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Abstract

In this mini-Review was presented some of the most important and high impact developments within Neurophotonics. In this way, it was discussed about non-
invasive and invasive techniques, and methods highlighting their different levels of information recorded. Thus, Magnetic Resonance Imaging, Positron emission
Tomography, and other non-invasive techniques were mentioned. As well, varied Optical Set-ups, Advanced Microscopy techniques, miniaturized instrumentation,
Microdevices, and portable approaches were showed. In addition, with the perspective to develop Nano-tools to incorporate in these Optical Set-ups as well new ones,
it was afforded to the discussion about the design and development of Nanophotonics and Nanomedicine approaches. Therefore, the generation of non-classical light
combined with Multifunctional properties such as Drug delivery, and tissue regenerative therapies could be proposed. In this manner, as for example it was presented
some examples developed by us as potential exalted smart Opto-active Nanoplatforms, Ultraluminescence Bioimaging, and targeted Light delivery. In the same way,
it was showed different labelling techniques, using small Organic molecules, and Laser dyes; towards new reduced sized Nano-emitters and Meta-emitters. Thus,
with a point of view from the Nano-scale it was discussed the Neuro-signaling tracking by Neuro-transmitters, Ions, as well as Neuro-peptides, and Neuro-proteins
correlated with healthy/unhealthy status, and behaviours associated. In this manner, it was revised the main topics within the Nano-scale towards Nanophotonics and

Neurophotonics approaches.

Introduction

Actually, Neuroscience is very well developed at different levels by
varied experimental approaches, strategies, and Instrumentation [1].
Thus, from behavioural studies to brain signaling, and single Neuron
signaling, are currently in progress [2]. In order to afford these types of
studies, it was applied different technologies to generate brain imaging
[3]. Therefore, it could be registered faster data collection, analysis
and diagnosis [4]. By a general overview of the techniques, it could be
highlighted differentiated non-invasive and invasive techniques and
methodologies. The non-invasive technologies were developed based on
variable radiation-matter interaction with tissues. For example, it could
be mentioned different techniques with varied data generation and power
of information; as for example, i) Magnetic Resonance Imaging [5]; ii)
Photoacoustic tomography [6]; iii) Positrons emission tomography (PET)
imaging [7]; iv) varied advanced Microscopy techniques and methods
[8]. These techniques were developed with minimal invasive procedures;
however, many of them are not being used in humans, but they provide a
very important data recording In Vivo from small animals mainly [9]. It
should be noted that for human there are many approaches in progress by
Magnetic Resonance Imaging and IR based approaches [10].

In the previous recent mentioned references, it was highlighted the
high impact data recording, with capability to do it by a dairy basis due
to their minimal invasive approaches. However, the invasive approaches
could target different objectives looking for other types of particular
needs within varied Research studies, and analysis. Moreover, other
developments of new treatments as well requires other more invasive
strategies where it should be applied from direct contact of molecules,
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pharmacophores and varied materials with brain tissues such as for cell
recovery after injury [11] towards other ways of administrations related
with micro-needles [12,13], devices [14], and technological approaches
[15]. In this perspective, these types of developments are related as
for example with design and synthesis of small molecules [16] and
Nanomaterials for Neurophotonics applications [17]. By this manner,
the Nanomaterial could act by transferring their properties and Energy-
matter interactions for varied targeted uses as sensitive as for example
for image guided surgery [18]. Therefore, from molecular, biomolecular
levels, it should be highlighted as for example tracking of varied Neuro-
transmitters [19] based on Organic chemical structures [20], Neuro-
peptides [21], proteins [22], vesicles, exosomes [23], and Ions [24].
So, in this context it is possible to design targeted Biosensing, Neuro-
signaling, and Neuro-imaging based on the control of; i) Molecules as
probes, ii) the Nano-scale for Nanoplatform design, and iii) confined
Optical properties. Thus, varied Nanophotonics systems could be
developed for targeted interactions, labelling, non-classical light
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Figure 1. a) Schematic of the experimental approach for E-H. A stereotactic injection of the
Cre-dependent Arch-eGFP vector into the VTA of DATCre mice was followed by unilateral
optic fiber implantation above the injectionsite. b) Posthoc histologic verification of Arch-
GFP expression and optic fiber placement (white dashed line) in the VTA of one example
mouse. Red represents TH immunohistochemistry signal. Green represents fluorescence
of Arch-eGFP. Scale bar, 200mm. ¢) Schematic of yellow laser light illumination during
the CS-US pairing protocol. The tone block (n=30 tone beeps of 0.1 s at 1Hz) is followed
by a | s footshock. Yellow laser light (A = 561nm) is applied for 3 s starting 1 s before the
footshock to activate Arch. Reprinted with permissions of W. Tang-R. Schneggenburger et
al. (cite 37) Journal of Neuroscience 2020

generation; drug, and Light delivery, Bioimaging and Neuro-imaging,
chemical sensing, etc. In these perspectives, in this communication it was
afforded as well to i) Optical-set ups, ii) miniaturized Instrumentation,
and iii) varied spectroscopical and Laser based techniques for Nano-
Neurophotonics approaches. In addition, it was discussed the potential
of functional and Multi-functional Nanoarchitectures design that could
lead to new treatments, Neuro-generation, and tissue repairing. By this
manner it was introduced and updated a wide view of topics within
Nanophotonics for Neurophotonics, and Nanomedicine applications
accompanied with Optics, Photonics, and Instrumentation basis too.

Tracking of Neuro-transmitters: Chemical species,
Ions, and insides of Neuropeptides and Neuro-proteins
structures

In this section, it was afforded to the discussion about the detection and
tracking of the most mentioned and recently reported Neurotransmitters
[25]. These were chosen for varied reasons due to their participation
within different functions and illness. In this perspective it could be of
high interest; Acetylcholine [26], Cortisol, Dopamine [27,28], Glutamate
[29], and Neurotransmitter-derived lipoids [30] as synaptic vesicles [31],
Neuroactive steroids [32,33] and related hormones such as cortisol [34].
In similar manner, other types of Neuro-stimulators [35] should be
mentioned due to their close relation with Neuro-signaling.

These Neurotransmitters, related hormones, and external chemical
structures with variable intrinsic chemical constitution could be of interest
in many cases with the detection of their metabolites directly In-Situ,
In-Vivo and indirectly from processed real samples by different Optical
approaches and Spectroscopical techniques [36]. It should be highlighted
that many of these potential interests are currently studied. So, there are a
high impact the development of new approaches based on the combination
of Nano-tools and new Optical approaches, miniaturized instrumentation,
and related Optical approaches. For example, it could be mentioned the
Dopamine tracking within Amygdala that showed Signal Salient Somato
sensory Events during Fear Learning effect [37]. In this Research work it
was injected Fluorescent labellers into the amygdale region of mouse brain
(Figure 1a) that permitted to detect varied levels of Dopamine (Figure 1b)
when it was applied cycles of fear stimulation (Figure 1c). As it is known,
Amygdala, region of the brain is primarily associated with emotional
processes; so, it is highly sensitive to stress application.

Moreover, it should be noted the participation of ions for Neuro-
communication and signaling, such as Calcium [38], well know element
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participating in open gated channels between inter-neuronal contact and
signaling against varied neuronal stimulation (Figure 2). In this context, it
could be highlighted the use of different Fluorescent probes to detect calcium
delivery. However there still exist needs for new improved probes [39] and
approaches of detections due to the non-Optical activity of ions [40].

It should be noted the participation of different peptides and proteins
in close relation with Neuro-signaling associated with different pathways,
phenomena, and illness. For example, the Tau protein as Neurophysiological
signature in Alzheimer’s disease and cognitive decline [41]. Moreover,
the implication of amyloid-Beta Peptides in the Triggered aggregation
of Alpha-Synuclein In Vitro as well implicated as possible factors in the
development of Alzheimer [42]. Moreover, other types of interactions with
consequent effects on neurons such as the increase of the synaptic NMDA
receptor abundance by enhancing the local translation of Pyk2 in cultured
hippocampal neurons from BDNF interactions [43].

For a complete understanding of the implications of all the mentioned
Biostructures and for clinical diagnoses; it should be developed further
studies and Bioassays. In this perspective, to study the production of the
TAU protein, it was afforded to computational modeling of tau pathology
spread and experimentally by immune-fluorescent labelling within mouse
brains [44]. By this manner, it was revealed the inter-connectomes and
variability along the pass by Neuroimaging (Figure 3).

In addition, peptides released by different types of stimulations
with consequent cascade signaling, such as the Oxcytocine hormone
associated with varied biological events [45]. Its plays a role in social
bonding, reproduction, childbirth and the period after childbirth
as well. So, small Biostructures showed very important roles and
functions in the human health that still being a challenge their study.
Other example that it could be mentioned is related with neuropeptide
secretion by organizing dense-core vesicle fusion sites in neurons
activated by Dynamin’s yeast Vpsl orthologs [46]. These complex
Neuro-Biological events showed a wide and large number of biological
implications that should be mentioned and highlighted to propose new
queries and approaches of study from the control of targeted Molecules
towards the Nano-scale with impact on the micro-, and macro-scale.

Neuro-constitution and neuroimaging

The generation of Neuro-imaging with high level of resolution,
accuracy and precision is still being needed it depending of the
Research interest and application. Thus, Multimodal approaches are in
progress being developed with different approaches of data acquisition.
In particular in this section, it was leaded to the discussion on chemical
species levels and Biostructures information. In this perspective
there were many approaches of labelling techniques that offered an
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Figure 2. Tracking time course of Ca*'-triggered synaptic transmission: a) Schematic
diagram of a synapse illustrating the localized influx of Ca*" at the active zone (red
= secreted neurotransmitters). b) Sytl0 colocalizes with IGF-1 containing vesicles
in the somatodendritic regions of cultured mitral neurons. Images show double
immunofluorescence labeling of tagged Syt10 and either IGF-1, synapsin, or MAP2 as
indicated (Syt10: synaptotagmins binds Ca**). Reprinted with permission from, C. Sudhof
et al. (cite 38), Cold Spring Harb Perspect Biol; respectively (2012)
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Figure 3. Quantitative immunohistochemistry to evaluate pathological tau spread. a) AD brain with a high burden of tau pathology was chosen for extraction of pathological tau. Brains
went through sequential extraction of tau PHFs as noted in the schematic. Final tau PHF preparations were used for all subsequent steps. PBS, phosphate-buffered saline. HS, high salt. b)
NTG mice were injected unilaterally with AD PHF tau in the hippocampus and overlaying cortex as shown at 3 to 4 months of age. ¢) Mice were euthanized 1 (n=4), 3 (n=8), 6 (n=16),
or 9 (n = 6) months following injection. d) Mouse brain was sectioned, and the sections representing the regions shown were stained for pathological tau. e) Representative sections were
selected, and 194 regions were annotated for each brain. A second set of nearby sections was similarly annotated to reduce selection bias. Scale bar, I mm. Annotation colors are arbitrary. f)
An enlarged image of the annotated supramammillary nucleus (SUM) is shown with the inclusions stained for pS202/T205 tau. g) Annotations allow automated quantification of percentage
of area occupied with pathology in specific regions of the brain. An analysis mask is overlaid on the image in (f) to demonstrate this quantification of pathology. Scale bar, 100 um. Reprinted

with permissions of E. J. Cornblath-M. X. Henderson et al. (cite 46) Sci. Adv 2021

open window for divers complex studies, such as retrograde labelling
techniques to track Neurodevelopment and inter-connectomes [47], by
incorporating Modified virus wilt Fluorescent molecular tracers [48] or
by Injection of Fluorescent labelled microbeads [49].

But it is important to achieve lower resolutions in order to manage
inter-neuronal connections and deeper levels towards molecular
detection too. Thus, it could be mentioned Neurotransmitters tracking,
Calcium, exosomes release, protein transport, membrane modifications,
etc. [50]. Therefore, it could be evaluated targeted functional responses
of Neurons In Vitro and In Vivo [51]. So, to develop new strategies it
could be highlighted Advances in Nanophotonics, and Nano-Optics;
accompanied with varied Optical Set-ups; from where it was achieved
reduced sized focusing on molecular detection events [52]. And, in this
aspect it is of high interest the generation of imaging by design of specific
chemical reagents and new Nano-tools to manage targeted interactions on
tissues In Vivo; and recognize molecules from the media such as on smart
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responsive particles [53]. These concepts and ideas are not all developed;
for this reason and the impact associated it is an invitation to propose other
approaches. For example, the concept of controlled light delivery [54] from
reduced sizes at the molecular level and from confined Nanoplatforms [55]
could show a high potential use for these types of studies and applications.

Then, depending on the properties developed in these specific
reagents and Nano-tools, it will be the Optical Set-up chosen. As
well, it should be taken into account particular physical and chemical
properties of targeted molecules, concentrations, media, interferents,
and accessibility to measure or contemplate other possibilities as non-
invasive techniques that all and remote sensing modes.

Therefore, metabolites of serotonin (5-hydroxy-triptamine) could
be detected in urine by its metabolite [56] however in order to track In
Vivo, it should be developed strategies to detect in place the molecules of
interest. Thus, for small animals and rodents it could be applied varied
Microscopy techniques [57,58] and new Nano-Optical approaches
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Figure 4. Levels of association between AMPAreceptors and stargazing in spines and dendrites: a) Double immunolabeling configuration of GFP-GluA1 with mouse anti-GFP/GaM-
ATTO 594 (Donor) and HAstargazinwithratanti-HA/GaR-ATTO647N (Acceptor). b) STED image of GFP-GluAl (Donor) and confocal(Conf.) imageofHA-Stargazin(Acceptor)
onatransfecteddendriteandaninsetshowingadendritic spine. ¢) STED raw intensity image of the donor showing GluA 1 nanoclusters in spines and dendrites. d) Corresponding deconvolved
image of that showed in (c) (Richardson—Lucy deconvolution, simulated PSF of 60 nm FWHM). ¢) Intensity-weighted FLIN image of the deconvolved image in (d) depicting higher FRET
level in spines (white arrows) compared to dendrites. Inset: crop of one spine showing nanoclusters of fluorescently labeled AMPARSs exhibiting different levels of FRET with fluorescently
labeled stargazin. f) The median FRET efficiencies per nanocluster on the membrane surface was significantly higher in spines (8.0%, IQRY:6.9%, n Y4271 clusters, 10 neurons) compared
with dendrites (5.5%, IQRY48.0%, n 41058 clusters, 10 neurons) (p '49.45x10—10). Scale bars 500 nm, inset: 1.56x1.18 um.. Reprinted with permissions of P. De Koninck et al. (cite30),

Neurophoton, SPIE 2019

[59]. Some of these studies were permitted by In Vivo with open skull
procedures [60]. In this perspective, miniaturized instrumentation such
as mini microscopes [61], endoscopes [62,63], and photonics Optical
Fibers [64] were reported with high impact on Neuroimaging and
data collection. By this manner, it could be focused on reduced sized
spots for molecular spectroscopic by targeted light collection by the
right excitation, applying different non-classical light generation such
as Fluorescence Resonance Energy Transfer (FRET) [65], and Metal
Enhanced Fluorescence (MEF) [66-69]. All those mechanisms could
be involucrated to the specific FRET targeted Biomolecular detection
[70-72], for the generation of new synthetic Enhanced Luminescence
approaches based on Nano-Bio-FRET [73], MEF Bioassays [74], and
FRET-MEF coupled phenomena [75]. Thus, the design, synthesis,
and application of Nano-tools could be the next generation of
Nanotechnology within Neurophotonics. These Nanoarchitectures by
a proper design could be proposed as smart responsive Nanoplatforms
that ideally would detect at Single Molecular Detection (SMD) level
[76]; and even ions by Enhanced Nano-Optics [77]. And, with these
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perspectives, it should be highlighted that not so many were developed;
but some proofs of concepts were reported. In this manner, there is
a huge potential in this Research field in the next years. In the same
way, the capability to the design of miniaturized instrumentation and
devices, it could be proposed the tracking of SMD detections in real
time externally and remotely controlled by varied stimulation sources
such as Multi-photons Lasers [78]. For example, it could be noted
that by the use of small Fluorescent molecular labellers, it was leaded
to obtain Neuroimaging with a high potential of data analysis [79].
However, there are still being needs to incorporate other types of new
emitters, Meta-emitters, and Nano-emitters to tune more stable, less
photobleached, and higher resolved Neuroimages. In this manner the
non-classical Light is generated from confined Nano-volumes affording
by this way the highlighting of their environment with a consequent
generation of pattern of variable degree of resolution. In this context, it
could be mentioned he Bioimaging generation by Fluorescence Lifetime
Imaging (FLIM) [80] (Figure 4). This technique based on controlled
Fluorescence emission by incorporating specific Fluorescent dyes to
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Figure 5. Schema of Single Neuro-labelling assays: a) Single Neuron constitution inserted
within an average confined volume; b) Labelled Single Neuron by varied controlled and
tuneable Neuro-Imaging modes nominated as ( i ). Reprinted with permissions of A. G.
Bracamonte et al. 2022

interact with varied biological media produced different resolution
within the Nanoscale. In these scales of lengths, the concept of light
delivery could be developed from tiny Nanoparticles towards higher
ones in similar manner as it was previously showed; and by using other
approaches such as by Optrodes [81,82].

In addition to these strategies, and others such staining, classical
labelling techniques, and new ones by the use of new emitters, Meta-
emitters [83], Enhanced emitters [84] and Quantum emitters [85,86], it
should be added the application and development of probes for sensing
uses. For example, targeted highly conjugated organic molecules with
proper chemical groups functionalization could lead to targeted ions
sensing as Calcium [87]. These organic moieties modify their electronic
propertiesin presence justonly of the targeted ion. Therefore, itis possible
to register Calcium delivery by an increase of Fluorescence signaling.
Thus, it was achieved Neuro-stimulation studies against varied types
of stress factors applied on small rodents. By this manner it could be
sensed varied types of stimulations such as light, fear, nutrition, variable
activity, etc. By this manner it was studied behaviours In Vivo [88,89],
And with this perspective, as well it should be noted the importance
of the design of Chips, devices as Micro-fluidics, Nano-devices with
potential applications for Drug Delivery and Bio-sensing too [90,91].
These approaches could be perfectly coupled with previous Optical
approaches mentioned in order to track Neuro-Biological events
(Figure 5). In this perspective it could be designed varied experimental
approaches such as In Vitro, In Vivo, within Microfluidics approaches
[92,93], Organelle on Chips Bioassays [94,95], targeted Single Neurons
and related cells too [96].

Therefore, as concluding remarks, it could be mentioned that it
was afforded to an overview about the capabilities of different modes
of Neuro-imaging generation based on the analysis of the State of the
Art of Multidisciplinary Research fields focused on Neurophotonics.
In this manner, it was discussed from molecular detections, molecular
labelling, to Nano-labellers and Nano-rulers for Imaging leading to
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couple Optical approaches for their signal tracking. Thus, in brief it was
opened and showed potential future developments.

Concluding remarks

There are many important and high impact studies in progress as
well as required within Neuroscience to dilucidate varied developments
of illness, mechanism associated with normal brain function, and
its stimulation by a controlled manner. In this context, it should be
highlighted the current high level of technology achieved for data
recording by collaborative Research and development works from
Academia and Industry in many cases. Therefore, from the different
Optical approaches, techniques and methodologies it could be achieved
a given degree of precision and accuracy when it is look for a targeted
application. For example, there are many particular interests to specific
signaling from the whole brain tissue, varied cells involucrated,
Biomolecules, and ions. For the different studies and applications,
within the different levels mentioned, it is required improvements in
many aspects depending on the variables involucrated. And there, it is
the challenge to afford to new developments related with variable sized
focused hot spots associated with confined Neuro-Biological events
where the resolution is highly required. The design of new probes
for Biosensing from the molecular control towards the Nano-scale
Engineering could provide tools to manage the different challenges
to overcome. These Molecular-, and Nano-tools will be incorporated
in varied Optical Set ups to record targeted signaling depending of
the application. So, from this wide point of view, it was showed and
discussed in this communication many high impact Research works
reported that could be involucrated in Future developments as well. In
this way, it should be highlighted other developments not necessarily
related within Neurophotonics that could lead to new studies. As
for example, the recent Nobel in Chemistry awarded in 2017 related
with a Super-resolved Fluorescence Microscopy technique based on
Laser molecular switch on/off activation at Single Molecule Detection
(SMD) level [97]. In the same direction the study and developments
on Neurons by varied Optical approaches, such as Optrodes and new
Microscopy methods could afford to resolution below the Nanoscale
within In Vivo Neurons by incorporation targeted new highly efficient
Nano-emitters [98] and by Optical tagging [99] of intrinsic Optical
active Neuronal biomarkers [100], or by labelling and Bioconjugation
techniques [101] (Figure 6).
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Figure 6. PV+ cells in MSA selectively express channel rhodopsin (ChR2) after injection of virus in PvalbCre rats. a) Illustration of a rat brain seen slightly from above on the left side
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The area of MEC chosen for the magnified images is indicated by a small square. ChR2- labeled septal projections target PV+ cells in MEC (small outline). d) Illustration of experimental
setup. PvalbCre rats were implanted with optic fiber in MSA and recording electrodes in MEC (two animals also had optic fibers together with recording electrodes in MEC). Blue laser
light (470 nm) was used to activate PV+ cells in MSA at two different frequencies, 11 and 30 Hz. Reprinted with permissions of T. Haftinget al. (cite100), Science Advances, Science 2021
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