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ABSTRACT: In the past decade, optical imaging methods have
significantly improved our understanding of the information
processing principles in the brain. Although many promising
tools have been designed, sensors of membrane potential are
lagging behind the rest. Semiconductor nanoparticles are an
attractive alternative to classical voltage indicators, such as
voltage-sensitive dyes and proteins. Such nanoparticles exhibit
high sensitivity to external electric fields via the quantum-confined
Stark effect. Here we report the development of semiconductor
voltage-sensitive nanorods (vsNRs) that self-insert into the
neuronal membrane. To facilitate interaction of the nanorods with the membrane, we functionalized their surface with the lipid
mixture derived from brain extract. We describe a workflow to detect and process the photoluminescent signal of vsNRs after wide-
field time-lapse recordings. We also present data indicating that vsNRs are feasible for sensing membrane potential in neurons at a
single-particle level. This shows the potential of vsNRs for the detection of neuronal activity with unprecedentedly high spatial and
temporal resolution.
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Electrochemical communication between neurons lies in
the basis of brain function. Registering the electrical

activity of numerous neurons embedded in a neural circuit is a
prerequisite for understanding how their activity generates
behavior. Classical electrophysiological approaches do not
allow probing for a large neuronal assembly, whereas electric or
magnetic encephalograms provide wider spatial coverage, but
poor spatial resolution.1 Optical imaging offers an alternative
approach, namely, visualization of neuronal activity using
voltage- and calcium-sensitive fluorescent reporters.2 In the
past decade, the rapid development of calcium indicators and
their widespread application has revolutionized the field.3

However, oscillations of intracellular calcium concentration are
an indirect measure of electrical activity, with limited accuracy
due to slow dynamics and interference of intracellular signaling
machinery. Thus, the development of competent membrane
potential indicators remains highly desirable.
An ideal voltage sensor should provide a combination of

high spatial resolution with submillisecond kinetics. Much
effort has been made to develop voltage-sensitive organic
dyes,4−8 reviewed in refs 9−11, genetically encoded voltage-
sensitive proteins,12−18 reviewed in refs 2 and 19−21, as well as
hybrid sensors that combine advantages of dyes and
proteins.22−24 The latest generation of voltage sensors yielded
successful physiological experiments in vivo.16,25−31 Despite
substantial progress, numerous problems, such as low bright-

ness, poor photostability, and slow kinetics, are still to be
overcome.32−34

Semiconductor nanoparticles offer an alternative to classical
voltage sensors.35−38 They are highly photoluminescent and
capable of sensing electric field through the quantum-confined
Stark effect (QCSE).39 QCSE originates from a separation of
confined photoexcited charges creating a dipole opposing the
external electric field that results in a spectral shift as well as in
changes of the quantum yield and photoluminescence (PL)
lifetime of the particle. QCSE of symmetric nanoparticles,
known as quantum dots (QDs), exhibit quadratic dependence
on the field strength.40−42 In contrast, asymmetric type-II
nanorods (NRs), which consist of a semiconductor shell grown
on a QD core,43 exhibit a linear QCSE44−46 with higher
voltage sensitivity as compared to symmetric QDs.37 If inserted
in the plasma membrane orthogonally to the membrane plane,
such nanorods could report membrane potential fluctuations
via the spectral shift and PL intensity changes. For voltage
sensing in neurons, asymmetric type-II NRs are preferable to
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QDs, since a linear dependence of QCSE on the electric field
provides a larger dynamic range for typical activity-dependent
fluctuations of the membrane potential between −70 and +20
mV.37

Since the electric field dissipates rapidly with the distance
from the plasma membrane,47 a voltage sensor of any nature
must be located in close proximity to the membrane or inside
the bilayer. As-synthesized semiconductor nanoparticles are
unsuitable for direct use in biological systems, and their
insertion in the plasma membrane of living cells remains highly
challenging. A recent study circumvented this problem by
conjugating QDs with fullerene through a peptide linker,48 so
that QDs are anchored to the outer leaflet of the plasma
membrane, whereas the fullerene is submerged in lipid bilayer.
In such a configuration the PL of the QDs is quenched in a
membrane-potential-dependent manner through electron
transfer (ET) from QDs to fullerene, resulting in ∼7% of
depolarization-induced ensemble PL decrease, when tested in
cultured cortical neurons.
In contrast to the ET-based approach, voltage sensing

through QCSE is potentially capable of much higher sensitivity
and of sensing on a single-particle, rather than ensemble, level.
However, QCSE requires NRs to be inserted into the neuronal
plasma membrane, orthogonality to the membrane plane.37

Previously, we have shown that surface functionalization with
rationally designed peptides facilitates the integration of NRs
in the plasma membrane of HEK293 cells.49 In contrast to
HEK293 cells, the interaction of peptide-coated NRs with
neuronal membrane was insufficient (data not shown),
possibly due to differences in membrane composition between
the two cell types. Here we present an alternative coating
strategy, namely, functionalization of NRs with the brain

extract lipid mixture. Lipid-coated voltage-sensitive NRs
(vsNRs) is a simple, homogeneous preparation that takes
advantage of the tissue-specific natural lipid composition. The
lipid coating is based on weak interactions between the
hydrophobic tail of the lipids and alkane chains of the as-
synthesized particle surface ligands. Compared to ligand-
exchange functionalization methods, lipid adsorption has
minimal effect on the particle photophysics and maintain the
particle hydrophobicity.
Voltage nanosensors are potentially more promising than

voltage-sensitive dyes and proteins. Apart from higher voltage
sensitivity, semiconductor nanoparticles offer superior bright-
ness and resistance to photobleaching in comparison with
classical voltage indicators. The exceptional brightness of
nanoparticles offers a possibility of single-particle emission
measurements. In combination with its nanoscale size, it opens
up an avenue for recording of membrane potential from
subcellular locations, such as axons or dendritic spines, which
remains highly challenging and often unreachable by existing
techniques in vivo.50−56

In this work we report a detailed automated workflow that
we developed to record vsNR signal from cultured neurons
(Figure 1).
The starting point of our protocol is a movie obtained from

a neuronal culture loaded with vsNRs and voltage-sensitive dye
BeRST,57 where only one cell out of several in the field of view
is stimulated through an attached patch electrode to modulate
membrane voltage. To identify pixels in the field that belong to
the membrane of the stimulated cell, we create a mask using
voltage-modulated BeRST fluorescence. Then we identify the
location of multiple vsNRs inside the mask, collect their
individual PL signal, as well as measure and subtract local

Figure 1. Workflow for vsNR signal recording and analysis: (a) Acquisition of time-lapse movies; (b) Plotting of regions of interest (ROIs) and
signal extraction; (c) Signal analysis.
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background. The PL signal of a single vsNR contains
characteristic temporal intermittency (blinking).58 After
extracting vsNR signals, we identify single vsNRs based on
their blinking pattern and excise “dark states” from the signal.
At the current stage of the technique development,

functionalization of NRs with either peptides49 or lipids (this
study) provides low membrane insertion efficiency, estimated
to be less than 10%, based on the electron microscopy images
of particles inserted in small unilamellar vesicles (SUVs).
There are no reliable methods to measure insertion in the
plasma membrane of a living cell and the degree of insertion

remains uncertain even if the particle stays attached to the cell
surface. Thus, most of the vsNRs remain unresponsive to
voltage modulation during a part or the entire time-trace. At
the last stage of analysis, we select responsive vsNRs based on
Fourier transform of their signal and identify intervals of time
when they were sensitive to voltage modulation.
Overall, we demonstrate that lipid-coated nanorods

effectively reach the surface of cultured neurons and adhere
to it. Although most of adhered particles remained
unresponsive, probably due to membrane insertion failure, a
few responsive vsNRs were capable of reporting 60 mV

Figure 2. (a) ZnSe/CdS type-II NR schematic. (b) TEM image. (c) Absorption and emission spectra of ZnSe/CdS type-II nanorods. (d)
Schematic of NR functionalization.

Figure 3. (a) Bright-field (left) and fluorescent (right) images of vsNR-loaded neurons. (b) Pseudocolor image of the blinking coefficient, the same
field as in (a). (c) PL time-traces collected from ROIs 1−4, highlighted in (a) and (b) with yellow squares. Scale bars in (a) are 20 μm.
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membrane potential fluctuations at a single particle level. We
recorded both voltage-related quantum yield changes and
maximum emission wavelength shifts.

■ RESULTS AND DISCUSSION
vsNR Synthesis and Functionalization. In this work, we

used ZnSe/CdS type-II seeded NRs consisting of a spherical
ZnSe core overcoated by a CdS rod (Figure 2a), synthesized
following a modification of a previously reported approach.59

According to the transmission electron microscopy (TEM)
image (Figure 2b), NRs have an average length of 16 nm and a
width of 8 nm. The absorption and emission spectra of this
type-II NRs are shown in Figure 2c. The lower energy exciton
absorption peak at 562 nm (2.21 eV) corresponds to the
electronic transitions involving both the ZnSe core and the
CdS shell, while the broad exciton peak at 460 nm (2.69 eV)
can be attributed to the first excitonic transition in the CdS
rod. ZnSe/CdS NRs show intense emission at 592 nm
associated with the type-II relaxation of the charge carriers
across the ZnSe/CdS junction.
For voltage sensing in neurons, NRs should be inserted into

the neuronal plasma membrane.37 To facilitate spontaneous
translocation of NRs to the membrane, we functionalized NRs
surface with lipids from total brain extract (Figure 2d, see also
the Lipid Coating section). TEM images of functionalized
NRs, as well as dispersive X-ray spectroscopy (EDS) and
dynamic light scattering (DLS) data, are presented in the
Supporting Information (SI) section “Characterization of NRs
and lipid coating” and in Figure S1. Since such surface
treatment might change the spectral properties of NRs, we
measured spectra of 20 individual lipid-coated NRs. The
emission spectrum of the functionalized NRs is centered at 590
nm with a spread of 45 nm (Figure S3) and it is not different
from the spectrum of uncoated NRs (Figure 2c).
It has been reported previously that under certain conditions

QDs can deteriorate in the membrane phase;60 thus, we have
assessed the stability of the NRs functionalized with brain-
extract-derived lipids. We found that lipid-coated NRs are
stable both spectrally (Figure S4) and colloidally. We also have
not observed any significant reduction of the PL intensity
during repetitive recordings in living cells. We refer to
functionalized NRs as vsNRs.
To asses the interaction between vsNRs and the membrane,

we performed cryogenic electron microscopy (CryoEM) of
SUVs loaded with vsNRs. CryoEM images showed that
roughly 10% of the particles are inserted in the membrane
orthogonal to its plane (Figure S2). This number is an upper
estimation of the particle insertion efficiency, and the insertion
in the cellular plasma membrane is probably lower due to
complex plasma membrane composition as compared to SUVs.
In order to investigate the capacity of vsNRs to label

neurons, we diluted the vsNR stock solution in the imaging
buffer and deposited directly on neurons cultured on glass
coverslips (see section vsNR and BeRST Loading in Neuronal
Culture for details). When vsNRs were added to the culture,
they rapidly attached to the surface of cultured cells (Figure
3a). We observed dense labeling of neuronal membranes
already within a few minutes after the addition of vsNRs to the
bath. Figure 3a, left panel, shows a bright-field image of the
culture, whereas the right panel depicts the matching
fluorescent image. Each bright dot on the fluorescent image
corresponds to either an individual vsNR or a cluster formed
by several vsNRs. Based on cell contours from this and similar

bright-field images, virtually 100% of cells had at least one,
typically 3−5, vsNRs on the cell body and 2−3 vsNRs on
primary dendrites. This is an underestimation of the loading
efficiency since many thin neuronal processes are not visible in
the bright-field image. A better estimation is given in the
section Identification of vsNRs Located on a Stimulated Cell.
Overall, we found that vsNRs are sufficiently water-soluble

to reach the membrane of cultured cells without significant
agglomeration; however, they are lipophilic enough to adhere
to the membrane and remain stably attached for the time of
recording. Importantly, the displacement of adhered particles
during recording time did not go beyond the borders of a 1.6 ×
1.6 μm square region used for signal collection. In fact, we
found that for the vast majority of vsNR the center of fitted 2d
Gaussian point spread function stays inside a single 0.3 × 0.3
μm pixel at least during 1 min recording period (Figure S5d
and SI section “ROI creation and background subtraction”).

Automated Detection of vsNR Signal Based of
Blinking Properties. We collected intensity from square
regions of interest (ROIs) centered at vsNR positions.
Custom-made algorithms used for detection of vsNR positions,
ROI plotting, and extraction of vsNR signal are described in SI
sections “ROI creation and background subtraction” and
“Blinking analysis and thresholding”. Python and MATLAB
custom-made scripts are available in GitHub.61

Individual vsNRs can be distinguished from clusters based
on the temporal intermittency (blinking) pattern58 in their
emission (Movie S1). The PL intensity distribution of an
individual vsNR is multimodal, typically with two states, which
we refer to as the “on state” and the “dark state” (Figure S6a,b)
and, possibly, a mixture of them. For bimodal cases, the
distance between the mean of each distribution determines the
efficiency of the separation between the two states and, as a
consequence, the quality of the signal. Blinking of vsNRs in
clusters is smeared and does not have pronounced “on” and
“dark” states. To quantitatively analyze blinking from each time
trace, we calculated a blinking coefficient (Kblink) as follows:

=
+

= ⟨ − ⟨ ⟩ ⟩ [ ]K
k

k
k F t F t F t

( ) 1
, ( ( ) ( ) ) /(var ( ) )i

i i
blink

3
2

4

/2

(1)

Here, F(t) is the total PL of the particle. Kblink is positively
correlated with the distance between the means of the “on
state” and the “dark state” intensity distributions of the particle
(Figure S6c). This is due to the properties of the third and
fourth moments of the distribution. The latter goes to small
values for broad distributions, such as bimodal ones, and the
former increases when they become asymmetric. For example,
for a Gaussian distribution, κ3 = 0 and κ4 = 3, so Kblink = 1/3,
while for a distribution with two sharp peaks, κ3 = 0 and κ4 = 1,
so Kblink = 1.
An example of blinking analysis is shown in Figure 3b,c. The

blinking coefficient of each pixel in the field is depicted in
pseudocolor (Figure 3b) and varies from ∼0.33 for pixels
corresponding to background to ∼0.45−0.9 for pixels
corresponding to blinking particles. Figure 3c shows example
time traces of 4 ROIs highlighted by yellow squares at Figure
3a,b. ROI 1 corresponds to a background region, whereas
ROIs 2−4 are individual vsNRs with various blinking patterns.
Overall, with the blinking coefficient, we can distinguish
between individual and clustered vsNRs, and it was used for
the selection of blinking time traces with a threshold being set
at 0.45. A more refined analysis can improve the detection of
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blinking vsNRs but to the cost of more computational
resources or human input. In the SI section “Blinking analysis
and thresholding”, we study blinking coefficient dependence
on the intensity distribution and behavior in randomly selected
ROIs.
PL signal collected from a vsNR during its “dark state”

corresponds to background noise and, thus, has to be excluded
from the recording. To excise “dark states”, we calculated a
blinking threshold based on the distribution of the overall
particle PL intensity (Figure S6b) by fitting it to a sum of two
Gaussian distributions and removed parts of the trace with
intensity below the threshold, specifically set by the
distribution of the background noise (see SI section “Blinking
analysis and thresholding”).
Imaging and Stimulation Setup. To test whether vsNRs

can sense the membrane potential of neurons we used whole-
cell patch-clamp technique. Through the pipet attached to a
neuronal body (Figure 3a, left panel) we modulated the
membrane potential of the cell. Figure 4a depicts the scheme
of the setup. For vsNR signal acquisition, we used the left
optical port of the microscope equipped with a CMOS camera
(left side of Figure 4a). vsNR PL was excited at 410 nm and
collected through 596/83 nm filter to the OptoSplit II dual
emission image splitter. Inside the OptoSplit, we installed a
dichroic beamsplitter with the edge at 590 nm that was used to
divide vsNR PL in two parts, roughly at the maximum
emission wavelength (Figure 4b). After the OptoSplit II both
parts of the emission signal were projected to the CMOS
camera sensor. Camera acquisition at 100 Hz was synchron-
ized with the stimulation (4 frames per period). An example of
the split emission image is shown in Figure 5a, where the left
and the right sides of the image represent respectively reflected
(<590 nm) and transmitted (>590 nm) channels collected
from the same field. Recording split emission of vsNRs allowed
us to assess simultaneously voltage-related fluctuations of vsNR
PL intensity (ΔF; the sum of the two channels) and voltage-

related shift of the vsNR maximum emission wavelength (ΔRt;
the ratio between the two channels).

Identification of vsNRs Located on a Stimulated Cell.
In parallel with vsNRs, we loaded neurons with the voltage-
sensitive dye BeRST.57 BeRST possess relatively narrow
emission spectrum with the maximum at ∼700 nm that
allowed for efficient spectral separation of vsNR and BeRST
signals (see SI section “Spectral separation between vsNR and
BeRST channels”, Figure 4b and Figure S7). BeRST was
excited at 400 nm, the emission was filtered through 684/24
nm single-band bandpass filter and collected by iXON Ultra
897 (Andor) EMCCD camera installed at the right optical port
of the microscope (right side of Figure 4a). BeRST displays
bright, membrane-localized fluorescence (Figure 5b) highly
sensitive to membrane potential modulation (Figure 5c).
For each field of view, we performed three optical

recordings: two of vsNRs PL intensity, with and without
voltage modulation, and one of BeRST fluorescence with
voltage modulation. For each pixel of the BeRST channel field,
we calculated the Pearson coefficient for the temporal
correlation between BeRST fluorescence intensity and voltage
modulation applied to the patched neuron (Figure 5d and
Figure 5e, left panel). After thresholding the coefficient, we
obtained a mask that identified the exact pixels in the field of
view that were most sensitive to electrophysiological
stimulation, typically those that belong to the plasma
membrane of the stimulated neuron (Figure 5e, right panel).
Subsequently, we transferred the mask to the vsNR field and
used this mask to identify vsNRs located in the correct
position, that is, at the surface of a stimulated cell (Figure 5f).
Of note, the mask corresponds to an underestimated set of
responsive pixels, since off-peak excitation of BeRST did not
provide enough quantum yield to detect voltage-dependent
fluorescence changes in weakly labeled thin processes, due to
insufficient signal-to-noise ratio by single pixels. For 35
BeRST-loaded neurons analyzed, there was on average 46 ±

Figure 4. (a) Scheme of the imaging setup. (b) Scheme of the fluorescent channels used for the acquisition of vsNR and BeRST signals.
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6 vsNRs in the mask. This gives another estimation of the
vsNR loading efficiency, much higher than the one obtained
with the bright-field image (5−8 vsNRs per cell), and points
toward the efficiency of the BeRST-mask method for
identification of vsNRs in thin dendrites.
Fourier Transform Score.Membrane potential of patched

neurons was modulated using a 25 Hz square wave with a 60
mV amplitude. This amplitude roughly corresponds to 150
kV/cm electric field, assuming 4 nm membrane thickness. It is
similar or smaller than the stimulation that was used in
previous studies (150 mV,49 125−400 kV/cm,62 400 kV/
cm63), and it is comparable to subthreshold membrane
potential fluctuations that exist in neurons.
Frequency analysis of vsNR signal from stimulated cells

revealed a band of 25 Hz in some of the analyzed particles. To
compare the power of 25 Hz band for different vsNRs in an
automated way, we introduced a Fourier Transform (FT)
score calculated as the value at 25 Hz divided by the noise of a

bandwidth broad enough to account for fluctuations (for more
details see SI section “FT score and bootstrap”).
An example of FT score analysis for one field of view is

shown in Figure 6a,b. FT scores for all particles found in the
field of view shown in Figure 6a, left panel, are depicted as a
color-coded image in Figure 6a, right panel. Power spectra of
three selected particles marked with yellow squares in Figure
6a are shown in Figure 6b. FT score for these particles varies
from 3.5, corresponding to 25 Hz band almost indistinguish-
able from the noise at other frequencies, to 6, corresponding to
25 Hz band that is clearly distinguishable from the noise.
Altogether we analyzed traces of 1242 particles from 35 cells

in six independent experiments. The distribution of FT scores
of all analyzed particles is shown in Figure 6c. The mean of FT
score for recordings with voltage modulation was not much
different from the one for control recordings (with voltage
modulation: mean 1.95, standard deviation 0.88; control: mean
1.89, standard deviation 0.85). However, in recordings with

Figure 5. (a) Split emission image of vsNR-loaded neurons. (b) BeRST-loaded neurons, the same field as in (a). (c) BeRST fluorescence time trace
(blue line) and membrane voltage modulation (dashed red line). (d) Scheme of generating a plot of responsive pixels, based on the correlation of
the BeRST signal with membrane voltage modulation. (e) Pseudocolor plot of the Pearson coefficient for per-pixel temporal correlation between
BeRST fluorescence and membrane voltage modulation (left) and the mask produced by thresholding the correlation plot (right). (f) vsNR-loaded
neurons with the mask overlay, the same field as in (a) and (b). In (a), (b), (e), and (f) dashed white squares indicate identical fields, scale bars are
20 μm.
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voltage modulation, there were significantly more vsNRs with a
FT score above 5 (Figure 6c, lower panel). To estimate a
probability of getting a high FT score by chance, we performed
a bootstrap analysis of 105 synthetic traces that reproduced the
statistical features of vsNR traces in control recordings (see SI
section “FT score and bootstrap”). Analysis of control
recordings and synthetic traces revealed that variations of
vsNR PL unrelated to voltage modulation are high enough to
produce a distinguishable band at 25 Hz in power spectra of
some traces. Based on the results of the bootstrap analysis we
plotted FT score versus the probability of getting this score by
chance (Figure S8c). The probability of getting FT score above
5 is lower than 10−3 (0.1%). Overall, there were 8 vsNRs with
FT score of 5 or higher in recordings with voltage modulation
(0.6%) and 2 vsNRs in control recordings (0.16% Figure 6c,
lower panel). The probability of at least one being a genuine
responding vsNRs is 0.9985 (see SI section “FT score and
bootstrap”). These particles were selected for further analysis.
We found that only 0.6% of recorded vsNRs contained a

significant 25 Hz band in the power spectrum of their signal.
The rest of the particles were either not responsive, or had very
short periods of sensitivity that were below the detection limit
of our analysis. Such low success rate seems to be an attribute
of live cell recordings since when similar NRs are deposited on
a glass and subjected to the external electric field, the
proportion of responsive particles is much higher.62,63 The
major difference between the two conditions is a membrane
insertion step. QCSE of an inserted NR is maximized when the
particle is oriented perpendicular to the membrane plane with
both ends extending out of the membrane on both sides.46

Plausibly, in live-cell recordings, nonresponsive particles are
those that were not properly inserted and are either attached to
the membrane surface without transversing it or misaligned
with respect to the membrane plane.
Burst Analysis to Detect Responsive Intervals. For

each of the selected responsive particles, we performed the

analysis of the trace aimed to reveal voltage-dependent changes
in quantum yield and the maximum emission wavelength. For
that, we excised blinking periods from PL traces for green
(<590 nm) and red (>590 nm) channels. To preserve the
phase of the stimulation square wave, any cycle that contained
at least one frame with a signal below the blinking threshold
was fully excised. Resulting aligned traces were used to
produce F(t) and Rt(t) as follows:

= + =
+

F t F F t
F

F F
( ) ; Rt( )green red

green

green red (2)

In these calculations F(t) is the total PL of the particle and the
measure of the particle quantum yield, whereas Rt(t) is the
proportion of the green channel in total PL that is directly
related to the maximum emission wavelength.
The acquisition rate was 4× the frequency of the stimulation

square wave. Thus, each cycle consisted of two frames
corresponding to −60 mV and two frames corresponding to
0 mV. We define new variables ΔF/F and ΔRt by averaging
frames with identical voltage in each cycle and calculating the
difference between −60 and 0 mV steps. ΔF was additionally
normalized to F−60mV in each cycle to be able to compare
arbitrary units of PL intensity between different vsNRs:

Δ =
−

Δ = −−

−
−F F

F F
F

/ ; Rt Rt Rt0mV 60mV

60mV
0mV 60mV

(3)

Figure 7a depicts a normalized distribution of ΔF/F (left
panel) and ΔRt (right panel) values for one recording session
of a single particle. These distributions show that during
voltage stimulation (red line), but not in the control recording
(blue line), there were some stimulation cycles with ΔF/F >
0.5 and also some cycles with ΔRt > 0.1. To determine
whether these cycles were distributed randomly across the
trace or belonged to some kind of responsive intervals, we
followed the approach of a previous work49 with some
modifications and performed burst-search analysis to identify

Figure 6. (a) Bright-field image of vsNR-loaded neurons (left panel) and the pseudocolor image of vsNR FT scores (right panel, the same field as
the left panel). (b) Examples of ROIs’ power spectra with different FT scores indicated on top of each plot. These ROIs are highlighted in (a) with
yellow squares. (c) Histogram of the FT score distribution; 1242 vsNRs were recorded with (pink) and without (blue) voltage modulation. The
bottom panel depicts the enlarged fragment of the histogram. Dashed lines indicate the FT score threshold used for vsNR selection.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://dx.doi.org/10.1021/acsphotonics.9b01558
ACS Photonics 2020, 7, 1141−1152

1147

http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01558/suppl_file/ph9b01558_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01558/suppl_file/ph9b01558_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01558/suppl_file/ph9b01558_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01558/suppl_file/ph9b01558_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01558/suppl_file/ph9b01558_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.9b01558?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.9b01558?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.9b01558?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.9b01558?fig=fig6&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.9b01558?ref=pdf


periods of the trace with pronounced ΔF/F or ΔRt responses.
Details of the analysis are described in SI section “Burst
intervals” and Figure S9 that depicts raw and processed time
traces of the same particle as in Figure 7. For this particle, our
burst-search algorithm identified five periods of pronounced
ΔF/F (Figure 7c), all positive, and seven periods of
pronounced ΔRt (Figure 7d), six positive and one negative
(the interval 2). Importantly, ΔF/F and ΔRt intervals
significantly overlapped in time (Figure 7e). Mean ΔF/F for
selected intervals was 0.10 ± 0.01, whereas mean ΔRt was
0.012 ± 0.006 (Figure 7b). This corresponds to roughly 0.6
nm shift of the maximum emission wavelength (see SI section
“Wavelength shift estimation”). During responsive periods,
ΔF/F systematically reached 40% for a 60 mV voltage step (for
example, intervals 1, 2, or 4 in Figure 7c). ΔRt values during
responsive intervals could reach 0.1 that corresponds to
approximately 5 nm shift of maximum emission wavelength.
Another example of single vsNR burst-search analysis is shown
in Figure S10. For that particle, six intervals with pronounced
ΔF/F were identified (mean ΔF/F 0.04 ± 0.003), whereas no
ΔRt intervals were found.
Analysis of responsive vsNRs demonstrated that their PL

signal exhibited brief periods of voltage sensitivity that were
separated by intervals with weak or no voltage response.
Previously, we found similar sensitivity bursts in the signal of

peptide-coated NRs.49 In the same study, TEM analysis
showed that only 16% of peptide-coated NRs were
perpendicular to the membrane of SUVs, whereas the rest
were either tilted or incompletely inserted. These results may
reflect not only a steady-state position of a particle but also its
temporal fluctuations. In this case, sensitivity bursts could be
attributed to the brief periods of proper membrane insertion of
the particle. Other reasons for voltage sensitivity fluctuations
could be related to the change in the photophysical properties
of particles over the time of recording, caused by, for example,
ionization of particles,36 or temporal fluctuations in particles’
intramembrane neighborhood. Overall, here we show that
membrane-integrated QCSE-based sensors, such as vsNRs,
during short bursts of voltage sensitivity can exhibit 5−10% of
depolarization-induced PL change at a single-particle level.
Single-particle recordings potentially allow for super-resolution
voltage imaging from confined subcellular locations and gives
nanosensors an ultimate advantage over voltage dyes and
protein-based sensors. Thus, despite problems with stability in
the membrane, membrane-integrated QCSE-based sensors are
worth further effort to develop.

■ CONCLUSIONS

This work is a continuation of our effort to develop voltage
nanosensors suitable for monitoring membrane potential in

Figure 7. Figure depicts data from a single vsNR located at a neuron and recorded with and without voltage modulation. (a) Distribution of ΔF/F
(left panel) and ΔRt (right panel) of the vsNR with (red) and without (blue) voltage modulation. (b) Mean ΔF/F (left panel) and ΔRt (right
panel) of intervals selected from the trace with voltage modulation. The mean of all selected intervals is indicated with the cross, error bars depict
STE. (c) All selected intervals of ΔF/F time trace. (d) All selected intervals of ΔRt time trace. (e) Relative positions of ΔF/F and ΔRt intervals
over recording time.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://dx.doi.org/10.1021/acsphotonics.9b01558
ACS Photonics 2020, 7, 1141−1152

1148

http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01558/suppl_file/ph9b01558_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01558/suppl_file/ph9b01558_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01558/suppl_file/ph9b01558_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01558/suppl_file/ph9b01558_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01558/suppl_file/ph9b01558_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.9b01558?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.9b01558?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.9b01558?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.9b01558?fig=fig7&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.9b01558?ref=pdf


living neurons. We show that lipid-coated type II ZnSe/CdS
NRs are capable of reporting the membrane potential of
cultured cortical neurons. In the signal collected from
individual membrane-bound vsNRs, we detected periods of
both voltage-related PL changes and shifts of emission
wavelength maximum. Strong fluctuations of voltage sensitivity
between particles and within individual traces likely reflect
unstable membrane insertion of vsNRs,49 which remains the
major difficulty of the technique. Overall, we report here
extensive measurements of neuronal membrane potential with
membrane-integrated vsNRs, as well as the experimental and
analytical routine allowing for screening of new surface
functionalization methods to improve NR insertion in the
membrane.

■ METHODS
vsNR Synthesis. ZnSe/CdS core−shell NRs were

synthesized following a previously published procedure with
some modifications.64

Chemicals. Hexadecylamine (HAD, 98%, Sigma-Aldrich),
diethylzinc (Et2Zn, 1 M solution in hexane, Sigma-Aldrich),
cadmium oxide (99.99%, Sigma-Aldrich), sulfur (99.999%,
Sigma-Aldrich), selenium (99.999%, Sigma-Aldrich), oleic acid
(OA, 90%, Sigma-Aldrich), trioctylphosphine (TOP, 90%,
Sigma-Aldrich), dodecylamine (98%, Fluka), trioctylphosphine
oxide (TOPO, technical grade, 99% Sigma-Aldrich), 1-
octadecene (ODE, technical grade, 90% Sigma-Aldrich),
hexadecylamine (HPA, 99%, Sigma-Aldrich), n-octadecylphos-
phonic acid (ODPA, 99%, PCI), methanol (anhydrous, 99.8%,
Sigma-Aldrich), hexane (anhydrous, 99.9%, Sigma-Aldrich),
and toluene (99.8%, Sigma-Aldrich). All chemicals were used
as received without any further purification.
Synthesis of ZnSe NCs. A total of 9.4 g of hexadecylamine

was degassed under vacuum at 120 °C in a reaction flask, and
under argon flow, the mixture was heated up to 310 °C. Then a
mixture of 1 mL of 1.0 M selenium dissolved in
trioctylphosphine, 0.8 mL of diethylzinc, and 4 mL of
trioctylphosphine was quickly injected. The reaction was
continued at a constant temperature of 270 °C for 25 min and
then cooled to room temperature.
Preparation of Cadmium and Sulfur Stock Solutions.

A 0.034 M cadmium oleate solution was prepared by mixing
0.03 g (0.24 mmol) of CdO in 0.6 mL of oleic acid and 6.4 mL
of ODE. The solution was heated to 280 °C under an argon
flow with rigorous stirring until all of the CdO dissolved. A
0.29 M S solution was prepared by adding 23.3 mg of sulfur in
2.5 mL of dodecylamine at 40 °C.
CdS Shell Synthesis. For typical CdS shell coating, 1.1 g

unprocessed ZnSe cores, 5.3 mL octadecene (ODE) were
loaded into a 50 mL three-neck flask. The solution was
degassed at 100 °C. After that the solution was heated to 240
°C under argon, a mixture of 0.6 mL of 0.034 mmol/mL
cadmium oleate stock solution and 0.06 mL of 0.29 mmol/mL
sulfur stock solution was injected continuously at 0.72 mL/h.
After the injection was finished, the mixture was further
annealed for 5 min at 240 °C and then cooled down to room
temperature.
ZnSe/CdS-CdS NRs Synthesis. This synthesis was

adapted from the previously reported procedure in the
literature.59,65 In a typical synthesis, CdO (60 mg), ODPA
(290 mg), and HPA (80 mg) are mixed in TOPO (3.0 g). The
mixture is degassed under vacuum at 150 °C for 90 min. After
the degassing step, the solution was heated to 380 °C under

argon until it became clear, then 1.8 mL of TOP was injected,
and the temperature was recovered to 380 °C. Subsequently, a
solution of 120 mg of S in 1.8 mL of TOP mix with 40 nmol
ZnSe/CdS nanocrystals is rapidly injected. Then the growth
was stopped after nanorods grow for 8 min at 365 °C. The
NRs were precipitated with methanol and dispersed in toluene.
TEM images were taken on a JEOL 2100 TEM equipped

with a LaB6 filament at an acceleration voltage of 200 kV.
Lipid Coating. Materials. Lipid brain extract (cat.

#131101) was purchased from Avanti Polar Lipids (compo-
sition: PC (phosphatidylcholine), 9.6%; PE (phosphatidyle-
thanolamine), 16.7%; PI (phosphatidylinositol), 1.6%; PS
(phosphatidylserine), 10.6%; PA (phosphatidic acid), 2.8%;
the rest 58.7% are unknown components). Toluene, chloro-
form, and Triton X-100 were purchased from Sigma-Aldrich.

NR Surface Functionalization by Lipid Coating. Lipid
coating of hydrophobic QDs and NRs is based on weak
interactions of intercalating surface ligand alkane chains with
the hydrophobic tail of phospholipids. In a typical preparation,
a 100 μL solution of 1 μM NR in toluene was mixed with 150
nmol brain extract lipid mixture in chloroform to obtain a total
lipid/NR ratio of 1500:1. The organic solvents were
evaporated under vacuum at 80 °C for 30 min using a
benchtop vacuum concentrator (CentriVap, Labconco). The
thin film that formed on the vial glass walls was resuspended in
500 μL of 20 mM Tris buffer, 0.1% Triton X-100, pH 7.4. The
addition of a lipid detergent was found to significantly improve
particle solubility. The sample was then sonicated for 15 min in
a bath sonicator (Elmasonic S60H, Elma) at 50 °C followed by
centrifugation at 20000 RCF for 2 min at 25 °C. Particle size
distribution and colloidal stability were evaluated by DLS
measurements from a solution of dispersed particles at 25 °C
(Zetasizer Nano ZS, Malvern). For a typical preparation, we
obtain a single size population with a mean particle
hydrodynamic diameter of 14 ± 3 nm (Figure S1d). This
value is used as an indication that the sample consists of a
single population of monomeric, nonaggregating, single
particles. It is in good agreement with particle dimensions
determined by TEM imaging analysis of the particles (Figure
2b) considering that DLS data analysis yields an average
hydrodynamic diameter for nonspherical particle, as in the case
of vsNRs. Sample solutions stored at 4 °C were found to be
stable for over a month by routine DLS measurements.

Dissociated Neuronal Culture. All animal experiments
were approved by the local ethics committee for animal
research. Dissociated cortical cultures were prepared from
embryonic day 17 mice and cultured for up to 1 week in vitro.
We used the protocol described in Banker and Goslin, 1998,66

with minor modifications. In brief, embryos were removed
from an anesthetized mouse, and cortices were dissected. Cells
were dissociated by 0.25% trypsin for 15 min at 37 °C and
plated on polyDL-ornithine-coated cover glasses (150000 cells/
cm2) in Neurobasal medium containing B27 supplement and
0.5 mM L-glutamine (Gibco/Life Technologies). Before
plating, the medium was preincubated on astroglial culture
for 24 h. Astroglial cultures were prepared according to a
previously published protocol.66

vsNR and BeRST Loading in Neuronal Culture. vsNRs
were loaded on neuronal cultures right before the imaging
session. A cover glass with neurons was removed from the
culture dish and placed in ice-cold imaging medium (IM),
containing 127 mM NaCl, 3 mM KCl, 2 mM CaCl2, 1.3 mM
MgCl2, 10 mM D-glucose, 10 mM HEPES, pH 7.35. vsNR
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stock was added to neurons at 1:500 dilution and incubated on
ice for 10 min. Then cells were washed with ice-cold IM and
the cover glass was transferred to the imaging chamber with
room-temperature IM. Voltage-sensitive dye BeRST57 was
added to the imaging chamber at 1 μM at room temperature
and washed out after 5 min.
Imaging and Patch Clamp. For imaging, we used Nikon

eclipse Ti epifluorescence microscope (Figure 4a) equipped
with ORCA-Flash 4.0 V2 (Hamamatsu Photonics) CMOS
camera and iXON Ultra 897 (Andor) EMCCD camera, as well
as patch-clamp hardware (Axon). Fluorescence was excited by
410 nm LED (Solis, Thorlabs) at 7.5W/cm2 for vsNRs or at
0.8 W/cm2 for BeRST recordings. Emission was collected
through Nikon Plan Fluor 40×/1.30 oil objective and passed
through 596/83 nm single-band bandpass filter (Semrock
FF01-596/83-25) to the OptoSplit II dual emission image
splitter for vsNRs, or through 684/24 nm single-band bandpass
filter (Semrock FF02-684/24-25) for BeRST. Inside the
OptoSplit we installed a dichroic beamsplitter with the edge
at 590 nm (Chroma T590lpxr-UF3).
Somatic recordings from cultured neurons were performed

at room temperature in the whole-cell voltage-clamp mode
using a Multiclamp 700B controlled by pClamp 10 acquisition
software (Molecular Devices). Currents were filtered at 2−3
kHz and sampled at 10 kHz using a Digidata 1440 A
(Molecular Devices). Patch pipettes (4−6 MΩ) were filled
with internal solution containing 130 mM K gluconate, 10 mM
KCl, 4 mM Mg-ATP, 0.5 mM Na-GTP, 10 mM
phosphocreatine, and 10 mM HEPES, pH 7.4.
For each field, we performed three recordings, two for

vsNRs, with and without voltage modulation, and one for
BeRST with voltage modulation. For vsNRs recordings, the
membrane potential of patched neurons was either modulated
using a 25 Hz square wave with 60 mV amplitude or hold at
−60 mV (control recording). To synchronize imaging and
voltage modulation, each frame of the camera was triggered by
Digidata 1440 A at 100 Hz, 4× the frequency of the
stimulation square wave. Each recording lasted for 60 s and
contained 6000 frames of time-lapse movie. For BeRST
recordings, membrane potential was modulated at 5 Hz with
60 mV amplitude, and the camera was triggered at 10 Hz.
After the acquisition, time-lapse movies were directly saved

in tif format and processed for analysis according to the
workflow scheme (Figure 1) without any further modifications.
Data Analysis. Data analysis was performed both in

python and matlab with in-house scripts. Python scripts were
arranged in jupyter/ipython notebooks that require some basic
scientific libraries (numpy, matplotlib, scipy and pillow) and
can be reused easily. All the software used to produce the
figures of this manuscript is released as open-source and is
available in GitHub.61
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Movie S1: vsNR-loaded cultured cortical neurons
(MP4)
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