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Abstract

Introduction—The design of sensors that can detect biolog-
ical ions in situ remains challenging. While many fluorescent
indicators exist that can provide a fast, easy readout, they are
often nonspecific, particularly to ions with similar charge
states. To address this issue, we developed a vesicle-based
sensor that harnesses membrane channels to gate access of
potassium (K*) ions to an encapsulated fluorescent indica-
tor.

Methods—We assembled phospholipid vesicles that incorpo-
rated valinomycin, a K™ specific membrane transporter, and
that encapsulated benzofuran isophthalate (PBFI), a K™
sensitive dye that nonspecifically fluoresces in the presence of
other ions, like sodium (Na™). The specificity, kinetics, and
reversibility of encapsulated PBFI fluorescence was deter-
mined in a plate reader and fluorimeter. The sensors were
then added to E. coli bacterial cultures to evaluate K™ levels
in media as a function of cell density.

Results—Vesicle sensors significantly improved specificity of
K™ detection in the presence of a competing monovalent ion,
sodium (Na™), and a divalent cation, calcium (Ca"), relative
to controls where the dye was free in solution. The sensor was
able to report both increases and decreases in K* concen-
tration. Finally, we observed our vesicle sensors could detect
changes in K™ concentration in bacterial cultures.
Conclusion—Our data present a new platform for extracel-
lular ion detection that harnesses ion-specific membrane
transporters to improve the specificity of ion detection. By
changing the membrane transporter and encapsulated sensor,
our approach should be broadly useful for designing biolog-
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ical sensors that detect an array of biological analytes in
traditionally hard-to-monitor environments.

Keywords—Membrane, Biosensing, Liposome, Ionophore,
Fluorescence.

INTRODUCTION

Potassium ions (K*) are one of the most abundant
cations present in intracellular fluid, playing a critical
role in maintaining cell potential and excitability, cell
volume, and acid-base balance.!"*® As such, the con-
centration of this ion both in and outside of the cell
affects a wide variety of cellular processes in living
organisms, from driving neuronal activity to coordi-
nating communication between  bacteria  in
biofilms.?**” In humans, irregularities in extracellular
K™* levels contribute to a range of pathologies,
including cardiovascular disease, immunological dis-
eases, and some cancers.®>!%?%3? In addition, disrup-
tion of K' channels in bacteria can abolish the
coordinated growth of bacterial communities.”’ De-
spite the critical role of K™ ions in a wide range of
cellular behaviors, the detection, quantification and
monitoring of K* remains difficult in a number of
contexts. In particular, ion-sensitive electrodes, the
state-of-the-art method to quantify K1 in biological
samples, are invasive and unable to report the spa-
tiotemporal dynamics of K% variations in living sys-
tems.'**° While we continue to learn about the role of
K™ in driving cellular function, this limitation in our
abilities to measure the concentrations of K* both
intra- and extracellularly subsequently limits our
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understanding of how these fluctuations may accom-
pany healthy or irregular cellular and organelle func-
tion. For this reason, the design of fluorescent
potassium sensors that can optically report variations
in extracellular K concentrations in situ would be
greatly valuable.

Several optical probes that respond to K™ ions have
been developed to date.'>**27313%  Unfortunately,
these small-molecule probes can be unable to selec-
tively measure K™ ions when in the presence of other
ions—particularly ions with similar charge states, such
as Na™?*3_and can be difficult to deploy in biolog-
ical studies due to technological limitations in cell
loading or toxicity.>'®'® One commonly used, com-
mercially-available Kt probe is potassium-binding
benzofuran isophthalate (PBFI),**** which has been
used for the intracellular quantification of K*.%13:14
Cells establish a significant K*/Na* gradient in order
to maintain proper membrane potential, with ~150
mM KCl and 10 mM NaCl concentrations maintained
intr.eu:ellularly.13’3 ! Extracellularly, however, these
concentrations are inverted, with high Na® and K*
concentrations as low as 3-5 mM.°® PBFI exhibits poor
selectivity against Na™, with only 1.5x higher selectiv-
ity for K* than Na™, which limits its use to intracel-
lular applications where K™* concentrations far
outweigh the concentration of Na™."* Similar limita-
tions are encountered with other optical probes,
including Asante Potassium Green and its variants.>
Without the ability to control for the effects of other
cations, this lack of specificity in ion detection ulti-
mately limits the accuracy of K* sensing by certain
optical sensors in many biological environments.

One strategy to improve the specificity of small-
molecule ion indicators is to selectively gate which ions
are able to access the indicator. Previous approaches
have incorporated optical ion indicators within silica-
based nanoparticles, however, the assembly and char-
acterization of these sensor platforms rely on multiple
coating and characterization steps and may not be
easily transferrable to other ion types.'”'® An alter-
native approach is to encapsulate these optical indi-
cators within bilayer membranes, which are easily
assembled and can incorporate a wide variety of nat-
urally-derived or synthetic components.® Lipid vesicles
formed through the self-assembly of phospholipids can
encapsulate water soluble cargo within a semiperme-
able barrier.>** Mimicking the structure of cellular
membranes, these particles can be co-assembled with
peptides and proteins that selectively interact with ions
to enable their passage across a membrane in order to
interact with an encapsulated ion indicator.'”* Vali-
nomycin, an ionophore, is one such molecule that
selectively transports alkali metals through both bio-
logical and synthetic membranes.”® This cyclic peptide
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can form an ion-peptide complex with select metallic
cations, including K*, Rb*, and Cs™, but the cavity of
the valinomycin ring is incompatible with Na®™.3* As a
result, valinomycin selectively transports K™ over Na™
ions across bilayer membranes.

Here, we present a new approach to selectively de-
tect K* in the presence of Na™ by developing a vesicle-
based nanosensor. To achieve this goal, we assemble
lipid vesicle membranes encapsulating the K* indica-
tor PBFI in the vesicle lumen, and incorporate vali-
nomycin into the vesicle membranes (Fig. 1). We show
that this nanosensor can selectively detect K* in the
presence of other important biological cations, and
demonstrate the nanosensor can detect changes in
extracellular K* concentration in bacterial cultures.
The approach presented here should be extendable to a
range of ions, which can be customized by altering the
ion transporter and ion indicator. As a result, we ex-
pect our methods will enable a new generation of ion
sensors that will reveal new information about extra-
cellular ion variations during normal and pathological
functions.

RESULTS

Spectral Characterization of PBFI in Solution

We first characterized the fluorescence of free PBFI
in solution as a function of KCl concentration to verify
this relationship in our selected buffer. PBFI was
mixed with a Tris buffer (pH 7) containing increasing
concentrations of KCl and the emission of PBFT at 505
nm was monitored upon excitation with light ranging
from 320 to 400 nm, as previously described.””> As
expected, emission maxima were detected at an exci-
tation wavelength of 340 nm, and emission intensity
increased in response to both increasing KCI and NaCl
concentrations (Figs. 2a and 2b). Spectral shifts in
PBFI fluorescence were subsequently reported ratio-
metrically, where the fluorescence intensity ratio was
determined at the emission maximum of 505 nm when
excited at 340/380 nm.*?? Using this metric, we then
measured the PBFI fluorescence intensity ratio as a
function of monovalent ion identity and concentration,
as well as the response to a combination of ions
(Fig. 2d). We observed that PBFI responds to both
ions and appears to saturate in signal at approximately
50 mM (Figs. 2b and 2d). In the presence of a com-
bination of Na®™ and K with a constant total salt
concentration, however, no change in PBFI ratio is
observed even as Kt concentration increases; this re-
sult demonstrates the lack of indicator specificity and
an inability to distinguish K™ from Na™ ions when free
in solution (Fig. 2d).
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FIGURE 1. Design of the vesicle-based K* nanosensor. PBFI, a commonly used indicator of K* ions, fluoresces in the presence
of K* as well as other ions, such as Na* and Ca®". In solution, PBFI fluorescence due to K* binding is indistinguishable from PBFI
fluorescence due to Na* and Ca2* binding. Membrane gating provides a route to selectively exclude ions from binding to PBFI. By
encapsulating PBFI in lipid vesicles that contain valinomycin, a cyclic peptide that selectively transports K* ions across bilayer
membranes, K* can diffuse in and out of the vesicle. Once inside the vesicle nanosensor, K* can bind PBFI to generate an optically
detectable fluorescence shift. By contrast, Na* and Ca®* ions are excluded from the vesicle interior and their presence will not be

reported.

Encapsulation in Lipid Vesicles Increases the Specificity
of PBFI

We hypothesized that one strategy to address the
nonspecific response of PBFI to various cations could
be to introduce a secondary molecular gating method
through the incorporation of bilayer membranes. lonic
balances must be constantly maintained in living
organisms, and as such, a number of naturally-occur-
ring membrane transporters exist for various ions.*’
One such transporter, a bacterially-derived ionophore
called valinomycin, specifically transports K™ ions
across membranes.>* We hypothesized that encapsu-
lating PBFI within valinomycin-containing bilayer
vesicles would allow for a specific response to Kt over
other ions. To assess this, lipid vesicles encapsulating
PBFI were assembled from thin film hydration tech-
niques using 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) lipids, extruded to a size of 100 nm, and
purified to remove unencapsulated dye. The average
vesicle diameter was measured using dynamic light
scattering and was found to be 99.32 nm, with a
polydispersity index of 0.151. To incorporate valino-
mycin into vesicle membranes, we solubilized the io-
nophore in DMSO and added it to preformed, purified
vesicles. Vehicle controls were prepared by adding the
same final volume of DMSO to vesicles in the absence
of valinomycin. We expected our resulting vesicle-
based nanosensor with incorporated valinomycin
would allow us to spatially segregate PBFI from
environmental ions and gate transport of K% ions to
the vesicle interior (Fig. 1).

Once assembled, we first focused on determining the
specificity of these nanosensors to K™ over Na™ ions
(Fig. 3a). The PBFI fluorescence ratio was measured
as a function of valinomycin concentration across
varying salt conditions (Figs. 3b—-3d). We examined
three K*/Na™ conditions in which we increased K*

concentrations in the presence of Na® or increased
only K* or Na™ in the absence of the other ion. When
vesicles were incubated in the presence of both K+ and
Na™t with a constant total salt concentration of 100
mM (i.e. increasing [K ] paired with decreasing [Na™])
(Fig. 3a), the valinomycin-containing vesicles demon-
strated a fluorescent response specific to increasing
[K*], while vesicles without ionophore did not exhibit
any changes in fluorescence. These results indicate that
valinomycin is necessary for the transport of K* across
the membrane, and that these nanosensors respond
specifically to [K*] rather than the total salt concen-
tration.

Next, nanosensors were incubated with K+ or Na™
separately. In the presence of increasing [K*] alone,
PBFI fluorescence in vesicles with valinomycin
increased to a similar degree compared to vesicles in
the presence of both K* and Na™ (Fig. 3c). In com-
parison, vesicles incubated with only Na™ exhibited
minimal fluorescent response, indicating that Na™ is
not able to pass through valinomycin or the vesicle
membrane to interact with encapsulated PBFI dye
(Fig. 3d). A small amount of nonspecific leakage of
Na™ into vesicles was observed at high salt concen-
trations ([Na'] = 75 mM), as expected in highly
hypertonic conditions. Importantly, the magnitude of
the fluorescent output of the sensor when K¥ is the
only ion present (Fig. 3d) is nearly identical to the
fluorescent output when both K and Na* are present
(Fig. 3b), further indicating that nanosensors are sen-
sitive to and specific for K™ even when Na™ is present.

We then assessed the specificity of these nanosensors
in the presence of an expanded range of biologically
relevant divalent cations, specifically Ca*" and Mg>*"
(Fig. 3e). To compare PBFI responses between con-
ditions where PBFI was encapsulated or free in solu-
tion, we kept the total PBFI concentration in samples
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FIGURE 2. Spectral characterization of the PBFI indicator. (a) Emission spectra of PBFIl in solution as a function of K*
concentration and (b) Na* concentration. (c) A schematic of these studies shows that, in solution, a variety of ions are expected to
interact with PBFI and shift the fluorescence of the indicator. (d) The fluorescence intensity ratio of PBFI emission at 505 nm when
excited at 340 and 380 nm is reported as a function of salt concentration for KCI and/or NaCl. This reported 340/380 intensity ratio is
standard to assess K* concentrations when using PBFI. N = 3, error bars represent standard deviation.

constant. To do this, we prepared vesicles containing
PBFI and measured the fluorescence ratio in the
presence of 50 mM total salt when vesicles were intact
or lysed with a detergent, TritonX-100. As an addi-
tional control, we compared these results to PBFI in
solution at the estimated final concentration of PBFI
following wvesicle purification. The fluorescent
responses of lysed vesicles and free dye in the presence
of various cations show off-target responses to both
Na™ and Ca>* when vesicle membranes are disrupted
or are not present. In contrast, intact vesicles con-
taining valinomycin exhibit fluorescent responses to
K™ specifically. While the overall magnitude of fluo-
rescence was reduced in vesicles compared to lysed
vesicles or free dye (Fig. S2), when compared to the
maximum K signal for a given encapsulation condi-
tion, the specificity to K™ over Na™ and Ca*" is sig-
nificantly improved (Fig. 3e). Taken together, these
results demonstrate the ability of these nanosensors to
modulate interactions between encapsulated PBFI and
the surrounding environment, allowing specific detec-
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tion of K concentrations—even in the presence of
other cations.

The responses of our K' nanosensor in all salt
conditions were observed to be limited to vesicles with
intact membranes and incorporated valinomycin io-
nophores. Vesicles remained stable across the range of
salt concentrations assessed (Fig. S1, Fig. S3), further
indicating that improved specificity to K* occurs
through gated entry into the vesicle lumen. Addition-
ally, in this set of stability studies we observed that
valinomycin concentrations up to 0.2 mol% main-
tained K™ specificity, and therefore chose to proceed
with our studies using 0.2 mol% valinomycin in vesi-
cles. Further, we verified that the quantity of DMSO
used to solubilize valinomycin does not lead to sig-
nificant nonspecific leakage of PBFI or transport of
ions into vesicle membranes, as indicated by vehicle
controls.
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FIGURE 3. Encapsulation of PBFI with valinomycin as a membrane gate improves specificity to K*. (a) Schematic illustrating how
membrane gating with valinomycin results in K*-specific access to encapsulated PBFI dye. (b) Vesicles with either 0.1 mol% or 0.2
mol% valinomycin exhibit a significant increase in PBFI ratio as K* concentration increases compared to respective control
vesicles, even when Na™ is present at a total salt concentration of 100 mM (p < 0.0001, [K*] > 0 mM). Vesicles without ionophore or
with DMSO only (vehicle controls) do not exhibit a response, indicating that increases in PBFI ratio are due to cross-membrane
transport of K* by valinomycin. (c) Vesicles with valinomycin exhibit significant increases in PBFI ratio as K* concentration
increases compared to respective control vesicles (p < 0.0001, [K*] > 0 mM), which do not exhibit a significant response. (d)
Vesicles with and without valinomycin do not exhibit significant changes in fluorescence as Na* concentrations increase up to 50
mM (samples are not significantly different when [Na*] < 75 mM), with slight nonspecific leakage leading to increased PBFI
fluorescence at high Na*™ concentrations compared to respective controls. Samples are significantly different (p < 0.05) when [Na*]
= 100 mM. (e) Fluorescence ratios reported as a percentage of the maximum KCI signal observed for either PBFI encapsulated in
vesicles, PBFI released into solution through vesicle lysis, or free PBFI in solution. In the absence of intact membranes, PBFI
reports a higher fluorescence ratio in the presence of NaCl and CaCl, in addition to KCI. N = 3, error bars represent standard
deviation. ****p < 0.0001, **p < 0.01, *p < 0.05, nonsignificant (ns) p > 0.05; p-values generated using a Two-Way ANOVA and
Tukey’s Multiple Comparisons Test.

Kinetics and Reversibility of K* Nanosensors sensing kinetics, we monitored the PBFI response in
nanosensors over time following the external addition
of 50 mM KCI. Intact nanosensors with 0.2 mol%
valinomycin exhibited increasing PBFI fluorescence
ratios over time, with a significant difference in signal
observable within 10 min (Fig 4a). PBFI signals were
observed to plateau after 1 h (Fig. 4b); these results
were fit to a one-phase association model, with PBFI
fluorescence described as: Ratio340/380 = 1.86 +

0.42(1 — ¢"%) (R* = 0.84), yielding a rate constant of
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Having demonstrated that the encapsulation of
PBFI with valinomycin-based membrane gating im-
proves the specificity of vesicle nanosensors to KT, we
next wanted to explore the response of these
nanosensors to changing KCI concentrations over
time. While membrane gating reduces the ability of off-
target cations to access encapsulated PBFI, it also
creates a barrier between the dye and free K ions. To
determine the effect of this spatial segregation on
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0.04 min~'. No fluorescence changes were observed in
vehicle controls, and vesicles lysed with TritonX-100
exhibited significantly higher PBFI ratios than either
intact vesicle condition (Fig. 4a). High PBFI ratios
following vesicle lysis indicate that valinomycin-gated
vesicles remained intact during salt incubation
(Fig. 4b). While these results indicate that membrane
gating does introduce a physical barrier to sensing,

thereby increasing the time it takes for nanosensors to
reach maximum signal, increases in PBFI ratios were
clearly observable on shorter timescales. It is impor-
tant to note that the maximum increase in PBFI fluo-
rescence is only about 2-fold, which may make the
determination of a specific K™ concentration difficult
without sample-specific calibration. Despite this, these
nanosensors allow improved comparison between
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FIGURE 4. Response of vesicle sensors to changing salt conditions over time. (a) PBFI fluorescence in vesicles with valinomycin
in the membrane increases over time following 50 mM KCI addition to surrounding buffer. Fluorescence does not change in
corresponding vehicle controls, indicating that increasing PBFI ratios in vesicles are due to valinomycin-specific transport of K*.
0.2% valinomycin vesicles exhibit a significantly higher PBFI ratio than vehicle controls within 10 minutes (p < 0.05), and high PBFI
ratios in TritonX-lysed controls indicate that valinomycin-containing vesicles remained intact. (b) PBFI ratios in valinomycin-
containing vesicles fitted to a one-phase association model (equation shown on graph). After lysis with TritonX, an increase in
PBFI ratio indicates that vesicles remained intact following KCI addition. (c) Schematic of reversibility assays. Four populations of
vesicles were generated: with and without valinomycin and with and without 100 mM KCI. Each population was purified through
two columns, resulting in eight final salt conditions. Numerals correspond to results in (d) and yellow circles represent potassium.
(d) Vesicles incubated without KCI (black) show a significant increase in PBFI ratio when purified through SEC columns with 100
mM KCI in the running buffer, while vesicles incubated with 100 mM KCI (pink) show a significant reduction in PBFI ratio when
purified through SEC columns without salt in the running buffer. Vesicles with and without pre-incubation in KCI show
significantly higher PBFI ratios when purified with KCI in the running buffer compared to salt-free buffer. Vehicle control vesicles
both with (purple) and without pre-incubation (green) show no significant difference in fluorescence following purification. N = 3,
error bars represent standard deviation. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, nonsignificant (ns) p > 0.05; p-values
generated using a Two-Way ANOVA and Tukey’s Multiple Comparisons Test.
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samples, and could also be used as a binary sensor to
indicate the presence or absence of Kt above a given
threshold. These effects could possibly be improved in
the future by incorporating faster transport mecha-
nisms, such as counter ion pores, or by increasing the
amount of valinomycin in the membrane.

We also wondered whether the response of these
nanosensors was reversible, and if the removal of salt
from the surrounding environment would cause PBFI
fluorescence to decrease. To assess this, we altered the
running buffers used for size exclusion chromatogra-
phy to add or remove salt from vesicle buffers. We first
incubated unpurified nanosensors with or without 100
mM KCI for one hour, allowing them to saturate with
K. We then purified them using running buffer both
with and without 100 mM KCI, with some nanosen-
sors experiencing addition of KCI during purification
and others experiencing KCI removal, and allowed
them to incubate in these new conditions for another
hour. As expected, nanosensors incubated without
KCI exhibited low PBFI ratios when purified without
salt, whereas PBFI responses increased significantly
when 100 mM KCIl was introduced in the running
buffer. In contrast, nanosensors incubated with satu-
rating levels of KCI prior to purification exhibited a
further increase in PBFI signal following purification
with excess KCl, while the PBFI signal when purified
without salt was decreased. Dye leakage assays indi-
cated that nanosensors remain stable throughout the
incubation and purification processes (Fig. S3).
Importantly, the reduced signal observed in the
preincubated-with-salt/purified-without-salt condition
compared to the preincubated-without-salt/purified-
with-salt condition indicates some degree of
reversibility in the nanosensor signal in response to
changing Kt (Fig. 4c). We therefore expect these
nanosensors could ultimately respond to dynamic salt
conditions, increasing and decreasing fluorescence with
changes in [K™] over time.

Assessing K™ Nanosensors in Bacterial Cultures

Finally, we wanted to determine if these nanosen-
sors could monitor K™ concentrations in a biological
context. Specifically, we wanted to assess whether
nanosensors could detect changes in salt concentra-
tions due to bacterial release or uptake. To accomplish
this, we resuspended pelleted BL21 Escherichia coli
grown in MSgg media into Tris buffer, and mixed
bacteria with nanosensors (0.2 mol% valinomycin and
vehicle control, 1 mM final concentration in Tris buf-
fer) in fluorimeter cuvettes to three different optical
densities. We monitored nanosensor fluorescence in the
presence of increasing concentrations of bacteria
without any salt for 30 min in order to assess any

changes in fluorescence due to bacterial addition alone.
We observed slightly decreased levels of baseline fluo-
rescence as the concentration of bacteria increased, but
variations were small and did not change over time
(Fig. S4). We then added 150 mM NacCl and 50 mM
KCI to each cuvette to generate a salt shock and
monitored PBFI spectra for 1 h. To control for vari-
ations in baseline fluorescence due to increased optical
density, final PBFI fluorescence in nanosensors was
normalized to initial pre-salt values (Fig. 5c). In the
presence of NaCl and KCI, we observed a significant
decrease in the change in PBFI ratio as bacterial con-
centration increased (Fig. 5c), indicating a lower K™
concentration detected by the nanosensors. We expect
that this is due to NaCl creating a hyperosmotic shock,
inducing the bacteria to take up K* from the sur-
rounding buffer.>”?%213 With a higher number of
bacteria present, we expect that this uptake would have
an overall greater effect on the bulk K* concentra-
tion.'”> A nonsignificant decrease in fluorescence was
observed in vehicle controls, however this is consistent
with nonspecific leakage observed in high salt condi-
tions (Fig. S4). A similar decrease in nanosensor flu-
orescence was observed in studies monitoring K* in
bacterial supernatant following incubation with
increasing concentrations of bacteria, further sup-
porting this hypothesis (Fig. S5)

We then imaged vesicles co-incubated with bacteria
for 1 h to assess stability and localization. We were
unable to assess the 380 nm excitation of PBFI and
therefore the ratiometric response to K*, however we
observed the fluorescence of a vesicle membrane dye,
Cy5.5-PE, co-localized with faint PBFI fluorescence at
the 340 excitation, indicating vesicles remain intact in
the presence of bacteria (Fig. 5b). Overall, these results
indicate that these nanosensors are able to detect
changes in K* concentrations in biological samples,
even in the presence of high Na™ concentrations.
Moving forward, however, buffers may need to be
optimized or matched for a given biological environ-
ment and sensor calibration may be required for di-
verse sample types. With these factors taken into
account we expect these results could be expanded to
other biological contexts, including samples from
eukaryotic systems.

CONCLUSION

Here, we have demonstrated that the specificity of
an optical K™ indicator can be improved by spatially
segregating the indicator from its surrounding envi-
ronment and introducing molecularly-specific trans-
porters to modulate its access to various ions. We
observed that the encapsulation of PBFI dye in lipid
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FIGURE 5. Vesicles detect variations in [K+] in the presence of increasing concentrations of bacteria. (a) Schematic of bacterial
studies with nanosensors. First, bacteria grown in MSgg media are spun down and resuspended in equiosmolar Tris. Bacteria
diluted to varying final optical densities are added to a fluorimeter cuvette with 1 mM nanosensors. Following a 30 min incubation
in the absence of salt, 50 mM KCI and 150 mM NaCl are added to cuvettes. Nanosensor fluorescence was d via fluorimeter
after 1 h incubation following salt addition. (b) Nanosensors imaged after 1 hour of co-incubation with bacteria show distinct
fluorescence of Cy5.5-PE, a membrane dye, and faint localization of PBFI measured at the 340 nm excitation wavelength.
Nanosensors can be observed to be intact and in solution surrounding bacterial cells. (c) Change in nanosensor fluorescence
following salt addition decreases as the concentration of bacteria increases, indicating potassium uptake by bacteria.
Nanosensors in the absence of bacteria exhibit a significantly higher change in fluorescence compared to nanosensors
incubated with bacteria at an optical density of 0.2865. Similarly, a significant difference was observed between sensor and vehicle
control conditions in the absence of bacteria, while significance between these conditions decreases as bacterial optical density
increases. No significant differences were observed between any vehicle control conditions (pink, black, light purple and pink
bars; ns p > 0.05), not shown. N = 2, error bars represent standard deviation. **p < 0.01, *p < 0.05, nonsignificant (ns) p > 0.05; p

values generated using a Two-Way ANOVA and Tukey’s Multiple Comparisons Test.

vesicles prevented the indicator from interacting with
off-target cations, particularly Na* and Ca*", which
cannot readily pass through bilayer membranes.”* We
then showed that the incorporation of the K™ -specific
transporter, valinomycin, allowed the specific access of
K™ to the vesicle interior, allowing sensors to respond
to increasing K concentrations in the surrounding
buffer. While the lipid membrane creates a physical
barrier that does impact the speed of detection for
these nanosensors compared to free dye, it also greatly
improves the specificity of K™ detection for this
ion indicator. Finally, we were able to detect changes
in K* concentrations in bacterial cultures in response
to hyperosmotic shock, showing that changes in
extracellular K concentrations and bacterial uptake
of K™ can be detected. While buffer components and
incubations times are important factors to consider in
deployment of these nanosensors, the improved
specificity, ease of use, and straightforward assembly
of this platform should expand the applications of
small-molecule, ion-specific sensing.
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In many biological contexts in which various cations
are present simultaneously, the ability to distinguish
between ions of varying identities is key to
understanding the role of electrolyte balance in bio-
logical functions. Nanosensors, such as the one de-
scribed here, may help improve the functionality of
existing technologies, namely fluorescent, small-mole-
cule indicators, toward these applications. Vesicles, in
particular, provide an exciting platform to expand the
environments in which ion indicators can be used, as
they can incorporate a wide variety of natural and
synthetic components, can be engineered to be highly
biocompatible, and can retain stability in a range of
extravesicular environments.®> They might also serve as
a “handle” to concentrate and retain these signals in a
localized environment, something difficult to achieve
with free dye alone. Understanding how vesicle
encapsulation balances the kinetics and signal of ion
indicators will be an important next step for investi-
gation. Drawing from a diverse toolbox of natu-
rally-derived membrane transporters, synthetic and
naturally-derived lipids, and water-soluble small mo-
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lecule indicators, a variety of sensors could be devel-
oped which allow for the specific detection of small
molecule targets—even in the presence of similar
analytes.

MATERIALS AND METHODS

Materials

DOPC (18:1 (A9) 1,2-dioleyoyl-sn-glycero-3-phos-
phocholine, 25 mg/mL in chloroform) was obtained
from Avanti Polar Lipids, Inc. PBFI Tetraamonium
Salt (4,4-[1,4,10,13-Tetraoxa-7,16-diazacyclooctade-
cane-7,16-diylbis(5-methoxy-6,2-benzofurandiyl)]bis-
1,3-benzenedicarboxylic acid), Tris buffer (pH 7), KClI,
MgCl,, CaCl,, and NaCl were obtained from Thermo
Fisher. Valinomycin Ionophore and Sepharose 4B
were obtained from Sigma-Aldrich. MSgg media was
prepared as described in supplemental methods, all
buffer components were obtained from Sigma Aldrich.
Size exclusion chromatography columns were obtained
from BioRad. BL21 bacteria was obtained from New
England Biolabs.

Vesicle Preparation

Small unilamellar vesicles were prepared through
thin film hydration as described by Boyd e al.* Briefly,
DOPC in chloroform was dried down in glass vials
under nitrogen gas and placed under vacuum pressure
overnight. Lipid films were hydrated immediately or
were frozen at -20°C and used within one week. Films
were rehydrated overnight at 4°C with Tris buffer (100
mM for specificity studies, 200 mM for bacterial
studies) containing 0.5 mM PBFI dye to a final con-
centration of 20 or 40 mM lipid. Films were vortexed
briefly to form vesicles, then extruded through 100 nm
polycarbonate filters (Avanti Polar Lipids, Inc.) to 7
passes. Unencapsulated PBFI dye was removed by
purifying vesicles using size exclusion chromatography,
and vesicle fractions were collected using an FC 204
Fraction Collector (Gilson). Size characterization was
performed through dynamic light scattering on a
Keck-II Zetasizer. Vesicles were diluted in buffer to a
final concentration of 100 uM; vesicle samples were
run in triplicate and the intensity mean was taken as
the average diameter size.

A 100 uM valinomycin stock solution was made in
100 mM Tris + 1% DMSO and added to purified
vesicles at various mol %s (0, 0.1, 0.2); vesicles were
then incubated for >30 min at room temperature to
allow for ionophore insertion. Control vesicles were
prepared by adding the same volume of 100 mM Tris

+ 1% DMSO without valinomycin. Vesicles were
prepared with valinomycin in triplicate.

For reversibility studies, DOPC vesicles were pre-
pared at a concentration of 40 mM and, before
purification, were incubated with either 0.2 mol%
valinomycin or the corresponding volume of DMSO
buffer for 30 min. Vesicles were then incubated in ei-
ther 0 mM K" or 100 mM K™* for 1 hour. Following
salt incubation, samples were purified through size
exclusion columns containing either 100 mM Tris
running buffer or 100 mM Tris + 100 mM K™ running
buffer. Following purification, samples were incubated
at room temperature for 1 h before reading PBFI flu-
orescence.

For calcein release assays, vesicles were prepared by
hydrating lipid films as described above with 100 mM
Tris buffer containing 20 mM Calcein dye. Vesicles
were incubated at 37°C for 24 hrs, vortexed briefly,
then extruded through 100 nm polycarbonate filters
(Avanti Polar Lipids, Inc.) to 7 passes. Unencapsulated
Calcein dye was removed by purifying vesicles using
size exclusion chromatography, and vesicle fractions
were collected using an FC 204 Fraction Collector
(Gilson). Valinomycin was incorporated into vesicle
membranes as described above.

Sensor Characterization

Vesicles were incubated in 384 well plates or 0.5 mL
cuvettes with varying salt buffers and monitored for
changes in PBFI fluorescence ratio. Final vesicle con-
centration was 1 mM during incubation, and salt
conditions were varied between 0 and 100 mM in 100
mM Tris buffer pH 7. PBFI fluorescence in vesicles was
measured either over time for kinetic scans or follow-
ing 1 hour buffer incubation. For free dye characteri-
zation, PBFI was added to buffers with varying salt
content at a concentration of 0.0125 mM to obtain a
similar overall dye concentration to that of the vesicle
samples following purification and dilution. For ki-
netic studies, 1 uL. 10% TritonX-100 was added per 30
uL volume and fluorescence was monitored to deter-
mine maximum PBFI ratio.

For vesicle stability assays, Calcein fluorescence was
monitored at an excitation of 495 nm and emission at
515 nm. Following vesicle incubation in buffers with
increasing KCl concentration, 1 uL 10% TritonX-100
was added per 40 L volume and incubated for 30 min
to lyse vesicles and determine the fluorescence associ-
ated with 100% dye release. The stability of the vesicles
was assessed by evaluating the calcein leakage with
each valinomycin concentration relative to the control.

Statistical analysis and model fitting were conducted
with GraphPad Prism. Results were analyzed via Two-
Way ANOVA using Tukey’s Multiple Comparisons
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Test to assess significance between conditions. P values
are reported as: ****p < 0.0001, ***p < 0.001, **p <
0.01, *p < 0.05, nonsignificant (ns) p > 0.05.

Fluorescence Spectroscopy

PBFI fluorescence was measured by taking spectral
scans monitoring emission intensity at 505 nm with
excitation wavelengths ranging from 320 to 400 nm.
PBFI ratios were calculated by taking the fluorescence
emission at 505 nm when excited at 340 nm divided by
the fluorescence emission at 505 nm when excited at
380 nm:

Ratio340/380 = 505 Em.Intensitysaoey / S0S Em.Intensitysgoex

Spectroscopic measurements were collected on a
SpectraMax i3x plate reader (Molecular Devices) and a
Cary Eclipse Fluorescence Spectrophotometer (Agilent
Technologies).

Bacterial Studies

Wild type BL21 E. coli were grown overnight in
MSgg media (see SI) at 37°C with shaking. Bacteria
were centrifuged at 12,000 rcf for 2 minutes to form a
pellet, MSgg supernatant was removed, and bacteria
were re-suspended in equiosmolar Tris (326 mmol/kg,
measured using a Wescor Vapro 5520 vapor pressure
osmometer). Vesicles were prepared with 0.2 mol%
Valinomycin (or an equal volume of DMSO) and 0.5
mM PBFI as described above. Vesicles were mixed in a
cuvette with buffer to a final concentration of 1 mM,
and bacteria were added in three separate concentra-
tions, keeping final volume constant. Final OD was
measured on a Cary UV Vis Spectrophotometer, zer-
oed to vesicles in buffer. PBFI excitation spectra from
330 to 390 nm were monitored for 30 min in the ab-
sence of any salt on a Cary Eclipse Fluorescence
Spectrophotometer with high PMT sensitivity at an
emission of 505 nm. After a 30 minute incubation of
vesicles and bacteria, 50 mM KCI and 150 mM NacCl
was added to each cuvette and mixed via pipetting.
Fluorescence was monitored for 60 minutes following
salt addition. To account for differences in optical
densities, final PBFI ratios were assessed by dividing
the final fluorescence ratio after salt addition by the
initial fluorescence ratio with vesicles and bacteria
only.

Samples were imaged on a Nikon Ti2 microscope in
the presence of WT BL21 to assess stability and
localization. Vesicles were prepared as described but
with the addition of 0.1 mol% of Cy5.5-PE, a mem-
brane dye. Vesicles and bacteria were mixed together in
buffer and allowed to incubate for 1 h. Images were
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taken with filters for DIC, Cy5.5-PE (650 nm excita-
tion, 720 nm emission) and the 340 nm excitation of
PBFI (350 nm excitation, 525 nm emission).
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