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This is a short communication based on recent high-impact publications related to how various chemical
materials and substrate modifications could be tuned for nano- and microdevices, where their application
for high point-of-care bioanalysis and further applications in life science is discussed. Hence, they have
allowed different high-impact research topics in a variety of fields, from the control of nanoscale to
functional microarchitectures embedded in various support materials to obtain a device for a given
application or use. Thus, their incorporation in standard instrumentation is shown, as well as in new
optical setups to record different classical and non-classical light, signaling, and energy modes at
a variety of wavelengths and energy levels. Moreover, the development of miniaturized instrumentation
was also contemplated. In order to develop these different levels of technology, the chemistry, physics
and engineering of materials were discussed. In this manner, a number of subjects that allowed the
design and manufacture of devices could be found. The following could be mentioned by way of
example: (i) nanophotonics; (ii) design, synthesis and tuning of advanced nanomaterials; (iii) classical and
non-classical light generation within the near field; (iv) microfluidics and nanofluidics; (v) signal
waveguiding; (vi) quantum-, nano- and microcircuits; (vii) materials for nano- and microplatforms, and
support substrates and their respective modifications for targeted functionalities. Moreover, nano-optics
in in-flow devices and chips for biosensing were discussed, and perspectives on biosensing and single
molecule detection (SMD) applications. In this perspective, new insights about precision nanomedicine
based on genomics and drug delivery systems were obtained, incorporating new advanced diagnosis
methods based on lab-on-particles, labs-on-a-chip, gene therapies, implantable devices, portable
miniaturized instrumentation, single molecule detection for biophotonics, and neurophotonics. In this
manner, this communication intends to highlight recent reports and developments of nano- and
microdevices and further approaches towards the incorporation of developments in nanophotonics and
biophotonics in the design of new materials based on different strategies and enhanced techniques and
methods. Recent proofs of concept are discussed that could allow new substrates for device
manufacturing. Thus, physical phenomena and materials chemistry with accurate control within the
nanoscale were introduced into the discussion. In this manner, new potential sources of ideas and
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1. Introduction microfluidics technology®® and wearables.* To reach the current
level of technology it has undergone a long process of devel-
The design and manufacturing of devices is today a high-impact opment and knowledge creation based on fundamental
research field with consequent impact on other multidisci- research.
plinary fields, as well as on the market of chips,* nano- and In this perspective, this review communication intends to
discuss recent reports directly related to a variety of device
approaches toward new ones that could be generated incorpo-
“Instituto de Investigaciones en Fisico Quimica de Cordoba (INFIQC), Departamento de rating different physical phenomena and materials chemistry
Quimica Orgdnica, Facultad de Ciencias Quimicas, Universidad Nacional de Cérdoba  Strategies, where the control of the nanoscale has shown a high
(UNC), Ciudad Universitaria, 5000 Cordoba, Argentina. E-mail: ghracamonte@fcq. impact on the material used for devices. In this context, several
i‘”c‘ed”'“r" guillermobrac@yahoo.ca designs for devices, waveguides and wearables for the detection
Blijf;::gl:; :Zg?;g’sgn:;’:mm of Vietoria (UVic), Vancouver Island, VSW 2Y2 ¢ different. targeted biock.lemical sPecies have been proposed.
The signaling recorded in the different developments was

‘Département de chimie and Centre d'optique, photonique et laser (COPL), Université . . - .
Laval, Québec (QC), G1V 0A6, Canada different, and has shown varied detection levels and resolution.
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Many of them operated through the generation of non-classical
light,> light scattering,® electronic conduction,” and
bioimaging.*

The study and application of signal transduction through
modified substrates depended on the targeted chemical
species. Similarly, the incorporated optical set up was taken into
account and in many cases adapted to accomplish the desired
function. The use of light emitting devices (LEDs),” organic light
emitting devices (O-LEDs)," wireless approaches' and minia-
turized instrumentation showed their impact on studies at
this level. Moreover, the use of nanoparticles and nanoplat-
forms proved their use as nano-tools for lab-on-particles,*
smart responsive optical nanomaterials, and nano-biolabellers
for bioimaging and biodetection (Fig. 1).**

Therefore, this review allowed discussion of enhancements
strategies of non-classical light and electronic conductions.
Metal-enhanced fluorescence (MEF),* fluorescence resonance
energy transfer (FRET),"® enhanced FRET," and coupled MEF-
FRET"™ phenomena were discussed. In a similar manner,
enhanced conduction by high electromagnetic fields interac-
tions from several plasmonic sources were also considered.”
Moreover, enhanced plasmonics (EP)* studies and approaches
were introduced to bioapplications and assays. Studies of these
phenomena are currently in progress from single nanoplat-
forms developments. In many cases this has led to the discus-
sion of their incorporation in new devices through substrate
modification or being used as nano-tools to transduce signals
from confined spaces and volumes in nano- and microfluidics
designs.

In the generation of enhanced non-classical light emission
from light-matter interactions, silicon Raman laser* develop-
ments as well as related enhanced light scattering® should be
taken into account. Various optical approaches have been re-
ported in this research field, such as the use of modified silica
substrates, surfaces, waveguides, optical resonators and other
setups, which contribute to the design of functional devices.”

Control of the Nanoscale below
subwavelength level and beyond
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Fig. 1 Scheme of tuneable properties based on variable nano-
architecture for targeted applications (blue). Type of nanoparticles,
chemical modification and physical properties developed (black).
Reproduced from ref. 13 with permissions of Bentham Science
Publishers, Copyright 2021.
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In this context it could be noted for example how the control of
nanochemistry has allowed to modify light scattering proper-
ties. The capability to organize hybrid silica NPs towards hybrid
silica nanoarrays could lead to modified surfaces and substrates
for improved light scattering resonances and increased
signaling from the surface, across and through the materials by
means of different approaches such as photonics surfaces,
materials and waveguide substrates respectively.”® In this
manner, it would be possible to tune new properties in various
optical substrates for new device designs of variable sizes and
geometries.

This knowledge construction made it possible to discuss in
particular the detection of low-level concentrations such as
single molecule detection (SMD),** biomolecules, biostructures,
and other applications such as drug and light delivery, and
opto-stimulation® (Fig. 2). The focus was on developments in
life sciences by the discussion of developments already reported
in previous communications. However, the discussion high-
lighted the incorporation of new nanotechnology proofs of
concept such as smart optical transducers for future device
developments. In addition, new approaches were considered
where devices could be coupled with advanced optical instru-
mentation after use, as well as the incorporation of portable and
miniaturized instrumentation. In this way, new insights and
strategies were proposed that could be applied in the future
with potential use in the development of enhanced function-
alities and improved nano- and microdevices for the next
generation of biotechnology, wearables and miniaturized
instrumentation.

2. Concepts from the nano- and
microstructure design to the functional
substrate and targeted device

In the design of nano- and microdevices, control of matter and

its properties is required to develop targeted properties. In this
sense, chemical control of atoms in molecular structures has

2n0 nanowire

Fig. 2 Schematic illustration and design of the fiber nanogratings
sensor: (a) schematic diagram of the ZnO nanogratings integrated on
a fiber bioprobe; (b) SEM image of the fiber sensor, with a nanowire
diameter of 800 nm. Scale bar, 1 um. Inset, details of the nanogratings
in the yellow dashed rectangle; (c) microscope image of the fiber
sensor with the nanogratings against a bright field. Scale bar, 10 um.
Inset, microscope image of the nanowire against a dark field, with
incident light of 633 nm. Scale bar, 5 um. Reproduced from ref. 26 with
permissions of Advanced Photonics, Copyright 2022.

RSC Adv, 2022, 12, 12806-12822 | 12807


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02008d

Open Access Article. Published on 27 April 2022. Downloaded on 11/28/2025 5:12:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

made it possible to obtain variable controlled sizes below the
nanometer, whereas by applying the appropriate structures and
conditions it was possible to develop higher sized materials
such as films, and solid substrates such as plastics, porous
materials, gels, crystals, etc.”” Moreover, by the control of media
in colloidal dispersions a variety of nanostructures were ob-
tained, formed by different atoms and molecules that could
provide the desired properties for a given application.”® In this
manner, the control of particle dimensions with different
shapes in the nano- and microscale could be used as a platform
for chemical modifications and functionalization. Moreover, it
should be highlighted that in addition to the use of wet
chemical methods of synthesis,” laser-assisted techniques
could be applied to modify surfaces and obtain nanostructures
as well.* Thus, accurate dimensions, sizes and shapes could be
available to tune properties. These properties could be related
to different phenomena such as electronic conductions,*
quantum phenomena,* non-classical light generation,* catal-
ysis,** electromagnetic fields,** luminescence,*® energy trans-
fer,” energy storage,*® signal amplification,* signal
transduction,**** etc. (Fig. 3).

Based on these properties that could be tuned within
confined dimensions depending on material constitution,
prototypes for lab-on-particles, nano- and micro-devices with
targeted functions could be developed.*” The functions
mentioned could be related to a variety of particular needs such
as cell, unicellular micro-organisms, and bacteria detection by
bioimaging, and drug and non-classical light delivery. There-
fore, it is required that functional devices act as smart respon-
sive materials by controlled stimulation. For example, the
manufacturing of confined bi-colored laser dyes within silica
nanoparticles could switch variable light emissions and inten-
sities depending on the excitation applied and particular
objectives such as imaging and targeted light delivery in the
surrounding area (Fig. 4).**

In this manner, a number of functions could be developed
related to different applications by nanophotonics,* classical
and non-classical light generation within the near field,
microfluidics and nanofluidics, signal waveguiding,* quantum-

Quantum bits

Fig. 3 Schematic concept of a modified substrate for targeted elec-
tronic, quantum, and non-classical light signaling. Reproduced from
ref. 40 and 41 with permissions of Current Material Science (CMS),
Bentham Publishers, Copyright 2021.
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energy acceptor at 543 nm and only optimal excitation of Fl as
a fluorescent energy donor at 488 nm and coupling with RhB as
a fluorescent energy acceptor. Inset images show the laser dyes
incorporated within the silica nanoplatforms. Reproduced from ref. 43
with permissions of Journal of Nanophotonics, SPIE, Copyright 2020.

, hano- and microcircuits,*® smart responsive stimulation of
functions as functional switcher, etc. (Fig. 5).

The desired applications in life sciences technology are
varied, such as imaging,*® diagnosis, telemedicine,* portable
bioassays,* single molecule detection (SMD),** drug delivery,*>
in vivo monitoring, remote monitoring, and portable and
wearable devices for real-time monitoring® (Fig. 6).

For all these reason, the literature under review highlights
the importance of chemical synthesis control applied to the
design of new materials in the nano- and microscales in order to
obtain substrates or macroscopic materials whose shapes and
properties could be tuned. Therefore, a micrometer- or
millimeter-sized substrate with a given function could be ob-
tained based on the several components.

In this way, it should be highlighted that this bottom-up
opened new opportunities for research as well as offering new
strategies for other research fields such as nanophotonics,
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Fig. 5 (a) Scheme of cross channel microfluidic chip. (b) Inset images
correspond to (i) ultraluminescent gold core-shell silica NPs and (ii)
and (iii) modified silica nanoparticles with supramolecular systems as
mimetics of antibody—antigen interactions for targeted organic fluo-
rescent molecular reporter complexations and detection by laser
fluorescence microscopy. Reproduced from ref. 45 with permissions
of Micronit Microfluidics Company, and Frontiers in Drug, Chemistry
and Clinical Research, OAText, Copyright 2019.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Remote Patient Monitoring (RPM): Healthcare delivery outside of traditional
healthcare settings. RPM combines devices with telecommunications.

Home monitors: Portable medical devices used to
measure phy ical p
outside of a clinical setting.

Wearables: Physiological monitors worn on the body/skin that Telehealth: Remote clinical services
move with an individual through their day-to-day life. using telecommunications.

Fig. 6 Wearables, home monitoring technologies, and telehealth
combine to provide the framework for RPM. There has been
a substantial increase in the implementation of telehealth and RPM
technologies during the COVID-19 pandemic. There have also been
regulatory changes to encourage further adoption of RPM technolo-
gies during the pandemic. This figure contains visual elements that are
licensed under CC BY. Reproduced from ref. 49 with permissions of
Journal of Biomedical Optics, SPIE, Copyright 2020.

biophotonics, neurophotonics and nanomedicine. In addition,
it has already been released in the market as wearable
consumables.>*

3. Current trends and future
perspectives of implantable, portable
and wearable devices and chips in
biology and medicine

This section deals with the detection of biomolecules and its
potential uses in biology and medicine, based on the nano- and
microstructures designed. These structures, based on the use of
different chemical synthesis processes, allowed to modify
surfaces to tune targeted signaling. Thus, it was considered how
smart responsive nano- and microplatforms made possible free
targeted interactions in colloidal dispersions, incorporated in
nanofluidics and microfluidics as well as in advanced standard
in-flow cytometry instruments available in the market. In
addition, the use of the platforms mentioned of variable sizes
and material compositions on modified substrates for device
and chips designs was highlighted. These modified substrates
could be excited by a number of sources of radiation depending
on the targeted physical signaling, wavelength, or mode of
energy. This enabled the detection of molecules at very low
concentrations within levels of single molecule detection
(SMD). These phenomena could be developed in different
optical setups and approaches, which could open new strategies
for e.g. drug research, or chemical and clinical research.>
These devices and chips could be used in other studies and
applications such as in-flow nanoplatforms, various bio-
structures, cells detection, and tracking within cells and
organelles. Thus, many research projects are currently in
progress, as well as a number of developments in nano-
photonics,***” biophotonics,*** genomics,*® next-generation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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sequencing techniques,® and
medicine® (Fig. 7).

Moreover, thanks to the possibility of incorporating them in
vivo, depending on the design used, real-time tracking was
implemented by the development of wearables® and portable
devices. In the same way, the development of miniaturized
instrumentation is noteworthy, such as miniaturized endo-
scopes,® microscopes,®® and optrodes®” for in vivo applications
and portable uses as well. Some of the highlights are portable
microscopy on rat skulls for neurophotonics, endoscopy on
living tissues with improved imaging to detect molecular
modifications in tissues during cancer development, and optr-
odes with direct variable signaling tracking in place depending
on the requirements. Similarly, a notable level of miniaturiza-
tion and power of analysis has been achieved by using micros-
copy setups of reduced sizes, by fine-tuning minimal-sized
optical lenses in a confined cylindrical volume with a diameter
of few mm. This capability has enabled the development of an
open-source, wireless miniaturized microscope system to track
in vivo calcium ion delivery from neurons by incorporating
a specific fluorescence probe.®® The optical setup led to single-
photon fluorescence imaging in freely behaving animals. The
device was made by 3D printing and weighted only 1.8 g. In this
manner, it was possible to image different fluorophores as
calcium ion indicators. The power of analysis recorded by

neurophotonics® nano-
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Fig. 7 Lab-on-a-brain: implantable micro-optical fluidic devices for
neural cell analysis in vivo. Device implantation procedure and
a mouse implanted with the device: (a) Low invasive device implan-
tation procedure with dura removal using enzymatic treatment; (b)
photograph of a living mouse with the headgear attached on its head.
The micro-optical fluidic device was protected by placing it inside
metal headgear with a detachable cover; (c) close-up photograph of
the implanted device after fixing it mechanically with dental cement.
Scale bar, 2 mm. The schematic illustration was drawn by H. T. using
Adobe lllustrator software, and the photographs were taken by A. N.
Reproduced from ref. 62 with permissions of Scientific Reports,
Springer Nature, Copyright 2014.
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wireless imaging to generate high-quality and acceptable
analytical performances for quantifications should also be
highlighted.

In addition, the implementation of the nano- and micro-
platforms mentioned above on devices and chips, allowed to
develop new approaches for precision medicine. In this high-
impact point-of-care research area the use of lab-on-particles,
cargo-particles, gene detection, and new drug delivery systems
are greatly needed. Thus, the nanochemistry and chemistry of
materials accompanied by the appropriate incorporation of
technology such as optical platforms, support substrates, lasers,
photon and quantum sources, and detectors could make
possible to prototype new designs for other uses and
applications.

On this topic, focused on the importance of nano-optics for
targeted biosignals in tissues and real samples, the develop-
ment of implantable photonic neural probes for light-sheet
fluorescence brain imaging has recently been reported.®® This
imaging approach was successfully achieved by the use of
a miniaturized optical setup along with the incorporation of
a probe with a propagation capability of distances up to 300 pm
in free space using fluorescent optical responsive beads sus-
pended in agarose as medium. The different steps involved in
the design and several lithography and surface modification
techniques should also be mentioned. Neural probes were
manufactured on 200 mm-diameter Si wafers. A 135 nm-thick
SiO, bottom cladding and SiN waveguide layer were deposited
by plasma-enhanced chemical vapor deposition (PECVD); and
fully etched SiN waveguides were formed using deep ultraviolet
(DUV) lithography followed by reactive-ion etching (RIE), and
the 1.55 pm-thick PECVD SiO, top cladding layer was then
deposited. Moreover, knowledge of wet chemistry techniques
and methods was applied to set the adequate optics of beads as
well to other examples previously discussed. This demonstrated
the importance of a multidisciplinary approach that can bring
together different fields and technologies such as wet-chemical
methods™ and laser-assisted techniques,” which allow variable
chemical matter compositions for alternative strategies in the
design of nano- and microdevices.

Thus, the importance of chemistry, physics, optics, and
material science to control the nanoscale and further to develop
new functionalized materials was shown; however, it was the
multidisciplinary approach that made the previous develop-
ments and applications possible, by combining different sour-
ces of knowledge. This is just to obtain the platform, functional
substrate, or device, which in turn could later open new path-
ways for study, research and analysis. It was the intent of this
study to review the state of the art in these fields, accompanied
by building the knowledge from the molecular level to the
macroscopic or miniaturized instrumentation design.

4. Insights into nano-optics for in-
flow devices and chips for biosensing

In order to design and synthesize various highly responsive
materials for devices and chips, the importance of material
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tuning and control at the atomic level in 3D to quantum and
nanoscale sizes should be noted. This led to lithography tech-
niques as well such as wet-chemistry methods to manage
colloidal dispersions. Thus, looking for biosensing applica-
tions, nanotechnology and biotechnology made possible the
development of different optical properties with potential uses
for device and chip designs. In this perspective, fundamental
and applied nano-optics is of the utmost interest, particularly
the design and manufacturing of silica waveguides, organic,
and hybrid substrates for signal translations through the
material. Therefore, resonant plasmonics waveguides for
enhanced performances are currently being developed. Thus,
metal-enhanced fluorescence in plasmonic waveguides has
been reported, developing an accurate control of plasmonic
nanoparticles to manufacture plasmonic waveguides via self-
assembly into linear structures with very small inter-particle
separation.””> Wrinkled PDMS stamps were used to obtain
large micrometers of length of one-dimensional nanoparticle
assemblies. Combining this technique with the use of tunable,
metal-dielectric, core-shell nanoparticles allowed the
manufacturing of linear assemblies with adjustable inter-
particle separation for improved performance of non-classical
light translations through the modified substrate. In a similar
manner, by combining other semiconductive materials using
lithography techniques photonic-crystals could be tuned as
electro-optic modulators,” which allowed tuning of photon
delivery within the nanoscale on chips (Fig. 8).”*

These highly sensitive substrates based on different light
and electronic pathways are examples of how the control of
nano-optics allows signal translation in space and time. These
signals could be related to various recognition events where
signal modification is required. Therefore, the analysis of single
nanoplatforms is also of interest toward collective interactions
of higher-sized materials in the micrometer scale with close-
proximity targeted devices in the macroscale. Thus, highly
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Fig. 8 Design of LN photonic crystal nanocavity. (a) Dispersion
property of the designed LN photonic crystal nanobeam for the TE-like
polarization. The inset shows the structure of the unit cell (top view).
The red point indicates the frequency of the fundamental TE-like
point-defect mode, and the colored pink region indicates the
photonic bandgap. (b) Lattice constant as a function of position, which
is optimized for high radiation-limited optical Q. (c) The optical mode
field profile of the fundamental TE-like cavity mode simulated by the
finite element method. The left inset shows the orientation of the LN
crystal where the optical axis is along the z direction. (d) Scanning
electron microscopic image of a fabricated LN photonic crystal
nanobeam. Reproduced from ref. 74 with permissions of Optica, OSA,
Copyright 2019.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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sensitive responses from single nanoplatforms could be
coupled and transduced through various substrates in wave-
guides as well as being part of smart nanoparticles accurately
placed in in-flow devices and chips. In this perspective, the
importance from microfluidics to nanofluidics, and signal
wave-guiding by controlling sizes and nanostructured materials
for nanophotonics, biophotonic resolution, and drug delivery,
should be highlighted as well.”” So, depending on the targeted
application, optical properties and materials could also be
tuned. In this regard, there are many recent developments
focused on single nanoparticle spectroscopy, and analysis with
potential applications in SMD, biosensing, and biophotonics.

In this context the importance of molecular control at the
nanoscale as well as in the quantum scale should be noted, due
to their close proximity to molecular dimensions. Therefore, the
challenge is to recognize the arrival of targeted molecules on
nanopatterned surfaces or single nano- or quantum platforms.
In this manner, SMD approaches could be feasible in the next
generation of substrates for devices, wearables and implantable
chips with perspectives of biodetection at low concentration
levels. These approaches could eventually combine depending
of the demand for diagnoses and treatments with permanent
and non-permanent optical detection systems. This opens the
possibility of variable combinations. However, the device
substrate or material should be highly smart and sensitive in
their close surrounding. In this context, various physical
phenomena should be mentioned related to electronic oscilla-
tions and the generation of high-energy electromagnetic fields
such as plasmonics’”” as well as other electronic phenomena.
These could affect their near environment within short nano-
scale lengths known as the near field. For example, metal-
enhanced fluorescence (MEF) is a plasmonic phenomenon in
the near field where the fluorophores are excited by the elec-
tromagnetic field from the electronic oscillation of the metallic
surface. In this manner, a higher electronic occupancy is
produced in the excited state accompanied by enhanced radi-
ative decay and fluorescence lifetime shortening, which
produce an increase in the luminescence from the fluorophores
close to the metallic surface within the near field.” In this way
new analytical methodologies and biotechnological applica-
tions were proposed and are in progress,”*** shaping the future
of the next generation of nanotechnologies.?>* In addition, the
level of control achieved by the new trends mentioned in
nanotechnology should be highlighted, for example by the
control of optical properties based on plasmonics surfaces, re-
shaping intensity distributions by laser excitation. Thus,
a reversible shape and plasmon tuning in hollow AgAu nano-
rods was developed, with generation of spatially controlled high
electromagnetic fields by laser excitation.®® This capability to
control nanomaterial and properties could lead to switchable
functions, spatially controlled electronic conductions, and
highly sensitive surface emitters for smart photonics surfaces in
new devices, chips and wearables.

In addition, other phenomena such as fluorescence reso-
nance energy transfer (FRET) could be modified by the presence
of metallic surfaces. In this regard, the effects of metallic silver
particles on FRET between fluorophores bound to DNA have

© 2022 The Author(s). Published by the Royal Society of Chemistry
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been studied.®® This research work, as well as others carried out
by recognized researchers in this field, have allowed improved
FRET between the energy donor-acceptor pairs placed at
a controlled distance from the plasmonic surface. Moreover,
recent scientific communications highlight the development of
multilayered silica core-shell nanoplatforms® applied to label-
free biosensing of DNA based on multilayer fluorescent nano-
composites and a cationic polymeric transducer.’” This
approach has led to the detection of some targeted DNA strands
on nanoparticles and nanoaggregates by coupling the increased
fluorescence of a polymeric transducer intercalated in comple-
mentary DNA strands with a metal-enhanced fluorescence shell
placed at an optimal distance from the plasmonic core. There-
fore, the fluorescence energy was transferred by FRET and
coupled with the MEF receptor rising to an augmented sensi-
tivity only in the presence of the complementary DNA strand.
Therefore, the energy emitted by the energy donor was absorbed
by an enhanced energy acceptor that allowed amplified
signaling through the nanomaterial for DNA detection. In this
manner, direct molecular detection of SRY gene from unam-
plified genomic DNA by MEF and FRET coupling was ach-
ieved.®® In this approach the complex biomachinery involved in
the augmentation of genomic material in traditional techniques
was replaced by an enhanced nano-optical approach. In this
perspective the new substrates for the next generation of devices
could provide improved performances for early diagnosis and
detection where SMD will be required. Moreover, the funda-
mental issue of biocompatible properties should be contem-
plated. In this perspective inert and non-toxic materials should
be evaluated along with the desired highly sensitive nano-
optics. For this reason, the effect of the plasmonic properties
of gold on enhanced luminescence based on MEF was studied
by the application of biocompatible gold citrate nanoparticles
modified with silica spacer and covered with a fluorescent shell
with the incorporation of a conjugated laser organic dye. This
led to ultraluminiscent gold core-shell nanoparticles as nano-
imaging platforms for biosensing applications based on MEF.*
These nanoparticles were developed and optimized to exhibit
the maximal response from collective single nanoplatforms;
however, there is still need of SMD applications. In this regard,
in-flow nano-optics studies from near-to far field detection
based on MEF signaling were later reported (Fig. 9).*° In this
research, the optimal properties for MEF signaling from single
nanoplatforms excited by laser application in in-flow colloidal
dispersions were studied. Thus, drastic signal modifications
were achieved, depending on the main MEF parameters such as
spacer length from the gold core, concentration of laser dyes
incorporated, and excitations applied. These preliminary
results showed potential transference to smart responsive
single nanoplatforms as well as nano- and micro-arrays, from
where molecular signaling could be collected at various levels of
concentration.

Moreover, these ultraluminescent properties were trans-
ferred to biomembranes of Escherichia coli bacteria which
allowed to generate synthetic ultraluminescent bioimaging with
stable signaling from individual bacteria detection based on
MEF nanoimaging.®* In a similar manner, these achievements
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Fig. 9 (a) Schema of ultraluminescent gold core-shell nanoparticles
based on metal enhanced fluorescence (MEF) (Au@SiO,—RhB NPs); (b)
nano-imaging of Au@SiO,—RhB NPs by laser fluorescence micros-
copy. Inset image corresponds to core-less NPs; (c) in-flow nano-
imaging by IFC of single ultraluminescent Au@SiO,—RhB NPs (sample
s2 with SiO, = 10-11 nm). Inset image corresponds to sizes of 100—
200 nm; (d) higher sized ultraluminescent Au@SiO,—RhB NPs in
concentrated conditions. Inset images (i) and (ii) correspond to core—
shell and core-less nanoparticles after application of the sodium
cyanide methodology respectively. Reproduced (a) and (b) from ref.
89; and (c) and (d) from ref. 90 with permissions of RSC Advances,
Copyright 2017, and Microchemical J., Copyright 2021 respectively.

showed potential applications in nano-bio-optics for detection
of virus and higher-sized biostructures as well.”> These devel-
opments and the required optical setups could be proposed
within portable devices and miniaturized instrumentation. In
this regard, in-flow MEF biolabelling and biodetection of
Escherichia coli bacteria have been reported recently.”® This
study described improved performances of biostructure detec-
tion in continuous in-flow movement by applying ultra-
luminescent nano-biolabelling. This led to the characterization
of different distributions of labelled and non-labelled bio-
structures, as well as free nano-labellers. It should also be noted
that the proposed nano-biolabelling was based on non-covalent
interactions, thus obtaining improved performances by appli-
cation of targeted antibody-antigen approaches or related
strategies. So, the capability to manage non-classical light from
confined nano-emitters leading to bioimaging could be incor-
porated in imaging-based devices that could be resolved with
portable instrumentation and even incorporated with smart
telephones, which would provide accessibility to users.*

In this context, other proofs of concept and targeted devel-
opments focusing on SMD levels of labelled and free labelling
approaches could be mentioned from recent reports. For
example, the use of synthetic molecular receptors such as
cyclodextrins attached to gold nanoparticles allowed improved
laser dyes detection based on enhanced plasmonic effects.”
This research work showed how modifications to the medium
could control from single grafted nanoparticle detection to
higher-sized nanoaggregates, with potential uses for photonic
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surface applications. But the importance of the potential use of
single nanoplatforms to design lab-on-particles should be
highlighted as well, where biodetection and targeted applica-
tion of treatments could be combined if required by smart
responsive stimulus.?® For example, the design and synthesis of
hybrid silica substrates and nanoparticles of variable sizes
could be easily managed to tune signal conduction by varying
electronic properties, energy modes, and photonics signaling
through the modified material. Moreover, the signal generated
could be translated to longer distances, and coupled with other
types of materials; by way of example, synthetic non-classical
luminescence coupling from silica nanoplatforms to unicel-
lular micro-organism with a consequent generation of
enhanced nano-bio-FRET luminescence could be mentioned
(Fig. 10).*”

The effect mentioned was controlled by the incorporation of
the proper laser dye emitters in silica nanoparticles and tar-
geted laser excitation to light delivery and transference through
the biomaterial. In this perspective, the proposed generation of
new free labelling bioimaging approaches from modified
substrates could also be mentioned.

Another mode of energy generated by optical excitation of
modified substrates that should be noted is light scattering
from a large spectrum of matter sources and chemical compo-
sitions. This phenomenon is particularly studied and generated
from silicon-based substrates and modified surfaces to cause
phenomena such as silicon lasers (SL) and surface enhanced
Raman scattering (SERS).*®

For beginners, a laser is a device that emits high-energy light
produced by optical amplification based on stimulated emis-
sion of electromagnetic radiation.” Laser light should be
coherent, a property which is related to an ideal state of waves
enabling stationary (i.e. temporally and spatially constant)
interferences. These characteristics are not easy to create and
depend on many factors such as materials and optical setup. In
this context, to achieve an optical gain or lasing from silicon is
a permanent challenge, because this material in bulk shows
semiconductor bandgaps and very low light emission efficiency.
In this regard, there are many interesting reports and other

FRET Bio-Quenched
o8 'A
B

Fig. 10 A schematic diagram showing the biolabelling of cyanobac-
teria (cysbact) with fluorescent mono-colored SiO,—Fl and SiO,—RhB
NPs and multi-colored SiO,—RhB—Fl NPs, by non-covalent interac-
tions. Inset image: (i) and (ii) fluorescence laser microscopy bioimaging
of labelled cyanobacteria with SiO,—Fl, and SiO,—RhB respectively.
Reproduced from ref. 97 with permissions of RSC Advances, Copyright
2021.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02008d

Open Access Article. Published on 27 April 2022. Downloaded on 11/28/2025 5:12:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

research currently in progress based on optical resonators with
varied sizes and designs,'® such as heterostructures with
incorporation of nanocavities that have led to silicon Raman
laser signaling.** The radius of the nanohole was 128 nm, with
spacers at various intervals within 400-420 nm. This configu-
ration allowed the propagation of two energy modes, Stokes and
Pumped. Thus, the polarization of the direction of the light was
orthogonal to the x-y plane in this geometry. In this manner an
integrated optical circuit was developed by using a (100) SOI
wafer with a 45 degree-rotated top silicon layer for improved
efficiency.

These types of developments are of great interest, due to
their versatility and tuneability, coupled with several other
physical properties, from the small organic molecular level'** to
nano-plasmonic modifications'® which lead to new properties
and applications, e.g. in SERS approaches.'*

In addition to targeted functionalities from molecules to the
nanoscale and beyond, the importance of the support material
or substrate should be mentioned as well as its particular
properties depending on the phenomena under study. Thus, in
addition to many silica or silanized examples, other types of
polymers such as stretchable polymeric materials based on
various organic monomers and hybrid materials.*® In this way,
a large variety of skin implantable devices could be mentioned,
such as the development of expandable and implantable bio-
electronic systems for analyzing and regulating real-time
activity of the urinary bladder (Fig. 11).*°° This research work
presented a stretchable wearable that allowed to sense length
stretching of bladder, accompanied with optical sensing and
light delivery for targeted optogenetics.

Anothers development that could be presented concerns
skin-mounted soft electronics with a number of applications,
such as signal transductions and decoding, depending on the
functionality. Thus, mechano-acoustic signaling as recorded by

o
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Fig. 11 Electrical and optical properties of the devices in the E-thread.
(a) An optical image of the E-thread, built with eight u-LEDs distributed
onto four islands and three monitoring components [strain gauge,
electromyography (EMG) electrodes, and temperature meter]. (b)
Electrical and optical characteristics of a pair of u-LEDs, with the
optical image in the inset. (c) Photographs of the E-thread before (top)
and after applying strain up to 60% (bottom). (d) Normalized light
intensity as a cyclic extension of the E-thread up to 60% (n = 5).
Reproduced from ref. 106 with permissions of Sci. Adv., Science,
Copyright 2020.
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the stethoscope was recorded by an implantable wireless device
at the suprasternal notch.'® In this manner acoustic signals
were obtained from subtle vibrations of the skin at accelerations
of around 10™% ms 2 to large motions of the entire body at
about 10 ms™~> and frequencies up to around 800 Hz. This high
sensitivity was applied to other phenomena produced in the
body such as daily activities and exercise, with real-time
recordings of heart rate, respiration rate, energy intensity,
other essential vital signs, and other unconventional
biomarkers as well. And in connection with this the develop-
ment of an automated, multi-parametric monitoring of respi-
ratory biomarkers and vital signs in clinical and home settings
for COVID-19 patients should be particularly highlighted.'*®
This device was also based on mechano-acoustics signatures
from core, respiratory vital signs recording, and expressed
biomarkers such as coughing count.

Therefore, as could be seen in the previous examples, the
materials used for a given targeted application were responsible
for energy translations related to mechano-acoustics signals.
But the concept was also developed for other associated signals
and wavelengths where the required tuning of the properties of
new materials and metamaterials should be noted.'® In this
regard, the design and synthesis of metalenses of reduced sizes
for imaging applications could be mentioned.'*® Metalenses are
an array of optical nanoantennas on a surface capable of
manipulating the properties of incoming light. Several func-
tionalities were tuned based on this approach by the incorpo-
ration of flat optical components such as polarizers, optical
imaging encoders, tunable phase modulators and retroreflec-
tors. Thus, in the research work mentioned above achromatic
aberrations were eliminated, which allowed full color imaging
within a large interval of wavelengths. Moreover, the control of
matter such as photonic crystals could be assembled and
controlled by chemical surface modifications leading to varied
absorption and emission wavelengths. These properties could
be transferred through space and time for targeted applications
as well." Thus, plasmonic tuning of optical fibers was reported
for biosensing," and in particular the recent development for
optical virus detection of SARS-CoV-2/COVID-19 can be high-
lighted.*** This shows the importance of material constitution
and high sensitivity against surface modifications of reduced-
size devices and chips. Thus, just in this case potential trans-
ference to wearables and implantable biosensing technology
could be evaluated.

5. Perspectives towards biosensing
and single molecule detection (SMD)
applications

The development of chips, wearables and device implants is of
great interest for many applications; however, their uses could
be particularly targeted to bioapplications, clinical analysis and
medical diagnosis. Due to its versatile and practical point of
view based on data collected in vivo, in continuous real-time
monitoring, it has a high impact on approaches and studies
focused on the determination of various biomolecules,

RSC Adv, 2022, 12, 12806-12822 | 12813


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02008d

Open Access Article. Published on 27 April 2022. Downloaded on 11/28/2025 5:12:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

metabolites, and analytes within low concentration intervals. In
this regard, it is well known that single molecule detection
(SMD) provides the best known level of detection of various
molecules by the application of several chemical, physical and
optical strategies. In this context, this section discussed
potential applications in SMD, developing different strategies.
Moreover, it should be mentioned that the examples discussed
allowed different approaches that have potential implications
in this research field. It is known that the optics required for
SMD developments is not as simple as to be carried on
implantables; however, chips, devices and implantables could
be designed and sensed as required by proper optical systems.
In this way, a chip could be designed to act as a molecular trap
during a certain number of hours, and then detect low numbers
of molecules within confined spaces in the nano- and
microscale.

In this perspective, there is actually a huge advance from
companies that offer wearables for health monitoring tracked
by smart phones on demand.*** Promising results are offered
for early diagnosis and treatment. On the other hand, funda-
mental research is showing advances in several materials for
highly sensitive detection with low concentration levels. For
example, optical writing and single-molecule reading of pho-
toactivatable and silver nanoparticle enhanced fluorescence
could be mentioned." In this approach a hybrid nanoparticle-
molecular system was developed, formed by silver nanoparticles
and a fluorogenic boron dipyrromethene (BODIPY) that is
selectively activated by UVA or UVC light in the presence of
a targeted photoacid generator. In this manner accurate single-
molecule readings were achieved in the near surrounding of the
plasmonic structure. These types of developments placed in
confined spaces accompanied by a proper tuning could lead to
chips and devices coupled with different advanced microscopy
optics and techniques. In addition, the possibility to add
complementary functions such as drug delivery or patches as
wearables could provide on site solutions to various health
problems. The recent report about the first 3D printing of
wearable personalized oral delivery devices applied to humans
could be mentioned." In this approach it was highlighted how
a direct translation of materials could be developed for the next
generation of drug delivery systems for personalized therapy.
These types of devices could be used early if the health problem
is diagnosed in advance. This concept could be applied to
molecules, biomolecules and biomarkers, as well as bio-
structures. With this approach, applications from translational
medicine and clinical diagnosis to biodetection could also be
developed.” In this way, optical resonators, nanocrystals,
plasmonic structures, nanopatterned surfaces and waveguides
were developed as smart responsive substrates with potentials
applications in portable devices, chips, and new wearables.
However, it should be noted that simple paper-based chips
based on solid optical responsive substrates as well as within
microfluidics approaches could be considered. For example, the
detection of trace levels of chemical and biological analytes has
many important applications, including forensics and envi-
ronmental monitoring which were achieved by surface-
enhanced Raman scattering (SERS)."*® Thus, the concept was
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extended on plasmonic paper for trace detection of analytes."*
This approach was based on shape-controlled nanostructures
such as gold nanorods, which offered easy tunability of the
localized surface plasmon resonance (LSPR) wavelengths from
collective electron oscillations occurring in these structures on
the modified material surfaces. In this manner, trace quantities
of TNT were detected in a chemically complex medium such as
shampoo solution, with a detection limit of ~100 pM. But other
bioapplications were also developed for viruses and higher-
sized biostructures such as bacteria and micro-organisms. So,
versatile and low-cost approaches were developed based on low-
cost substrate combined with the proper responsive nano-
material for targeted signaling.

Similarly, a large quantity of research developments that
incorporate immunochemistry for targeted biomolecules and
biostructure detection should be mentioned. For example, it was
noted that stable silver plasmonic resonant nanoparticles with
non-bleaching multicolor optical immunolabels properties led to
single targeted molecular detection."* Moreover, the observation
of in-flow devices such as microfluidics could allow immunoas-
says of cells and tumors by confined, controlled and reduced-size
channels and chambers for targeted applications such 3D
microfluidic ex vivo culture of organotypic tumor spheroids to
model immune checkpoint blockade.*™ In this context, the
capability to design accurately nano- and microfluidics channels,
chambers, and a number of fluidic inlets could provide high-
impact insights into implantable device designs such as func-
tional micro-machines covered with specific polymeric materials
to avoid undesired reactions (Fig. 12)."*>

All these strategies and approaches could be considered as
tools for the design of new proofs of concept in the next
generation of wearables. In this context, other developments
such as lab-on-particles** for optical biodetection, lab-on-a-disc
assays for protein detection by optomagnetic readouts and
optical imaging using nano- and microsized magnetic beads,***
and microelectromagnetic traps for DNA detection;"** could
lead to new designs of portable and implantable device designs.
In this perspective a pilot study was carried out with 20 subjects
who underwent physical exercise, where plasma samples were
tracked before and 1 h after the workout by extracellular vesicle
(EV) detection. These biostructures and their proteome in
human plasma provide a novel approach in clinical diagnostics,
since they could reflect normal physiological and pathological

Encapsulatoin polymer

PSPI neural electrode

Fig. 12 Conceptual drawing of chip-scale biocompatible package.
Reproduced from ref. 122 with permissions of Micromachines, MDPI,
Copyright 2021.
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states of health. For this study an improved wave coupling by
acoustic resonators to increase EV recovery was applied."® This
was a clear example where lab-on-a-chips could be applied, and
is related to systems where real-time monitoring is vital to track
biological variations within through periods of time.

In a similar manner, all related developments for amplifying
signals from a single point of contact as well as signal ampli-
fication through the responsive substrate could be incorpo-
rated. For example, all types of optical resonators,"” oscillators,
light tuning,'*® and electroactive materials with single molecule
concentrations levels'* are also of interest for the design of new
devices.

To conclude, and to discuss potential developments of
portable, implantable, and wearable devices, the challenge to
overcome should be mentioned and well understood. In this
context, the recent Nobel Prize in Chemistry for “the develop-
ment of super-resolved fluorescence microscopy” should be
highlighted, where a controlled optical on/off switch molecular
emitter was incorporated for SMD imaging.”*® This optimized
the number of photons recorded from single molecules at room
temperature.’** Other examples based on other signals could be
mentioned as well, such as single-molecule laser nano-
spectroscopy with micro-electron volt energy resolution.'**
Therefore, the importance of the future of optics in life sciences
and its related technological impact was shown.'*?

Similarly, but considering other scales to track single-
molecular detection events, recent developments of smart and
highly sensitive nano-platforms could be highlighted."** Thus,
variable nano-optics platform sizes could target different maximal
numbers of molecules per nanostructure depending on their
dimensions. These values could be between 100-1000 units per
nanoparticle considering reduced sizes within the nanoscale.
However, signal transduction from single nanoparticles by arrival
of individual targeted molecules on these smart responsive optical
nanoplatforms could be limited depending on the detection
strategy. But promising results from highly sensitive approaches
have led to detection in very low molecular concentrations
within nM and femto-M.*** The values achieved were also
recorded with advanced microscopy setups and with microfluidic
systems coupled with imaging detections systems. However, for
implantable and wearables such optics levels could constrain
portable applications; but this apparent hindrance could be
overcome by adding time to collect a higher number of targeted
molecules on particles to enhance detection, e.g. by improved O-
LEDs, nanolasers, and other miniaturized instrumentation. In
addition, if the device developed could be coupled on more
sensitive excitation and detection sources, such as microscopy
techniques on demand daily, it could be obtained higher power of
data recording and additional information. In this perspective,
the design of portables and implantable modified devices could
be developed controlling the nanoscale on their surfaces
enhancing signaling through nano-structured substrate.

6. Future perspectives

From the various communications mentioned and discussed
many topics and challenges could be highlighted that show

© 2022 The Author(s). Published by the Royal Society of Chemistry
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impact on the focused functionality of the device. These
mentioned strategies by the control of chemistry within the
nanoscale and beyond, coupled with variable optical setups of
different dimensions, showed high-impact perspectives by
different developments recently reported. However, there are
many other non-developed designs based on varied combina-
tions of other materials and coupled optical setups that could
be contemplated.

In the context of miniaturization of instrumentation, flexible
polymeric materials’® combined with well-known quality
optical polymeric materials such as organosilanes and modified
organosilanes***"” could add important support to enhanced
nano-optics coupled with miniaturized lenses (Fig. 13).

Thus, amplified signaling from nanolasers could be added
as a source of non-classical light generation for targeted SMD,
or light delivery within biostructures. Similarly, the nano-
material could be detected thanks to the enhanced non-
classical light signaling generated coupled with low power
excitation sources with improved detection. These devices and
miniaturized instrumentation could show a huge advantage in
ease of transportation, portable use, and real-time recording of
valuable information. Moreover, the incorporation of wireless
and memory could provide remote recording for further anal-
ysis, with perspectives in telemedicine, new treatments, and
particular needs related to special studies such as variation of
metabolites, control of illness, health, and particular physiol-
ogies under stress such as ultra-sport performances (Fig. 14)."*

Moreover, the application of nano- and microfluidics tech-
nology incorporated in devices could allow in vivo bio-assays
with a single drop of blood or connected in line with the
vascular systems of live organisms for controlled drug delivery,
depending on need after a biosignal detection. In the same way,
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Fig. 13 Scheme of chemical versatility of modified organosilanes with
different organic groups. Modified tetraethyl orthosilicate (TEOS) with
(i) amine groups, (ii) isothiocyanate group, (iii) hydroxyls, (iv) epoxies;
and (v) chemical surface modification by the use of modified orga-
nosilanes and conjugation with other types of molecules such as
optical active structures (represented with colored ovals). Reproduced
from ref. 136 with permissions of J. Chem. Res. Adv. (JCRA), Copyright
2021.
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Fig. 14 Schematics of R2R fabricated sweat sensing patches for
regional and correlative sweat analysis: (a) R2R rotary screen printing
of the wearable biosensing patch and (b) optical image of sensing
electrode patterns printed via R2R processing are shown. (c) The
biosensing patch is assembled by combining the sensing layer,
microfluidic adhesive spacer, and PET cover sheet. (d) The assembled
biosensing patch includes electrochemical sensors contained within
the collection reservoir and electrical sweat rate sensor embedded in
the microfluidic channel; (e) the patch, connected to printed circuit
board (PCB), can be worn on various parts of the body for regional
studies of the composition and dynamics of exercise and iontopho-
retic sweat. Photo credit: Antti Veijola (VTT) and Hnin Yin Yin Nyein
(University of California, Berkeley). Reproduced from ref. 138 with
permissions of Science Advances, Copyright 2019.
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other designs for different targeted light and drug delivery uses
on site or in the close surrounding could be proposed. The
devices could make possible a variety of geometries and surface
modifications with potential multifunctional applications.
Thus, nano- and micro-syringes for molecular administration
provided important insights into portable neurophotonic
devices as well as on skin tissues.

So, in future perspectives the device could be regarded as an
instrument or tool to be combined with advanced optical
setups. And this is where nano-optics and material science
could make a valuable contribution.

Finally, it should be mentioned that this section did not
intend to follow all the possible directions of future research
developments, but was meant to highlight and discuss new
combinations of materials and phenomena for future concepts
and designs.

7. Concluding remarks

The perspectives discussed in this short review are of a very high
impact for drug, chemicals, and life sciences research. But it
should be considered not only within these research fields. The
same concepts could be incorporated in a similar fashion in
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other technology developments such for signal waveguiding,
nano- and microelectronics, encryption and communications.
They are also required for photon, and electron transferences
and transductions in devices or miniaturized instrumentation
with targeted biological events.

Similarly, the capability to control the nanoscale and prop-
erties could allow the development of nano-tools that could be
incorporated in advanced instrumentation available in the
market. In this sense, there are many commercial products such
as those related to biological reagents, immune labelled beads,
colored beads, bioconjugation reagents, etc. that allow to record
more data along with a greater capability for information
analysis. From all these developments new applications within
biotechnology and nanomedicine using wearable devices are
promising new approaches for future technologies in real-time
and in vivo analysis.

These advanced approaches related to reduced-size devices
showed huge advantages in relation to many aspects of versa-
tility and functionality. The practical point of view of portable
uses, added to the capability to detect targeted chemical species
or deliver required pharmacophores in real time, could lead to
the future development of new treatments. The possible
disadvantages are associated with lack of comfort, and the
possibility that they are regarded in some cases as an invasive
approach. Moreover, perhaps the diminution of sensitivity and
resolution depending on the tracked signal, and implicated
concentrations, could add additional challenges to overcome by
appropriate smart optical responsive material developments,
and enhanced optical setup coupling. So, based on the combi-
nation of various materials and coupled phenomena to enhance
signals and resolutions could be afforded the challenge. Thus,
new developments from the quantum-, and nanoscale within
the near field to the far field could provide the next generation
of functional and smart optical device technology. In this way, it
could be mentioned developments about quantum emitters,
and ultraluminescent nano-emitters based on enhanced light-
matter interactions.**

Then, from the nanoscale to the microscale a number of
functional and multifunctional substrates for improved
performances could be proposed, depending of the targeted
applications.

In these perspectives, this review was intended to discuss
new versatile combinations and designs for novel studies of
light-matter interactions in life sciences. Thus, the design and
manufacturing of devices could lead to future miniaturized
instrumentation which is fundamental for the different disci-
plines of science, and in particular focused on life sciences
where real time tracking applications are highly desired.
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