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Analyzing the complex structures and functions of brain is the key issue to understanding the physiological and pathological
processes. Although neuronal morphology and local distribution of neurons/blood vessels in the brain have been known, the
subcellular structures of cells remain challenging, especially in the live brain. In addition, the complicated brain functions involve
numerous functional molecules, but the concentrations, distributions and interactions of these molecules in the brain are still
poorly understood. In this review, frontier techniques available for multiscale structure imaging from organelles to the whole brain
are first overviewed, including magnetic resonance imaging (MRI), computed tomography (CT), positron emission tomography
(PET), serial-section electron microscopy (ssEM), light microscopy (LM) and synchrotron-based X-ray microscopy (XRM).
Specially, XRM for three-dimensional (3D) imaging of large-scale brain tissue with high resolution and fast imaging speed is
highlighted. Additionally, the development of elegant methods for acquisition of brain functions from electrical/chemical signals
in the brain is outlined. In particular, the new electrophysiology technologies for neural recordings at the single-neuron level and in
the brain are also summarized. We also focus on the construction of electrochemical probes based on dual-recognition strategy and
surface/interface chemistry for determination of chemical species in the brain with high selectivity and long-term stability, as well
as electrochemophysiological microarray for simultaneously recording of electrochemical and electrophysiological signals in the
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brain. Moreover, the recent development of brain MRI probes with high contrast-to-noise ratio (CNR) and sensitivity based on
hyperpolarized techniques and multi-nuclear chemistry is introduced. Furthermore, multiple optical probes and instruments,
especially the optophysiological Raman probes and fiber Raman photometry, for imaging and biosensing in live brain are
emphasized. Finally, a brief perspective on existing challenges and further research development is provided.

brain structure, brain function, brain chemistry, chemical signal, biosensing and bioimaging
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1 Introduction

As the most important part of the central nervous system
(CNS), the brain is extremely complex in structure and
function [1-3]. The brain is the central organ of the nervous
system, of which about 60% is fat and the remaining 40% is
a combination of water, protein, carbohydrates and ions, and
neurotransmitters [4]. At a high level, the brain can be di-
vided into the cerebrum, brainstem, and cerebellum. Among
them, the cerebrum is the largest part of the brain, which
consists of multiple regions, such as the cortex, thalamus,
amygdala, and hippocampus [5]. The cerebrum controls
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most of the activities of body, including motor coordination,
temperature control, sensory, emotion, learning, and memory
[6]; the cerebellum regulates movement, posture and balance
[7]; and the brainstem is closely linked to vital functions such
as breathing, heart rate and blood pressure [8]. Due to the
extreme complexity of the brain, the understanding of how it
works is still in its infancy. Current research shows that brain
activity is achieved by neurons connecting and responding to
nerve impulses. Neurons connect to form neural pathways,
neural circuits and complex network systems. The brain uses
neurons to send, transmit and receive chemical and electrical
signals. The generation and transmission of these signals
contribute to different brain functions [9].

The brain structure spans multiple spatial scales, forming a
large-scale network, resulting in the great complexity of
brain functions [10—14]. Imaging the connections and orga-
nization of neurons at various scales, can help us understand
not only the makeup of specific response and behavioral
circuits, but also how these circuits integrate to produce an
adaptive output with coherence and prioritization, and thus
can help us fully and carefully understand the internal or-
ganization mode of the brain [15]. In addition, the changes in
concentration, spatial distributions, and the interactions of
different biological species form complex chemical signals
in the brain, and the chemical signals between neurons,
neuron clusters or brain regions, contribute to various sig-
naling pathways and neural circuits in the brain, thereby
producing diverse brain functions [16—19]. These biological
species include neurotransmitters, metal ions, reactive oxy-
gen species (ROS), amino acids, and proteins [20,21]. The
homeostasis of these substances plays a key role in the
physiological functions of the brain. For example, neuro-
transmitters (e.g., dopamine, norepinephrine, serotonin) are
closely related to physiological processes such as learning,
memory, sleep, and mood, and metal ions (e.g., K+, Na+,
Ca™", Fe™", Cu2+) play an important role in maintaining cell
osmotic pressure, membrane potential, redox balance and so
on [22,23]. However, disorders of these substances are clo-
sely related to many brain diseases. For example, the ab-
normal concentration of dopamine can lead to Schizophrenia
and Parkinson’s disease [24], and the decrease in serotonin
levels can lead to depression and anxiety [25]. In addition,
abnormal accumulation of transition metal ions (e.g., copper,
zinc, and iron) has been observed in brain tissue with neu-
rodegenerative diseases [26]. Therefore, the development of
analytical methods for structural and functional imaging and
biosensing of chemical signals in the brain is critical for
understanding the physiological and pathological processes
of the brain.

Over the past decades, a large number of techniques have
been used for imaging brain structure. In these frontier
techniques, magnetic resonance imaging (MRI) is well es-
tablished and definitively the contemporary standard for

February (2023) Vol.66 No.2

structural image analysis [27,28]. Meanwhile, elegant elec-
tron microscopy (EM) and optical microscopy have also
been explored for brain structural imaging, including serial-
section electron microscopy (ssEM), light microscopy (LM),
and synchrotron-based X-ray microscopy (XRM) [29-32].
These electron or optical microscopies provided exceptional
image quality for visualization and neuroanatomical classi-
fication of brain structure.

Besides, traditional electrophysiological techniques are
widely used to study brain function by recording the elec-
trical signals of neurons [33-36]. Actually, the observation of
electrical signals arises from the changes of chemical spe-
cies, such as metal ions, ROS and neurotransmitters. Func-
tional MRI (fMRI) infers neural activity indirectly from
blood flow changes [37,38], but it suffers from low spatio-
temporal fidelity and is difficult to be applied to behaving
animals. /n vivo electrochemical analysis based on im-
plantable microelectrodes has emerged as powerful tool for
real-time monitoring of extracellular chemical signals in the
brain, due to their high temporal and spatial resolutions [39—
41]. In addition, optical imaging approaches based on mo-
lecular spectroscopy, have become powerful tools for bio-
sensing of various chemical species in the brain [42—47]. For
instance, fluorescence microscopies combined with chemical
probes have revolutionized neuroscience by recording in-
tracellular molecular signals in the living brain [48-50].
Raman spectroscopy provides an effective tool for simulta-
neously monitoring multiple substances in the brain due to
the high spectral resolution of molecular fingerprint in-
formation [51-53]. Meanwhile, a variety of frontier methods
have been widely used in the biosensing of chemical signals
in the brain.

In this review, we firstly overviewed many techniques for
brain structure imaging, which enable multiscale imaging of
brain structures, from organelles to the entire brain, at re-
solutions ranging from nanometers to millimeters. Particu-
larly, the new technology of synchrotron-based X-ray
microscopy for three-dimensional (3D) imaging of large-
scale brain tissue with high resolution and fast imaging speed
was highlighted [54-56]. Furthermore, we focused on the
development of elegant methods for recording electrical
signals and/or biosensing of chemical signals in the brain
[57-60]. Particularly, new electrophysiology technologies
like the fabrication of flexible or multichannel electro-
physiology electrodes for neural recordings at the single-
neuron level and in the brain were summarized [57,61,62]. In
addition, we concentrated on the construction of electro-
chemical probes with high selectivity and long-term stability
based on dual-recognition strategy and surface/interface
chemistry, for determination of chemical species in the brain
[59,63—73]. The building electrochemophysiological micro-
array for simultaneous acquisition of electrochemical and
electrophysiological signals in the live brain was also high-
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lighted [74,75]. Moreover, the recent development of brain
MRI probes with high contrast-to-noise ratio (CNR) and
sensitivity based on hyperpolarized techniques and multi-
nuclear chemistry was introduced [76—79]. Multiple fluor-
escent probes and instruments for brain imaging and bio-
sensing of chemical species in the live brain were outlined.
At the same time, the development of optophysiological
Raman probes and the building of fiber Raman photometry
for simultaneous biosensing of multiple chemical species in
live brain was emphasized [51-53]. The last section provided
the potential future directions in large-scale fast in vivo brain
structure imaging with high-resolution as well as large-scale
dynamically recording of neuronal signaling with chemical
expression across the whole brain of freely moving mice.

2 Imaging of brain structure

2.1

Since the 1970s, MRI has become an indispensable diag-
nostic tool in the medical world, especially for conditions of
the brain and other soft tissues [80,81]. In an external mag-
netic field, MRI utilizes non-ionizing radiofrequency pulses
and spatial field gradients to encode certain atom nuclei,
typically those of hydrogen, and records the spatial in-
formation of atom nuclei [82]. Therefore, MRI is a non-
invasive and radiation-free modality that provides high
spatiotemporal resolution images (Figure 1). Its contrast
between different tissues mainly depends on proton density
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(PD) and T7)/T, relaxation times [83].

T)-weighted and T,-weighted imaging are the two basic
types of MRI sequences, which enable the characterization
of different tissue by 7, and 7, relaxation times [82]. Brain
tissues with shorter 7, relaxation time appear brighter in 7-
weighted images. For example, white matter with 7', value of
1,084 ms at 3 T appears white and gray matter appears gray
with 7, value of 1,820 ms [84]. Conversely, tissues with
longer 7, relaxation time appear brighter in 7,-weighted
images. For example, cerebrospinal fluid (CSF) shows hy-
perintensity in 7,-weighted images with 7, value of about 2 s
[85]. Fluid attenuated inversion recovery (FLAIR) is similar
to a T,-weighted sequence, except that CSF signal is selec-
tively attenuated [86].

To acquire multi-contrast MRI data within a clinically
acceptable timeframe, synthetic MRI was proposed which
allowed simultaneous measurement of all three parameters
(T,, T, and proton density) [87-90]. Using those para-
meters, arbitrary contrast-weighted images can be gener-
ated. The first concept of synthetic MRI can be traced back
to 1980s when researchers attempted to generate multiple
contrast-weighted images using obtained imaging para-
meters [91]. After that, a wide variety of synthetic MRI
methods have been proposed. Dedicated MRI sequences,
including inversion recovery true fast imaging with steady-
state precession (IR-TrueFISP) [92-95], multi-dynamic
multi-echo (MDME) [96-98] and multi-pathway multi-
echo (MPME) [99,100], have been designed to simulta-
neously quantify 7), 7,, and PD within minutes. MRI
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A representative diagram of synthetic MRI and its applications in brain segmentation and synthetic contrasts. R1 and R2 indicate the reciprocals

of T} and T>. IR, STIR, and PSIR represent inversion recovery, short 7 inversion recovery, and phase-sensitive inversion recovery, respectively. Adapted with
permission from Ref. [81], copyright by Wolters Kluwer Health, Inc. (2018) (color online).
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signals produced by those sequences have specific func-
tional relationships with sequence parameters such as flip
angle, repetition time, and echo time. Thus, the re-
laxometry parameters can be calculated voxel by voxel.
Magnetic resonance fingerprinting (MRF) proposed by Ma
et al. [101] is another approach for synthetic MRI [101—
103]. By varying acquisition parameters in a pseudo-ran-
dom manner in MRF method, each voxel possesses a un-
ique signal evolution, or “fingerprint”. The relaxometric
parameters are derived from MRF by matching the time
evolution signal to numerical bloch simulations (or “dic-
tionary”). MRF is nicely immune to undersampling arti-
facts due to the pseudo-random manner, and hence highly
undersampled acquisition is commonly employed by
which 3D volumetric MRF sequence can be scanned in a
few minutes [104,105]. The diagnostic accuracy and re-
producibility of synthetic MRI have been verified by
comparing them with conventional MRI. Tanenbaum et al.
[90] performed a prospective study in comparison of
synthetic MRI to conventional MRI for routine neuroi-
maging, in which the overall diagnostic quality of MDME-
based synthetic MR images was non-inferior to conven-
tional images. Similar to MDME, MRF-based synthetic
MRI demonstrated excellent repeatability and good re-
producibility, especially in grey and white matter, in
multiple centers at 1.5 and 3.0 T [106].

MRI volumetry is an important application based on
relaxation-based MR images. Brain volume is an important
determinant of brain disease progression [107]. For in-
stance, annually loss of brain volume has been observed in
patients with Alzheimer’s disease (AD) and multiple
sclerosis (MS), far beyond the limits of normal aging [108—
111]. MRI brain volumetry is an automatic voxel-based
method that allows the volumetric assessment of the whole
brain, as well as other intracranial structures such as white
matter, gray matter, and brainstem [112]. 3D T;-weighted
image is commonly used for brain volume estimation by
registering it to the labeled atlas dataset [113], and thus
establishes the spatial correspondence between T;-weigh-
ted image and the atlas. The images modulated from the
registration deformation field are then considered as the
proportional scaling of brain volume [114]. There are
several freely available software platforms, such as SPM
[115,116], FMRIB Software Library (FSL) package [117],
advanced normalization tools (ANTS) [118], and Free-
Surfer [119] that can perform brain volume analysis. Be-
sides, an online MRI brain volumetry system (volBrain)
based on multi-atlas label fusion technology had also been
developed for automatic volumetric brain analysis [120].
volBrain automatically segments the brain at different le-
vels (intracranial cavity, brain macro-structures, and sub-
cortical structures) robustly and efficiently. More recently,
3D neural networks have been proposed for efficient brain
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segmentation, giving good results for most brain regions
[121-123]. MRI volumetry provides a unique perspective
for the diagnosis of brain disorders and has become an
emerging approach in recognizing pathogenesis, guiding
therapy and evaluating prognosis. In the last decade, nu-
merous studies have reported on the use of MRI volumetry
to assess brain disorders, including neurodegenerative
disease and many other neurological disorders. Risacher et
al. [124] suggested that increased ratio of baseline hippo-
campal volume to cortical volume in AD brain was pre-
dictive of faster clinical decline. In a 6-year follow up
study, Tsagkas et al. [125] found that spinal cord volume
loss was a strong predictor of disease progression in MS.
Loss of brain volume is also associated with the severity
level of COVID-19 patients. A brain volumetry study re-
vealed volume loss of brain nuclei in severe cases was
more extensive than that in mild cases [126]. Combing
brain MRI with lung MRI, Chen et al. [127] demonstrated
that volume change in gray matter in COVID-19 patients
was strongly related to the degree of pulmonary functional
recovery.

2.2 Computed tomography (CT)

Computed tomography (CT) is a diagnostic imaging method,
which is based on various types of tissues with different
absorptions and transmittances when exposed to X-ray
photon. Since the first commercial head-CT was designed
and manufactured by Hounsfield in the early 1970s, CT
techniques have gained great progress, providing high-re-
solution structure and anatomy information of organs, as
well as achieving faster imaging speed and higher imaging
safety. This makes CT imaging especially useful for the
evaluation of brain tissue and the CNS. Currently, CT ima-
ging is widely used in the research of brain structure and
clinical examination of brain diseases, such as cerebral in-
farction, cerebral hemorrhage, cerebral ischemia, and tumor
[128,129]. To better distinguish the target tissues/organs and
surrounding tissues, CT contrast agents that have a high
absorption of X-ray photon have been developed to enhance
the contrast. The CT contrast agents in clinical use are mainly
iodinated molecules, such as iobitridol, iopamidol, iohexol,
iopromide, and iodixanol [130]. Computed tomography an-
giography (CTA) imaging, which combines the enhanced CT
technique and image post-processing techniques, can be used
for visualized imaging of cerebral vessels. CTA imaging has
been applied for the diagnosis of vessel malformation and
blood vessel diseases by observing the details of cerebral
vessels [131]. Furthermore, the computed tomography per-
fusion (CTP) imaging method, which is functional imaging
for providing hemodynamic parameter maps (HPMs), i.e.,
cerebral blood flow (CBF), cerebral blood volume (CBV),
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and mean transit time (MTT), has been proposed [132].
However, CTP imaging involves multiple 3D scans, which
will result in a high radiation dose. To improve the safety of
CTP imaging, protocol-specific techniques and algorithm-
specific techniques have been proposed to reduce the ra-
diation dose [133,134]. With the ability of functional ima-
ging, the CTP imaging method has been applied to many
clinical applications. For example, CTP has been used to
distinguish between ischemic penumbra (region with de-
creased CBF values and increased CBV values) and infarct
core (region with severely reduced CBF and CBV values)
[135].

2.3 Positron emission tomography (PET)

Positron emission tomography (PET) is based on the phy-
sical properties of radionuclides (such as "*F and 11C), which
emit positrons when they decay [136]. When positron en-
counters electron, they annihilate, emitting a pair of photons
with energy of 511 keV in the opposite direction. This pair of
photons is captured by the high sensitive detector. After
analysis and processing of different positrons, we can obtain
a spatial distribution image of the radionuclide. To apply
PET in the brain, radionuclide-labeled substance (such as
glucose and amino acids) is first administrated into the
subject, and reaches the brain through blood circulation.
Each brain region has a different metabolic level. More la-
beled substances are consumed in the high metabolic region,
which results in the accumulation of radioactive nuclei, and
high signals in PET images. Therefore, PET is a high sen-
sitive and high specificity imaging method that provides
information of biomolecule metabolism, the activity of re-
ceptors and neurotransmitters. Currently, PET has been
widely used in the brain and cerebral nervous system disease
diagnosis, treatment evaluation and new drug development.
PET using O—(2—[18F]ﬂuoroethyl)—L—tyrosine (lgF—FET) has
been applied for response assessment in glioma patients
following adjuvant temozolomide chemotherapy [137]. Two
cycles of adjuvant temozolomide chemotherapy induced a
reduction in [18F]—FET metabolic tumor volume and max-
imum tumor to background ratio in 41 newly diagnosed and
histomolecularly characterized glioma patients, which pre-
dicted a significantly longer progression-free survival and
overall survival. And PET using "F-FET has also been
shown to be a useful tool for distinguishing glioma pro-
gression and treatment-related changes [138]. Due to the
small quantities of radionuclide-labeled substances that are
administrated, the spatial resolution of PET is significantly
lower than that of MRI and CT. Recently, PET/MRI and
PET/CT methods, which combined the high sensitivity and
specificity of PET and the high resolution of CT or MRI,
have been developed to provide more information about the
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relationship between anatomical structure and physiological
function. For example, Kim et al. [139] found that the
median of the ratio of SUVmax of glioma to the SUVmean of
the contralateral choroid plexus in IDH1 wild-type tumors
was significantly higher than that in IDH1-mutant tumors
using 11C-acetate PET/CT.

2.4 Light microscopy (LM)

2.4.1 Micro-optical sectioning tomography (MOST)

A high-resolution atlas of the brain-wide neuroanatomical
architecture should fundamentally advance our under-
standing of the organization and function of animal nervous
systems. To meet the demands of brain-wide imaging, micro-
optical sectioning tomography (MOST) system was devel-
oped to provide micrometer-scale tomography of a cen-
timeter-sized whole mouse brain [140]. MOST can be used
for visualizing the brain-wide neuroanatomical structures of
the mouse. The MOST system performs imaging and sec-
tioning simultaneously (Figure 2a). The surface of the spe-
cimen was sliced in ribbons under the control of an ultra-
precision positioning stage. Once glided across the rake face
of the diamond knife, the ribbons were imaged immediately.
Due to the special engineering design, the MOST system can
ensure automation stability and high resolution during time-
consuming data acquisition. Some studies have sought to
develop the available preprocessing methods to improve
image quality by removing the artefacts that affect the vo-
lume rendering or segmentation. For example, a set of au-
tomatic artefact removal methods was designed for image
preprocessing [141], which was extensively utilized among
MOST users.

Golgi staining and Nissl staining, two classical histological
staining techniques, had shaped our basic understanding of
the brain. These two staining techniques [140,142] were also
modified to be suitable for the MOST imaging. Combining
the MOST technique, the whole-brain Golgi staining allowed
the 3D imaging of neurons and neuronal processes [140], and
the whole-brain Nissl staining enabled labeling of the somata
and blood vessels simultaneously in an entire mouse brain
[142]. The crucial step of the whole-brain Nissl-staining to
show the blood vessels is a longer period of cardiac perfusion
with phosphate-buffered saline followed by 4% paraf-
ormaldehyde (PFA) to ensure that blood vessels are empty
[143]. The hollow blood vessels could not be dyed by Nissl-
staining solution, while the surrounding somata and par-
enchyma would be bound in different shades (Figure 2b).
Therefore, the hollow blood vessels were displayed with a
high grey-scale level compared with the surrounding somata
and parenchyma. Based on the whole-brain Nissl staining,
the vascular atlas of both arteries and veins of the whole
mouse brain was reconstructed and annotated for the first
time, which revealed that the vascular distributing patterns of
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(a) Line-scan
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Figure 2 MOST system for brain structure imaging. (a) Schematic representation of the MOST system. Adapted with permission from Ref. [140], copyright
by Nature Publishing Group (2010). (b) Segmented hippocampus for high-resolution vasculature analysis in a C57BL/6 mouse. Adapted with permission
from Ref. [143], copyright by Oxford University Press (2019). (¢) Simultaneous whole-brain visualization of Ap plaques, somata, nerve tracts, and blood
vessels in the 5XFAD mice. Adapted with permission from Ref. [145], copyright by EPFL Press (1982). (d) A large volumetric reconstruction of a partial
hippocampus of the mouse brain. Adapted with permission from Ref. [140], copyright by Nature Publishing Group (2010) (color online).

the brain regions and even individual vessels were different
from each other [144].

Actually, the Nissl-staining dataset not only presents the
signals of somata and vessels (Figure 2c), but also shows
multiple discernible signals of different structures such as [3-
amyloid plaque, nerve processes and tracts [145]. It was
noteworthy that gelatin-Indian ink vessel perfusion was also
employed to combine with MOST imaging to acquire the
vessel network of an entire mouse brain [146]. But the car-
diac perfusion of gelatin-Indian ink could only highlight the
blood vessels, and other objects such as neurons could not be
labeled. Besides, conventional hematoxylin and eosin (HE)
staining is mainstay of histology that provide pathologic
diagnostic information. However, it is difficult to stain the
entire brain with hematoxylin and eosin. A modified HE
staining method [147], in which delipidation and ultrasound
waves were applied to enhance tissue permeability and ac-
celerate dye diffusion, was combined with MOST for 3D
volume imaging.

The detailed interpretation of the basic cerebral anatomical
structures and their pathological changes are the basis of
understanding brain function and diseases. Using the MOST
technique and whole-brain Nissl staining, the systematic
comparative study on the precise brain vasculature of wild-
type and AD model mice was performed, which generated a
cross-scale whole-brain 3D vascular atlas of AD mice [143].
The capability of clear visualization and quantification of the
smallest capillaries offers new avenues for research on vas-
cular distribution and regional microcirculation over the
whole brain. Employing the same method, the researchers
developed a customized image processing workflow to ex-
tract and reconstruct multiple structures based on differences
in gray values and morphologies in the Nissl-staining dataset
[145]. With this technique route, the AP plaques, nerve
tracts, and nerve processes, somata, and blood vessels were
visualized simultaneously in the whole brain of AD mice for
the first time, without any specific labeling. The study pro-
vided a novel approach to present various structural in-
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formations in a whole mouse brain simultaneously.

The MOST system adopted the reflected bright field
imaging to generate terabyte-sized data. The processing
method for the high-throughput bright-field images is more
demanding than that in the fluorescence case. The bright-
field images exhibited more heterogeneous gray levels and
lower contrast than the fluorescent images, which makes it
considerably challenging to perform 3D visualization of the
structures of interest (Figure 2d). Thus, the difficulties in the
3D reconstruction of bright-field image datasets, such as HE-
staining data and Nissl-staining data, are the principal tech-
nical obstacles to the more extensive application of MOST.
More comprehensive applications to take full advantage of
the powerful performance of the MOST system should be
extended and carried out soon.

2.4.2 Light-sheet fluorescence microscopy (LSFM)

The true optical sectioning capability, low photobleaching
and high imaging speed render light sheet fluorescence mi-
croscopy (LSFM) more advantageous than other micro-
scopic approaches for acquiring brain-wide structural
information at the mesoscale, including the spatial distribu-
tion of cells, their molecular features and their connectivity,
which provide the structural foundation for deciphering the
systems-level functional mechanisms of the brain. An LSFM
consists of two optical trains, the illumination and the de-
tection train, which are arranged perpendicular to each other.
A collimated laser is transformed by the illumination train
into a thin light sheet, which can be either static [148] or
scanned [149], to excite fluorophores within a slice of the
specimen. The emitted fluorescence is collected by the de-
tection train whose focal volume is aligned with the light
sheet. The selective illumination optical scheme empowers
LSFM with the capability of optical sectioning that is ne-
cessary for 3D fluorescence imaging with much-reduced
light irradiation than confocal microscopy (three to five or-
ders of magnitude less), resulting in significantly less photo-
bleaching and phototoxicity [150]. The detection train of
LSFM is similar to a wide-field epifluorescence microscope
equipped with either a charge-coupled device or scientific
complementary metal-oxide-semiconductor camera, en-
abling the fluorescent signal within the focal volume to be
recorded simultaneously with much higher recording speed
(tens or hundreds of million pixels per second), compared
with conventional point-scanning microscopy (typically a
million pixels per second) as in confocal or two-photon
microscopy. The LSFM has a moderate spatial resolution,
both lateral (~1 um) and axial (~3-5 um), as the two ob-
jective optical geometry prevents the use of objectives with
high numerical aperture [151]. Furthermore, a high axial
resolution in a Gaussian beam-based light sheet microscope
is achieved at the expense of a smaller field of view. How-
ever, the spatial resolution can be significantly improved by
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using a propagation-invariant beam such as a Bessel beam
[152] or optical lattice light sheet [153] for illumination,
which has enabled, for example, brain imaging at sub-cel-
lular resolution.

The fluorescently labeled intact brain, using either an en-
dogenous fluorescent protein, immuno-fluorescent staining,
or viral labeling tools, can indeed be imaged in toto by
translating the sample through the light sheet and acquiring a
stack of 2D images at an optimized spatial interval for re-
constructing the 3D image. However, the light absorption
and scattering by the inhomogeneous refractive index inside
a brain can severely degrade the light sheet, and therefore,
the imaging quality is reduced, as the imaging depth in-
creases. Therefore, the application of LSFM in brain imaging
has been mainly focused on naturally transparent specimens
or small organisms such as zebrafish or Drosophila, at least
until the recent development of tissue clearing techniques
[48,154]. Tissue clearing techniques can non-destructively
transform an intact brain into an optically transparent form,
enabling optical imaging of a whole-mount brain at cellular
or sub-cellular resolution [155]. In recent years, many new
tissue clearing methods have been developed for whole-
mount brain imaging with improved tissue transparency,
endogenous fluorescence preservation and tissue integrity.
These methods can be categorized into three major groups
based on their main chemical characteristics: hydrophobic,
hydrophilic and hydrogel-based. Despite the differences in
tissue processing protocols among these approaches, they
were based on the same physical principle of minimizing
absorption and scattering of light within the tissue by re-
moving pigments (decolorization), lipids (delipidation) and
matching the refractive index of the brain with surrounding
media (refractive index matching) using carefully chosen
chemical compounds. The state-of-the-art tissue-clearing
methods can render the whole rodent brain, and even a hu-
man brain [156], transparent for whole-mount optical ima-
ging.

The first demonstration of LSFM imaging of a cleared
brain was achieved in 2007 by Dodt et al. [157], who used a
custom-built LSFM with two-sided illumination to visualize
the entire network of a cleared GFP-labeled mouse brain at
single neuron resolution. Since then, the combination of
LSFM with tissue clearing methods has become a powerful
tool for directly profiling neuronal cells and mapping neu-
ronal circuits that span the brain. For instance, the combi-
nation of LSFM with CUBIC-X, a hydrophilic tissue
clearing method with tissue expansion capability, allowed
the development of a 3D mouse brain atlas with single-cell
resolution containing ~10® of an entire brain [158]. The
molecular features associated with these brain cells can also
be characterized since the tissue clearing methods are com-
patible with conventional molecular labeling techniques such
as immunostaining and fluorescence in situ hybridization. A
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good example is the whole-brain identification of neurons
expressing immediate early genes (IEGs), a marker of acti-
vated neurons, using LSFM and iDISCO’, an immuno-en-
abled hydrophobic tissue clearing method, to delineate
neural circuits engaged by parenting behaviors [159]. The
LSFM imaging of the whole cleared brain is particularly
useful for mapping the brain-wide long-range connectivity
when combined with genetic labeling techniques for selec-
tive neuron labeling. For example, the whole-mount imaging
of cleared mouse brains using SHIELD, a hydrogel-based
tissue clearing approach, enabled the mapping of brain-wide
project patterns of parvalbumin-positive globus pallidus
external neurons and the identification of their downstream
target regions [160].

In addition, LSFM imaging of the brain can also be applied
to acquire the local cellular connectivity when combined
with the recently developed tissue expansion techniques,
such as expansion microscopy (ExM) [161] and magnified
analysis of proteome (MAP) [162]. These tissue expansion
approaches can physically expand hydrogel-tissue hy-
bridization by amplifying the swelling tendency of hydrogel
in aqueous solutions, such as water. For example, ExM can
achieve 4- to 20-fold linear expansion of the original tissue,
allowing for super-resolution imaging of the tissue using a
diffraction-limited fluorescent microscope, such as LSFM.
Indeed, LSFM was combined with ExM for achieving nan-
ometer scale resolution (~60 nm) to enable the tracing of
long-range projections in an entire Drosophila brain [163].

Finally, larger volume LSFM imaging, such as imaging of
the whole murine CNS including the brain and spinal cord,
has recently been reported using an axially swept light-sheet
microscopy (ASLM) to achieve larger fields-of-view [164].
However, LSFM imaging of a whole-mount primate or hu-
man brain remains challenging due to the difficulty of ren-
dering these brains highly transparent and the lack of a
microscope objective with a sufficiently long working dis-
tance [156]. In addition, larger-scale datasets of whole-
mount brain images (which can involve ~100 GB to 30 TB
per single mouse brain) require the development of new
computational tools to extract biological meaning. Machine
learning approaches may play a crucial role in this regard
[165]. In the future, the mesoscale information acquired by
LSFM can be fused with structural information acquired
using other modalities, such as EM and MRI, to construct
cross-scale views of the whole brain to finally understand
complex physiological or pathological processes which is
very little known at present.

2.4.3 Two-photon light-sheet microscopy (2PLSM)

Light-sheet fluorescence microscopy (LSFM) has the merits
of high imaging speed and low photodamage, which make
the LSFM a widely used tool in neuroscience [166]. How-
ever, the penetration depth of LSFM in thick tissues is still
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limited owing to the light scattering, which prevents the
further application of LSFM. Two-photon excitation fluor-
escence microscopy (2PEM) is another widely used micro-
scopic imaging method in neuroscience [167]. 2PEM has a
large penetration depth owing to the use of near-infrared
laser. The nonlinear excitation of fluorophores provides
2PEM decent axial resolution and background suppression.
To combines the advantage of LSFM and 2PEM, several
research groups developed two-photon light-sheet micro-
scopy (2PLSM) [49,168—173]. 2PLSM utilizes near-infrared
laser pulses to produce a nonlinear excitation light sheet and
detects fluorescence with another orthogonally oriented ob-
jective. The scattering of near-infrared light in thick tissues is
reduced compared with visible light, leading to better pre-
servation of the light-sheet thickness. Moreover, the tissue
autofluorescence of 2PLSM also is reduced since the rare
two-photon absorption in unlabeled tissues. With these
properties, 2PLSM can achieve high imaging depth, large
field of view, high imaging speed, high axial resolution, and
low photodamage.

Several 2PLSM methods with different optical config-
urations were reported. Truong et al. [168] developed the
first two-photon scanned light-sheet microscopy. In their
setup, a 940 nm femtosecond-pulsed near-infrared laser is
used for two-photon excitation and an orthogonal position
objective was used to collect the fluorescence. The light-
sheet was created by laser beam scanning in one direction.
This 2PLSM can image 400 voxels x 900 voxels x 200
voxels (x, y and z, respectively) with a volume time resolu-
tion of 45 s. Live fruit fly and zebrafish embryos were im-
aged to demonstrate the performance of 2PLSM. Wolf ef al.
[169] further applied this 2PSLM to whole-brain visual
studies and demonstrated that the 2PSLM is suitable for 3D
brain-wide functional imaging at cellular resolution. Com-
pared with the one-photon LSFM, which uses visible light
for excitation, 2PSLM can effectively avoid the visual sti-
mulation in situ brain function imaging when studying a
visually driven process.

To extend the field of view, Zong ef al. [170] developed a
novel two-photon three-axis digital scanned light-sheet mi-
croscope (2P3A-DSLM). In 2P3A-DSLM, a tunable acoustic
gradient (TAG) index lens was used to change the laser focus
on the x-axis with a frequency of ~450 kHz. By combining
TAG lens and galvo scanning mirror, an ultra-thin scanned
2P light sheet can be generated within one millisecond. The
size of light-sheet can be tuned by the amplitude of TAG lens
and galvo scanning mirror in the x and y directions. To test its
performance, the 2P3A-DSLM was used to image the time-
lapse dynamics of mitochondria, chromosomal segregation
during cell division, and mt-cpYFP transgenic C. elegans.

To increase the fluorescence signal in 2PLSM, de Vito
et al. [173] used double-sided alternative illumination for
excitation. The alternative illumination laser can maximize
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the peak power of excitation in double-sided excitation
2PLSM. Owing to the quadratic dependence on the excita-
tion light intensity of two-photon-excited fluorescence, this
arrangement can result in 2-fold increase of the fluorescent
signal compared to simultaneously illuminating both sides
with half peak power. This signal-increased 2PLSM was
used for fast whole-brain imaging of seizures in zebrafish
larvae.

Takanezawa et al. [172] utilized lens-axicon triplet to
generate long extent Bessel beam light-sheet and achieved
600-1000 um field of view (FOV) with ~2—-3-um axial re-
solution when using a 10x illumination lens. The Bessel
beam created with lens-axicon triplet was thinner than
Gaussian beam and therefore less phototoxic is produced in
this 2PLSM. Moreover, using these lens-based optics to
create a non-diffracting Bessel beam suffers less energy loss,
which means that more fluorescence signals can be obtained.
The lens-axicon triplet-based Bessel beam 2PLSM was used
for whole-body imaging of medaka juveniles with a cellular
resolution. The axicon can also be positioned in the detection
path to extend the depth of field (DOF) of 2PLSM as re-
ported by Chen’s lab [171]. The DOF showed 20-fold im-
provement with this configuration. This 2PLSM was used to
image beating heart and blood cells of larval zebrafish with
volume acquisition rates up to 30 Hz.

Similar to 2PEM, the main limitation of 2PSLM is the high
cost of ultrafast laser for two-photon excitation and the
multicolor imaging capability due to the limited spectrum
although three-color TP-SLM imaging was achieved by
mixed-wavelength excitation [49]. Another limitation of
2PLSM is the signal-noise ratio (SNR) due to the poor 2P
excitation efficiency. This can be improved by using longer
integration times [174].

To date, all the reported 2PLSM used orthogonally posi-
tioned objectives for two-photon excitation and fluorescence
detection. However, the complex multi-objective config-
uration requires complicated sample mounting. Recently,
several single objective LSFM methods were developed
[175—179], which provided more flexibility and versatility
for wide range of multi-scale imaging applications across the
life sciences. Therefore, we can envision that the single-
objective 2PLSM will permit a more versatile way in ima-
ging brain structure and function with large imaging depth. It
is also possible to extend the 2PLSM to other nonlinear
optical imaging, such as second-harmonic generation (SHG)
imaging and up-conversion imaging [180,181]. In recent
years developed tissue-clearing methods can greatly reduce
optical scattering and background fluorescence in thick
sample imaging [182]. Combining 2PLSM with tissue-
clearing will allow brain structure imaging with an improved
high resolution and contrast [155]. Moreover, adaptive optics
and deep learning offer more pathways for improving the
imaging quality of 2PLSM imaging [183-185].
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2.5 Serial-section electron microscopy (ssEM)

EM, as the cellular imaging technique with high-resolution
ability, has always been an important tool widely used for
neuroscience research for more than 70 years. Remarkably,
in the 1950s, as in the earliest days of EM applicated in
biology, the direct observation of synaptic junction structure
between two neurons with EM, finally ended the controversy
between Cajal and Golgi about the structure of the nervous
system [186—188]. In the past decades, with the development
of different biological EM methods, neuronal morphology
and anatomy have been explored, leading to our under-
standing of the structural basis for neural transmission and
plasticity. Recent progress in physics, biology, and other
disciplines has enabled EM to achieve higher resolution,
throughput, and multiple spatial scales.

2.5.1 Solving the near-atomic structure of neuronal mac-
romolecules by cryo-electron microscopy (cryo-EM)
Proteins and macromolecular complexes are the executors of
biological functions, as such solving the structure and
function of bio-macromolecules is the key to cracking the
mystery of life. Mainly benefiting from the new imaging
detection technique and new 3D reconstruction computa-
tional techniques, cryo-EM has become one of the pre-
dominant tools to solve the near-atomic structures of
biological macromolecules, especially for challenging pro-
tein complexes. Taking these technique advantages, in 2013,
the structure of the transient receptor potential channel
(TRPV1, the receptor for capsaicin) was solved [189], in-
dicating that cryo-EM comes of age for structural biology.
The 2017 Nobel Prize in Chemistry was awarded to Jacques
Dubochet, Joachim Frank, and Richard Henderson for “de-
veloping cryo-EM for the high-resolution structure de-
termination of biomolecules in solution”. In the past years,
the structures of various neuronal protein complexes, such as
neurotransmitter receptors w/o antagonist or agonist
bounding (Figure 3a), and the Tau filaments purified from
AD brain, have been solved [190,194]. As a landmark, the
inhibitory neurotransmitter receptor (GABAA receptor
homopentamer) was solved at atomic resolution (1.7 A)
[195]. The solving of atomic structures of various neural
protein complexes leads to molecular mechanistic insights
into their function/dysfunction in the brain.

2.5.2 Revealing the in-situ structure and organization of
macromolecules inside neurons with cryo-electron tomo-
graphy (cryo-ET) and correlative approaches

In one aspect, the advanced high-resolution cryo-EM could
determine biological macromolecules routinely at near-
atomic resolution; in the other aspect, neuroscientists want to
precisely map each protein complex in their native cellular
contexts, which are essential for revealing the molecular
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Figure 3 Brain imaging at multiple scales from individual protein complex to neural circuit using advanced electron microscopy. (a) Single particle cryo-
EM solved the atomic structure of neuronal proteins at near atomic resolution. Adapted with permission from Ref. [190], copyright by Nature Publishing
Group (2021). (b) Unveiling the molecular architectures of neuronal synapses in near native state with cryo-ET. (I) The principle and pipeline of studying
synapses in cultured neurons with cryo-ET. (II) A tomographic slice of a hippocampal GABAergic synapse. Inset: the in-situ structure of GABAA receptor.
(IIT) 3D rendering of the molecular architecture of the same synapse shown in (II). Adapted with permission from Refs. [191,192], copyright by Elsevier
(2019) and Nature Publishing Group (2020). (c) Mapping the brain connectome with volume EM. (I) Schematics showing one of the advanced volume EM
techniques: imaging serial sections of brain tissue prepared with automated tape-collecting ultramicrotome by multiple beam scanning electron microscopy
(SEM). (II) A neuronal connectome of human cerebral cortex revealed by multibeam SEM. (IIT) A fully segmented neuron with all its incoming excitatory
(yellow dots) and inhibitory (blue dote) synapses. Adapted with permission from Ref. [193], copyright by Nature Publishing Group (2021) (color online).

principles governing neural transmission and plasticity, and
also for understanding the mechanisms of related neural
diseases. Cryo-ET is an increasingly powerful tool that can
dissect the molecular sociology of intact cells, including
neuronal cells. In one type of major application, dissociated
neurons are grown on gold cryo-EM grids. After plunge
freezing, the cultured neurons on grids can be directly im-
aged by cryo-ET. Many discoveries have been made through
this approach, including the characterization of neurotoxic
protein aggregations in disease models [196,197], and the
determination of the structure and organization of receptors
and organelles [192,196-200]. For example, Liu et al. [192]
have developed a novel in-situ cryo-ET data process strategy
based on over-sampling and template-free classification,
enabling to determine the in-situ structure of the GABAA
receptor in the inhibitory synaptic postsynaptic membrane
for the first time. Meanwhile, an unparalleled benefit that is
unique to cryo-ET is the ability to count and map proteins of
interest in their native cellular environments. As such, GA-
BAA receptors were identified and mapped on the post-
synaptic membrane for each synapse (Figure 3b), permitting

further revealed mesophases organization of GABAA re-
ceptors on the inhibitory postsynaptic membranes.

While cryo-ET offered a way to visualize molecular or-
ganization in the native cellular context, optical imaging
techniques benefit from their high specificity, the ability to
image live cells, and high throughput. Correlative optical
approaches and cryo-ET have become the tool of choice to
study the structural and molecular basis of specific or dy-
namic cellular events [197,199,201]. Limited by sample
thickness, cryo-ET is predominantly used for solving the
structure of neurons with the culture neurons or isolated
neuronal cellular fractions. Cryo-focused ion beam (cryo-
FIB) milling is an emerging technique used to thin vitrified
specimens. Cryo-FIB uses a focused ion beam to mill frozen-
hydrated specimens to lamellae of ~200 nm without sample
deformation [202]. This method allows thicker areas of
cultured neurons to be routinely imaged [196,197]. Cryo-ET,
optimized cryo-sectioning/milling techniques for tissue/cell
samples, and new computational methods such as sub-to-
mogram averaging and deep-learning-based data process,
will enable resolving the atomic details of the brain.
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2.5.3 Mapping brain connectome with volume EM

With the launch of brain mapping initiatives in different
countries, large-scale and high throughput EM technique is
high demand. Volume EM, with faster imaging and data
processing ability, allows for high throughput mapping of
brain connectomes and other biological structures (Figure
3c¢). For volume EM, the brain tissue or whole brain of small
animals was embedded in resin. The resin-embedded sample
either can be sectioned in series sections for imaging with
either transmission EM (TEM) or scanning EM (SEM), or
can be directly imaged with serial block-face-SEM techni-
ques, which is the equipment by integrated focused ion beam
or diamond knife inside the SEM. This strategy enables to
image and reconstruct brain samples at millimeter scale, and
is capable of resolving synapse anatomy (e.g., synaptic ve-
sicle, organelles, postsynaptic density). As early as 1986,
White et al. [203] revealed the complete set of synaptic
connections of all the 302 neurons in the nervous system of
Caenorhabditis elegans for the first time. Remarkably, Jeff
Litchman’s laboratory worked with researchers from Google
company and reconstructed a 1 mm’ human brain with vo-
lume EM [204]. However, what we can learn from such huge
static image data is a big challenge. To well interpret the
structure information beyond the connectome, the combining
of behavior experiments or disease models is very necessary.
For example, Scholl et al. [205] combined the in vivo two-
photon optical imaging and volume EM to investigate the
neural structure related to the special synaptic activity in the
identified neurons.

2.6 Synchrotron-based X-ray microscopy (XRM)

The generation of synchrotron radiation is typically achieved
by accelerating charges in large magnetic fields [206].
Compared with LM, MRI and EM, SR-XRM has inimitable
superiorities: (1) Isotropic resolution, which improves the Z
axis resolution without reducing the thickness of slices. The
resolution of X-ray micro-CT in X, Y and Z axis can reach
sub-micron, and that of nano-CT can reach 20 nm [207].
(2) High penetration, which enables rapid three-dimensional
imaging of mm-thick samples with simple sample prepara-
tion without transparentizing and thin-sectioning, and pre-
serves tissue integrity [208]. (3) No photobleaching, for
which samples can be imaged for a long time. (4) Cross-scale
imaging, which spans multiple scales rangeing from macro
to micro [209].

2.6.1 X-ray computed tomography (X-CT)

X-rays are ionizing radiation produced by bombarding metal
targets with accelerated electrons. Due to their short wave-
length, high energy, and excellent penetration, X-rays can be
used as invisible light for non-destructive imaging to obtain
structural information on various samples from several me-
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ters to a few nanometers in size [210]. X-ray computed to-
mography (X-CT or CT), developed in the early 1970s,
collects attenuated X-ray signals from different angles
around the object being scanned and generates a 3D grays-
cale tomogram with the help of computed reconstruction
algorithms [211]. As such, sources of X-ray, their energy
spectrum, and mathematical reconstruction methods work
together to regulate the process of image generation and
dictate the final sensitivity and resolution of obtained X-CT
images.

X-ray energy defines the penetrating power of the beam,
thus determining their potential biological applications. High
energy X-rays (energy > 5 keV), or “hard” X-rays, can pass
through 300 um tissue sections; while “soft” X-rays (energy
< 1keV) have a sub-100 pm penetration depth [211]. Two
types of X-ray sources are often used, including X-ray tubes
and synchrotron storage rings. X-ray tubes are more acces-
sible and inexpensive, leading to their wide application in
research labs and clinical CT scanners. They can produce X-
ray beams with energy in the range of 25-150 keV, which is
strong enough to penetrate human organs and tissues for
clinical imaging. This is especially useful for brain structure
research since the generated CT images may allow for
quantitative examination of brain alterations from any di-
rection in 3D space. Moreover, we can digitally color-code,
transparentize, and highlight any specific cerebral structure
for image presentation and analysis. Non-invasive and non-
destructive nature of CT imaging is crucial when in-
vestigating delicate objects such as the brain, where its
structural integrity is of the highest priority and whose tissue
sections are difficult to obtain or manipulate. In 1988, An-
dreasen compared various brain imaging techniques for the
assessment of cerebral structure and function and concluded
that CT, among other medical imaging modalities (MRI,
single photon emission computed tomography, and positron
emission tomography), provided the fastest and most ac-
cessible diagnostic tool for daily clinical practice [212]. Not
only can CT be used for diagnosis of physical brain damage
such as stroke and hemorrhage, correlations between CT
imaging-revealed cerebral structural changes and cognitive
disorders (schizophrenia, epilepsy, Parkinson’s disease (PD),
and AD) are also established to help with clinical diagnosis
(Figure 4a) [213].

While high energy X-ray beams are widely used for
medical practice, their penetrating power is far too strong for
cells and ex vivo biological samples. Synchrotron produces
relatively “soft” X-rays with energy in the 0.1-1 keV range
and fits better for cell and tissue-level research [54,214].
Unlike most electron or fluorophore-based microscopic
imaging methods, synchrotron-based XRM can be used to
image cellular and sub-cellular architectures without com-
plex staining or risk of sample damage [215]. By fine-tuning
the energy applied, heavy atoms and specific molecules in
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the sample can be highlighted and their spatial distribution
mapped. Collingwood and co-workers [216] successfully
employed soft X-ray spectromicroscopy at 287.4 eV to vi-
sualize neuromelanin distribution in brain tissues, especially
substantia nigra, for PD and related disease diagnoses. La-
bel-free procedure and 3D mapping of XRM technique have
also been used to trace iron aggregates and amyloid plaques
in the brain samples of AD patients (Figure 4b, c). This has
further led to longitudinal studies on the monitoring of brain
subcellular structural alterations and interactive cellular
events before and after intervention, to collect more evidence
for drug development and treatment monitoring. Other than
imaging high-atomic-number atoms such as Fe and Au,
synchrotron-based X-ray techniques can also identify spe-
cific molecules in biological samples by the addition of
contrast agents. Fan, Zhu and co-workers [217] successfully
imaged local-polymerized diaminobenzidine (DAB) at the
presence of ascorbate peroxidase (APEX2) for protein
mapping. By using DAB as the contrast agent at 525 eV, a
variety of molecules and sub-cellular structures with APEX2
tag can be visualized at a spatial resolution of ~30 nm
(Figure 4d). Further modification of this tagging system,
with the addition of neuronal promoters, may generate a
series of synchrotron X-ray sensitive probes for differentia-
tion of specific neurons and damaged brain cells producing
pathogenic proteins such as Tau or amyloid.

Recently, another X-CT technique named spectral photon-
counting CT (SPCCT) offers new opportunities for brain
structure research [218]. By using two or more X-ray beams,
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SPCCT imaging collects energy characteristics of each
photon and divides them into different energy bins for ana-
lysis [219]. This generates one conventional CT image and
an extra material-specific mapping (K-edge mapping) at the
designated energy. For example, K-edge energy of Gd (E;
=50.2 keV) mapping can be performed with X-ray beams of
40-120 keV. Similarly, iodine and Au can serve as probes for
brain structural evaluation.

Taken together, X-CT imaging techniques using synchro-
tron-produced “soft” X-ray and tube-generated “hard” X-ray
beams offered a versatile toolbox for brain structure visua-
lization on the cellular, tissue, and whole-body levels in
preclinical and clinical settings, building up a panoramic
picture of the brain structural framework.

2.6.2 X-ray phase contrast imaging (X-PCI)

The phase information of the biological tissue is two to three
orders of magnitude higher in response to X-ray than the
absorption information, and the imaging using the phase
contrast has higher contrast than the absorption contrast.
Especially, more information can be obtained at the bound-
ary of samples. X-PCI enables label-free imaging of biolo-
gical tissue samples, significantly reducing sample
preparation time.

Using X-PCI technology, Fratini et al. [220] carried out
pioneering work in the field of brain imaging of model ani-
mals. In 2015, they performed submicron-resolution three-
dimensional distribution imaging of the micro-vascular net-
work and the neuronal system in the mouse spinal cord, which
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Figure 4 Synchrotron-based X-CT for brain structure imaging. (a) By using high-energy X-ray beams, clinical CT imaging establishes correlations between
brain structural alterations with cognitive disorders such as schizophrenia. Adapted with permission from Ref. [213], copyright by Nature Publishing Group
(2021). (b) Schematics showing imaging system of the synchrotron-based X-CT. Adapted with permission from Ref. [217], copyright by Oxford University
Press (2020). (c) X-CT imaging of post-mortem brain tissues from a PD patient for spatial mapping of neuromelanin (NM), protein, and their merged image
(green: NM; blue: proteins). Adapted with permission from Ref. [216], copyright by Wiley-VCH GmbH (2020). (d) A promising enzyme-tagging system that
may work with synchrotron X-ray imaging for the identification of specific neurons and pathogenic cells in the brain. Scale bars: 10 um. Adapted with
permission from Ref. [217], copyright by Oxford University Press (2020) (color online).
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can be distinguished without labeling and sectioning. Simi-
larly, Hu et al. [221] imaged the internal microstructure of
vessels and nerve fibers in rat spinal cord using X-PCIL.
Subsequently, Cedola et al. [222] used X-PCI to simulta-
neously image blood vessels and neuronal networks, reveal-
ing experimental autoimmune encephalomyelitis (EAE)-
mediated alterations down to the capillary network and
finding early vascular changes and neuronal loss in an MS
model of mouse. They also performed 3D quantitative re-
search on the neuronal network of the mouse spinal cord
model and compared the obtained results with the mouse
model of MS. This work paved the way for the creation of a
“database” for the characterization of the neuronal network’s
main features for a comparative investigation of neurode-
generative diseases and therapies [223]. These results showed
that the contrast ratio of the images obtained by X-PCI as a
non-invasive imaging method is good, and the problem of
simultaneous imaging of neurons and blood vessels can be
well solved. Additionally, the neural probe was a common
tool in neuroscience. Whether the implantable micro devices
can maintain functional stability over time and whether the
probe implantation causes changes in the surrounding tissues
are issues of great concern to researchers. Bohm et al. [224]
performed 3D imaging with an isotropic resolution of 1 um
on the implanted probe area of rat brain using X-PCI, by
which the positions of the probe and the electrodes on cells
and blood vessels can be distinguished, and established a
research method for simultaneous three-dimensional in-
vestigation of brain tissue with implanted probe.

X-PCI also played an important role in the field of human
brain imaging. In 2018, Khimchenko et al. [225] proposed
integration of a symmetrical X-ray double-grating inter-
ferometer (XDGI) into the laboratory puCT system. The fol-
lowing year, they realized X-ray double-grating
interferometry on Diamond Manchester Imaging Branch
Line (I13-2 Diamond Light Source, Didcot, UK), conducted
quantitative research on paraffin-embedded human cere-
bellum and made the quantitative comparison with conven-
tional synchrotron radiation-based computed tomography. In
this work, they discussed the relative merits of phase and
absorption modalities for virtual histology of soft tissue, and
emphasized the importance of optimization procedures for
the two complementary modes and the trade-off between
spatial and density resolution [226]. Furthermore, Salditt
et al. [208] modified the optical path of P10 beamline at
Deutsches Elektronen-Synchrotron (Hamburg) to image the
paraffin-embedded unlabeled human cerebellum, and iden-
tified the cells in the molecular layer and granular layer using
Hough transform and gray-value-based region growing al-
gorithm. Moreover, they successfully extracted Purkinje
cells from the data set, and found a strong short-range order
and local clustering of granular layer cells.

In summary, synchrotron-based X-PCI is label-free, and
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simplifies the processing protocol of brain tissue samples,
thus being an imaging method for the researches on neuronal
cell body distribution with great application prospects. In the
future, it can be applied to the imaging of other structures in
brain such as axons or dendrites through the improvement of
optical paths and optical devices.

2.6.3 X-ray nano holotomography (XNH)

XNH utilizes changes in the subtle phase shifts of the beam
caused by the sample to image, in combination with holo-
graphic and tomographic reconstruction [227]. The resolu-
tion of XNH is up to tens of nanometers, and, like X-PCI, it is
label-free. Moreover, the imaging speed of XNH is fast. For
example, it can image drosophila whole-brain in 12 h at a
resolution of 50 nm.

XNH has a good ability to image the subcellular structure
of neurons. In 2018, Khimchenko et al. [228] used XNH to
image unlabeled human cerebellar and cortical samples with
an isotropic resolution of 25 nm. Compared with traditional
optical tissue sections stained with hematoxylin and eosin,
XNH could image subcellular structures such as the nuclear
envelope and the nuclear pores at higher resolutions. Results
also showed the rapid hierarchical neuroimaging and auto-
matic rebuilding of the neuronal architecture at the level of a
single cell nucleolus. In addition to high resolution of tens of
nanometers, XNH allows imaging of mm-thick brain tissue
slices due to the high penetration of hard X-ray. For example,
a complete mouse brain only needs to be cut into ten slices,
instead of 25,000 slices with optical microscopy (calculated
based on the Z axis resolution of 0.3 pum), thus greatly saving
imaging time and ensuring tissue integrity to the greatest
extent. Similarly, they applied this technique to image cer-
ebellar Purkinje cells at an isotropic resolution of 50 nm and
extracted the sub-nuclear structure by semi-automatic seg-
mentation with a success rate of 97% [229].

The deep penetration of XNH, combined with its large
FOV-to-resolution ratio, makes XNH suitable for tracking
the long axons of neurons. Kuan et al. [230] from Harvard
university applied it to image the legs of adult drosophila
melanogaster at an isotropic resolution of 25 nm combined
with Mosaic imaging strategy. They trained a convolutional
neural network to quickly segment neurons from the data set,
and realized the reconstruction and tracking of a single motor
axon from the drosophila muscle to the CNS. XNH is also
applicable to the mouse brain. Using this technology, they
reconstructed hundreds of pyramidal cells in the cortex and
found more superficial cells receive stronger synaptic in-
hibition on their apical dendrites. Since the integrity of the
tissues was preserved, they were able to perform higher re-
solution EM imaging of the brain tissue [230]. Collectively,
XNH played an important role in the imaging of fine struc-
tures of the brain tissues with its high resolution of tens of
nanometers, no labeling and fast imaging ability.
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3 Electrophysiology techniques for recording
ion channel activity in the brain

3.1 New electrophysiology technologies for neural
recordings

Electrophysiology technologies for neural recordings have
revolutionized neuroscience by recording neuronal activity
via the local field potential (LFP) and action potentials (AP)
of a single cell. However, conventional technologies for
electrophysiology generally suffer from several limitations,
including low spatiotemporal resolution, incompatible with
biological tissues, which might cause chronic immune re-
sponses and poor stability during long-term determination.
What’s more, the low complexity of conventional recording
technology fails to deeply reveal the complex relationship of
neural circuits in behaving animals. Driven by the encoura-
ging progress of novel neural recording technologies, re-
cording neural activity with a great spatiotemporal
resolution, low tissue damage and multi-functionality is be-
coming possible and attractive.

3.1.1 Electrode technologies for neural recordings with
great spatiotemporal span

Electrodes are the first critical interface to the neural tissues.
The recording electrode implantable into the deep neural
tissues can output electrical activity signal, which can pro-
vide valuable insights into the function and organization of
the nervous system. The earliest neural recording electrode
was proposed by Edgar Adrian in 1928 [231]. They suc-
cessfully recorded the discharge of nerve fibers using a
Lippmann electrometer in which electrodes were taken as the
fundamental part of the neural recording system, and the
corresponding electrical activity signals in neural tissue were
acquired. Since then, the research on the electrodes for nerve
tissue has gradually becoming a hot field. In 1959, Hubel
et al. [232] used tungsten electrodes to record single neurons
and realized mapping visual cortex of cat. In 1981, Hamill
et al. [233] used patch clamp to measure single ion channel
current followed by nm-level and ms-level spatiotemporal
resolution. Unfortunately, limited by the number of electro-
des, it is still difficult to achieve the measurement of large-
scale neural network communication using patch clamp
technique. To date, the biggest challenge of neural recording
is to measure multiple brain regions or even the whole brain
to deeply understand the complex neural networks and
neural activity of interest. With the development of micro-
nano processing technology, the electrode fabrication tech-
nology has made revolutionary progress. The emergence of
CMOS technology has made it possible to fabricate elec-
trodes with smaller sizes and higher densities. Together with
various new electrode technologies, the microelectrode ar-
rays with high density enable the acquisition of neural data
with high spatiotemporal resolution, opening a new chapter
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in the field of neural recording.

An important parameter for electrodes used in neural re-
cording is low impedance at the interface to increase sen-
sitivity and provide high signal-to-noise ratio (SNR).
Therefore, inorganic metal materials like platinum black
[234] and iridium oxide [235] are often used to fabricate
neural electrodes. Abbott ef al. [61] developed a nanoelec-
trode array for acquiring intracellular signals from thou-
sands of connected mammalian neurons in vitro (Figure 5a).
This array consisted of 4,096 platinum black electrodes with
nanoscale roughness, in which the application of platinum
black greatly reduced the impedance. Then, the entire array
was integrated on a silicon chip with the flexibility to switch
between voltage-clamp or current-clamp, successfully
mapping over 300 excitatory and inhibitory synaptic con-
nections from more than 1,700 neurons. A large size of
metal electrode can reduce impedance, but electrode with
micro/nano size provides higher spatial resolution. To solve
this trade-off, the geometric area of the electrode-tissue in-
terface is needed to be increased while the diameter of
electrode is decreased. Several metal nanostructures, such as
nanopillars [236] and nanoflakes [237], were developed. Lin
et al. [58] developed an iridium oxide nanotube electrodes
array for recording intracellular action potentials with sen-
sitivity and stability (Figure 5b). Nanotube-shaped electro-
des enhance the coupling between cells and electrodes,
providing larger signal compared with solid-state nanoe-
lectrodes, and is less invasive to afford continuous mea-
surements for up to 8 days.

Moreover, the non-biological properties of metal materials
cause stress on neural tissue, leading to poor biocompat-
ibility and stability of metal electrode-tissue interface. The
emergence of conductive polymers [238,239] and carbon
materials [240,241] provides new possibilities for the tran-
sistor developing neural electrodes with excellent bio-
compatibility and stability. Conductive polymers, such as
poly(3,4-ethylenedioxythiophene) (PEDOT), poly(pyrrole),
and poly(aniline), were widely utilized to fabricate neural
electrodes owing to their good electrical conductivity and
biocompatibility. A large-scale, multi-site neural recording
platform with 1,024 recording channels was developed by
Chung et al. [242], benefitting from the flexibility and sta-
bility of conductive polymer electrodes, and can realize
months-long recordings from hundreds of well-isolated units
across multiple brain regions (Figure 5c). Dipalo ef al. [243]
made a graphene-decorated microelectrode platform to in-
vestigate the effect of drugs on the intracellular action po-
tential of cardiac cells (Figure 5d). This platform consisted of
3D fuzzy graphene grown out of the plane, and the system
was noninvasive without affecting spontaneous electrical
activity of cells, displaying high mechanical flexibility for in
vivo applications, high biocompatibility for long-term ex-
periments.
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Figure S Electrode technologies for neural recordings with great spatiotemporal span. (a) False colored SEM image of neurons cultured on top of the
platinum black electrode array. Adapted with permission from Ref. [61], copyright by Nature Publishing Group (2020). (b) SEM images of IrOx nanotube
array on a square Pt pad insulated with Si;N,/SiO,, in which the top view shows the hollow center of the nanotube. Scale bars: left 2 mm, right 200 nm.
Adapted with permission from Ref. [58], copyright by Nature Publishing Group (2014). (c) Illustration of polymer electrode array. Left: schematic of 16-
channel shank of polymer array; middle left: image of 16-channel shank; middle right: 4-shank with 250 mm edge-to-edge spacing; right: full polymer array
with bonding pads at top of array. Adapted with permission from Ref. [242], copyright by Elsevier (2019). (d) SEM images of 50 pm graphene micro-
electrodes. Red and Cyan arrows indicate passivated and exposed electrode area, respectively. Scale bar: 100 um. The inset represents expanded view of the
red dashed box showing of the three-dimensional fuzzy graphene geometry. Scale bar: 500 nm. Adapted with permission from Ref. [243], copyright by
American Association for the Advancement of Science (2021). (e) Left: optical image of the probe conforming onto a curvilinear surface. Scale bar: 1 mm.
The inset shows an image of the whole probe. Scale bar: 10 mm. Down: layouts of the surface electrode and channel, respectively. Adapted with permission
from Ref. [244], copyright by Nature Publishing Group (2013) (color online).

In addition, the electrical signal generated by nerve tissues
is very small in amplitude. Conventional electrodes will in-
troduce noise while recording neural activity, leading to the
difficulty to separate neural signals from noise. Transistors as
neural electrodes may achieve high signal-to-noise readout,
providing abundant electric information. For instance,
Khodagholy et al. [244] prepared an organic transistor
electrode for recording cortical activity in vivo through
adopting parylene film as electrode substrate. PEDOT:poly-
(4-styrenesulfonate) (PSS) was used as the transistor channel
and Au served as source and drain electrodes (Figure Se).
Compared with ordinary penetrating electrodes, the device
demonstrated a high SNR and flexibility, which is able to
reveal brain activities with low-amplitude.

3.1.2  Flexible and transparent microprobe array

Silicon-based and noble metal-based materials such as Au
and Pt have much higher elastic modulus than brain tissue.
Therefore, electrodes made with these rigid materials lack
long-term stability for chronic recording after being im-
planted into tissues because of tissue damage and in-
flammation [245]. Flexible electrodes can form adaptive
interfaces with neural tissues due to their stretchability and
structural softness, and neural electrodes made by flexible
materials can maintain chronic recording [246]. In addition,
low modulus of flexible electrodes causes less damage to the
nerve tissue. Therefore, they are very suitable for implanta-
tion in vivo. There are mainly three types of flexible elec-

trodes, filament-like probe, sheet-like probe and open mesh-
like probe.

The filament-like structures facilitate insertion and ex-
hibit good compliance with surrounding biological tissues
due to their ultra-thin geometry and low bending stiffness.
Musk [247] fabricated a Neurallink array composed by 96
separate soft filaments with 3,072 sensing sites. A tungsten-
rhenium wire facilitates the insertion of each probe into
neural tissues (Figure 6a). Coating with PEDOT:PSS and
iridium oxide on each filament lowers the interfacial im-
pedance. These filaments were suitable for chronic re-
cording for minimizing cellular damage and glial scar
formation at the electrode-brain interface. Sheet-like probes
provided interfaces across multiple brain regions to record
neural signals in a non-penetrating manner, referred to as
electrocorticography arrays. Khodagholy et al. [248] de-
veloped an organic material-based, biocompatible, con-
formable neural electrode array named ‘NeuroGrid’ to
record both action potentials and LFPs from cortical neu-
rons without penetrating the brain. They used PEDOT:PSS
as the interface material for sensing electrodes to decrease
electrochemical impedance and provide flexibility. This
device resulted in high stability of electrode to record for
more than 1 week.

Transforming the planar sheet-like structure into an open
3D mesh-like structure further enhances the recording
performance, enabling to record across multiple brain re-
gions in different depth with superior flexibility and bio-
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compatibility. Fu et al. [249] developed a macroporous
flexible-mesh electronic system consisting of 16 recording
or stimulating electrodes for chronic recording in vivo
(Figure 6b). The width (20 um) and thickness (800 nm) of
the mesh elements yield a low bending stiffness, which was
comparable to the stiffness of neural tissue and resulted in a
low immune response. The system was highly stable for
LFP recordings in mice brain for at least 8§ months without
probe moving. Moreover, flexible devices with optically
transparent materials provided an alternative to combine
various optical techniques with neural recording devices,
allowing simultaneous electrical recording and optical sti-
mulation or imaging [250]. Combination of a high temporal
resolution of electrical recording and high spatial resolution
of optical imaging makes unprecedented neuroscience
discoveries. Metal nanowires, such as indium tin oxide
(ITO) [251], conductive polymers [252] and carbon mate-
rials including carbon nanotubes and graphene, are ever
utilized to prepare transparent neural recording electrodes.
Qiang et al. [57] established a transparent 32-channel mi-
croelectrode array for simultaneous electrophysiology re-
cording and two-photon imaging in mouse brain (Figure
6¢). The microelectrodes arrays consisted of a nano-mesh
bilayer of 25 nm-thick Au and an 85 nm-thick PEDOT:PSS,
in which Au nanomesh served as interconnects and SU-8
layer as encapsulation. This system exhibited great com-
patibility and excellent optical transparency, allowing
(in vivo) two-photon imaging of single neurons in awake
mice, along with simultaneous electrical recording of vi-
sually evoked activity.
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3.1.3 Electrophysiology electrode with multi-functionality
To reveal the connectivity of neurons in neural networks and
the relationship among neural activity patterns, brain func-
tion and animal behavior is particularly significant to un-
derstand the molecular mechanism of the brain. However,
simply and lonely recording the neural activity is too limited
to figure out complex neural circuits. In order to solve this
problem, electrophysiology electrodes combined with mul-
tiplex functionality, such as electrical stimulation, light reg-
ulation, chemical and biology regulation, have emerged and
rapidly attracted extensive attention. Multifunctional elec-
trodes have great potential to clarify the connections and
dynamic communication processes in neurons and neural
circuits. At present, scientists have combined electro-
physiological recording electrodes with multiple functional
modules, including electrical stimulation, photo stimulation,
and microfluidics. Zhang et al. [253] reported a twining
device for peripheral nerve electrostimulation and recording
(Figure 6d). The device consisted of mesh Au electrodes
onto a flexible shape memory substrate which can transform
2D planar structures into 3D with elastic modulus from
100 MPa to 300 kPa. The device can wrap onto peripheral
nerves after exposure to physiological conditions, and sti-
mulate the right vagus nerve with 0.4 mA current to mod-
ulate heart rates of rabbit during recording action potential of
the sciatic nerve.

Optogenetic methods can mark and stimulate specific
neuron subtypes to modulate neural circuits. Furthermore,
optical methods are compatible with electrical recording and
optical stimulation, and are less interference compared with
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Figure 6 Flexible and transparent microprobe array. (a) An image of the filament-like ‘Neurallink’ array implanted to the cortical surface with minimal
bleeding. Adapted with permission from Ref. [247], copyright by Elon Musk, Neuralink (1979). (b) Schematic showing a mouse implanted with mesh
electronics printed to a flexible flat cable (red arrow), which is folded afterward to minimize its profile. Adapted with permission from Ref. [249], copyright
by Nature Publishing Group (2016). (c) Structure of the 32-channel Au/PEDOT:PSS nanomesh transparent microelectrodes array. Adapted with permission
from Ref. [57], copyright by American Association for the Advancement of Science (2018). (d) Illustration of the bipolar twining electrodes integrated on the
sciatic nerve for stimulation and recording. Adapted with permission from Ref. [253], copyright by American Association for the Advancement of Science
(2019). (e) Left: image of shank tip with the optical stimulation site and the outlet of the microfluidic channel. Right: a magnified image of the four-shank
array showing transmitted blue light through the SU-8 waveguide and the mixed liquid delivered through microfluidic channels. Adapted with permission

from Ref. [255], copyright by Nature Publishing Group (2019) (color online).
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electrical stimulation while recording neural activity.
Therefore, rational integration of the advantages of electro-
physiology and optical method can provide a promising tool
to monitor neural network activity on large scale with ultra-
high spatiotemporal resolution. For example, Wu et al. [254]
fabricated the silicon neural probes by integrating them with
neuron-size microscopic light-emitting diodes (uLEDs),
which were successfully used for high-resolution optoge-
netic studies in behaving animals. The four-shank probes,
each integrated with 12 pLEDs and 32 recording sites, pro-
vided confined emission and highly localized optogenetic
modulation with electrodes recording electrophysiology
signal simultaneously in vivo. Integrated with microfluidic
channels into neural probes researchers established a plat-
form to deliver chemical and biological agents into local
neurons, realizing modulation of neural activity even in deep
brain regions. A soft and transparent neural implant electrode
integrated with a compliant fluidic microchannel was de-
veloped by Minev et al. [255], which consisted of four parts
including a transparent silicone substrate, stretchable gold
interconnects, soft electrodes coated with a platinum-silicone
composite and a small fluidic channel (50 pm by 100 pm in
cross-section). The device can realize chemical neuromo-
dulation by local drug application and simultaneously re-
cording neuronal activity in high-resolution. Next, Shin et al.
[256] reported a multi-functional neural probe for both re-
cording and modulating long-range neural circuits in vivo
(Figure 6e). The platform is integrated with an optical wa-
veguide for optical stimulation, a microfluidic channel for
drug delivery and microelectrode arrays for recording neural
activity signals at the cellular level from different regions.
Based on this useful electrode, they successfully modulated
and confirmed the functional connectivity between the hip-
pocampal CA3 and CALl regions in vivo.

3.2 Electrophysiological recording at the single-neuron
level

Cells maintain a polarized state under normal physiological
conditions. The maintenance of this polarized state is closely
related to the opening and closing of ion channels on the cell
membrane, which generate resting potentials. When ex-
citable cells receive a certain stimulus, they will generate
nerve impulses, so-called action potentials. In 1939, Hodgkin
and Huxley [257] used their homemade microelectrodes (a
wire inserted into a very sharp capillary tube and filled with
saline) to record the action potentials of the giant axons of the
squid for the first time, which is the earliest record of in-
tracellular electrophysiological signals. However, due to the
lack of advanced technology at that time, the ionic me-
chanism involved has not been explored. The Voltage Patch
Clamp was first invented by Kenneth Cole and Howard
Curtis in 1949. The principle of this technology uses elec-
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tronic feedback technology to clamp the axonal membrane
potential and measure the compensation current, that is, the
transmembrane current [258-260]. Subsequently, Hodgkin
and Huxley successfully analyzed the components of the
transmembrane ion flux during membrane excitation by
using the voltage clamp technique in 1952, that is, the as-
cending branch of the action potential is mediated by Na'
influx, while the subsequent descending branch is caused by
K’ efflux. At the same time, the famous Hodgkin-Huxley
model was proposed [261]. Hodgkin and Huxley also won
the 1963 Nobel Prize in Medicine and Physiology for this
work. In 1976, German scientists Neher and Sakmann [262]
poured an electrolyte solution containing acetylcholine
analogs into a glass electrode, lightly pressed it on the sur-
face of the isolated frog skeletal muscle fibers, and separated
a membrane with an area of only 1-10 square microns to
record a single-channel current. It was found that the back-
ground noise was significantly reduced (Figure 7a). This
historical event marked the advent of Patch Clamp. The birth
of patch clamp technology marks the era of electro-
physiological research from the single-cell level to the sin-
gle-channel level, which is an important milestone in the
history of electrophysiological research [262]. The invention
of patch clamp technology provided a very powerful tool for
ion channel research, and it has become the “gold standard”
for ion channel research. Using the patch clamp, Peier ef al.
[263] identified a TRP channel that senses cold stimuli and
menthol. Noma [264] reported that application of the patch-
clamp technique to CN-treated mammalian heart cells re-
veals specific K' channels which are depressed by in-
tracellular ATP (ATPi) at levels greater than 1 mM. Nowak
et al. [265] found the voltage dependence of the NMDA
receptor-linked conductance is the consequence of the vol-
tage dependence of the Mg2+ block. Although the patch
clamp has provided us with information with high accuracy
and high temporal resolution, this tool has limitations in
practice, including invasiveness to cells, difficulty in multi-
plexing parallelization, and lower spatial resolution. There-
fore, with the development of nanotechnology, new
electrophysiological platforms based on nanotechnology are
proposed to overcome the above shortcomings. The appli-
cation of nanotechnology provided a powerful, non-invasive
intracellular recording system such as nanoelectrodes, na-
notransistors, and nanowire arrays. Lin et al. [58] designed a
novel nanotube electrode that could prolong the recording
duration of intracellular signals and the signal quality (Figure
7b—f). Zhao et al. [62] combined deterministic shape-con-
trolled nanowire transfer with spatially defined semi-
conductor-to-metal transformation to realize scalable
nanowire field-effect transistor probe arrays with con-
trollable tip geometry and sensor size, which enabled the
recording of up to 100 mV intracellular action potentials
from primary neurons (Figure 7g—i).
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Figure 7 Electrophysiological recording at the single-neuron level. (a) Schematic circuit diagram for current recording from a patch of membrane with an
extracellular pipette. Adapted with permission from Ref. [262], copyright by Nature Publishing Group (1976). (b) SEM images of a cardiomyocyte growing
on top of a large IrOx nanotube array show that the cell engulfs the nanotubes. Scale bars, left of panel 100 nm, the centre of panel 5 um, right of panel
100 nm. Adapted with permission from Ref. [58], copyright by Nature Publishing Group (2014). (c) SEM image of an unroofed cell with part of the top
plasma membrane, the nucleus and the cytosol removed. Scale bars: left panel of 5 um, the centre panel of 200 nm, right panel of 100 nm. Adapted with
permission from Ref. [58], copyright by Nature Publishing Group (2014). (d) IrOx nanotube electrodes measured extracellular action potentials in HL-1
cardiomyocytes. Adapted with permission from Ref. [58], copyright by Nature Publishing Group (2014). (¢) Immediately after local electroporation, IrOx
nanotube achieved intracellular recording of action potentials. Adapted with permission from Ref. [58], copyright by Nature Publishing Group (2014).
(f) Intracellular recording of HL-1 action potentials by IrOx nanotube and Au nanopillar electrodes for the first 60 s after electroporation. Adapted with
permission from Ref. [58], copyright by Nature Publishing Group (2014). (g) Ultrasmall U-NWFET probe as a new approach for electrophysiology. Adapted
with permission from Ref. [62], copyright by Nature Publishing Group (2019). (h) Schematics of two possible probe-cell interfaces. Adapted with permission
from Ref. [62], copyright by Nature Publishing Group (2019). (i) Intracellular/intracellular-like recording from a DRG neuron by a ~50 nm FET channel
length probe with 1 um ROC. Inset, magnified views of selected action potentials. Adapted with permission from Ref. [62], copyright by Nature Publishing

Group (2019) (color online).

Nanoelectrodes reduce cell damage due to smaller elec-
trode tips. But smaller electrode sizes usually give rise to
higher resistance, which in turn leads to reduced sensitivity.
To solve this problem, recently, the developed nano field-
effect transistors (nanoFETs) free from the limitation of
impedance, have exhibited outstanding advantages in long-
term recording and parallelization. However, this type of
device is complex and expensive to manufacture, resulting in
limited application in the reagent delivery, and stimulation
activation functions. To date, the 3D structural design of
nanoelectrode arrays has attracted extensive attention be-
cause these devices could be rationally designed to fulfill the
requirements of easier implantation in nerves, good com-
patibility for the nervous system, and avoid immune reac-
tions to the greatest extent [266].

3.3 In vivo electrophysiological recording in brain
mapping

Neuronal activity generated in the brain can be obtained by
measuring transmembrane currents in the extracellular
medium. The main sources of extracellular electrical signals
include synaptic activity, Ca™" spikes and other voltage-de-
pendent intrinsic events, as well as action potentials and
spike afterpotentials [267]. Techniques for recording extra-
cellular electrophysiological signals can be divided into non-
invasive and invasive in vivo. Non-invasive techniques in-

clude electroencephalography (EEG), magnetoencephalo-
graphy (MEG), and invasive techniques include
electrocorticography (ECoG), and LFP.

As the most widely used non-invasive method for re-
cording electrophysiological signals, EEG records rhythmic
and non-rhythmic bioelectrical activities in the cerebral
cortex by placing electrodes on the scalp of humans or ani-
mals. After the signal passes through a certain amplification
recording system, it depicts a bioelectric signal with a certain
waveform, amplitude, frequency and phase [268]. EEG
technology has high temporal resolution and can monitor
events that occur on the millisecond time scale. The earliest
EEG recording system was invented in 1913, which con-
sisted of a pair of sensors mounted on the head to monitor
changes in electrophysiological signals throughout the brain
[269,270]. Unfortunately, it was soon discovered that EEG
varied substantially over the scalp [271,272], which in-
stigated simultaneous recordings from several EEG sensors
and resulted in the standardized “10-20 electrode place-
ment system of 21 scalp electrodes (electrode separation >
6 cm) adopted half a century ago [273,274]. Although this
system is still widely used by clinicians, high-density (64—
256 sensors, electrode separation > 2 cm) EEG systems,
which appeared three decades ago [275] quickly became a
popular choice for EEG scientists and have since made their
way into some clinics. Given the advances in amplifier
miniaturization and wireless data transmission, EEG systems
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with up to 1,000 sensors are well within reach of modern
technology, which enables the acquisition of electro-
physiological data with a higher SNR.

Another commonly used non-invasive electro-
physiological recording technique is MEG. MEG uses su-
perconducting quantum interference devices (SQUIDs) to
monitor weak magnetic field changes outside the skull
(usually in the 10-1,000 fT range) generated by the electrical
activity of neurons in the brain. The temporal resolution of
MEQG is less than 1 ms, and the spatial resolution is about 2—
3 mm [276]. The electrical activity of the brain originates
from ions flowing in and out of the selective ionic membrane
of neurons. EEG/MEG signals recorded on the scalp re-
present the underlying activation of synchronized neuronal
populations that encode brain function or disease-related
dysfunction [277].

The advantage of MEG over EEG is that the magnetic
signal is less dependent on the conductance of the extra-
cellular space. Part of the reason for this difference may be
that the capacitive properties of extracellular media (e.g.,
skin and scalp muscles) distort EEG signals, but not mag-
netoencephalogram signals [278]. MEG and EEG originate
from the same type of physiological sources, described as
primary currents. Major contributions to the primary currents
come from postsynaptic dendritic currents in cortical pyr-
amidal cells. The spatial sensitivity patterns to the primary
currents are different for MEG and EEG, which allows MEG
and EEG to provide complementary information about the
same type of sources [279]. Clinically, MEG combined with
EEG and structural MRI has been maturely applied to the
localization of focal epilepsy, providing a powerful tool for
the treatment and diagnosis of neurological diseases [280].

By contrast, ECoG is often used in clinical surgery as an
invasive technique. ECoG is gradually developed based on
in-depth EEG research. ECoG was first proposed in the
1950s by neurosurgeons Wilder Penfield and Herbert Jasper
of the Montreal Neurological Institute [281], and was used to
locate lesions in the clinical treatment of epilepsy [282].
ECoG is generally used in clinical research to monitor the
electrical activity of the cerebral cortex. It uses iridium or
stainless-steel electrodes under the brain dura to directly
record electrical signals on the surface of the cerebral cortex,
without the need to transmit signals through the skull and
scalp, so its spatial resolution (<5 mmz) is significantly better
than that of EEG [267,283].

However, the low spatial resolution of EEG, MEG, and
ECoG limit these techniques to only monitor electrical sig-
nals occurring in the superficial layer of the cerebral cortex
(Figure 8). LFP technology is a method allowance to directly
implant microelectrodes into the target brain area to monitor
electrical signals with higher spatial resolution [267]. The
extracellular broadband neural signals recorded by the
electrodes can be processed into signals of different fre-
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Figure 8 Extracellular traces using different recording methods are fun-
damentally similar. Adapted with permission from Ref. [267], copyright by
Nature Publishing Group (2012). (a) Simultaneous recordings from three
depth electrodes (two selected sites each) in the left amygdala and hippo-
campus (measuring the LFP). (b) A 6 s epoch of slow waves recorded by
scalp EEG (Cz, red), and LFP (blue) recorded by depth electrodes placed in
the deep layers of the supplementary motor area (SM) and entorhinal cortex
(EC), hippocampus (HC) and amygdala (Am). Also shown are multiple-
unit activity (green) and spikes of isolated neurons (black ticks). (¢) Si-
multaneously recorded magnetoencephalogram (MEG; black) and anterior
hippocampus depth EEG (red) from a patient with drug-resistant epilepsy.
(d) Simultaneously recorded LFP traces from the superficial (“surface”)
and deep (“depth”) layers of the motor cortex in an anesthetized cat and an
intracellular trace from a layer 5 pyramidal neuron (color online).

quency bands by the Fourier transform. Depending on the
frequency band these signals can be divided into at least two
different types: the slow-varying LFPs and action potentials
(AP) (typically <100 Hz for LFPs and >250 Hz for single-
unit action potentials). LFP represents the collective trans-
membrane current of multiple neurons, and AP represents
the millisecond-level response from a single neuron or single
unit [284]. Furthermore, oversampling recording electrodes
such as tetrodes and high-density Michigan-type silicon
probes further facilitate spike separation and assignment to
individual neurons, and the corresponding single unit signals
generated by different neurons can be temporally resolved
[285]. Although LFP has high temporal and spatial resolu-
tion, the trauma and immune response during surgery are
greater than that of EEG, MEG and ECoG because of its
invasiveness. As a result, LFP is currently mainly used in
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laboratory research and is seldom applied in detection in
humans.

4 Electrochemical method for determination of
chemical species in the brain

4.1 Development of highly selective electrochemical
probes based on dual-recognition strategy

The brain’s electrical signals are generally generated by
chemical species for instance ions, and neurotransmitters.
Development of accurate quantification approaches for
electrical signal originating from chemicals in brain is sig-
nificant to analyze the molecular mechanism of brain func-
tions. However, the living environment is complex with lots
of interferences, and is distinct from detection environment
for in vitro calibration. Therefore, the establishment of a
highly selective and accurate analytical methods in vivo is
the main scientific problem for understanding the physiolo-
gical and pathological processes in the brain. To solve this
problem, dual-recognition strategy-based electrochemical
probes were proposed for in vivo measurement, in which the
chemical recognition of specific ligands towards target
analytes and the redox-activity of chemicals were synergis-
tically used to enhance the selectivity of detection. Based on

(a) wen _
| 4 S (—blank L~z A
Fo -z~ 4. e
A= |— normal A=
-i—én—m— v",';. — Ischemia TCu” -:I:l-;w
—z-gw. \Channel 2 nnel 1) Vi ‘“T:
rEn e =
Electrochemical -
3 —— working station -
47 =
7N e ce. |[TE\
KER 7i% RE. |[3z
YERR 4 WE.1 PRy,
1 WE.2 jeo"
W.E. 2

W. E. = working electrode; C. E. = counter electrode; R. E. = reference electrode

Channel 1

0 T .
05 04 03 02 01 00 -01
Potential (V vs. Ag/AgCl) —>

February (2023) Vol.66 No.2

this strategy, a series of electrochemical probes based on
dual-recognition strategy have been synthesized for in vivo
determination of metal ions, amine acids, reactive oxygen
species (ROS), and sulfides [63,66,69,71]. A Cu-free deri-
vative of bovine erythrocyte copper-zinc superoxide dis-
mutase (SOD-E,Zn,SOD) was firstly prepared for the
chemical recognition of Cu’" jons owing to the specific in-
teraction between E,Zn,SOD and cu™. Meanwhile, the
faradic current response generated by Cu® captured by
E,Zn,SOD was taken as the response signal. Moreover, 6-
(ferrocenyl) hexanethiol (FcHT) was employed as a re-
ference element and combined with E,Zn,SOD to construct a
two-channel ratiometric electrochemical biosensor for the
first time. This sensor showed a high sensitivity of
30.2 mA M ' cm " and a low detection limit of 3 nM and was
finally integrated with the carbon fiber microelectrode
(CFME) to achieve selectively sensing Cu’" ions in a rat
brain followed by cerebral ischemia (Figure 9a—c).
Reduced Cu” and oxidized Cu”" are a pair of important
redox active substances in the living system. The imbalance
of Cu’ and Cu”" is closely related to AD and other brain
diseases. In order to investigate the roles of Cu' involved in
brain, Tian et al. [66] further designed and synthesized a
series of N,N-bis(2-[2-(ethylthiol) ethyl])-based derivatives
as the Cu’ recognition ligands (Figure 9d). After system-
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Figure 9 Development of highly selective electrochemical probes based on dual-recognition strategy. (a) The present two-channel biosensor for in vivo
monitoring of Cu”’ in a rat brain. Adapted with permission from Ref. [63], copyright by Wiley-VCH GmbH (2013). (b) SEM and TEM images of the Au
microcages. Adapted with permission from Ref. [63], copyright by Wiley-VCH GmbH (2013). (c) Differential pulse voltammetry (DPV) responses obtained
using the two-channel ratiometric biosensor for the determination of Cu” in (I) a normal rat brain and (II) a rat brain following cerebral ischemia. Adapted
with permission from Ref. [63], copyright by Wiley-VCH GmbH (2013). (d) (I) The developed ratiometric single biosensor for the simultaneous evaluation of
the levels of Cu” and pH in a live mouse brain. (II) SEM images of CFME/SWNT and the enlarged image of the SWNTs. (III) The general synthesis of NS4s
and the corresponding molecular structures. (IV) Preparation procedures for the functionalized electrodes. Adapted with permission from Ref. [66], copyright
by Wiley-VCH GmbH (2017). (e) Probes designed in the proposed sensing strategy. Adapted with permission from Ref. [64], copyright by Wiley-VCH

GmbH (2019) (color online).
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atically evaluating the electrochemical parameters of Cu’
oxidation by tuning alkyl chain length, polyaromatic struc-
ture, and substitute group site of NS4, NS4-C1 was finally
optimized for Cu" detection as it showed the most negative
potential and the largest current density. Meanwhile, 9,10-
anthraquinone was designed as a selective pH recognition,
while 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)
was employed as an inner reference. This single biosensor
with both current and potential signal outputs can simulta-
neously determine Cu” concentrations from 0.5 to 9.5 uM, as
well as pH values ranging from 6.0 to 8.0. Eventually, the
efficient biosensor contributed to simultaneous detection of
Cu’ and pH in the live brain with AD and found that the
amount of Cu’ was 1.8 times in rat brains with AD model
than that of normal brain.

In fact, many non-redox active molecules play critical
roles in brain functions. These species are difficult to be
detected directly according to their faradic signal due to main
two reasons: their redox potential beyond the potential
window of water decomposition and their overpotential
which is too large to be observed in the normal polarized
window. To solve this problem, Tian et al. [63,66,69,71]
proposed an alternative double-recognition sensing strategy
through rational transferring specific chemical interaction
into selective faradic current signal. A typical electroactive
molecule is the polysulfide (H,S,). In recent years, the roles
of hydrogen sulfide (H,S) and its oxidizing forms (H,S,) in
the physiological and pathological processes in the brain
remain controversial [286-288]. Although H,S has been
demonstrated to be a signaling molecule in the past, recent
studies suggest that H,S, is a true regulator in signal trans-
duction [289-291]. However, the lack of an effective strat-
egy to simultaneously determine H,S and H,S, is the main
barrier to understanding the physiological roles of H,S and
H,S, playing in the brain. Therefore, designing an efficient
strategy for simultaneous detection of H,S and H,S, without
crosstalk and contamination is still a great challenge. Moti-
vated by the above challenges, Tian et al. [64] rationally
designed and synthesized the specific recognition molecules
for H,S, and H,S, 3,4-bis((2-fluoro-5-nitrobenzoyl) oxy)-
benzoic acid (Mpg ;) and N-(4-(2,5-dinitro-phenoxy) phe-
nyl)-5-(1,2-dithiolan-3-yl) pentanamide (Mys.;) (Figure 9e).
Once Mpg,; and Myg_; have interacted with targets, the qui-
none derivative was generated by a specific chemical reac-
tion, resulting in two well-separated anodic peaks. By
assembling the two probes, Mpg ; and Myg_;, on a mesopor-
ous gold membrane decorated CFME, the microsensor ex-
hibited high selectivity, and good resistance to biological
contamination for assaying H,S and H,S,, in the brain. Using
this electrochemical sensor, the variation of H,S, and H,S in
mouse brains under ischemia and AD was successfully ob-
served. More interestingly, H,S, was found to exhibit a
stronger ability to activate TRPA1 channel rather than H,S.
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This study not only is helpful to understand the molecular
mechanism of H,S and H,S,,, but also provides a way to design
a single sensor for identifying multiple species that are closely
related to physiological and pathological events in the brain.

4.2 Construction of electrochemical probes with
long-term stability based on surface/interface chemistry

Stable molecular assembly at electrode surface is critical for
electrochemical sensors to acquire the reliable and long-term
measurements in practical brain systems. As the most pop-
ular model of molecular assembly, thiol-functionalized gold
interfaces have been widely reported in electrochemical
sensors [64,67,72]. However, the main shortcoming for thiol
ligands is that thiol can be replaced by rich biological mer-
captans such as glutathione [292,293], leading to detection
distortion and unstable assembly of molecular probes on
gold surface. In order to solve this problem, Tian et al. [68]
systematically compared the analytical performance of
electrochemical sensors based on Au-S, Au—-Se and Au—
C=C bonds in terms of formal potential, peak current density
and electron transfer rate constant, respectively (Figure 10a).
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Figure 10 Electrochemical probes with long-term stability based on
surface/interface chemistry. Adapted with permission from Ref. [68],
copyright by Wiley-VCH GmbH (2020). (a) The synthetic route for FDCA
molecule; (b) assembly of the FDCA molecules onto CFME through three
strategies to form CFME/Auw/AT/FDCA, CFME/Au/AS/FDCA, and CFME/
Au/PA/FDCA electrodes; (c) represent SEM images of CFME/Au electrode
and enlarged Au nanoparticles onto CFME and the working principle of the
developed sensor for determination of Fe*' (color online).
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The results showed that the surface based on Au—C=C bond
had the highest bond energy, the lowest Gibbs free energy,
the highest surface adsorption, and the shortest bond length,
resulting in the highest stability and the best electrochemical
performance (Figure 10b). Based on this discovery, the au-
thors used Fe*" as the typical model to design a ferrocenyl
endoperoxide carboxylic acid (FDCA) for specific recogni-
tion of Fe™". Then, FDCA was assembled on the electrode
surface by three strategies of Au—S, Au—Se and Au—C=C
bonds (Figure 10c). One part of FDCA molecules specifi-
cally reacted with Fe’* through an irreversible 1,2,4-triox-
olane ring-opening reaction, resulting in the loss of ferrocene
group from FDCA molecule (Figure 10c). The results
showed that the surface based on Au—C=C bond indicated
the best performance and the highest stability under phy-
siological conditions. By constructing microelectrode arrays
consisting of 6 channels for sensing Fe’' in the brain, it has
been found that extracellular Fe’’ entered brain neurons
primarily through N-methyl-D receptor (NMDAR)-asso-
ciated Ca”" ion channels in hippocampus that are glutamate-
mediated. In cortex and striatum, Fe** mainly enters neurons
through the cAMP-regulated cAMP response element-
binding protein pathway. This work provides conclusive
evidence that electrochemical surfaces based on the Au-—
C=C assembly strategy provide superior electrochemical
performance and high stability in biological conditions and
should be widely used in electrochemical biological systems
and electronic devices.

4.3 Electrochemophysiological microarray for
simultaneous acquisition of electrochemical and
electrophysiological signals in the brain

Besides lots of coexisting interferences in complicated brain
environments, many proteins are existing in the brain. Most
of the proteins are electrochemical inert, and easy to be ad-
sorbed on the electrode surface via nonspecific adsorption,
leading to great signal loss [294,295]. As a consequence, it is
still challenging to long-term monitor chemical signals in the
brain. In the past few decades, sensors based on repulsion
between the many hydrophilic materials and protein hydra-
tion layer have been developed to resist protein adsorption
[296]. Unfortunately, electrode surfaces that are fully pro-
tected by antimicrobial materials have difficulty being
modified by functional recognition molecules at the active
sites. To solve these problems, Tian et al. [74] recently de-
signed and developed a novel biofilm-resistant microfiber
array that can real-time track extracellular Ca”' changes with
high reversibility and selectivity (Figure 11a). CFME mod-
ified with gold particles was alternately coated with gra-
phene oxide microstrips (Figure 11b, c). Exposed gold
particles provided active sites for modification of recognition
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molecules.

The developed electrodes with good anti-pollution per-
formance were used to monitor the chemical signals of Ca™"
in the brain of free-moving mice (Figure 11d). The sensi-
tivity of the electrodes remained about 92% after they were
implanted in a living brain and measured continuously over
60 days. In addition, three Ca”’ ligands (METH, M18C6, and
MBAPTA) with different recognition affinity were designed
and assembled on the microelectrode (Figure 11e). Methyl
has the best selectivity and reversibility for Ca”". Finally,
seven microelectrodes were constructed into microfiber ar-
rays and implanted into seven brain regions of mice re-
spectively to monitor the reversible changes of extracellular
Ca”' during cerebral ischemia-reperfusion (Figure 11f). At
the same time, the local electric field potential was recorded
by using nickel-titanium wire electrode. The initial change
time and decreasing rate of Ca”" in each brain area were
found to be different upon ischemia. Ca”" was progressively
recovered with a deceleration rate from deep to superficial
brain areas after reperfusion. To further analyze the re-
lationship between ROS and Ca”" overload and neuronal
death, GSH was injected into the mice at different doses
before MCAO surgery. The results demonstrated that the
injection of GSH can effectively inhibit the abnormal
changes of Ca”" after cerebral ischemia. This further con-
firms the direct connection between Ca’~ influx and cerebral
hemorrhage injury. Cerebral hemorrhage is a common sub-
type of stroke. The microelectrode array was also used to
continuously monitor extracellular concentration of Ca” in
the hippocampus of mice after basal ganglia hemorrhage.
The diuretics were found to quickly restore the extracellular
concentration of Ca>" but weakened the activity of neurons.
Ca”" blocker-flunarizine and reduced glutathione could both
restore the Ca’" concentration and promote neuronal recovery.
The results suggest that the scavenger of ROS and GSH can
play as a potential drug for treating cerebral hemorrhage. The
work provides a method for constructing long-term stable,
reversible, and selective molecular probes that can be used to
study neurons in the brain by real time-tracking and accu-
rately quantifying the concentration, distribution, and rate of
change of chemicals in the brain. As indicated above, the
electrochemical method is an efficient way for real-time
monitoring chemical signals in the live brain [65,70,297].
Nevertheless, extra potentials or currents applied in the ex-
isting measurements may have an influence on brain mi-
croenvironments including neuron discharges [65].

To overcome the difficulty, Tian et al. [75] created an
electrochemophysiological microarray (ECPM) to real-time
measure K', Ca’*, Na”, and pH in rat brains by open circuit
potentiometric method. Specific ion-carriers for recognition
of K', Ca’", H" and Na" were designed and synthesized
(Figure 12a), and were then modified onto tungsten
microelectrode and formed ion-selective microelectrode ar-
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Figure 11 Electrochemophysiological microarray for simultaneous acquisition of electrochemical and electrophysiological signals in the brain. Adapted
with permission from Ref. [74], copyright by Wiley-VCH GmbH (2021). (a) Illustration for multi-fiber microarray and measurements in the mouse brain;
(b) SEM images of DPACE (top) and EDACE (bottom); (¢) EDX analysis of the selected areas of Au (yellow) and GO (blue) on DPACE (top) and EDACE
(bottom); (d) fluorescence images of DPACE and EDACE after immersed in 20 mg mL " FITC-BSA solution for 2 h; (e) molecular structures of METH
(left), M18C6 (middle), and MBAPTA (right) and modification of three ligands onto electrode surfaces; (f) the potential changes obtained at METH-E (left),
M18C6-E (middle), and MBAPTA-E (right) with continuously increasing concentration of Ca” and decreasing concentration of Ca”" in aCSF (color online).

rays with polyvinyl chloride (PVC) (Figure 12b—e). The
internal reference electrode provides built-in correction by
coating PVC film on the bare tungsten microelectrode for
improved accuracy. Finally, using potential measurements
without additional current, the developed ECPM with high
selectivity, accuracy and long-term stability was successfully
applied to real-time sensing of K, Ca™", Na" and pH, and to
record LFP in the brain of free-moving rats with epilepsy
(Figure 12c). These observations have found that a small
increase in extracellular K plays a very important role in
epileptic seizures. At the same time, the occurrence, devel-
opment and termination of epileptic seizures are closely re-
lated to ion changes. In addition, it was found that
extracellular K™ accumulation and Ca’" reduction promote
membrane depolarization, leading to the loss of action
potential. Furthermore, detailed dynamic information during
antiepileptic drug therapy and electrical stimulation of
seizures was obtained by real-time recording of the starting
point, dynamic rate, changes in K', Na’, Ca”" and pH
value.

5 Magnetic resonance imaging for brain
function imaging

5.1 The development of chemical probes for brain MRI

MRI has been used to achieve multi-dimensional metabolic
and functional information in addition to providing anato-
mical and structural information. Chemical probes are

widely used in brain MRI studies and examinations to
achieve high contrast-to-noise ratio (CNR) MRI images. In
order to improve the CNR contrast, researchers have pro-
posed different chemical probes including: (1) high relativity
probes such as gadolinium-based contrast agents [298-300],
iron-oxide nanoparticles [301,302] and gadolinium-free
contrast agents [303,304]; (2) high target sensitive probes
like biomarker-targeted probes [305,306], local physiologi-
cal parameters or metabolites-response probes [307-310];
(3) high SNR probes involving PC-labeled cell substrates
and "“Xe-loaded probes based on the signal enhancement
using dynamic nuclear polarization (DNP) and spin ex-
change optical pumping (SEOP) techniques respectively
[311-315], "F-based probes with low in vivo background
signal due to the low natural abundance of the element in
human and animals [316,317], endogenous and exogenous
chemical exchange saturation transfer (CEST) agents with
more than 1,000-fold detection sensitivity improvement
through indirect detection of water signal [318,319]. The
further development of probes needs to improve the speci-
ficity and biocompatibility or safety, so as to promote the
innovative development of molecular MRI in the brain.

5.2 MRI for molecular metabolic imaging and cellular
activity imaging in the brain

5.2.1 Magnetic resonance spectroscopy (MRS)/spectro-
scopy imaging (MRSI)
Magnetic resonance spectroscopy (MRS) is widely used for
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; (b) schematic

structures of 5-channel ion-selective microelectrode arrays (S-ISMEA) and 8-channel M-ISMEA (K-ISMEA, Ca-ISMEA, Na-ISMEA or H-ISMEA); (¢) LFP
signals that were recorded in a live rat brain upon seizure, and the developed ECPM for real-time mapping and simultaneous quantification of multi-ions in
the brain of freely moving rats; (d) potential responses of 5-ISMEA toward KCl, NaCl, CaCl,, and HCl in 0.1 M Tris-buffer; (¢) 3D surface plots of potential

separation (AE;gg) or K', Na', Ca2+,
(color online).

non-invasive measurement of the concentration levels
of different metabolites in the brain. In addition to the
determination of common metabolites (e.g., N-acetyl-aspar-
tate (NAA), choline (Cho), creatine (Cr), glutamate (Glu),
glutamine (Gln), gamma-amino-butyricacid (GABA)) (Fig-
ure 13a), 'H MRS has been applied to detect 2-hydro-
xyglutarate (2-HG) and cysthathine recently [322-325]. 2-
HG and cystathine are biomarkers of glioma isocitrate de-
hydrognase (IDH) mutation and 1p/19q codeletion respec-
tively, so their quantitative detection is helpful for the
diagnosis and treatment of glioma, opening up the possibility
for accurate presurgical molecular classification of tumor.
Endogenous phosphorous metabolites including adenosine-
triphosphate (ATP), freep phosphate (Pi), phosphocreatine
(PCr) and phophorylcholine (PC) can be detected by ’'p
MRS, which provides important information for brain tissue
energy metabolism [326]. Several studies of energy meta-
bolism in brain diseases such as AD, PD and brain tumors
using *'P MRS have been reported [327-329]. MRS is
known to determine metabolite concentration, while the
study of metabolic processes depends on the infused sub-
strate. With the signal enhancement benefiting from DNP
technique, C-labeled cell substrates and their downstream
products could be detected by PC MRS [330]. The long-
itudinal relaxation time 7 and the polarization level of dif-

pH responses of K-ISME, Na-ISME, Ca-ISME, and H-ISME as a function of one kind of ion and the other three ions

ferent substrates (e.g., [1-13C]pyruvate, [1-13C]lactate,
[1-13C]a1anine, [1-13C](x-ketoglutarate, [1-13C]glutamine,
[1-13C]glutamate) have been explored, in which [1-13C]pyr-
uvate is the most widely substrate with polarization level
larger than 60% and 40 s longitudinal relaxation time at 9.4 T
[331]. Pyruvate is metabolized to lactate, alanine, and bi-
carbonate in a matter of seconds, and each of these meta-
bolites could be quantitatively measured because of the
chemical shift differences (Figure 13b). Miloushev et al.
[332] obtained the first dynamically human brain hyperpo-
larized "°C metabolic spectra and metabolite maps in brain
tumor patients, and suggested that hyperpolarized Bc pyr-
uvate-lactate conversion is a metabolic biomarker for as-
sessing tumor response. The rate of [1—13C] pyruvate
conversion to lactate and bicarbonate has been further ex-
plored [333-335]. Finding and manufacturing appropriate
C-labeled substrates will further promote its application in
brain. Moreover, the low background signal in brain, high
gyromagnetic ratio and 100% natural abundance of "F make
it suitable for brain MRS/MRI. Fluorine-based contrast agent
can be engineered as nanoemulsions or nanoparticles to label
cells in vivo [336,337]. F MRS has also been used to
measure the concentration and distribution of fluorinated
pharmaceuticals (e.g., fluvoxamine and fluoxetine), and de-
termine the pharmacokinetics of novel fluorine-based drugs
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Figure 13 Metabolites detection using MRS/MRI. (a) Localized '"H MRS of an IDH1-mutated 1p/19q codeleted glioma, an IDH1-mutated non-codeleted
glioma and normal brain tissue. The 2-HG signal (~4.0 ppm) is visible in IDH1-mutated glioma, and the cystathionine (~2.7 ppm) is only visible in IDH1-
mutated 1p/19q codeleted glioma. Adapted with permission from Ref. [320], copyright by Oxford University Press (2019). (b) Pc imaging demonstrates
metabolite distribution in the healthy human brain following injection of hyperpolarized [1-c] pyruvate. Adapted with permission from Ref. [311],
copyright by Elsevier (1969). (c) The design schematic and characterization of magnetic Ca’ responsive nanoparticles, which shows dynamic response to
multiple cycles of K" stimulation. Adapted with permission from Ref. [321], copyright by Nature Publishing Group (2018) (color online).

(e.g., BAY 1436032 and teriflunomide) in brain tissue [338—
340].

5.2.2 Blood oxygenation level dependent (BOLD)-based
Sfunctional MRI (fMRI)

Since Kwong et al. [341] and Ogawa et al. [342] imaged the
hemodynamic changes associated with brain nerve activity
using blood-oxygenation-level-dependent (BOLD) MRI
technique. BOLD functional MRI (fMRI) has been proposed
and widely used in cognitive science and neuroscience [343].
BOLD fMRI is based on the local magnetic field property
change caused by the mismatch of local oxygen consumption
and cerebral blood flow affected by nerve activity. The de-

signed probes should be able to improve the relaxation
contrast or have a specific targeting ability. Transverse re-
laxation (7,) contrast agents (e.g., superparamagnetic iron
oxide (SPIO) nanoparticle) have been used to improve de-
tection sensitivity and spatial specificity [301,344,345]. The
ultrasmall SPIO nanoparticle ferumoxytol, which was ap-
proved for use as an intravenous iron replacement therapy in
anemic patients, has been shown to enhance task-based fMRI
signals (cerebral blood volume fMRI) by a factor of 2.5 at
3 T compared with the BOLD effect [301]. Specific designed
probes targeting neurotransmitters (e.g., dopamine, gluta-
mate, acetylcholine) or ions (e.g., Ca™, Zn%) particles have
been reported [346-350]. Taking a Ca”'-sensitive probe as an
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example, Angelovski et al. [349] proposed a gadolinium-
based Ca’"-sensitive T | probe for early detection of cerebral
ischemia. Okada ef al. [321] designed a lipid-coated mag-
netic nanoparticle and synaptotagmin protein sensor for ex-
tracellular Ca>" detection, which showed a dynamic response
to multiple cycles of K stimulation (Figure 13c). They re-
cently proposed a genetic probe named NOSTIC, which will
produce nitric oxide in response to Ca™" associated with
nerve activity when expressed in neurons, thereby generating
a visible BOLD fMRI signal [351].

5.2.3  Other MRI methods

Chemical probes have also been fabricated for other MRI
methods. Xu et al. [352] recently reported an engineered
adeno-associated virus probe that contains aquaporin re-
porter gene and fluorescent, and the astrocytes have been
detected by both fluorescent imaging and diffusion-weighted
MRI. CEST imaging brought more than 3 orders of magni-
tude detection sensitivity enhancement, and a series of en-
dogenous and exogenous CEST agents has been reported
[353—-356]. Some CEST agents (e.g., glucose, iopamidol) are
known molecules that are currently used in human clinical
trials. In addition, the *Xe signal can be enhanced more
than 10,000-fold than that of thermal polarization by SEOP
techniques, thereby enabling '¥Xe MRI/MRS in brain
[76,77,357]. In order to improve the specificity, researchers
have designed a series of probes targeting different sub-
stances (e.g., biothiol) based on cage-like probe molecules
such as cryptophane, cucurbit [6]uril, pillar[5]arene, gas
vesicle, and metal-organic frameworks [358-364]. And the
further application of '»Xe in brain needs to improve the
specificity and water solubility of probe.

6 The development of multiple chemical fluor-
escent and Raman methods for brain imaging

6.1 Fluorescent probes for brain imaging

Fluorescence imaging has fascinated increasing regard in the
field of brain imaging due to its advantages of non-radio-
toxicity, non-invasiveness, high spatiotemporal resolution,
rapid detection and high sensitivity [365-369]. With the
mastery of the synthesis of fluorescent reagents and the
vigorous expansion of optical technologies, fluorescence
imaging technology has developed dramatically, realizing
the identification and detection of brain regions [370-374].
The imaging resolution can reach single nanometer level,
and the imaging depth in several millimeters can even be
achieved. Thus, fluorescence brain imaging can be realized
without craniotomy, bone window and craniotomy proce-
dures, which greatly reduces irreversible damage to the brain
and broadens the scope of brain imaging. The fluorescent
probes used for brain imaging mainly include organic
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fluorescent probe, inorganic quantum dot fluorescent probe,
fluorescent protein probes and lanthanide-based fluorescent
probes, and these probes are summarized and described in
detail.

6.1.1 Organic fluorescent probe

Organic small molecules possess clear structures that can be
finely designed and adjusted based on physical and optical
properties [375]. Moreover, their high biocompatibility and
rapid excretion ability make them to be widely applied for
biological imaging. Zhang et al. [376] developed a small
molecule LZ-1105 for in vivo NIR-II fluorescence imaging.
The LZ-1105 dye consisting of four sulfonic groups dis-
played the highest fluorescence intensity, achieving a high
imaging penetration depth of 1.31 mm and a better SNR of
~5.0 during brain imaging. Following intravenous injection
of LZ-1105 dye, the vasculature in the brain through the
intact scalp and skull was observed by NIR-II fluorescence
imaging. Moreover, the LZ-1105 dye displayed good in vivo
stability, conferring long-term cerebrovascular imaging
within 4 h. Importantly, the LZ-1105 dye could also be used
for dynamical tracking of the temporal opening and re-
storation of the blood-brain-barrier (BBB) through fluores-
cence imaging (Figure 14a). They also designed another
small molecule organic dye, FD-1080, through four linear
synthetic steps. By introducing sulphonic and cyclohexene
groups, FD-1080 dye possessed good water solubility and
stability. This dye could emit NIR-II emission of 1,080 nm
under 1,064 nm excitation. When it was further integrated
with fetal bovine serum, the obtained fluorescent nano-
particles displayed a high quantum yield (QY) of 5.94%,
which enabled non-invasive in vivo brain imaging. The blood
vessel of mouse brain could be imaged obviously through the
scalp and skull by using this FD-1080 dye. Qian et al. [377]
developed a novel fluorophore CAQ to selectively monitor
AP aggregates in mouse brain. CAQ contained a curcumin
scaffold, a 4-(dimethylamino) donor group, and a quinolone-
functional fluorophore. The donor group was introduced to
alter the fluorescent signal upon binding to the targeted
proteins, and a quinolone functional group was added to
improve the penetration of BBB and biocompatibility. Ow-
ing to the specific intramolecular rotation effects in CAQ,
CAQ could be used for tracking AP aggregates in vivo
through fluorescence imaging, providing a toolbox for
studying and understanding the pathological processes of
AD.

Despite the versatility of small organic molecules in brain
imaging, it is undeniable that smallest organic molecules
have relatively low QYs. Particularly, their inherent hydro-
phobicity always leads to a diminished or annihilated
fluorescence when they aggregate together, termed ag-
gregation-caused quenching effect (ACQ). In contrast, an-
other class of organic molecules barely fluoresces when
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Figure 14 The in vivo brain imaging by using different fluorescent probes. (a) LZ-1105 dye for dynamical tracking of the temporal opening and restoration
of the BBB. Adapted with permission from Ref. [376], copyright by Nature Publishing Group (2020). (b) V&A@Ag,S nanoprobes for activatable in vivo
fluorescence imaging of functional brain regions. Adapted with permission from Ref. [61], copyright by Wiley-VCH GmbH (2020). (¢) Lanthanide-based
nanocrystals for tracking the arterial blood flow in the mouse brain (color online).

monodispersed in solution, but fluoresce brightly when they
aggregate. This anomalous phenomenon is called aggrega-
tion-induced emission (AIE). AIE properties can be used to
design organic fluorescent probes with both bright lumi-
nescence and high QYs, enabling high-contrast and high-
resolution brain imaging. Based on the molecular design
concept of AIE, Tang et al. [378] modified the photothermal
contrast agent 2TT-mC6B through the combining processes
of backbone distortion and rotor twisting to weaken the in-
termolecular interaction. The resulted 2TT-oc6b showed ty-
pical AIE properties, displaying high fluorescence in
aggregates. 2TT-oc6b emitted at 1,030 nm with a high
quantum yield of 11%, showing great potential for deep brain
imaging. Furthermore, in order to target inflammation tissue
in the brain and penetrate the BBB, neutrophils were applied
to carry 2TT-oc6b. The achieved AIE@NE nanoparticles
possessed a high SNR fluorescence imaging of 30.6 through
intact scalp and skull, enabling non-invasive identification of
the inflammatory sites in mouse brain.

Qu et al. [379] chose the acrylonitrile with aggregation-
induced luminescence properties as the skeleton to produce
AlE-active fluorescent probe. Appropriate conjugated donor
and acceptor functional groups were judiciously designed to
adjust the fluorescence performance. In addition, pluronic F-
127 was further applied to encapsulate AIE-active fluor-
escent dye and formed water-dispersible nanoparticles.
Synthetic AIETP NPs displayed the highest fluorescence
emission under the excitation of 1,040 nm, enabling in vivo
dual-photo imaging with a penetration depth of 800 pum on
craniotomy-based mouse brains. By using AIETP NPs, a
high SNR values of >5 and a very high spatial resolution of
1.92 pm were finally achieved. Moreover, 2D and 3D images

of the cerebral vasculature were also realized.
Semiconducting polymers possess delocalized =n-con-
jugated backbones and modifiable side chains, which endow
them with excellent photophysical properties. Their large
extinction coefficients, outstanding photostability, excellent
water dispersibility, and biocompatibility make them ideal
for bioimaging fluorophores. The absorption and emission of
semiconducting polymers are determined by the band gap, so
the fluorescence properties can be adjusted by changing the
molecular structure of the polymer. Wu et al. [380] devel-
oped two sets of semiconducting polymers for quantitative
brain imaging. Benzdithiophene (BDT) was used as donors
and triazole[4,5-g]-quinoxaline (TQ) as acceptors. Further-
more, a fluorination strategy was employed to reduce ra-
diative relaxations and enhance the NIR-II fluorescence. As
a result, high fluorescence quantum yields ranging from
~6.6% to ~9.5% were finally achieved, displaying great
potential for NIR-II fluorescence imaging. After that, the
semiconducting polymer further interacted with PS-PEG-
COOH to form colloidally stabilized semiconducting poly-
mers dots (Pdots). By injecting the brightest Pdots through
the tail vein, the whole body of the mouse was imaged under
the excitation of 808 nm laser. The though-scalp and skull
imaging of mouse brain also showed that Pdots displayed a
long blood circulation time, conferring high-resolution brain
imaging over 2 h. This team also fabricated nine Pdots
through a molecular engineering strategy for NIR-II fluor-
escence brain imaging. Phenothiazine chromophores with
AIE characteristics were chosen as the donor. Benzothiazoles
and their derivatives with different structures were applied as
acceptors in Pdots. By establishing the relationships between
the structure of Pdots and their fluorescence performances,
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the dual fluorescence enhancement mechanism was vali-
dated. As a result, NIR-II Pdots with high QY's of ~1.7% in
aqueous solution were developed. By intravenous injection
of Pdots, fluorescence imaging of the mouse brain was
achieved by excitation of 808 nm with a low power density
of 70 mW cm . A 1,319 nm long-pass filter was further
applied to facilitate clear observation of cerebrovascular
structures by through-skull and through-scalp NIR-II fluor-
escence imaging. More importantly, this high SNR brain
imaging was stable within 180 min, offering great potential
for clinical in vivo brain fluorescence imaging [381].

Since membrane potential is closely related to neural ac-
tivity in the brain, several voltage-sensitive organic mole-
cules were used for imaging cell membrane potential [382].
Loew et al. [383] introduced a palette of fluorinated styryl
dyes that show improved photostability. In addition to
spanning wavelengths ranging from 440 to 670 nm, the dyes
have varying degrees of voltage sensitivity, from 10% to
22% per 100 mV. Importantly, they showed improved effi-
cacy under two-photon illumination and enabled voltage
imaging in intact heart and brain slices. Bezanilla et al. [384]
reported the use of indocyanine green (ICG) as a voltage-
sensitive dye. ICG shows a modest 2% decrease in fluores-
cence intensity upon 100 mV depolarization, but it has suf-
ficient signal-to-noise to track action potentials in frog
oocytes expressing sodium channels and in rat dorsal root
ganglia neurons. In rat brain slices, ICG could monitor field-
evoked stimuli. Importantly, because ICG is FDA-approved
for use in humans and has long-wavelength excitation and
emission profiles, this opens up the possibility to use ICG in
humans or deep tissue contexts.

6.1.2 Inorganic quantum dot fluorescent probe

Quantum dots (QDs) are promising fluorescent probes and
are widely used in brain imaging due to their high quantum
yields, small size, broad absorption spectrum, tunable
emission spectrum, and weak photobleaching. In order to
achieve highly efficient luminescent QDs for brain imaging,
Qian et al. [385] implemented a dual-layer coating method to
realize surface-functionalized PbS@CdS QDs. Silica and the
amphiphilic polymer Pluronic F-127 were applied to impart
water dispersibility, biocompatibility and chemical stability
to PbS@CdS QDs. The obtained complex QDs displayed a
high quantum yield of 5.79% at the emission wavelength of
1,155 nm, enabling in vivo NIR-II fluorescence imaging of
mouse brain. By imaging complex QDs under 785 nm laser
excitation, the cerebrovascular structures of the mouse brain
at different vertical depths up to 950 um could be observed
clearly. In addition, 3D reconstructed image, overlay image,
and 4D fluorescence videos of mouse brain were captured,
showing great potential for high-contrast and deep-tissue
cerebral angiography. Furthermore, Wang et al. [386] de-
veloped a novel “turn-on” activatable nanoprobe named
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V&A@Ag,S for early diagnosis and real-time feedback of
traumatic brain injury. This nanoprobe consisted of an
ONOO responsive A1094 chromophore and 1,050 nm-
emitted Ag,S QDs. Since the absorption spectrum of A1094
and the emission spectrum of Ag,S overlap, efficient fluor-
escence resonance energy transfer occurred between Ag,S
and A1094 chromophore, leading to a “turn-off” strategy in
common environments. However, the fluorescence of Ag,S
quantum dots could “turn on” by bleaching of A1094 in the
presence of ONOO |, which could be used for early real-time
diagnosis of traumatic brain injury. The in vivo experiment
results showed that by intravenously injecting V&A@Ag,S
nanoprobes into a traumatic brain injury mouse model, rapid
and specific fluorescent signals were observed in the region
of traumatic brain injury. In addition, superior targeted-to-
normal tissue signal ratio and stable fluorescence signal were
detected by using V&A@AgZ,S nanoprobes, providing an
activatable in vivo turn-on strategy for the fluorescence
imaging of functional brain regions (Figure 14b).

Benefiting from the advantages of QDs mentioned above,
Wang et al. [387] synthesized glutathione-capped
CdSe@ZnS quantum dots (CdSe@ZnS-GSH QDs) with a
size of 2.5 nm and an emission peak at 520 nm, for plasma
membrane labeling and membrane potential imaging. The
as-synthesized CdSe@ZnS-GSH QDs can effectively label
cell membrane at neutral pH within 30 min and exhibit ex-
cellent optical stability in continuous imaging for up to
60 min. Meanwhile, CdSe@ZnS-GSH QDs show high bio-
compatibility to cells and do not affect cell proliferation,
disturb cell membrane integrity or cause apoptosis and ne-
crosis of cells. The study offered a facile strategy for labeling
plasma membrane and monitoring the membrane potential of
cells and will hold great potential in the research of signaling
within intact neuronal circuits.

6.1.3 Fluorescent protein probe

Fluorescent protein probes are effective toolboxes for non-
invasive labeling and imaging. Unlike other fluorescent
probes, fluorescent proteins are usually encoded in plasmid
and expressed by microorganisms and mammalian cells.
They have good biocompatibility, rational design ability and
easy construction procedures [388]. Fluorescent proteins are
often imaged by transfecting relevant genes and expressing
them into living cells and tissues. However, the limited
transfection efficiency and low fluorescence intensity of
fluorescent protein probes greatly restrict their practical ap-
plications. In order to overcome the shortcomings of unim-
pressive brightness and slow expression of fluorescent
proteins in brain tissue, Campbell et al. [389] developed a
novel bright monomeric fluorescent protein mGreenLantern
by rationally introducing a folding-enhanced mutation of
avFP into a GFP template. MGreenLantern displayed high
fluorescence intensity, which was 6-fold brighter than that of
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enhanced green fluorescent protein (EGFP) in cells. In ad-
dition, mGreenLantern displayed high transfection effi-
ciency for neurons, enabling neuronal tracing measurements
in live mouse brain. Long-range projections of neurons in the
brain were detected clearly under both 488 and 514 nm ex-
citation. By implanting a cranial window over the brain,
mGreenLantern rapidly filling neuronal process in vivo was
detected through 2P microscope imaging. Furthermore,
wide-field microscopy imaging also revealed that mGreen-
Lantern-stained neurons in the brain were more easily de-
tected in vivo than EGFP-stained neurons. Campbell et al.
[390] inserted (CaM)-RS20 into mIFP and developed a ge-
netically encoded fluorescent calcium ion indicator (NIR-
GECOL). In the indicator, CaM-RS20 handled the ability to
modulate the environment of the biliverdin chromophore by
binding with Ca”" ions, thereby tuning the fluorescence in-
tensity of the indicator. It was linked to mIFP via N- and C-
terminal linkers through a genetically encoded process. The
achieved NIR-GECO! showed a maximum emission of
~704 nm under 678 nm excitation. In order to verify the
activation of NIR-GECO1 in the brain, the NIR-CECO1
gene carried by adeno-associated virus was injected into the
sensorimotor cortex of mice. The results displayed that NIR-
CECO1 was deficient for in vivo imaging of neuronal ac-
tivity, but it could serve as the preferred Ca”" indicator to
image Ca”" transients in brain tissue with high sensitivity.

In addition to being widely used for Ca™" imaging, fluor-
escent protein probes were also used for membrane potential
imaging. Kndpfel ef al. [391] reported that genetically en-
coded voltage-sensitive fluorescent proteins (VSFPs) pro-
vide an optical voltage report from targeted neurons in
culture, acute brain slices and living mice. By expressing
VSFPs in pyramidal cells of mouse somatosensory cortex,
these probes reported cortical electrical responses to single
sensory stimuli in vivo. These protein-based voltage probes
will facilitate the analysis of cortical circuits in genetically
defined cell populations and are hence a valuable addition to
the optogenetic toolbox. Pieribone et al. [392] reported a
fluorescent protein voltage sensor, named ArcLight. The
probe responded to a 100 mV depolarization with signals
more than five times larger than those of previously reported
Ciona intestinalis voltage sensor (CiVS)-based FP voltage
sensors. ArcLight and its derivatives represent a very sub-
stantial improvement in the signal size of a fluorescent
protein voltage sensor, providing a protein-based method to
monitor action potentials and subthreshold depolarization in
neurons and potentially other cells and organelles.

6.1.4 Lanthanide-based fluorescent probe

Lanthanide-based materials with special 4f electronic struc-
tures display great optical advantages, including tunable
emission, long lifetime, non-blinking, excellent photo-
stability, and high SNR. Their unique upconversion process
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can provide a broad range of emission via NIR irradiation
activation. In addition, they can also emit near-infrared
(NIR) light that effectively penetrates deep tissue and skull
through the down-conversion process. These optical char-
acters allow lanthanide-based materials to be used for up-
conversion luminescence (UCL) and NIR imaging of the
brain, providing great advantages and application prospects
for brain imaging.

By exploiting the upconversion fluorescence of lantha-
nide-based materials, Liu et al. [393] developed a kind of
dye-sensitized lanthanide-doped upconversion nanoparticles
for high-contrast in vivo brain imaging. The nanocrystals of
NaYF,;:20%Yb, 2%Er@NaYF,:20%Nd were synthesized as
fluorescent centers. Three NIR dyes, Car-Cl, Alk-Cl and
Alk-pi, were developed to sensitize the upconversion fluor-
escence of lanthanide-doped nanoparticles. They optimized
the coordination interaction between dyes and the lantha-
nide-doped nanocrystals by delicately modulating the
structure of the dye. Taking advantage of the large absorption
cross-section of organic dyes, upconversion luminescence of
lanthanide-doped nanocrystals was improved extremely
through an energy-transfer cascade of dyes—>Nd3+—>Yb3+
—Er’". As a result, the obtained Alk-pi sensitized nano-
crystals achieved a 600-fold upconversion fluorescence en-
hancement in the aqueous phase under 808 nm excitation,
displaying a strong upconversion fluorescence signal in the
mouse brain without craniotomy or skull thinning. Finally,
the 3D-reconstructed morphology of the cerebral blood
vessels was established, and the 3D reconstruction was ob-
served through Z-scanning by using laser-scanning confocal
microscopy.

In addition to upconversion fluorescence imaging, down-
conversion fluorescence imaging at the NIR-II region of
1,000—-1,700 nm provides an alternative approach for in vivo
brain imaging. The photon scattering and photon absorption
at the NIR-II region are greatly suppressed. Thus, NIR-II
fluorescence  imaging possessed diminished auto-
fluorescence, high SNR, deep-tissue penetration and low
tissue thermal damage, which affords the in vivo brain
imaging with high spatial resolution. Zhong et al. [394]
synthesized a bright downconverting fluorescent nanoprobe
with the NIR-II emission of 1,550 nm. This nanoprobe
consisted of a 2% Er and 2% Ce co-doped NaYbF, core and
an inert NaYF, shell. Ce’" was doped into the core to pro-
mote the downconversion emission of Er’* ions. The inert
NaYF, shell with a thickness of ~7 nm was applied to shield
the aqueous quenching effect, resulting in a ~9-fold increase
in the brightness of the 1,550 nm emission. Furthermore,
amphiphilic PMH and mPEG-NH, were further capped on
the surface of the nanocrystals to improve the dispersibility
and biocompatibility. By intravenous injection of these
modified lanthanide-based nanocrystals, in vivo cerebral
vascular imaging was realized by detecting the NIR-II



354 Liu et al.  Sci China Chem

fluorescence of 1,550 nm under the exaction of 980 nm.
Moreover, benefiting from the bright emission of the na-
noprobes, fast in vivo dynamical imaging with a short ex-
posure time of 20 ms was performed for tracking the arterial
blood flow in the mouse brain (Figure 14c). Owing to this
short temporal resolution, a spatially resolved map of blood-
flow in the brain was obtained, which facilitated real-time
monitoring and tracking of cerebrovascular-related diseases.
In order to further improve the fluorescence intensity of the
probes and achieve better brain imaging, Zhang et al. [395]
designed an eribium (III)-bacteriochlorin composites
(EB766)-based fluorophore system for NIR-II brain ima-
ging. In this bacteriochlorin-sensitized NIR probe, bacter-
iochlorin acted as the antenna ligand to directly populated the
photons at the 4113/2 levels of Er (III), displaying efficient
light harvesting and sensitization efficiency. EB766 excited
at 760 nm and emitted around 1,530 nm, which was bene-
ficial for deep tissue imaging. The EB766 enabled fluores-
cence imaging of cerebral vessels underneath the intact scalp
and skull with a high SNR value of ~8.65 to 12.95, which
was much higher than that of other NIR-II fluorophores
(~2.0-7.3). Furthermore, the cell-tracking probe CT1530
was further prepared through the interaction of EB76, BSA
and cell-penetrating peptide HIV-TAT. The implemented
CT1530 could be used to label cancer cells to simulate brain
metastases and support high single-cell resolution imaging at
2 mm depth in the hippocampus, providing an assistant
method for monitoring cell movement, migration, and re-
sidency in the cerebrovascular wall and brain regions.

6.2 Fluorescent technologies for brain functional
imaging

In addition to various fluorescent probes for brain imaging,
the rapid development of fluorescent technology also pro-
motes in vivo brain fluorescence imaging dramatically. Ad-
vanced fluorescence imaging techniques can even further
facilitate the study of specific structures or functions in the
brain regions at the subcellular or cellular level. Fluorescent
technologies used for brain imaging mainly include wide-
field fluorescence imaging, confocal laser scanning micro-
scope imaging, fiber photometry and other fluorescent
technologies.

6.2.1 Wide-field fluorescence imaging

Wide-field fluorescence imaging technology is one of the
most important and commonly used methods in life science
microscopy. It can illuminate the entire brain at once and
possess the advantages of fast detection, low cost, and con-
venience to use. However, owing to the strong light-scat-
tering effects of the skin and skull, the low imaging
resolution, low SNR and shallow imaging depth restrict the
applications of wide-field fluorescence imaging greatly.
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With the development of fluorescence microscopy imaging
technology, fluorescence imaging in the NIR-II region has a
higher definition and deeper tissue penetration ability, which
broadens the in vivo brain imaging extremely, showing great
potential in both basic research and clinical applications.
NIR wide-field fluorescence imaging can be used for
microangiography, local tumor imaging, trauma detection, and
imaging of functional structure/molecules in brain regions.

Liu et al. [396] developed a series of polymethine-based
Pots with emission and absorption in the NIR-II region to
extend in vivo wide-field fluorescence imaging. Pttc-SeBTa-
NIR 1125 and Pttc-SeBTA-NIR 1380 Pots with excellent
water stability were synthesized by bonding the bulky
semiconducting polymer Pttc-SeBTa-PFCOOH with the
polymethine dyes NIR 1125 and NIR 1380 via a click re-
action. The QYs of Pttc-SeBTa-NIR 1125 and Pttc-SeBTA-
NIR 1380 Pots were 0.18% and 0.05%, respectively. In ad-
dition, their fluorescence intensity was ~1-2 orders of
magnitude higher than that of traditional NIR dyes. Due to
high fluorescence quantum yield and fluorescence intensity,
Pttc-SeBTa-NIR 1125 and Pttc-SeBTA-NIR 1380 Pots could
be used for in vivo fluorescence imaging with nearly zero
autofluorescence, high spatial resolution and high SNR va-
lue. As a trade-off between fluorescence brightness and
spatial resolution, 1,100 and 1,250 nm long-pass filters were
selected during the in vivo imaging. Both Pots enable the
visualization of cerebral blood vessels through intact scalp
and skull under non-invasive wide-field fluorescence ima-
ging. Furthermore, taking advantage of the reduced photon
absorption/scattering, malignant brain tumors could also be
diagnosed in the NIR-II window, providing a promising
technique for early diagnosis of brain. Tang et al. [397] also
developed novel bright AIE dots with NIR-II emission for
in vivo brain imaging of large-size animals such as rats. The
stronger light scattering in rats’ brain caused by larger blood
vessels and thicker vascular walls makes brain imaging more
difficult to achieve than that in mice. The obtained AIE dots
possess the photoluminescence quantum yield of 5.07%,
2.42%, 0.76% and 0.22% at the emission beyond 900, 1,000,
1,100, and 1,200 nm, which was sufficient for brain imaging.
By further adjusting the LP filters during imaging process,
the small cerebrovascular structure of the rat was visualized
clearly with a high SNR of 2.82 and a high resolution of
18.9 um. In addition, the blood vasculature of the rat brain
could also be imaged at depths up to 700 um. Furthermore,
the blockage of single blood vasculature in rats’ brain was
also detected, providing a useful technology for monitoring
and understanding the brain diseases.

6.2.2 Confocal laser scanning microscope

Although wide-field fluorescence imaging technology can
image the brain rapidly, the restricted spatial resolution
hinders their further developments and applications [398].
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The cluttered background of the defocused signal also
overlay on the image, blurring the entire imaging greatly and
resulting in poor imaging quality. In order to overcome this
deficiency, the confocal laser scanning microscope contain-
ing a pinhole is developed and applied to provide in vivo
imaging with high spatial resolution and optical sectioning
capabilities. The pinhole is located at the conjugate position
corresponding to the focus. Owing to the existence of the
pinhole, only a small part of the signal at the focus point
could be eventually collected by microscopy, and the out-of-
focus signal is rejected by the pinhole, thus obtaining a
higher imaging spatial resolution.

To obtain high spatial resolution imaging at different
depths in vivo, Qian et al. [399] established a confocal laser
scanning microscopy system for brain imaging (Figure 15a).
In this system, an optical fiber with a diameter of ~300 um
was applied as a pinhole. During the imaging process, the
scan speed was set to 10 us pixel_l, and the scan area was 512
pixels x 512 pixels. In addition, highly fluorescent AIE dots
named TB1 were developed as the NIR-II fluorescent
probes. TB1 possessed a high quantum yield of 6.2%, which
was sufficient to support in vivo confocal fluorescence
imaging. A 793 nm laser with low tissue absorption was
applied to excite the fluorescent probes. As a result, the
cerebrovascular structure of mice at different depths through
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the skull was observed clearly. Imaging depths could reach
more than 800 pm. Moreover, tiny capillaries with small
diameters of 5.77 and 8.78 pum at depths of 350 and 700 um
could also be distinguished easily. Furthermore, the 3D
structure of cerebral blood vessels was further reconstructed
by using this homemade confocal microscopy system. Li et
al. [400] developed ICG-assisted NIR-II fluorescent probes
and applied them to brain imaging by using NIR-II fluores-
cence confocal microscopy. The FDA-approved ICG with a
high quantum yield of ~4.2% was intramuscularly injected
into the mice with craniotomy. A scanning speed of 20
us pixelfl and the scanning areas of 512 pixels x 512 pixels
were set during imaging. Owing to the high spatial resolu-
tion, low SNR, and optical sectioning capability of NIR-II
fluorescence confocal microscopy, cerebral vessels at var-
ious depths beyond 300 um could be visualized clearly. tiny
capillaries with a small diameter of 2.66 um could be iden-
tified at a depth of 300 pm, showing a much higher spatial
resolution than that of wide-field fluorescence imaging.

6.2.3 Fiber photometry

Fiber photometry uses optical fibers to deliver and collect
fluorescent signals, enabling the recording and studying of
complex neuronal behaviors in deep regions of the brain.
Fluorescent sensors are usually pre-injected into brain

Fiber bundle

473 nm|
Laser| or |
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Figure 15 The brain imaging by using different fluorescent technologies. (a) Setup of confocal laser scanning microscopy system. Adapted with permission
from Ref. [399], copyright by Science China Press (2019). (b) Setup of multi-fiber photometry system. Adapted with permission from Ref. [401], copyright
by Nature Publishing Group (2019). (c) 3D reconstruction and 2D image of cerebral vasculature by using two-photon microscopy. Adapted with permission

from Ref. [402], copyright by Wiley-VCH GmbH (2021) (color online).
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regions. Changes in fluorescence emission during the si-
mulated behavior are then collected through optical fibers.
Fiber photometry offers a simple method for optical re-
cordings from brain regions, which is versatile and shows the
practical potential of implanting fibers into the brain.

However, the commonly used fiber photometry still has
limitations, such as the inability to collect the fluorescence
signals from multiple regions, tissue damage caused by long-
term implantation of optical fibers, and limited multi-color
measurements of brain regions.

To broaden the practical application of fiber photometry,
Pisanello ef al. [403] developed a novel tapered optical fiber
to monitor neural activity in brain regions. Unlike flat-
cleaved fibers that can only achieve fluorescence signals in
the shallow tissue surrounding the fiber, tapered optical fiber
enables the deep light collection of up to 2 mm due to the
geometry of the probe. In addition, the multi-spot photo-
metry along the taper could also be realized by adjusting the
numerical apertures, taper angle and laser input angle of the
fiber. By utilizing tapered optical fiber, differential dopamine
transients in the dorsal and ventral striatum were measured.
The results showed that dopamine transients in both dorsal
and ventral striatum were responsive to locomotion, and only
dopamine transients in the ventral striatum were strongly
associated with reward. Furthermore, optical signal acqui-
sition in brain regions at arbitrary depth in vivo was realized
by injecting a laser beam at different input angles. By
combining multiple optical fibers together, Helmchen et al.
[401] developed a high-density multi-fiber array to support
simultaneously multi-fiber photometric measurements of
entire brain regions (Figure 15b). By chronically implanting
multi-fibers into the mouse brain, behavior-related neuronal
dynamics in 12-48 brain regions could be measured si-
multaneously, enabling the recording of calcium signals from
large mesoscale networks, including the striatum, thalamus,
hippocampus and cortical areas. Furthermore, the combina-
tion of targeted optogenetic perturbations with multi-fiber
photometry provided a feasible method for manipulating
perturbations and studying how these perturbations affect
animal behavior. Finally, multi-fiber photometry of freely
moving mice during social interaction was demonstrated.

6.2.4 Functional near-infrared spectroscopy (fNIRS)

Functional near-infrared spectroscopy (fNIRS) is a critical
method for functional brain imaging, which can be used to
identify brain functional connectivity in the absence of ra-
diation. Compared with other techniques, such as functional
magnetic resonance imaging (fMRI), fNIRS is inexpensive,
portable, accessible to a wider population, and can be used in
flexible and complicated conditions. Moreover, it can mea-
sure oxyhemoglobin (HbO) and deoxyhemoglobin (HbR)
simultaneously, showing great potential in studying brain
functional connectivity in neurodegenerative diseases.
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The brain provides necessary oxygen for neuronal activ-
ities through metabolism, and the consumption of oxygen
stimulates local vasodilation in the brain, which is mani-
fested as a rapid increase in the oxygen content of the cer-
ebral blood. During the cognitive activity of the brain, the
oxygen content carried by the cerebral blood flow in the
neural activity area of the brain exceeds the oxygen content
required by the brain activity. Oxygen is transmitted through
the hemoglobin in the blood. Therefore, the content of HbO
in the blood increases in the active area of the brain, while
HbR decreases during the cognitive activities of the brain.
Oxygen, hemoglobin and deoxyhemoglobin have different
absorption spectra under the near-infrared window. The
concentration changes of oxyhemoglobin and deox-
yhemoglobin can be inferred from changes in light intensity
passing through this brain region, enabling monitoring of
brain functional activities. Under this mechanism, Kim et al.
[404] used fNIRS technology to investigate the brain func-
tional connectivity in patients with mild cognitive impair-
ment. Compared with healthy adults, different brain
functional connectivity in patients was observed during
resting-state and verbal fluency tasks. The results suggest
that interhemispheric connectivity can be used to indicate
patients with mild cognitive impairment. By using fNIRS
technology, Ho et al. [405] also found that patients with the
major depressive disorder had reduced changes in hemody-
namic responses during the English alphabet fluency task,
which can serve as an objective and quantitative assessment
of depressive psychotic patients.

6.2.5 Other fluorescent technologies

In addition to these fluorescence imaging techniques, multi-
photon microscopies are being developed for fine and ac-
curate imaging of the brain. Niko et al. [402] developed
high-speed two-photon microscopy to noninvasively visua-
lize and analyze vascular dynamics in the cerebral cortex and
CAl region of the hippocampal in mouse brain. The bio-
compatible nanoemulsions consisting of Labrafac WL inner
core and Cremophor ELP shell were prepared via sponta-
neous nanoemulsification to carry the LipoPYFS5 fluorescent
dye. A Ti:sapphire excitation laser in the wavelength range of
700-1,040 nm was used as the excitation source, and a high-
sensitivity gallium arsenide phosphide (GaAsP) non-des-
canning detector was applied to record fluorescence signal.
By injecting LipoPYF5 loaded nanoemulsions through the
fundus vein, the cerebrovascular system could be visualized
clearly at a depth of 1.5 mm. The 3D reconstruction of cer-
ebral vasculature was further established with a long ex-
citation dwell time of 57.2 ps pixelf1 (Figure 15c). In
addition, a shorter excitation dwells time of 0.1 ps pixelf1
was set for high-speed in vivo two-photon microscopy ima-
ging. As a result, blood flow in multiple blood vessels in the
hippocampal CAL1 region could be detected simultaneously,
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providing a powerful tool for visualization and study of deep
cerebral vasculature.

Out-of-focus fluorescence near the surface greatly limits
the depth of two-photon microscopic imaging of brain re-
gions. Tissue heterogeneity, refractive index mismatches,
and subtle motion artifacts in the deep brain cause optical
aberrations, resulting in limited observation of subcellular
information. To overcome these limitations, Prevedel et al.
[50] developed an adaptive optics three-photon microscopy
for deep-brain imaging with cellular resolution. The three-
photon excitation microscopy (3P) used a longer wavelength
excitation of 1,300 nm, which substantially increased the
SNR for deep brain imaging. Additionally, the indirect,
modality-based adaptive optics (AO) method was used to
measure and compensate for optical aberrations, which helps
push the depth limits of deep brain imaging. Moreover, an
active electrocardiogram gating method was also in-
corporated to reduce the duty cycle of the image acquisition,
enabling the visualization of individual spines in deep tissue
of hippocampus regions. By exploiting this self-regulating
3P-AO scope, hippocampus CAl neurons and dendrites
could be observed clearly at the depth of 1.45 mm in the
dorsal hippocampus. Furthermore, Ca”" transients in astro-
cytes that located in the scattering corpus callosum were
recorded successfully.

(a) . (c)
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6.3 Raman spectroscopy for imaging and biosensing in
the live brain

6.3.1 Raman probes for brain functional imaging
Surface-enhanced Raman spectroscopy (SERS) provides an
effective strategy for simultaneously monitoring multiple
substances due to the high spectral resolution of molecular
fingerprint information, with resistance to photobleaching
and autofluorescence [406—408]. Based on the enhancement
mechanism, SERS probes for brain functional imaging have
been designed typically with two types: metallic and non-
metallic substrates-based Raman probe.

As for metallic substrate-based Raman probe, the Raman
reporter molecules are attached to a metal nanoparticle or a
layer of the rough gold film. Tian et al. [52] established a
ratiometric optophysiological SERS microarray of eight
microprobes with tip sizes of 5 pm to map in real-time and
quantify CO327 and pH simultaneously in a live brain (Figure
16a). In this work, quartz tapers (QTs) with different tip sizes
from 50 nm to 5 um were sputtered with a layer of rough
gold film. Then, 1-(4-aminophenyl)-2,2,2-trifluoroethanone
(AT) and 4-mercaptobenzoic acid (MBA) were optimized as
the specific recognition elements for CO327 and pH, re-
spectively, and co-modified onto the Au-QTs for imaging
and biosensing both the CO327 concentration and the pH
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value while 4-mercaptobenzonitrile (MBN) with a C=N
group was employed as an inner reference for providing a
built-in correction. It was found that both the CO327 con-
centration and the pH value dramatically decreased under
ischemic conditions. This work has not only provided a
novel method for the development of biosensors to de-
termine simultaneously multiple biological species in live
animal models, but also opened up a way to understand the
roles of chemical species in brain [60]. To further expand the
applications of SERS in brain imaging, Tian et al. [51] fur-
ther developed a SERS probe for real-time monitoring and
accurately quantifying the concentrations of Cu” and Cu”’in
the live mouse brain. Two molecules N,N-bis(2-((2-(ethyl-
thio) ethyl) thio) ethyl)-2-mercaptoacetamide (ETMA) and
N-(2-(bis(pyridin-2-ylmethyl) amino) ethyl)-2-mercaptoa-
cetamide (PYMA) for specific recognition of Cu' and
Cu”" were self-assembled onto an Au-QT (denoted as CuSP),
demonstrating specific ability for simultaneously recogniz-
ing Cu” and Cu”" (Figure 16b). By using the developed SERS
probe, it was found for the first time that the concentrations
of Cu' and Cu”" were increased by about 4.26 and 1.80 times
upon ischemia respectively. There were three mechanisms of
the increased concentrations of Cu’ and Cu®' during ische-
mia: Cu’ and Cu” are released from copper-containing
proteins destroyed during ischemia; the more decrease in the
concentration of Cu’" are possibly ascribed to the conversion
from Cu’ to Cu®" both inside and outside the neurons upon
ischemia.

As for nonmetallic substrate-based Raman probe, the Ra-
man enhancement was realized based on the charge transfer
between semiconductor material and Raman reporter mole-
cules. Tian ef al. [53] created a highly selective non-metallic
Raman probe based on graphene oxide-titanium dioxide
(GO-Ti0O,) nanocomposites, for simultaneously monitoring
of 0,, Ca”" and pH with high selectivity (Figure 16¢). A
specific O, Raman probe (SOP) was designed consisting of
two parts: one was phosphinate as a specific recognition
group of O,, and the other was I-carboxy-4-hydro-
xyanthraquinone (CHQ) as a Raman reporter. Then, Ca”’
Raman probe (CaP) was synthesized containing three parts:
DNAzyme played as specific recognition domain for Ca”,
G-quadruplex was designed for binding copper phthalocya-
nine (CuPC) as Raman reporter, and triphenylphosphine
(TPP) was employed as mitochondria-targeting molecule.
Meanwhile, fluorescein isothiocyanate isomer (FITC) was
used to specifically identify pH. In addition, 6-(pheny-
lethynyl)-1H,3H-benzo[de] isochromene-1,3-dione (PBI)
was selected as reference probe to provide reference Raman
signal for built-in corrections with high quantitative accuracy
and indicate the transport of intracellular probe. Finally, the
designed CaP, SOP, FITC and PBI recognition molecules
were assembled onto GO-TiO, nanocomposites to construct
a mitochondria-targeted Raman probe, named as Mito-CSFP.
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The developed Raman probe displayed high selectivity and
accuracy, as well as good stability and biosafety.

6.3.2 Raman fiber photometry

Although Raman probes have already been used for bio-
sensing of chemical species in the brain, the relatively lim-
ited penetration of excitation light prevents current Raman
probe from being applied to deep brain. Fiber photometry
techniques for brain functional imaging employ an optical
fiber implanted into the brain to study the function of mul-
tiple brain regions. Tian ef al. [53] built up a Raman fiber
photometry to simultaneously record mitochondrial Raman
signals from six brain regions across a whole network of
freely moving animals, which was successfully applied for
studying the relationship of multiple molecules in the mi-
tochondria of the live brain (Figure 16d). The Raman fiber
photometry consisted of six multimode fibers (200 um core/
25 pym cladding) bundled together tightly at one end and
separated independently at the other end. The excitation light
(785 nm) was first delivered into the confocal scanner, and
then coupled to the bundled end of optical fiber by an ob-
jective (10x), further to excite the Raman probes at another
end of fiber. Subsequently, Raman signals of the probes were
collected with the same optical fiber and then detected by a
Raman spectrometer. The excitation light was coupled into
different fibers individually through the confocal scanner,
and the end of each separated fiber was tapered with the
optimized vertebral angle of 10.6° to improve the signal
collection efficiency and reduce invasive. With the assis-
tance of the developed Raman probe and Raman fiber pho-
tometry, it was firstly found that mitochondrial O, , Ca” and
pH values change from superficial brain areas to deep brain
areas, accompanied with the decreasing in the concentrations
and rates during acute hypoxia. This indicates that the de-
veloped fiber Raman system is a useful and powerful tool for
not only real-time tracking and quantitation of multiple
molecules in mitochondria across multiple brain regions but
also understanding the molecular mechanisms of functional
networks related to brain diseases, and further exploring the
potential drugs for prevention and treatment of diseases, such
as hypoxia, ischemia, stroke and epilepsy.

7 Summary and outlook

As summarized in this review, a variety of techniques for
brain structure imaging were overviewed, including MRI,
CT, positron emission tomography (PET), ssEM, LM and
synchrotron-based XRM. These imaging techniques pro-
vided abundant information for brain structure with multiple
scales, from single cells to tissues, from cortex to deep brain
areas across the whole brain. On the other hand, new tech-
nologies of electrophysiology for recording electrical signals
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at the single-neuron level and in the brain were introduced.
Moreover, frontier methods including probes and instru-
ments for biosensing of chemical signals in the brain were
highlighted, covering electrochemical techniques, MRI,
fluorescence and Raman methods. These probes and instru-
ments provided powerful tools to obtain the concentration
changes, spatial distribution and interactions of intracellular
or extracellular chemical species, thereby discovering and
analyzing neural activities and neural signal transductions in
the brain.

Due to the complexity of brain structure, current methods
for in vivo brain structure imaging are limited by low re-
solution, while high-resolution brain structure imaging
techniques are difficult to be applied to in vivo imaging
analysis. It is desirable to develop new techniques for in vivo
brain structure imaging with high spatial and temporal re-
solutions. Moreover, considering that the complex brain
environment involves a variety of chemical species, it is
necessary to explore new sensing strategies with high se-
lectivity, sensitivity and accuracy, to achieve real-time high-
throughput analysis of more chemical signals (>10) both in
extracellular and intracellular, for eventually realizing large-
scale dynamically recording of neuronal signaling with
chemical expression across the whole brain of freely moving
mouse. Furthermore, in view of the complex mechanism of
the brain, it is essential to build new instruments and create
multifunctional probes that can simultaneously image brain
structure and function in the future, to understand the mo-
lecular mechanisms of functional networks related to brain
diseases, and further to explore potential drugs for preven-
tion and treatment of diseases.
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