5 min.
Ion Channel Measurement. Single channel recordings

were performed in “voltage clamp mode” using a BC-535 patch
clamp amplifier (Warner Instruments) connected to Ag/AgCl
pellet electrodes (Warner Instruments) in both compartments
of the bilayer setup. Data acquisition and storage was carried
out using custom software in combination with a patch clamp
amplifier (set at a gain of 10 mV pA−1 and a filter cutoff
frequency of 3 kHz). The data acquisition board (National
Instruments, Austin, TX) connected to the amplifier was set to
a sampling frequency of 15 kHz. The current traces shown in
Figures 2, 3, 5, S4, S6, and S9 were further filtered using a
digital Gaussian low-pass filter with a cutoff frequency of 4 Hz.
Analyses of the single channel current traces were performed

by computing histograms of the currents from the original
current versus time traces with ClampFit 9.2 software from
Axon Instruments. From these histograms, the main current
values were extracted by fitting a Gaussian function to the peaks
in the histograms. All conductance values were obtained from
the slopes of I−V curves. Channel lifetimes were calculated
from a cumulative distribution of single channel durations.
Single Ion Channel Detection of 5(6)-Carboxyfluor-

escein. A solution containing gA-fluorescein (1.1 pM for
frequency-based method and 1.1 nM for total transported
charge method) and the antifluorescein antibody (1.6 pM for
frequency-based method and 1.6 nM for total transported
charge method) was mixed in 100 mM CsCl, 1 mM HEPES at
pH 7.0, and the solution was incubated at RT for at least 30
min on an orbital shaker. To check formation of gA-fluorescein
and antifluorescein complex after incubation, the current across
the planar lipid bilayer was monitored at an applied potential of
±100 mV continuously for at least 30 min for the frequency-
based method and 20 min for the total transported charge
method during which an extremely small number (no observed
events for the frequency-based method (using pM concen-
trations of gA-fluorescein) and less than 10 events for the total

transported charge method (using nM concentrations of gA-
fluorescein)) of channel opening events were observed. Using
identical conditions, the experiment was repeated and external
5(6)-carboxyfluorescein was added into the recording medium
and fully mixed by stirring for ∼5 min before recording channel
activity. The channel activity over a time window of 30 min was
quantified by counting the number of events in the current
versus time trace for the frequency-based detection method and
integrating the area under the current versus time trace to give
the total charge transported per minute for the total
transported charge method. All experiments were repeated at
least three times independently. The capacitance of the
membranes throughout the course of these studies ranged
from 69 to 85 pF.

■ RESULTS AND DISCUSSION

Design and Functional Characterization of a Syn-
thetic gA Derivative Carrying a Small Molecule Hapten.
In order to develop a nanopore-based sensor for detection of a
small molecule analyte, we hypothesized that covalently linking
a small molecule hapten (i.e., a small molecular epitope
recognized by an antibody) to the C-terminus of gA could
sequester the ion conducting properties of the gA derivative
upon addition of an antibody raised against the hapten. Ion
channel activity could then be restored upon addition of the
free small molecule in solution through competitive binding
with the antibody (Figure 1). As a proof-of-concept, we chose
5(6)-carboxyfluorescein as our analyte of interest due to the
availability of antibodies that bind strongly to 5-carboxyfluor-
escein55 and the facile synthesis of a C-terminal derivative of gA
carrying a 5-carboxyfluorescein group (gA-fluorescein, Figure
2a).30,36,40−42,45,56 The Supporting Information summarizes the
synthesis (Scheme S1) and molecular characterization of gA-
fluorescein. Furthermore, dot blot analysis confirmed that a
monoclonal antifluorescein antibody (clone 4−4−20) could
recognize this gA-fluorescein (Figure S1), whereas this
antibody did not recognize native gA.
We next compared the single channel conductance proper-

ties of gA-fluorescein to native gA by incorporating the peptides
into a planar lipid bilayer setup and recording single channel
conductance (Figure 2B). This assay verified that gA-

Figure 2. Comparison of wild type gramicidin A (gA) with an engineered gA derivative (gA-fluorescein). (a) The amino acid sequence, cartoon
illustration (with approximate dimensions) of native gA, and the chemical structure a gramicidin peptide modified at its C-terminus with a
carboxyfluorescein group (gA-fluorescein). Here, fluorescein acts as a representative example of a small molecule that can be attached to a gA
peptide. (b) Current versus applied voltage (I−V) curve and conductance (γ) values of native gA and gA-fluorescein in 100 mM CsCl, 1 mM
HEPES, pH 7, in DiPhyPC lipid membranes. (c) Representative single channel recordings of gA-fluorescein at an applied potential of +100 mV. (i)
Ion channel events from gA-fluorescein alone. (ii) Introduction of an antifluorescein antibody completely sequesters ion channel activity of gA-
fluorescein. (iii) Introduction of free 5(6)-carboxyfluorescein competes with gA-fluorescein for binding to the antibody, resulting in recovery of ion
channel activity.
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fluorescein retained single ion channel activity that is similar to
native gA. Analysis of current versus voltage (I−V) curves of gA
and gA-fluorescein revealed single channel conductance (γ) of
14.7 ± 0.3 pS for gA-fluorescein and 17.3 ± 0.1 pS for native
gA in a recording electrolyte containing 0.1 M CsCl.
We next examined the effect of addition of an antifluorescein

antibody on the ion channel activity of gA-fluorescein in bilayer
recordings. Figure 2C shows representative current versus time
traces of gA-fluorescein in a bilayer before and after addition of
the antifluorescein antibody to both aqueous chambers of the
bilayer setup. These traces revealed that addition of the
antifluorescein antibody resulted in complete sequestration of
ion channel activity of gA-fluorescein. However, subsequent
addition of free 5(6)-carboxyfluorescein to the aqueous
chambers resulted in complete recovery of ion channel activity.
These experiments demonstrate that this gA-fluorescein/
antifluorescein system could serve as a model to test the limit
of detection of an ion channel-based method for sensing the
presence of specific small molecule analytes in solution.

Quantifying the Detection Limit for Sensing a Small
Molecule Analyte Using Total Transported Charge
Recovery from gA-Based Nanopores. In order to test if a
gA-based assay could be adapted for quantifying the detection
of small molecules, we sequestered gA-fluorescein (1.1 nM)
channel activity in a planar lipid bilayer setup by addition of 1.6
nM antifluorescein (Figure 3A). Subsequently, we added
increasing concentrations of 5(6)-carboxyfluorescein (0−22
nM final concentrations) to both aqueous compartments of the
bilayer setup and monitored channel activity over a 20 min
period for each concentration of 5(6)-carboxyfluorescein.
Integration of the observed ionic current (I) over this time
window provides an estimate of the total transported charge as
a function of the concentration of free 5(6)-carboxyfluorescein
(see Figure S2). We then normalized this data to the maximum
expected total transported charge (i.e., the total transported
charge from the same concentration of gA-fluorescein in the
absence of antibody or free 5(6)-carboxyfluorescein). Fitting
the data to a previously reported dose−response curve9 (see eq
S1) revealed an EC50 of 9.4 nM for the detection of free 5(6)-

Figure 3. Detection of free small molecule (here, 5(6)-carboxyfluorescein as a representative analyte) in solution based on measurement of total
transported charge through gA-fluorescein channels over a 20 min time interval. (a) Representative current traces of gA-fluorescein at +100 mV
applied voltage. (i) Recorded trace of 1.1 nM gA-fluorescein reveals multiple, simultaneous channel events in the membrane. (ii) Introduction of 1.6
nM antifluorescein antibody suppresses ion channel activity of gA-fluorescein. (iii) After external addition of 22 nM free 5(6)-carboxyfluorescein, ion
flux through gA-fluorescein channels in the membrane was fully recovered. (b) Recorded current traces of native gA at +100 mV applied voltage as a
control. (i) Macroscopic ion currents are observable from 1.3 nM native gA in the membrane. (ii) Introduction of 1.6 nM antifluorescein antibody
did not affect ion channel activity of native gA. (c) Graph showing the total transported charge by 1.1 nM gA-fluorescein (in the presence of 1.6 nM
antifluorescein antibody) within a 20 min interval after addition of increasing concentrations of free 5(6)-carboxyfluorescein. Analysis of the total
charge transport (Q) as a function of external free 5(6)-carboxyfluorescein concentration provides an estimate of the EC50 (eq S1) for detection of
9.4 nM 5(6)-carboxyfluorescein. All recordings were performed in 100 mM CsCl, 1 mM HEPES, pH 7, in DiPhyPC lipid membranes at an applied
potential of +100 mV.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.7b02961
Anal. Chem. 2018, 90, 1635−1642

1638

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b02961/suppl_file/ac7b02961_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b02961/suppl_file/ac7b02961_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b02961/suppl_file/ac7b02961_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b02961/suppl_file/ac7b02961_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.7b02961


carboxyfluorescein using this total transported charge recovery
method (Figure 3B). As a control, we added the same
concentration of unmodified, native gA into the bilayer setup
and did not observe any effect of ion channel activity of gA
upon addition of the antifluorescein antibody (Figure 3C). This
control experiment supports that the change in total trans-
ported charge shown in Figure 3B as a function of free 5(6)-
carboxyfluorescein in solution is specifically due to competition
of the free 5(6)-carboxyfluorescein with the gA-fluorescein for
binding to the antifluorescein antibody.
Quantifying the Detection Limit for Sensing a Small

Molecule Analyte Using Ion Channel Event Frequency
of gA-Based Nanopores. In order to explore another
method of analysis for detecting small molecules using gA
nanopores, we examined the frequency of single ion channel
events observed over a window of time. For this assay, we used
a 1.1 pM concentration of gA-fluorescein in the bilayer
recording experiments to observe single channel events. We
found that a 1.6 pM concentration of the antifluorescein
antibody was sufficient to suppress the single ion channel
activity of the gA-fluorescein (see Figure S3). As a control,
addition of a 1.6 pM concentration of the antifluorescein
antibody did not affect the single ion channel activity of native
gA (see Figures S3 and S4), again supporting that the effects of
the antibody on the single ion channel activity of gA-fluorescein
was due to specific binding between the antibody and the
nanopore.
Next, we added increasing concentrations of 5(6)-carboxy-

fluorescein (0−50 pM final concentrations) to both aqueous
chambers of the bilayer setup and monitored single ion channel
activity of the gA-fluorescein over 30 min for each
concentration of free 5(6)-carboxyfluorescein added. Here, we
observed an increase in the number of single ion channel events
in the recording time window with increasing concentration of
free 5(6)-carboxyfluorescein. Figure 4 plots the frequency (i.e.,
the total number of single channel events divided by the
recording time) of observed single channel events41 versus the
concentration of added free 5(6)-carboxyfluorescein to the
recording buffer in the gA-fluorescein/antifluorescein exper-
imental setup. While each data point reflects the average of at
least 3 independent experiments, we attribute the error in these
measurements to experimental factors (e.g., concentration of
reagents and analyte or membrane thickness) and environ-
mental factors (e.g., vibrational noise and temperature) that are
difficult to control between each experiment; these sources of
error are expected to disproportionately affect conditions where
there are relatively few observed single channel events (i.e.,
where small differences in the number of channel events can
significantly affect estimation of frequency over a finite window
of time) as opposed to the extreme conditions where almost no
events are observed (i.e., at very low concentrations of 5(6)-
carboxyfluorescein) or where the frequency of single channel
events is high (i.e., at high concentrations of 5(6)-
carboxyfluorescein). Fitting the data in Figure 4 to a dose−
response curve9 (see eq S1) revealed an EC50 of 2.1 pM.
Analysis of the ion channel lifetime and conductance of gA-
fluorescein before the addition of antifluorescein or after
recovery of ion channel events upon addition of free 5(6)-
carboxyfluorescein to the gA-fluorescein/antifluorescein com-
plex revealed no significant difference in the function of the gA-
fluorescein (Figure S5), supporting that the data shown in
Figure 4 is the result of competition between the free added
5(6)-carboxyfluorescein and the gA-fluorescein for binding to

the antifluorescein antibody. As a control, when we added 50
pM Rhodamine B (a molecule with similar backbone chemical
structure as 5(6)-carboxyfluorescein) to the bilayer setup
containing 1.1 pM gA-fluorescein and 1.6 pM antifluorescein
antibody, we did not observe any single ion channel events over
a 30 min time window (Figure S6), demonstrating good
selectivity of this ion channel platform for detecting the analyte
of interest.
This frequency-based method for detection of small

molecules provides a significant advantage in sensitivity
compared to the total charge transport method. The digital
on/off nature of gA assures that every transient channel event is
counted in our frequency-based analysis of unbound gA
derivatives, since (1) no events are observed when the gA
derivatives are bound by the antibody (Figure 2C) and (2) the
single channel conductance of each gA nanopore is large
enough to clearly exceed the baseline current noise. In contrast,
the detection limit of small molecules using the total charge
transport method is dependent on the noise from the
background current (i.e., the observed current across the
membrane in the absence of ion channels). Under conditions
where there are very few, short-lived ion channel events, this
background membrane current can dominate over the observed
total current from the ion channels, making it difficult to detect
the presence of low concentrations of small molecules through
measurement of total charge transport alone (see Figure S7).
While measurement of total change transport over longer time
windows could help mitigate issues with signal-to-noise, the
stability of the underlying lipid membrane using commercial
lipids and suspended lipid membranes limits the practicality of
such long ion channel recordings. Taken together, our results

Figure 4. Detection of free 5(6)-carboxyfluorescein based on recovery
of single ion channel event frequency of gA-fluorescein in the presence
of an antifluorescein antibody. The graph shows the frequency of
observed single channel events by 1.1 pM gA-fluorescein (in the
presence of 1.6 pM antifluorescein antibody) as determined within a
30 min interval after addition of increasing concentrations of free 5(6)-
carboxyfluorescein. Analysis of channel frequency as a function of
external free 5(6)-carboxyfluorescein concentration provides an
estimate of the EC50 (eq S1) for sensitivity of detection of the small
molecule of 2.1 pM. All recordings were performed in 100 mM CsCl,
1 mM HEPES, pH 7, in DiPhyPC lipid membranes at applied
potential of +100 mV. Each data point represents the average
frequency of observed channel events over a 30 min time window.
Error bars represent standard deviation. All data points reflect an
average of at least three independent measurements.
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demonstrate that monitoring the f requency of channel events
makes it possible to detect a small molecule analyte with
substantially increased sensitivity compared with measurement
of total transported charge recovery under typical conditions
used to record ion channel activity of gA derivatives in
suspended lipid bilayer assays.
Estimation of Binding Constants of the gA-Fluores-

cein/Antifluorescein Complex. The remarkable sensitivity
for detection of small molecules using frequency-based ion
channel analysis prompted us to examine whether the divalency
of the antibody played a role in sequestering the ion channel
activity of the gA derivative. We hypothesized that, since
multiple fluorescein moieties would be present on the
membrane surface when gA-fluorescein was inserted in the
membrane, it is possible that the antifluorescein IgG antibody
could bind divalently to the membrane surface. Previous studies
provide evidence for the divalent binding of antibodies to the
surface of membranes containing derivatives of gA.30 Such
divalent binding would be expected to create a strong

association of the antifluorescein antibody to a membrane
containing gA-fluorescein (in the case of the monovalent
antifluorescein antibody used here, the reported Kd for binding
to free 5-carboxyfluorescein is 48 fM55), which could at least
partially account for the very low concentrations of antibody
required to sequester ion channel activity in this nanopore
assay. Analysis of the data in Figure 4 in a cooperative binding
model with 2 ligand sites (see Figure S8) revealed a dissociation
constant of the first binding event between gA-fluorescein and
the antifluorescein antibody (K1) of 48 fM and the second
binding event (K2) of 38 fM. This result suggests that there is a
modest amount of cooperativity57 (β = 1.28) for binding of the
second gA-fluorescein to the antibody.
To further investigate the role of divalency in the detection

of small molecules in this nanopore assay, we also generated a
monovalent Fab fragment from the antifluorescein antibody
(see the Supporting Information for details). We then used this
Fab fragment as the ion channel sequestration protein in a
frequency-based single ion channel analysis for detection of free

Figure 5. Detection of free 5(6)-carboxyfluorescein based on recovery of single ion channel frequency of gA-fluorescein in the presence of an
antifluorescein Fab fragment. (a) Schematic diagram and representative recorded current traces of 1.1 pM gA-fluorescein (in the presence of 1.6 pM
an antifluorescein Fab fragment) before and after addition of 4.0 nM external 5(6)-carboxyfluorescein. (b) Graph showing the frequency of observed
single channel events from 1.1 pM gA-fluorescein within a 30 min interval after addition of increasing concentrations of free 5(6)-carboxyfluorescein.
Recovered event frequency as a function of externally added 5(6)-carboxyfluorescein concentration reveals an estimate of EC50 of 5.1 pM. All
recordings were performed in 100 mM CsCl, 1 mM HEPES, pH 7, in DiPhyPC lipid membranes at an applied potential of +100 mV.
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5(6)-carboxyfluorescein using gA-fluorescein (Figures 5A and
S9). Similar to experiments with the fully intact antifluorescein
antibody, addition of a 1.6 pM final concentration of the
antifluorescein Fab fragment to both chambers of a bilayer
setup resulted in complete suppression of the ion channel
activity of gA-fluorescein (1.1 pM final concentration) (Figure
5A). We subsequently added increasing concentrations of free
5(6)-carboxyfluorescein (0−250 pM final concentration) to the
bilayer setup and monitored ion channel activity during a 30
min recording period for each concentration of added free
5(6)-carboxyfluorescein (Figure 5B). This experiment revealed
an EC50 of 5.1 pM by fitting to a dose−response curve9 (see eq
S1). This result demonstrates that using a monovalent Fab
fragment as an initial suppressor of ion channel activity of gA-
fluorescein shows approximately the same level of sensitivity for
detection of a small molecule compared to using a fully intact
divalent antibody (which we estimated has a dissociation
constant for the first binding event (K1) of 48 fM in the gA-
fluorescein/antifluorescein complex). This result suggests that
divalent binding of an antibody is not required for high
sensitivity in the frequency-based gA nanopore detection assay.

■ CONCLUSION

Here, we demonstrated that an ion channel platform based on
chemically modified gA derivatives can be employed to detect
small molecule analytes with high sensitivity by utilizing
antibody−antigen interactions. Two different methods of
analysis can be used to detect small molecules using this ion
channel-based approach: (1) a total transported charge
recovery method and (2) a frequency-based ion channel
recovery method. We demonstrated that a gA-based nanopore
platform could detect the presence of pico- to nanomolar
concentrations of small molecules in an analyte sample using
similarly low concentrations (pico- to nanomolar) of the
nanopore and antibody. While this proof-of-concept study
focused on the detection of 5(6)-carboxyfluorescein, the ability
to rapidly prepare C-terminally modified derivatives of gA58

makes it possible to extend this ion channel-based sensing
platform to the detection of other chemical analytes based on
protein−ligand interactions,59 as proteins other than antibodies
can also be used to sequester the ion channel activity of
gramicidin derivatives for these nanopore-based assays.36

Furthermore, while a conventional planar lipid bilayer setup
was utilized for this research, future work is aimed at
minimizing the setup size into a portable sensing system by
exploiting microscale chip-based ion channel recording systems
that contain stable membranes using lipid-coated hydrogels60

or droplet interface bilayers.61 Further advances in improving
membrane leakiness and robustness62−64 may also help advance
the sensitivity for detection of small molecule analytes in
nanopore sensing platforms.
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