POLITECNICO DI TORINO
Repository ISTITUZIONALE

Direct Visualization and Identification of Membrane Voltage-Gated Sodium Channels from Human iPSC-
Derived Neurons by Multiple Imaging and Light Enhanced Spectroscopy

Original

Direct Visualization and Identification of Membrane Voltage-Gated Sodium Channels from Human iPSC-Derived
Neurons by Multiple Imaging and Light Enhanced Spectroscopy / Moretti, M., Limongi, T., Testi, C., Milanetti, E., Teresa
De Angelis, M., Parrotta, E.I., Scalise, S., Santamaria, G., Allione, M., Lopatin, S., Torre, B., Zhang, P., Marini, M.,
Perozziello, G., Candeloro, P., Pirri, C., Ruocco, G., Cuda, G., DI FABRIZIO, E.M.. - In: SMALL METHODS. - ISSN
2366-9608. - ELETTRONICO. - (2022). [10.1002/smtd.202200402]

Availability:
This version is available at: 11583/2964621 since: 2022-05-25T18:44:547

Publisher:
Wiley Weinheim, Germany

Published
DOI:10.1002/smtd.202200402

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

29 June 2026



RESEARCH ARTICLE

'-) Check for updates

small

methods

www.small-methods.com

Direct Visualization and Identification of Membrane
Voltage-Gated Sodium Channels from Human iPSC-
Derived Neurons by Multiple Imaging and Light Enhanced

Spectroscopy

Manola Moretti,* Tania Limongi, Claudia Testi, Edoardo Milanetti,

Maria Teresa De Angelis, Elvira I. Parrotta, Stefania Scalise, Gianluca Santamaria,
Marco Allione, Sergei Lopatin, Bruno Torre, Peng Zhang, Monica Marini,

Gerardo Perozziello, Patrizio Candeloro, Candido Fabrizio Pirri, Giancarlo Ruocco,

Giovanni Cuda, and Enzo Di Fabrizio*

1. Introduction

In this study, transmission electron microscopy atomic force microscopy,

and surface enhanced Raman spectroscopy are combined through a direct
imaging approach, to gather structural and chemical information of complex
molecular systems such as ion channels in their original plasma membrane.
Customized microfabricated sample holder allows to characterize Na,
channels embedded in the original plasma membrane extracted from neuronal
cells that are derived from healthy human induced pluripotent stem cells.

The identification of the channels is accomplished by using two different
approaches, one of them widely used in cryo-EM (the particle analysis method)
and the other based on a novel Zernike Polynomial expansion of the images
bitmap. This approach allows to carry out a whole series of investigations, one
complementary to the other, on the same sample, preserving its state as close

as possible to the original membrane configuration.

Ion channels are membrane proteins
playing a crucial role in cell growth
and proliferation, neurotransmission,
heart and muscle contraction, immune
response, and water balance. Due to their
broad distribution in cells and their critical
role in physiological and pathological pro-
cesses, ion channels represent important
and potential targets for drug discovery
and pharmacological safety. They have
been associated with different genetic dis-
eases, referred as channelopathies, some
of which account for genetic human epi-
lepsies.'01 Although the characterization
of plasma membranes and ion channels
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transport has been deeply studied” and theoretical models
have been developed, detailed multiple imaging approaches
and characterization of the cell membrane by high-resolution
techniques are still missing.'"l Furthermore, the direct visu-
alization of single ion channels in their native plasma mem-
brane will significantly help to improve our understanding of
the pathophysiology of ion channels and prompt innovative
research in drug screening and precision medicine.

Voltage-gated sodium (Na,) channels mainly act as molecular
triggers of action potentials in neurons, skeletal muscle as well
as in other excitable cells. Protein subunits of these channels,
identified in 1980 by Beneski and Catterall,™ are represented
by a 260 kDa « subunit containing the voltage sensors and the
ion-conducting pore, associated with auxiliary 30-40 kDa f
subunits (B1- 4)[* involved in kinetics and voltage-dependence
modulation. Four distinct o subunits, namely Na,1.1, Na,1.2,
Na,1.3, and Na,1.6, are expressed in the central nervous system.
Each of these subunits is encoded by a specific gene (SCNIA,
SCN2A, SCN3A, and SCN8A, respectively). More than 600
mutations have been identified in the SCNIA gene, most of
which have been linked to genetically inherited epilepsy syn-
dromes. Other groups reported significant advancements in the
understanding of the structure and functional states of the Na,
channel,” describing in a very thorough manner its voltage
sensing, activation, conductance, fast and slow inactivation.!!®]

In the present study, we aimed at localizing and identi-
fying the Na, channels directly on a suspended plasma mem-
brane patch by using two distinct high-resolution imaging
approaches, Transmission Electron Microscopy (TEM) and
Atomic Force Microscopy (AFM), and combine them with
Enhanced Raman spectroscopy analysis for getting further
information on the secondary structure of the channel. Starting
from a method proposed by our group,/®’l a new sample prep-
aration protocol was optimized. Cell membranes were extracted
from neurons differentiated from neural stem cells (NSCs)
derived from human induced pluripotent stem cells (hiPSC)
generated from a healthy donor. Membranes’ patches were sus-
pended on a super-hydrophobic surface (SHS) characterized by
an alternation of holes and microfabricated micropillars, ready
to be investigated. The identification of the channels of interest
was afterwards successfully performed by the use of a new algo-
rithm based on Zernike polynomials expansion of the image
bitmap combined with single particle analysis. Single particle
analysis is routinely adopted to reconstruct the 3D structure of
proteins from cryo-EM images. Usually, the sample, e.g., the
protein of interest, is isolated from the cellular environment via
purification processes and embedded in a thin layer of ice; if
a membrane protein is analyzed, it must be also included in a
lipid bilayer support, such as a lipid nanodisc.?-28] Apart from
the significant challenge of achieving successful purification
steps for high resolution cryo-EM imaging,?>3% the sample
preparation adopted so far for imaging membrane proteins
does not allow to preserve the original milieu, thus possibly
hindering important information. Notwithstanding, the very
well established single particle analysis software was success-
fully applied to identify the channels studied in this work, thus
providing a benchmark for the validation of our data collection
method and the data analysis based on Zernike polynomial
expansion.
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Finally, we would highlight how inserting an immunogold
labeling step among the sample preparation methods, allowed
us both to precisely identify the Na, channels by TEM and
to obtain valuable information on their secondary structure
by Surface Enhanced Raman Spectroscopy (SERS). Surface
Enhanced Raman signal originates from an enhancement
in the electric field at the surface when the incident light on
the sample excites localized surface plasmons. Several noble
metals, 2D materials and 3D nanostructures are in use to pro-
vide enhanced Raman signal for biomolecules detection.’-3¢
Gold nanoparticles immune labeling was previously applied
to target tumors,l’”! specific cell membrane molecules 3
etc., however this combinatorial approach has not been used
before. Conversely, the mechanical properties, in terms of local
plasticity, related to the transmembrane protein assembling
characteristics retrieved from stiffness and damping AFM meas-
urements, correlated to the shift of the Raman band related to
the strain state of the ion channel protein configuration.

The method we present in this paper aims to assist researchers
and clinicians by providing the possibility of carrying out, on a
single sample, a whole series of morphological, structural and
compositional characterization of single ion channels in their
native membrane. It could significantly contribute to elucidate
the phenotype induced by a severe genetic disease and the effect
of specific drug targeting, therefore becoming a suitable analyt-
ical method in a patient specific platform. Furthermore, it could
be particularly useful in the case of low sample availability or
when the retrieval of samples requires invasive procedures and it
is consequently recommended to minimize the number of with-
drawals to ensure the safety and comfort of the patient.

2. Results and Discussion

The sample preparation method used in this work is based on
the effect of a droplet evaporation on a super-hydrophobic pat-
terned surface (SHS).2! After the isolation procedure, plasma
membranes are resuspended in a suitable buffer and deposited
on the SHS. During the evaporation of the sample, the droplet
decreases its volume shrinking back from the external pillars
toward the center of the device and the membrane patches, with
a surface area in the range of tens of micron squares, are sus-
pended between the pillars after complete evaporation. The sus-
pended membrane portions are stable both in air and in vacuum,
thus allowing TEM (Figure 1a) and AFM (Figure 2a) characteri-
zation together with Raman spectroscopy analysis (Figure 3a).

2.1. TEM Imaging of Suspended Neuron Membranes

We started the characterization by performing direct imaging
of the Na, channel with a FEI Titan TEM operating at 300 keV
acceleration voltage (Figure 1; Figure S1, Supporting Informa-
tion). The SEM micrograph in Figure 1b reveals the presence of
membrane patches suspended on top of the pillars’ matrix. The
dark feature in the middle of Figure 1b is the microfabricated
hole allowing the free passage of TEM electrons, as shown sche-
matically in Figure 1a. In Figure 1c high magnification of several
membrane channels are visible as highly contrasted spots.

© 2022 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 1. TEM imaging of the Na, channel, single particle analysis by RELION and Zernike polynomial results. a) Sketch of the sample characteriza-
tion method where the plasma membrane suspended across the SHS is investigated by TEM. b) SEM micrograph of the neuronal plasma membrane
suspended over the SHS. Scale bar 4 um. c¢) TEM image of the suspended neuronal membrane where different ion channels can be localized (darker
spots). Scale bar 30 nm. d) Final postprocessing map (solid grey volume) at 14.4 A resolution overlapped to the PDB structure of human Nav1.4 (PDB
code 6AGF,[® cyan and orange) and its cryo-EM map (EMDB 9617, fine grey mash; this map has been strongly filtered using the “hide dust” feature in
Chimera, in order to hide the noisy contribution of lipid nanodiscs). In orange, the 1 subunit. Scale bar = 20 A. e) Results obtained by comparing the
method based on Zernike polynomials and the standard procedure based on RELION. a) AUC of the ROC as a function of the threshold, i.e., be the
number of neighbors. The color is in accordance with the expansion order, where blue indicates low order and red indicates high order. b) The average
value of the AUC of the ROC as the order of expansion varies. c) The ROC curve corresponding to the best case: d—f) These are the same results
described in (a,b,c) normalizing the data in Z-score. g) Definition of the C descriptor, which is based on the Na channels percentage in the ordered
classification of the groups identified with clustering analysis. h,i) C descriptor as a function of the number of clusters considered for two orders of
expansion (N =4 and N =16). The color is in accordance with the number of neighbors, from yellow to green. f) 2D FFT of the TEM image in (f) final
results comparison between single particle classification based on RELION and Zernike-based classification.
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Figure 2. AFM imaging of the Na, channel. a) Sketch of the sample characterization method where the suspended plasma membrane is investigated
by AFM. b) AFM height topography of a large area of the suspended neuronal plasma membrane over the SHS. Scale bar 5 um. c) AFM amplitude
signal of the suspended neuronal membrane where different features can be localized. Scale bar 100 nm. d,e) AFM height topography and AFM force
damping map of a single Na, channel respectively. Scale bar 2 nm. f) Molecular graphic plotted with Chimera of the Na, channel according to PDB
file SEKO with inner and outer lengths indicated. g) 3D surface plot of topography in d, with isolines of 1 A step size. h,i) AFM height diagonal profile
and AFM force damping diagonal profile of the contrast AE, i, Of the putative Na, channel, of respectively (d) and (e). j) Profiles drawn in the AFM
topography image in d, where the arrows in the inset squares indicate the position and direction of each plotted profile.

2.1.1. Single Particle Analysis

To solve the structure of Na, channels, we collected 126 frames
and performed single-particle analysis using RELION (Figure 1c;
Figure S2, Supporting Information).”) The average classes
resulting from the reference-free 2D classification routine
(Figure S3a, Supporting Information) show some lateral views
of the channels, whose features are in accordance with other
high-resolution 2D classifications available in literature.264-43]
Since the membranes are not perfectly flat suspended, in
some locations they are not perpendicular to the TEM beam
and consequently, even a lateral view of the channel is pos-
sible. These properties avoid preferred proteins orientation and
allow for many different Euler angles to be imaged, thus pos-
sibly obtaining a complete three-dimensional (3D) reconstruc-
tion by single-particle algorithms.**] Taking advantage of this
fact, with just 126 frames we obtained a 3D map of Na, chan-
nels (Figure 1d). We used a strongly low-pass filtered structure
of human Na,1.4 (PDB code 6AGF,!! the only structure so far
available in literature as belonging to a human Na, channel) as
reference model, resulting in a final map of 14.4 A resolution as
calculated by Fourier Shell Correlation curve (Figure S3b, Sup-
porting Information). We then overlapped our resulting map to
the high-resolution cryo-EM (EMDB 9617) and its derived PDB
structure, shown in Figure 1d. Although at a lower resolution,
our map largely overlaps the cryo-EM one obtained by lipid

Small Methods 2022, 2200402 2200402 (4 of 14)

nanodiscs that, albeit largely exploited for cryo-EM imaging of
membrane proteins, might alter their native environment.[ 64’1

As such, we can conclude that the sample preparation
method described in this work might be successfully used in
combination with single-particle analysis in order to obtain
high-resolution 3D maps of membrane proteins in their native
environment, possibly overcoming demanding purification
procedures that might contribute to generate artefacts altering
their physiological structural properties. In addition the mul-
tiple channels present in the natural membrane, can all be
analysed in a single preparation. Moreover, even if at this stage
the resolution obtained is quite modest, higher resolution TEM
images can be obtained in the future.

2.1.2. Channel Classification Comparison Based on Zernike
Polynomials

Here, we also present a novel computational procedure able
to automatically identify channels from experimental frames
obtained by TEM imaging, discriminating Na, channels among
others with good accuracy. A portion of the image bitmap of size
comparable to- (but slightly larger than-) the channel dimension
is thought as a 2D single-valued surface, sampled on a regular
lattice (the image pixels), where the “color” (a 8 or 14 bits binary
number) represents the value of the function f(x,y) at the pixel

© 2022 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 3. Raman spectroscopy of the immunogold labeled SCN1a subunit of the Na, channel on the suspended neuronal membrane. a) Sketch of the
Raman spectroscopy imaging setup, where a single Na, channel, specifically tagged with a gold nanoparticle, is imaged. b) Optical image of a portion
of the suspended neuronal membrane on the SHS. Scale bar 5 pum. c) TEM image of the neuronal membrane with gold nanoparticles tagging specifi-
cally the SCN1a subunit by immuno-labeling. Scale bar 100 nm. f~h) Raman measurements (blue curve), fitting curves (red), and specific single curves
used to describe the secondary structure regions in the Amide | range (full black) for the gold nanoparticles with covalently linked antibody (AuNP-aB),
and for the immuno-gold construct tagging the Na, channels in different docking regions, indicated as blue and red spots in e, respectively (for an
explanation of dotted lines fitting curves see methods). d) Optical signal arising from the nano-gold construct on the suspended neuronal membrane.
Scale bar 2 um. e, Raman spectroscopy imaging. The intensity color scale relates to the area in the range of 1500-1750 cm™' (Amide | region): blue
and red circles indicate the 2 sub-populations in g and h, according to PCA analysis. Scale bar 2 um. i) Histogram of fitting results relative to ¢, S,
and disordered secondary structures in the Amide | region for the red spots spectra (red), blue spots spectra (blue), and reference gold nanoparticles

antibody tagged spectra (black).

location x,y. In order to compare different image patches, and
to identify the kind of channel found in the patches, we per-
formed a polynomial expansion of the function f(x,y). The coef-
ficients of the polynomial expansion -here we use the Zernike
polynomials- are thus a “representation” of the channel shape,
the more accurate the more extended is the polynomials set. In
order to compare different channels, we more easily compare
the coefficients, which do not depend either on the orientation
or on the translation of the image. Therefore, there is no need to
apply a time-consuming images rototranslation to find the best
matches. The comparison of the expansion coefficients directly
gives information on the degree of similarity of two images.

Small Methods 2022, 2200402 2200402 (5 of 14)

Indeed, the single particle analysis used above may suffer
from the reduced dimensionality of the dataset: so, we devel-
oped a new and independent image classification method of
the same micrographs to corroborate the 2D and 3D classifica-
tions found by RELION. The advantages of this new approach,
with respect to standard characterization methods, are both the
need of low computational times and the fact that the proce-
dure is automated. Furthermore, it is a completely parameter
and reference-free approach that not requires a large number of
frames to obtain more reliable results. The method is based on
the shape characterization of each channel via a series expan-
sion in the 2-D Zernike basis. Each particle was associated to

© 2022 The Authors. Small Methods published by Wiley-VCH GmbH
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a set of Zernike coefficients and the particles were then com-
pared among each other and with the RELION analysis. In
particular, the RELION classification was used to identify the
particles associated or not to the Na, channels among the
results from Zernike descriptions of the same particles. After-
wards, a population of particles described by similar Zernike
coefficients was classified as Na, channels, based again on
RELION classification. The procedure for the identification,
extrapolation and characterization of each channel is reported
in the Experimental Section.

Additionally, we tested the ability of the method to find clus-
ters mainly composed of Na, channels by using the 3D classi-
fication obtained from RELION providing two groups of chan-
nels, namely dividing Na, channels from the rest of the channels
(Na, and non-Na,). To this end, for each identified channel,
we selected a set of neighbouring channels as defined by the
distance between the vectors composed of Zernike coefficients
(see the Experimental Section). For each group of neighbours
we calculated the percentage of Na, channels to determine the
nature of each selected channel based on its comparison with
the most similar channels in terms of shape properties.

We studied the performance of the method to correctly clas-
sify Na, channels measuring the area under curve (AUC) of the
Receiver Operating Characteristic (ROC) curve, ranging from
0.5 (completely random classification) to 1 (perfect classifica-
tion) (Figure le).

For the proposed analysis, over the total 126 frames, we only
considered a subset of 64 images characterized by higher con-
trast. On these images the algorithm automatically found 7350
channels, 3048 of which were in overlap with those selected by
the 2D Classification procedure of RELION, which finds 3077
channels (Figure 1f).

Among these channels, we selected only those with a high
C4 symmetry level-characteristic of Na, channels-as calculated
by adding the contributions of specific Zernike coefficients Zc4
(see the Experimental Section). More in detail, we selected the
channels for which the C4 symmetry value was greater than the
average of all values, obtaining 4045 channels. Among these,
1085 and 1299 were Na, and non- Na, channels identified with
single-particle analysis (Figure 1f). To perform a quantitative
analysis, each channel was associated with an invariant under
rotations set of Zernike coefficients, meaning that the orien-
tation of each channel did not affect the comparison with any
other. In such a way, the computationally extensive alignment
procedure of single-particle analysis was avoided.

The two methods largely overlapped in finding the same par-
ticles as belonging to the same groups (Figure 1f).

We studied the AUC of the method as the order of expan-
sion and the number of neighbours vary (see Figure le). The
number of first neighbours was selected step by step as the dis-
tance threshold changes, ensuring that the minimum number
of first neighbours was 5. The optimal value of the expansion
order of the Zernike polynomials, for which we obtained a
maximum of the performance (AUC = 0.753), was N = 16 (see
Figure le). On the other hand, when z-score normalization was
used for this comparison, we find the best matching between
the two approaches resulted an AUC of the ROC of 0.806 cor-
responding to the expansion order N =9 (see Figure 1le).

In Figure le we show that the performance of the Na, channel
classification is maximum for a small number of selected

Small Methods 2022, 2200402 2200402 (6 of 14)
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neighbours. A further analysis was conducted to investigate the
best number of channel subgroups. A clustering analysis was
performed at each expansion order of the Zernike polynomials,
from 2 to 20. For each order, the descriptor C was calculated
(see the Experimental Section for its definition) providing infor-
mation about the optimal separation between the two groups of
channels: “Na,” and “non-Na,”. The lower the descriptor C, the
greater the discrimination between the two groups. The analysis
showed that, approximately, the best number of groups to sepa-
rate the Na, channels from the non-Na, ones is, considering the
order N =16, in the range from 100 to 200 (see Figure 1le).

Starting from these results, which demonstrate the meth-
od's ability to determine Na, channels considering the nature
of the channels most similar in shape, we can associate with a
channel (putative Na, channel due to its proximity to an anti-
body tagged gold nanoparticle, Figure S4, Supporting Informa-
tion) a set of similar channels (first neighbours), which will
be predicted, with a high probability, to be Na, channels too.
Three channels known to be Na, channels, have been experi-
mentally identified by immunogold labeling (further details in
the chapter on Raman spectroscopy) and, for each of these, we
identified the set of channels, which are the most similar in
terms of Zernike descriptors. The percentage of the predicted
Na, channels depends on the numbers of neighbours we select
for each of the three Na, channels, which were previously iden-
tified with the nanoparticle. For the three channels identified
we found a maximum percentage of Na, channels of 0.78, 0.62,
and 0.89, in the range of neighbours between 10 and 20 chan-
nels with data normalized by Z score transformation.

Differentiated cells derived from human induced Pluripo-
tent Stem Cells hiPSC cells have distinguished expression sig-
natures than the ones derived from human Embryonic Stem
Cells (hESC).¥¥! In particular, for what concerns the expression
levels of ion channels in the cell membranes of hiPSC derived
neurons, a decrease in expression levels of about 15% has been
reported,*! and transcriptome data analysis consistently report
on a different morphology, neuronal activity and expression
levels of several genes in hiPSC.’®>! Distribution of ion chan-
nels, in neurons particularly, is not homogeneous and can be
highly compartmentalized.” Single molecule tracking has
previously shown that Na, channels are mostly present at the
neurite ends, and in the cell's body organize in clusters.>l In
this context, the authors observed 4-5 nanoclusters containing
2-20 ion channels per 1 um?. In our analysis by RELION and
Zernike polynomials, we quantified the Na, channels to be
about 1085/20 um?, therefore resulting roughly in 51 channels
per um?, which matches significantly the results, reported from
single particle tracking analysis.

2.2. AFM Imaging of Suspended Neuron Membranes

After TEM characterization, the same sample was further
investigated by AFM to obtain a detailed topographic map
providing additional 3D structural insights on the channels
embedded in their native membrane (Figure 2). In Figure 2b,
the AFM topography performed on a large area of the sample,
allowed to identify the pillars and the membrane patches. The
amplitude AFM signal of an area of roughly 2 by 2 um scan
(Figure 2c), reveals a densely populated surface where features

© 2022 The Authors. Small Methods published by Wiley-VCH GmbH
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of the size of ion channels (around 10 nm diameter) and even
smaller features were displayed. In Figure S5 in the Supporting
Information we report on how also these images reveal sev-
eral morphological features. Among these, we identified what
resembles the ion channel observed in the TEM imaging as in
Figure 1d. By comparing the TEM and the AFM images with
their channel profile plots (Figure S6 in the Supporting Infor-
mation with Figure 2h,j), the two techniques revealed size
accordance between the features, where the AFM topography
along the diagonal profile resulted in having 7.6+0.5 nm size
(Figure 1h). In order to better appreciate the 3D information
provided by the AFM measurement, a 3D surface plot was
generated (Figure 2g). Rendering isolines with step size of 1 A
showed a full height range of 5.7+0.3 A. Additionally, several
height profiles related to the Figure 2d are reported: these are
respectively shown as diagonal profiles in Figure 2h,j (n. 1)
and as longitudinal profiles of the sides of the squared channel
in Figure 2j (n. 2-5). The diagonal profiles mean value was
7610.5 nm. The average of the side profiles numbers 3, 4 and
of numbers 5, 6 measured 5.1+0.5 nm and 6.4£0.5 nm respec-
tively. As can be noted the profile lengths that are in the slow
scanning direction of the AFM probe appear to be smaller, due
to the thermal drift of the sample. This artifact accounts for
the smaller size of the Na, channel found in the AFM image
when compared to the TEM data (Figure S6, Supporting Infor-
mation). Overall, the metrology derived from both the TEM
and AFM images is compatible with the whole sizes derived
from the PDB file 5EK0® (Figure 2f), keeping in mind that
a slight difference can be attributed to the embedding of the
channel in its native environment and to TEM imaging lim-
ited contrast and AFM thermal drift effect. Additional infor-
mation on the mechanical and structural properties of the ion
channel was retrieved by analyzing the mechanical interaction
between the AFM probe and the membrane's surface during
imaging (Figure 2e,i). Here we used the approach proposed
by Garcia et al.,”® by combining the mechanical properties of
the cantilever and the amplitude and the phase images to com-
pute a map of the dissipative tip-sample interaction, therefore
providing a quantitative measurement of the local plasticity of
the area investigated (Figure 2e). A similar approach was used
by Stark et al.””l to provide a quantitative interpretation of the
phase images of the trimers of bacteriorhodopsin in purple
membrane supported on mica substrates, and later by Santos
et al.’® to directly measure the energy dissipation on supported
DNA in different interaction regimes, demonstrating the reli-
ability of using the energy quantification to identify different
measurements regimes, their impact on the resolution and
the role of the substrate. A quantitative energy loss map was
obtained for the Na, channel (Figure 2e) and compared with
its topography (Figure 2d). The measurement of the damping
depends on the stiffness and compliance® local variations, and
therefore allows a direct access to quantities determining the
biomechanics under the surface of the protein. The damping
values that we found in correspondence to the protein, range
from 125 to 1275 eV and are compatible with those deduced
from Stark et al.’”l and Santos et al.’® when we rescale for
the oscillatory parameters. While the full diagonal dimension
is conserved between the height and damping map profiles
(compare the values in Figure 2h,i), the contrast in the protein
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region AE,i, = 2.5 eV (Figure 2e) showed a breaking of the
four-fold symmetry of the Na, channel, if compared with AFM
height topography and TEM images (Figure 2d; Figure S6b,
Supporting Information), revealing a more complex organiza-
tion of the underneath structure. This was also confirmed by
the band shift relative to o~helix and by the disordered structure
bands measured in the SERS experiments (data available not
shown here). Although at this time we do not have available
Na, channel identification for the AFM imaging, we are confi-
dent that immune-gold labeling will provide adequate support

as for the previous chapter.

2.3. Raman Spectroscopy on Suspended Neuron Membranes

Finally, Raman spectroscopy measurement was performed by
combining immunogold labeling and SERS (Figure 3; Figure S7,
Supporting Information). This approach was successfully used
before, where SERS was applied to obtain specific antigen/anti-
body recognition in solution.l®”) The use of 10 nm gold nano-
particles, functionalized with the specific antibody for the Na,
channel Na,1.1 subunit was designed for two main reasons.
On one side, the antibody functionalization of the nanoparticle
allowed the specific docking to a subunit of the Na, channel,
thus the recognition of the channel for further analysis by
Zernike-based classification. On the other side, the gold nan-
oparticle worked as a plasmonic enhancer for the subsequent
Raman analysis leading to SERS effect only in the proximity
of the ion channel. The literature reports about a plasmonic
effect developing to a distance of about 6-10 nm when the gold
nanoparticle is 10 nm diameter.® The size of an antibody is
roughly 4-5 nm in solution, therefore it is reasonable to expect
a contribution deriving from the Na, channel when the docking
has occurred. Moreover, we cannot exclude the contribution of
a gap-mode configuration of two or more nanoparticles electro-
magnetic field.[2l Therefore, Raman spectroscopy accomplishes
the conformational channels determination by providing
essential information on the chemical composition and on the
structural organization of the Na, channel. Using our superhy-
drophobic devices for the membrane suspension (Figure 3b,c),
we clearly revealed information on the secondary structure
of the proteins forming the ion channels. Due to the synergy
of the specific docking and the SERS effect, we detected the
Raman signal scattered out only from the nearby of the Na,
channel (Figure 3d,e). Where the nano-gold construct was not
present and hence no enhancement was acting (darker color in
the optical map in Figure 3d), the membrane scattering showed
a usually poor signal-to-noise ratio. SERS data were further
analyzed by Principal Component Analysis (PCA), which led
to classify SERS hot-spots in two main groups, labeled with
red and blue circles on the Raman map (Figure 3e; Figure S8,
Supporting Information). Multiparametric fitting in the
Amide 1 frequency rangel® (see the Experimental Section) of
both red and blue averaged spectra provided an evaluation of
orhelix, f-sheet, and disordered structures ratios (Figure 3g,h).
According to fitting results (Figure 3i), the blue circles on the
map were B-sheet dominant, while the red ones were predomi-
nantly orhelix sites. A comparison with SERS measurements
performed only on gold antibody-functionalized nanoparticles
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(Figure 3f) showed that the spectral behavior of the blue spots
closely resembles the antibody in terms of secondary struc-
ture composition, being mainly S-sheet (Figure 3i). On the
other hand, the red spots clearly deviated from the antibody
behavior, showing a major component of o-helix structure. We
suggest that the red spots related spectra are a clear contribu-
tion from the Na, channel, due to the specific docking of the
gold nanoparticles. In fact, from the analysis of the secondary
structures composition from the histogram related to the red
spots (Figure 3i), after excluding the percentage related to the
antibody (B-sheet = 35%), we estimated a percentage of 72%
of orhelix and 28% of disordered structures. These values are
in good agreement with the literature, which reports 69% of
orhelix and 31% of disordered structures for the whole Na,
channel >

3. Conclusion

This analysis provides the first visualization and characteriza-
tion, to our knowledge, of the Na, channels from hiPSC-NSCs,
by a combination of TEM, AFM, and SERS techniques. Our
approach holds enormous potential in terms of biomedical
applications. Mutations affecting the SCNI1A gene are, in fact,
responsible for several channelopathies. Although detailed
structural information of this multi-subunit protein is available,
a high-resolution multi-technique description of the channel
is still lacking, making it difficult to draw reliable conclusions
on genotype/phenotype correlations in patients bearing such
mutations.

We are presently using the integrated approach described
above to analyze hiPSC-NSCs from a family with an inherited
form of febrile seizures secondary to a specific SCNIA gene
mutation.®) We aim to dissect the molecular mechanisms
underlying the disease and to bring novel information on the
structural changes produced by this mutation on the mor-
phology of the nuclear channel.l**%5] Besides other important
applications, this method can be extended to other channelo-
pathies involving nervous, cardiovascular, respiratory, urinary
systems that may arise as a consequence of ion channel defects.
Together with this multiple characterization approach we also
present a new theoretical-computational method with the aim
of identifying the Na, channel among the many particles found
in the TEM imaging frames. The ability of the method to dis-
criminate Na, channels from non-Na, channels was tested by
comparison with the classification obtained with the standard
single particle analysis based on RELION. The new procedure
proposed here has several advantages: it is efficient and fast, it
is completely parameter and reference free, and the comparison
between two or more channels is easily feasible since the char-
acterization method is based on rotational invariant descriptors.
The approach also shows a greater ability to detect channels,
increasing the statistics and the possibility of finding biologi-
cally relevant channels. Even though preliminary, the findings
described here represent an innovative and original strategy
for the direct visualization, at high resolution, of important
protein complexes involved in critical physiological and path-
ological processes. This approach will be particularly useful
when healthy and diseased patients will be screened since, by
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preparing a single sample, it is possible to make several charac-
terizations taking a smaller quantity of sample, which is desir-
able in the case of bone marrow punctures or liquid biopsies.
As future outcomes of the present approach, we expect impor-
tant insights in the study of channel docking mechanism and
of targeting protein-channel interfaces for the modulation/
reactivation of membrane ion channels in pathology or in in
vitro/in vivo drug delivery tests.

Finally, this investigation methodology can, in principle,
be conducted in solution for the study of the time dynamical
response of the opening/closing of the Na, channel both for
wild type and mutated channels, and has the potential to be
compatible with membrane studies with the well-established
electrophysiological methods.

4. Experimental Section

Generation of Human Induced Pluripotent Stem Cells (hiPSCs):
A skin biopsy specimen from a healthy donor was obtained after
written informed consent. All consenting procedures were done
under institutional review by the board of the ethical committee of the
University Magna Graecia of Catanzaro. Fibroblasts were isolated from
dermal biopsy by the outgrowth method and expanded in DMEM with
10% Fetal Bovine Serum (FBS, Thermo Fisher Scientific), 50 U mL™
penicillin, and 50 pg mL™' streptomycin. Reprogramming of skin
fibroblasts to pluripotency was carried out by non-integrating Sendai-
virus-mediated (CytoTune-iPS 2.0 Sendai Reprogramming Kit, Thermo
Fisher Scientific) transduction of the four canonical transcription factors
(OCT4, SOX2, KLF4, and ¢-MYC) in feeder-independent conditions on
Matrigel-coated dishes (90-120 pug mL™", BD Biosciences) in mTeSR1
medium (STEMCELL Technologies) (Figure 4a). Pluripotency was
verified by microarray data analysed by PluriTest algorithm!®®7l and by
immunostaining (Figure 4b). Following cell fixation with 4% (vol/vol)
paraformaldehyde (PFA) for 15 min, the cells were rinsed 3 times with
phosphate-buffered saline (PBS), permeabilized with PBS with 0.5%
Triton X-100 (Sigma) and blocked with 10% (vol/vol) normal goat serum
(NGS; Vector) for 1 h at room temperature (RT). The following primary
antibodies were used: human NANOG (1:1000; rabbit polyclonal, Abcam),
human OCT4 (1:400; mouse monoclonal, STEMCELL Technologies).
Subsequently, cells were incubated with Alexa Fluor-647, -594, and -488
conjugated secondary antibodies (all from Life Technologies) for 1 h at
37 °C. Nuclei detection was obtained labeling cells with 1 ug mL™' DAPI
(Thermo Fischer Scientific). Microscope slides were mounted with
Dako Fluorescent Mounting Medium and cells were inspected by DMi8
microscope setup (Leica Microsystems) (Figure 4b,d).

Generation of Human Induced Pluripotent Stem Cells (hiPSCs)—
Induction of Neural Stem Cells (NSCs): For differentiation into NSCs,
hiPSCs at 15-25% confluency were cultured with Neural Induction
Medium (Thermo Fisher Scientific) for 7 days. After that, 1 x 10° cells
per cm? cells were plated on Geltrex-coated dishes (120-180 ug mL™,
Thermo Fisher Scientific) and cultured in Neural Expansion Medium
until ready for maturation (Figure 4c).

Generation of Human Induced Pluripotent Stem Cells (hiPSCs)—
Neuronal Differentiation of hiPSC-Derived NSCs: hiPSC-derived NSCs
were dissociated with StemPro Accutase (Thermo Fisher Scientific) and
5 x 10* cells per cm? were re-suspended in Neuronal Differentiation
Medium with CultureOne Supplement on Poly-D-Lysine (10 pg mL™,
Sigma, P6407) and laminin (3 ug mL™, Gibco, 23 017 015)-coated plates
(Figure 4c). Differentiated hiPSC-derived neurons were kept in this
condition for 5 weeks for maturation.

Generation of Human Induced Pluripotent Stem Cells (hiPSCs)—Plasma
Membrane Isolation: Cells were rinsed twice in ice-cold 1 x phosphate-
buffered saline (PBS), and directly lysed in the culture dish by adding an
hypotonic buffer solution (0.32 M sucrose, 5 mM Hepes, 1 mM EDTA,
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Figure 4. Overview of the experimental procedure used in this study. a) Reprogramming strategy: dermal fibroblasts from a healthy individual were
isolated from a skin biopsy and reprogrammed into hiPSCs using Sendai viruses coding for OCT4, SOX2, KLF4, and c-MYC. b) PluriTest analysis of
hiPSCs (black circle) with a high “pluripotency score” and a low “novelty score” indicating that they resemble normal human pluripotent stem cells
(in red). Immunofluorescence analysis of pluripotency markers NANOG (green) and OCT4 (red) in a representative iPSC clone. Nuclei were counter-
stained with DAPI (blue). Scale bar, 50 um. c) hiPCS-derived neurons were obtained using the PSC Neural Induction and Differentiation kit. hiPSCs
grown in feeder-free condition were first coaxed to differentiate into neural stem cells (NSCs) that were expanded for 4-6 days before differentiation
(at passage 1) into Neurons. Five weeks-old neurons were used for further analysis. d) Immunofluorescence analysis of mature neuronal-associated
markers Neurofilament (green), MAP2 (green) and Synaptophysin (red). Nuclei were counterstained with DAPI (blue). Scale bar, 50 um. e) Basic steps
of plasma membrane isolation from hiPSCs-derived neurons after 5 weeks of maturation. f) Flowchart of plasma membrane suspension labeling with
gold conjugated-SCN1a antibody procedure. The conjugation reaction occurred by the interaction of lysine residues of the purified antibody to the
gold particles surface. g) On the left, deposition of membrane sample droplet on SHS placed on a plate whose temperature is 5 °C higher than room
temperature (RT). On the right, scheme of treatment after droplet evaporation process. Below, the SEM image of neuronal membranes suspended on
the pillars of the SHS device.
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pH 7.4). Cell lysates were passed several times through syringe needles
gauge 21 and then vortexed thoroughly for 1 min to homogenize. The
homogenized lysates were centrifuged at 3000g for 10 min at 4 °C to
pellet nuclei, whole cells, and large cellular debris. The supernatant
fraction was diluted 10 times with hypotonic buffer solution (5 mM
Hepes, T mM EDTA, pH 7.4), homogenized by vortexing for 2 min, and
kept on ice for 30 min. After the last centrifugation at 35 000 rpm for
120 min at 4 °C, the supernatant was discarded and membrane pellets
were re-dissolved in hypotonic buffer solution (schematics in Figure 4e).

Generation of Human Induced Pluripotent Stem Cells (hiPSCs)—
Immunogold Labeling and Deposition on SHS: This step was carried
out on membranes in suspension (Figure 4f). Following fixation with
4% PFA for 15 min, samples were rinsed three times with PBS and
once with 50 mM glycine for 30 min. After 30 min blocking with PBS
containing 3% BSA (Bovine Serum Albumin Fraction V, Sigma-Aldrich),
samples were incubated with gold conjugated Na, 1.1 (gene SCNIA)
antibody (Abcam, ab24820) in 0.1% BSA overnight at 4 °C. The antibody
was conjugated with gold nanoparticles following manufacturer's
instructions of GOLD Conjugation Kit (10 nm 200D) (Abcam,
ab201808). Gold-stained membranes pellet were re-suspended in
H,O after several washing steps to remove unbounded antibody. After
incubation, samples underwent to a centrifugation step (15000 rpm
for 5 min) after which the supernatant was discarded. 10 pl drops were
deposited on SHS and let dry on a hot plate with a temperature set 5 °C
higher than the RT (Figure 4g). Then the samples were fixed using 1.2%
glutaraldehyde in 0.1 m cacodylate buffer (pH 7.4) for 1 h, and washed
three times with 0.1 M cacodylate buffer, and later three times with ice-
cold Milli-Q water. Finally, samples were dehydrated by rinsing them
for 5 min in an increasing series of ice-cold ethanol (25%, 35%, 50%,
70%, 80%, 90%, 96% and thereafter 100% two times). Before being
processed with AFM and TEM, samples were kept in a dry environment
to preserve their integrity.

Device Fabrication: The micropillared substrate was fabricated
according to previous reports?2236% by standard lithographic technique
procedures. The process is detailed in the Supplementary information.

TEM Imaging: Bright-field TEM images were acquired on a Titan
60-300 transmission electron microscope (FEI) equipped with a high-
brightness electron gun (x-FEG), a spherical aberration (CS) corrector of
the imaging part of the objective lens, and Gatan K2-IS high-speed direct
detection camera. The microscope was operated at 300 keV acceleration
voltage. With a defocus range of 2-3 microns TEM images were acquired
as series of 40 frames with 0.1's per frame rate and post-acquisition drift
correction frame integration was applied. Thus, images were acquired
with a total exposure time of 4 sec (40 frames per image). Electron beam
intensity was adjusted to result in the exposure rate of about 12-15
electrons per pix s, and the average total dose of 20 electrons per Ax2
on the specimen plane.

Image processing for Sl was carried out as follows: the image of the
channel of interest was extracted by FFT and inverse FFT processing in
a single image. Then, the pixel size of the image was increased 4 times
and Gaussian smoothing was performed with a 2-pixels size. For the
purpose of plotting, 1-pixel thick profiles of the original image were
extracted and B-spline interpolated with a fixed resolution of 50, whereas
for the values reported in the main text, the profiles were extracted from
the original image.

Images were compared with the PDB file 5EKO of the Na, channel .l
Graphics and measurements on this molecule were performed by using
the Chimera software.[]

Single-Particle Data Analysis of TEM Images: We collected 126
micrographs. Frames were aligned for beam-induced motion correction
using the embedded software Gatan. global contrast transfer function
was calculated using Getf.’% All subsequent single-particle data analysis
was carried out using RELION 3.1.140]

1200 particles were manually picked to produce a reference for the
automated particle picking procedure implemented in RELION. These
particles were used to create the first reference-free 2D classes. A total
of 23 241 particles were automatically picked and extracted from the
original micrographs.
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After the extraction, particles were subjected to 2D classification
in two rounds, using K = 25 classes and regularization parameter
T = 2. These class averages show the channels as seen from different
orientations (Figure S3a, Supporting Information).

Particles belonging to good classes (6202 particles) were subjected
to 3D classification, using K = 8 classes, C4 symmetry and T =4. As a
reference model for classification, we used a strongly low-pass filtered
(60 A) PDB structure of Na,1.4 containing Betal (PDB code 6AGF'l
transformed in electron density map by using CHIMERA®! “molmap”
command. We did not use the corresponding cryo-EM model (EMDB
96170'%)) because of the strong noise of lipid nanodiscs in the deposited
structure that, when low-pass filtered, completely altered the 3D structure
of the map. Good particles (3078) resembling the Na channel structure
were selected for refinement using the 3D Autorefine procedure and the
same map as 3D classification. A subset of these particles was also used
for Zernike comparison. Final masking, using a soft-edge mask of 5 pixels,
and PostProcessing gave an overall resolution of 14.4 A (Figure S3b,
Supporting Information). The resolution of the map was estimated with
the Fourier shell correlation (FSC) = 0.143 criterion, based on the “gold-
standard” protocol.”73l

UCSF Chimera was used for graphical visualizations of the electron
density maps and crystallographic structures.

Single-Particle Data Analysis of TEM Images—2D Zernike Polynomials
and Invariant Descriptors: A bi-dimensional image can be described by
a two variables function, which is expressed in polar coordinates. This
function can be defined inside a unitary circle and then decomposed in
the Zernike basis as follows

o m=n

F(r®) =Y Y ComZom (r,®) U]

n=0m=0

where C,are the expansion coefficients, while the complex functions,
Z,m(r ) are the Zernike polynomials.
More specifically, theC,,,coefficients are defined as

n
Cnm:(

2
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Each polynomial can be divided into two parts: a radial (R,,(r)) and
an angular (¢™?) part

Zom =R(r)e™® (3)

where the radial part for any n and m, is given by

Rom (r) = é(_1)kk!(n;m(_nkillgll_zm_k)!r,._zk @

The complete set of polynomials forms a basis, given that

(an |Zn’m’) = ﬁénm’anm’ (5)

The knowledge of the set of complex coefficients, C,,, allows for a
univocal reconstruction of the original image, whose resolution depends
on the expansion order N.

Single-Particle Data Analysis of TEM Images—Computational Procedure
for Channel Identification: The purpose of this procedure is to identify,
extrapolate and characterize each channel belonging to an image
obtained from the experimental procedure.

Each image of the dataset, which is saved in “tiff’ format, is read by
the R software through the “readTIFF” function, meaning that the values
of the pixels are integer numbers ranging from 0 to 255. We call this
starting image Mat (follow the entire procedure in Figure 5).

Starting from the Mat matrix, other two matrices are obtained,
RhoMat and RhoMatlm, smoothing the initial one by replacing the value
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Figure 5. Protocol of the computational procedure for the selection and characterization of channels. a) Mat: starting matrix as obtained from the
experimental procedure. b,c) RhoMatlm and RhoMat are two matrices obtained from the Mat matrix considering two smooth procedures which use a
side of 5 and 10 pixels for RhoMat and RhoMatIm respectively. d) Binary matrix, where for each matrix element there is 0 or 1 according to a threshold
value. €) Zoom of the RhoMat matrix to better view a given channel. f) Several representations of the same channel for different thresholds of the
index that measure the degree of C4 symmetry. g) Channel selection considering the cut-off value that maximizes the symmetry C4. The mean of the
intensities both along the x and along the y is also shown. h) Zernike invariant descriptors considering the twentieth order of expansion. i) Graphic
representation (through an appropriate smoothing procedure) of the three Na channels, experimentally identified through the nanoparticles. I) Per-

centage of Na channels as the number of neighbour's varies (in terms of Zernike vectors) for the first channel of (i).

of each pixel i with the average of the pixels belonging to a square of side
L centered in i (where L values are: Ly, = 5LMat = 5 and Ly, = 10 for
RhoMat and RhoMatim respectively).

The RhoMatlm matrix is used to identify the regions where every
single channel takes place. As the first step, the RhoMatlm matrix is
binarized, meaning that each pixel value is replaced with 0 or 1 values
according to a fixed threshold value. To optimize the binarization
process, here we defined as Com =P —a*0p, where P the mean of
all values and p the corresponding standard deviation. Here we choose
o=18.

A clustering analysis is performed in order to identify the clusters
composed only by no null pixels. To this end hclust function of R package
with single algorithm andnhattan distance is used./

Since many identified clusters are characterized by a size too small,
these certainly cannot be defined as membrane channels, but rather
they are due to noise. For this reason, we only select objects with a pixel
count greater than 150 and lower than 2000 (in order not to include
regions that represent image artifacts).

Each identified cluster is mapped to the RhoMat matrix. In order to
centered the channel in a rectangular box, we add | pixels both along
the x and y directions of the original image. In this case we set | = 25,
starting from the pixels with higher and lower x (as well as pixels with
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higher and lower y). Let's name the rectangular where the single channel
is centered Ri.

To extract the object from its context and treat it alone, we need to
select a cutoff, under which each pixel is assigned the null value and
above which we keep the assigned value. This cutoff must be chosen
appropriately so as not to add noise portions of the entire matrix, but
also not to remove important regions of the selected channel. To this
end we select a threshold value for each channel maximizing the C4
symmetry of the analyzed object.

This is possible using the description based on Zernike polynomials
because specific invariant descriptors are null if they describe an
object with perfect C4 symmetry (Zc4). Indeed, the periodicity of the
trigonometric functions implies invariance under rotation by multiples
of 2mradian around the center of the image

an(r,0+%J: Zam(r,0) (6)

Exploiting this property, we can select the best cut-off for each object
by minimizing the sum of the coefficients which should be zero for an
image with C4 symmetry. This allows us to use an optimal cut-off for
each identified object in such a way as to make it as C4 as possible.

© 2022 The Authors. Small Methods published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

In some cases, the selected object is mainly composed of noise
(or image background), which are high contrast regions that do not
represent a channel. Therefore, we remove these objects by imposing
that the percentage of constantly null values both along the rows and
the columns are less than 0.85 and greater than 0.15.

Single-Particle Data Analysis of TEM Images—Channel Classification:
The remaining candidate channels are described by a set of coefficients
of the Zernike polynomials, allowing us to compare each pair of channels
in terms of their shape. Here, we use the cosine metric to calculate the
distance between two Zernike coefficient vectors a and b

Ziﬂibi

Dis=1- .

SRR v

A clustering analysis was performed among the Zernike vectors using
the hclust function of the stat library of R with the “ward.D” algorithm.l”’]

To evaluate the goodness of the classification of the two groups of
channels obtained from the clustering procedure, we calculate the
descriptor C as follows: we sort the clusters from the one with the lowest
to the one with the highest percentage of Na channels. If the cluster
perfectly divides the two categories of channels (Na and non-Na) into
two groups, the descriptor C is a step function. Therefore, by setting a
range of values of the Na channels percentage, we define the descriptor
Cas

Ngr

C=—w-—8 3
Ne (pu = p1) ©
where N,, is the number of groups belonging to the percentage
range, N, is the total number of groups, p, and p, the upper and
lower percentage for which Ng, is calculated. We vary this range by
considering from a minimum value of 0.4 to a maximum value of 0.6.
AFM Imaging: The same sample containing the neuronal membrane
of interest, previously imaged with the TEM, was measured in a
JPK Nanowizard Ill AFM mounted on inverted Olympus IX73. AFM
imaging was performed in tapping mode using XSC11AIBS cantilevers
(Mikromasch, GmbH), with the cantilever free oscillation at-120 kHz
frequency and a spring constant of 425 N m7. Scan size was
maintained at 2 x 2 um? sampling at 2048 points per line, with the
probe running at 0.1 Hz rate. The measurements were performed by
keeping the sample at less than 15% Rh. Data analysis was performed
with the proprietary JPK software and Gwyddion software,”¢! if not
otherwise indicated. Image processing was carried out by scaling
the area of interest by a factor of 10 and with a Gaussian smoothing
of size 2 pixels. Profiles were extracted from the original image. 3D
surface plots were generated by using Image)’l interactive 3D surface
plot, applying a grid size of 256 pixel and a smoothing on 10 pixel.
Calculation of energy dissipation was performed according to Garcia
et al.,’® by combining the amplitude Agp and phase ¢ images acquired
during tapping topography measurements, after accurate calibration
of the free cantilever spring constant k (4.25 N m™), quality factor Q
(253) and free oscillation amplitude (20 nm) according to the following
formula

(sings_ A2 YA
EL—(San o )KEO 9)

where
Eo = nkA3/Q (10)

Is the mechanical energy of the free oscillating cantilever.

Raman Spectroscopy: Raman spectroscopy was performed on a
sample previously labeled with antibody conjugated gold nanoparticles,
specifically tagging the SCN1a subunit of the Na, channel (Figure ST,
Supporting Information). The sample was excited with a HeNe laser with
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linearly polarized output at 632.8 nm wavelength and 0.5 mW power,
while a confocal Raman spectrometer (Alpha 300 RA, Witec) equipped
with an Andor CCD camera (DU970N thermoelectrically cooled at
-65 °C) was used to analyze and record the spectra. The sample was
measured in confocal backscattered geometry through a 100x objective
(Zeiss, Ec Epiplan Neofluar, 0.9 NA). Raman spectroscopy maps of
10 X 10 um and 40 x 40 points were acquired at 0.5 seconds integration
time per point. PCA analysis of the spectra dataset was performed in
order to identify hotspots of SERS signals containing information on
the secondary structure of the ion channel. The scores of first principal
component PCT discriminate the spectra of hot spots of Figure 3e in two
sub-populations, which are labeled with red and blue circles (Figure S8,
Supporting Information). Average spectra of the two subpopulations
are then analysed by multiparametric fitting (Figure 3gh). For data
comparison, Raman spectra on antibody conjugated gold nanoparticles
were also acquired. The Amide | signal, from the C = O stretching
vibration of the protein backbone, was considered for the evaluation of
the percentage of the secondary structure components. Multi-parametric
fitting in the Amide | frequency range was performed according to.[63l
Briefly, fitting to mix Lorentzian-Gaussian curves was performed after
baseline subtraction and normalization to the integrated intensity of the
spectra. The x? value of the fitting defined the choice of the number of
peaks to fit in the range of 1500-1750 cm™. In this case, several peaks
were incorporated in the fitting: three in the range of 1515-1615 cm™
related to aromatic amino acids side chain residues, one peak at
1640 cm™ that we experimentally related to the water component of
the suspended membrane, three peaks in the ranges of 1650-55 cm™
(orhelix), 1665-70 cm™ (B-sheet), 1675-85 cm™' (disordered structures),
and one or two peaks in the range of 1690-1730 cm™ assigned in the
literature to V(CO,") stretches in proteins.’® In the case of the Raman
map images, values were extracted integrating the spectral intensity
in the range of 600-1000 and 1500-1750 cm™ to reveal the nano-gold
construct optical signal and the presence of protein secondary structure,
respectively.

Statistical Analysis: Since several methods for statistical analysis were
adopted according to the technique used, details on the methodology
for data analysis is reported in each specific paragraph.

Supporting Information

Supporting Information is available from the Wiley Online Library or
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