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Molecular profiling of single axons and dendrites
in living neurons using electrosyringe-assisted
electrospray mass spectrometry+

Mingchen Xu,? Rongrong Pan,? Yue Zhu,® Dechen Jiang 2 *® and
Hong-Yuan Chen

The molecular profiling of single axons and dendrites in living neurons could provide important infor-
mation for the better understanding of neuron function. Here, electrosyringe-assisted electrospray mass
spectrometry (MS) is established for the first time to achieve intracellular sampling from one axon or den-
drite in living neurons for mass spectrometric analysis. The key is the insertion of a ~130 nm capillary tip
into one axon or dendrite to load the cytosol through electro-osmotic flow. The ionization efficiency
from the nano-capillary is enhanced to guarantee mass spectrometric analysis of multiple components
from the axon and dendrite. Higher levels of pyroglutamic acid and glutamic acid are revealed in the axon
compared to in the body and dendrite. This uneven distribution is in accordance with the accumulation of
neurotransmitters in the axon for information delivery. The achievement of electrosyringe-assisted elec-
trospray MS is to unveil the molecular distribution in the whole living neuron, which offers the feasibility
to deeply investigate molecular communication between the axon/dendrite and the body inside neurons.

Introduction

A typical neuron consists of one body, a long axon and several
short and highly branched dendrites. Axons and dendrites
function differently; the dendrites receive information from
other neurons and the axon delivers information."” The mole-
cular profiling of a single living neuron, including the body,
the axon and dendrites, could provide more elegant infor-
mation about molecular distribution and function inside the
cells that facilitates the better elucidation of information deliv-
ery among neurons.>* Since the diameters of the axon and
dendrites in mammalian neurons are ~1 pm, a technique with
high spatial resolution is needed. Currently, super-resolution
fluorescence microscopy has circumvented the limits of light
diffraction and mapped molecules with subcellular spatial
resolution below 200 nm.>® However, fluorescence imaging
relying on binding between probes and target molecules has
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difficulties profiling multiple intracellular molecules, or reveal-
ing unknown molecules inside cells.”*°

Mass spectrometry (MS) is an analytical technique that
ionizes chemical species and sorts the ions based on mass to
charge ratio, which provides information about molecular
weight and structure. No molecular information is needed in
advance, making MS a suitable strategy for the deep-study of
cellular metabolites."''® Secondary ion mass spectrometry
(SIMS) ionization'”'® and matrix-assisted laser desorption/
ionization (MALDI)'**' have been performed for the simul-
taneous sampling and ionization of single cells. A highest
spatial resolution of less than 50 nm was reported using SIMS.
However, due to the direct application of the ion beam or
laser/matrix to the cells, it is challenging to utilize these
approaches for the analysis of single living cells."”"® For living
cells, electrospray ionization (ESI) based techniques have been
developed to complete sampling from living cells, and then to
conduct the ionization. Different strategies, including laser
ablation,>*™>* single-probes,>*’ live single-cell video-MS,**7*°
capillary electrophoresis®'>* and patch clamping,***® have
been utilized for sampling. The currently spatial resolution of
sampling for these above-mentioned ESI based techniques is
on the micrometer level. Therefore, this restricts the appli-
cation of ESI to the study of subtle cellular parts, such as
single axons or dendrites. The latest coupling of scanning
near-field optical microscopy (SNOM) or atomic force
microscopy (AFM) with MS pushes spatial resolution down to
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nanometers,”’*® while further development is needed to
collect intracellular information.

Recently, Baker’s group reported a nano-capillary with the
tip opening less than 100 nm as an electrospray ionization
emitter for ESI-MS.?° The nano-tip was proven to assist greater
droplet charging, which was highly beneficial for ion for-
mation during mass spectrometric analysis. Moreover, the
electrospray from the nano-tip was observed to be more toler-
ant of the salted buffer. All these features offer the feasibility
of coupling a nano-capillary with ESI-MS for nanometer-scale
analysis. Considering the difficulty of mechanically pumping
liquid outside the nano-tip, Mirkin’s group developed an
electrosyringe to egress/ingress attolitres of liquid into/from
the nano-capillary though electro-osmotic flow (EOF).*° The
volume was controlled by the applied voltage and time, and
was not restricted by the size of the capillary orifice. In that
approach, the organic solvent was loaded into the capillary
and a two-phase (liquid-liquid) interface was formed at the
capillary tip. Our group continued to electrochemically load
single lysosomes from one mammalian cell into the nano-
capillary for the analysis of glucosidase activity.'' Similarly,
small molecules (e.g. cholesterol), mRNA and mitochondria
were isolated from single living cells wusing this
electrosyringe.*>™** Since the extra- and inner-capillary solu-
tions are aqueous, no liquid-liquid interface is formed at the
tip, which is different to Mirkin’s model.

In this work, the electrosyringe is adapted in an electro-
spray ionization emitter to achieve ESI mass spectrometric
analysis of one axon and dendrite from single living neurons.
The nano-capillary with a tip opening of ~130 nm was posi-
tioned inside one axon or dendrite. Then, a small negative
voltage was applied to a metal wire in the nano-capillary to
initiate EOF for the ingression of cytosol (Fig. 1A). Afterwards,
the nano-capillary tip was relocated near the inlet of the mass
spectrometer and a high voltage was introduced to the metal
wire to start the electrospray (Fig. 1B). During the whole
process, the species were retained in the liquid and high
ionization efficiency was guaranteed to realize the analysis of
trace amounts of molecules in cytosol. The achievement of
electrosyringe assisted ESI MS will provide a specific strategy
for the molecular profiling of axons/dendrites/bodies in living
neurons.

|

Fig. 1 Schematic diagrams of (A) the electrosyringe for loading sample
into the nano-capillary; and (B) the electrospray of the loaded sample
for MS analysis.
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Experimental
Chemicals and cell cultures

Borosilicate glass (BF100-58-10) was purchased from Sutter
Instrument (USA). All chemicals were from Sigma-Aldrich,
unless indicated otherwise. Primary cultured rat hippocampal
neurons were isolated from a cortical neuron primary culture
of mouse embryos at day 13.5, following our previous work.*?
The cells were cultured in medium (neurobasal medium, sup-
plemented with 0.5 mM GlutaMAX and 1x B27). HeLa cells
were obtained from the Institute of Biochemistry and Cell
Biology, Shanghai Institute for Biological Science of the
Chinese Academy of Sciences (Shanghai, China). HeLa cells
were seeded in DEME/high glucose medium supplemented
with 10% fetal bovine serum (FBS) and 1% antibiotics (penicil-
lin/streptomycin). All cultures were maintained at 37 °C under
a humidified atmosphere containing 5% CO,. The epidermis
of Allium cepa was obtained using tweezers and positioned in
a Petri dish with 1x phosphate buffered saline (PBS, including
137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO, and 2 mM
KH,PO, at pH 7.4).

Instrumentation

The electrosyringe assisted ESI MS was assembled with a
nano-capillary, a metal wire, a voltage generator and a mass
spectrometer. The nano-capillary with a tip opening of
~130 nm was reproducibly pulled using P-2000 apparatus
(Sutter Instrument). A Pt wire used as the metal wire in the
nano-capillary was connected to an electrochemical station
(CHI 660, CH Instruments, USA) to introduce the voltage for
sampling. An Ag/AgCl electrode was used as the reference elec-
trode. After sampling, the nano-capillary was relocated near
the inlet of a Q-TOF mass spectrometer (Agilent 6530B Q-TOF,
Agilent Technologies, Inc. USA). A voltage of 2500 V was
applied to the Pt wire using a high voltage generator (Dongwen
High-Voltage Power Inc. China) for electrospraying.

Single cell analysis

The nano-capillary was mounted on a 3D translation stage to
achieve insertion into one Allium cepa cell, living HeLa cell or
neuron part (body, axon or dendrite) for sampling. Prior to
insertion, the cells were washed and re-cultured in a Petri-dish
containing 1x PBS. During the insertion, a small negative
voltage was applied to the Pt wire to ingress the cytosol. Then,
the capillary was withdrawn and re-positioned near the MS
inlet for analysis. Typical spraying lasted for 2-4 s.

Results and discussion
Electrosyringe assisted sampling

To realize electrochemical ingression and a minimal salting
effect on molecule ionization, a volatile electrolyte, NH,HCO;
(100 mM, pH 7.8), was chosen as the extra and inner-capillary
buffer. Since these two buffers were aqueous, no 2-phase
system existed at the tip. As a result, the loading process could
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not be monitored through the fluctuation of capillary resis-
tance, which was well developed for a 2-phase system.*’
Therefore, a fluorescent probe, fluorescein (Aexem: 494/
521 nm), was added into the extra-capillary buffer as a label
for the observation of the loading process. After applying a
voltage of —3 V at the metal wire for 60 s, the capillary was
taken out of solution. The solution at the outer wall of the
capillary dried in 5 min. However, due to the restricted evapor-
ation of intra-capillary solution through the nano-orifice, no
obvious decrease in buffer volume at the tip was observed
under the microscope in 4 hours. Accordingly, the collection
of bright-field and fluorescence images in 1-2 min was feas-
ible, as shown in Fig. 2A and B. The contrast of the fluo-
rescence image was adjusted to visualize the diffusion region
of fluorescein inside the capillary. A fluorescence region
~13 pm in length was obtained, including a strong fluo-
rescence spot (2 pm in length) at the tip and a weak band
(~11 pm in length).

A control experiment was performed via the immersion of
the nano-capillary in solution with fluorescein for 60 s without
the application of voltage. No bright fluorescence spot was
observed at the tip during ESI (Fig. S1t), supporting the
electrochemical loading of aqueous solution into the capillary.

Upon the loading of fluorescein into the capillary, fluor-
escein moved up the capillary through free diffusion and
electrochemical-migration in the presence of an electric field.
The relatively high concentration of fluorescein at the front-
end of the tip should be ascribed to equilibrium between
loading and movement in the capillary. Meanwhile, the weak
fluorescence band displays the diffusion of fluorescein along
the capillary. This distribution of fluorescein in the capillary
was validated via a simulation using Comsol software. The

5.0kV 9.8mm x200k

10.0kV 9.6mm x60.0k

Fig. 2 (A) Bright-field and (B) fluorescence images of the nano-capillary
loaded with fluorescein after the application of —3 V at the Pt wire for
60 s (the arrow labels the boundary of diffused fluorescein in the capil-
lary); and (C, D) top and side views of the capillary tip using SEM.
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boundary conditions and the simulated result are shown in
the ESI (Fig. S2t). Similar to the experimental results, the con-
centration of species was high at the tip, and decreased gradu-
ally along the capillary. Based on the capillary dimensions
(inner diameter: 130 nm; angle: 4.2°) measured from scanning
electron microscopy (SEM) images (Fig. 2C and D), the volume
of the strong fluorescence spot (2 pm in length) at the tip was
calculated to be ~0.13 fL. According to the concentration
profile in Fig. S2B,T the amount of fluorescein in the diffusion
band was calculated to be ~2.99 fL. Eventually, a total of ~3.1
fL of extra-capillary liquid was estimated to be loaded into the
capillary, which was slightly less than the volume reported by
Pourmand’s group.*” It was noted that this process might
underestimate the real loading amount because some fluo-
rescein that diffused further was not visualized and considered
in the estimation. Despite this uncertainty regarding the
loading amount, this electrosyringe should introduce the
sample at the fL level into the nano-capillary.

The electrospray mass spectrometric analysis of species in
ammonium bicarbonate buffer

Five typical species, including tetraethylammonium hydrogen
sulfate (Et;NHSO,), hexamethylenetetramine ((CH,)sN,),
glucose, sucrose and ascorbic acid, were dissolved in 100 mM
NH,HCO; to examine electrospray mass spectrometric ana-
lysis. At this pH, Et,N' was positively charged, ascorbic acid
losing a hydrogen ion was negatively charged, and (CH,)sN,,
glucose and sucrose remained neutral. Since the inner surface
of the capillary was negatively charged, the negative voltage at
the Pt wire should initiate EOF driving the positive ions,
neutral molecules and negative ions in series into the nano-
capillary. After the application of —3 V for 60 s, mass spectra
were recorded, as shown in Fig. 3A (positive mode) and B
(negative mode). All the peaks in the spectra correspond to
these five small molecules. This result confirmed the mass
spectroscopic analysis of all these molecules with different
charge states after electrochemical loading. Under these con-
ditions, the detection limit was determined to be ~100 pM
(over 0.05-0.1 fg) for these species, which was near to the mass
limit of our instrument.

An increase in voltage or an extension to the time it is
applied to the Pt wire during sampling should introduce more
solution with the species into the nano-capillary. As expected,
a higher integrated peak intensity is observed in the ESI
(Fig. S31). To exclude the possible contribution of molecular
adsorption at the outer wall of the nano-capillary, the nano-
capillary was positioned in the solution with these five species
for 60 s without the application of voltage. No peaks associated
with these molecules are seen in the ESI (Fig. S4t), supporting
the reliability of electrosyringe-assisted electrospray mass spec-
trometric analysis.

To fully investigate the analytical ability of this mass spec-
trometric analysis, two representative proteins, met-enkephalin
and angiotensin II, were analysed. As exhibited in the ESI
(Fig. S57), the peaks associated with these two proteins were
observed in both of positive and negative modes. This result

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The mass spectra of samples in (A, B) 100 mM NH4HCO3 and
(C, D) PBS with 1 mM Et4NHSO4, (CH,)¢N4, glucose, sucrose and
ascorbic acid: (A, C) positive mode; (B, D) negative mode. The tentative
substance assignments are shown in the ESI (Tables S1 and S27).

reveals that this strategy could be applied for protein analysis,
as well.

The ionization efficiency of molecules in electrosyringe
assisted electrospray MS was evaluated. Glucose, a neutral
molecule in our system, was chosen as the model. Different
concentrations of glucose were manually filled and electro-
sprayed using nano-capillaries (orifice: ~130 nm) and micro-
capillaries (orifice: ~1 pm). The peak intensities from the
nano-capillaries and micro-capillaries are shown in the ESI
(Fig. S6AT). At low concentrations of glucose, the peak inten-
sity using the nano-capillary was less than that from the
micro-capillary. However, the difference in the intensity
became smaller with more glucose. With a concentration of
1 mM, the intensity using the nano-capillary was even slightly
larger than that from the micro-capillary. Considering the
smaller flow rate from the nano-capillary, the same order
intensity from these two capillaries confirmed higher ioniza-
tion efficiency from the nano-capillary. Based on a previous
report, this enhancement should be attributed to the for-
mation of smaller droplets with more charge from the smaller
tip, which promotes ionization efficiency.*"

Then, the intensity of 1 mM glucose though manual filling
was compared with that from electrochemical loading, as
shown in the ESI (Fig. S6Bf). With a sampling time of over
120 s, the intensity collected from electrochemical loading
reached 77% of the intensity from manual filling. The differ-
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ence got smaller with more sample loaded into the nano-
capillary, revealing the non-significant dilution of the sample
during the whole analysis.

The analysis of species in phosphate buffered saline

After the validation of electrosyringe assisted electrospray MS,
a physiological buffer, 1x PBS, with five species was used as a
sample to mimic intracellular analysis. In this case, more salts
will be loaded into the nano-capillary and the ionization will
be depressed. Therefore, the analysis of species in this salted
environment was critical for the achievement of subcellular
mass spectrometric analysis. After the application of -3 V to
the metal wire for 60 s and electrospraying, the peaks associ-
ated with five species were observed in both positive and nega-
tive modes, as shown in Fig. 3C and D. Compared with the
intensities when collected in NH,HCO3;, except for sucrose,
43-85% intensity was maintained for the other four molecules
suggesting the good tolerance of salts to the nano-capillary.
Currently, several strategies have been developed for electro-
spray MS to minimize the salting effect on ionization, which
could be adapted for our system to improve the detection sen-
sitivity.*>*” In the current work, the first realization of electro-
syringe assisted electrospray mass spectrometric analysis in
salted solution demonstrated the feasibility of nanometer
scale cellular MS analysis.

Single cell analysis

Single cell analysis was initiated via the insertion of the nano-
capillary into single Allium cepa cells and HeLa cells. After the
application of —3 V to the Pt wire in the capillary for 60 s, the
capillary was withdrawn from the Allium cepa cell and relo-
cated near the inlet of the MS for electrospraying. The spec-
trum in Fig. 4A exhibits multiple peaks associated with the
components of Allium cepa cells, including 5 fructans and
2 glucosides, which is consistent with previous results.”**® A
detailed tentative assignment of the components in the cytosol
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Fig. 4 Negative-mode mass spectra of cytosol from (A) a single Allium
cepa cell and (B) Hela cell from using the electrosyringe. Tentative sub-
stance assignments for the cytosol are shown in the ESI (Tables S3 and 47).
The ion intensities were normalized using the total ion intensity.
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is shown in the ESI (Table S3t). A control experiment without
the application of a sampling voltage during capillary insertion
into the cell did not exhibit any characteristic peaks associated
with this type of cell, as shown in the ESI (Fig. S77).

Similarly, the nano-capillary was inserted into one HeLa
cell and analysis was performed. The spectrum and a detailed
tentative assignment of the components are shown in Fig. 4B
and the ESI (Table S41). 19 components were profiled from
one HeLa cell that had been observed from previous single cell
MS analysis.>**® The successful collection of molecular infor-
mation from single plant and mammalian cells supports the
use of electrosyringe-assisted electrospray MS for nanometer
scale cellular analysis.

Analysis of single axons and dendrites

The molecular profiling of single axons, dendrites and bodies
from living hippocampal neurons was performed using our
electrosyringe-assisted electrospray MS. Typical images of the
insertion of the nano-capillary into a single axon and dendrite
are displayed in Fig. 5A and B. Following the same protocol, a
voltage of —3 V was applied for 60 s to sample the cytosol from
one axon or dendrite. To ensure that there was minor interrup-
tion from insertion on cellular activity, the intracellular Ca
concentration was monitored using a fluorescence probe, Fluo-
3. No significant change in the fluorescence intensity before
and after insertion confirmed the cellular activity. The spectra
and detailed tentative assignments of the components from a
single axon, dendrite and body are shown in Fig. 5C-E and the
ESI (Table S5t). 14 components were profiled from the neuron
body and most of these had been observed from neurons
before.”>*®* Meanwhile, 11 and 12 out of 14 components
were observed from the axon and dendrite, respectively, exhi-
biting the first molecular profiling of these two subtle cellular
parts. The appearance of no peaks associated with CDP-
ethanolamine, citicoline and cyclic ADP-ribose in the axon and
CDP-ethanolamine and citicoline in the dendrite suggested
lower concentrations of these species in the axon and
dendrite.

A control experiment was performed by positioning the
capillary tip outside the neuron for the sampling of extracellu-
lar liquid into the capillary. Similar to the spectrum collected
from extracellular buffer outside HeLa cells, the spectrum
shown in the ESI (Fig. S8t) did not display any characteristic
peaks associated with the neuron. All these results support the
accurate positioning of the capillary tip into the axon or den-
drite for mass spectroscopic analysis. The relative standard
deviations of the intensities of these species in these three cel-
lular parts were calculated. Comparable deviation values as
high as 59-99% were obtained for all these three parts. The
observation of high heterogeneity of molecular content in
axons and dendrites might offer information about different
neuron behavior during information delivery.

Most importantly, higher levels of pyroglutamic acid and
glutamic acid were revealed in the axon than in the body and
dendrite, as shown in Fig. 5F. For the other species, no signifi-
cant difference was observed between these three parts.
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Fig. 5 Images of the nanocapillary inserted into an axon (A) and a den-
drite (B); the negative-mode mass spectra of femtolitre-scale cytosol
from a single axon (C), dendrite (D) and body (E) — the ion intensities
were normalized using the total ion intensities; and (F) the relative inten-
sity of pyroglutamic acid (m/z 128.04) and glutamic acid (m/z 146.05)
from an axon, a dendrite and a body from living neurons (n = 7). The
tentative substance assignments of aqueous species are shown in the
ESI (Table S57).

Classically, neuronal communication is fulfilled by neurotrans-
mitters between synapses, which are created in the connection
forms of axon-axon, dendrite-dendrite and axon-dendrite. All
fast synaptic actions are mediated by the excitatory neuro-
transmitter glutamate and inhibitory neurotransmitters, such
as gamma-aminobutyric acid (GABA) and glycine. Between
axons and dendrites, axons are the major transmission
elements of neurons, which extend distances from the cell
body and carry signals to other neurons. Therefore, the obser-
vation of higher levels of glutamate and its precursor pyroglu-
tamic acid in the axon than in the cell body and dendrite was
expected. These results support our method as a special
approach to elucidate the actual distribution of neurotransmit-
ters and other components in neurons, which could reflect the
actual physiological condition of neurons.
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Conclusions

Electrosyringe-assisted electrospray MS was established to
achieve the first molecular profiling of single axons/dendrites/
bodies in single living neurons. The successful analysis of mul-
tiple molecules in these cellular parts revealed different mole-
cular distributions in neurons, which was ascribed to the
different functions of axons and dendrites. Compared with
current single cell ESI ionization methods using a micro-capil-
lary, our approach couples a nano-capillary and electrosyringe
to realize the sampling of subtle structures of cells, such as the
axon and dendrite. The smaller sampling permits the gaining
of subcellular information, which helps the understanding of
cellular function. Further determination of the loading
amount needs to be addressed for the quantification of
species. Moreover, the continuous enhancement of ionization
efficiency is urgently needed to unveil more species in axons
and dendrites. Furthermore, some methods providing MS/MS
fragments should be adapted with our system to offer more
accurate molecular determination.
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